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Introduction: High-altitude hypoxic preconditioning (HAP) is an adaptive state induced by sustained exposure to hypobaric hypoxia. In 
addition to improving tolerance to hypoxia itself, HAP may also modify organ responses to subsequent inflammatory stress. The alveolar- 
capillary barrier is essential for maintaining pulmonary structural integrity, fluid balance, and gas exchange, and its disruption is a central event 
in inflammatory lung injury. However, whether HAP-related pulmonary protection is associated with preservation of the alveolar-capillary 
barrier and coordinated changes in barrier-related cells remains unclear. This study aimed to investigate the effects of HAP on alveolar-capillary 
barrier preservation under lipopolysaccharide (LPS) challenge and to explore the associated cellular transcriptional characteristics.
Methods: A rat model of HAP was established by exposure to hypobaric hypoxia for 4 weeks. Rats were assigned to four groups: normoxic 
control (C), normoxia+LPS (CL), HAP control (H), and HAP+LPS (HL). Gross lung appearance, lung dry/wet ratio, histopathology, 
inflammatory and oxidative stress markers, and arterial blood gas parameters were evaluated. Single-cell RNA sequencing was performed 
in the CL and HL groups to assess transcriptional changes in endothelial cells, epithelial cells, and macrophages. Transmission electron 
microscopy and immunofluorescence staining for VE-cadherin and E-cadherin were used to evaluate barrier ultrastructure and junctional 
integrity.
Results: Compared with the CL group, the HL group showed reduced pulmonary edema, less exudation and congestion, milder histological 
damage, and better oxygenation under LPS challenge. Lactate elevation was attenuated and metabolic changes were less pronounced in the 
HL group. Single-cell transcriptomic analysis showed distinct transcriptional characteristics in barrier-related cells after HAP. Endothelial 
cells in the HL group exhibited increased expression of genes related to cell junctions and cytoskeletal organization, epithelial cells exhibited 
upregulated expression of genes associated with cell membrane structure, cell adhesion, and alveolar fluid clearance, accompanied by an 
increased proportion of AT1 cells and a decreased proportion of tuft cells. Macrophages tended to express more repair-related genes. In 
contrast, the CL group showed more stress-, injury-, inflammation-, and interferon-related transcriptional features. Ultrastructural examina
tion demonstrated better preservation of endothelial and alveolar epithelial integrity in the HL group. Immunofluorescence analysis further 
showed stronger and more continuous VE-cadherin and E-cadherin signals in the HL group than in the CL group.
Conclusion: HAP was associated with better preservation of the alveolar-capillary barrier under LPS challenge, as reflected by reduced 
pulmonary edema, improved oxygenation, stronger junctional protein signals, and better preserved barrier structure. This barrier- 
protective effect was accompanied by coordinated transcriptional changes in endothelial cells, epithelial cells, and macrophages.
Keywords: high-altitude hypoxic preconditioning, alveolar-capillary barrier, acute lung injury, alveolar epithelial cells, environmental 
adaptation
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Introduction
The fundamental physiological characteristics of the high-altitude environment are decreased atmospheric pressure and 
reduced inspired partial pressure of oxygen,1 which constitute an important natural environmental stressor to which the 
body is chronically exposed. Previous studies on high-altitude hypoxia have mainly focused on the mechanisms under
lying acute hypoxic injury and high-altitude-related diseases, and it is generally believed that a hypobaric hypoxic 
environment may induce adverse effects such as aggravated oxidative stress, abnormal organ perfusion, and tissue 
dysfunction.2–4 However, with prolonged exposure, the body can gradually establish an adaptive state, which is 
characterized by enhanced oxygen transport capacity,5 altered metabolic regulatory patterns,6 and upregulation of 
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antioxidant-related genes.7 Existing studies suggest that this adaptive process is associated with activation of hypoxia- 
inducible factor (HIF)-related signaling pathways; HIF may promote adaptation to sustained hypoxic environments by 
participating in erythropoiesis, angiogenesis, energy metabolic remodeling, and regulation of redox homeostasis.8,9 High- 
altitude hypoxic preconditioning (HAP) is precisely an adaptive state formed after sustained exposure to hypobaric 
hypoxia. Therefore, its significance may not be limited to improving tolerance to hypoxia itself, but may also extend to 
influencing organ responses to subsequent inflammatory or injurious stimuli.

The lung is one of the earliest organs directly exposed to a hypobaric hypoxic environment and is also an important 
target organ susceptible to functional imbalance under various stress conditions.10 Acute lung injury (ALI) and its severe 
stage, acute respiratory distress syndrome, are common and serious complications associated with infection, sepsis, 
trauma, and the perioperative period.11,12 One of the major pathological bases of these conditions is injury to the alveolar- 
capillary barrier, manifested by increased permeability, fluid leakage, pulmonary edema, and impaired oxygenation. The 
alveolar-capillary barrier provides the structural basis for maintaining pulmonary tissue stability, normal gas exchange, 
and fluid balance.13,14 This barrier is mainly composed of pulmonary microvascular endothelial cells, alveolar epithelial 
cells, and the intervening basement membrane.15,16 Among these, endothelial cells are involved in the regulation of 
vascular permeability;17,18 epithelial cells maintain the integrity of intercellular junctions within the alveoli and 
participate in alveolar fluid clearance;19,20 macrophages, in turn, are involved throughout the processes of alveolar- 
capillary barrier injury and repair.21,22 Under physiological conditions, these cells regulate one another, and during the 
progression of lung injury they interact through cytokine release, chemotactic signal transmission, and changes in 
structural responses. Therefore, the effects of HAP may not be confined to a single cell type, but may simultaneously 
influence the response states of endothelial cells, epithelial cells, and macrophages, thereby affecting the extent of 
alveolar-capillary barrier injury under inflammatory stimulation.

Our previous studies showed that long-term HAP was associated with a reduced incidence of perioperative major 
adverse cardiovascular events and attenuated postoperative myocardial injury in patients undergoing cardiac surgery, 
suggesting that HAP may enhance tolerance to ischemia-reperfusion injury and thereby exert organ-protective effects.23 

To further explore its potential multi-organ protective effects, our team subsequently established a prospective propensity 
score-matched clinical cohort of patients undergoing hepatectomy. The results showed that, compared with the lowland 
population, individuals residing long-term at altitudes of ≥1500 m had a lower incidence of postoperative pulmonary 
complications within 7 days after surgery and milder complications, as reflected by a lower incidence of pleural effusion 
and a shorter length of hospital stay;24 multivariable regression analysis further suggested that HAP is an important 
protective factor against perioperative pulmonary complications. In animal experiments, our team previously established 
a rat model of HAP combined with sepsis-induced acute lung injury. The results showed that, compared with conven
tional controls, HAP treatment markedly attenuated pulmonary inflammatory injury and improved oxygenation, suggest
ing that HAP may enhance tolerance to stress-induced lung injury.25 These clinical observations and animal experimental 
findings suggest that HAP-related pulmonary protection may not be limited to changes in inflammatory responses per se, 
but may also be related to better preservation of the structure and function of the pulmonary tissue barrier. Although 
previous studies have suggested that HAP may exert protective effects against lung injury, direct evidence is still lacking 
as to whether it confers such protection by modulating alveolar-capillary barrier-related cells. Therefore, exploring 
endogenous pulmonary protection and its related cellular basis from the perspective of high-altitude hypoxic precondi
tioning is of scientific significance.

Based on the above background and our previous work, the present study employed an HAP rat model and 
established an acute lung injury model by lipopolysaccharide (LPS) induction. Using a comprehensive approach that 
included histopathological observation, measurement of inflammatory and oxidative stress markers, arterial blood gas 
analysis, single-cell transcriptomic sequencing, transmission electron microscopy, and immunofluorescence staining, this 
study analyzed the effects of high-altitude hypoxic preconditioning at multiple levels, including structure, function, and 
cellular state. Specifically, this study aimed to investigate, from the perspective of changes in barrier-related cells, the 
effects of high-altitude hypoxic preconditioning on acute lung injury and to provide evidence for understanding the 
endogenous pulmonary protective effects of HAP.
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Materials and Methods
Animal Model
Experimental procedures were performed using healthy 6-week-old male Sprague–Dawley (SD) rats. The animals were 
purchased from the Experimental Animal Institute of Sichuan Provincial People’s Hospital. All procedures involving animal 
use and disposal were approved by the Basic and Clinical Research Ethics Committee of Sichuan Provincial People’s Hospital 
(Approval No. 2024–419) and were conducted in accordance with the principles of the 3Rs. Animals were housed under 
controlled conditions, with a temperature of 25 ± 2°C, a 12-h light/dark cycle, and free access to food and water. Male animals 
were used to minimize the potential effects of the estrous cycle on alveolar epithelial physiology and inflammatory responses. 
All statistical analyses were performed using individual animals as the unit of biological replication; unless otherwise 
specified, n refers to the number of animals included in a given analysis rather than the number of technical replicates.

The rats were randomly assigned to four groups: the normoxic control group (C), normoxia + LPS group (CL), high- 
altitude hypoxic preconditioning control group (H), and high-altitude hypoxic preconditioning + LPS group (HL). 
Randomization was performed using a random number table, with each rat assigned a unique number prior to grouping 
to ensure allocation concealment. Rats in the H and HL groups were housed in a hypobaric hypoxic chamber (ProOx- 
811, Shanghai Tower Sci-Tech, China) for 4 weeks, with the chamber preset to simulate an altitude of 
4000 m (approximately 62.0 kPa atmospheric pressure). Rats in the C and CL groups were housed in the same animal 
facility during the same period. After the exposure period, rats in the CL and HL groups received intraperitoneal injection 
of lipopolysaccharide (LPS, 15 mg/kg; Sigma-Aldrich, L2630-100 mg) according to body weight to establish an acute 
lung injury model, whereas rats in the C and H groups received an equal volume of normal saline by intraperitoneal 
injection. Six hours after injection, the rats were anesthetized with sevoflurane, and abdominal aortic blood and inferior 
vena cava blood were collected. The animals were then euthanized by exsanguination under deep anesthesia, and lung 
tissues were harvested for subsequent analyses.

Animal Inclusion and Exclusion Criteria and Sample Size
The design, conduct, and reporting of this study followed the ARRIVE 2.0 guidelines.26 Upon arrival, animals with 
evidence of infection, injury, or obvious behavioral abnormalities were excluded from the experiment. Animals were 
allocated to different experimental groups using a random number table.During high-altitude hypoxic exposure, animals 
showing severe stress responses, including marked weight loss, lethargy, or dyspnea, were excluded according to 
predefined criteria. No post hoc, outcome-driven exclusions were performed during the statistical analysis stage.

The sample size was determined primarily with reference to our team’s previous studies using similar models and the 
feasibility of the present study. For conventional phenotypic analyses, including serum TNF-α and MDA measurement, 
lung dry/wet weight ratio, H&E staining, and arterial blood gas analysis, 6 animals were included in each group. For 
immunofluorescence analysis, 4 animals were included in each group. For transmission electron microscopy analysis, 3 
animals were included in each group. For single-cell RNA sequencing, only the CL and HL groups were included, with 3 
animals in each group.

Measurement of Inflammatory Cytokines and Oxidative Stress Markers
Approximately 5 mL of blood was collected from the inferior vena cava before euthanasia and centrifuged at 4°C 
and 3000×g for 15 min. After serum separation, the samples were stored at −80°C. Commercial ELISA kits were 
used to determine serum concentrations of tumor necrosis factor-α (TNF-α; RX2D2027606, Ruixin Bio, China) 
and malondialdehyde (MDA; JRX202066, Ruixin Bio, China), and all procedures were performed in accordance 
with the manufacturers’ instructions. Briefly, standard wells, blank wells, and sample wells were set up in a 96- 
well plate. After the appropriate standards or samples were added to each well, HRP-labeled detection antibody 
was added to all wells except the blank wells, followed by incubation at 37°C for 1 h. After washing the plate 5 
times, substrate working solution was added, and the plate was incubated at 37°C in the dark for approximately 
15 min. The reaction was then terminated by adding stop solution, and the absorbance was measured at 450 nm. 
Sample concentrations were calculated based on the standard curve.
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Histopathological Examination of Lung Tissue
Immediately after collection, the lungs were grossly examined for color, surface congestion, and hemorrhage, and 
photographs were taken for documentation. Surface fluid was gently blotted off the lung tissue with absorbent 
paper, and the wet weight (W) was measured. The tissue was then dried in a constant-temperature oven at 80°C 
for 48 h to obtain the dry weight (D). The dry/wet weight ratio (D/W) was calculated to evaluate the degree of 
pulmonary edema. Lung tissue for histological analysis was fixed, routinely dehydrated, cleared, paraffin- 
embedded, and sectioned at 4 μm, followed by hematoxylin and eosin (H&E) staining. Sections were examined 
under a light microscope and images were acquired. H&E results are presented as representative images.

Arterial Blood Gas Analysis
After opening the abdominal cavity as described above, arterial blood was collected from the abdominal aorta using 
a heparinized syringe and immediately analyzed with a blood gas analyzer (iSTAT1, Abbott, USA). The recorded 
parameters included pH, PO2, PCO2, BE, HCO3-, TCO2, SO2, lactate, Hct, and Hb. Arterial oxygen content (CaO2) was 
calculated based on Hb, SO2, and PO2.

Single-Cell RNA Sequencing Analysis
In the present study, the purpose of single-cell analysis was to focus on cellular differences associated with the HAP- 
related protective phenotype under inflammatory stimulation rather than to comprehensively characterize the high- 
altitude adaptation profile under basal conditions. Therefore, single-cell RNA sequencing was performed only in the 
CL and HL groups.

Three rats were randomly selected from each group. Approximately 0.05 cm3 of fresh lung tissue was collected from the 
left upper lobe, placed in pre-cooled single-cell sample preservation solution at 4°C, and sent to Hangzhou Lianchuan 
Biotechnology Co., Ltd. for subsequent tissue dissociation, library preparation, and sequencing. All single-cell sequencing 
and related bioinformatic analyses were completed by Hangzhou Lianchuan Biotechnology Co., Ltd. on its single-cell 
sequencing cloud platform. For tissue dissociation, tissue pieces were incubated in digestion solution containing 0.35% 
collagenase IV, 2 mg/mL papain, and 120 U/mL DNase I at 37°C and 100 rpm for 20 min. The reaction was then terminated 
with PBS containing 10% FBS, followed by gentle trituration. The cell suspension was sequentially filtered through 70 μm 
and 30 μm cell strainers, centrifuged at 4°C and 300×g for 5 min, treated with red blood cell lysis buffer to remove 
erythrocytes, and subjected to dead cell removal using Dead Cell Removal MicroBeads. Cell viability was assessed by trypan 
blue staining and required to be >85%, and the cell concentration was adjusted to 700–1200 cells/μL. Libraries were 
constructed using the 10× Genomics Chromium Single-Cell 3′ Kit (V3) platform, with an expected capture of approximately 
10,000 cells. After raw sequencing data were converted to FASTQ files, alignment and counting were performed using 
CellRanger, and the expression matrix was subsequently imported into Seurat (v4.1.0) for analysis. Low-quality cells were 
filtered according to the following criteria: number of detected genes per cell >500, mitochondrial gene proportion <25%, 
and doublets removed using DoubletFinder. After LogNormalize normalization, the top 2000 highly variable genes were 
selected for principal component analysis(PCA), and the first 20 principal components were used for clustering. For 
multisample integration, Harmony was used to correct batch effects, and UMAP was used for visualization. Differentially 
expressed genes were identified according to the following criteria: proportion of expressing cells in the target cell cluster 
>10%, P≤0.01, and logFC≥0.26. Gene Ontology(GO) enrichment analysis was performed based on the differentially 
expressed gene sets, and pseudotime analysis was conducted using Monocle 2.4.

Transmission Electron Microscopy
Three animals from each group were used for transmission electron microscopy. Immediately after collection, lung tissue 
was prefixed in 3% glutaraldehyde and then post-fixed in 1% osmium tetroxide for 1–2 h. After graded acetone 
dehydration, the tissue was embedded in Epon-812 resin. Ultrathin sections (60–90 nm) were cut, stained with uranyl 
acetate and lead citrate, and examined for pulmonary ultrastructure using a transmission electron microscope (JEM- 
1400FLASH, JEOL, Japan). TEM results are presented as representative images.
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Immunofluorescence Staining
Four animals from each group were used for immunofluorescence analysis. After deparaffinization and rehydration, 
paraffin sections were subjected to heat-induced antigen retrieval in citrate buffer (pH 6.0). Endogenous peroxidase 
activity was blocked with 3% H2O2 for 20 min at room temperature, and after PBS washing, sections were blocked with 
10% goat serum for 30 min. The sections were first incubated with primary antibody against VE-cadherin (ab33168, 
Abcam), followed by incubation with HRP-labeled secondary antibody (ab205718, Abcam), and signal amplification was 
performed using Cy3-tyramide. The sections were then incubated with primary antibody against E-cadherin (ab231303, 
Abcam) and the corresponding HRP-labeled secondary antibody (ab6789, Abcam) using the same procedure, and 
visualized with a 488 fluorescent dye. Finally, nuclei were counterstained with DAPI and the sections were mounted. 
After acquisition of fluorescence images, semiquantitative analysis was performed using ImageJ software. Multiple high- 
power fields were randomly selected for each animal, the mean fluorescence intensity was calculated for each field and 
then averaged to obtain the final measurement for that animal, and intergroup comparisons were performed using the 
individual animal as the statistical unit.

Statistical Analysis and Blinding
Statistical analysis was performed using SPSS 27.0, and graphs were generated using GraphPad Prism 10.3.1. 
Continuous data were first tested for normality and homogeneity of variance. Measurement data conforming to 
a normal distribution and homogeneity of variance are presented as mean±standard deviation (mean±SD). 
Comparisons among multiple groups were performed using one-way analysis of variance (one-way ANOVA), and 
post hoc pairwise comparisons were conducted using the Tukey’s test. A P<0.05 was considered statistically significant. 
Statistical significance in the figures is indicated as follows: *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

With regard to blinding, investigators involved in ELISA measurement, immunofluorescence image acquisition, and 
semiquantitative analysis were unaware of group allocation during the measurement and analysis stages; blinding was not 
implemented in the other experimental procedures.

Results
HAP Attenuates Inflammation and Morphological Lung Injury in Rats After LPS 
Stimulation
No obvious abnormalities in general condition were observed in the C group. Compared with the C group, rats in the 
H group showed no obvious abnormalities in general condition, except for slightly darker coloration of the nose and oral 
region. During the pre-experimental feeding period, no deaths or abnormalities in general condition occurred in either the 
C group or the H group. After LPS stimulation, rats in the CL group exhibited lethargy, sluggish responses, obvious 
piloerection, shallow and rapid breathing, marked anorexia, and loose or bloody stools. In contrast, the general condition 
of the HL group was improved compared with that of the CL group. Although piloerection and shallow tachypnea were 
still observed, anorexia was less severe, and the stools were basically formed and close to normal.

To investigate the effects of HAP on systemic inflammation and oxidative stress in rats after LPS stimulation, we 
measured serum levels of MDA and TNF-α in each group by ELISA (Figure 1A and B). The results showed that, 
compared with the C group, no significant changes were observed in any of these indicators in the H group (P>0.05). 
After LPS stimulation, serum MDA and TNF-α levels in the CL group were significantly increased compared with those 
in the C group (both P<0.0001). Further comparison showed that the TNF-α level in the HL group was lower than that in 
the CL group (P<0.01), whereas there was no statistically significant difference in MDA level between the CL group and 
the HL group (P>0.05). Notably, TNF-α and MDA levels in the HL group did not differ significantly from those in the 
H group.

To preliminarily assess lung injury, gross observation and measurement of the lung dry/wet weight ratio were 
performed. As shown in Figure 1C, the lungs in the C group were pale pink, without obvious congestion or edema; 
the lungs in the H group were darker in color and showed mild congestion. After LPS stimulation, pulmonary congestion 
was markedly aggravated in the CL group, and multiple scattered hemorrhagic spots were visible on the lung surface, 
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whereas only a few scattered congestive spots were observed in the HL group. Further measurement of the lung dry/wet 
weight ratio showed that, compared with their respective control groups, both the CL group and the HL group exhibited 
decreased dry/wet ratios, with a more pronounced decrease in the CL group. Compared with the HL group, the dry/wet 
ratio was significantly lower in the CL group (P<0.05) (Figure 1D–F).

H&E staining further showed (Figure 1G) that lung architecture in the C group was basically normal, with regular 
alveolar morphology, clear and patent alveolar spaces, thin alveolar septa, and no obvious interstitial edema. In the 
H group, the overall lung structure remained relatively intact, the alveolar spaces were basically clear, and the alveolar 
septa were mildly thickened compared with those in the C group, without obvious exudation or congestion. After LPS 
stimulation, the CL group showed the most prominent histopathological changes, characterized by narrowed alveolar 
spaces, focal alveolar collapse, disorganized alveolar architecture, marked interstitial edema, and inflammatory cell 
infiltration in both the alveolar spaces and interstitium. In contrast, although a certain degree of injury was still present in 
the HL group, it was markedly attenuated compared with that in the CL group, as evidenced by relatively preserved 
alveolar morphology, only small amounts of proteinaceous exudate in some alveolar spaces, and less severe alveolar 
septal thickening, interstitial edema, and inflammatory cell infiltration than in the CL group.

Taken together, compared with the CL group, the HL group exhibited a milder systemic inflammatory response, 
reduced pulmonary exudation and congestion, less severe pulmonary edema, and markedly alleviated histological injury, 
suggesting that HAP attenuates inflammation and morphological lung injury in rat lungs after LPS stimulation.

Figure 1 HAP attenuates LPS-induced systemic inflammation and acute lung injury (n = 6). (A) Serum MDA levels. (B) Serum TNF-α levels. (C) Representative images of the 
lungs and thoracic cavity in each group. (D) Dry lung weight. (E) Wet lung weight. (F) Dry/wet lung weight ratio. (G) Representative H&E-stained images of lung tissue.Scale 
bars: 100μm; 50μm.C group, normoxic control group; CL group, normoxia+LPS group; H group, HAP control group; HL group, HAP+LPS group.ns, not significant; *P<0.05, 
**P<0.01, ***P<0.001, ****P<0.0001.
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HAP Improves Oxygenation-Related Parameters and Attenuates Lactate Elevation 
After LPS Stimulation
In conjunction with the above morphological changes and changes in lung water content, we further performed arterial 
blood gas analysis to evaluate oxygenation, acid-base status, and metabolic parameters in each group of rats.

The results showed that there were no statistically significant differences in Hb, Hct, or CaO2 between the two 
lowland groups, whereas both the H group and the HL group had higher levels than the lowland groups. Specifically, Hb 
and Hct were both markedly increased in the H group and HL group, with correspondingly higher CaO2 values (all 
P<0.0001)(Figure 2A–C). After LPS stimulation, SO2 and PO2 in the CL group were both significantly lower than those 
in the HL group (both P<0.05), and CaO2 was also significantly lower than that in the HL group (P<0.0001)(Figure 2C– 
E). Although there were some differences in PCO2 among the groups, the mean values in all groups remained within the 
normal range (Figure 2F).

Analysis of acid-base- and metabolism-related parameters showed that there were overall differences in pH, BE, 
HCO3-, and TCO2 among the groups (Figure 2G–J). Compared with the lowland groups, the high-altitude groups showed 
more pronounced changes in acid-base parameters. Among them, the HL group had the lowest pH, a more negative BE, 
and the lowest HCO3- and TCO2 levels. The H group also showed decreased BE accompanied by reduced HCO3- and 
TCO2, although to a lesser extent than the HL group. Lactate levels also differed significantly among the groups, with the 
CL group showing significantly higher lactate levels than the HL group (P<0.05) (Figure 2K). Blood glucose was 
significantly lower in the CL group than in the C group, whereas no significant differences were observed in the other 
pairwise comparisons (Figure 2L).

Taken together, HAP-treated rats exhibited higher levels of Hb, Hct, and CaO2. Under LPS stimulation, the HL group 
showed higher SO2, PO2, and CaO2 than the CL group, along with smaller increases in lactate and smaller decreases in 
blood glucose, suggesting that HAP improves oxygenation-related parameters after acute lung injury and attenuates 
metabolic disturbances.

Single-Cell Transcriptomic Analysis Showed That HAP Affects the Transcriptional 
Characteristics of Alveolar-Capillary Barrier-Related Cells
The above results showed that, after HAP treatment, LPS-induced changes in gross lung appearance, inflammation- and 
oxidative stress-related indicators, histological injury, and oxygenation-related parameters were all attenuated compared 
with those in the CL group. To further examine, at the cellular level, the effects of HAP on the transcriptional 
characteristics of key cell populations in lung tissue, single-cell RNA sequencing was performed on lung tissues from 
rats in the CL and HL groups. Considering that the alveolar-capillary barrier is mainly composed of alveolar epithelial 
cells and pulmonary microvascular endothelial cells, and that macrophages are important inflammatory response cells in 
lung tissue whose changes in abundance and functional state are closely related to pulmonary barrier homeostasis, 
subsequent analyses focused on further subclustering and transcriptional characterization of endothelial cells, epithelial 
cells, and macrophages.

Major Cell Clustering Results
Single-cell sequencing data were processed according to the workflow shown in Figure 3 A. Strict quality control was 
performed prior to cell annotation, including filtration of cells with low gene numbers, excessive UMI counts, and high 
mitochondrial gene ratios, as well as removal of doublets using standard bioinformatic pipelines (Figure 3B and C). After 
QC filtering, lung cells were annotated based on canonical marker genes, and a total of eight major cell populations were 
identified: epithelial cells (Epcam, Krt8), endothelial cells (Pecam1, Cdh5), stromal cells (Tcf21, Dcn), B cells (Cd74, 
Ms4a1), T cells (Trbc1, Cd3g), NK cells (Nkg7, Gzma), neutrophils (S100a9, S100a8), and macrophages (Aif1, Cd68). 
These cell populations formed relatively distinct clusters on the UMAP plot with clear separation among different cell 
types (Figure 3D and E). DotPlot results confirmed that each cell population specifically expressed its characteristic 
marker genes, which was highly consistent with the cell annotation (Figure 3F). Comparison of cellular composition 
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Figure 2 HAP improves oxygenation-related parameters and attenuates lactate elevation after LPS stimulation (n = 6). (A) Hb. (B) Hct. (C) CaO2. (D) SO2. (E) PO2. (F) 
PCO2. (G) pH. (H) BE. (I) HCO3-. (J) TCO2. (K) Lactate. (L) Blood glucose.C group, normoxic control group; CL group, normoxia+LPS group; H group, HAP control 
group; HL group, HAP+LPS group.ns, not significant; *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 3 Single-cell transcriptomic landscape of lung tissue in rats after LPS stimulation as influenced by HAP (n=3). (A) Schematic diagram of the experimental design and 
sample-processing workflow. (B) The distribution of basic information of each sample cell before cell filtration. (C)The distribution of basic information of each sample cell 
after cell filtration. (D)UMAP plot showing clustering of all cells.(E)UMAP plots of the CL and HL groups. (F) DotPlot of canonical marker genes for each cell population. (G) 
Statistical bar plot showing differences in the proportions of each cell type between the CL and HL groups.**P<0.01.
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between the CL and HL groups revealed that both groups contained all major cell lineages (Figure 3G), although their 
relative proportions differed to some extent, providing a foundation for further analysis of barrier-related cells.

HAP Alters the Transcriptional Characteristics of Pulmonary Endothelial Cells
To investigate transcriptional changes in pulmonary endothelial cells under LPS stimulation after HAP, we performed 
reclustering analysis of endothelial cells. Based on canonical marker genes, endothelial cells were divided into five 
subclusters: general capillary endothelial cells [gCap (Gpihbp1, Plvap)], aerocyte/alveolar capillary endothelial cells 
[aCap (Car4, Prx)], venous endothelial cells [VenEC (Ackr1, Procr)], lymphatic endothelial cells [LEC (Ccl21a, Prox1)], 
and one endothelial cell cluster that could not be readily assigned to the conventional subclusters described above. This 
cluster highly expressed Cx3cl1 and Fxyd5, accompanied by increased expression of genes such as Il6 and Ccl7, and was 
therefore designated, according to its initial transcriptional characteristics, as activated endothelial cells (aiEC) 
(Figure 4A, B, and D). In addition to expressing some inflammation-related genes, this subcluster also expressed repair- 
related genes such as Anxa1 and Mgp.

Comparison of cell numbers and proportions among the subclusters showed that the proportion of aiEC was higher in 
the HL group than in the CL group (P<0.01) (Figure 4C). To further examine transcriptional differences in endothelial 
cells between the two groups, differential expression analysis and GO enrichment analysis were performed. The results 
showed that upregulated genes in the CL group were mainly enriched in pathways related to response to unfolded 
protein, response to endoplasmic reticulum stress, and negative regulation of apoptotic process (Figure 4E), whereas 
upregulated genes in the HL group were mainly enriched in pathways related to extracellular exosome, focal adhesion, 
and actin binding (Figure 4F). Differential gene expression analysis further showed that the CL group mainly upregulated 
stress-related genes such as Ddit3, Xbp1, Hsp90b1, and Hspb1 (Figure 4G), whereas the HL group mainly upregulated 
genes related to the cytoskeleton and adhesion, including Flnb, Actr3, Vcl, and Tes (Figure 4H).

In addition, pseudotime analysis was performed on gCap, aCap, and aiEC to observe endothelial cell state transitions 
after LPS stimulation. The results showed that, when gCap was used as the initial state, the cell trajectory bifurcated into 
two major branches leading to aCap and aiEC, respectively. At the terminal end of the aiEC branch, more cells from the 
HL group were aggregated than from the CL group (Figure 4I and J). Pseudotime-associated gene analysis showed that 
S100a10 and Anxa2 expression gradually increased along the trajectory and reached peak levels at the aiEC-enriched end 
(Figure 4K). Combined with the group distribution pattern, the HL group was relatively enriched in the aiEC branch and 
was accompanied by upregulation of S100a10 and Anxa2.

Taken together, compared with the CL group, the HL group showed a higher proportion of aiEC in pulmonary 
endothelial cells, accompanied by increased expression of genes related to cell junctions and the cytoskeleton, whereas 
the CL group showed a greater tendency toward upregulation of stress-related genes. These findings reflect differences in 
endothelial cell states between the two groups, although the functional significance of these differences still requires 
further verification in subsequent experiments.

HAP Alters the Transcriptional Characteristics of Pulmonary Epithelial Cells
To investigate transcriptional changes in pulmonary epithelial cells under LPS stimulation after HAP, we performed 
reclustering analysis of epithelial cells and, based on canonical marker genes, classified them into five subclusters: 
alveolar type I epithelial cells [AT1 (Hopx, Ager)], alveolar type II epithelial cells [AT2 (Sftpc, Napsa)], secretory cells 
[Club cells (Scgb1a1, Scgb3a2)], ciliated cells [Ciliated cells (Foxj1, Rsph1)], and tuft cells [Tuft cells (Trpm5, Dclk1)] 
(Figure 5A and B).

Comparison of cell numbers and proportions among the subclusters showed that the proportion of AT1 cells was higher in 
the HL group than in the CL group, whereas the proportion of Tuft cells was higher in the CL group than in the HL group. 
There was no statistically significant difference in the number or proportion of AT2 cells between the two groups (Figure 5C). 
To further compare transcriptional differences in epithelial cells between the two groups, we performed differential expression 
analysis and GO enrichment analysis. The results showed that upregulated genes in the CL group were mainly enriched in 
pathways related to response to unfolded protein, unfolded protein binding, and misfolded protein binding (Figure 5D), 
whereas upregulated genes in the HL group were mainly enriched in pathways related to the cell membrane and cell adhesion 
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Figure 4 HAP alters the transcriptional profile of pulmonary endothelial cells (n=3). (A) UMAP plot of reclustered endothelial cells. (B) DotPlot of canonical marker genes 
for each endothelial cell subcluster. (C) Statistical bar plot showing differences in the proportions of endothelial cell subclusters between the two groups. (D) Volcano plot of 
highly expressed genes in the activated endothelial cell subcluster. (E) GO enrichment analysis of upregulated genes in the CL group. (F) GO enrichment analysis of 
upregulated genes in the HL group. (G) Violin plots of upregulated genes in the CL group. (H) Violin plots of upregulated genes in the HL group.(I) Pseudotime trajectory of 
pulmonary endothelial cells.(J) Pseudotime trajectory of pulmonary endothelial cell subclusters. (K) Scatter plot showing the expression levels of pulmonary endothelial cell 
genes along pseudotime.**P<0.01.
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Figure 5 HAP alters the transcriptional profile of pulmonary epithelial cells in rats (n=3). (A) UMAP plot of reclustered epithelial cells. (B) DotPlot of canonical marker 
genes for each epithelial cell subcluster. (C) Statistical bar plot showing differences in the proportions of epithelial cell subclusters between the two groups. (D) GO 
enrichment analysis of upregulated genes in the CL group. (E) GO enrichment analysis of upregulated genes in the HL group. (F) Violin plots of upregulated genes in the CL 
group. (G) Violin plots of upregulated genes in the HL group. (H) Pseudotime trajectory of AT1 and AT2 epithelial cells in lung tissue. (I) Pseudotime trajectory of epithelial 
cell subclusters in lung tissue. (J) Scatter plot showing the expression levels of pulmonary epithelial cell genes along pseudotime.**P<0.01.
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(Figure 5E). Differential gene expression analysis showed that genes upregulated in the CL group included Sdf2l1, Ifi27, Cyba, 
and Nos2 (Figure 5F), whereas genes upregulated in the HL group included Npnt, Cldn18, Scnn1a, and Sparc (Figure 5G).

In addition, pseudotime analysis was performed on AT1 and AT2 cells. The results showed differences in the 
distribution of cells from the two groups along the differentiation trajectory: cells from the CL group were more 
concentrated at the beginning of the trajectory, whereas cells from the HL group were distributed not only at the 
beginning but also across multiple stages of the trajectory (Figure 5H and I). Further analysis of pseudotime-associated 
genes showed that, during the transition from AT2 to AT1 cells, the expression of Atf3 and Btg2 gradually decreased with 
pseudotime, whereas the expression of Col4a3 and Col4a4 gradually increased (Figure 5J).

Taken together, compared with the CL group, the HL group showed a higher proportion of AT1 cells and a lower 
proportion of Tuft cells in pulmonary epithelial cells, accompanied by increased expression of genes related to membrane 
structure, cell adhesion, and fluid clearance, whereas the CL group showed a greater tendency toward upregulation of 
genes related to injury and inflammation.

HAP Alters the Transcriptional Characteristics of Pulmonary Macrophages
To investigate transcriptional changes in pulmonary macrophages under LPS stimulation after HAP, we performed 
reclustering analysis of macrophages and, based on canonical marker genes and transcriptional characteristics, classified 
them into five subclusters: mature tissue-resident alveolar macrophages [mTR-AMs (Fabp4, Pparg)], interferon- 
stimulated macrophages [ISMs (Ifit1, Rsad2)], inflammatory macrophages [IMs (Il1b, Nos2)], proliferating macrophages 
[PMs (Mki67, Top2a)], and pro-fibrotic-like macrophages [PFMs (Apoe, Trem2)] (Figure 6A and B).

Comparison of cell numbers and proportions among the subclusters showed that there was no statistically significant 
difference in the overall composition between the two groups, although some differences in cell composition were still 
observed: the proportion of inflammation-related subclusters was higher in the CL group, whereas the proportion of 
mature tissue-resident alveolar macrophages was higher in the HL group (Figure 6C).

To further compare transcriptional differences in macrophages between the two groups, we performed differential 
expression analysis and GO enrichment analysis. The results showed that upregulated genes in the CL group were mainly 
enriched in pathways related to inflammatory response, neutrophil chemotaxis, and positive regulation of neutrophil 
chemotaxis (Figure 6D), whereas upregulated genes in the HL group were mainly enriched in pathways related to the 
extracellular space, extracellular region, and regulation of cell proliferation (Figure 6E). Differential gene expression 
analysis showed that genes upregulated in the CL group included S100a9, Ptgs2, Aim2, and Ltb4r1 (Figure 6F), whereas 
genes upregulated in the HL group included Arg1, Anxa1, Thbd, and Timp1 (Figure 6G).

In addition, pseudotime analysis showed that macrophages from the two groups differed in their trajectory distribution. 
Overall, more cells from the HL group were located at the beginning of the trajectory, where mature tissue-resident alveolar 
macrophages predominated. Inflammatory macrophages were located at one terminal end of the trajectory, but the proportion of 
cells at this terminal state did not differ markedly between the two groups. At the terminal end of the interferon-stimulation- 
related branch, the proportion of cells from the CL group was higher than that from the HL group (Figure 6H and I). Further 
analysis of pseudotime-associated genes showed that Niban1 and Rgl1 were highly expressed at the beginning of the trajectory, 
then gradually decreased along the pro-inflammatory branch, and declined to low levels in the interferon-stimulation-related 
branch (Figure 6J).

Taken together, pulmonary macrophages in the HL group were overall closer to a resident-associated state, whereas 
those in the CL group showed greater enhancement of inflammation- and interferon-related transcriptional 
characteristics.

HAP Attenuates Injury to Junctional Structures of the Pulmonary Vascular and 
Alveolar Barriers
To observe ultrastructural changes in barrier-related cells in lung tissue after HAP, we performed transmission electron 
microscopy of lung tissue, focusing mainly on AT2 cells, vascular endothelial cells, and inflammatory cell infiltration 
within the alveolar spaces. The results showed that, in the C group, AT2 cells exhibited normal morphology, with round 
to oval nuclei and continuous nuclear membranes; mitochondria in the cytoplasm were morphologically intact, with 
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Figure 6 HAP alters the transcriptional profile of pulmonary macrophages in rats with acute lung injury (n=3). (A) UMAP plot of reclustered macrophages. (B) DotPlot of 
canonical marker genes for each macrophage subcluster. (C) Statistical bar plot showing differences in the proportions of macrophage subclusters between the two groups. 
(D) GO enrichment analysis of upregulated genes in the CL group. (E) GO enrichment analysis of upregulated genes in the HL group. (F) Violin plots of upregulated genes in 
the CL group. (G) Violin plots of upregulated genes in the HL group. (H) Pseudotime trajectory of macrophages in lung tissue. (I) Pseudotime trajectory of macrophage 
subclusters in lung tissue. (J) Scatter plot showing the expression levels of pulmonary macrophage genes along pseudotime.
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clearly visible cristae, and the rough endoplasmic reticulum remained structurally intact. Vascular endothelial cells also 
showed normal morphology, with no obvious inflammatory cell infiltration in the alveolar spaces, and the alveolar- 
capillary barrier remained intact. In the H group, the overall structure of AT2 cells was likewise relatively intact, with 
clear and densely arranged mitochondrial cristae, and only mild vacuolar change in the rough endoplasmic reticulum; 
vascular endothelial cells were basically normal in morphology, and the alveolar-capillary barrier was overall preserved 
(Figure 7A).

After LPS treatment, ultrastructural changes in AT2 cells were most prominent in the CL group, as manifested by 
irregular nuclear morphology, partial disruption of the nuclear membrane, and widening of the perinuclear space. 
Numerous vacuolated mitochondria were observed in the cytoplasm, with disrupted or absent cristae, and the rough 
endoplasmic reticulum was markedly dilated. Structural abnormalities were also observed in vascular endothelial cells, 
including discontinuity of the nuclear membrane. Neutrophil infiltration in the alveolar spaces was increased, the 
alveolar-capillary barrier was markedly compressed, and the gas exchange space was reduced. In contrast, only mild 
ultrastructural abnormalities were observed in AT2 cells in the HL group. Nuclear morphology was slightly irregular, but 
the nuclear membrane remained relatively intact. Some mitochondria showed mild swelling, most mitochondrial cristae 
were preserved with only occasional disruption, and the rough endoplasmic reticulum was only mildly dilated. The 
overall structure of vascular endothelial cells was relatively preserved, and junctional structures remained present. 
Although neutrophil infiltration was still observed in the alveolar spaces, compression of the alveolar-capillary barrier 
was less severe, and some gas exchange space was still preserved (Figure 7A).

To further examine changes in adhesion junction-related proteins in the pulmonary vascular endothelium and alveolar 
epithelial barrier, immunofluorescence staining and semiquantitative analysis of VE-cadherin and E-cadherin were 
performed. The results showed that, under control conditions, VE-cadherin in the C group was distributed mainly as 
a continuous linear signal along intercellular junctions of pulmonary vascular endothelial cells, whereas E-cadherin was 
distributed mainly along the membranes of alveolar epithelial cells, showing overall relatively continuous membranous 
staining. In the H group, the fluorescence signals of both junctional proteins were overall stronger than those in the 
C group, and their distribution along cell-cell junctions remained relatively continuous (Figure 7B).

After LPS treatment, both the expression and distribution of these two adhesion junction proteins changed markedly 
in the CL group. The VE-cadherin fluorescence signal was evidently reduced, with focal loss of staining or disruption of 
continuity in some areas. The E-cadherin fluorescence signal was also weaker than that in the control group and showed 
a patchy distribution, accompanied by morphological changes including disorganized alveolar architecture and indistinct 
boundaries. Compared with the CL group, although the fluorescence signals of VE-cadherin and E-cadherin in the HL 
group were still reduced to some extent relative to those in the C and H groups, the overall signals were better preserved, 
and both proteins still showed relatively continuous distribution along cell-cell junctions. The integrity of alveolar- and 
vascular-related structures was also relatively better preserved (Figure 7B).

Further semiquantitative analysis of relative fluorescence intensity showed that VE-cadherin expression was strongest 
in the H group and was significantly higher than that in the C group and HL group (both P<0.0001); VE-cadherin 
expression in the HL group was higher than that in the CL group (P<0.01) (Figure 7C). Semiquantitative analysis of 
E-cadherin showed that expression in the C group was higher than that in the CL group (P<0.01), expression in the 
H group was higher than that in the C group (P<0.01), and expression in the HL group was higher than that in the CL 
group (P<0.0001) (Figure 7D).

Taken together, compared with the CL group, the HL group showed stronger fluorescence signals and better 
continuity of VE-cadherin and E-cadherin, suggesting that HAP attenuates injury to junctional structures of the 
pulmonary vascular and alveolar barriers after LPS stimulation.
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Figure 7 HAP attenuates injury to junctional structures of the pulmonary vascular and alveolar barriers.(A) HAP attenuated ultrastructural injury in lung tissue (n=3). From top to bottom: alveolar type II epithelial cells, vascular 
endothelial cells, and inflammatory cells. N, nucleus; Mi, mitochondria; RER, rough endoplasmic reticulum; TJ, junctional structure; Co, collagen fibers; Mv, microvilli; RBC, red blood cells; Ed, endothelial cell; AL, alveolar lumen; M, 
macrophage. ↑ in blue, lamellar bodies; ↑ in red, mitochondria;↑ in purple, lysosomes;↑ in yellow, rough endoplasmic reticulum. Scale bars: 1μm; 500nm. (B) Representative immunofluorescence images of lung tissue (scale bar=200μm), in 
which VE-cadherin is shown in red, E-cadherin in green, and DAPI-stained nuclei in blue. (C) Relative fluorescence intensity of VE-cadherin in each group analyzed using ImageJ software (n=4). (D) Relative fluorescence intensity of 
E-cadherin in each group analyzed using ImageJ software (n=4). ns, P>0.05; **P<0.01; ****P<0.0001.
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Discussion
HAP Attenuates Lung Tissue Injury Under Inflammatory Stimulation and Improves 
Related Functional Parameters
At the whole-organ level, this study confirmed that HAP exerts a certain attenuating effect on LPS-induced lung injury. 
Compared with the CL group, the HL group showed less severe gross pulmonary exudation and hemorrhage, a smaller 
decrease in the lung dry/wet weight ratio, reduced inflammatory cell infiltration on H&E staining, and better preservation 
of alveolar architecture, indicating that under the same inflammatory stimulus, lung tissue in HAP-treated rats is less 
likely to rapidly develop marked leakage and structural destruction. Consistent with the alleviation of histological injury, 
inflammation- and oxidative stress-related indicators in the HL group were overall lower than those in the CL group, 
suggesting that after HAP intervention, the degrees of inflammation and oxidative stress in lung tissue under acute 
inflammatory stimulation were lower. Previous studies have shown that reactive oxygen species may transiently increase 
during the early phase of high-altitude hypoxic exposure, whereas with the establishment of long-term adaptation, 
hypoxia-related signaling and antioxidant defense mechanisms are gradually developed, thereby buffering, to some 
extent, the oxidative stress burden imposed by sustained hypoxia.27 Taken together with the present findings, the overall 
stress response may be milder when HAP-treated organisms are subjected to inflammatory stimulation.

Arterial blood gas analysis further suggested that this protective effect is reflected not only in milder histological 
injury, but also in changes in lung function. Compared with the CL group, the HL group showed overall better 
oxygenation-related parameters, whereas oxygenation declined more markedly in the CL group, indicating that after 
HAP treatment, lung tissue retained relatively better gas exchange capacity under inflammatory stimulation. It should be 
noted that increases in Hb, Hct, and CaO2 are themselves fundamental physiological adaptations to high altitude and may 
indeed confer a certain advantage in oxygen transport to the HL group.28,29 However, if the effect were attributable solely 
to increased oxygen-carrying capacity, it would be difficult to simultaneously explain the overall benefits observed in the 
HL group, including reduced pulmonary leakage, alleviated pathological injury, and better preservation of alveolar 
structure. Therefore, the present study suggests that the effect of HAP is not limited to improving oxygen delivery, but 
also includes attenuation of lung tissue injury under inflammatory stimulation. This finding is also consistent with our 
previous studies: in a retrospective study of patients undergoing cardiac surgery, HAP was associated with a lower 
incidence of major adverse cardiovascular events and less severe postoperative myocardial injury;23 in our previous 
animal experiments, HAP-treated rats likewise showed milder lung injury after LPS stimulation, suggesting that HAP 
may exert a certain cross-organ protective effect.25 Changes in metabolic parameters also support this conclusion. In the 
present study, the increase in lactate was smaller in the HL group, and its overall level was lower than that in the CL 
group. At the same time, blood glucose decreased markedly in the CL group, whereas no significant decrease was 
observed in the HL group, indicating that changes in blood glucose and lactate were more stable under inflammatory 
stimulation after HAP treatment. This is consistent with our previous perioperative clinical observations, in which 
patients adapted to high altitude exhibited more stable changes in blood glucose and lactate under stress conditions.24 

Taken together, HAP enables lung tissue to exhibit milder injury, less fluid leakage, better oxygenation status, and more 
stable metabolic changes after inflammatory stimulation, thereby providing an experimental basis for further analysis of 
its effects at the level of the alveolar-capillary barrier.

HAP Affects the Transcriptional Characteristics of Alveolar-Capillary Barrier-Related 
Cells
The above findings showed that HAP attenuated LPS-induced lung injury, reduced exudation, and improved oxygenation. 
To examine the cellular basis associated with this protective effect, the present study investigated transcriptional changes 
in alveolar-capillary barrier-related cells at the single-cell level, with a particular focus on endothelial cells on the 
vascular side of the barrier, epithelial cells on the alveolar side, and macrophages involved in barrier regulation.

Endothelial cells are the core structural component on the vascular side of the alveolar-capillary barrier, and their state 
directly determines changes in vascular permeability and the degree of fluid extravasation.30 In the present study, genes 
upregulated in the CL group were mainly enriched in pathways related to endoplasmic reticulum stress and the unfolded 
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protein response, including Ddit3, Xbp1, Hsp90b1, and Hspb1,31–34 suggesting that stress-related changes were more 
prominent under inflammatory stimulation in this group. In contrast, genes upregulated in the HL group were more 
enriched in categories related to focal adhesion and actin cytoskeletal remodeling, including Flnb, Actr3, Vcl, and Tes. 
Previous studies have shown that FLNB is involved in S1PR1 membrane surface localization,35 that the Arp2/3 complex 
containing Actr3 can drive the formation of junction-associated membrane protrusions and promote renewal at VE- 
cadherin sites,36 that Vcl enhances endothelial barrier integrity and reduces vascular leakage,37 and that Tes is related to 
adhesive structures and the recognition of force-bearing actin.38 These findings are consistent with the reduced exudation 
and milder barrier disruption observed in the HL group in the present study, and together suggest that, after HAP 
treatment, endothelial cells are more inclined toward expression patterns related to junction maintenance and structural 
stability.

Notably, a distinct endothelial cell subset with an activated transcriptional profile was observed in our analysis. For 
descriptive convenience only, this subset was provisionally referred to as activated endothelial cells (aiECs), character
ized by high expression levels of Cx3cl1 and Fxyd5, as well as elevated expression of Il6, Ccl7, and Vcam1. Meanwhile, 
this subset also exhibited relatively high expression of Anxa1, Timp3, Cst3, Tm4sf1, and Mgp, implying that it may not 
represent a purely pro-inflammatory endothelial population. Pseudotime analysis showed that gCap cells bifurcated into 
two major branches leading to aCap and aiEC, respectively, and that more HL-group cells were distributed at the terminal 
end of the aiEC branch. S100a10 and Anxa2 gradually increased along this trajectory and reached their peaks at the 
aiEC-enriched end. Annexin A2, as a membrane phospholipid-binding protein, plays an important role in membrane 
localization and maintenance of adhesion junctions.39 Previous studies have shown that Anxa2 deficiency leads to 
impaired pulmonary microvascular endothelial barrier function and is accompanied by abnormal phosphorylation of VE- 
cadherin.40 S100a10 is an important binding partner of Anxa2, and the annexin A2/S100A10 heterotetramer formed by 
the two is closely related to membrane-cytoskeletal organization and cell-surface protein localization.41 Taken together 
with the relative enrichment of HL-group cells in the aiEC branch and the peak expression of Anxa2/S100a10 in this 
branch, these findings suggest that Anxa2/S100a10-related membrane-cytoskeletal remodeling is consistent with the 
better preservation of endothelial junctions in the HL group. However, whether this process directly participates in HAP- 
related protection still requires further functional validation.

Compared with the endothelial side, the key role of the alveolar epithelial side is not to prevent fluid extravasation,42 

but rather to maintain the integrity of the alveolar interface, promote fluid clearance, and initiate timely repair after 
injury.19 In the present study, the proportion of AT1 cells was increased in the HL group, whereas the proportion of Tuft 
cells was increased in the CL group. AT2 cells are an important regenerative source for alveolar repair and can 
transdifferentiate into AT1 cells to replenish the alveolar-capillary barrier,43 while the state of AT1 cells is closely 
related to restoration of barrier continuity.44 Therefore, the higher proportion of AT1 cells in the HL group may reflect 
earlier emergence of structural recovery-related changes in epithelial cells after inflammatory stimulation following HAP 
treatment. Conversely, the relative proportion of Tuft cells was elevated in the CL group. As documented in previous 
studies, Tuft cells constitute a rare epithelial subset endowed with chemosensory and immunomodulatory properties. 
These cells are capable of undergoing proliferation during inflammation- or injury-driven airway remodeling and can 
secrete proinflammatory mediators to amplify local immune responses.45 Accordingly, the increased abundance of Tuft 
cells observed in the CL group herein is most likely indicative of exacerbated epithelial injury under inflammatory stress. 
Further comparison of differentially expressed genes between the two groups showed that the CL group mainly 
upregulated Sdf2l1, Ifi27, Cyba, and Nos2, indicating a greater tendency toward proteostatic stress, endoplasmic 
reticulum stress, and inflammatory responses; in contrast, genes upregulated in the HL group, including Npnt, Cldn18, 
Scnn1a, and Sparc, were more closely related to membrane structure, adhesion, and fluid clearance. Among these, 
Cldn18 is an important component of alveolar epithelial tight junctions and is closely associated with alveolar barrier 
permeability and homeostasis;46 Scnn1a encodes the α-subunit of the epithelial sodium channel and is closely related to 
alveolar fluid clearance;47 Npnt is associated with the basement membrane/cell adhesion network;48,49 and Sparc is 
involved in extracellular matrix remodeling and regulation of the injury-repair microenvironment.50 In addition, 
pseudotime analysis showed that more CL-group cells were located at the beginning of the trajectory, whereas HL- 
group cells were distributed across multiple stages of the trajectory; Atf3 and Btg2 gradually decreased with pseudotime, 
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whereas Col4a3 and Col4a4 gradually increased. These findings suggest that, compared with the CL group, epithelial 
cells in the HL group not only show less injury- and inflammation-related expression, but also exhibit more expression 
features related to membrane structure, adhesion, and fluid clearance.

In addition to structural cells, macrophages also influence whether lung barrier injury is further aggravated. In the 
present study, there was no significant difference in the overall proportions of macrophage subclusters, but their 
transcriptional changes were clearly different. Differential genes in the CL group were more enriched in pro- 
inflammatory, granulocyte recruitment, and interferon-related pathways, whereas those in the HL group were more 
enriched in pathways related to the extracellular region, extracellular space, and regulation of cell proliferation, 
indicating that the effect of HAP on macrophages was mainly reflected in distinct transcriptional responses after 
inflammatory stimulation. Increased expression of S100a9, Ptgs2, Aim2, and Ltb4r1 in the CL group suggested 
a greater tendency toward inflammation- and injury-related changes.51–55 In contrast, the HL group upregulated genes 
such as Arg1, Anxa1, Thbd, and Timp1. Among these, Anxa1 can inhibit NF-κB activation and alleviate LPS-induced 
acute lung injury,56 Thbd has protective effects in multiple lung injury models,57–59 and Timp1 is related to extracellular 
matrix regulation in lung tissue.60 Pseudotime analysis further showed that more HL-group cells were located at the 
beginning of the trajectory, mainly composed of mature tissue-resident alveolar macrophages, whereas the proportion of 
cells at the terminal end of the interferon-stimulation-related branch was higher in the CL group.

Overall, the single-cell results of the present study do not support a simple interpretation that HAP-related pulmonary 
protection can be attributed to a single cell type or a single molecular pathway. Rather, they suggest that this protection 
may be manifested as coordinated alterations in the stress-response patterns of multiple barrier-related cell types. 
Specifically, endothelial cells appear more biased toward programs related to junction and cytoskeletal maintenance, 
epithelial cells toward expression related to membrane structure and fluid clearance, and macrophages toward reduced 
inflammatory and interferon-like transcriptional features. Together, these changes provide a cellular-level explanation for 
the milder lung injury and better-preserved barrier integrity observed in the HL group.

Structural Evidence Supports That HAP Attenuates Disruption of the 
Alveolar-Capillary Barrier
In the preceding single-cell analysis, endothelial cells and epithelial cells in the HL group were found to be more biased 
toward programs related to junctional maintenance and repair. The TEM and junctional protein findings in the present 
study further indicate that these gene-expression differences are consistent with histological evidence of better preserva
tion of alveolar-capillary barrier structure.

TEM findings in the present study showed that, compared with the CL group, ultrastructural injury in vascular 
endothelial cells and AT2 cells was milder in the HL group, intercellular junctions were better preserved, and 
mitochondrial swelling and structural disruption were also less severe. Because the integrity of endothelial and epithelial 
cells is the basis for maintaining low permeability of the alveolar-capillary barrier, this better-preserved ultrastructural 
appearance provides a reasonable explanation for the reduced exudation and improved oxygenation observed above. 
Immunofluorescence further showed that the fluorescence intensity and continuity of VE-cadherin and E-cadherin were 
both higher in the H group than in the C group, and that after LPS stimulation, the HL group still showed significantly 
better preservation than the CL group. VE-cadherin is a core molecule of endothelial adherens junctions, and its 
continuity and stability directly affect endothelial barrier integrity and vascular permeability. Previous studies have 
shown that promoting reconstruction of VE-cadherin junctions helps restore pulmonary fluid balance, improve lung 
structure, and facilitate resolution of lung injury.61,62 E-cadherin is an important component of epithelial adherens 
junctions, and reduced expression, increased cleavage, or disrupted membrane localization usually indicates impaired 
continuity of the epithelial barrier and is involved in processes related to amplification of inflammation and impaired 
repair.63,64 Taken together with the TEM observations, junctional protein findings, and the single-cell results described 
above, the present study suggests that, in this model, HAP is associated with better preservation of alveolar-capillary 
barrier structure, stronger junctional protein signals, and less leakage, and that better-preserved barrier integrity may be 
one of the important bases underlying its pulmonary protective effect.
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This finding is in good agreement with our previous work. In our earlier clinical study,24 patients adapted to high altitude 
showed a lower incidence of pleural effusion among postoperative pulmonary complications after hepatectomy. Although 
pleural effusion is influenced by multiple factors, a reduction in pleural fluid still essentially suggests less severe pulmonary 
fluid leakage. In addition, in our previous HAP-intervention study using an LPS-induced intestinal injury model, HAP 
attenuated intestinal tissue injury and exudation and preserved the relative integrity of tight junction proteins such as ZO-1 
and Occludin, suggesting that the effects of HAP on barrier function may be shared across organs.65 Although the intestinal 
barrier and the alveolar-capillary barrier are not identical in structure, both depend on the integrity of junctional structures to 
limit abnormal leakage. This is consistent with the findings of the present study, in which the HL group showed reduced 
exudation, better-preserved junctions, and improved oxygenation, and further strengthens the credibility of our conclusions.

When the TEM findings, junctional protein analysis, and the above results are considered together, HAP-related 
pulmonary protection appears to involve more than simple attenuation of inflammatory responses. More importantly, 
injury to the alveolar-capillary barrier is milder after inflammatory stimulation, leading to reduced fluid leakage and, 
consequently, less alveolar compression and less severe impairment of oxygenation. This is consistent with our previous 
clinical and animal findings and suggests that HAP may induce a pulmonary protective state characterized by endogen
ous barrier protection.

Despite these findings, the present study still has several limitations. First, an LPS-induced model was used, which 
mainly reflects features of lung injury caused by inflammatory stimulation; the role of HAP in other types of lung injury 
remains to be further investigated. Second, observations in the present study were mainly focused on the acute phase, and the 
subsequent repair process and long-term outcomes were not dynamically evaluated. Third, although the present study 
analyzed changes in key cell populations by integrating single-cell results with structural evidence and identified several 
candidate molecules, no in vitro cell experiments or functional intervention studies were performed. Therefore, no direct 
conclusions can yet be drawn regarding the upstream signals and molecular mechanisms underlying HAP-related protection. 
Accordingly, the current mechanistic interpretation remains largely at the level of association rather than causal proof. Future 
studies integrating different models, multi-time-point observations, and in vivo and in vitro functional intervention experi
ments are still needed to further clarify the specific mechanisms by which HAP attenuates alveolar-capillary barrier injury.

Conclusion
This study showed that HAP was associated with better preservation of the alveolar-capillary barrier, as evidenced by 
reduced pulmonary edema, improved oxygenation, stronger junctional protein signals, and better preserved barrier 
structure in HAP-treated rats under LPS challenge. This protective effect was accompanied by distinct transcriptional 
characteristics in endothelial cells, epithelial cells, and macrophages. These findings suggest that HAP-related pulmonary 
protection may be associated with coordinated alterations in the responses of barrier-related cells.
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