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Purpose: Alveolar epithelial barrier (AEB) dysfunction drives the development of chronic obstructive pulmonary disease (COPD). 
This study aimed to investigate whether the effective-component compatibility of the Bufei Yishen formula (ECC-BYF) protects the 
AEB in COPD via anti-inflammatory mechanisms, and to elucidate the underlying pathways.
Methods: In vivo, a rat model of COPD was established via repeated bacterial infection and cigarette smoke exposure. Following 
treatment, we analyzed lung function, histopathology, epithelial ultrastructure, inflammatory factors, and AEB-related protein expres
sion. In vitro, MLE-12 cells stimulated with TNF-α were pretreated with ECC-BYF to assess cell viability, inflammatory responses, 
and barrier protein expression. Additionally, network pharmacology was utilized to predict key therapeutic targets, and the involve
ment of the p38 MAPK signaling pathway was validated via Western blotting.
Results: In vivo, ECC-BYF improved pulmonary function and attenuated histopathological damage in COPD rats. Ultrastructural 
analysis showed that ECC-BYF improved the morphology of alveolar type 1 (AT1) and type 2 (AT2) cells and preserved intercellular 
junctions. Furthermore, ECC-BYF upregulated the expression of ZO-1, Occludin, SP-C, and SP-D proteins, increased Interleukin (IL)- 
10 in bronchoalveolar lavage fluid (BALF), and suppressed BALF levels of IL-6, IL-1β, and TNF-α. Network pharmacology identified 
TNF/IL-6 and MAPK signaling as key targets. In vitro, ECC-BYF reversed TNF-α-induced elevations in IL-6 and TNF-α mRNA, 
increased ZO-1, Occludin, and SP-C protein levels, and inhibited p38 MAPK phosphorylation. This reduction in p-p38 MAPK was 
concordantly observed in rat lung tissues. Critically, asiatic acid abrogated ECC-BYF’s suppressive effects, demonstrating that p38 
MAPK inhibition is central to its barrier-protective efficacy.
Conclusion: ECC-BYF mitigates AEB disruption in COPD by inhibiting the p38 MAPK-mediated inflammatory response, high
lighting a crucial mechanism for protecting barrier integrity.
Keywords: COPD, P38 MAPK pathway, alveolar epithelial barrier

Introduction
Chronic Obstructive Pulmonary Disease (COPD) is a heterogeneous disorder marked by irreversible airflow limitation. 
This obstruction results from abnormalities in the airways (such as bronchitis or bronchiolitis) and/or alveoli 
(emphysema).1 COPD is a primary contributor to global mortality, imposing a substantial socioeconomic burden. 
Current epidemiological estimates indicate approximately 210 million affected individuals worldwide, with 3.3 million 
annual deaths attributable to COPD.2,3 While COPD is characterized by a complex etiology, prolonged exposure to 

International Journal of Chronic Obstructive Pulmonary Disease 2026:21 589282                         1
© 2026 Shao et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v4.0) License (http://creativecommons.org/licenses/by-nc/4.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Chronic Obstructive Pulmonary Disease       

Open Access Full Text Article

https://doi.org/10.2147/COPD.S589282
Received: 12 January 2026
Accepted: 16 June 2026
Published: 25 June 2026

In
te

rn
at

io
na

l J
ou

rn
al

 o
f C

hr
on

ic
 O

bs
tr

uc
tiv

e 
P

ul
m

on
ar

y 
D

is
ea

se
 d

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/
F

or
 p

er
so

na
l u

se
 o

nl
y.

http://orcid.org/0000-0003-4018-0117
http://orcid.org/0000-0002-5849-4504
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


tobacco smoke remains the undisputed primary environmental risk factor driving its pathogenesis. Current COPD 
management primarily relies on smoking cessation, bronchodilators, and inhaled corticosteroids. Although these inter
ventions partially alleviate clinical symptoms, they fail to effectively slow the progression of the disease.1,4 Therefore, it 
is critical to advance research on effective strategies for managing COPD.

The progressive decline in lung function, which presents the primary clinical challenge in COPD management, is 
fundamentally driven by the continuous disruption of the alveolar epithelial barrier (AEB). The AEB forms a natural 
physical defense against invading microbes and harmful substances, while activating immune cells to initiate innate 
immunity.5,6 Cigarette smoke, particulate matter, and microbial infections can breach this barrier, triggering inflammation 
and AEB damage (Supplementary Figure S1). During barrier impairment, inflammatory cells infiltrate the alveolar space, 
exacerbating epithelial integrity loss. Chronic injury induces compensatory structural destruction—manifested as alveolar 
rupture and bullae formation—which progressively disrupts gas exchange and accelerates emphysema development, 
ultimately driving COPD progression.7,8

Crucially, inflammatory dysregulation is central to AEB damage.9 Compromised epithelial cells release inflammatory 
mediators and recruit immune cells, thereby establishing a self-perpetuating inflammatory cascade.10,11 These mediators 
degrade tight junctions by downregulating ZO-1 and occludin (Supplementary Figure S1), destabilizing the AEB and 
promoting parenchymal destruction.12,13 Given this pathophysiology, synergistic strategies that concurrently suppress 
inflammation and restore alveolar barrier function hold significant therapeutic promise for COPD.14 Consequently, the 
preservation of the AEB from inflammation-induced damage has been identified as an effective strategy for COPD.

Emerging evidence suggests that the adjunctive use of Traditional Chinese medicine (TCM) alongside conventional 
therapy may offer beneficial effects for patients with COPD, particularly in alleviating clinical symptoms and improving 
overall quality of life.15 Bufei Yishen formula (BYF) serves as an efficacious formula for treating COPD (Patent 
ZL.201110117578.1). Clinical research has verified that BYF can mitigate the risk of acute exacerbation and promote 
patients’ exercise ability and functional status.16 Basic evidence supports the view that BYF can attenuate inflammation 
in COPD rats, regulate alveolar surfactant protein secretion, and maintain alveolar structure.17 Despite demonstrating 
efficacy in reducing systemic inflammation and alveolar destruction in a COPD rat model, the therapeutic mechanisms of 
BYF remain difficult to elucidate due to the complexity of its active components. To address this, we integrated systems 
pharmacology with in vitro and in vivo validation to screen and optimize the key active components.18,19 Finally, the 
Effective-Component Compatibility of BYF (ECC-BYF), which demonstrated efficacy comparable to that of the original 
BYF,20 was obtained. Previous fundamental research has revealed that ECC-BYF can reduce the thickening of the 
respiratory membrane and attenuate inflammation in COPD rats, and exerts a beneficial intervention effect,21 but the 
factors that regulate AEB during this process remain elusive.

To evaluate this, an in vivo COPD rat model was established through cigarette smoke inhalation combined with 
repetitive bacterial infection, alongside an in vitro model of TNF-α-stimulated MLE-12 cells. Using these models, this 
study aimed to investigate whether the ECC-BYF protects the AEB in COPD via anti-inflammatory mechanisms, and to 
elucidate the underlying pathways.

Materials and Methods
Chemicals and Reagents
Cigarettes (Hongqi Canal® Filter tip) were sourced from Henan Tobacco Industry Co., Ltd. (Anyang, China). Klebsiella 
pneumoniae (46114) was procured from the National Center for Medical Culture Collection (Beijing, China). N- 
acetylcysteine (NAC) was purchased from Zambon (S.p.A, Italia). The ECC-BYF formulation listed in Table 1 was 
supplied by Chengdu Must Bio-technology Co., Ltd. (Chengdu, China). All compounds were of >98% purity. TNF-α 
(L2880) was acquired from Sigma-Aldrich (St. Louis, MO, USA). ELISA kits (E-EL-R0012c, E-EL-R0015c, E-EL- 
R0016, E-EL-R2856c) were obtained from Elabscience (Wuhan, China). These antibodies were used: Surfactant protein 
D Antibody (Affinity Bioscience, DF13601), Anti-Prosurfactant Protein C antibody (Abcam, ab90716), IL-6 Polyclonal 
Antibody (Elabscience, E-AB-40073), ZO-1 (Affinity Bioscience, AF5145), Occludin Polyclonal antibody (Proteintech, 
13409-1-AP), and Podoplanin Monoclonal Antibody (Invitrogen, 14–5381-82).
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Study Design and Animal Model
This was a randomized, controlled animal experiment. The entire study lasted 16 weeks, comprising a COPD induction 
phase (weeks 1–8) and a treatment phase (weeks 9–16). The primary outcome was alveolar epithelial barrier integrity 
assessed by pulmonary pathology and junctional protein expression; secondary outcomes included inflammation and p38 
MAPK phosphorylation. Seventy-two male Sprague-Dawley rats (age/weight) were obtained from Beijing HFK Bioscience 
Co., Ltd. The animal experiments received approval from the Experimental Animal Care and Ethics Committee of Henan 
University of Chinese Medicine (No. DWLL202003261) and were performed in strict accordance with the Laboratory 
animal-Guideline for ethical review of animal welfare (GB/T 35892–2018, National Standard of the People’s Republic of 
China). Sample size was based on our previous experience and published studies of COPD rat models, which showed that 
10–12 animals per group were sufficient to detect meaningful differences in pulmonary function and histological para
meters. With six groups, we allocated 12 rats per group to account for possible mortality during the modeling period. 
Randomization was performed using a computer-generated random number list. Rats were randomly assigned to six groups 
(n=12 each): Normal, Model, ECC-BYF H (ECC-H), ECC-BYF M (ECC-M), ECC-BYF L (ECC-L), and NAC. The 
allocation sequence was concealed from the investigators conducting the daily treatments and outcome assessments. The 
procedure for establishing the COPD model has been previously described.22 From weeks 1–8, COPD was induced by 
infection with Klebsiella pneumoniae and cigarette smoke. The Normal group received ambient air and saline instead of 
cigarette smoke and bacterial challenge. From weeks 9 to 16, the NAC, ECC-M, ECC-L, and ECC-H groups received NAC 
(54 mg/kg/d) and ECC-BYF (11.0, 5.5, and 1.75 mg/kg/d, respectively) by oral gavage. During the experimental period, 
mental state, activity level, and food and water intake was observed daily and body weight was recorded once per week. At 
the end of week 16, all rats were euthanized with sodium pentobarbital (40 mg/kg, i.p). After confirming anesthesia, 
pulmonary function was evaluated using a dedicated system.

Pulmonary Function and Histological Analysis
Pulmonary function parameters, including 50% expiratory flow (EF50), peak expiratory flow (PEF), and tidal volume 
(TV), were quantified four weeks via instrument and equipment (Buxco Inc., Wilmington, NC, USA), forced vital 
capacity (FVC), functional residual capacity (FRC), dynamic compliance (Cydn), and maximum expiratory flow 
(MMEF)were measured using FinePointe (PFT).

The lung tissue slices were processed with HE staining for morphological analysis using a light microscope 
(Olympus, Tokyo, Japan). Six views were captured from each slice, and the mean linear intercept (MLI)/ mean alveolar 
number (MAN) in a fixed area of the visual field were quantified. The wall thickness of the bronchial tube (Wt) and the 
ratio of the bronchial wall area (s) to the inner circumference (Pi) were utilized to indicate pathological changes in the 
bronchus. The short diameter of the bronchus should fall within the range of 100 to 300 µm to accurately determine its 
grade. Measurements included the three different long diameters (a1, a2, a3) and the different short diameters (b1, b2, 
b3), as well as external bronchial area (S1), internal bronchial area (S2), and internal perimeter (Pi) passing through the 
center of each bronchus. Wt(μm) = [(a1 - b1) + (a2 - b2) + (a3 - b3)] / (3 × 2), (s/Pi) = (S1 - S2) / Pi (Supplementary 
Figure S2).

Table 1 The Compounds of ECC-BYF. The CAS Numbers, Molecular Formulas, and 2D Structures of ECC-BYF

Chemical Compounds Ginsenoside Rh1 Astragaloside IV Icariin Nobiletin Paeonol

CAS 63223-86-9 84,687-43-4 489-32-7 478-01-3 552-41-0

Molecular Formula C36H62O9 C41H68O14 C33H40O15 C21H22O8 C9H10O3

2D Structure
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Ultrastructure of Lung
The lung tissue was cut into 1 mm3 pieces, prefixed, dehydrated in an ethanol series, embedded in Epon812, and cut into 
ultra-thin sections. The ultrastructural changes of AEB were observed.

ELISA
Concentrations of IL-6, IL-10, IL-1β, and TNF-α in the BALF samples and IL-6, TNF-α levels in cell supernatant were 
quantified by ELISA kits in accordance with the manufacturer’s instructions.

Cell Culture and Treatment
The MLE-12 mouse alveolar epithelial cell line was purchased from the cell bank of the Shanghai Institute of 
Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai, China). MLE-12 was cultivated at 37 °C in 
DMEM/F12 (Cytiva, SH30023.01B) containing 2% FBS (EXCELL Bio, FSP500), 1% double antibody (penicillin- 
streptomycin, pricella, PB180120) and 1% ITS-X Media Supplement (Beyotime, C0345). MLE-12 cells were plated 
(3.5× 105 cells/mL), incubated with ECC-BYF (17, 35, and 70μg/mL), and stimulated with 10 ng/mL TNF-α for 
24 hours.

Immunofluorescence
Lung tissues were incubated overnight at 4 °C with antibodies ZO-1, occludin, and double-stained PDPN/IL-6. A 12-well 
plate was utilized, and a specialized cell culture coverslip was placed within it. MLE-12 cells were seeded onto the cell 
climbing tablet. Intervention was performed after the cells successfully attached to the culture vessel. Primary antibodies 
for ZO-1, occludin, and SP-C were incubated overnight at 4 °C. The lung tissues and cell culture coverslip were 
subsequently treated with secondary antibody under dark conditions and re-stained with DAPI.

Immunohistochemistry
The processing steps for the lung tissues were roughly the same as those for immunofluorescence. Subsequently, the 
quantitative analysis of the integral optical density was determined using Image-Pro Plus 6.0 software.

Quantitative Real-Time PCR (qPCR) Assay
Total RNA was extracted and converted into complementary DNA. The mRNA levels were assessed by qPCR. The 
primers are listed in Table 2.

Western Blot (WB) Assay
Following lysis in RIPA and protein concentration determination with a bicinchoninic acid assay, samples were resolved 
by SDS-PAGE and electroblotted onto PVDF (Millipore, ISEQ00010). Subsequently, PVDF were blocked with 5% non- 
fat milk, incubated overnight withZO-1, occludin, and GAPDH antibodies, and then labeled with chemiluminescent- 
linked secondary antibodies.

Integrated Analysis of Network Pharmacology
Prediction of Potential Targets of ECC-BYF
The canonical SMILES23 of these five compounds (Table 1) were used to mine potential targets from STITCH 
database,24 SwissTargetPrediction database,25 SEA database,26 PharmMapper database27 and TCMSP database.

Table 2 Mouse Primer Sequence

Gene Forward Primer (5′–3′) Reverse Primer (5′–3′)

IL-6 CTGCAAGAGACTTCCATCCAG AGTGGTATAGACAGGTCTGTTGG
TNF-α CAGGCGGTGCCTATGTCTC CGATCACCCCGAAGTTCAGTAG

GAPDH AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA
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Identification of COPD-Related Genes
The potential genes of inflammation and COPD were identified using the indexing terms “inflammation” and “chronic 
obstructive pulmonary disease” in the website with GeneCards,28 DrugBank29 and DisGeNet.30 All targets were 
submitted to UniProtKB31 to acquire the standardized gene symbols.

Generation and Analysis of the Protein–Protein Interaction (PPI) Network
The PPI was established using Cytoscape and STRING. Data were obtained from String database.32 Multiple Proteins 
were selected, and the common target Gene Symbol was entered. Homo sapiens was selected for Organisms. The task 
was submitted and the built PPI network file was downloaded. The top 100 targets were selected according to the degree 
value for further analysis.

Enrichment of KEGG Pathways
The functional enrichment analysis of KEGG Pathways of the key targets was in DAVID.33

Molecular Docking
The initial structures of proteins and compounds were retrieved from the PubChem and RCSB PDB. These protein 
structures were then subjected to preprocessing in PyMOL 2.3.4 to remove non-essential water and ligand molecules. 
Following preprocessing, the receptor proteins were prepared for docking (hydrogen addition and charge balancing) 
using AutoDock. The final docking simulations between the prepared receptors and ligands were executed. The outcome 
is quantified by the docking affinity score; a more negative value implies a stronger and more stable predicted binding 
complex.

Statistical Analysis
Statistical analyses were performed using SPSS (v24.0). Data are presented as mean ± SEM. Inter-group differences were 
assessed by one-way ANOVA. For data with homogeneous variance, Fisher’s LSD test was used for post-hoc compar
isons; for data violating this assumption, Dunnett’s T3 test was implemented. Statistical significance was set at P < 0.05.

Results
ECC-BYF Treatment Ameliorated the Severity of COPD Rats
Over the 16-week experimental period, the Normal group rats exhibited good health. Model group rats developed 
progressive deterioration, and by week 8, significant weight loss was observed (P<0.01). At week 16, the ECC-H, ECC- 
M, ECC-L, and NAC groups showed improved mental status and significant weight recovery (P<0.05, P<0.01) 
(Supplementary Figure S3 A).

By week 8, the COPD model rats exhibited a progressive decline in lung function, with non-invasive parameters (TV, 
EF50, and PEF) showing significant reductions relative to the Normal group (P<0.01). By week 16, these parameters 
remained significantly reduced, while invasive parameters including Cydn, FVC, and MMEF decreased significantly, and 
FRC increased significantly (P<0.01). All treatments reversed these deficits, improving TV, EF50, and PEF and 
normalizing Cydn, FVC, MMEF, and FRC (P<0.05, P<0.01) (Supplementary Figure S3 B–H).

Histologically, while Normal rats showed intact alveoli without inflammation, the Model group displayed severe 
alveolar fusion, inflammatory infiltration, and airway wall thickening. The ECC-BYF and NAC reduced alveolar fracture 
and inflammation (Figure 1), with quantitative improvements: increased MAN and decreased MLI, WT, and S/Pi 
(P<0.05, P<0.01).

ECC-BYF Protected the AEB Structure and Function in Rats with COPD
Building upon the observed pulmonary dysfunction and histopathological damage, electron microscopy revealed critical 
ultrastructural alterations. In the Normal group, Alveolar type 1 (AT1) epithelial cells showed intact structure with smooth 
surfaces, abundant pinocytotic vesicles, and characteristic thin cytoplasmic extensions. Alveolar type 2 (AT2) epithelial cells 
exhibited well-organized microvilli, prominent lamellar bodies, and normal mitochondria. Tight intercellular junctions displayed 
high electron density without gaps. Conversely, in the Model group, both AT1 (blurred edges, reduced vesicles) and AT2 
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(vacuolated lamellar bodies, swollen/shrunken mitochondria) exhibited significant damage. Intercellular junctions showed 
widened gaps with decreased electron density. In comparison to the Model group, ECC-BYF and NAC restored AT1/AT2 
ultrastructure, increasing pinocytotic vesicles and improving lamellar body/mitochondrial integrity. Intercellular junctions 
demonstrated notable recovery (Figure 2). Consistent with structural findings, ZO-1 and Occludin fluorescence intensity in 
Model group significantly decreased versus Normal (P<0.01), which was reversed by ECC-BYF and NAC treatments (Figure 3). 
SP-C and SP-D expression followed the same pattern: Model group showed marked reduction versus Normal (P<0.01), while 
treatments significantly upregulated expression versus Model (P<0.01) (Figure 4). Collectively, ECC-BYF preserved AEB 
integrity by simultaneously improving cellular ultrastructure and enhancing junctional/surfactant protein expression.

Figure 1 The effect of the ECC-BYF on the COPD rats. (A) HE staining of lung tissue in rats (×200). (B) Mean alveolar number (MAN). (C) Mean linear intercept (MLI). (D) 
HE staining of lung tissue in rats (×200). (E) wall thickness of the bronchial tube (Wt). (F) he ratio of the bronchial wall area (s) to the inner circumference (Pi). **P < 0.01, 
versus the normal group. ##P < 0.01, #P < 0.05, versus the model group.
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ECC-BYF Attenuated the Inflammatory Response in COPD Rats
The BALF of COPD model rats exhibited significantly increased levels of IL-6, IL-1β, and TNF-α (P<0.01). Conversely, 
IL-10 was markedly reduced. In contrast, ECC-BYF and NAC groups were significantly attenuated inflammation 
(P<0.01) (Figure 5A–D). In addition, no detectable expression of IL-6 was observed in Normal lung tissue, and the 
fluorescence of AT1 marker PDPN was stronger. The fluorescence of PDPN decreased significantly, while the fluores
cence of IL-6 increased significantly in COPD rat model. The ECC-BYF and NAC significantly suppressed inflammatory 
responses, and enhanced fluorescence intensity of PDPN (Figure 5E).

Figure 2 ECC-BYF improves AEB structure. (A) the ultrastructural changes observed in AT1 cells. (B) the ultrastructural changes observed in AT2 cells. The upper images 
of each group are magnified at ×8000, while the lower images, framed by red dotted lines, are magnified at ×30000. (C) Shows the changes in connections between alveolar 
epithelial cells, highlighting the tight connections indicated by the two red arrows at ×30000.
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Figure 3 ECC-BYF improves AEB structure. (A and B) ZO-1 and Occludin expression in lung tissue was analyzed by Western blot. (C) ZO-1 immunofluorescence images 
of rats in each group (×400). (D) Immunofluorescence images of Occludin in each group (×400). DAPI blue fluorescent label; ZO-1, Occludin green fluorescent marks; 
Merge Blue and green merge tags. **P < 0.01, *P < 0.05, versus the normal group. ##P < 0.01, versus the model group.
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Figure 4 ECC-BYF improves AEB function. (A) SP-C immunohistochemical images of rats. (B) SP-D immunohistochemical images of rats. The upper images of each group 
are magnified at ×200, while the lower images, framed by red dotted lines, are magnified at ×400. (C) SP-C IOD value in rat lung tissue. (D) SP-D IOD value in rat lung 
tissue. IOD: Integrated optical density value. **P < 0.01, *P < 0.05, versus the normal group. ##P < 0.01, versus the model group.
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ECC-BYF Protects TNF-α-Induced AEB
To investigate the cellular mechanisms underlying the effects of ECC-BYF, we established a TNF-α-induced MLE-12 
cell model. CCK-8 results indicated that concentrations of TNF-α less than 10 ng/mL showed no apparent impact on the 
viability of MLE-12 after 24 h of treatment (Supplementary Figure S4 A). To further determine the optimal concentration 
of TNF-α for the alveolar epithelial cell barrier injury model, qPCR assay results revealed that the 10 ng/mL TNF-α 
exhibited the pronounced effect on the expression of epithelial injury indicators and inflammatory factors (P<0.01) 

Figure 5 ECC-BYF attenuated the inflammatory response in rats with COPD. (A–D) IL-6, IL-1β, TNF-α, IL-10 level in BALF samples. (E) DAPI blue fluorescent label; PDPN 
green fluorescent label; IL-6 red fluorescent label; Merge Blue, green, and red merge tags (×200). **P < 0.01, versus the normal group. ##P < 0.01, versus the model group.
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(Supplementary Figure S4 B and C). Thus, the optimal dose for inducing epithelial inflammation injury in the model was 
determined to be 10 ng/mL.

The CCK-8 assay showed that cell viability was maintained at ECC-BYF concentrations ranging from 0 to 70 µg/mL 
(Supplementary Figure S4 D). Subsequent experiments utilized ECC-BYF at concentrations of 17.5, 35, and 70 μg/mL. 
The qPCR results showed that IL-6 and TNF-α mRNA expression was significantly augmented in the TNF-α induced 
MLE-12. The levels of IL-6 and TNF-α genes in the ECC-BYF groups were significantly diminished (P<0.01) 
(Supplementary Figure S4 E and F). These results validated that ECC-BYF can alleviate the inflammatory damage to 
alveolar epithelial cells.

ZO-1 and Occludin expression decreased in the Model group and increased to different degrees in 17.5, 35 and 70 μg/ 
mL ECC-BYF groups (Figure 6A–C). ZO-1 in Normal group showed green fluorescence, distributed continuously along 
the cell membrane, appearing oval intact, with high fluorescence intensity. TNF-α downregulated the positive expression 
of ZO-1 protein. The fluorescence of ZO-1 protein in 17.5, 35, 70 μg/mL ECC-BYF was elevated, while the ZO-1 in 
70 μg/mL ECC-BYF was significantly restored to a nearly normal state. Occludin exhibited a similar relative expression 
pattern to ZO-1 across all groups (Figure 6D and E). SP-C fluorescence intensity was lower in the Model group 
compared to the Normal group. Following treatment with 35 and 70 μg/mL ECC-BYF, SP-C fluorescence intensity 
was higher than in the Model group, with the highest intensity observed in the 70 μg/mL group (Supplementary Figure 
S4 G).

Network Pharmacology Analysis of ECC-BYF in COPD
We identified the relevant targets of astragaloside, icariin, tangerine, paeonol, and ginsenoside from five public databases. 
After removing duplicate entries, we identified 295, 321, 121, 175, and 279 potential targets for astragaloside, icariin, 
tangerine, paeonol, and ginsenoside, respectively. Furthermore, we screened for COPD and inflammation-related targets 
across three public databases, resulting in 2785 unique COPD-related targets and 1802 unique inflammation-related 
targets after duplicates were removed. Based on the Venny, 247 targets overlapped between the ECC-BYF and COPD 
and inflammation-related targets (Figure 7A). These 247 common targets were submitted to STRING public database to 
map PPI (Figure 7B). The PPI network was further analyzed to identify the top 100 targets, including TNF, IL6, and 
ALB. The constructed PPI network contained 100 nodes and 3020 edges (Figure 7C), and these 100 targets were 
subsequently analyzed using the DAVID public database. The KEGG demonstrated that the pathways mainly centered on 
the processes of inflammatory response. Among them, MAPK signaling pathway was significantly enriched (Figure 7D). 
To further validate the binding potential of the five compounds towards p38 MAPK, molecular docking was performed 
for each component. The results indicated that all five monomers possessed favorable binding activities (Figure 7E–I).

The ECC-BYF Prevents AEB Dysfunction and Activates p38 MAPK
WB revealed that the expression of phosphorylated p38 MAPK (p-p38) in the Model group was statistically upregulated 
(P < 0.01). Critically, ECC-BYF (17.5–70 μg/mL) dose-dependently suppressed p-p38 expression, with maximal 
inhibition at 70 μg/mL (Figure 8A and B). Consistent with in vitro findings, ECC-BYF significantly reduced p-p38 
levels in COPD rat lungs (P < 0.01) (Figure 8C and D). To assess the effect of p38 MAPK activation, cells were treated 
with the p38 agonist asiatic acid. The addition of asiatic acid alongside ECC-BYF resulted in higher p-p38 levels and 
increased IL-6 expression compared to cells treated with ECC-BYF alone (Figure 8E–G). Collectively, these data 
demonstrate that ECC-BYF suppresses p38 MAPK activation in TNF-α-stimulated epithelial cells and lung tissues, 
suggesting this pathway contributes to its barrier-protective effects.

Discussions
In this study, we demonstrated that ECC-BYF significantly restored the structure and function of the AEB in COPD. We 
found that ECC-BYF mitigated pathological lung injury and attenuated the abnormal inflammatory response. 
Furthermore, our combined network analysis and experimental validation established that the cytoprotective efficacy 
of ECC-BYF is centrally mediated through the inhibition of the p38 MAPK signaling pathway. These findings reveal 
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Figure 6 ECC-BYF improved the structure of AEB induced by TNF-α. (A–C) Western blotting results of the expression of ZO-1 and Occludin. (D and E) The expression 
of ZO-1 and Occludin was measured using IF. DAPI blue fluorescent label; ZO-1 green fluorescent label; Occludin red fluorescent label. **P < 0.01, *P < 0.05, versus the 
normal group. ##P < 0.01, #P < 0.05, versus the model group.
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a novel mechanistic link between ECC-BYF-mediated p38 MAPK inhibition and the preservation of AEB function in 
COPD.

AT1 and AT2 collectively maintain the structural and functional integrity of the AEB, with disruption of this 
barrier constituting a pathological feature in COPD.34–36 Our analyses demonstrate that ECC-BYF directly 

Figure 7 Effect of ECC-BYF on p38 MAPK of alveolar epithelial injury cell model (A) The COPD-related targets of ECC-BYF indicated by Venn diagram. (B) PPI network of 
ECC-BYF preventing COPD. (C) According to the scores of Dgree, 100 targets were selected. (D) KEGG pathway. The MAPK signaling pathway (red box) was identified as 
a key pathway. (E–I) Molecular docking of p38MAPK and ECC-BYF.
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Figure 8 The ECC-BYF prevent barrier dysfunction and activate p38 MAPK (A and B) The expression of p-p38 MAPK in MLE-12 were determined by Western blotting. 
(C and D) The expression of p-p38 MAPK in COPD rats were determined by Western blotting. (E and F) The expression of p-p38 MAPK were determined in MLE-12 by 
Western blotting. (G) ECC-BYF in MLE-12 on the expression mRNA of IL-6. **P < 0.01, *P < 0.05, versus the normal group. ##P < 0.01, versus the model group.
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counteracts this pathology by restoring AT1/AT2 cell morphology, reducing vacuolation in AT2 lamellar bodies, and 
enhancing junctional integrity. Concurrently, ECC-BYF upregulated critical tight junction proteins and surfactant 
components in vivo. This restoration mechanistically reverses the core drivers of barrier failure—compromised tight 
junction integrity and surfactant deficiency—which collectively increase alveolar surface tension, impair bacterial 
clearance, and destabilize alveolar architecture.37–42 Furthermore, our in vitro studies demonstrated that ECC-BYF 
effectively reversed TNF-α-induced barrier dysfunction. Specifically, ECC-BYF upregulated the expression of ZO-1, 
occludin, and SP-C, which successfully restored critical junctional proteins and surfactants. This highlights the 
protection of the AEB as a viable therapeutic strategy for COPD. Collectively, these findings show that ECC-BYF 
preserves alveolar ultrastructure and barrier competence, thereby mitigating epithelial remodeling and functional 
decline.

The significance of barrier repair extends beyond structural recovery, as AEB disruption directly fuels pulmonary 
inflammation. Inflammation is a primary pathogenic mechanism in COPD, with repeated stimulation leading to 
a continuous decline in lung function and airflow limitation, significantly affecting patient prognosis.43 When barrier 
integrity is compromised, alveolar epithelial cells aberrantly secrete inflammatory mediators, which induce immune 
cells that further release proteases and oxidants, exacerbating epithelial damage.44 TNF-α serves as a pivotal orches
trator in this process: it is markedly elevated in COPD patients’ airways and lung tissue,11 where it not only 
perpetuates inflammation but also directly impairs junctional integrity and surfactant function. In this context, ECC- 
BYF demonstrates dual efficacy: it significantly suppresses TNF-α-induced release of inflammatory factors in alveolar 
epithelial cells, while also reducing expression of IL-6, TNF-α, and IL-1β in COPD model rats. Collectively, by 
coordinately preserving alveolar ultrastructure and disrupting TNF-α-driven inflammatory cascades, ECC-BYF miti
gates the intertwined pathologies of epithelial remodeling, functional decline, and chronic inflammation that define 
COPD.

Network pharmacology analysis showed that MAPK was an important signaling pathways of the ECC-BYF in the 
treatment of COPD. The MAPK pathway consists of a family of serine/threonine protein kinases, including signaling 
pathways such as p38 MAPK, which can modulate inflammatory mediators, thereby exacerbating the inflammatory 
cascade in the lung.45,46 In recent years, p38 MAPK has arisen as a novel molecular intervention point for COPD,47 

numerous p38 MAPK inhibitors have exhibited efficacy in attenuating inflammatory injury in pulmonary disease, with its 
inhibitors demonstrating significant effects in the clinical management.48 Molecular docking results also suggested that 
the ECC-BYF could directly bind to p38 MAPK. The current data showed upregulation of p38 MAPK phosphorylation 
in MLE-12 cells induced by TNF-α. Notably, ECC-BYF was found to inhibit the increase in phosphorylated p38 MAPK. 
Furthermore, Asiatic acid (a p38 MAPK agonist)49 abolished the effect of ECC-BYF on AEB function. Similar to 
previous reports, our data confirm that p38 MAPK activation is a critical driver of inflammation and AEB dysfunction in 
COPD. These findings indicate that the protective effect of ECC-BYF on the AEB from inflammation-induced impair
ment may be attributable to the suppression of p38 MAPK signaling. While previous studies have established the general 
anti-inflammatory properties of ECC-BYF, the specific novelty of the present study lies in identifying the alveolar 
epithelial barrier as its primary structural target. To the best of our knowledge, this is the first demonstration that ECC- 
BYF preserves AEB integrity directly through the inhibition of p38 MAPK phosphorylation. This dual-validation 
approach—combining network analysis with in vivo and in vitro models—distinguishes our findings from prior research 
that assessed lung function in broader terms.

Despite the promising findings, this study has several limitations that should be considered. First, the protective 
effects of ECC-BYF were demonstrated in a rat model of COPD and in vitro cellular assays, which do not fully 
recapitulate the complex pathogenesis of human disease. Future clinical trials are therefore required to validate the 
translational potential of these findings. Second, ECC-BYF is a multi-component herbal formulation, and the exact active 
monomer(s) responsible for p38 MAPK inhibition remain to be identified. Subsequent pharmacokinetic and pharmaco
dynamic studies will be needed to isolate and characterize the active constituents. Finally, while p38 MAPK was 
identified as a central mediator, COPD pathogenesis involves crosstalk among multiple signaling pathways; further 
studies exploring parallel networks will help to map the full mechanism of action.
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Conclusions
This study elucidated the protective mechanism of ECC-BYF against AEB compromise in COPD. ECC-BYF mitigated 
pathological injury and inflammation, and preserved AEB integrity. Moreover, the inhibition of p38 MAPK phosphor
ylation mediated the protective effects of ECC-BYF in maintaining AEB function. In summary, the findings support the 
conclusion that ECC-BYF preserves AEB integrity in COPD via the specific targeting of p38 MAPK pathway. Future 
investigations are warranted to validate these findings in additional preclinical COPD models, to assess the long-term 
safety and efficacy of ECC-BYF, and to explore its translational potential in clinical settings.
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