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Abstract

Background and objectives: Chronic obstructive pulmonary disease (COPD) is an irreversible inflammatory lung disease.
Studies have shown that macrophages and estrogen receptors play a pivotal regulatory role in the development of COPD.
Ejiao (Colla Corii Asini, CCA, or donkey-hide gelatin), a traditional Chinese medicine, has anti-inflammatory and lung function-
protective effects, but its specific mechanism in COPD remains unclear. This study aimed to explore the immunomodulatory
effects of Ejiao on COPD, focusing on its impact on inflammatory pathways and macrophages.

Methods: This study is the first to apply a network pharmacology approach to explore the potential mechanisms underly-
ing Ejiao’s therapeutic effects on COPD. We collected the peptides and chemical components of Ejiao and used the STRING
database to screen for COPD-related targets of Ejiao components, constructing a drug-molecular network. Additionally, we
established cigarette smoke extract (CSE) and lipopolysaccharide-induced cell injury models and treated them with Ejiao-
containing serum. Western blot (WB) analysis was used to detect the expression of related proteins, enabling a preliminary
exploration of Ejiao’s effects and regulatory mechanisms. In further experiments, a mouse COPD model was established,
and eight weeks of Ejiao intervention were conducted. We assessed lung function, pathological changes in lung tissue,
monitored cytokine levels in serum and bronchoalveolar lavage fluid, performed flow cytometry to evaluate abdominal
macrophage levels, and conducted WB to analyze protein expression, providing an in-depth study of Ejiao’s regulatory ef-
fects on the mouse COPD model.

Results: The findings from the network pharmacology analysis suggest a potential regulatory role of the estrogen recep-
tor pathway in COPD. CSE stimulation of RAW264.7 cells resulted in elevated tumor necrosis factor-a levels, decreased
interleukin-10 levels, reduced expression of estrogen receptors (ERs) a and 3, decreased inhibitor of NF-xB levels, and in-
creased p-AKT levels. Following Ejiao intervention, interleukin-10, ERa+p, and inhibitor of NF-«xB levels increased, while
p-AKT levels decreased. Ejiao significantly improved lung
function in CSE/lipopolysaccharide-induced COPD mice,

Keywords: Chronic obstructive pulmonary disease; Estrogen receptors; Ejiao; Net-

work pharmacology; AKT; NF-kB.

“Correspondence to: Bin Wang, College of Pharmacy, Shaanxi University of Chi-
nese Medicine, Xianyang, Shaanxi 712000, China. ORCID: https://orcid.org/0000-
0002-8305-8667. Tel: +86-13892981087; E-mail: wangbin@sntcm.edu.cn; Hong-
tao Jin, New Drug Safety Evaluation Center, Institute of Materia Medica, Chinese
Academy of Medical Sciences and Peking Union Medical College, Beijing 100000,
China. ORCID: https://orcid.org/0000-0002-0638-707X. Tel: +86-13911262199;
E-mail: jinhongtao@imm.ac.cn

#Contributed equally to this work.

How to cite this article: Sun S, Zhou T, Fan X, Jiang H, Li J, Xu Z, et al. Protective
Effects of Ejiao on Chronic Obstructive Pulmonary Disease in Mice via Modula-
tion of the ER/AKT/NF-kB Pathway. Future Integr Med 2025;4(2):88—-101. doi:
10.14218/FIM.2025.00003.

reduced the number of macrophages, lowered the levels of
inflammatory factors in bronchoalveolar lavage fluid, and
increased estradiol levels in serum. WB results indicated
that Ejiao may ameliorate lung injury in COPD by modu-
lating the ER/ AKT/NF-xB pathway.

Conclusions: The results suggest that Ejiao may improve
lung injury and inflammation in CSE/ lipopolysaccharide-
induced COPD by regulating the ER/ AKT/NF-xB pathway.
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Introduction

Chronic obstructive pulmonary disease (COPD) is a chronic in-
flammatory lung disease characterized by persistent airflow limi-
tation, often associated with factors such as smoking history and
environmental pollution.! Research has demonstrated that smok-
ing triggers an inflammatory response in the airways, primarily
through the activation of macrophages and other immune cells.?
The accumulation of macrophages in the lungs releases inflam-
matory mediators, such as tumor necrosis factor-o (TNF-a) and
interleukin (IL)-8, which promote the inflammatory process that
exacerbates COPD.3- Studies have shown that the NF-kB signal-
ing pathway plays a crucial role in the pathogenesis of COPD.%
AKT (protein kinase B), the central component of the PI3K/AKT
signaling pathway,”# can directly phosphorylate the IkB kinase
complex, promote the degradation of IkB, and thus activate NF-
«kB. Furthermore, studies suggest that female reproductive fac-
tors may contribute to the development of COPD by modulating
the hormonal milieu in women.? Estrogen (E2) exhibits a wide
array of biological effects in women, including antioxidant and
anti-inflammatory properties, which may play a role in alleviat-
ing lung injury.!® The level of E2 in women gradually decreases,
which may lead to increased sensitivity of the lungs to harmful
substances (such as tobacco smoke), thereby increasing the risk of
COPD. Studies have shown that E2 can regulate the production of
inflammatory mediators and cytokine expression by macrophages
through estrogen receptors (ERs), reducing the production of pro-
inflammatory cytokines.!! ERs are divided into two types, ERa and
ERp, which regulate the transcription of specific genes in the cell
nucleus by binding to estrogen.!? The interaction between ER and
AKT signaling pathways mainly occurs during cell signaling. ER
can be activated in an estrogen-dependent or -independent man-
ner, involving signaling through PI3K and AKT.'3 In summary, ER
may modulate the inflammatory response in COPD by regulating
upstream signaling molecules of the NF-kB pathway and influenc-
ing NF-«kB activity. The AKT/NF-«B signaling pathway plays a
crucial role in cell survival and proliferation. Investigating the in-
terplay between estrogen and the AKT/NF-kB signaling pathway
could offer new insights into the pathogenesis of COPD and pave
the way for innovative therapeutic strategies.

Ejiao (Colla Corii Asini, CCA, or donkey-hide gelatin) is a tra-
ditional Chinese medicine with a rich history spanning over 2,000
years. Ejiao is a solid gelatin block derived from donkey skin
through a meticulous process of decoction and concentration. Its
primary components include collagen, amino acids, dermatan sul-
fate, and trace elements.'* Renowned for its diverse pharmacologi-
cal properties, Ejiao has been shown to promote hematopoiesis,
nourish yin, moisturize the lungs, enhance immunity, and exhibit
anti-infection, anti-aging, anti-tumor, and anti-fatigue effects.!’
Moreover, it is considered relatively safe for use.!® A study found
that Ejiao may have a positive effect on inhibiting the dominant
response of Th2 cells in asthma, helping to regulate the balance
of Th1/Th2 cytokines and reduce eosinophilic inflammation in
the lungs of asthmatic rats. It also reduced the infiltration of in-
flammatory cells in the lungs of rats to some extent.!” Yue et al.!®
established an acute lung injury model by instilling lipopolysac-
charide (LPS) into the nasal cavity of C57BL/6N mice and found
that Ejiao could play an anti-inflammatory role in acute lung injury
by reducing the expression of NF-kB pathway proteins and their
downstream proteins related to cell pyroptosis, as well as reducing
the production of mitochondrial reactive oxygen species in inflam-
matory lung cells. In addition, one study has shown that Ejiao can
improve respiratory function impairment caused by inhalation of
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artificial fine particles in rats, inhibiting the abnormal prolifera-
tion of lung macrophages and showing a protective effect on lung
function.!® Furthermore, a study has shown that Ejiao may protect
rats from lung injury caused by intratracheal instillation of fine
particles by inhibiting the excessive proliferation of pulmonary
macrophages, reducing malondialdehyde content, and increasing
glutathione peroxidase activity.?? Macrophages are the first line of
defense for the body and clear infections by engulfing and killing
pathogenic microorganisms.”! However, the specific mechanism
by which Ejiao regulates macrophages to protect lung function
remains unclear. Therefore, this study aimed to systematically
analyze the interaction network between the active ingredients in
donkey-hide gelatin and COPD-related targets by integrating in
vivo and in vitro experiments and combining network pharmacol-
ogy database analysis. Additionally, this study seeks to explore
the potential lung-protective mechanism of donkey-hide gelatin in
COPD, which can improve research efficiency and provide data
support for further investigations.

Materials and methods

Network pharmacology

The main components of Ejiao were identified through an exten-
sive search in HERB, SymMap, PubMed, Sino Med, and CNKI.
The structures of these compounds were constructed and visual-
ized using ChemDraw 20.0 and Chem3D 20.0 software. Target
networks were constructed based on the identified compounds,
amino acids, and small molecule peptides.?? The canonical simpli-
fied molecular input line entry system (SMILES) representations
of the compounds were collected from the PubChem database for
further analysis. After obtaining the SMILES representations, the
SwissTargetPrediction website was utilized to predict the potential
targets of the main components of Ejiao. By integrating the target
data for the compounds, amino acids, and peptides present in Eji-
ao, a comprehensive list of relevant targets was compiled for fur-
ther analysis. To collect disease targets related to COPD, we used
“Chronic obstructive pulmonary disease” as the keyword in the
GeneCards (https://www.genecards.org/), OMIM (https://www.
omim.org/), and DrugBank (https://go.drugbank.com/) databases.
The median of the disease targets for COPD in GeneCards was tak-
en according to the “Relevance score,” duplicates were removed,
and important target information was obtained. After integration,
duplicate values were removed to obtain the corresponding targets
for COPD disease.? In the STRING platform, the “Multiple pro-
teins” module was selected, the intersection targets were entered,
“Homo sapiens” was chosen as the source, and the “SEARCH”
button was clicked. The minimum confidence level was set to
0.400, and proteins with non-interacting relationships were re-
moved to generate a protein-protein interaction network diagram.
The obtained TSV format files were imported into Cytoscape 3.7.1
software for network topology analysis, highlighting targets with
strong associations. Gene Ontology (GO) functional enrichment
analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis were performed on the intersection
targets using the DAVID (https://david.ncifcrf.gov/) database. The
drug-disease targets were placed into the DAVID database, with
OFFICIAL-GENE-SYMBOL selected for Identifier, Homo sapi-
ens for Species, and Gene List selected for submission. The results
were sorted by Count value, and the top 10 GO-enriched biologi-
cal process (BP), cellular component (CC), and molecular function
(MF) results, along with the top 20 KEGG-enriched results, were
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selected. The enrichment analysis results for the GO project’s BP,
CC, MF, and KEGG pathway were visualized using the Microbial
Informatics Platform (http://www.bioinformatics.com.cn/).2*

RAW264.7 cell culture

Mouse RAW264.7 macrophages were obtained from the Shang-
hai Cell Bank and maintained in an incubator at 37°C under a 5%
CO, atmosphere. Dulbecco’s modified eagle medium (DMEM)
complete medium (VivaCell, C3130-0500, China) was used for
culture, and the medium was supplemented with 15% fetal bovine
serum (VivaCell, C04001, China) and 1% penicillin-streptomycin
(Applygen, B3034, China).

Cell viability test

RAW264.7 cells in the logarithmic growth phase were seeded into
96-well plates at a density of 5 x 10* cells/mL, with 200 uL per
well. The 96-well plates were then incubated at 37°C with 5% CO,
overnight to allow the cells to adhere to the surface and proliferate.
Different concentrations of CSE (provided by Zhengzhou Tobacco
Research Institute, China), ranging from 0 to 200 ug/mL (0, 2.5, 5,
10, 20, 40, 80, 160, 200 pg/mL), were applied to treat the cells. Af-
ter 12 and 24 h, cell counting kit-8 (CCK8) reagent (LABLEAD,
CKO001, China) was added according to the kit instructions. After
a 2-h incubation, cell viability was assessed by measuring absorb-
ance at 450 nm using an enzyme-linked immunosorbent assay
(ELISA) reader to calculate the cell viability of each group.

Preparation of Ejiao-containing serum and cell viability test

Seven specific pathogen-free male Sprague-Dawley rats (six to
eight weeks old) were purchased from Beijing Weitong Lihua Ex-
perimental Animal Technology Co., Ltd. and randomly divided into
a control group of three rats and a drug-containing serum prepara-
tion group of four rats. The control group received normal saline
via gavage, while the drug-containing serum preparation group
was administered 4 g/kg of Ejiao solution (Shandong Dong’e Ejiao
Co., Ltd., China) twice daily for three consecutive days. The Ejiao
used in our experiment was commercially available Ejiao powder
donated by Shandong Dong’e Ejiao Co., Ltd. It was stored at room
temperature and prepared into a suspension with 0.1% sodium
carboxymethyl cellulose before use. On the third day, one hour
after the final administration, the rats were anesthetized, and blood
samples were collected from the abdominal aorta. The blood was
stored at 4°C overnight, and serum was separated by centrifugation
at 3,000 rpm for 10 m. The serum was then heat-inactivated in a
water bath at 56°C for 30 m, followed by filtration, aliquoting, and
storage at —80°C for future use. RAW264.7 cells in the logarithmic
growth phase were plated into 96-well plates at a density of 5x10%
cells/mL, with 200 pL added to each well, and incubated over-
night. The cells were then treated with 0—-15% Ejiao-containing
serum for 24 h. Following treatment, CCK8 reagent was added as
per the kit instructions. After a 2-h incubation, absorbance at 450
nm was measured using an ELISA reader to evaluate cell viability
in each group. These results were used to determine the optimal
drug concentration for subsequent cell experiments.

Cell experiments

RAW264.7 cells were divided into five treatment groups: control
group, CSE group, CSE + 5% Ejiao medicated serum group, CSE
+ 10% Ejiao medicated serum group, and CSE + 15% Ejiao medi-
cated serum group. The cells were seeded into six-well plates at a
density of 5x10* cells/mL per well and incubated at 37°C with 5%
CO, for 12 h. After incubation, the cells from each group were col-
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lected for subsequent Western blot analysis to assess differences in
protein expression among the groups.

Establishment and grouping of COPD animal model

This experiment utilized 70 specific pathogen-free female
C57BL/6N mice, weighing 18-22 g, obtained from Beijing Wei-
tonglihua Laboratory Animal Technology Co., Ltd. The animal
experiment was approved by the Animal Ethics Committee of Bei-
jing Union Jianhao Pharmaceutical Technology Development Co.,
Ltd., under the ethics approval number PDE-2301.

The mice were randomly divided into seven groups: the control
group, solvent control group, model group, low-dose Ejiao group
(2 g/kg), medium-dose Ejiao group (4 g/kg), high-dose Ejiao
group (8 g/kg), and the Roflumilast group (P, 1 mg/kg; Livning,
R126602-1G, China). The control group received 1 mL/kg phos-
phate-buffered saline (PBS) (Livning, LVN10022) solution via
intranasal instillation, while the solvent control group was admin-
istered 1 mL/kg dimethyl sulfoxide (DMSO) solution (0.1 mg/mL)
intranasally. Additionally, 10 mL/kg CMC-Na (0.1%) solution was
gavaged six times a week. The remaining groups received 1 mL/kg
CSE (0.1 mg/mL) solution intranasally five times a week, 1 mL/
kg LPS (1 mg/mL) solution once a week, and the corresponding
drugs were gavaged for eight weeks. After eight weeks, lung tis-
sues and bronchoalveolar lavage fluid (BALF) were collected for
subsequent analysis.

Respiratory function test

The EMKA WBP whole-body plethysmography system (EMKA,
France) was used to measure the lung function data of mice. The
mice were placed in a plethysmography chamber of the lung func-
tion test device. Prior to testing, the mice were allowed to accli-
mate to the environment for 5—10 m. Subsequently, key lung func-
tion parameters were monitored every 10-20 m. Changes in lung
function were recorded and analyzed on days 15, 27, 31, 35, 39,
and 42 of the study.

After intraperitoneal injection of sodium pentobarbital at 90
mg/kg for complete anesthesia, the trachea was exposed, and a
tracheal tube was inserted and secured with sutures. The tracheal
tube was connected to the FlexiVent forced oscillation small ani-
mal pulmonary function test device (EMKA, France) to monitor
the main indicators of pulmonary function.

Hematology and blood biochemistry tests

After the forced oscillation lung function test, pre-cooled PBS lav-
age fluid was slowly injected into the alveoli through the endotra-
cheal tube. After a brief interval, the fluid was carefully withdrawn
and centrifuged to separate the cellular components and the super-
natant. Centrifugation was conducted at 2-8°C, 3,000 rpm for 20
m. The supernatant was then carefully removed and transferred
to a sterile centrifuge tube, while the precipitate was retained for
analysis of the cell components in the BALF. Next, the lower end
of the mouse sternum was pressed to find the apex beat, anda 1 mL
syringe was used to vertically pierce the apex, slowly withdraw
blood, and transfer it to a 1.5 mL centrifuge tube to avoid bubbles.
After standing for 30 m to 1 h, the sample was centrifuged at 3,500
rpm for 15 m at 4°C, and the supernatant was aliquoted.

Histological evaluation and pathological scoring criteria

Lung tissues were preserved in a 4% paraformaldehyde buffer for
24-72 h, subjected to alcohol gradient dehydration, immersed in
paraffin for embedding, and subsequently sliced into 4 um sections
and stained with hematoxylin-eosin for histomorphological evalu-
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ation. Histological sections were observed using an optical micro-
scope (Olympus, Japan). Five fields of view (x200 magnification)
were randomly selected for each sample, and semi-quantitative
scores of 0—4 were assigned for the above four indicators (semi-
quantitative assessment index, IQA). The sum of the scores from
the five fields of view for each animal was calculated to determine
the average score for the group.

ELISA

ELISA (Elabscience, China) was employed to measure the concen-
trations of TGF-f, IL-10, IL-1B, and COX-2 in BALF, while E2
levels in mouse serum were determined following the instructions
provided by the respective assay Kkits.

Flow cytometry

Five milliliters of pre-cooled PBS was slowly injected into the
mouse peritoneal cavity to collect peritoneal macrophages. The ac-
cumulated fluid was then extracted, centrifuged, and resuspended
for cell count analysis. After 12—18 h of culture, the cells were
harvested and divided into experimental groups: negative/blank
control, single staining/positive control, isotype control, fluores-
cence minus one control, biological control, and experimental
group. A 100 pL aliquot of the cell suspension was added to each
tube. To minimize nonspecific binding, 1 ng/100 uL of CD16/32
(Elabscience, China) was added to each tube and incubated at
room temperature for 15 m. According to the experimental de-
sign, except for the blank control, 5 pL of each antibody, including
fluorescein isothiocyanate (FITC)-labeled CD11b (Elabscience,
E-AB-F1081C), PerCP/Cyanine5.5-labeled F4/80 (Elabscience,
E-AB-F09951J), and PE-labeled CD86 (Elabscience), was added to
the sample tubes. The samples were then incubated at 4°C in the
dark for 30 m. Before flow cytometry analysis, I mL of cell stain-
ing buffer (Elabscience, E-CK-A107) was added to each sample,
followed by centrifugation at 300g for 5 m. The supernatant was
carefully discarded, and the cell pellet was resuspended in 200 pL
of fresh cell staining buffer. Instrument parameters were adjusted
to detect CD86+ CD11b+ F4/80+ macrophages.

Western blot

Homogenized lung tissue and treated RAW264.7 cells were lysed
in RIPA lysis buffer (Lablead, R1091) at 4°C for 10 m, followed
by centrifugation at 12,000 rpm for 15 m at 4°C. The protein con-
tent in the supernatant was quantified using the BCA protein assay
kit (Lablead, B5001). Equal protein samples were separated on a
gradient SDS-PAGE (Beyotime, P0688, China) and transferred to
polyvinylidene difluoride membranes (LABLEAD, ISEQ00010-
1), blocked with 5% BSA (Solarbio, A8010, China) at room tem-
perature for 2 h, and then incubated with corresponding primary
antibodies (Cell Signaling Technology, USA) at 4°C overnight.
After washing the membranes with Tris-Buffered Saline with
Tween® 20 (TBST) (TBS (LABLEAD, T7210M/B) containing
0.1% Tween-20 (Biotopped, T6220, China)), they were incubated
with secondary antibodies (Cell Signaling Technology, #7074) for
2 h. Immunoreactive protein bands were detected using enhanced
chemiluminescence (ECL, Tanon, 180-501, China).

Statistical analysis

The data are presented as mean + standard deviation (Mean + SD).
One-way analysis of variance was employed to assess the differ-
ences between groups. In cases where the assumption of homo-
geneity of variances was met, the LSD test was used; otherwise,
the Tamhani test was applied. Pairwise comparisons were made,
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with P < 0.05 indicating statistical significance. The experimen-
tal images were processed and analyzed using GraphPad Prism 9
software.

Results

Network pharmacology-based analysis of the interaction be-
tween Ejiao and key targets involved in COPD

Through network pharmacology and the collection of relevant
literature,?S 30 Ejiao compounds, 22 amino acids, and 35 trace
elements were obtained. The main components of Ejiao and 30
Ejiao characteristic peptides are shown in Table 1 and File S1. By
searching GeneCards, OMIM, and DrugBank, 2836 COPD-related
targets and 703 Ejiao gelatin targets were identified, including 114
targets of Ejiao chemical components and 589 Ejiao polypeptide
targets. Using Jvenn, a Venn diagram was generated, revealing
68 intersection targets (Fig. 1a). The intersection target data were
imported into the STRING platform to obtain the protein-protein
interaction network of Ejiao and COPD (Fig. 1b). The intersection
genes were then entered into the DAVID database, and a total of
127 projects were obtained for GO enrichment analysis. Figure 1c
shows the top 10 enriched terms in the categories of BP, CC, and
MF. In the BP category, key processes include response to xeno-
biotic stimulus and negative regulation of cell population prolif-
eration. The CC category encompasses structures such as plasma
membrane, postsynaptic membrane, and neuron projection. The
MF category includes functions such as nuclear receptor activity,
signaling receptor binding, steroid binding, and heterocyclic com-
pound binding. In the KEGG pathway enrichment analysis (Fig.
1d), the top 20 pathways identified were mainly concentrated in
the calcium signaling and estrogen signaling pathways.

Ejiao protects against CSE-induced cell damage by regulating
the ER pathway

Determine the optimal concentrations for CSE modeling and
Ejiao-containing serum by assessing their effects on cell viabil-
ity

The CCK8 method was used to assess cell viability. The results
showed that Ejiao-containing serum had no significant effect on
the growth of macrophages after 12 h of incubation (Fig. 2a).
However, after 24 h of treatment, cell viability in all Ejiao-con-
taining serum groups showed varying degrees of improvement
(**P < 0.01, Fig. 2b). The inhibitory effect was more pronounced
at 12 and 24 h after CSE treatment. When the CSE concentration
was 20 ug/mL, cell viability decreased significantly at both 12 and
24 h of culture (**P < 0.01, Fig. 2c and d). Therefore, 10 ng/mL
CSE was selected to stimulate RAW264.7 cells for 12 h, and the
concentrations of the drug-containing serum group were selected
at 5%, 10%, and 15% for subsequent experiments.

Ejiao improves CSE-induced inflammatory response and en-
hances the production of anti-inflammatory factors by activat-
ing the ER/AKT pathway

RAW264.7 cells were treated with CSE (10 pg/mL) for 12 h, fol-
lowed by Western blot analysis to evaluate protein expression lev-
els. The results demonstrated a significant increase in the inflam-
matory marker TNF-a in the model group compared to the control
group (**P < 0.01). Notably, treatment with Ejiao at medium and
high doses significantly reduced TNF-a levels in a dose-dependent
manner compared to the model group. Concurrently, the anti-in-
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Element CAS number SMILES Type
1 Dermatan sulfate 24967-94-0 CC(=0)NC1C(C(Cc(0C10)C0)0s(=0)(=0) Compound
[O-])0C2C(C(C(C(02)Cc(=0) [0-])0)O)O
2 Methane,isothiocyanato- 556-61-6 CN=C=S Compound
9,12-Octadecadienoic
3 Methyl octadeca-9,12-dienoate 2566-97-4 CCCCCcce=Ccce=cccecccccc(=0)oc Compound
4 Octadec-13-enal 58594-45-9 CCCCc=Cccececececececececcc=0 Compound
5 5-Methyl-6-heneicosen-11-one NA CCCCCCCCCec(=0)cecce=cc(c)ccecce Compound
6 Cyclododecanone,2-Methylene- 3045-76-9 C=C1Ccccececececccc1=0 Compound
7 Tetradecane,1-chloro- 2425-54-9 ccccecececccccecececcal Compound
8 Tetratriacontane 14167-59-0 CCcceecececccececcceccceccecceccceccccccccce Compound
9 Heneicosane 629-94-7 Ccccccecececcceccececcccccec Compound
10 Tricosane 638-67-5 CCccccececcecccccccccceccecce Compound
11  Tetracosane 646-31-1 ccccecececcccccececcccccececccce Compound
12 Docosane, 1-bromo- 6938-66-5 Cccceececceccccccecccecccecesr Compound
13 1-lodononadecane 3386-33-2 ccccececcccccccccccccl Compound
14  heptane,1-methyl-4-(2- 96-08-2 CC12CCC(CC102)Cc3(co3)C Compound
methyloxiranyl)-
15  Oxacycloheptadecan-2-one 109-29-5 C1Cccceeecc(=0)occececcecct Compound
16  1,1-biphenyl, 3-(1- methylethyl)- 20282-30-8 CC(C)C1=CC=CC(=C1)C2=CC=CC =C2 Compound
2-Amino-6, 7-dimethyl-5,
17 6,7, 8-tetrahydro-4- pteridinol 611-54-12 CC1C(NC2=C(N1)C(=0O)NC(=N2)N)C Compound
18 Cyclohexene,4-(4- 301643-32-3 CCCCCC1=CCcc(cc1)caccec(ce2)cc Compound
ethylcyclohexyl)-1-pentyl-
19  Aristolene epoxide NA CC1CCCC23C1(c4ac(c4a(c)c)cc20o3)c Compound
20  p-Menth-8(10)-en-9-ol, cis- 5502-99-8 Cciccc(ccl)c(=c)co Compound
21 13-Octadecenal,(2)- 58594-45-9 CCccce=Cccecececcececceccce=0 Compound
22  8-Hexadecenal, 14- methyl-,(2)- 60609-53-2 CCc(c)ccecece=cceccccce=0 Compound
23 Rhamnose NA C[C@H]1[C@@H]([C@H]([C@H](C(01)0)0)0)O Compound
24 Ethanol 64-17-5 CCO Compound
25  p-Cresol 72269-62-6 CC1=CC=C(C=C1)0 Compound
26  Galactose 381716-33-2 C([Ce@@]l[C@@]([C@@]([C@](C(01)0)0)0)0)0 Compound
27  2,1,3-Benzoxadiazol-4-amine, 488-17-5 NA Compound
N-[(4-methoxyphenyl)methyl
28  Glycerol NA C(c(co)o)o Compound
29  Maltose NA C([C@@H]1[C@H]([C@@H]([C@H]([C@H] Compound
(O1)0[Ce@@H]2[C@H](O[C@H]([C@@H]
([Ce@H]([C@H]20)0)0)C0)0)0)0)0
30 Sodium sulfate NA [0-]S(=0)(=0)[O-].[Na+].[Na+] Compound
31  Aspartic acid 56-84-8 C(C(C(=0)O)N)C(=0)0 Amino acids
32 Threonine 72-19-5 CC(C(C(=0)0O)N)O Amino acids
33 Serine 56-45-1 C(C(C(=0)0O)N)O Amino acids
34  Glutamic acid 56-86-0 C(CC(=0)0)C(C(=0)O)N Amino acids
35  Glycine 25718-94-9 C(C(=0)O)N Amino acids
36  Alanine 56-41-7 CC(C(=0)O)N Amino acids
37  Valine 72-18-4 CC(C)C(C(=0)O)N Amino acids
38  Methionine 63-68-3 CSCCC(C(=0)O)N Amino acids
39  lIsoleucine 443-79-8 CCC(C)C(C(=0)O)N Amino acids
40  Leucine 61-90-5 CC(C)CC(C(=0)O)N Amino acids
(continued)
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Element CAS number SMILES Type

41 Tyrosine 60-18-4 C1=CC(=CC=C1CC(C(=0)O)N)O Amino acids

42  Phenylala 63-91-2 C1=CC=C(C=C1)CC(C(=0)O)N Amino acids

43 Lysine 56-87-1 C(CCN)CC(C(=0)O)N Amino acids

44  Cysteine 52-90-4 C(C(C(=0)O)N)S Amino acids

45  Histidine 71-00-1 C1=C(NC=N1)CC(C(=0)0O)N Amino acids

46  Arginine 74-79-3 C(CC(C(=0)O)N)CN=C(N)N Amino acids

47  Proline 4305-67-3 C1CC(NC1)C(=0)O Amino acids

48  Tryptophane 73-22-3 C1=CC=C2C(=C1)C(=CN2)CC(C(=0)0O)N Amino acids

49  Hydroxyproline 618-28-0 C1C(CNC1C(=0)0)0 Amino acids

50 Decanoic acid 334-48-5 CCCcccecececec(=0)o Amino acids

51  DL-Pyroglutamic acid 16891-48-8 C1CC(=0)NC1C(=0)0 Amino acids

52  L-Proline NA C1C[C@](NC1)C(=0)0 Amino acids

53  Iron sesquioxide NA NA Trace elements
54  Calcium oxide NA NA Trace elements
55  Magnesium oxide NA NA Trace elements
56  Potassium oxide NA NA Trace elements
57  Sodium oxide NA NA Trace elements
58  Titanium dioxide NA NA Trace elements
59  Manganese dioxide NA NA Trace elements
60  Phosphorus pentoxide NA NA Trace elements
61 Potassium NA NA Trace elements
62  Sodium NA NA Trace elements
63  Calcium NA NA Trace elements
64  Magnesium NA NA Trace elements
65 Iron NA NA Trace elements
66 Copper NA NA Trace elements
67  Aluminum NA NA Trace elements
68 Manganese NA NA Trace elements
69  Zinc NA NA Trace elements
70  Chromium NA NA Trace elements
71 Platinum NA NA Trace elements
72 Stannum NA NA Trace elements
73 Plumbum NA NA Trace elements
74 Silver NA NA Trace elements
75  Bromine NA NA Trace elements
76  Molybdenum NA NA Trace elements
77 Strontium NA NA Trace elements
78 Barium NA NA Trace elements
79  Cadmium NA NA Trace elements
80  Cobalt NA NA Trace elements
81 Niobium NA NA Trace elements
82  Nickel NA NA Trace elements
83 Strontium NA NA Trace elements
84  Vanadium NA NA Trace elements
85  Lanthanum NA NA Trace elements
86  Thorium NA NA Trace elements
87  Arsenic 7440-38-2 NA Trace elements

CAS, Chemical Abstracts Service; NA, not available; SMILES, simplified molecular input line entry system.
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Fig. 1. Network pharmacology suggests the potential mechanism of Ejiao in regulating chronic obstructive pulmonary disease. (a, b) Construction and
analysis of drug-disease targets; (c, d) GO and KEGG enrichment maps. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.

flammatory cytokine IL-10 was markedly upregulated in the medi-
um- and high-dose Ejiao groups compared to the model group (*P
<0.05, 7P < 0.01). Further analysis revealed that ERa+B expres-
sion levels were significantly decreased in the model group rela-
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tive to the control group (**P < 0.01), while phosphorylated AKT
(p-AKT, Ser473) levels were significantly elevated (**P < 0.01).
High-dose Ejiao treatment restored ERa+B expression levels (P
< 0.01), suggesting that Ejiao may modulate estrogen receptor
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Fig. 2. CCK-8 cell viability test of RAW264.7 cells. (a) Effect of serum containing Ejiao on the suvival rate of RAW264.7 cells for 12 h; (b) Effect of serum
containing Ejiao on the survival rate of RAW264.7 cells for 24 h; (c) Effect of CSE poisoning for 12 h on the suvival rate of RAW264.7 cells; (d) Effect of CSE
poisoning for 24 h on the survival rate of RAW264.7 cells. Error bars represent SD + mean of three independent experiments, n = 3, *P<0.05, **P<0.01,
***Pp<0.001, ****P<0.0001. CCK-8, cell counting kit-8; CSE, cigarette smoke extract; SD, standard deviation.

expression and inhibit the AKT signaling pathway. Additionally,
IxBa protein expression was significantly reduced in the model
group compared to the control group (**P < 0.01). This suggests
that CSE treatment may activate the ER/AKT signaling pathway,
influencing downstream inflammatory factor regulation. The find-
ings indicate that Ejiao’s protective effects may involve modulat-
ing the ER/AKT signaling pathway and restoring IxBa expression.
The results are illustrated in Figure 3.

Ejiao alleviates CSE/LPS-induced COPD in mice via the ER/
AKT/NF-kB pathway

The body weight of mice was monitored throughout the modeling
period. Seven days after modeling, a weight reduction was ob-
served across all groups, followed by gradual recovery. By the end
of the experiment, there were no significant differences in body
weight among the groups (Fig. 4a).

Ejiao improves lung function damage in COPD model mice in
a dose-dependent manner

Lung function in the mice was assessed using the EMKA animal
lung function detection system, with measurements recorded every
two weeks to monitor changes over the course of the experiment.
On day 42, compared to the control group, the lung function in-
dicators in the model group showed that the expiratory interval
time, inspiratory time, expiratory time, and mid-expiratory flow
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rate (EF50) were significantly reduced (*P < 0.05), and the res-
piratory rate was significantly increased (***P < 0.001), indicating
that the model was successful. In terms of various lung function
indicators, the Ejiao-treated groups showed significant improve-
ment in lung function compared to the model group (Fig. 4b). In
summary, the mice in the model group showed obvious lung func-
tion damage after modeling, and each medication group showed
some improvement. On day 57, Flexivent forced oscillation lung
function analysis revealed that, relative to the control group, the
model group demonstrated elevated airway resistance (Rrs) and
airway elastic resistance (Ers), decreased dynamic compliance of
the respiratory system (Crs), worsened tissue damage (G), and re-
duced tissue elasticity (H) (*P < 0.05). The model group showed
significant decreases in IC, forced expiratory volume in 0.1 sec-
ond (FEVO0.1), 50% forced vital capacity (FVC), and Crs, and sig-
nificant increases in G, H, Rrs, and Ers (*P < 0.05). In contrast,
the Ejiao administration group showed significant improvement
across all lung function indicators, with the high-dose group show-
ing statistically significant differences in IC, FEV0.1, 50% FVC,
G, H, Crs, Rrs, and Ers compared to the model group (**P < 0.01).
These effects were dose-dependent (Fig. 4c—k). The pressure-
volume (PV)-Loops curve, detected by the SnapShot-150 mod-
ule, reflected disease characteristics, with distinct morphological
changes in the curves of different disease states (Fig. 41). Evalu-
ation of static compliance, deep inspiration volume, and slope
revealed that, in contrast to the control group, the model group
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Fig. 3. Western blot was used to detect the expression of related proteins in CSE-infected RAW264.7 cells after treatment with Ejiao. Error bars represent
SD + mean values from three independent experiments, n = 3 per group. C is the Control group; M is the Model group; EJL is the Ejiao low dose group; EJZ is
the Ejiao medium dose group; EJH is the Ejiao high dose group; Positive is the Roflumilast group. *P < 0.05, **P < 0.01, ***P < 0.001, model group compared
with control group; #P < 0.05, #P < 0.01, drug administration group compared with model group. AKT, protein kinase B; CSE, cigarette smoke extract; ER,
estrogen receptor; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IL, interleukin; PAKT, phosphorylated AKT; SD, standard deviation; TNFa, tumor

necrosis factor alpha.

exhibited a downward shift in the PV loop, suggesting increased
pressure requirements to achieve the target tidal volume, indica-
tive of reduced compliance. Conversely, the PV loop for the Ejiao
administration group was closer to the control group, with lower
pressure requirements and better compliance. The dose-dependent
improvement was clearly observed in the position of the PV-Loops
curve (Fig. 4m—o).

Ejiao reduces peritoneal macrophage infiltration and im-
proves inflammation and alveolar wall thickening in COPD
mouse model

Flow cytometry analysis of mouse peritoneal macrophages (Fig.
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Sa—b) demonstrated that, relative to the solvent control group,
the model group exhibited a marked elevation in the proportion
of CD86+ CD11b+ F4/80+ macrophages (*P < 0.05). However,
the content of CD86+ CD11b+ F4/80+ macrophages in the Ejiao
group was reduced compared to the model group, with a signifi-
cant difference observed in the high-dose Ejiao group (*/P < 0.01).

Pathological histological analysis (Fig. 5c) showed that in the
blank control and solvent control groups, there was no inflamma-
tory cell infiltration around the bronchioles at any levels. Addition-
ally, no bleeding or inflammatory cell exudation was observed in
the alveolar cavity, and there was no obvious congestion in the al-
veolar wall. The alveolar walls maintained their normal thickness,
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Fig. 4. Ejiao can improve lung function damage in COPD model mice. (a) Body weight data of drug-treated mice after nasal instillation of CSE combined with
LPS induction. The weight of mice was recorded once a week to observe the rel ationship between weight changes in different groups; (b) After 42 days of
CSE/LPS nasal drops and Ejiao treatment, EMKA was used to detect PEF, RT, Ti, f, Te, and EF50 to evaluate changes in lung function; FlexiVent forced oscil-
lation small animal lung function test results (c-0): (c) inspiratory volume; (d) forced expiratory volume in the first 0.1s; (e) expiratory speed at 50% forced
vital capacity; (f) central airway resistance; (g) tissue damage; (h) tissue flexibility; (i) total inspiratory resistance; (j) elastic resistance, (k) respiratory system
compliance; (I) PV-Loops curve; (m) static compliance (Cst); (n) estimated value of deep inspiration volume (a); (o) slope of the curve (k). (C is Control group,
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LPS, lipopolysaccharide; PEF, peak expiratory flow; PV, pressure-volume; RT, respiratory time; Te, expiratory time; Ti, inspiratory time.

and no transparent membrane formation was detected. In the mod-
el group, inflammatory cell exudation and infiltration around the
alveolar cavity or vascular wall and alveolar wall thickening were
observed. In the model group, animals showed exudation and infil-
tration of inflammatory cells around the alveolar cavity or vascular
wall and alveolar wall thickening, with an average lesion score
of 10.2, indicating that the model was successfully established.
Congestion and hemorrhage, and/or exudation and infiltration of
inflammatory cells around the alveolar cavity or vascular wall, and
alveolar wall thickening were observed in the low-dose group, me-
dium-dose group, high-dose group, and positive drug group, with
average scores of 8.6, 6.4, 7.8, and 3, respectively. These results
indicate that after treatment, the lesion scores were significantly
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reduced, suggesting that the administered drug had a beneficial ef-
fect in improving or alleviating the pathological changes.

Ejiao protects lung function by inhibiting inflammatory fac-
tors in lung tissue and estrogen levels in serum of COPD mice

ELISA was used to detect cytokines TNF-a, IL-1p, IL-10, and
COX-2 in the BALF of mice. The results showed (Fig. 5d) that,
compared with the solvent control, the levels of IL-1p, TNF-a, and
COX-2 in the bronchoalveolar lavage fluid of the model group in-
creased significantly, and the level of IL-10 decreased significantly
(*P < 0.05). Compared with the model group, the levels of IL-1,
TNF-0, and COX-2 in the bronchoalveolar lavage fluid of each
administration group decreased significantly, and the level of IL-
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Fig. 5. Ejiao can reduce inflammatory factors in COPD mice. (a, b) Flow cytometry detection of CD86+ CD11b+ F4/80+macrophages in mouse peritoneal cavity,
C is Control group; D is DMSO group; M is Model group; EJL is EJiao low dose group; EJM is EJiao medium dose group; EJH is Eliao high dose group; Positive is
Roflumilast group; (c) Pictures and pathological scores of mouse lungs after modeling and treatment with Ejiao (inflammatory cell exudation is black arrow, infil-
tration is yellow arrow, and alveolar wall thickening is green arrow); (d) ELISA quantitative analysis of IL-10; IL-1; TNF-a; COX-2 cytokine content in mouse bron-
choalveolar lavage fluid; (e) E2 content in mouse serum; (f) ERa+p protein expression; Related pathways and inflammatory factor protein expression. *P<0.05,
**Pp<0.01, model group compared with control group; #P<0.05, #P<0.01, ##P<0.001 drug-treated group compared with model group. COX-2, cyclooxygenase-2;
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10 increased significantly (*P < 0.05, #P < 0.01). Additionally, se-
rum estrogen levels were detected, revealing a significant increase
in the Ejiao-treated groups compared to the model group, with a
dose-dependent response. The Ejiao treatment groups showed
a significant reduction in estrogen levels compared to the model
group (P < 0.01) (Fig. 5e).

Ejiao alleviates inflammatory response and cell proliferation/
migration in COPD mice via the ER/AKT/NF-kB pathway

To further investigate the protective effects of Ejiao on CSE/LPS-
induced COPD in mice, Western blot analysis was conducted to
evaluate the protein levels associated with the ER/AKT/NF-kB
signaling cascade, based on network pharmacology findings. The
results showed that, compared with the solvent control group, the
expression of ERo+f} in the model group mice was significantly
reduced (**P < 0.01) (Fig. 5f), while the expression of p-AKT,
Vimentin, NF-kB P50, and NF-kB P65 was significantly increased
(**P < 0.01) (Fig. 5g). These changes indicated that CSE/LPS in-
duced an increase in inflammatory response and cell proliferation/
migration, which was consistent with the characteristics of COPD.
In contrast, compared with the model group, the expression of
ERo+p in the Ejiao group was significantly increased (*P< 0.01)
in a dose-dependent manner, and the expression of p-AKT, Vimen-
tin, NF-kB P50, and NF-xB P65 was significantly decreased (*#P<
0.01). These results suggest that Ejiao may enhance the expression
of ERo+f and inhibit the activation of p-AKT, Vimentin, NF-xB
P50, and NF-xB P65, thus alleviating the inflammatory response,
cell proliferation, and migration, and providing protective effects
in the COPD model.

Discussion

COPD is a progressive, irreversible inflammatory lung disorder
that severely impairs respiratory function. Although there is no
cure, treatments can manage symptoms and slow disease pro-
gression. COPD causes significant suffering, including persistent
breathlessness, chronic cough, and fatigue, which severely affect
daily life. Additionally, it imposes a substantial economic burden
due to medical costs, frequent hospitalizations, and lost produc-
tivity. Ejiao, a traditional Chinese medicine known for its hemat-
opoietic and blood-tonifying properties, has been shown to have
therapeutic effects on lung function. Previous studies have demon-
strated that Ejiao can improve lung function and reduce inflamma-
tion in COPD rat models.?® Furthermore, in a rat lung injury model
induced by intratracheal instillation of artificial PM2.5, Ejiao
regulates disrupted metabolic pathways caused by artificial PM2.5
through the inhibition of Arg-1. This leads to a reduction in pulmo-
nary inflammation, improvement in lung function, and protection
against pathological lung damage.?’ Additionally, epidemiologi-
cal studies have suggested that female reproductive factors may
contribute to the development of COPD via hormonal influences,
but experimental evidence supporting this hypothesis remains lim-
ited.? Existing studies have shown that most inflammatory proteins
upregulated in COPD macrophages are regulated by the transcrip-
tion factor NF-«xB, which is activated in alveolar macrophages of
COPD patients.?” In in vivo models of COPD, exposure to ciga-
rette smoke extract has been shown to increase NF-«xB levels and
its recruitment to the promoters of inflammatory genes in mouse
lungs.?® AKT can directly phosphorylate components of the IkB
kinase complex, promoting the degradation of IkB and activating
NF-«xB.?? In COPD lungs frequently exposed to cigarette smoke
and airborne pathogens, the persistence of AKT-mediated inflam-
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matory cell survival may be an integral process leading to the ac-
cumulation of macrophages, neutrophils, and T lymphocytes in the
airways, parenchyma, and pulmonary vasculature. Macrophage
and fibroblast proliferation in COPD aggravates inflammation and
promotes airway fibrosis, leading to obstruction of small airways,
and AKT can promote the proliferation of macrophages and fi-
broblasts in situ.3? During acute exacerbations of COPD, AKT is
involved in the upregulation of inflammatory protein expression,
indicating that AKT not only supports chronic inflammation but
also contributes significantly to the enhancement of the inflam-
matory response during exacerbations.>! AKT plays a critical role
in regulating inflammation and cell proliferation.® The interaction
between ER and AKT signaling pathways mainly occurs during
cell signaling. ER can be activated in both estrogen-dependent and
independent manners, often involving signaling through PI3K and
Akt, which have been shown to protect the heart from ischemic
damage.!! The results of this study align with these findings, sug-
gesting that estrogen receptors may modulate NF-kB pathway ac-
tivity by influencing upstream signaling molecules involved in this
pathway. This regulatory effect may contribute to modulating the
inflammatory responses and overall development of COPD.
Patients with chronic obstructive pulmonary disease often ex-
perience increased levels of oxidative stress, chronic inflamma-
tory response, and immune suppression.? Currently, there are no
specific treatments for COPD, and improving airflow limitation
remains the main treatment goal. Most COPD treatment options
involve inhaled drugs, including bronchodilators, inhaled corti-
costeroids, and other medications.?> However, the side effects
of these drugs cannot be ignored. For example, frequent use of
inhaled corticosteroids may lead to osteoporosis, immunosup-
pression, and increased risk of infection, and may even promote
the recurrence of COPD. Bronchodilators, especially anticho-
linergic drugs and B2 agonists commonly used in clinical prac-
tice, may cause side effects such as heart rate disorders, vision
problems, urinary retention, and metabolic disorders.?* In light
of these concerns, this study investigates the potential of Ejiao as
an adjunctive therapy for COPD. By combining database analy-
sis with in vitro and in vivo experiments, we aimed to elucidate
the mechanisms by which Ejiao may improve COPD outcomes.
This research provides valuable theoretical support for the use
of Ejiao in clinical COPD management, with the potential to en-
hance patient survival rates while promoting the modernization
of traditional Chinese medicine. Through this approach, Ejiao
may offer a safer alternative or complementary treatment strat-
egy for COPD, addressing both the inflammatory and immune
aspects of the disease. In conclusion, this study demonstrates
that Ejiao exhibits significant therapeutic potential in alleviating
lung injury and inflammatory responses associated with COPD.
Through network pharmacology analysis, we identified that
Ejiao may exert its pharmacological effects by modulating the
estrogen receptor signaling pathway, a finding that was further
verified by in vitro and in vivo experiments. The experimental re-
sults showed that Ejiao intervention significantly upregulated the
expression levels of anti-inflammatory markers, including IL-10,
ERo+p, and IkBa, while effectively suppressing the expression
of pro-inflammatory markers, such as p-AKT and TNF-a. In
the COPD mouse model, Ejiao treatment not only significantly
improved lung function parameters but also reduced pulmonary
macrophage infiltration and regulated the levels of inflammatory
cytokines in BALF. For the first time, we investigated the poten-
tial regulatory effects of Ejiao on COPD via the ER/AKT/NF-
kB pathway. With ongoing research, the therapeutic potential of
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natural medicines in COPD treatment is becoming increasingly
evident, particularly in symptom relief and disease progression
delay, highlighting their potential as important adjunct therapies.

However, certain limitations exist in the design of this study.
For instance, we evaluated the efficacy of Ejiao in COPD using a
single-sex animal model, without fully considering potential sex
differences. Given that our findings suggest Ejiao may regulate
COPD progression via the estrogen receptor, future studies should
focus on validating this mechanism in female mice. Additional-
ly, although we initially explored the main active components of
Ejiao through network pharmacology, we have not yet conducted
an in-depth analysis of its key monomeric compounds in liver fi-
brosis, instead treating Ejiao as a whole. This holistic approach
aligns with the traditional characteristics of Chinese medicine,
where therapeutic effects are often achieved through the synergy
of multiple components. However, with advancements in modern
analytical techniques such as mass spectrometry, the identification
and validation of active targets in natural medicines have become
increasingly important, not only for elucidating their mechanisms
of action but also for minimizing adverse drug reactions. There-
fore, future studies will focus on identifying and validating the key
active components of Ejiao responsible for lung function protec-
tion, thereby advancing its precise therapeutic application.

Conclusions

Ejiao can significantly improve the lung function indicators of
COPD model mice, reduce the content of inflammatory factors in
bronchoalveolar lavage fluid, increase the estrogen content in se-
rum, and reduce the number of peritoneal macrophages. HE patho-
logical observation and Western blot analysis showed that Ejiao
can improve lung injury, and its mechanism of action may involve
regulating estrogen levels in the body and affecting the ER/AKT/
NF-kB signaling pathway, thereby alleviating inflammatory re-
sponse and improving lung injury.
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