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ARTICLE INFO ABSTRACT

Keywords: Acute lung injury (ALID) is a grave and potentially fatal acute inflammatory condition. Ligustrazine (LIG),
Acute lung injury an active ingredient in traditional Chinese medicine (TCM), has been proven to inhibit ALI oxidative stress
Bioinformatics . and inflammatory responses; however, its mechanism of ALI treatment remains unclear. We investigated the
Ei(;\l/f;l;;l;;};clodextrln frameworks molecular mechanism of LIG covalent cyclodextrin backbone (LIG-OC-COF) granules in ALI treatment. Network

pharmacology identified 16 potential LIG targets, including BCL2L1, JAK2, CDK2, HIF1A, and CCNA2. The
Kyoto encyclopedia of genes and genomes (KEGG) pathway analysis suggested that these points were involved
in the Janus kinase/signal transducer and activator of transcription (JAK/STATs) signaling pathway. The results
from the molecular docking further confirmed the stable binding affinity between target proteins and LIG. In
vivo experiments revealed that LIG downregulated the expression of pro-inflammatory factors (i.e., Tumor
Necrosis Factor-a (TNF-a), Interleukin - 1 (IL-1f), and Interleukin - 6 (IL-6); P < 0.0001) and upregulated
the expression of the anti-inflammatory factor (i.e., IL-10; P < 0.0001) in the serum of ALI rat models. This
effectively alleviated the apoptosis of ALI lung cells (P < 0.0001) and downregulated the mRNA expression of
the aforementioned key targets (P < 0.0001) and the related proteins in the JAK2/STAT3 signaling pathway
(P <0.0001). The inhalation of LIG - covalent cyclodextrin frameworks (LIG-OC-COF) may exert its therapeutic
effect by modulating the expression of key target molecules. LIG exhibits an anti-inflammatory and anti-
apoptotic effect on lung tissues by regulating the BCL2L1, JAK2, CDK2, HIF1A, and CCNA2 molecules and
affecting the activation of the JAK/STAT signaling pathway. LIG-OC-COF can enhance these changes. LIG-OC-
COF) granules targeting lung delivery of LIG is an effective ALI treatment.

Pulmonary drug delivery

1. Introduction LIG has some limitations, such as a first-pass effect, relatively shorter

biological half-life, and poor bioavailability [9]. Therefore, frequent

Acute lung injury (ALI) is identified as an initial inflammatory
disease of the pulmonary system [1] that can easily progress to acute
respiratory distress syndrome (ARDS), boasting a 40% fatality rate. [2].
ALI involves alveolar structure damage, tissue barrier destruction, and
accumulation of numerous inflammatory cells [3,4]. Although ALI has
been extensively studied for decades, effective drug-based treatment
strategies are lacking. Growing evidence suggests that natural active
ingredients of traditional Chinese medicine (TCM) can interfere with
disease progression in multiple ways. For example, ligustrazine (LIG)
can effectively decrease inflammatory cell aggregation, alleviate
inflammatory damage in lung tissues [5,6], and reduce clinical
symptoms of ALIL

LIG is an alkaloid isolated and purified from the TCM Ligusticum
chuanxiong hort (Chuan Xiong). This natural substance has a number of
pharmacological properties, including anti-inflammatory, antioxidant
[71, and anti-apoptotic properties [8]. However, orally administered

long-term dosing is required to maintain effective blood concentration,
which may easily cause drug accumulation in the body and increase
the related toxicity and side effects. As a result, improving LIG
bioavailability and exploring new dosage forms and administration
routes have become hot research topics.

The pulmonary targeted drug delivery system presents the benefits
of a large absorption surface area, rich blood flow, thin epithelial
barrier, and high permeability, which makes it an ideal drug delivery
route for pulmonary disease treatments [10]. Drugs and biomolecules
can be loaded into the multipurpose crystalline substance known as the
cyclodextrin metal-organic framework (CD-MOF). Its pore structure,
thermal stability, biocompatibility, and specific surface area are all
outstanding [11,12]. Several studies have indicated that CD-MOFs
exhibit significant efficacy when loaded with drugs such as ibuprofen,
captopril, and lansoprazole [13-15]. Our past study [16] demonstrated
that, when paeonol (PAE) is loaded into the CD-MOF, the prepared
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PAE-CD-MOF can significantly improve bioavailability, achieve
efficient delivery of lung therapy drugs, and reduce the inflammation
of the lung tissues. Further, our research could enhance the mobility
and atomization of CD-MOFs. [17]. We synthesized a novel kind of
biodegradable and reactive oxygen species (ROS)-sensitive cross-
linked covalent cyclodextrin frameworks (OC-COF). In this process,
CD-MOF, which contains abundant hydroxyl groups, was utilized for
modification. In addition, oxalyl chloride (OC) was chosen as an H,0,-
labile precursor to introduce peroxalate ester bonds into OC-COF. This
step helped hydrolyze and clear the ROS produced at the inflammatory
sites, thereby improving the therapeutic effect. Past studies [18] have
confirmed that the dry-powder inhaler (DPI) LIG-OC-COF prepared by
loading LIG into the OC-COF is safe and reliable, with good aerodynamic
properties and a significant anti-inflammatory effect, thereby regulating
inflammatory reaction and oxidative stress in the lungs of ALI-affected
rats. Nevertheless, its action mechanism remains unclear.

Therefore, we employed network pharmacology and bioinformatics
methods to analyze the potential targets and pathways of LIG for ALI
treatment. We also verified oral and inhaled preparations using in vivo
experiments to investigate the possible mechanism of altering the LIG
delivery form to improve ALI efficacy (Figure 1).

2. Materials & Methods

2.1. Network pharmacology data preparation
2.1.1. Potential target prediction of LIG in ALI treatment

The Traditional Chinese Medicine Systems Pharmacology Database
and Analysis Platform (TCMSP) (http://tcmspw.com/), PharmMapper
(http://www.lilab-ecust.cn/pharmmapper), and SwissTargetPrediction
database (http://swisstargetprediction.ch/) were searched to find
the target LIG genes. The LIG targets were obtained from the TCMSP
database using the term “ligustrazine”. Then, the *. The Mol2 file of LIG
was downloaded, and the *.mol2 file was uploaded to the PharmMapper
website. All targets (v2010, 7302) were selected, and the other
parameters retained their default settings. The SwissTargetPrediction
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The workflow depicting the study design.
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database (http://swisstargetprediction.ch/) was accessed by entering
the Simplified Molecular Input Line Entry System (SMILES) number of
LIG that was obtained from the PubChem database (https://pubchem.
ncbi.nlm.nih.gov/). The “Homo sapiens” was selected to obtain the
target of LIG.

2.1.2. Differentially expressed genes of ALI
2.1.2.1. Chip data source

The ALI-related gene profiles were obtained from the public online
database—Gene Expression Database (https://www.ncbi.nlm.nih.
gov/), and the required data was obtained after filtering.

2.1.2.2. Inclusion criteria

By setting the search formula ((Lipopolysaccharide OR LPS) AND
(acute lung injury OR ALI)), a search was performed in the Gene
expression omnibus (GEO) database. The inclusion criteria for screening
the dataset were also set: (1) the study contained individual data from
both normal controls and ALI of all species with a sample size of =3
each; (2) the intervention factor of the study: LPS; (3) the detection
samples were collected: bronchoalveolar lavage fluid, lung tissue, and
serum; (4) the study contained available raw data with available gene
annotation files.

To ensure that differential genes were significantly expressed in all
species, two gene microarray data files were obtained after screening,
including GSE111241 (Rat) and GSE2411 (Mouse); however, no data
on humans were found. Therefore, 9 samples each from the LPS and
normal groups were included. The details of the dataset have been
shown in Table 1.

The difference analysis was performed by utilizing the Limma
package in the R language [19]. P < 0.05 was considered to indicate
differentially expressed genes (DEGs), and Benjamini—Hochberg was
adopted to adjust the P-values in DEG analysis, while ggplot2 package
and ggthemes were used to draw volcano maps of DEGs. These DEGs
were then used for the mapping of the LIG target genes.
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Table 1. Features of the selected dataset series.

Number Platforms
of normal

samples

Number
of ALI
samples

GSE Organisms
number

Sample type

GSE111241 | Rat 3 3 Bronchoalveolar | GPL1355
lavage fluid [Rat230_2]
Affymetrix
Rat Genome

230 2.0 Array

GSE2411 Mouse 6 6 GPL339
[MOE430A]
Affymetrix
Mouse
Expression

430A Array

lung tissue

2.1.3. Target prediction and hub gene identification of LIG in ALI treatment

The R language (R version 3.6.3) was used to map the obtained LIG
targets to the differentially expressed ALI genes, and the R package
was used to establish the target gene network of LIG for ALI treatment.
To understand the interaction relationship between these successfully
mapped differential genes and the hub genes in them, we performed
the protein—protein interaction (PPI) analysis on these differential
genes by using the STRING web tool, and Cytoscape software was used
to draw the PPI network diagrams. Meanwhile, 12 algorithms of the
cytoHubba plugin of the software were used to analyze the hub genes
of the network. The top 10 hub genes of each algorithm were screened,
and Sankey diagram of the hub genes was visualized with the aid of the
networkD3 package.

2.1.4. Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analysis of DEGs in LIG-treated ALI

To comprehend the molecular mechanisms underlying LIG-
mediated ALI treatment, the KEGG enrichment analysis was performed
on successfully mapped differential genes. The differential genes
associated with LIG-treated ALI were imported into R software, and the
R package clusterProfiler [20] was used to conduct the KEGG pathway
enrichment analysis, after which the bubble chart of the significantly
enriched top 30 pathways was drawn.

2.1.5. Gene set enrichment analysis based on ALI genes

Although we identified the possible molecular biological pathways
related to the differential genes associated with LIG-treated ALI, these
pathways may not have crucial significance in ALI pathogenesis.
Therefore, utilizing the outcomes from the ALI differential analysis, the
R package clusterProfiler was utilized to perform gene set enrichment
analysis (GSEA), especially the significant enrichment.

2.1.6. Molecular docking verification

The Pubchem database (https://pubchem.ncbi.nlm.nih.gov/)
provided the structure for LIG. B-cell lymphoma 2-like protein 1
(BCL2L1), Janus kinase 2 (JAK2), Hypoxia-inducible factor la
(HIF1A), Cyclin-dependent kinase 2 (CDK2) and Cell cycle protein
A2 (CCNAZ2) crystal structures were retrieved from the PDB database
(https://www.rcsb.org/). Pymol-2.1.0 software was used to improve
the target proteins by removing small molecule ligands and water
molecules. Then, the proteins were also performed for hydrogenation
and calculated charge with AutoDock Tools-1.5.6 and saved as pdbqt
format. Energy minimization of LIG was performed using the PyRx
built-in tool (OpenBabel). The molecular docking of the proteins
with LIG was accomplished through the vina-2.0 module within
PyRx software, entailing the calculation of binding energy and the
generation of output files. Finally, the Discovery Studio 2020 Client
(https://discover.3ds.com/discovery-studio-visualizer-download) was
used for visualization. The binding strength between the two was
represented by the affinity value (kcal/mol); the decrease in binding
energy was concomitant with an enhancement in the stability of the
ligand-receptor binding.
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2.2. Experimental verification
2.2.1. Materials

MaxDragon Biochem Ltd. (Guangdong, China) provided the y-CD.
McLean Biochemistry Technology Co., Ltd. (Shanghai, China) supplied
LIG. Dichloromethane (DCM) was supplied by Bellingway Technology
Co., Ltd. (Shanghai, China). Sigma (USA) supplied the lipopolysaccharide
(LPS) (L2880). The Shanghai Institute of Materia Medica, Chinese
Academy of Sciences (Shanghai, China), provided the LIG-OC-COF and
OC-COF. China's Beijing Solarbio Technology Co., Ltd. is the supplier of
dexamethasone (DEX; D8040). The primers for quantitative real-time
polymerase chain reaction (QRT-PCR) were fabricated in Servicebio
Technology Co., Ltd. (Wuhan, China). Antibodies included JAK1
(YT2424), phospho-JAK1 (pJAK1) (Tyrl022) (YP0154), phospho-
JAK2 (pJAK2) (Tyr1007) (YPO155), JAK3 (YT2430), pJAK3 (Tyr785)
(YP0756), and GAPDH (YN3029) were all obtained from ImmunoWay
Biotechnology (USA), JAK2 (bs-0908R) and Phospho - signal transducer
and activator of transcription 3 (pSTAT3) (Tyr705) (bs-1658R)
from Bioss (Beijing, China), and Signal transducer and activator of
transcription 3 (STAT3) (60199-1-1g) from Proteintech (Wuhan, China).
Rat tumor necrosis factor-a (TNF-a) (EK382/3-48), Interleukin - 1f3 (IL-
1B) (EK301B/3-48), Interleukin - 6 (IL-6) (EK310/2-48), and Interleukin
- 10 (IL-10) (EK310/2-48) enzyme-linked immunosorbent assay (ELISA)
kits were purchased from Multisciences (Hangzhou, China).

2.2.2. Synthesis of OC-COF

The synthesis of the CD-MOF and OC-MOF was done following
our previously reported method [13] (Liu et al., 2016). Cuboidal CD-
MOF particles were first prepared by dissolving y- CD (14.584 g) and
KOH (5.049 g) in deionized water (450 mL, 18.2 MQ-cm), followed by
filtration and mixing with methanol (60 mL) in a closed system. The
solution was heated at 60°C, supplemented with Polyethylene glycol
(PEG) 20000 (640 mg) as a size regulator, and cooled in a cold-water
bath for 2-3 hrs. The deposition was washed twice with methanol and
ethanol to remove impurities and dried in a vacuum at 80°C, and CD-
MOF was obtained. Subsequently, 3 g of CD-MOF was weighed into a
flask and mixed with 30 mL of dehydrated DCM. At 4°C, TEA (1 mL)
was added as a catalyzer, and OC (2181 pL) was added dropwise into
anhydrous DCM (10 mL). The resulting mixture was kept in nitrogen at
room temperature for 24 hrs. The product was centrifuged, sequentially
washed with anhydrous ether, ethanol, 50% ethanol, and water to
remove residues, and finally freeze-dried to obtain OC-COF.

2.2.3. Preparation of LIG-OC-COF

Anhydrous ethanol (5 mL) was used to completely dissolve LIG (4
g), to which OC-COF (1 g) was added. The solution was centrifuged, and
the supernatant was discarded. Finally, the mixture (LIG-OC-COF) was
subjected to further characterization. Eq. (1) was utilized to ascertain
the amount of drug loading. The detailed preparation processes of LIG-
OC-COF, hydrolysis property, cytotoxicity evaluation, transepithelial
transport studies, and pharmacokinetic studies have been provided in
our past paper [18].

Mdrug loaded in LIG-OC-COF x1 00% (1 )

LIG-OC-COF

Drug loading amount of LIG (%)=

2.2.4. Animal experiments

Male Sprague-Dawley rats weighing 200-220 g and aged 6-8 weeks
were acquired from Hangzhou Medical College's Animal Experiment
Center [experimental animal production license number: SCXK (Zhe)
2019-0002]. Every experimental protocol complied with the guidelines
set forth by the Anhui University of Chinese Medicine's Experimental
Animal Ethics Committee (No. AHUCM-rats-2021021).

2.2.5. LPS-induced ALI rat models

Following the acclimatization period, all rats were divided into 6
groups of 8 at random: control group (CON), LPS group (LPS), LPS+LIG-
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OC-COF group (LIG-OC-COF), LPS + blank vehicle group (OC-COF),
LPS+LIG gavage group (LIG), and LPS + dexamethasone group (DEX).
According to our previous modeling method [16,18], the ALI rat model
was established with LPS. With the exception of the control group, the
rats in the remaining groups were then anesthetized via 2% isoflurane
inhalation and fixed in a supine position on a homemade rat board, the
airway entrance was exposed, and LPS (8 mg/kg) was injected rapidly
into the lungs from the trachea using a micro-sprayer (Penn-Century,
Philadelphia, PA, USA); the rats were kept upright and gently shaken
from side to side for 10 seconds to diffuse the LPS evenly. An identical
volume of regular saline was injected into the control group. After 2
hrs of LPS intervention, the rats received intragastric administration
of LIG, whereas OC-COF, LIG-OC-COF, and DEX were inhaled using
a dry insufflator (DP-4R, Penn Century). DEX was used as a positive
control, and administered a dose of 3 mg/kg. Since the intragastric dose
for the LIG group was 42 mg/kg, which is equivalent to the clinical
dose, the inhalation dose of LIG was determined to be 8.4 mg/kg, or
one-fifth of the gavage dose. Consequently, based on the drug loading
content, the dosage of OC-COF was 25.64 mg/kg, whereas the dosage of
LIG-OC-COF was found to be 34.04 mg/kg. For the control and model
groups, regular saline was utilized. Blood samples were collected from
the abdominal aortae following a 6-h treatment period. The left upper
lobe of the lung was stabilized using a 4% paraformaldehyde solution.
The remaining lung lobe was individually stored in cryopreservation
tubes at -80°C. Animal carcasses were sealed in medical waste bags
and transported to the Experimental Animal Center of Anhui University
of Chinese Medicine for centralized incineration in accordance with
bioethical disposal protocols.

2.2.6. Lung histopathological examination

Following the steps of dehydration, embedding, sectioning,
rehydration, staining, differentiation, bluing, dehydration, and
mounting, the histopathological abnormalities in lung tissue were
examined under a light microscope (Leica, DMil, Germany). With
reference to a previously reported method [21], alveolar congestion,
bleeding, and inflammatory cell infiltration were examined. Subjective
quantitative analysis was performed by grading on a scale of 0-4 points:
0 = no lesions or very mild lesions, 1 = mild lesions, 2 = moderate
lesions, 3 = severe lesions, and 4 = very severe lesions.

2.2.7. Detection of serum inflammatory factors

According to the experimental design, the standard hole set, CON,
LPS, LIG-OC-COF, OC-COF, LPS+LIG LIG, and DEX, were set up. The
standard well group received 100 pL of the standard material, whereas
the other sample wells received proportionate additions of the matching
serum and detection buffer, including TNF-a (1:9), IL-1p (1:4), IL-6
(1:4), and IL-10 (1:4), for a total of 100 puL/well. Then, 50 uL of antibody
(1:100 diluted) was immediately added to each well. After incubation
and washing, each well was treated with 100 pL of diluted streptavidin-
HRP and incubated again for 45 mins. The plate was treated with 100
uL of the standard hole color development substrate TMB. Finally, the
microplate spectrophotometer (BioTek EPOCH2) was used to measure
the optical density value (OD) at 450 nm [22,23].

2.2.8. TdT-mediated dUTP nick-end labeling (TUNEL) assay

The following dual-staining method was utilized (Servicebio,
G1501): apoptotic nuclei were quantified using TUNEL labeling (green
fluorescence), while the total number of nuclei was ascertained using
4’,6-diamidino-2-phenylindole (DAPI) staining (blue fluorescence)
(Servicebio, G1401). A fluorescence microscope (Ortho-Fluorescent
Microscopy, NIKON ECLIPSE C1, Japan) was used to view the stained
samples at emission wavelengths of 420 and 530 nm. After selecting five
non-overlapping fields of view for each sample, Image-Pro Plus software
was used to determine the apoptotic index (%) as follows: TUNEL-positive
cells divided by total cells times 100% is the apoptotic index (%).

2.2.9. Differential mRNA expression levels in the lung tissues

The extraction of total RNA from lung tissue (ES Science, RN0O1,
China). The concentration and purity of the RNA were assessed using
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Table 2. Primers used in the present qRT-PCR study.

Gene Primer sequences (5'-3") GenBank Product
accession no. size (bp)

BCL2L1 | GTGCGTGGAAAGCGTAGACAA(F) NM_001033670.1 242
TGAAGAGTGAGCCCAGCAGAAC(R)

JAK2 CAGCAAACTAAAGAAGGCAGGA(F) NM_031514.1 103
TTCTCGCTCAACGGCAAAG(R)

CDK2 AGTTGACGGGAGAAGTTGTGGC(F) NM_199501.1 126
GCTTGACGATGTTAGGGTGATTG(R)

HIF1A ACCGTGCCCCTACTATGTCG(F) NM_024359.1 197
GCCTTGTATGGGAGCATTAACTT(R)

CCNA2 CCTTCCTATAAACGATGAGCACG(F) NM_053702.3 239
CATGGGGTGATTCAAAACTACC(R)

GAPDH | CTGGAGAAACCTGCCAAGTATG(F) NM_017008.4 138
GGTGGAAGAATGGGAGTTGCT(R)

the NanoDrop 2000 Ultrafine Spectrophotometer. The entire RNA was
reverse-transcribed into ¢cDNA using the First-Strand ¢cDNA Synthesis
Kit (Servicebio, Catalog No. G3330). qRT-PCR was carried out using a
2x synergy brands (SYBR) Green qPCR Master Mix (None ROX) using
reverse transcription-polymerase chain reaction (RT-PCR) equipment
(Servicebio, G3320). Three independent samples were used for each
experiment. The reaction conditions were as instructed. The relative
quantitative analysis was calculated by the 24 method. The primer
sequences have been presented in Table 2.

2.2.10. Related protein expression levels determined via western blotting

Radio immunoprecipitation assay (RIPA) lysis buffer (1% PMSF and
1% proteinase inhibitor) was used to extract the total proteins from each
lung tissue. Equal amounts of protein samples were separated using
10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) gel electrophoresis and then transferred to a polyvinylidene
fluoride (PVDF) membrane. The membranes were blocked with 5%
bovine serum albumin (BSA) for 1 hr, and then they were incubated
with primary antibodies at 4°C for the entire night. The membranes
were then treated with the corresponding secondary antibodies
coupled with horseradish peroxidase for 1 hr at room temperature. The
UVP ChemiStudio815 imaging system was used to visualize the protein
bands after they were detected using an enhanced chemiluminescence
kit. The grayscale analysis of proteins was conducted using ImageJ
2.1.0 software.

2.2.11. Immunohistochemical detection of JAK2/STAT3 signaling pathway
proteins in the lung tissues

The paraffin sections of lung tissue from each group of rats were
subjected to routine dewaxing, microwave repair, rinsing, and blocking,
followed by the removal of the BSA solution. Then, approximately 50
uL of diluted primary antibodies JAK2 (1:300), pJAK2 (1:300), STAT3
(1:500), and pSTAT3 (1:300) were added to each section, and kept at 4°C
for the entire night. At room temperature, the secondary antibody was
incubated. This step was followed by treatment with diaminobenzidine
(DAB) for color development (Servicebio, G1211), hematoxylin
restaining, hydrochloric acid-alcohol differentiation, gradient alcohol
dehydration, xylene clearing, air drying, and neutral resin sealing. Each
group included 3 samples, and 4 visual fields were randomly selected
for detection. Image-Pro-Plus analysis software was used to examine
the average optical density value (IOD), and the differences in protein-
positive expression among the groups were compared.

2.2.12. Statistical analysis

Except for the results of bioinformatics analysis, the results of other
analyses were processed using the GraphPad Prism 9.5.1 software
(GraphPad, CA, USA). The mean + standard deviation was used to
express quantitative data. One-Way analysis of variance (One-Way
ANOVA) was performed for intergroup comparisons. For groups with
equal variances, the LSD and student-newman-keuls (SNK) tests were
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Figure 2. Differential genes and the signaling pathways targeted by LIG to ALL (a) DEG of ALI in the two datasets, each point in the figure represents a gene;
the red marker indicates the upregulated gene, the blue marker indicates the downregulated gene, while the gray marker indicates no DEG. (b) Bubble diagram
depicting the KEGG signaling pathway enrichment analysis. LIG targeted 30 DEGs-enriched signaling pathways in ALI; the abscissa of the figure is the Rich
factor, while the ordinate is the significantly enriched signaling pathways. The color of the dots in the figure indicates the p-value; the larger the p-value, the
darker the color of the dots. The size of the dot represents the number of genes enriched in this pathway; the larger the dot, the greater the number of DEGs
enriched in this pathway. (c¢) LIG targets hub genes in ALI DEGs; in this figure, each signaling pathway is shown on the left; the top 10 hub genes of each
algorithm are shown in the middle, and the different algorithms for calculating hub genes are shown on the right.
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employed; the Mann-Whitney U-test was used for uneven variance. A
statistically significant difference was defined as P < 0.05.

3. Results and Discussion

3.1. Differential expression genes of ALI

To obtain the DEGs of ALI and normal control, we performed
background correction, standardization, and log2 processing on
the original data of GSE111241 and GSE2411, followed by DEG
analysis. According to the results, 1331 upregulated genes and 2025
downregulated genes were obtained from GSE111241, and 1643
upregulated genes and 3101 downregulated genes were obtained from
GSE2411 (Figure 2a). Considering the shared DEGs as disease target
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genes, we finally obtained 1150 genes. These genes were included in
the next phase of drug target gene mapping studies to obtain the most
likely targets for ALI drug treatment.

3.2. Target genes and enriched pathways of LIG and “LIG-ALI-DEGs”
network targeting ALl

SwissTargetPrediction obtained 170 target LIG genes, and
PharmMapper obtained 137 target LIG genes. On merging, a total of
164 target LIG genes were obtained. On mapping the target genes to the
DEGs of ALI, we found that LIG targets 16 DEGs of ALL including Adk,
Bcl2L1, Caspl, Ccna2, Ccrl, Cdk2, Glo1, HexB, Hifla, Jak2, Lcn2, Mmp?2,
Pdk2, Rarb, Sec14L2, and Sultlel. These DEGs may be the key effective
LIG targets involved in ALI prevention and treatment. Moreover, the
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Figure 3. GSEA results of the signaling pathways based on all ALI genes. (a) Significantly enriched pathways and the
ridgeline plot in the dataset GSE111241. (b) Significantly enriched pathways and the ridgeline plot in the dataset GSE2411.
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Table 3. Binding energy between Ligustrazine and core target protein molecules
(kcal/mol).

Protein BCL2L1 JAK2 CDK2 HIF1A CCNA2

Ligustrazine -4.6 -5.2 -5.5 -5.3 -5.5

mechanism behind LIG targeting ALI DEGs was examined using the
KEGG pathway enrichment analysis, and 30 enriched signaling pathways
were identified. Of them, 29 pathways were significantly enriched (P <
0.05), including the chemokine, JAK-STAT, and necroptosis (Figure 2b).
The hub gene analysis of the genes contained in the top 30 significantly
enriched pathways revealed that BCL2L1, Jak2, Cdk2, Hif1A, and Ccna2
ranked top 10 in several algorithms (Figure 2c), which were then
enriched in multiple signaling pathways.

3.3. GSEA of the signaling pathways

To further confirm whether the KEGG pathway enriched by DEGs
plays a role in ALI, the GSEA was performed for all genes in the two
datasets. According to the results, the chemokine signaling pathway,
NOD-like receiver signaling pathway, and JAK-STAT signaling pathway
were significantly enriched (P < 0.05) (Figure 3a,b). The JAK-STAT
pathway was also identified in the chemokine signaling pathway, which
further confirmed that the pathophysiology of ALI was significantly
influenced by the JAK-STAT signaling pathway, and LIG-mediated
targeting of this pathway may be among the key mechanisms for the
effect of LIG.
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Figure 4. Visualization of the binding energy between 5 core targets and LIG. (a)

BCL2L1; (b) JAK2; (c) CDK2; (d) HIF1A; (e) CCNAZ2; It was composed of an integrated
diagram, a local pocket diagram and a 2D structure diagram.
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3.4. The molecular docking results of the target genes and LIG

The binding ability of 5 core target proteins to LIG was evaluated
by Autodock Tools. The decrease in binding energy was concomitant
with an enhancement in the stability of the ligand-receptor binding.
The binding energy between BCL2L1 and LIG was -4.6 kcal/mol,
between JAK2 and LIG was -5.2 kcal/mol, and between CDK2 and
LIG was -5.5 kcal/mol. The binding energy between HIF1A and LIG
was -5.3 kcal/mol, and CCNA2 and LIG was -5.5 kcal/mol (Table 3).
As shown in Figure 4, LIG formed a m-0 interaction with ALA149 in
BCL2L1 (Figure 4a). LIG formed a conventional hydrogen bond and
st-alkyl interaction with ARG528 in JAK2 (Figure 4b). In addition, LIG
formed a Conventional Hydrogen Bond with ASP145 of the CDK2; it
formed st-0 interactions with PHE80 and LEU134; and it formed m-alkyl
interactions with VAL18, ALA31, and ALA144 (Figure 4c). LIG formed
a 7-0 interaction with THR128 and a m-alkyl interaction with LEU62
in HIF1A (Figure 4d). Furthermore, LIG formed s-anion interaction
with ASP146, formed m-alkyl interaction with PRO101 and PRO258 in
CCNA2 (Figure 4e). These results indicate that stable binding structures
could be formed between LIG and the core targets.

3.5. Effect of LIG-OC-COF on inflammatory response in LPS-induced ALI rats

To validate the protective effect of LIG in animal models of ALI
(Figure 5a), we investigated the lung tissue morphology of the rats
(Figure 5b). When compared with the CON group, alveolar shape
changes and structural incompleteness were observed in the LPS group.
Moreover, inflammatory and red blood cells infiltrated the alveolar
cavity and interstitial lung in the LPS group, leading to a markedly
higher pathological score. The ALI rat models were thus successfully
established. In contrast, drug treatment could significantly reduce the
aforementioned pathological damage, and the lung histopathological
scores significantly reduced (P < 0.0001) (Figure 5c). The LIG-OC-
COF group had the best effect, exhibiting comparable efficacy to
the DEX group. Meanwhile, OC-COF and LIG treatment exhibited a
certain improvement effect. Moreover, large numbers of neutrophils
and macrophages were activated by LPS, which then secrete various
inflammatory and chemotactic factors (such as IL-1f, TNF-a, and
IL-6) [24] and reduce the anti-inflammatory component IL-10. The
development, growth, and duration of ALI inflammatory responses
were influenced by these inflammatory factors as well as other pro-
inflammatory substances [25]. Our study's findings supported the
previously reported conclusion. TNF-a, IL-6, and IL-1(3 levels were
significantly higher (P < 0.0001), while IL-10 levels were significantly
lower (P < 0.0001) (Figure 5d-g). Notably, DEX and LIG-OC-COF were
the most notable therapy effects. These data suggest that LIG treatment
reversed LPS-induced inflammatory response and that LIG-OC-COF
further improved efficacy.

3.6. LIG plays a protective role in LPS-induced lung tissue damage

TUNEL staining (Figure 6a) revealed that the apoptosis rate
significantly increased after LPS intervention. The LPS-induced
apoptosis rate was significantly inhibited after treatment with LIG,
LIG-OC-COF, OC-COF, and DEX (P < 0.0001) (Figure 6b), while LIG-
OC-COF exhibited the most significant effect. These results suggest
that LIG-mediated protection is related to maintaining the lung tissue
morphology and attenuating apoptosis.

3.7. Effects of LIG on the key target genes and signaling pathways of ALI

Based on the network prediction results, five key target genes
were selected for verifying their transcriptional expression levels.
LPS could significantly upregulate the expression levels of BCL2L1,
JAK2, HIF1A, CDK2, and CCNA2 (P < 0.0001) (Figure 7a). However,
the transcriptional expression was significantly lower in drug
treatment groups. Interestingly, the LIG-OC-COF group exhibited a
more pronounced level of inhibition of key target gene expression,
which was even more effective than those recorded in the DEX
group. We investigated the expression levels and phosphorylation
status of JAK2 and the downstream major effector molecule, STAT3,
in the lung tissue to investigate the JAK/STAT signaling expression.
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Figure 5. LIG reduced the inflammatory response in ALI model rats. (a) The chemical structure of LIG and the illustration of the experimental treatment of
LIG-OC-COF in LPS-induced ALI model rats. (b) The lung tissues of rats in each group stained with HE (200 x ). (c) The pathological scores of the lung tissues
in each group were scored. (d-g) The serum inflammation level in ALI model rats. (d) TNF-a, (e) IL-1pB, (f): IL-6, (g) IL-10. (Averages =+ SD are shown. *P <

0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns = no significance.)

The results were as we imagined: LPS increased the expression of
key target proteins JAK2 and STAT3 and significantly promoted
phosphorylation levels (P < 0.0001) (Figure 7b-c), revealing the
activation of the signaling pathway. More interestingly, LIG-OC-COF
reduced phosphorylation levels of JAK2 and STAT3 (P < 0.0001).
Furthermore, the immunohistochemical results also exhibited the
same trend (Figure 7d-e). Collectively, these results suggest that LIG
exerted the ALI therapeutic effect through the aforementioned key
target proteins and the JAK2/STAT3 pathway, with LIG-OC-COF
having the most noticeable effect.

3.8. Discussion

ALI develops rapidly and has a high mortality rate. LPS and sepsis are
the main pathogenic factors for ALI [26,27]. Overall, ALI pathogenesis
is complex involving different interacting molecular pathways [28].
Current therapeutic strategies for ALI primarily focus on preserving
pulmonary ventilation function and symptomatic management while
specific therapeutic drugs remain clinically unavailable. [29]. Notably,
TCM exhibits good clinical efficacy in ALI prevention and treatment

[30,31]. Past studies on various herbal medicines, such as LIG, have also
demonstrated protective effects against ALI, such as anti-inflammatory,
antioxidant, and antiapoptotic effects [32,33].

LIG is the primary constituent of the TCM Ligusticum chuanxiong hort
(Chuan Xiong). LIG has the function of improving microcirculation,
regulating immunity, and anti-inflammation [34,35]. However, only
a few studies have reported on LIG in ALI treatment, and its relative
difficulty is associated with the complexity and diversity of the involved
genes and targets. Meanwhile, LIG has limitations, such as short
half-life and inadequate oral absorption. Due to the large absorptive
surface area and high permeability of the lung tissues, inhalation drug
delivery showed significant advantages compared to oral drug delivery.
Therefore, network pharmacology and bioinformatics methods were
employed to analyze the potential mechanisms of LIG in ALI treatment.
Moreover, in vivo experiments were conducted by modifying the drug
dosage form to validate the effectiveness and action mechanism of LIG.
Furthermore, a novel approach to treating ALI with OC-COF as a DPI
carrier was put forth.

Network pharmacology analysis identified 16 critical targets (e.g.,
Bcl2L1, Jak2, Cdk2, HiflA, and Ccna2) and 30 pathways implicated in
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inflammation, cell cycle, apoptosis, and oxidative stress regulation.
Molecular docking confirmed stable binding affinities between these
targets and LIG. Increasing evidence indicates that these targets/
pathways are central to ALI pathogenesis [36-39], suggesting LIG exerts
anti-ALI effects via multi-mechanistic modulation.

Accordingly, the therapeutic efficacy of LIG was validated in an LPS-
induced ALI rat model. LIG showed clear effectiveness in lowering the
rats' lung tissue inflammation score and enhancing ALI’s inflammatory
response, with LIG-OC-COF displaying the most significant effect. The
LPS group's lung tissue showed significant congestion and inflammatory
cell infiltration. Moreover, there was a marked increase in the levels of
serum proinflammatory factors, with a significant decrease in the level
of the anti-inflammatory factors. These LPS-induced inflammatory
reactions and changes in inflammatory factors could be prevented by
LIG, which is consistent with other studies [40]. Additionally, previous
pharmacokinetic research has demonstrated that the inhalation dose
of LIG, which is one-fifth of the gavage dose, is suitable and equivalent
to intragastric delivery [18]. The best therapeutic result was obtained
by inhaling LIG-OC-COF, which combined the benefits of LIG with
OC-COF and a 5-fold dose reduction, indicating that LIG-OC-COF
could improve the activity and bioavailability of LIG. LIG-OC-COF
effectively ameliorated the LPS-induced inflammatory response and
thus treated ALIL

Among the key targets, CDK2 and CCNAZ2, are both factors that
regulate the cell cycle, which refers to the complete process from the
beginning of cell division to new cell generation to the end of the
next cell division [41]. If the cell cycle is arrested, the cells cannot
proliferate and renew [42,43]. The repair of damage to alveolar
epithelial cells necessitates cell proliferation, which depends on the cell
cycle circulation. The regulatory cell cycle or related proteins can be
used as therapeutic targets for ALI/ARDS [44]. CDK2 is a crucial factor
in the cell cycle [45] and has an irreplaceable role in cell proliferation
[46], apoptosis [47], differentiation [48], and viral replication and
infection [49]. CCNA2 is a regulator of CDK and acts as a binding and
activation partner of CDK—a key protein among cell cycle regulatory
protein molecules [50]. CDK2 binds to CCNA2 and forms a proteasome
complex. This complex can regulate the transition of the cell cycle
from G1/S to G2/M [51]. Some studies have also demonstrated that
tanshinone (TSA) inhibited pulmonary adenocarcinoma progression by
regulating the CCNA2-CDK2 complex [52]. However, only a few studies
have reported on the cell cycle in ALL The present study revealed that
LIG could significantly inhibit CDK2 and CCNAZ2 expression in ALI-
affected rats, with the inhibitory effect of LIG-OC-COF was the most
significant. Cdk2 and Ccna2 could be further explored as potential
targets for the action of LIG against ALI.

Another important feature of ALI is the apoptosis of alveolar
epithelial cells [53]. In our study, a higher apoptosis rate was observed
in LPS-induced ALI. Both oral LIG and LIG-OC-COF significantly
reduced LPS-induced apoptosis, and the targeted delivery of LIG to
the lungs amplified its suppressive effect on apoptosis. In contrast to
BCL2-Associated X (BAX), BCL2L1 (BCL-xL) is an anti-apoptotic protein
[54]. LPS downregulated the expression of BCL-xL and upregulated the
expression of pro-apoptotic proteins BAX and BAK in the ALI mouse
models, thereby activating mitochondria-mediated apoptosis [55].
However, in this study, the expression of BCL-xL was upregulated by
LPS, while it was downregulated by LIG, suggesting that LIG plays a
role in inactivating the apoptotic pathway. Some studies have also
demonstrated that CDK2-induced phosphorylation of Ser73 of BCL-xL
causes the transformation of BCL-xL into BAX/BAK, which is necessary
for inducing cell death [56,57]. In this pathway, apoptosis can be
induced even in the absence of additional stress (such as LPS).

ALl is characterized by hypoxemia, acute hypoxic respiratory failure,
and systemic inflammatory responses [58]. HIF1A is a class of hypoxia-
induced transcription factors. HIF1A is ubiquitinated by von hippel-
lindau (VHL) and degraded under normoxia [59], whereas, in a hypoxic
environment, it can be involved in regulating physiological processes
such as vascular repair, energy metabolism, inflammatory response,
apoptosis, and senescence [60]. Multiple studies have demonstrated that
HIF1A is a crucial player in ALL. Huang et al. reported that the absence of
HIF-1a can reduce pulmonary edema, inflammatory cell accumulation,
and inflammatory factor secretion in ALIL thereby offering a treated
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effect [61]. TSA IIA (TIIA) improves LPS-induced ALI by reducing HIF-
la production and enhancing the degradation of phosphatidylinositol-
3-kinase/protein kinase B (PI3K/AKT) and Mitogen-activated protein
kinase (MAPK) [62]. The study results suggest that LIG reduced the
HIF1A expression in the lung tissues and that LIG delivered to the lungs
through OC-COF could significantly enhance the efficacy.

To investigate how these target genes are involved, differential
genes were enriched through KEGG analysis. The signaling pathways
closely related to ALI development in both datasets mainly included
the chemokine, nucleotide-binding oligomerization domain (NOD)-like
receptor, and JAK-STAT. Further comparative analysis and reference
to the KEGG database revealed that the JAK-STAT pathway was also
present in the chemokine signaling pathway. JAK2 is among the core
targets. Therefore, the key proteins of the JAK-STAT pathway were
selected for further experimental validation.

One of the most well-known intracellular signaling networks in
inflammatory response is the JAK/STAT pathway. The binding of the
cytokines to receptors on the cell membrane can induce phosphorylation
of JAK, which then triggers STAT to form dimers and reach the nucleus
to control the expression of associated genes. [63]. Among them, JAK2/
STAT3 pathway is considered as a classic pathway for transcriptional
activation and signal transduction, which plays a crucial role in the
progression of ALI [64-66]. LPS-induced inflammatory complexes
activate STAT3 and further enhance the inflammatory response,
thereby accelerating the ALI progression [67,68]. Hui et al. [69] found
that JAK2 could be rapidly activated in ALI rats, and its activity in lung
tissue peaked at 2 hrs, while STAT3 remained at a high level for up to
48 hrs. SO, can protect rats from ALI by inhibiting the JAK2/STAT3
pathway through reducing the level of pSTAT3 [70]. Our research
found that LIG prevented LPS from activating the JAK2/STAT3
pathway. Targeting lung delivery with LIG-OC-COF further improved
the efficacy of LIG. Additionally, LPS induced the production of IL-6
in both serum and lung tissue, exhibiting a kinetic pattern that aligns
with STAT3 activation [71]. This suggests that IL-6 may function as a
mediator through which LPS activates JAK2/STAT3. This phenomenon
was also found in our results, where the activation of the JAK2/
STAT3 pathway was consistent with the expression levels of IL-6 [72].
Therefore, effective ALI treatment could be achieved by modulating the
JAK2/STAT3 signal transduction.

Collectively, these data suggested that LIG-OC-COF exerted
significant efficacy. When combined with the special physiology of
lung tissues, LIG is loaded into OC-COF, which is used as a DPI LIG-
OC-COF to deliver LIG directly into the deep alveoli. LIG-OC-COF
can downregulate IL-6, IL-1f3, and TNF-a expression in the serum of
ALI rats, upregulate IL-10 expression, and reduce the BCL2L1, JAK2,
HIF1A, CDK2, and CCNA2 mRNA transcript levels in the lung tissues
and regulate the expression of JAK-STAT3 pathway-related proteins.
This finding enhances the efficacy of LIG. Meanwhile, LIG plays a
role in systemic therapy, which offers good support for the clinical
application of LIG-OC-COF.

4. Conclusions

This study analyzed the potential mechanism underlying the anti-
ALI action of LIG using network pharmacology and bioinformatics. We
found that LIG may improve the lung injury situation by regulating the
cell cycle, anti-apoptosis, anti-inflammatory, and antioxidative stress
processes and modulating the JAK2/STAT3 signaling pathway to exert
its anti-ALI effects. LIG-OC-COF-targeted lung delivery significantly
improved efficacy relative to oral LIG administration. Overall, LIG-
OC-COF demonstrated great potential as a novel drug delivery system
for the clinical treatment of ALL. However, only key molecules were
verified in this study, and further discussion on the in vitro mechanism
and clinical research is warranted. Moreover, other specific mechanisms
need further exploration.
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