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Purpose: Explore the therapeutic effects and regulatory mechanism of Qingyi Decoction (QYD) on severe acute pancreatitis (SAP) 
associated acute lung injury (ALI).
Methods: We identified the constituents absorbed into the blood of QYD based on a network pharmacological strategy. The 
differentially expressed genes from the GEO database were screened to identify the critical targets of QYD treatment of SAP-ALI. 
The SAP-ALI rat model was constructed.Some methods were used to evaluate the efficacy and mechanism of QYD in treating SAP- 
ALI. LPS-stimulated pulmonary microvascular endothelial cell injury simulated the SAP-induced pulmonary endothelial injury model. 
We further observed the therapeutic effect of QYD and CDK5 plasmid transfection on endothelial cell injury.
Results: 18 constituents were absorbed into the blood, and 764 targets were identified from QYD, 25 of which were considered core 
targets for treating SAP-ALI. CDK5 was identified as the most critical gene. The results of differential expression analysis showed that 
the mRNA expression level of CDK5 in the blood of SAP patients was significantly up-regulated compared with that of healthy 
people. Animal experiments have demonstrated that QYD can alleviate pancreatic and lung injury inflammatory response and reduce 
the upregulation of CDK5 in lung tissue. QYD or CDK5 inhibitors could decrease the expression of NFAT5 and GEF-H1, and increase 
the expression of ACE-tub in SAP rat lung tissue. Cell experiments proved that QYD could inhibit the expression of TNF-α and IL-6 
induced by LPS. Immunofluorescence results suggested that QYD could alleviate the cytoskeleton damage of endothelial cells, and the 
mechanism might be related to the inhibition of CDK5-mediated activation of NFAT5, GEF-H1, and ACE-tub.
Conclusion: CDK5 has been identified as a critical target for pulmonary endothelial injury of SAP-ALI. QYD may partially alleviate 
microtubule disassembly by targeting the CDK5/NFAT5/GEF-H1 signaling pathway, thus relieving SAP-induced pulmonary micro-
vascular endothelial cell injury.
Keywords: Qingyi decoction, severe acute pancreatitis, acute lung injury, CDK5, microtubule

Introduction
Acute pancreatitis (AP), as one of the most common diseases in general surgery, is an acute inflammatory disease caused 
by exocrine dysfunction of the pancreas, with the main etiological factors originating from gallstones, heavy alcohol 
consumption, high triglyceride levels, and immune dysfunction.1,2 AP is usually classified as mild, moderately severe, 
and severe acute pancreatitis (SAP), and patients with mild AP have a better prognosis and lower mortality. However, 
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approximately 20% of patients develop SAP, which is often associated with more severe systemic inflammatory response 
syndrome (SIRS) and multiple organ dysfunction syndrome (MODS), with a mortality rate ranging from 15% to 35%.3,4 

Acute Lung Injury (ALI) Acute lung injury (ALI) is the most common and systemic complication of early onset SAP, 
with a prevalence of 27.7% and a mortality rate of 60%.5 However, the pathophysiology associated with SAP-ALI has 
yet to be fully elucidated. Given the high mortality rate of SAP-ALI, it is essential to actively study the molecular 
mechanisms of disease initiation and progression and provide valuable experience for clinical treatment.6

Cell cycle protein-dependent kinase 5 (CDK5) is a proline-directed serine/threonine kinase first described as playing 
a vital role in the central nervous system7 CDK5 is ubiquitously expressed in mammalian tissues and phosphorylates 
a wide range of proteins, and cellular processes regulated by CDK5 include cytoskeletal dynamics (actin and microtubule 
dynamics), transcription, apoptosis and senescence.8,9 The absence of CDK5 in macrophages has been shown to improve 
the anti-inflammatory response during endotoxemia.10 The Nuclear factor 5 of activated T cells (NFAT5), also known as 
tension-responsive enhancer-binding protein (TonEBP), is a member of the Rel family of transcription factors, which 
includes nuclear factor kappa B (NF-kB) and NFAT1-4, and although NFAT5 was initially identified as a critical 
component of cellular osmotic homeostasis,11 it can also be stimulated independently of osmotic pressure by, for 
example, biomechanical stretching, hypoxemia, inflammatory stimuli, cytokines and reactive oxygen species. Related 
studies have shown that NFAT5 deficiency attenuates formalin-induced inflammatory pain via the rapamycin-targeting 
protein (mTOR) signaling pathway.12 The cytoskeleton (cytoskeleton) is a network of proteins and proteins that form 
a network of skeletons that act as arteries for intracellular transport of materials and movement of organelles. The main 
components of the cytoskeleton are microtubules, microfilaments, and intermediate filaments. Relevant studies have 
demonstrated that Toll-like receptor 2 (TLR2)-specific hemodynamic profiles recruit leukocytes to the choroid plexus in 
response to inflammation, which then remodels the cytoskeleton of basement membranes and epithelial cells to promote 
leukocyte migration, opening new avenues for the study of neuroinflammation.13 Guanine nucleotide exchange factor-H1 
(GEF-H1) is a microtubule-associated protein. Coupled with RhoA guanosine triphosphatase GTPase activation via 
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microtubule dynamics, GEF-H1 activation is implicated in multiple cellular processes such as cell shape, polarisation, 
differentiation, motility, cell cycle regulation, and epithelial barrier permeability.14,15

Qingyi decoction (QYD), a traditional Chinese medicine (TCM) that has been used clinically to treat patients with 
SAP, consists of eight herbs, including Bupleurum chinense DC, Corydalis yanhusuo, Scutellaria baicalensis Georgi, 
Gardenia jasminoides J. Ellis, Paeonia lactiflora Pall., Rheum officinale Baill., Aucklandia costus Falc., and Na2SO4·10 
H2O.16 QYD plays a crucial role in anti-inflammatory, antioxidant, and immunomodulation. Current studies have shown 
that QYD reduces systemic inflammation in SAP by inhibiting the activation of high mobility group box-1 (HMGB1), 
nucleotide-binding oligomeric domain-like receptor protein-3 (NLRP3), and regulating the expression of secretory 
phospholipase A2 and G-protein-coupled bile acid receptors.17–19 However, given the multi-component, multi-target, 
and multi-pathway action characteristics of QYD, the mechanism of its treatment of SAP-ALI still needs to be further 
elucidated. Roscovitine is commonly referred to as a “selective inhibitor of cyclin-dependent kinases” and is one of the 
most favored CDK inhibitors. It substantially inhibits CDC2, CDK2, and CDK5 (with IC50 values of 0.65, 0.7, and 0.2 
μM, respectively). Besides its extensive use in cell cycle and neuronal function experiments, it is also currently being 
assessed as a potential therapeutic for cancer, viral infections, and inflammatory responses. Therefore, we have chosen 
Roscovitine as the positive control for the treatment group.

In this study, we identified the constituents absorbed into the blood of QYD and critical targets for treating SAP-ALI 
based on network pharmacological strategies. By constructing in vivo and in vitro models, HE staining, immunofluor-
escence, ELISA, qPCR, and Western Blot methods were used to evaluate the efficacy and mechanism of QYD in treating 
SAP-ALI.

Materials and Methods
Reagents and Antibodies
Antibodies against CDK5 (CAT#A23502), GAPDH Rabbit pAb (CAT#AC001), and Horseradish Peroxidase (HRP)- 
coupled Anti-Rabbit IgG Antibody (CAT#AS014) were purchased from ABclonal (Wuhan, China). NFAT5 
(CAT#ER65748) was purchased from HUABIO (Zhejiang, China). GEF-H1 (CAT#AF4783) and Acetyl-alpha Tubulin 
(CAT#AF4351) were purchased from Affinity (Liyang, China). Antibodies against immunofluorescence CDK5 (CAT# 
14145) and Acetyl-alpha-Tubulin (CAT#35652) were purchased from CST (USA); NFAT5 (CAT# sc-398171) was 
purchased from Santa Cruz Biotechnology (USA); rhodamine-labeled ghost pen cyclic peptides (TRITC Phalloidin, 
CAT# BL1189A) was purchased from Biosharp (Hefei, China). Rat tumor necrosis factor-α (TNF-α, Cat#F3768) and 
interleukin-6 (IL-6, Cat#F15870) were obtained from Xitang Biotechnology (Shanghai, China). The amylase assay kit 
(CAT#C016-1-1) was obtained from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).

Preparation of qingyi Decoction and Hydrated Extracts
The raw materials of QYD herbs were provided by the First Affiliated Hospital of Dalian Medical University (Dalian, 
Liaoning, China), and the main ingredients were Bupleurum chinense DC (Chai Hu in Chinese, 15 g), Corydalis 
yanhusuo (Yan Hu Suo in Chinese, 15 g), Scutellaria baicalensis Georgi (Huang Qin in Chinese, 12 g), Gardenia 
jasminoides J. Ellis (Zhi Zi in Chinese, 15 g), Paeonia lactiflora Pall. (Bai Shao in Chinese, 15 g), Rheum officinale 
Baill. (Da Huang in Chinese, 20 g), Aucklandia costus Falc. (Mu Xiang in Chinese, 15 g), and Na2SO4·10 H2O (Mang 
Xiao in Chinese, 10 g), soaked with deionized water, weighed 10 times their total weight for 30 min, boiled for 1 h, and 
filtered. Then, the residual herbs were continued to be decocted with 8 times the total weight of water for 30 min and then 
filtered, then Na2SO4-10 H2O was added, and the two times filtrate was mixed and concentrated to 1 g/mL, sterilize, and 
then bottled and stored in a refrigerator at 4°C. The hydrated extracts were the final concentration of the 2 times filtrate 
converted into the final concentration of the extracts, and the yield of the extracts was 29.5% and was kept in a desiccator 
before use. The chemical profiles of QYD mapped using ultra-performance liquid chromatography coupled with 
quadrupole time-of-flight mass spectrometry are presented in the previous study.16
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CDK5 Gene Identification and Exploration
The dataset GSE194331 was downloaded from the GEO public database (http://www.ncbi.nlm.nih.gov/geo). DEGs (differ-
entially expressed genes) were identified using the DESeq2 package in R. Genes that met the criteria (|log2FoldChange| ≥ 1, p. 
adj < 0.05) were defined as DEGs. Transcriptional data was dimensionally reduced and clustered using the UMAP package in 
R, and data visualization was performed using the ggplot2 package.

Network Pharmacology Analysis
The constituents absorbed into the blood of QYD were selected via a screening process using TCMSP and earlier mass 
spectrometry data. The databases used for screening potential targets of prototype components were TCMSP, DrugBank 
(https://www.drugbank.com/), SwissTargetPrediction (http://www.swisstargetprediction.ch/), and SuperPred (https://predic 
tion.charite.de/). Utilize the UniProt database (https://www.uniprot.org/) to standardize gene names. The prototype compo-
nents and targets of QYD were loaded into the Cytoscape 3.9.1 program in order to construct the “Component-target” 
network. The DAVID database (https://david.ncifcrf.gov/) was used to perform gene ontology (GO) and Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathway enrichment analysis.20 The GeneCards (https://www.genecards.org/), Disgenet 
(https://www.disgenet.org/), and TTD database (http://db.idrblab.net/ttd/) were used to ascertain genes associated with SAP. 
Retrieve protein-protein interaction data from the String (https://cn.string-db.org/) database.

Molecular Docking
Previous studies have shown that CDK5 plays a key role in the occurrence and development of AP.21 We further identified the 
binding activity of 18 prototype components of Qingyi Decoction with CDK5. The PDB database (https://www.rcsb.org) was 
used to obtain the 3D crystal structures of CDK5. PubChem database (https://pubchem.ncbi.nlm.nih.gov) was used to retrieve 
the three-dimensional structure of 18 compounds. Import the constituents and target into the AutoDock Vina software, then 
perform dehydration and hydrogenation preprocessing and designate them as the receptor and ligand, respectively.22 When the 
binding energy of the ligand-target complex is less than or equal to −5 kJ/mol, it suggests that the interaction between them can 
occur spontaneously. The 3D conformation of the ligand-receptor was displayed by Pymol software.

Animal Preparation and Experimental Protocols
All animal experiments were conducted in accordance with the Guidelines for the Care and Use of Laboratory Animals 
developed by the National Institutes of Health, USA, and were carried out according to the experimental protocols 
approved by the Research and Animal Ethics Committee of Dalian Medical University (Dalian, China) (approval 
number: AEE19003). Male Sprague-Dawley rats, 180–220 g, were obtained from Sprague-Dawley (Beijing) 
Biotechnology Co. They will be acclimatized and fed in a pathogen-free room at a consistent temperature of 20–22°C, 
with light and dark cycles of 12 h, respectively, and allowed free access to standard rat food and water. The rat model of 
SAP-ALI was established by acclimatizing and feeding for one week before modeling. Then, 40 rats were randomly 
divided into four groups: sham-operated group (SO), severe acute pancreatitis model group (SAP), severe acute 
pancreatitis model + inhibitor group (SAP+Roscovitine), and severe acute pancreatitis model + pancreatic cleansing 
soup group (SAP+QYD) (n = 10, in each group). The experimental rats were injected retrogradely with 5.0% sodium 
taurocholate (STC, 50 mg/kg, 0.1 mL/min) into their biliopancreatic ducts18 In the SAP+Roscovitine group, intraper-
itoneal injection of the inhibitor was given after modeling and then the abdomen was closed (16.5 mg/kg). In the SAP 
+QYD group, 4 hours and 12 hours after retrograde injection into the biliopancreatic duct, the rats were treated with 
QYD via gavage (10 g/kg, bioavailability: 1 g/mL). All rats were anesthetized with 1% sodium pentobarbital (4 mg / 100 
g). They were executed after 24 h. Bronchoalveolar lavage fluid (BALF), blood samples from the abdominal aorta, 
dissected pancreas, and lung tissues were collected and stored at −80°C. The remaining pancreas and lung tissues were 
embedded in paraffin after fixation in 10% formalin.
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Measurement of Serum Amylase, Interleukin-6, Tumor Necrosis Factor-α
We assayed amylase in rat serum by spectrophotometry using commercial kits. Rat serum levels of tumor necrosis factor- 
alpha (TNF-alpha) and interleukin-6 (IL-6) were assessed using enzyme-linked immunosorbent assay (ELISA) kits 
according to the manufacturer’s instructions.

Measurement of Pulmonary Vascular Permeability
The trachea and esophagus of the rats were separated by blunt separation, and all wet lung tissue weights were obtained 
and calculated. Then, the lung tissue was placed in a 60°C drying oven for 48 h to dry the lung water, and its dry weight 
was measured. Pulmonary vascular permeability was evaluated using the wet/dry weight (W/D) ratio.

Firstly, the rat trachea was completely isolated and dissected out, and then a lavage needle was inserted into the left 
lung through the main bronchus; the right main bronchus was ligated with a surgical suture, and normal saline was 
injected, 5mL each time, and the left bronchoalveolar lavage fluid (BALF) was collected about 1 min later. The above 
steps were repeated three times to obtain the total BALF of the lungs. Finally, BALF was centrifuged (4°C at 3000 rpm 
for 10 min) to separate the supernatant and stored at − 80°C.

In addition, we used the Evans blue dye assay. 2 h before sampling, Evans blue dye (Shanghai McLean Biochemical 
Technology Co., Ltd.) was injected into rats through the tail vein. After sampling, the tissues were treated with 
formamide (Shanghai McLean Biochemical Technology Co., Ltd.) in a 37°C water bath for 48 h. Finally, the 
concentration of Evans blue dye in lung tissues was determined by spectrophotometer at 620 nm.

Histological Examination
Isolated pancreatic and lung tissues were fixed in 10% paraformaldehyde for 24 h. The tissues were embedded in paraffin 
and cut into 5 μm thick sections. Sections were routinely stained with hematoxylin and eosin (HE). Tissues were scored 
under a light microscope by a pathologist unaware of the experimental design. The following parameters (alveolar 
necrosis, inflammation, hemorrhage, and edema) were used to determine the pancreatic histological score (scores from 0 
to 4), inflammatory cell infiltration, bleeding, and alveolar septal thickening were used as parameters for scoring the lung 
tissues (scores from 0 to 3). The total scores of the above parameters were calculated separately, evaluating specimens 
from a minimum of three rats in each group.23–25

Western Blot Analysis
A protein extraction kit (KeyGen, KGI Biotechnology, Nanjing, China) was used to achieve protein extraction and 
quantification of rat lung tissue. Protein samples were separated by 8–12% sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis and electrotransferred onto a 0.22μm polyvinylidene difluoride membrane. The membranes were closed 
with 5% skimmed milk solution for 2 h at room temperature and then incubated overnight at 4 °C with primary 
antibodies: CDK5 (1:1000), NFAT5 (1:500), GEF-H1 (1:500), Acetyl-alpha Tubulin (1:1000), and GAPDH (1:30,000). 
After washing with TBST solution, the membranes were incubated with HRP-conjugated secondary antibody (1:10,000) 
for 1 h at room temperature. A chemiluminescence system (Tanon-5200, Shanghai, China) and ImageJ software were 
used to analyze band intensities normalized to GAPDH statistically.

Quantitative Real-Time Polymerase Chain Reaction (PCR)
RNA was extracted from rat lung tissues using RNAex Pre-Reagent (AG21102, Accurate Biology, Changsha, China). 
Single-stranded mRNA obtained was reverse transcribed to cDNA using Evo M-MLV Reverse Transcription Hybrid Kit 
(AG11728, Accurate Biology). Synthesized cDNA was amplified by SYBR® Green Premix Pro Taq HS qPCR kit II 
(AG11702, Accurate Biology) for amplification. 2−ΔΔCt This method was used for the statistical analysis of mRNA levels 
of the housekeeping gene GAPDH. The details of the gene sequence can be seen in Supplementary File S1.
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Cell Culture and Experimental Design
Rat pulmonary microvascular endothelial cells (R-PMVECs, CAT#PC-150r) were purchased from Wuhan Sciencell 
Biotechnology Co. Ltd (Wuhan, China). Endothelial Cell Growth Supplement-rat, DMEM medium (Gibco, NY, USA) 
supplemented with 20% fetal bovine serum (FBS, Gibco, NY, USA), 1% endothelial cell growth supplement-Rat, 
DMEM supplemented with 20% fetal bovine serum (FBS, Gibco, NY, USA) Cat#1062, Sciencell, USA) and 1% 
penicillin/streptomycin in an incubator at 5%CO2, 37°C.

R-pmvecs were randomly divided into the following five groups: normal control group (CON), in which the cells 
were cultured in complete medium containing 20% FBS; Lipopolysaccharide (LPS) group, in which cells were exposed 
to 100 ng/mL LPS for 24 h; LPS+sh-CDK5 knockdown group, in which cells were transfected with plasmids for 48 
h and then treated with 100ng/mL LPS for 24 h, and LPS+ QYD group, in which cells were treated with 100ng/mL LPS 
for 24 h and then treated with QYD for 24 h.

Transfection
Four sh-RNA sequences targeting the rat CDK5 gene and one negative control interfering sequence that did not match 
any of the known genes were designed (Suzhou Gemma Genetics Co., Ltd., Suzhou, China), and their corresponding 
short hairpin structural sequences (sh-CDK5 and sh-NC) were synthesized. The sequences of related gene knockdown 
are shown in Supplementary File S2. Transfection was performed using a lipid amine TM 2000 transfection reagent 
(Invitrogen, Carlsbad, California, USA) according to the manufacturer’s instructions.

CCK-8 Assay
CCK-8 kit (Yisheng Biotech Shanghai Co., LTD., Shanghai, China) was used to measure the effect of different QYD 
concentrations on R-PMVECs viability. The cell suspension was seeded in a 96-well plate and cultured in an incubator 
for 24 h. The cells were stimulated with different QYD concentrations of 30 ug/mL, 60 ug/mL, 120 ug/mL, 180 ug/mL, 
and 300 ug/mL, respectively. The medium of each well was removed, the medium containing CCK-8 was added into the 
incubator for 1.5 h, and a microplate reader measured the absorbance of OD450.

Immunofluorescence Analysis
Tissue immunofluorescence analysis: 5 μm paraffin sections are dewaxed to water, and serum blockade is performed after 
antigen retrieval. The primary antibodies against CDK5 and NFAT5 were dropped onto the sections, and the two primary 
antibodies were mixed and added to the tissues at a certain dilution ratio. The sections were incubated in a wet box 
overnight at 4°C, and the secondary antibodies were incubated at 37°C for 1 h. The nuclei were then observed using 
fluorescence microscopy after staining with DAPI (Sigma-Aldrich, St. Louis, Missouri), washed thrice with PBS, and 
added fluorescent anti-quenching agents.

For immunofluorescence analysis, r-pmvecs were seeded on confocal plates and fixed with 4% paraformaldehyde for 
30 minutes, permeabilized with 0.1%Triton X-100 for 5 min, washed with PBS, and blocked with 5% bovine serum 
albumin (BSA) for 1 h. Cells were incubated with primary antibody Acetyl-α-Tubulin, rhodamine-labeled Phalloidin and 
incubated overnight at 4°C, washed with PBS, and incubated with secondary antibody for 1 h at 37°C. Nuclei of 
R-PMVEC were counterstained with DAPI. Imaging was performed by laser confocal microscopy. Images were 
processed using Image J software to outline cell boundaries and calculate unoccupied areas.

Statistical Analyses
Experimental data consisted of at least three independent replications and were expressed as standard deviation (SD) ± 
mean. One-way analysis of variance (ANOVA) was used for multiple groups (normally distributed variables). In 
addition, statistical analyses and visualizations were performed using GraphPad Prism 8.2 and SPSS 24.0. P-values of 
<0.05 were considered statistically significant (*P < 0.05, **P < 0.01, ***P < 0.001).
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Results
Identification of Prototype Components of QYD in Blood and Critical Targets for SAP 
Therapy
The chemical components and constituents absorbed into the blood of QYD were obtained from TCMSP and DCABM-TCM 
databases, respectively. Eighteen compounds were identified as prototype components of QYD that were absorbed into the 
blood (Figure 1A). A total of 764 targets for 18 prototype components were acquired from the TCMSP, DrugBank, 
SwissTargetPrediction, and SuperPred databases (Figure 1B) (Supplementary File S3). The GO enrichment analysis revealed 
that the biological processes influenced by the prototype components mainly included protein phosphorylation, protein 
autophosphorylation, reaction to external stimuli, and peptide serine phosphorylation (Figure 1C). The KEGG enrichment 
analysis revealed that the prototype components had a considerable enrichment in signaling pathways related to malignancy, 
neuroactive ligand-receptor interactions, and resistance to EGFR tyrosine kinase inhibitors (Figure 1D). Using the data provided 
above, we conducted an intersection analysis of the genes connected to the biological processes of QYD and SAP. Twenty-five 
genes were shown to be significant candidates for QYD intervention in SAP, as shown in Figure 1E (Supplementary File S4).

Molecular Docking
The top four docking scores for all interactions between constituents and proteins during the molecular docking process 
are listed in Figure 2A. The results of the docking of the eighteen components of QYD, the two CDK5 inhibitors, and the 

Figure 1 Identifying prototype components of QYD in blood and critical targets for SAP therapy. (A) Venn diagram illustrating the intersection between QYD chemical 
components and prototype components. (B) A PPI network of QYD’s “component-target”. (C) GO enrichment analysis. (D) KEGG enrichment analysis. (E) PPI networks 
for the key targets.
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CDK5 protein are shown in Figure 2B. According to the research results, each active constituent forms strong hydrogen 
bonds with its core target and exhibits low binding energy. In conclusion, the prototype constituents of QYD can target 
CDK5 and influence its activity directly.(Supplementary File S5).

CDK5 Expression in the Blood of Individuals with SAP
To investigate the CDK5 gene table differences in SAP patients and corresponding controls, we first downloaded the 
GSE194331 dataset from the GEO database. The uniform manifold approximation and projection (UMAP) algorithm 
showed that this data could distinguish between SAP patients and healthy populations (Figure 3A). A volcano plot, 
followed by a CDK5 boxplot (Boxplot), demonstrated that CDK5 gene expression was statistically significant in SAP 
patients and healthy populations (Figure 3B and C).

QYD or CDK5 Inhibitors Ameliorated Inflammation and Pancreatic Injury in SAP Rats
When rats were injected with STC into the biliopancreatic duct, the histopathological features of the pancreas in the SAP 
group showed edema, hemorrhage, inflammatory infiltrates, and alveolar necrosis. After the Roscovitine or QYD 

Figure 2 Molecular docking. (A) Molecular docking for Rehin, Oroxylin A, Baicalein, Quercetin, and CDK5. (B) Molecular docking for Roscovitine, Dinaciclib, and CDK5.

Figure 3 CDK5 expression in the blood of individuals with SAP. (A) Principal component analysis of SAP patient and healthy population data. (B) Volcano plot of 
differentially expressed genes in the GEO dataset. (C) Box line plot of CDK5 gene in SAP patients and healthy population.
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treatment, the histopathological damage of the pancreas was significantly improved, and the pathological score was lower 
than that of the SAP group (Figure 4A and B). Serum amylase is a very familiar diagnostic marker for pancreatitis with 
very high sensitivity and specificity in the early stages of SAP, and the gradual accumulation of inflammatory mediators 
in the circulation is a crucial step in the progression of the pancreas from localized inflammation to SIRS and MODS. As 
shown in the result, serum levels of amylase, TNF-α, and IL-6 were higher in the SAP group than in the SO group. In 
contrast, applying Roscovitine or QYD reduced amylase levels and inflammatory factors (Figure 4C–E).

QYD or CDK5 Inhibitors Substantially Ameliorated ALI Induced by SAP
We detected secondary ALI in rats induced with SAP. The lungs of the SAP group showed edema, leukocyte infiltrates, 
hemorrhage, and alveolar septal Thickening. In contrast, lung injuries were improved after the Roscovitine or QYD 
treatment. At the same time, the pathological scores of the lungs in groups Roscovitine or QYD were lower than those in 
the SAP group (Figure 5A and B). Lung wet/dry weight ratio, bronchoalveolar lavage fluid, and Evans blue dye assay 
were used to assess pulmonary vascular permeability (Figure 5C–E); these methods showed that pulmonary congestion 
and edema caused permeability changes in the SAP group, which were alleviated after Roscovitine or QYD treatment.

Regulatory Effects of QYD or CDK5 Inhibitors on the NFAT5-GEF-H1 Signaling 
Pathway
Previous experiments have confirmed that CDK5 is an upstream activator of the transcription factor NFAT5, and the 
upstream-downstream relationship has been validated.26,27 The result of differential expression analysis performed 
a correlation between CDK5 and NFAT5 in the gene set of SAP patients, which showed a significant positive correlation 
(Figure 6A). Based on the PCR and Western Blot results., there was a substantial increase in the mRNA and protein 
expression of the CDK5 in the lung tissue of SAP rats. The administration of roscovitine or QYD drastically reduced 
CDK5 expression. To further validate whether ALI is caused by activated CDK5 acting NFAT5 at the onset of SAP, we 
verified the expression of NFAT5 in different groups. The mRNA and protein expression of NFAT5 in the SAP group 
were significantly higher than in the SO group, and the results were relieved after treatment with Roscovitine or the 

Figure 4 QYD or CDK5 inhibitors ameliorated inflammation and pancreatic injury in SAP rats. (A) Hematoxylin and eosin (HE) staining was analyzed for pathological 
changes in pancreatic tissues (scale bar, 100 μm). (B) Histopathological scores of pancreatic tissues in each group. (C) Analysis of serum amylase levels. (D and E) Analysis of 
serum levels of inflammatory factors TNF-α and IL-6 in each group of rats. Data are representative images or expressed as mean ± SD from at least three independent 
experiments in each group of rats; *P < 0.05, **P < 0.01, ***P < 0.001.
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QYD. NFAT5, functioning as a transcription factor, controls cellular homeostasis in reaction to external stressors, namely 
the production of cytoskeletal proteins.28,29 Acetyl-alpha Tubulin and guanine nucleotide exchange factor (GEF-H1) are 
crucial in maintaining microtubule integrity within the cytoskeleton. ALI is a consequence of the expression of 
microtubule-associated proteins when there is a disruption to microtubule integrity.30 The mRNA and protein levels of 

Figure 5 QYD or CDK5 inhibitors substantially ameliorated ALI induced by SAP. (A) Hematoxylin and eosin (HE) staining was analyzed for pathological changes in lung 
tissues (scale bar, 100 μm). (B) Histopathological scores of lung tissues in each group. (C–E) Representative results of lung wet/dry weight ratios, bronchoalveolar lavage 
fluid, and Evans blue dye assay in each group. Data are representative images or expressed as mean ± SD from at least three independent experiments in each group of rats; 
*P < 0.05, **P < 0.01, ***P < 0.001.

Figure 6 Regulatory effects of QYD or CDK5 inhibitors on the NFAT5-GEF-H1 signaling pathway. (A) Scatter plot of CDK5 and NFAT5 genes in SAP patients. Quantitative 
RT-PCR analysis of the relative levels of CDK5, NFAT5 and GEF-H1 (B) mRNA in rat lung tissues. (C and D) Western blot was performed to assess the protein expression 
levels of CDK5, NFAT5, GEF-H1, and Acetyl-alpha Tubulin in rat lung tissues. GAPDH was used as a loading control. Semi-quantification of protein expression of CDK5, 
NFAT5, GEF-H1 and Acetyl-alpha Tubulin using histograms. Data are representative images or expressed as mean ± SD of each group of rats from at least three independent 
experiments; *P < 0.05, **P < 0.01, ***P < 0.001.
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GEF-H1 in lung tissues across all groups exhibited a pattern comparable to the expression trend of NFAT5. The 
expression of Acetyl-alpha Tubulin decreased in SAP. However, the expression increased after retreatment with 
Roscovitine or QYD treatment (Figure 6B–D).

Lung Tissue Immunofluorescence in Rats
The double immunofluorescence labeling method showed lower expression of CDK5 and NFAT5 in rat lung tissues 
relative to the SO group. Still, the level of co-localized fluorescence effect was significantly higher in SAP. In contrast, 
the expression of CDK5 and NFAT5 was reduced after Roscovitine or QYD treatment (Figure 7A–C).

Protective Effect of QYD or CDK5 Knockdown on Pulmonary Microvascular 
Endothelial Cell Injury
We used four sh-RNA sequences to achieve CDK5 knockdown. It was found that the mRNA level of CDK5 was 
significantly reduced in cells transfected with sh-RNAs (sh- CDK5-1, sh- CDK5-2, sh- CDK5-3, and sh- CDK5-4) 
compared to cells transfected with sh-NC, and sh- CDK5-3 had the best knockdown effect and was continued to be used 
for subsequent experiments (Supplementary File S2). Afterward, we verified the optimal QYD concentration of 
R-PMVECs by CCK8 experiments (Figure 8A). 60ug/mL is considered the optimal intervention concentration for 
QYD. After treatment of R-PMVECs with LPS, we found that the mRNA levels of inflammatory cytokines (TNF-α 
and IL-6) were significantly reduced after CDK5 knockdown or QYD treatment compared to the LPS+sh-NC group or 
the LPS group (Figure 8B and C). Since fibronectin (F-actin) and microtubules in the cytoskeleton play a crucial role in 
regulating the endothelial barrier function, we performed immunofluorescence assays on them, and LPS-induced changes 
in the structure of F-actin and Acetyl-alpha Tubulin and attenuation of fluorescence intensity. Acetyl-alpha tubulin and 
F-actin were relieved when CDK5 was knocked down, or QYD treatment was given (Figure 8D–F).

The Regulatory Effect of QYD or CDK5 Knockdown on NFAT5-GEF-H1 Signaling 
Pathway
In addition, we also found that CDK5, NFAT5, and GEF-H1 were consistently elevated in mRNA expression compared 
to the CON group and decreased compared to the LPS+sh-NC group or the LPS group after CDK5 knockdown or QYD 
treatment (Figure 9A). Similarly, Western blot results showed that when CDK5 was depleted, or after QYD treatment, the 
expression of CDK5, NFAT5, and GEF-H1 was decreased compared to the LPS+sh-NC group or the LPS group, and the 
expression of Acetyl-alpha Tubulin protein showed an opposite trend (Figure 9B and C). The above findings suggest that 
CDK5 is involved in the LPS-stimulated inflammatory response and that CDK5 downregulation alleviates the progres-
sion of the inflammatory response. In addition, QYD attenuated the damage induced by LPS activation of CDK5/NFAT5/ 
GEF-H1 signaling in R-PMVECs by regulating the cytoskeleton.

Discussion
SAP is an inflammatory disease caused by multiple factors. Over time, if not treated promptly, the inflammatory response 
usually accumulates throughout the body, leading to multi-organ failure or causing infectious necrosis of the pancreas, 
which in turn induces more severe complications such as acute respiratory distress syndrome, gastrointestinal bleeding, 
and shock.31,32 The clinical management of SAP has been a significant challenge in the past few years. Although the 
treatment of SAP in the clinic has gained strong support in recent years, clarifying the exact pathogenesis of the disease 
remains a pressing issue. QYD has been validated in treating SAP-associated intestinal barrier and myocardial injury.18,33 

However, treatment in the direction of SAP-ALI, which is responsible for 60–70% of SAP-related deaths, still requires 
in-depth study.8 The pathogenesis of ALI secondary to SAP, which is a form of secondary lung injury, remains to be 
further investigated. Currently, the prevailing mechanism is that pancreatitis-associated inflammatory factors enter the 
bloodstream and pass through the pulmonary circulation to disrupt the air-blood barrier of the lungs, generating many 
injury-associated molecular patterns leading to lung parenchymal cell injury. In addition, researchers have identified 
extracellular vesicle ITGAM and ITGB2 as being important in the pathogenesis of lung injury secondary to SAP.34 In 
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this study, STC retrograde biliopancreatic duct injection induced a stable and reliable model of pancreatic and lung injury 
in rats. QYD effectively alleviated SAP and SAP-related acute lung injuries, reduced inflammation and pulmonary 
edema, and restored their ventilatory function.

ALI is characterized by rupture of the alveolar-capillary barrier, increased permeability of endothelial and epithelial 
cells, reduced lung compliance, and impaired gas exchange, resulting in diffuse interstitial and alveolar edema.35 

Figure 7 Lung tissue immunofluorescence in rats. (A) Immunofluorescence analysis of CDK5 (red), NFAT5 (green), and nucleus (blue) expression in lung tissue (scale 
bar=50μm). (B and C) Semi-quantitative analysis of CDK5 and NFAT5 expression; *P < 0.05, **P < 0.01, ***P < 0.001.
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Pulmonary microvascular endothelial cells are the main target of humoral and cellular mediators during injury.17,30,36 

Existing studies have indicated that SNHG3 can regulate the barrier permeability of the pulmonary microvascular 
endothelial barrier in ALI, and downregulation of SNHG3 may play a role in repairing the endothelial barrier.37 

Figure 8 Protective effect of QYD or CDK5 knockdown on pulmonary microvascular endothelial cell injury. (A) Detection of r-PMVEC optimal QYD concentration by 
CCK8. (B and C) Inflammatory cytokine TNF-α and IL-6 mRNA levels were assessed by RT-qPCR of their histograms in response to LPS-induced treatment with sh-CDK5 
or QYD in r-PMVEC. (D–F) Immunofluorescence staining and semi-quantitative analysis of different groups of R-PMVEC cytoskeleton F-actin and Acetyl-alpha Tubulin (scale 
bar = 20μm; scale bar = 10μm). Data are representative images or expressed as from at least three independent experiments; *P < 0.05, **P < 0.01, ***P < 0.001.
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Downregulation of RIP140 could alleviate LPS-induced Human Pulmonary microvascular endothelial cells (h-PMVECs) 
inflammation, apoptosis, and permeability by regulating CTBP2.38 The ROCK inhibitor fasudil reduces the expression of 
inflammatory factors in LPS-induced rat lung microvascular endothelial cells via the ROS/NF-κB pathway.39 Therefore, 
PMVECs are essential to preventing the development of SAP-associated ALI.

CDK5 is a specific member of the cell cycle protein kinase family, which was initially found to have a particular 
activity in the nervous system and has been closely associated with neurodevelopment and the development of various 
brain diseases.40 In addition, it plays an essential regulatory role in cytoskeletal actin dynamics and microtubule 
stability.41–43 With increasing research, relevant studies have revealed the involvement of CDK5 in the immune- 
inflammatory response. In toll-like receptor-stimulated primary macrophages, both CDK5 knockdown or knockout of 
its activator p35 lead to increased macrophage interleukin-10 production and lead to immunosuppression.44 CDK5 
deficiency enhances the anti-inflammatory potential of glucocorticoid-mediated glucocorticoid receptor activation during 
inflammation.45 NFAT5 is a member of the nuclear factor transcription factor family of activated T cells and regulates 

Figure 9 The regulatory effect of QYD or CDK5 knockdown on NFAT5-GEF-H1 signaling pathway. (A) Quantitative RT-PCR was performed to analyze the relative levels of 
CDK5, NFAT5, and GEF-H1 in r-PMVEC. (B and C) Western blot and histograms were performed to assess the protein expression levels of CDK5, NFAT5, GEF-H1, and 
Acetyl-alpha Tubulin, and GAPDH was used as a loading control. Data are representative images or expressed as from at least three independent experiments; *P < 0.05, **P 
< 0.01, ***P < 0.001.
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osmotic stress-induced gene expression in mammalian cells.46 Researchers have demonstrated that NFAT5 can partici-
pate in the immune response independently of osmotic stress. The role of NFAT5 as a promoter of pro-inflammatory 
macrophage function has been shown in mouse models and studies of human rheumatoid arthritis patients.11,47 In 
addition, NFAT5 participates in sepsis immunoregulation in the form of complexes.48

A cytoskeleton is an intracellular network structure with protein fibers as its main component, mainly composed of 
three types of protein fibers: microtubules, microfilaments, and intermediate fibers. The essential part of microtubules is 
microtubulin (α-microtubulin and β-microtubulin form microtubulin dimers), the integral component of microfilaments is 
actin, and the essential element of intermediate fibers is relatively more complex, containing a class of fibronectin family. 
Due to the complex tertiary structure of the cytoskeleton, its form plays an essential regulatory role in the cell, ensuring 
that the life activities of the organelles are carried out in a normal and orderly manner, providing mechanical support for 
the intracellular transport of substances and organelles and movement, providing mechanical power for cellular motility, 
and participating in cell division and secretion, receptor signaling, etc.49,50 As the research progressed, researchers found 
that the actin cytoskeleton controls inflammation by regulating the activation of immune cells and the permeability of the 
epithelial and endothelial barriers.51 Microtubules regulate pathogen sensing through inflammatory vesicles, assembly of 
immune synapses, and vascular leakage in inflamed tissues.52 Acetyl-alpha Tubulin, a modification of microtubules, 
reflects the degree of microtubule stability.14,53 Therefore, we investigated the role of QYD in regulating the microtubule 
structure by immunofluorescence and Western Blot. GEF-H1, as a microtubule-interacting protein, and the stability of 
microtubules have demonstrated that the exchange activity of GEF-H1 is inhibited in its microtubule homeostatic state. 
When the outside world stimulates the microtubules, the homeostasis is disrupted, and GEF-H1 is released from the 
microtubules and stimulates its downstream RhoA-specific GEF activity, thereby causing endothelial barrier function 
destruction and inflammatory response.54

CDK5, an activator of the transcription factor NFAT5, regulates NFAT5 transcription and has been confirmed to be 
active in osmotic pressure.26,27,55 Whether CDK5 acts NFAT5 to cause cytoskeleton changes has yet to be verified in the 
SAP-ALI model. Our study discovered a considerable increase in CDK5 levels in the blood of individuals with SAP. 
Furthermore, CDK5 showed a strong affinity with 18 prototype components. The techniques of HE staining, qPCR, 
Western blot, and immunofluorescence were used to ascertain the pivotal function of CDK5 in the degradation of the 
microtubule in rat pulmonary microvascular endothelial cells produced by SAP. In addition, QYD may alleviate SAP- 
ALI by adjusting microtubule stability in the CDK5/NFAT5/GEF-H1 signaling pathway. However, there are still some 
shortcomings in our study, and this study was limited to rats for in vitro and in vivo experiments. Still, it is not clear 
whether the results can be validated in SAP-ALI patients. Therefore, our follow-up needs to focus on addressing these 
shortcomings.

Conclusion
To summarize, we have found 18 constituents of QYD absorbed into the blood that exhibit pharmacological actions 
related to anti-inflammatory and immunological modulation. CDK5 was recognized as a pivotal protein in the QYD 
therapy of SAP-induced pulmonary microvascular endothelial cell damage. CDK5 may enhance the microtubule 
disassembly mediated by GEF-H1 and increase the permeability of lung endothelial cells by activating NFAT5 
during SAP. The potential of QYD as a CDK5 inhibitor has been established, and it may reduce SAP-associated 
ALI by acting in the NFAT5-GEF-H1 signaling pathway. Ultimately, there remain certain limitations in our 
research, as we have only conducted a preliminary exploration of the QYD’s effects on the CDK5/NFAT5/GEF- 
H1 signaling pathway. In subsequent studies, we will further investigate the effects of the effective monomeric 
components of QYD on this pathway in depth, and conduct positive and negative validation through follow-up 
rescue experiments.

Data Sharing Statement
The original data for this study can be obtained from the GEO public database (https://www.ncbi.nlm.nih.gov/geo/).
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