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Purpose: To investigate whether Danshensu ethyl ester (DEE) can attenuate acute lung injury (ALI) and explore the detailed 
mechanism.
Methods: The ALI model was induced in mice using LPS. The effects of DEE on lung wet-to-dry weight ratio (W/D), bronch-
oalveolar lavage fluid (BALF) protein levels, and neutrophil infiltration (neutrophils) were assessed. In addition, molecular docking 
and molecular dynamics simulations were also carried out to determine the binding situation between DEE and NLRP3. We evaluated 
in both in vivo and in vitro models the expression of NLRP3-related proteins as well as the release of cytokines. The generation of 
reactive oxygen species (ROS) and the formation of ASC fluorescent specks in cells were also observed.
Results: The results demonstrated that DEE significantly alleviated pulmonary edema and lung injury of mice. Molecular docking and 
simulations revealed that DEE directly targets and tightly binds to the NLRP3 protein. Furthermore, both in vivo and in vitro 
experiments showed that DEE suppressed activation of the NF-κB signaling pathway induced by LPS, and decreased the expression of 
NLRP3, ASC, and cleaved caspase-1, inhibiting the release of cytokines such as IL-1β, IL-6, and TNF-α. Additionally, DEE 
suppressed ROS generation and ASC specks formation, thereby inhibiting the assembly and activation of the NLRP3 inflammasome.
Conclusion: DEE exerts an inhibitory influence on the LPS-induced inflammatory response by suppressing the activation of the 
NLRP3 inflammasome. This study provides the potential application of DEE in NLRP3-driven ALI therapy.
Keywords: acute lung injury ALI, danshensu ethyl ester DEE, lipopolysaccharide LPS, NLRP3 inflammasome, inflammation, 
neutrophil

Introduction
Acute lung injury (ALI), marked by severe and uncontrolled inflammation in the lungs, can lead to respiratory failure 
and, in severe instances, even fatality.1,2 ALI can result from a variety of factors, such as infection, inhalation of toxic 
gases or particles, severe trauma, etc.3 Diffuse alveolar and microvascular injury caused by ALI can lead to edema and 
restricted gas exchange after hypoxia.1 Its pathological and physiological features include leukocyte infiltration, episodes 
of pulmonary edema, and impaired oxygenation, even leading to pulmonary fibrosis.4 Due to the complexity of 
pathogenic factors and pathogenesis of ALI, there is no specific drug for ALI, so it is crucial to investigate the underlying 
pathogenesis of ALI and develop therapeutic medications.
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Danshensu, with cardiovascular protective, anti-inflammatory, and antitumor effects, is the primary water-soluble 
active ingredient in the commonly used traditional Chinese medicine danshen(Salvia miltiorrhiza Bge).5,6 However, 
danshensu possesses drawbacks such as chemical instability, susceptibility to oxidation, and discoloration, rendering it 
unsuitable for clinical application.7 To overcome the instability of danshensu, our laboratory synthesized danshensu 
methyl ester(DME), which exerts anti-inflammatory and antioxidant properties by inhibiting the TLR4/NF-κB pathway 
and oxidative stress.8 In order to better study the anti-inflammatory properties of danshensu derivatives, our laboratory 
further synthesized danshensu ethyl ester (DEE), another ester derivative of danshensu. DEE is characterized by higher 
chemical stability, stronger liposolubility, and resistance to oxidation, making it easier to cross cell membranes and exert 
its antibacterial, anti-inflammatory, and immune-enhancing effects. Recent studies have also shown that danshensu and 
its derivatives have powerful anti-inflammatory effects and play significant roles in improving arthritis, colitis, reducing 
cerebral ischemia/reperfusion injury, and stabilizing atherosclerotic vulnerable plaques.9–12

The NLRP3 inflammasome, a multiprotein complex, is found to be crucial in the development and pathogenesis of 
ALI.13 It is composed of the innate immune receptor NLRP3, the adapter ASC (apoptosis-associated speck-like protein 
containing a CARD), and the effector caspase-1.14 Activating the NLRP3 inflammasome involves a two-stage procedure: 
priming and activation. Pathogen-associated molecular patterns (PAMPs, eg, LPS) or damage-associated molecular 
patterns (DAMPs) trigger the activation of NF-κB, upregulating NLRP3 and pro-IL-1β expression (priming step). 
After that, various stimuli like ATP or Nigericin (Nig) prompt the assembly and complete activation of the NLRP3 
inflammasome.15 Once activated, NLRP3 attracts ASC and pro-caspase-1 to form the NLRP3 inflammasome, leading to 
the activation of cleaved caspase-1.16 This activated cleaved caspase-1 then converts pro-IL-1β and pro-IL-18 into their 
active forms and releases them.17 These cytokines not only increase the activity of phagocytes, but are also responsible 
for recruiting other immune cells like macrophages and neutrophils, which subsequently give rise to a more intense 
inflammatory response.18 Abnormal activation of the NLRP3 inflammasome may play a role in the development and 
worsening of many chronic inflammatory conditions.19 Such as gout,20 sepsis,21 chronic liver disease,22 atherosclerosis,23 
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and type 2 diabetes.24 Recent research suggests that NLRP3 inflammasome activation can result in excessive production 
of IL-1β, which intensifies the severity of ALI.25

Given the crucial role of the NLRP3 inflammasome in the occurrence and development of ALI, and the impact of 
DEE on the NLRP3 inflammasome in ALI remains unclear, this study focuses on exploring the mechanism of DEE in 
ameliorating the LPS-induced mouse model of ALI and interaction with NLRP3. Results showed that DEE exerts an 
inhibitory influence on the LPS-induced inflammatory response by suppressing the activation of the NLRP3 
inflammasome.

Materials and Methods
Synthesis and Structural Analysis of DEE
The synthesis steps of DEE include alkaline degradation treatment of traditional Chinese medicine Danshen (Salvia 
miltiorrhiza Bge.,Beijing Tongrentang Co.,Ltd., Beijing, China), which degrades salvianolic acid B in Danshen into 
danshensu; Chromatography of degradation solution combined with salinization and crystallization to obtain pure 
Sodium danshensu; Esterification of Sodium danshensu by reacting with ethanol to form DEE under the catalysis of 
acid. The specific operation steps are as follows:

Danshen was crushed into coarse powder and decocted in a mass of 0.4% sodium hydroxide solution for 2h. The pH 
was adjusted to 2–3 using hydrochloric acid, and then filtered. The filtrate was separated by chromatography using AB-8 
macroporous adsorption resin as the medium. The elution steps are as follows: First, wash away the impurities with 
acidic water (pH = 2), then rinse with pure water and collect the solution to obtain the danshensu fraction. After the 
danshensu solution is concentrated under reduced pressure to an appropriate volume, we add activated carbon, stir and 
filter. Adjust the pH value to 6.0–6.5 with NaOH, and store the crystals at 0–5°C. The crystals were rinsed with an 80% 
ethanol solution for decolorization. Recrystallize using the same method, and dried under reduced pressure to obtain 
colorless sodium danshensu crystals.

About 10g sodium danshensu was dissolved in absolute alcohol, and added hydrochloric acid as a catalyst at 60°C for 
4 h. Upon completion of the reaction, the methanol and hydrochloric acid were removed. Dissolve the residue in ethyl 
acetate and wash with water. High Performance Liquid Chromatography(HPLC) was used to monitor the reaction 
process and detect product purity:C18 reverse phase chromatography column, detection wavelength of 286nm, mobile 
phase of 2% formic acid (A) – acetonitrile (B). The gradient elution program: 0–15 min, 10% B → 100% B; 
15–20 min, 100% B; 20–25 min, 100% B → 10% B; 25–30 min, 10% B. Subsequently, the obtained sample was 
dissolved in DMSO-d6 for nuclear magnetic resonance (NMR)(Bruker Advance Neo 600, Billerica, MA, USA) analysis.

Animals
Female (C57BL/6) mice, aged 6 to 8 weeks and weighing between 18 and 24 grams, were acquired from Jinan Pengyue 
Laboratory Animal Breeding Co., Ltd. The mice were kept in a pathogen-free laminar flow hood environment, which had 
ventilation and temperature control (22–26°C), relative humidity ranging from 40–80%, and a 12-hour light/dark cycle.

Mouse ALI Model and Intervention
Thirty-six mice of the C57BL/6 were randomly assigned into 6 different groups: Control, ALI, ALI + DEE, and ALI + 
Dexamethasone (DEX, Solarbio, Beijing, China). In DEE and DEX intervention groups, mice were intraperitoneally 
injected with different concentrations of DEE(10,20,30mg/kg) or DEX(5mg/kg) and ALI group and control group were 
given 10mL/kg normal saline. One hour after the injection of DEE or DEX, the mice in the ALI group, ALI+DEE group, 
and ALI+DEX group received an intratracheal instillation of 0.5 mg/kg of Lipopolysaccharide (LPS, Solarbio, Beijing, 
China). Control mice were given normal saline administration. After intratracheal infusion of LPS 12 h, mice were 
injected intraperitoneally with 0.12–0.14mL 1% sodium pentobarbital solution, euthanized under anesthesia, and subse-
quently bronchoalveolar lavage fluid (BALF) and lung tissue samples were collected.
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Cell Culture and Treatment
J774A.1 cells(Cell Bank of the Chinese Academy of Sciences, Shanghai, China) were incubated in DMEM medium 
(Hyclone, Logan, UT, USA) with 10% fetal bovine serum(AusGenex, Gold Coast, Australia) at 37 °C in a 5% CO2 

incubator. To investigate the roles of NLRP3 inflammasome, J774A.1 cells (2× 106 /mL) were seeded in 6-well plates. 
After being treated with DEE for 1 hour, they were further incubated with LPS (1 μg/mL) for another 3 hours. Then, 
Nigericin (Nig, 10 μM, InvivoGen, San Diego, CA, USA) was added and incubated for 45 min, and the samples were 
collected for subsequent experiments.

Histopathological Evaluation
Mouse single-leaf right lung tissues were harvested and placed in 4% paraformaldehyde (Biosharp, Shanghai, China) 
for a duration of 24 hours. Subsequently, the tissues were dehydrated using alcohol of varying concentrations, 
embedded in paraffin, and then sectioned. Finally, they were stained using HE staining solution (Beyotime, 
Shanghai, China).

Lung Wet/Dry (W/D) Ratios
Upon the successful establishment of the model, the W/D ratios were determined by using the entire left lung of 
the mice. The surface moisture of the lung tissue was wiped dry and immediately weighed to obtain a wet weight. 
Then the lung tissue was placed in an oven at 65°C for 72 h. Tissue edema was evaluated by measuring the ratio 
of W/D.

The Detection Method and Related Analysis of Bronchoalveolar Lavage Fluid (BALF)
After mice were anesthetized, the trachea was exposed and injected with 0.8 mL PBS intratracheal. Subsequently, BALF 
was aspirated repeatedly twice. The protein concentration in untreated BALF was determined using a BCA kit 
(Beyotime, Shanghai, China). The expressions of inflammatory factors IL-1β, IL-6 and TNF-α in BALF were detected 
using an ELISA kit (Absin, Shanghai, China). The BALF was then centrifuged at 4°C for 10 minutes at 1300 rpm to 
obtain the supernatant. Red cell lysate (Solarbio, Beijing, China) was added to the cell precipitate, then centrifuged at 
1000rpm, 5min. The total number of cells was calculated using a cell count plate. Wright-Giemsa staining (Solarbio) was 
used to count neutrophils and macrophages.

Western Blot
The extraction of total protein from cells and around 30–40 mg of right lung tissue was carried out with RIPA (Beyotime, 
Shanghai,China). Then, the protein samples were separated via 8–12% sodium dodecyl sulfate (SDS) polyacrylamide gel 
electrophoresis and subsequently transferred onto a PVDF membrane(Millipore, Billerica, Massachusetts, USA). The 
membranes with the desired target bands were immersed in Tris buffer, which consisted of 5% skim milk and 0.05% 
Tween 20, for a blocking duration of 2 hours. Later, they were incubated with primary antibodies at 4°C throughout the 
night. Afterwards, they were incubated with the secondary antibody at 4°C for 2 hours. Finally, the proteins were 
analyzed using enhanced chemiluminescence substrates (Beyotime, Shanghai, China) and were quantified with software 
(ImageJ, Bethesda, Maryland, USA). The antibodies were as follows: Anti-NLRP3 (1:1000, A5652, ABclonal, San 
Mateo, CA, USA), Anti-caspase-1 (1:400, 645101, Biolegend, San Diego, CA, USA), Anti-ASC (1:1000, 67824, CST, 
Danvers MA, USA), Anti-NF-κB p65 (1:1000, 3033S, CST), Anti-phospho-NF-κB p65 (1:1000, 8242S, CST), Anti-β- 
actin (1:3000, AP0060, Bioworld Nanjing, China).

Immunohistochemistry
The lung tissue sections were dewaxed, immersed in EDTA antigen retrieval buffer at 100°C for 10 minutes, followed by 
three washes with PBS. They were then incubated with 3% H2O2 for 15 min at room temperature and blocked using 
a solution (5% BSA, 0.2% Tween-20 in PBS) at 37°C for 30 minutes. After drying, they were incubated overnight with 
primary antibody NLRP3(1:100) at 4°C. After rinsing with PBS, the tissue sections were treated with the secondary 
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antibody (Biotin-labeled, anti-rabbit). Then, SABC (Boster, Wuhan, China) was added and the mixture was incubated at 
37°C for 30 minutes. Then, staining was performed using DAB and hematoxylin(Boster). Images were captured and 
observed using a microscope(EVOSTM M7000, Thermo Fisher Scientific, Waltham, Massachusetts, USA).

Cell Viability Assay
J774A.1 cells were plated in 96-well plates(1×104/well) and exposed to diverse concentrations of DEE (0, 5, 10, 20, 40 
and 80 μg/mL). After 24 hours, 10 μL of CCK-8(Biosharp, China) was added to each well, followed by further 
incubation at 37°C for 2 hours in a dark setting. Absorbance values were determined at 450nm using a microplate 
reader(INFINITE M PLEX, Tecan, Männedorf, Zürich, Switzerland).

Real-Time qPCR
RNA was extracted from lung tissues or J774A.1 cells with the Trizol reagent (Vazyme, Nanjing, China). Then, the RNA 
was reverse transcribed into cDNA with the reverse transcription reagent (Vazyme). SYBR qPCR Master Mix (Vazyme) 
was used for qPCR analysis. The following thermocycling conditions were performed: pre-denaturation at 95°C for 
30 sec; followed by 40 cycles of denaturation at 95°C for 10 sec, annealing at 60°C for 30 sec and extension at 72°C for 
30 sec. β-actin served as the reference, and data analysis was conducted applying the 2-ΔΔCT method. The primer 
sequences are shown in Table 1.

ELISA Detection
Following the treatment of J774A.1 cells with different drugs, the levels of IL-1β, IL-6, and TNF-α released were determined 
in the cell culture supernatant, according to ELISA kit instructions. Mouse enzyme-linked immunosorbent assay (ELISA) kits 
for IL-1β (abs520001), IL-6 (abs520004), TNF- α (abs520010) were acquired from Absin (Shanghai, China). Additionally, 
these inflammatory factors were also measured in the BALF of C57BL/6 mice.

Immunofluorescence Staining
J774A.1 cells were inoculated on sterile slides at a density of 1 × 105/mL and incubated overnight. After drugs treatment, 
the cells were fixed with paraformaldehyde for 20min at room temperature. The slides were then permeabilized with 
Triton-100 (0.2%, Biofroxx, Germany) for 10min, and blocked with 1% BSA solution (SolarbiO) for 30min. Cell slides 
were incubated with rabbit anti-ASC overnight (4°C, 12–14 h) and reacted with donkey anti-rabbit IgG (Alexa Fluor 
488-labeled antibody, 1:400, Absin) at 37°C for 2 h. Eventually, the cells were observed with a fluorescence microscope 
(LEICA Stellaris 5, Leica Microsystems, Wetzlar, Germany).

ROS Content Analysis
The J774A.1 cells were incubated with DEE (5,10,20 μg/mL) or DMSO (D2650, Sigma-Aldrich, St. Louis, Missouri, 
USA) for 1 h. The cells underwent stimulation with LPS (1 μg/mL) for 3 h and Nig (10 μ M) for another 45min. 
A solution of DCFH-DA (Beyotime, Shanghai, China) was diluted in serum-free DMEM at a ratio of 1:1000 and 
subsequently added to the cells. The cells were then incubated in this solution for 20 minutes at a temperature of 37°C. 

Table 1 Primer Sequences for Real-Time qPCR

Gene Primer Sequences (Stand)

IL-1β Forward: 5ʹ-ATCTTTTGGGGTCCGTCAACT-3ʹ 
Reverse: 5ʹ-GCAACTGTTCCTGAACTCAACT-3ʹ

IL-6 Forward: 5ʹ-TACCACTTCACAAGTCGGAGGC-3ʹ 
Reverse: 5ʹ-CTGCAAGTGCATCATCGTTGTTC-3ʹ

TNF-α Forward: 5ʹ-CAGGCGGTGCCTATGTCTC-3ʹ 
Reverse: 5ʹ-CGATCACCCCGAAGTTCAGTAG-3ʹ

β-actin Forward: 5ʹ-AGCCATGTACGTAGCCATCC-3ʹ 
Reverse: 5ʹ-CTCTCAGCAGTGGTGGTGAA-3ʹ
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Images were analyzed within 30 minutes using a fluorescence microscope(Thermo Fisher Scientific, Waltham, 
Massachusetts, USA).

After J774A.1 cells were treated with drugs, the DCFH-DA probe was diluted at a ratio of 1:1000 with serum-free 
DMEM and incubated at 37°C for 20 min. Subsequently, the cells were collected and washed twice with PBS. Finally, 
the cells were resuspended in PBS, and the ROS levels were detected at 525 nm using a flow cytometer (Beckman 
Coulter, Lane Cove West, NSW, Australia).

Molecular Docking
The NLRP3 crystal structure (PDB: 7ALV) was retrieved from the Protein Data Bank (PDB). Protein preparation was 
carried out by removing water molecules, adding missing atoms, and optimizing the receptor structure. Subsequently, the 
three-dimensional conformation of the ligand was generated and its geometric structure was optimized. Then, molecular 
docking was carried out using the software Autodock Vina 1.1.2 (Scripps Research Institute, USA). Visualization 
analysis was performed using PyMOL (Schrodinger Inc.,USA).

Molecular Dynamics Simulations (MDs)
After molecular docking, Gromacs 2022 was utilized to conduct molecular dynamics (MD) simulations. For the small 
molecule DEE, the GAFF force field was adopted, while for the protein NLRP3, the AMBER14SB force field and the 
TIP3P water model were used for modeling. The files of NLRP3 and DEE ligands were combined to build the simulation 
system of the complex. With the temperature controlled at 298 K, 100 ps of NVT and NPT equilibrium simulations were 
carried out, and then 100 ns of MD simulations were performed, saving conformations every 10 ps. Post-simulation, the 
trajectories were analyzed using VMD(University of Illinois at Urbana - Champaign, USA) and PyMOL(Schrodinger 
Inc.,USA).

Statistical Analysis
Results are expressed as mean ± standard deviation. The differences between groups were assessed using One-way 
Analysis of Variance (ANOVA). If the ANOVA results indicated significant differences, comparisons between groups 
were further conducted using Tukey’s Honestly Significant Difference test. A p-value < 0.05 was considered statistically 
significant. All calculated results were statistically analyzed using GraphPad Prism 9.1 software.

Results
The Preparation and Structural Verification of Danshensu Ethyl Ester
By using HPLC, we obtained 10.3 g of a waxy solid with a purity of 98.57%, and the yield was approximately 100%. 
(Figure 1A) The obtained sample was dissolved in DMSO-d6 and subjected to NMR analysis. The NMR data are as 
follows:1H NMR (600 MHz, DMSO) δ 8.70 (s, 1H), 8.62 (s, 1H), 6.62–6.57 (m, 2H), 6.42 (dd, J = 8.0, 2.1 Hz, 1H), 5.41 
(d, J = 6.1 Hz, 1H), 4.10 (dt, J = 7.2, 5.7 Hz, 1H), 4.04 (q, J = 7.1 Hz, 2H), 2.73 (dd, J = 13.7, 5.5 Hz, 1H), 2.64 (dd, 1H), 
1.14 (t, J = 7.1 Hz, 3H). 13C NMR (151 MHz, DMSO) δ 174.03, 145.22, 144.15, 128.66, 120.48, 117.27, 115.67, 72.16, 
60.37, 40.12, 14.55.(Figure 1B–D) Based on the above NMR data, the compound was confirmed to be Danshensu ethyl 
ester, and its structure was obtained. (Figure 1E)

DEE Improved LPS-Induced ALI
After the mouse model was established and samples were collected, lung tissues were embedded and lung histomor-
phological changes were observed by HE staining. Compared with controls, the alveolar wall was thickened, alveolar 
space narrowed, inflammatory infiltrating cells and pulmonary hemorrhage increased in ALI mice, indicating the 
successful production of the ALI model (Figure 2A and B). In contrast to the LPS-induced ALI model group, DEE 
recovered alveolar structure, reduced pulmonary edema, and significantly improved the damage to the alveolar wall. The 
higher the concentration of DEE (from 10 to 30 mg/kg), the better improvement effects were achieved, indicating that 
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Figure 1 Preparation and NMR Analysis of DEE. (A) Monitoring the reaction process and detecting product purity using HPLC. (B–D) Verifying the chemical structure of 
DEE through NMR analysis. (B) 1H-NMR of DEE. (C) 13C-NMR of DEE. (D) DEPT of DEE. (E) The chemical structure of DEE.
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Figure 2 DEE can mitigate the ALI triggered by the LPS. (A) The modeling process in mice involves intraperitoneal injection of DEE (10, 20, 30 mg/kg), DEX (5 mg/kg) or normal 
saline(10mL/kg)1 hour prior to LPS (0.5 mg/kg) stimulation. After 12 hours of LPS induction, the mice are euthanized, and lung specimens and BALF (Bronchoalveolar Lavage 
Fluid) are collected. (The figure was created using Fig Draw). (B) H&E staining assessed lung tissue the pathological alterations(Scale bars = 100 μm). (C) The lung injury score 
ranges from 0 (no injury) to 4 (extremely severe injury).(D) The ratio of lung wet/dry weight serves as an indicator of edema formation. The color indication of the bar chart 
from the front to the back: Black: control group; Red: ALI(LPS) model group; Green: DEE(10 mg/kg)+LPS group; Dark purple: DEE(20 mg/kg)+LPS group; Light purple: DEE 
(30 mg/kg)+LPS group; Blue: DEX(5 mg/kg)+LPS group. Data are presented as the mean ± SD (n = 6 in each group). ##p < 0.01 vs control group; **p < 0.01vs ALI group.
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DEE can effectively reduce LPS-induced ALI. Comparable results were detected in the positive control group (DEX) 
(Figure 2B–D).

DEE Inhibited the Levels of Inflammation in ALI Mice
BALF was collected and the initial total cells were counted using a cell counting plate. The quantification of neutrophils 
and macrophages was carried out by means of Wright-Giemsa staining. Compared with the control group, LPS 
stimulation induced an increase in protein content and a rise in the total cell count, including neutrophils and macro-
phages in the BALF of the ALI model. Whereas, both the protein content and the overall cell count, which encompassed 
neutrophils and macrophages, were decreased in the DEE or DEX-treated groups (Figure 3A–D). These results indicate 
that DEE has an anti-inflammatory role as DEX does in treatment of ALI mice.

Subsequently, the alterations in the expression of principal inflammatory markers, namely IL-1β, IL-6 and TNF-α, 
were inspected to explore the mechanism of DEE ameliorating ALI of mice. The results indicated elevated levels of IL- 
1β, TNF-α, and IL-6 in the BALF of model mice treated with LPS in comparison to those of healthy control mice. 
Compared with the LPS-induced ALI model group, both DEE and the positive drug DEX significantly reduced the levels 
of these inflammatory factors in the BALF (Figure 3E–G). Moreover, with the elevation of DEE concentration, the levels 
of inflammatory factors declined progressively, suggesting that DEE possesses a remarkable anti-inflammatory effect and 
displays a dose-dependent pattern.

Molecular Docking Study and Molecular Dynamics
Danshensu and its derivatives can alleviate osteoarthritis and improve colitis by suppressing NLRP3 inflammasome 
activation.9,10 We next explored whether DEE could inhibit the inflammatory response in ALI mice through NLRP3 
inflammasome. Firstly, we hypothesized that DEE might bind to the NLRP3 protein. To confirm this hypothesis, we 
carried out molecular docking. The possible binding mode of DEE with NLRP3 was demonstrated using molecular 
docking methods.(Figure 4A) Then we performed MD to determine the potential binding mode of the small molecule 
with NLRP3. The Root Mean Square Deviation (RMSD) analysis results showed that the complex structure fluctuated 
synchronously with the protein, indicating that the RMSD fluctuation of the complex was caused by the protein itself and 
the complex structure gradually stabilized.(Figure 4B) At the same time, we analyzed the number of hydrogen bonds 
generated within 100 ns. The number of hydrogen bonds fluctuated between 2 and 4, and there was a relatively stable 
hydrogen bond pair 381TYR: Ligand between DEE and NLRP3.(Figure 4C and D) Finally, we selected the conformation 
at the end of the simulation to analyze its structure and interactions. The amino acids PRO-412 and THR-169 in the 
NLRP3 protein form hydrogen bonds with DEE, while TYR-381, ILE-151, ILE-234, TRP-416, and ILE-521 formed Pi- 
Pi T-shaped, Alkyl, and Pi-Alkyl hydrophobic interactions with DEE. Amino acids such as PHE-373 and HIE-522 
formed van der Waals interactions with DEE.(Figure 4E) These results indicate that DEE stably binds to NLRP3.

DEE Can Improve Inflammatory Responses in Mice by Inhibiting the NLRP3 
Inflammasome
Western blot analysis revealed that, compared with healthy control group, the expression of NLRP3 in the lung tissues of 
LPS-induced ALI mice was significantly upregulated. However, with the increase in DEE treatment concentration, the 
expression of NLRP3 gradually decreased, which is similar to the roles of DEX. The DEE concentration of 30 mg/kg 
greatly reduced the NLRP3 expression levels, close to the healthy control (Figure 5A and B). Moreover, DEE treatment 
also significantly reduced the high expression levels of p-p65, pro-caspase-1, cleaved caspase-1, and ASC induced by 
LPS stimulation (Figure 5B). Moreover, DEE treatment significantly reduced the levels of IL-1β, IL-6, and TNF-α in the 
lung tissues, with a dose-dependent effect in vivo (Figure 5C–E). Collectively, these findings suggest that DEE 
ameliorates the inflammation by inhibiting the NLRP3 inflammasome-related pathway.
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Figure 3 The drug DEE reduces total inflammatory cell count and inflammation levels in BALF of ALI model mice. (A–B) The inflammatory cells were observed and neutrophils 
were counted using Wright-Giemsa staining. Scale bars = 50μm. (C) The total cells in the BALF of each group were counted by means of cell counting plates. (D) Measurement 
of BALF protein content among groups. (E–G) Determination of the concentrations of inflammatory markers IL-1β (E), IL-6 (F), and TNF-α (G) in mouse BALF using ELISA. 
The color indication of the bar chart from the front to the back: Black: control group; Red: ALI(LPS) model group; Green: DEE(10 mg/kg)+LPS group; Dark purple: DEE(20 mg/ 
kg)+LPS group; Light purple: DEE(30 mg/kg)+LPS group; Blue: DEX(5 mg/kg)+LPS group. Data are presented as the mean ± SD (n = 6 in each group). ##p < 0.01 vs control group; 
*p < 0.05 and **p < 0.01 vs ALI group.
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DEE Inhibited the Activation NF-kB Pathway and the Priming Stage of NLRP3 
Inflammasome
LPS triggers the activation of NF-κB, resulting in elevated expression levels of NLRP3 and IL-1β.16 The murine J774A.1 
macrophage cell line were then chosen to explore whether DEE plays a protective role in ameliorating inflammation. First, 
CCK-8 experiments showed up to 80 µ g/mL of DEE had toxic effects on cells (Figure 6A) and 20 µg/mL of DEE was 
selected for the subsequent experiments in vitro. The results showed that DEE significantly decreased p65 phosphorylation, 
NLRP3 expression, and restrained the production of IL-1β, TNF-α, and IL-6 (Figure 6B–E). These results indicate that DEE 
is capable of suppressing the activation of the NF-kB pathway and the priming stage of NLRP3 inflammasome.

DEE Attenuated Inflammatory Cytokine Levels by Inhibiting NLRP3 Inflammasome 
Activation
To delve deeper into DEE’s inhibitory action on the NLRP3 inflammasome, LPS+Nig was used to activate the NLRP3 
inflammasome in cells. Western blot analysis revealed that DEE inhibited the elevated expression of NLRP3, ASC, pro- 
caspase-1 and cleaved caspase-1 in LPS+Nig-stimulated J774A.1 cells (Figure 7A). Moreover, ELISA showed that DEE 
treatment decreased the secretion of cellular IL-1β, TNF-α, and IL-6 induced by LPS+Nig stimulation (Figure 7B–D). The RT- 
qPCR results further confirmed that DEE inhibited the expression of these inflammatory cytokines within the cells (Figure 7E–G). 
These results supported that DEE inhibited NLRP3 inflammasome activation and slowed down IL- 1β production, aligning with 
in vivo observations and indicating that DEE exerts an anti-inflammatory effect by inhibiting NLRP3 inflammasome activation.

Figure 4 The molecular docking study and MD simulations between DEE and NLRP3. (A) The docking models between DEE and NLRP3. (B) RMSD plot of DEE complexed 
with NLRP3 during 100 ns. (C) Number of hydrogen bonds. (D) The frequency of hydrogen bonds between DEE and NLRP3. (E) The interaction between NLRP3 and DEE.
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Figure 5 DEE inhibits the activation of the NLRP3 inflammasome in mice. (A) Immunohistochemical staining of NLRP3 in lung tissues of mice in each group, Scale 
bars = 125 μm; (B) Western blot analysis was conducted to assess the protein levels of p-p65, p-65, NLRP3, pro-caspase-1, cleaved caspase-1, and ASC in lung 
tissues of mice from each group. (C–E) RT-qPCR was employed to assess the expression levels of the inflammatory cytokines IL-1β (C), IL-6 (D), and TNF-α (E) in 
lung tissues of mice from each group. The color indication of the bar chart from the front to the back: Black: control group; Red: ALI(LPS) model group; Green: 
DEE(10 mg/kg)+LPS group; Dark purple: DEE(20 mg/kg)+LPS group; Light purple: DEE(30 mg/kg)+LPS group; Blue: DEX(5 mg/kg)+LPS group. Data are presented 
as the mean ± SD (n = 6 in each group). ##p < 0.01 vs Control group; *p < 0.05 and **p < 0.01vs ALI group.
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DEE Inhibited ROS Production and ASC Specks Formation
To investigate the mechanism by which DEE inhibited the NLRP3 inflammasome activation, we examined the effect of 
DEE on ROS production and ASC specks formation. We found that DEE treatment could inhibit the LPS +Nig-induced 
ROS production, confirming the antioxidant properties of DEE. At the same time, ROS production is a common 
upstream signaling event for the activation of the NLRP3 inflammasome.26,27 Our results showed that 20 μg/mL of 
DEE can inhibit ROS generation (Figure 8A–C). Formation of ASC fluorescent specks promotes the assembly and 
activation of the NLRP3 inflammasome.28 The immunofluorescence detection of ASC further indicated that 20 μg/mL of 
DEE treatment significantly reduced ASC specks formation caused by LPS+Nig stimulation(Figure 8D–E). These 
outcomes imply that DEE is capable of restraining the assembly and activation of the NLRP3 inflammasome complex.

Figure 6 DEE inhibits the activation of NF-kB signaling. (A) J774A.1 cells were exposed to DEE at concentrations of 0, 5, 10, 20, 40, and 80 μg/mL for a duration of 
24 hours, and the cell viability was gauged via the CCK-8 assay.The color indication of the bar chart from the front to the back: Black: control group; Red: DEE(5 μg/mL); 
Green: DEE(10 μg/mL); Dark purple: DEE(20 μg/mL); Light purple: DEE(40 μg/mL); Blue: DEE(80 μg/mL). (B) J774A.1 cells were pretreated with DEE (20 μg/mL) for 1 hour 
followed by LPS stimulation for 3 hours. Western blot analysis assessed NLRP3, p-p65, and p65 expression in cell lysates. (C–E) The levels of inflammatory cytokines IL-1β 
(C), IL-6 (D), and TNF-α (E) in J774A.1 cells were detected using RT-qPCR. The color indication of the bar chart from the front to the back: Black: control group; Red: LPS 
group; Green: DEE+LPS group. Data are presented as the mean ± SD (n = 3). (A) *p < 0.05 vs control group; (C–E) ##p < 0.01 vs Control group; *p < 0.05 and **p < 0.01 vs 
LPS group.
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Discussion
ALI represents a clinical syndrome marked by severe hypoxemia and bilateral pulmonary infiltrates.29 At present, there 
exist no specific drugs for the treatment of ALI, so new therapeutic agents need to be developed to ameliorate clinical 
symptoms. A multitude of danshensu derivatives have exhibited powerful anti-inflammatory effects both in ALI models 
and on macrophages.30 Previous studies have shown that danshensu methyl ester (DME) can alleviate LPS-induced ALI 
in mice by inhibiting the TLR4/NF-κB signaling pathway and oxidative stress.8 DEE is another derivative of danshensu 
synthesized by us, which overcomes the drawbacks of danshensu’s instability and poor liposolubility. Moreover, DEE 
can not only inhibit the priming stage of the NLRP3 inflammasome by suppressing the activation of NF-κB, but also 
exert significant anti-inflammatory effects by directly inhibiting the assembly and activation of the NLRP3 inflamma-
some, thereby reducing acute lung injury in mice.

In the present study, we explored the potential effect of DEE on improving ALI. DEX, as the positive control, has anti- 
inflammatory and immunosuppressive effects, which can rapidly and potently inhibit the systemic inflammatory response. It 
has significant curative effects in acute scenarios such as severe sepsis or cytokine storms.31,32 However, its long-term 

Figure 7 DEE inhibited NLRP3 inflammasome activation induced by LPS and Nig stimulation in J774A.1 cells. J774A.1 cells were exposed to DEE (20 μg/mL) for 1 hour, 
subsequently stimulated with LPS for 3 hours, and then with Nig for 45 minutes to induce NLRP3 inflammasome activation. (A) Western blot analysis was performed to 
assess the levels of NLRP3, pro-caspase-1, cleaved caspase-1, and ASC in cell lysates from each group.(B–D) The secretion levels of inflammatory cytokines IL-1β (B), IL-6 
(C), and TNF-α (D) in J774A.1 cells from each group were detected by ELISA. (E–G) The expression levels of inflammatory cytokines IL-1β (E), IL-6 (F), and TNF-α (G) in 
J774A.1 cells from each group were evaluated by RT-qPCR. The color indication of the bar chart from the front to the back: Black: control group; Red: LPS group; Green: LPS 
+Nig group; Purple: DEE+LPS+Nig group. Data are presented as the mean ± SD (n = 3 in each group).#p < 0.05,##p < 0.01 vs Control group; *p < 0.05 and **p < 0.01vs LPS 
+Nig group.
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Figure 8 DEE inhibits the generation of ROS and the formation of ASC specks. (A) Microscopic observation of the effect of DEE on cellular ROS generation. Scale bars = 125 μm. 
(B) Analysis of ROS fluorescence intensity in each group using ImageJ. The color indication of the bar chart from the front to the back: Black: control group; Red: LPS group; Green: 
LPS+Nig group; Dark purple: DEE(5 μg/mL)+LPS+Nig group; Light purple: DEE(10 μg/mL)+LPS+Nig group; Blue: DEE(20 μg/mL)+LPS+Nig group.(C) Flow cytometry detection of 
ROS generation in each group. (D) Immunofluorescence detection of the effect of DEE on ASC specks formation. cale bars = 20 μm. (E) Quantification of the percentages of ASC 
specks-positive J774A.1 cells. The color indication of the bar chart from the front to the back: Black: control group; Red: LPS group; Green: LPS+Nig group; Purple: DEE+LPS+Nig 
group. Data are presented as the mean ± SD (n = 3). ##p < 0.01 vs Control group; **p < 0.01vs LPS+Nig group.
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application is limited by dose-dependent side effects, including weight gain, osteoporosis, cataracts, and an increased risk of 
infection due to broad-spectrum immunosuppression.33 In contrast, as a derivative of danshensu, DEE inherits the significant 
anti-inflammatory activity of its parent compound and the advantages of natural safety. Moreover, danshensu has a history of 
hundreds of years of application in traditional Chinese medicine formulas. It has significant anti-inflammatory effects, and 
there are no reports of serious adverse reactions.5,34 Therefore, danshensu derivatives, including DEE, may provide a safer 
long-term treatment option for chronic inflammatory disease, but the clinical translation of DEE still requires further 
verification of its therapeutic window and long-term safety.

DEE exhibited anti-inflammatory effects in LPS-induced ALI mice, which typically show pulmonary hemorrhage, 
edema, thickened alveolar walls, narrowed alveolar cavities, and inflammatory cell accumulation. We found that both 
DEE and DEX significantly improved the pathological changes of ALI lung tissues in mice, as well as improved 
pulmonary hemorrhage and inflammatory cell infiltration. DEE treatment showed a dose-dependent effect, with higher 
doses yielding more pronounced therapeutic outcomes. Inflammatory cells and cytokines play crucial roles in ALI 
development and severity assessment. Neutrophil infiltration is considered as a factor in the progression of ALI.35 Due to 
the massive release of proinflammatory cytokines, neutrophils and monocytes reach the alveoli, causing harm to the 
endothelial cells and lung epithelial cells.36 Retrieving BALF via the respiratory tract for testing the levels of 
inflammation-related factors enables a more precise reflection of lung inflammation.37 IL-1β, IL-6 and TNF-α are 
important inflammatory factors, which play a crucial role in the occurrence of inflammatory response and can be utilized 
as biomarkers to gauge the degree of the inflammatory reaction within the organism. The synthesis of these inflammatory 
mediators at the site of injury represents one of the characteristic features of ALI.38 Our results indicated that DEE, at all 
doses, significantly lowered these cytokine levels in BALF compared to the LPS-induced ALI group. Additionally, the 
DEE group showed a decrease in neutrophils and macrophages, as well as a reduction in total protein content. This 
suggests that DEE significantly suppressed lung inflammation in ALI mice.

IL-1β activates inflammatory cells, triggers a cytokine release and inflammatory cascade, amplifying the response.25 

It also enhances capillary permeability and promotes inflammation, leading to pulmonary edema by increasing alveolar 
and vascular endothelium permeability.39 The release of IL-1β was associated with the activation of NLRP3, inspiring us 
to focus on studying the NLRP3 inflammasome. Moreover, through molecular docking and molecular dynamics 
simulation experiments, results demonstrate that DEE can directly target the NLRP3 protein and stably bind to it, 
which indicates that DEE might act on the NLRP3 protein, thereby inhibiting the assembly and activation of the NLRP3 
inflammasome. NLRP3 inflammasome is rapidly activated in response to various infection and stress signals, and triggers 
a strong inflammatory response.40 The NLRP3 inflammasome activation is involved in ALI progression, and the multiple 
inflammatory mediators mediated by it play a vital role in the pathogenesis of ALI.41 Both in vivo and in vitro, DEE 
demonstrated inhibitory effects on NLRP3 inflammasome activation. In in vivo experiments, DEE reduced the LPS- 
induced increases in p-p65 and NLRP3 expression, inhibited the cleavage of caspase-1, suppressed NLRP3-dependent 
IL-1β secretion, and suppressed the secretion of IL-6 and TNF-α.

Macrophages, as a crucial immune system component, are essential in inflammation research.42 Therefore, we chose 
J774A.1 mouse monocytes/macrophages to further study the role of DEE in ameliorating inflammation in vitro. The 
outcomes demonstrated that administering DEE before LPS induction could inhibit the activation of the NF-kB pathway 
induced by LPS, thereby suppressing the expression of NLRP3. This suggested that DEE suppressed the priming stage of 
NLRP3 inflammasome activation.16 DEE could also inhibit the expression of ASC and cleaved caspase-1, along with the 
secretion of IL-1β, IL-6, and TNF-α, indicating that DEE inhibited multiple stimulation-induced activation of the NLRP3 
inflammasome in J774A.1 cells.

The production of ROS is one of the most important signals for the activation of the NLRP3 inflammasome.26 We 
found that DEE treatment inhibited the production of ROS caused by LPS+Nig induction, which may further affect 
NLRP3 levels. ASC serves as the pivotal element of the NLRP3 inflammasome complex, comprising an N-terminal pyrin 
domain (PYD) and the C-terminal CARD. ASC would aggregate via PYD-PYD interactions and condenses into specks 
through CARD-CARD interactions, thereby promoting the assembly and activation of the NLRP3 inflammasome.28 We 
found that DEE inhibited ASC specks formation, suggesting that DEE is able to impede the assembly and activation of 
the NLRP3 inflammasome complex. However, AIM2 and NLRC4 in the inflammasome family also play crucial roles in 
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inflammation regulation.43 Future studies can explore the impact of DEE on the AIM2 and NLRC4 inflammasomes to 
expand the anti-inflammatory mechanism of DEE.

Recent studies have revealed the crucial role of the NLRP3 inflammasome in adipose tissue metabolism and 
inflammation44,45, and adipose tissue can affect ALI through pathways such as extracellular vesicles.46 Natural compounds 
targeting the NLRP3 inflammasome also have great potential in alleviating ALI. For example, salidroside and astragaloside IV 
can alleviate pulmonary inflammation and injury by inhibiting the NLRP3 inflammasome through regulating the upstream 
NF-κB signaling pathway.47,48 This study further revealed that DEE can not only block the initiation of the NLRP3 
inflammasome by inhibiting the activation of NF-κB, but also may act on NLRP3 to inhibit the assembly and activation of 
the NLRP3 inflammasome. Molecular docking and kinetic simulations also showed the binding mode between DEE and the 
key domain of NLRP3, indicating the possible mechanism of DEE in ameliorating ALI.

Although this study has revealed the mechanism by which DEE alleviates ALI by inhibiting the NLRP3 inflamma-
some, several limitations still exist. Firstly, in future research, cell models that more closely mimic the real lung 
microenvironment, such as air-liquid interface cell cultures, lung organoids, or primary cells, can be employed to 
enhance physiological relevance.49 Meanwhile, exploring the broader application potential of DEE using human speci-
mens will also be an important direction for future studies. Secondly, although a safe concentration of 20 µg/mL was 
selected in vitro experiments, the complex physiological environment may affect the distribution and safety of the drug. 
Therefore, it is necessary to further explore the therapeutic window of DEE in the vivo study. In addition, this study 
indicated the potential value of DEE in the treatment of ALI through DEE-pre-treatment model, and future research will 
further focus on the clinical translation of DEE for ALI therapy.

Conclusion
DEE can inhibit the activation of the NLRP3 inflammasome and exhibit a significant protective effect against LPS- 
induced ALI. This study not only reveals the potential value of DEE in the treatment of ALI but also broadens its 
application in anti-inflammatory therapy. In the future, the anti-inflammatory mechanism and clinical transformation 
potential of DEE need to be further explored.
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