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Background: Recombinant antithrombin (rAT) has been shown to protect lungs from ARDS and modulate immune responses, but its 
anti-inflammatory mechanisms remain unclear. This study aimed to explore the immunomodulatory effects and mechanisms of rAT in 
LPS-induced ARDS mice.
Methods: ARDS mouse model was established by intraperitoneally administration of 20 mg/kg LPS. After 3 hours of LPS 
administration, rAT or PBS was injected intravenously. Lung injury, alveolar permeability, serum inflammatory cytokines, immune 
cell infiltration in lung tissue, and the proportion of Th17 were assessed 36 hours after rAT administration. The functional roles of the 
differential expressed genes (DEGs), obtained from LPS-induced ARDS mice treated with or without rAT, were analyzed by GO, 
KEGG and GSEA enrichment analysis. The activation of NF-κB and NLRP3 inflammasome was evaluated by Western blot and 
immunofluorescence staining.
Results: We found that rAT alleviated lung injury, reduced pulmonary permeability, decreased serum inflammatory cytokines, and 
suppressed immune cell infiltration and NLRP3 inflammasome activation. Moreover, rAT decreased the proportion of Th17 cells in 
lung tissues and peripheral blood, downregulated IL17a expression, and inhibited NF-κB signaling pathway in lung tissues. 
Additionally, the administration of IL-17A diminished the efficacy of rAT in mitigating lung injury, suppressing the immune response, 
and inhibiting the activation of the NF-κB signaling pathway in LPS-induced ARDS mice.
Conclusion: The findings of this study suggest that rAT alleviates lung injury and suppresses inflammatory responses by inhibiting 
the IL17a/NF-κB signaling axis, suggesting that rAT may serve as a potential therapeutic agent for mitigating pulmonary inflammation 
and improving the prognosis of ARDS induced by sepsis. Furthermore, this study provides important research data and theoretical 
basis for the clinical translation and application of rAT.
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Introduction
Sepsis is typically a systemic inflammatory response syndrome mainly caused by infections.1 The results of global 
statistics indicate that sepsis is one of the main reasons for increased admission rates and mortality in intensive 
care units (ICU), with an incidence of sepsis among hospitalized patients as high as 9%, and an even higher 
incidence among ICU patients. The mortality rate for sepsis patients ranges from 30% to 60%.2 Lung injury is one 
of the most common complications in sepsis patients, often manifested as ARDS, which characterized by increased 
permeability of the alveolar-capillary membrane, infiltration of inflammatory cells, release of cytokines, and direct 
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damage to lung tissues, ultimately leading to pulmonary edema, impaired gas exchange, and respiratory failure.3,4 

Currently, despite significant advancements in critical care medicine for the treatment of ARDS, various ther
apeutic approaches such as infection control, ventilatory management, and extracorporeal membrane oxygenation 
(ECMO) are employed to treat ARDS, the therapeutic outcomes remain suboptimal. The lack of effective 
pharmacological interventions for ARDS may be one of the major challenges faced in the treatment process.

Recombinant antithrombin (rAT), a vitamin K-independent glycoprotein that inactivates several enzymes in the 
coagulation system and plays a crucial role as a physiological serine protease inhibitor during coagulation,5,6 has 
both anti-inflammatory and anticoagulant activities and has been suggested as an adjunctive therapy for patients with 
sepsis, particularly those with sepsis-induced coagulopathy.7 However, a Phase III randomized controlled trial 
showed no beneficial effect of rAT in patients with sepsis-induced coagulopathy.8 Subsequent analysis studies 
found that rAT significantly reduced 28-day and in-hospital mortality in sepsis patients with high fibrin degradation 
products (FDPs) and D-dimer levels.9 Another randomized controlled trial also showed that rAT had therapeutic 
benefits in the subgroup of patients who were given high-dose rAT without heparin.10 Although rAT has demon
strated some therapeutic effects in the treatment of sepsis, there are no widely reported large-scale clinical trials 
specifically focusing on the use of rAT for the treatment of ARDS. However, in recent years, several experimental 
studies have shown that rAT can prevent organ failure and improve survival in sepsis-induced ARDS models by 
reducing cell damage and inflammatory responses.11–14 Iba T et al reported that rAT effectively attenuated lung 
endothelial damage and maintained lung vascular integrity in a rat sepsis model by protecting the glycocalyx, which 
is essential for vascular homeostasis.12 Okamoto H et al reported that rAT attenuates ARDS by promoting DNA 
repair and ciliogenesis in endothelial cells and reducing inflammation in a mouse sepsis model induced by LPS.13 In 
addition, rAT also possesses strong anti-inflammatory properties that are independent of its anticoagulation 
characteristics.5 Komura et al reported that rAT reduced the production of TNF-α, an essential proinflammatory 
cytokine, in LPS-induced human peripheral monocytes.15 These reported studies demonstrated that rAT can 
effectively reduce lung damage, regulate immune responses, and lower mortality rates caused by sepsis. These 
findings also suggest that rAT holds significant potential for translational therapy in the treatment of ARDS patients. 
However, the mechanisms underlying the anti-inflammatory effects and alleviation of lung injury by rAT in LPS- 
induced ARDS are still unclear.

IL-17A is a pro-inflammatory cytokine produced by Th17 cells, playing a dual role in regulating the immune response 
by promoting T cell survival and proliferation, which is crucial for pathogen clearance.16 However, excessive T cell 
activation may lead to exacerbated pulmonary inflammation in ARDS.17 The levels of IL-17A are significantly elevated 
in ARDS patients and are closely associated with alveolar inflammation and poor prognosis.18 This suggests that IL-17A 
could be a potential target for ARDS treatment. NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells) is 
a key transcription factor involved in regulating numerous inflammatory responses. NF-κB plays a central role in lung 
injury and inflammation in ARDS by promoting the expression of pro-inflammatory factors such as tumor necrosis factor 
(TNF-α) and interleukins (IL-1, IL-6, etc.), thereby advancing the inflammatory process.19 Conversely, the activation of 
NF-κB can lead to dysfunction in alveolar epithelial cells and endothelial cells, worsening ARDS symptoms.19 Studies 
have indicated that IL-17A promotes the production and secretion of inflammatory factors by activating the NF-κB 
signaling pathway.20 IL-17A can bind to the IL-17RA/IL-17RC heterodimer, which subsequently activates downstream 
signaling pathways, including the NF-κB pathway, triggering an immune response.21 Furthermore, research has shown 
that IL-17A can activate the NF-κB signaling pathway through Act1-mediated TRAF6 ubiquitination.22 Therefore, IL- 
17A plays a significant role in the inflammatory response by activating the NF-κB signaling pathway. Interventions 
targeting the IL-17a/NF-κB pathway may become a new strategy for treating ARDS. Although rAT has shown anti- 
inflammatory effects in ARDS, it is still uncertain whether it exerts its anti-inflammatory action by inhibiting the IL-17a/ 
NF-κB axis.

In this study, we explored the protective effects of rAT on lung tissue injury and the anti-inflammatory effects in the 
LPS-induced ARDS mouse model, as well as its potential mechanisms. This study provides an experimental basis for the 
application of rAT in the treatment of sepsis-induced lung injury.
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Materials and Methods
Mouse Models
Eight-week-old male C57BL/6 mice were obtained from Lingchang Biotechnology Co., Ltd. (Shanghai, China) and were 
maintained under standard pathogen-free conditions with ad libitum access to water and food. The PS: Power and Sample 
Size Calculations (Version 3.0) was used to estimate the sample size for each group,23 and the parameters were as 
follows: α = 0.05, δ = 0.3, σ = 0.15, power = 0.9, and m = 1. Consequently, the minimum number of mice per group was 
determined to be 6. In brief, 30 mice were randomly divided into three groups after a 16-hour starvation period: (1) LPS 
group: 20 mg/kg LPS (Millipore Sigma, Burlington, MA) was administered intraperitoneally. Then, 400 ul of PBS was 
given intravenously 3 hours after LPS administration. (2) LPS + rAT group: 400 ul of rAT (750 IU/kg) (Kyowa Kirin 
Co., Ltd., Tokyo, Japan) was administered intravenously 3 hours after LPS administration. (3) Control group: An equal 
volume of PBS was given at the corresponding time points when LPS and rAT were injected. All the mice were 
euthanized after being anesthetized with tribromoethanol 36 hours after rAT administration.

Wet/Dry (W/D) Lung Weight Ratio
The lungs were excised, blotted dry, weighed to obtain the wet weight, and then placed in an oven at 60°C for 48 h to 
obtain the dry weight. The W/D ratio was used to evaluate the degree of pulmonary edema.

Analysis of Bronchoalveolar Lavage Fluid (BALF)
After the mice were anesthetized, the trachea was exposed, and the lungs were flushed three times with sterile saline, 
with 1 mL used each time. BALF aliquots were collected for the determination of cell counts, protein concentrations, and 
immunoglobulin M (IgM) concentrations. Centrifugation was performed immediately after BALF collection, and the 
protein concentration in the supernatant was determined via the bicinchoninic acid assay. The cell pellet was resus
pended, and the total cell count was determined by an automated cell counter (Countstar, Shanghai, China). The IgM 
(900 kDa) level in the BALF was assessed via enzyme-linked immunosorbent assay (ELISA) (E-EL-M3036; Elabscience 
Biotechnology Co., Ltd., Wuhan, China) to determine the degree of transalveolar–capillary membrane protein transit.

Permeability Assay
The mice were injected with FITC–dextran (25 mg/kg) via the tail vein 34 h after LPS administration. After 2 h, the 
BALF and serum were collected after the mice were anesthetized with avertin. After the collection of BALF and serum, 
the whole-lung tissues were harvested and immersed in 4% paraformaldehyde for 12 h. After the serum was diluted 10- 
fold, 100 µL of diluted serum and BALF were added to a 96-well plate. The intensity of the fluorescence in the BALF 
and serum was measured with Tanon ABL X6 in the FITC channel. The ratio of BALF fluorescence to serum 
fluorescence was subsequently used to indicate the permeability of endothelial and epithelial cells according to 
previously reported methods.24 The paraformaldehyde-fixed lung tissues were embedded in optimal cutting temperature 
(OCT) compound for frozen sectioning. Then, 10-µm-thick sections were cut and stained with Hoechst 33542. The 
fluorescence of the sections was measured with a microscope (Nikon).

Western Blot
Western blotting was performed as described previously.25 In brief, total proteins were extracted from lung tissues with 
RIPA buffer (89,901; Thermo Fisher) and quantified with a BCA kit (23,225; Thermo Fisher). Then, 40 μg of total 
protein was loaded per lane and separated via SDS‒PAGE. After the proteins were transferred to PVDF membranes, the 
membranes were blocked with 5% skim milk for 30 min and incubated with a primary antibody at 4°C overnight. The 
membranes were washed three times with TBST and subsequently incubated with an HRP-conjugated secondary 
antibody at 37°C for 1 h. The immune complexes were visualized by using Pierce™ ECL Western Blotting Substrate 
(32,132, Engreen). The primary antibodies used were as follows: IL17a (66148-1-Ig), RORγt (29910-1-AP), P65 
(66,535-1-Ig), NLRP3 (68,102-1-Ig), Caspase 1 (22,915-1-AP), GAPDH (60004-1-Ig) and α-Tubulin (66,031-1-lg) 
from Proteintech. Cleaved Caspase 1 (CASP1) (AF4022), p-P65 (AF2006), IκBα (AF5002), IKK (AF6014), IL-1β 
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(AF5103) and Cleaved IL-1β (AF4006) from Affinity. STAT3 (#9139), p-STAT3 (#9145), p-IκBα (Ser32) (#2859) and 
p-IKKα/β (Ser176/180) (#2697) were obtained from Cell Signaling Technology.

Real-Time PCR
Total RNA was purified with RNAiso Plus reagent (9108, Takara) and reverse transcribed into cDNA with MMLV 
Reverse Transcriptase (M530A, Promega) according to the manufacturer’s protocols. Real-time PCR analysis was 
performed in a 20 μL mixture containing 10 μL of 2 × ChamQ SYBR qPCR Master Mix (Q321–02; Vazyme), 0.4 μL 
of each forward and reverse primer (10 mM), 0.5 μL of cDNA and 8.7 μL of ddH2O. The target genes were amplified via 
a two-step PCR procedure: annealing at 95°C and amplification at 60°C. All the samples were examined in triplicate. The 
fold changes in the expression of each target gene were calculated via the 2−ΔΔCt method.

Immunohistochemistry (IHC) and Immunofluorescence (IF)
Immunohistochemistry and immunofluorescence staining were performed as previously described.26 Briefly, fixed lung 
tissues were embedded in paraffin and cut into 3 μm sections. The rehydrated sections were immersed in Tris-EDTA (pH 
9.0) antigen retrieval buffer and maintained at 121°C for 2 minutes. Then, the antigen-retrieving sections were blocked 
with 3% H2O2 for 10 minutes at room temperature. After being washed with PBS-T 3 times, the sections were blocked 
with 1% BSA for 30 min at room temperature. The sections were incubated with primary antibodies at 4°C overnight. 
For IHC staining, the sections were incubated with HRP-conjugated secondary antibodies at 37°C for 30 min and 
visualized with DAB substrate (34,002; Thermo Fisher). The nuclei were counterstained with hematoxylin. For IF 
staining, the sections were incubated with fluorescein-conjugated secondary antibodies at 37°C for 30 min, after which 
the nuclei were counterstained with Hoechst 33542.

ELISA
The levels of inflammatory factors, including IL-6, TNF-α, Cxcl15 (known as IL-8) and hypersensitive C reactive protein 
(hs-CRP), in the serum were detected via ELISA according to the manufacturer’s instructions. A mouse IL-6 ELISA kit 
(KE10007) and a mouse TNF-alpha ELISA kit (KE10002) were purchased from Proteintech. A mouse CXCL15 ELISA 
Kit (E-EL-M0269) and a mouse hs-CRP ELISA Kit (E-EL-M0677) were purchased from Elabscience (Wuhan, China).

Flow Cytometry Assay
The proportions of Th17 in PBMCs were detected via flow cytometry according a reported protocol.27 In briefly, 
lymphocytes, isolated from periphery blood with ACK lysis buffer, were first stimulated with phorbol ester, phorbol 12- 
myristate 13-acetate (PMA), ionomycin, brefeldin A and monensin at 37°C for 6 hours in cell culture incubator. The 
lymphocytes were then stained with PE FITC anti-mouse CD4 Antibody (100405, BioLegend) and PE anti-mouse IL- 
17A Antibody (506903, BioLegend). The the stained cells were resuspended in Cell Staining Buffer and analyzed with 
a Beckman Coulter CytoFLEX flow cytometer. To detect the proportions of Th17 in the lung tissues, lung tissues were 
dissociated into single cells with a MACS Lung Dissociation Kit (Miltenyi Biotec, United States), and then the CD4+ 

cells were enriched by magnetic sorting with a MojoSort™ Mouse CD4 Nanobeads (480069, BioLegend). The sorted 
cells were detected using the same method as lymphocytes isolated from periphery blood.

Statistical Analysis
The data are presented as the mean ± standard deviation (SD). The statistical methods are indicated in the figure legends, 
and p < 0.05 was considered to indicate a statistically significant difference.

Results
rAT Attenuated Pulmonary Injury and Exudation in LPS-Induced ARDS Model Mice
In a mouse sepsis model established by intraperitoneal injection of 20 mg/kg LPS, the survival rate of the LPS 
+rAT group (100%; 10 of 10) was greater than that of the LPS group (50%; 5 of 10) at 36 hours after LPS 
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administration (Figure 1A). Compared with the LPS group, the lung tissue structure in the LPS+rAT group was 
significantly improved (Figure 1B and C). Moreover, the wet/dry weight ratio of the lung (Figure 1D), the number 
of cells (Figure 1E) and the concentration of proteins (Figure 1F) in the BALF were significantly lower in the LPS 
+rAT group than those in the LPS group, indicating that rAT reduced exudation in LPS-induced injury lung 
tissues. To further evaluate the effect of rAT on exudation, a permeability assay with FITC-dextran, a polymer of 
glucose that cannot freely penetrate the tight junctions that develop between the normal vascular endothelium and 
alveolar epithelium,28 was performed. The ratio of the intensity of FITC-dextran in BALF to that in serum 
(Figure 1G) and the fluorescence intensity of frozen sections of lung tissues (Figure 1H and I) were both 

Figure 1 rAT attenuated pulmonary injury and exudation in LPS-induced ARDS model mice. (A) Kaplan‒Meier survival curves of control group treated with PBS (n=10), 
LPS group treated with LPS without rAT (n=10), and LPS + rAT group treated with LPS and rAT (n=10). Log rank test revealed differences between the groups of LPS and 
LPS + rAT (p < 0.05). (B) Representative results of H&E staining of lung sections from the indicated groups. (C) Lung injury index scores of the indicated groups indicated 
that the treatment of rAT alleviated the lung injury in LPS-induced ARDS model mice. (D) The wet/dry weight ratio of the lung tissue showed that the treatment with rAT 
alleviated pulmonary exudation in LPS-induced ARDS model mice. (E) The treatment with rAT decreased the number of cells in the BALF of LPS-induced ARDS model mice. 
(F) The treatment with rAT decreased the concentrations of proteins in the BALF of LPS-induced ARDS model mice. (G) The ratio of the fluorescence intensity of FITC- 
dextran in the BALF and serum showed that the treatment with rAT reduced the exudation of FITC-dextran into the alveoli. (H) The fluorescence intensity of FITC-dextran 
in lung tissue was analyzed in frozen sections. (I) Histogram of the statistical analysis of the FITC-dextran fluorescence intensity in frozen sections. All the data are presented 
as the means ± SDs. One-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, ns, not significant; scale bar, 50 μm.

ImmunoTargets and Therapy 2025:14                                                                                               https://doi.org/10.2147/ITT.S502925                                                                                                                                                                                                                                                                                                                                                                                                    437

Yang et al

Powered by TCPDF (www.tcpdf.org)



obviously decreased in the LPS+rAT group, indicating that the penetration of FITC-dextran from blood into BALF 
was decreased and suggesting that rAT may alleviate damage to vascular endothelial and alveolar epithelium.

rAT Reduces Pulmonary Inflammation in LPS-Induced ARDS Model Mice
A severe inflammatory response is a factor that can further damage lung tissue. Therefore, changes in the levels of 
inflammatory factors, such as IL-6, TNF-α, IL-8, and hs-CRP, in the serum obtained from each group were further 
detected via ELISA, and the results revealed that rAT treatment reduced the levels of IL-6 (Figure 2A), TNF-α 
(Figure 2B), IL-8 (Figure 2C), and hs-CRP (Figure 2D) in the serum of mice with LPS-induced lung injury. 
Furthermore, the results of immunohistochemical staining revealed that rAT treatment decreased the number of F4/80+ 

macrophages in the lung tissues of the mice with LPS-induced injury (Figure 2E). However, the number of M2-like 
macrophages, which express Mrc1 (encoding the protein CD206), was increased29 (Figure 2F), and the infiltration of 
neutrophils was reduced (Figure 2G). These results indicate that rAT can effectively reduce the pulmonary inflammatory 
response in LPS-induced ARDS model mice.

rAT Attenuates NLRP3 Inflammasome Activation in LPS-Induced Lung Injury
Due to the activation of inflammasomes plays a significant role in the pathogenesis of ARDS,30 we explored the effect of 
rAT on NLRP3 inflammasome activation in a mouse model of LPS-induced ARDS by detecting the protein expression of 
NLRP3, caspase-1 (CASP1), cleaved CASP1, IL-1β and cleaved IL-1β in lung tissues. Immunofluorescence staining 
revealed obvious upregulation of NLRP3 and cleaved CASP1 expression in lung tissues from mice with LPS-induced 
injury, whereas rAT treatment significantly downregulated the expression of NLRP3 and cleaved CASP1 (Figure 3A). 
The results of Western blot analysis also revealed that the protein expression levels of NLRP3, CASP1, cleaved CASP1, 
IL-1β, and cleaved IL-1β were significantly increased in LPS-induced injury lung tissues and that treatment with rAT 
downregulated the expression of these proteins (Figure 3B–G). Therefore, rAT attenuated NLRP3 inflammasome 
activation in the lung tissues of LPS-induced ARDS model mice.

rAT Inhibits the Activation of IL17a Signaling Pathway
To investigate the potential mechanism by which rAT alleviates LPS-induced lung injury and reduces inflammation, we 
analyzed DEGs in LPS-induced lung injury tissues from mice treated with and without rAT from the GSE160929 dataset 
(Supplementary Table 1). The results of GO enrichment analysis of the 1058 DEGs revealed that the top 20 GO terms 
were involved mainly in immune regulation, such as macrophage chemotaxis, leukocyte chemotaxis, monocyte chemo
taxis, lymphocyte chemotaxis, neutrophil chemotaxis, and the inflammatory response (Figure 4A). The results of KEGG 
enrichment analysis also showed that the DEGs were involved in cytokine‒cytokine receptor interactions, chemokine 
signaling pathways, the IL-17 signaling pathway and the TNF signaling pathway (Figure 4B), which are also the main 
regulators of immune regulation. Additionally, the results of GSEA revealed that the IL-17A signaling pathway was 
downregulated in rAT treated LPS-induced ARDS mice, when compared with LPS-induced ARDS mice (Figure 4C). 
Many studies have shown that the IL-17 signaling pathway plays an important role in the immune regulation of LPS- 
induced lung injury, and IL-17a is the most important activator of IL-17 signaling pathway activation. Therefore, we 
analyzed the expression levels of IL17a in the GSE160929 dataset. The results showed that the expression of IL17a in 
rAT treated LPS-induced ARDS mice was significantly lower than that in LPS-induced ARDS mice (Figure 4D). 
Furthermore, real-time PCR (Figure 4E), Western blotting (Figure 4F) confirmed that rAT treatment significantly 
decreased IL17a expression in lung tissues from mice with LPS-induced injury.

rAT Down-Regulates the Proportion of Th17 Cells in LPS-Induced ARDS Mice
IL17a, an important proinflammatory factor, is mainly secreted by Th17 cells and plays an important role in the process 
of pulmonary infection.16 Therefore, we analyzed the proportion Th17 cell in the mice with LPS-induced ARDS treated 
with or without rAT via flow cytometry. The results revealed that the proportion of CD4+ IL17A+ Th17 cells in both 
periphery blood and in lung tissue were significantly greater in the LPS-induced ARDS mice than in the control mice, 
whereas rAT treatment obviously reduced the percentage of Th17 cells in the LPS-induced ARDS model mice 
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Figure 2 rAT reduced pulmonary inflammation in LPS-induced ARDS model mice. (A–D) The levels of inflammatory factors, including IL-6 (A), TNF-α (B), IL-8 (C), and hs- 
CRP (D), were decreased in the serum of the rAT-treated group, as detected by ELISA. (E) Immunohistochemical staining for F4/80 revealed that rAT treatment reduced the 
proportion of macrophages in the lung tissue of LPS-induced ARDS model mice. (F) Immunohistochemical staining for MRCI, a marker of M2 macrophages, showed that rAT 
treatment increased the proportion of M2 macrophages in the lung tissue of LPS-induced ARDS model mice. (G) Immunohistochemical staining for Ly6G, a marker of 
neutrophils, showed that rAT treatment reduced the proportion of neutrophils in the lung tissue of LPS-induced ARDS model mice. All the data are presented as the means 
± SDs of three independent experiments. One-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant; scale bar, 50 μm.
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Figure 3 rAT attenuated NLRP3 inflammasome activation in the lung tissues of LPS-induced ARDS model mice. (A) Immunofluorescence staining of NLRP3 (green) and 
cleaved caspase-1 (CASP1) (red) in lung tissues from mice with LPS-induced injury. (B) The protein levels of NLRP3, CASP1, cleaved CASP1, IL-1β, and cleaved IL-1β in lung 
tissues from model mice with LPS-induced injury were detected via Western blotting. (C–G) The protein expression levels of NLRP3 (C), CASP1 (D), cleaved CASP1 (E), 
IL-1β (F), and cleaved IL-1β (G) were significantly reduced following rAT treatment in LPS-induced ARDS model mice, as assessed by the gray intensity analysis of the blots 
shown in (B). The data are expressed as the means ± SDs (n=3 in each group). One-way ANOVA, **p < 0.01, ***p < 0.001, and ns not significant. Scale bar: 50 μm.
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(Figure 5A-D). Furthermore, the results of IHC also revealed that the percentage of IL17A+ cells were significantly 
increased in LPS-induced ARDS lung tissue, while, the treatment of rAT obviously decreased the percentage of IL17A+ 

cells in LPS-induced ARDS lung tissue (Figure 5E). These findings suggest that rAT treatment reduced the percentage of 
Th17 cells in the lung tissue and PBMCs in the LPS-induced ARDS mice, and also indicate that rAT treatment prevents 

Figure 4 The activity of IL17a signaling pathway were inhibited by rAT. (A) The top 20 GO terms from the results of GO enrichment analysis of the DEGs obtained from 
model mice treated with or without rAT in the GSE33690 dataset. (B) The top 20 signaling pathways from the results of KEGG enrichment analysis of the DEGs obtained 
from model mice treated with or without rAT in the GSE33690 dataset. (C) The results of GSEA showed that IL17a signaling pathway were inhibited after the treatment of 
rAT in LPS-induced ARDS mice. (D) The expression of IL17a in LPS-induced lung injury tissues was significantly reduced following treatment with rAT, as evidenced by data 
from the GSE33690 dataset. The data are expressed as the means ± SDs (n=3 in each group); Student’s t test, **p < 0.01. (E) The mRNA expression of IL17a in LPS-induced 
lung injury tissues was significantly downregulated after treatment with rAT, as measured by real-time PCR. One-way ANOVA, ****p < 0.0001. (F) The protein expression of 
IL17a in LPS-induced lung injury tissues was significantly reduced following treatment with rAT, as confirmed by Western blot analysis. The data are expressed as the means 
± SDs (n=3 in each group). One-way ANOVA, ***p < 0.001 and ****p < 0.0001.
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Figure 5 rAT reduces the proportion of Th17 cells in LPS-induced ARDS model mice. (A) Scatter plot of the flow cytometry results for the proportion of Th17 cells in periphery 
blood. (B) Statistical histogram of the proportion of Th17 cells in periphery blood (A) showed that treatment with rAT significantly decreased the proportion of Th17 cells. (C) Scatter 
plot of flow cytometry results for the proportion of Th17 cells in lung tissue. (D) Statistical histogram of the proportion of Th17 cells in lung tissue (C) showed that treatment with rAT 
significantly decreased the proportion of Th17 cells. (E) Representative immunohistochemical staining results for IL17a showed that rAT treatment decreased the proportion of IL17a- 
positive cells in the lung tissue of LPS-induced ARDS model mice. (F) The protein levels of RORγt, STAT3, and p-STAT3 in the lung tissues of each group were evaluated by Western 
blotting. Gray intensity analysis demonstrated that the expression of RORγt and p-STAT3 was significantly downregulated following rAT treatment in LPS-induced ARDS model mice. 
The data are shown as the means ± SDs (n=3 in each group). One-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and ns not significant.
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the excessive activation of Th17 cells, thereby reducing the heightened immune response that further exacerbates lung 
tissue damage.

The development of Th17 cells is dependent on signal transducer and activator of transcription 3 (STAT3) and the 
retinoid-related orphan receptor RORγt, which are Th17-specific transcription factors.31 Thus, the protein expression of 
RORγt, p-STAT3, and STAT3 in lung tissues was detected. Western blot analysis revealed that the protein levels of 
RORγt and p-STAT3 were significantly increased in lung tissues from LPS-induced ARDS model mice (Figure 5F). 
Treatment with rAT downregulated the expression of RORγt and the phosphorylation of STAT3 (Figure 5F). Taken 
together, these results suggest that rAT down-regulated Th17/IL-17A axis in the mice with LPS-induced injury.

rAT Downregulates NF-κB (P65) Signaling in LPS-Induced Injured Lung Tissue
The NF-κB signaling pathway not only plays a critical role in the pathogenesis of ARDS,32 but also modulates the 
development of Th17 cells.33 Under normal circumstances, the dimer formed by NF-κB p50 and p65 binds to IκB and 
exists in the cytoplasm as an inactive form.34 However, activation of NF-κB signaling pathway requires phosphorylation 
of IκB and subsequent ubiquitination modifications which lead to the release of the bounded NF-κB dimers and 
translocation to the nucleus. This process depends on the activation of the IKK (IκB kinase) complex through 
phosphorylation.34,35 To assess this pathway, we measured the protein levels of p-IκBα, IκBα, p-IKKα/β, IKKα/β, 
p-P65, and P65 in lung tissues. The results revealed that the levels of p-IκBα (Figure 6A and B), p-IKKα/β (Figure 6C 
and D), and p-P65 (Figure 6E and F) were significantly elevated in LPS-induced injured lung tissues. Conversely, rAT 
treatment significantly diminished the phosphorylation of IκBα (Figure 6A and B), IKKα/β (Figure 6C and D), and P65 
(Figure 6E and F). These results suggested that rAT could inhibit the NF-κB signaling pathway in the lung tissues of 
LPS-induced ARDS model mice.

IL17a Blocks the Inhibitory Effect of rAT on LPS Induced Inflammation and Activation 
of NF-κB Signaling Pathway
To further elucidate rAT inhibits inflammation in LPS-induced mice via the IL17a/NF-κB axis, mice were pretreated with 
IL17a two hours before rAT injection. After 24 hours of rAT treatment, serum inflammatory factors such as IL6, IL8, and 
TNFa were significantly higher in the LPS+IL17a+rAT group compared to the LPS+rAT group (Figure 7A), indicating 
that IL17a effectively blocked the ability of rAT to reduce inflammatory factors in serum of LPS-induced ARDS mice. 
Simultaneously, the effect of rAT in reducing lung tissue permeability was also diminished by IL17a (Figure 7B-D). 
Real-time PCR results showed that IL17a blocked the reduction of rAT in chemokines (Cxcl1 and Cxcl5) and 
inflammatory factors (Ccl2, Ccl3, Muc5ac, Muc5b, S100a7, and S100a8) in LPS-induced ARDS lung tissue 
(Figure 7E), which are regulated by the IL17a/NF-κB signaling pathway. The results of Western blot showed that 
IL17a weakened the effect of rAT in diminishing the phosphorylation of IκBα, IKKα/β, and P65 (Figure 7F), suggesting 
that IL17a blocked the inhibitory effect of rAT on NF-κB signaling pathway activation. These results indicate that rAT 
inhibits inflammation and reduces lung exudation by downregulating the activity of the IL17a/NF-κB axis.

Discussion
In this study, we showed that rAT not only attenuated pulmonary injury but also inhibited the inflammatory response, 
such as by reducing the infiltration of inflammatory cells in lung tissues, inhibiting the activation of the NLRP3 
inflammasome in lung tissues, and decreasing the secretion of inflammatory cytokines in the blood, in an LPS-induced 
ARDS mouse model. Although previous studies have reported that rAT has anti-inflammatory effects,12,13,36 the under
lying anti-inflammatory mechanism and pathway have not been fully elucidated. Here, we found that rAT reduced the 
expression of IL17a and down-regulated the proportion of Th17 cell in periphery blood and injured lung tissues via 
inhibiting the activity of NF-κB signaling pathway. Furthermore, we also confirmed that the supplementation of IL-17a 
diminished the effects of rAT in alleviating injury, suppressing immune response, and inhibiting the activation of the NF- 
κB signaling pathway in LPS-induced ARDS mice. Therefore, our results suggest that rAT alleviated pulmonary injury 
and suppressed inflammation in LPS-induced ARDS via inhibiting IL17a/NF-κB signaling.
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Many kinds of immune cells, including neutrophils, macrophages and dendritic cells, are involved in the development 
of ARDS. Recently, CD4+ T cells have been shown to participate in the pathogenesis of ARDS. TH17 cells, which 
differentiate from naïve CD4+ precursor cells under stimulation with antigen-presenting cells and certain cytokines, such 
as IL-6, IL-23, and TGFβ, play critical roles in antimicrobial defense and autoimmune diseases through secreting 
a variety of pro-inflammatory cytokines, including IL-17A, IL-17F, IL-21, and IL-22.37,38 However, excessive activation 
of Th17 cells often leads to a “cytokine storm”, which exacerbates tissue damage.39 Inhibiting the over-activation of 
Th17 cells may be one of the strategies to control the “cytokine storm” during the development of ARDS. In this study, 
our results showed that rAT significantly reduced the proportion of Th17 cells in the peripheral blood and injured lung 
tissues of LPS-induced mice. Concurrently, it decreased the levels of inflammatory cytokines in the serum and reduced 
the infiltration of inflammatory cells (such as macrophages and neutrophils) in the lung tissues. These results suggests 
that rAT effectively alleviates the inflammatory response and lung tissue damage in LPS-induced ARDS mice by 
inhibiting the over-activation of Th17 cells.

IL17A, mainly produced by Th17 cells, plays protective roles in host defense against bacterial and fungal pathogens 
and promotes the clearance of viruses by neutrophil inflammation.40,41 Liu et, al showed that Th17 cells are increased in 
chronic obstructive pulmonary disease patients, and there is a negative correlation between IL-17A levels and lung 
function.42 Several animal studies have shown that cigarette smoke promotes pathogenic Th17 differentiation and 

Figure 6 rAT downregulated NF-κB signaling pathway activity in the lung tissues of LPS-induced ARDS model mice. (A) The protein expression levels of p-IκBα and IκBα in 
lung tissues were detected via Western blotting. (B) The gray intensity analysis of the blots in (A) showed that the elevated p-IκBα in LPS-induced injured lung tissues were 
downregulated following the treatment with rAT. (C) The protein expression levels of p-IKKα/β and IKKα/β in the lung tissues were detected via Western blotting. (D) The 
gray intensity analysis of the blots in (C) showed that the elevated p-IKKα/β in LPS-induced injured lung tissues were downregulated following the treatment with rAT. (E) 
The protein levels of P65 and p-P65 in the lung tissues were detected via Western blotting. (F) The gray intensity analysis of the blots in (E) showed that the elevated p-P65 
in LPS-induced injured lung tissues were downregulated following the treatment with rAT. The data are expressed as the means ± SDs (n=3 in each group). One-way 
ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, and ns not significant.
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Figure 7 The efficacy of rAT in mitigating lung injury, suppressing the immune response, and inhibiting the activation of the NF-κB signaling pathway in LPS-induced ARDS 
mice were diminished by the administration of IL-17a. (A) ELISA results demonstrated that the administration of IL17a inhibited the ability of rAT to reduce inflammatory 
factors, including IL-6, TNF-α, and IL-8, in the serum of LPS-induced ARDS mice. (B) The analysis of the wet/dry weight ratio of the lung tissue revealed that the 
administration of IL17a counteracted the ability of rAT to alleviate pulmonary exudation in LPS-induced ARDS mice. (C) The administration of IL17a did not significantly 
affect the ability of rAT to reduce the number of cells in the BALF of LPS-induced ARDS mice. (D) The administration of IL17a attenuated the ability of rAT to reduce the 
concentrations of proteins in the BALF of LPS-induced ARDS mice. (E) Real-time PCR results showed that the administration of IL17a blocked the ability of rAT to 
downregulate the expression of target genes in the IL17a/NF-κB signaling pathway. (F) The protein levels of the NF-κB signaling pathway were assessed by Western blotting, 
and gray intensity analysis of the blots showed that the administration of IL17a in LPS-induced ARDS mice counteracted the ability of rAT to suppress the phosphorylation of 
IκBα, IKKα/β, and P65. The data are expressed as the means ± SDs (n=3 in each group). One-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, and ns not significant.
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induces emphysema and that blocking IL-17A with a neutralizing antibody significantly reduces neutrophil recruitment 
and the pathological score of airway inflammation in mice exposed to tobacco smoke.43 However, IL-17A exerts 
different effects on different cells. IL-17A affects endothelial cells by leading to inflammation, procoagulant activity 
and cell senescence.20,44 When acting on epithelial cells and fibroblasts, lL-17A leads to the production of cytokines and 
enzymes. When acting on monocytes and dendritic cells, lL-17A promotes inflammation by increasing the production of 
proinflammatory cytokines. In this study, we found that rAT not only decreases the number of Th17 cells but also inhibits 
the expression levels of IL17A in lung tissues from an LPS-induced ARDS mouse. The decreased expression of IL17A 
after rAT treatment further reduced the secretion of inflammatory cytokines, such as IL6, IL8, TNFα and hs-CRP, and the 
infiltration of inflammatory cells, including macrophages and neutrophils, into injured lung tissues. Therefore, the 
attenuation of the inflammatory response by rAT may occur through the inhibition of the IL17A signaling pathway, 
thereby reducing damage to lung tissue. These results also indicate that the IL17A signaling pathway may be an effective 
therapeutic target in the treatment of ARDS.

The balance between Th17 cells and regulatory T (Treg) cells, another subtype of CD4+ T cells that maintain immune 
tolerance by secreting anti-inflammatory factors, such as IL-10 and TGF-β, inhibiting excessive immune responses and 
preventing the development of autoimmune diseases,45 is crucial for maintaining immune homeostasis.46 Many studies 
have demonstrated that the delicate balance between Th17 cells and Treg cells is often disrupted in various inflammatory 
diseases, including autoimmune diseases, allergies, and infections.47–49Compared with those in healthy individuals, the 
frequency of Th17cell, the level of IL17a, and the Th17/Treg ratio in the peripheral blood are increased in ARDS 
patients.50 Moreover, a higher Th17/Treg ratio is associated with more adverse outcomes in ARDS patients. Hence, 
modulating the balance between Th17 and Treg cells may be an effective method of intervention in ARDS. For example, 
in an LPS-induced ARDS mouse model, LPS directly stimulated Th17 cell differentiation through modulating the 
phosphorylation of RelB and NF-κB1, whereas the differentiation of Th17 cells stimulated with LPS was inhibited by the 
TLR4-specific inhibitor CLI-095.51 Another study revealed that secreted phosphoprotein 1 (SPP1) exacerbates lung 
inflammation in ARDS by modulating the Th17/Treg balance through reducing the ubiquitination and degradation of 
HIF-1α, which leads to an increased Th17/Treg ratio.52 However, the effect of rAT on Treg cells in not been explored in 
this study. Therefore, whether rAT inhibits the immune response in LPS-induced mice by balancing the ratio of Th17/ 
Treg requires further investigation.

NF-κB, which is generally considered a proinflammatory transcription factor, plays a key role in the inflammatory 
response and NLRP3 inflammasome activation in a variety of inflammatory diseases.53,54 In addition, NF-κB is required 
for the differentiation and functional maturation of proinflammatory Th17 cells by inducing the expression of the 
transcription factor RORγt, which is specific to Th17 cells.55–58 Bacterial or viral infection activates NF-κB through Toll- 
like receptors to produce proinflammatory cytokines, including TNF-α, IL-1β, and IL-6.55 NF-κB also acts as a priming 
signal to promote the transcription of NLRP3 and pro-IL-1β.59 Activation of the NLRP3 inflammasome triggers airway 
inflammation by activating immune cells through the secretion of IL-1β and IL-18.60 In this study, we found that rAT 
significantly downregulated the phosphorylation of IKK, IκB and NF-κB p65 as well as the protein levels of NLRP3, 
cleaved caspase-1, IL-1β and cleaved IL-1β, leading to a reduction in proinflammatory cytokines in lung tissues. Thus, 
rAT alleviated inflammatory responses in an LPS-induced ARDS mouse model partially through the inhibition of the NF- 
κB pathway.

Conclusion
In summary, our study revealed that rAT attenuated injury to and permeability of lung tissue, decreased serum 
inflammatory cytokines, and reduced immune cell infiltration and activation of the NLRP3 inflammasome in lung tissue 
in an LPS-induced ARDS mouse model. rAT reduced the proportion of proinflammatory Th17 cells in both lung tissue 
and PBMCs. In addition, rAT reduced the expression of IL17A in lung tissue and inhibited the activation of the NF-κB 
signaling pathway. Our findings demonstrate that rAT alleviates the inflammatory response by downregulating the 
proportion of Th17 cells through inhibition of the IL17a/NF-κB axis, suggesting that rAT may serve as a promising 
therapeutic agent for managing lung inflammation and improving the prognosis of sepsis-induced ARDS. However, it is 
important to note that this study was conducted in a murine ARDS model, and the translational relevance to human 
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ARDS requires further validation through clinical trials. Additionally, the precise mechanisms by which rAT modulates 
Th17 cell differentiation and IL17a production remain incompletely elucidated and warrant more in-depth investigation. 
Future research should focus on clarifying the molecular pathways underlying immunomodulatory effects of rAT, 
assessing its efficacy in human ARDS, and exploring its potential synergistic effects with other therapeutic agents, 
such as corticosteroids, SGLT2 inhibitors, or other existing treatments. These efforts will be critical for optimizing 
therapeutic application of rAT and enhancing outcomes for ARDS patients.
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