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ABSTRACT: Background: Acute respiratory distress syndrome (ARDS) is the major therapeutic dilemma associated
with significant inflammation and severe pulmonary dysfunction. Liriodendrin is a bioactive compound extract from
traditional Chinese medicine, historically utilized for modulating inflammatory responses and alleviating symptoms
in multiple disease models. Methods: At present, BALB/c mice were used to explore the effects of liriodendrin on
lipopolysaccharide (LPS)-induced ARDS. Before LPS was administered, the mice were treated with either liriodendrin
or dexamethasone. Leukocyte infiltration, lung edema, and alveolar-capillary barrier integrity were evaluated in
the bronchoalveolar lavage fluid (BALF) and pulmonary parenchyma. The expression of adhesion molecules and
proinflammatory cytokines in BALF was evaluated by enzyme-linked immunosorbent assay. Western blotting assay
facilitated the analysis of the expression or phosphorylation of inducible nitric oxide synthase (iNOS), cyclooxygenase-
2 (COX-2), NOD-like receptor family pyrin domain-containing 3 (NLRP3), apoptosis-associated speck-like protein
containing a CARD (ASC), cleaved caspase-1 (CL-caspase-1), nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-κB), inhibitor of kappa B (IκB), mitogen-activated protein kinase (MAPK), and protein kinase B (Akt)
in the lungs. In addition, the anti-inflammatory effects of liriodendrin were evaluated in LPS-stimulated RAW264.7
macrophages. Before LPS was administered, the RAW264.7 macrophages were treated with either liriodendrin or
dexamethasone. Nitric Oxide (NO) production was measured using the Griess reaction assay, while ELISA assessed
IL-1β, IL-6, and TNF-α levels. Western blot analysis evaluated NF-κB phosphorylation and the expression of NLRP3,
ASC, and CL-caspase-1. Results: These outcomes revealed that liriodendrin intervention markedly ameliorated the
pathological features of LPS-induced ARDS, including leukocyte infiltration, lung edema, and alveolar-capillary barrier
disruption. Liriodendrin also reduced the LPS-induced secretion of intercellular adhesion molecule-1 (ICAM-1) and
vascular cell adhesion molecule-1 (VCAM-1), expression of iNOS and COX2, and production of proinflammatory
cytokines. Finally, we further discovered that the concentration trend of liriodendrin amelioration of ARDS was
similar to those of NLRP3 formation, NF-κB pathway activation, and p38 MAPK, c-Jun N-terminal kinase (JNK),
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and Akt phosphorylation but not to that of extracellular signal-regulated kinase (ERK) phosphorylation. Liriodendrin
inhibited LPS-induced inflammatory responses in RAW264.7 macrophages. It markedly reduced NO production,
propro-inflammatorytokines, NF-κB phosphorylation, and NLRP3 formation. Conclusions: In summary, liriodendrin
effectively ameliorated the pathological features of LPS-induced ARDS in mice, demonstrating significant anti-
inflammatory properties attributed to NLRP3 formation through NF-κB pathway activation by p38 MAPK, JNK, and
Akt phosphorylation. In LPS-treated RAW264.7 macrophages, liriodendrin reduced NO production, pro-inflammatory
cytokines, and NLRP3 formation, suggesting its potential as an agent for ARDS and relative inflammation.
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1 Introduction
Acute respiratory distress syndrome (ARDS) could be a severe pulmonary disorder that substantially

affects patient survival, leading to high morbidity and mortality [1–3]. Since its discovery in the late 1960s,
ARDS has posed a major challenge in intensive care units worldwide because of its complex pathophys-
iology and clinical management requirements [2,4,5]. Endotoxins, specifically lipopolysaccharide (LPS)
originating from the cell walls of Gram-negative bacteria, initiate a cascade of reactions that activate nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-κB) [5–7]. This activation process triggers the
production of several proinflammatory mediators (including tumor necrosis factor (TNF)-α, interleukin
(IL)-1β, and IL-6), adhesion molecules (including intercellular adhesion molecule-1 (ICAM-1) and vascular
cell adhesion molecule-1 (VCAM-1)), and proinflammatory mediator proteins (including inducible nitric
oxide synthase (iNOS) and cyclooxygenase-2 (COX-2)), all of which contribute to extensive lung damage
and severe pulmonary distress [5–7]. In LPS-induced ARDS, the mitogen-activated protein kinase (MAPK)
family, which includes extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and
p38 MAPK, along with Akt, plays a key role in the activation and phosphorylation of NF-κB, which
further exacerbates ARDS [6–8]. In addition, NOD-like receptor family pyrin domain-containing 3 (NLRP3)
inflammasomes activate pyroptotic death pathways, which in turn exacerbate the inflammatory response,
neutrophil infiltration, and pulmonary damage through apoptosis-associated speck-like protein containing
a CARD (ASC) in mice with LPS-induced ARDS [9,10].

Liriodendrin is a potent bioactive compound found in certain plants, including Sargentodoxa cuneata,
Liriodendron tulipifera, and Kalopanax pictus [11–13]. These plants are typically used in traditional Chinese
medicine because of their efficacy in treating abdominal pain, ulcers, and menstrual discomfort and
in ameliorating swelling, arthritis, inflammation, and pain [13–16]. Multiple studies have indicated the
various biological and pharmacological benefits of liriodendrin, including its strong antioxidative capacity,
anti-inflammatory effect, and ability to reduce myocardial infarction [15,17]. According to the literature,
liriodendrin inhibits the phosphorylation of NF-κB and modulates the Src/signal transducer and activator of
transcription 3 (STAT3)/MAPK signaling pathways, thereby ameliorating acute lung injuries (ALI) indirectly
caused by cecal ligation and puncture (CLP) and IgG immune complexes (IgG-IC) [18,19]. However, despite
these findings, no studies have yet examined whether liriodendrin directly mitigates the inflammatory
response of ARDS induced by intratracheal LPS administration. In this study, we examined the effects of
liriodendrin on NLRP3-mediated pyroptosis and proinflammatory pathways in LPS-induced ARDS.
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2 Materials and Methods

2.1 Animals and Animal Preparation
Fifty-four male BALB/c mice, each weighing approximately 25 ± 2 g and aged between 9 and 12 weeks,

were procured from the BioLASCO Experimental Animal Center (Taipei, Taiwan). The mice were housed
in a controlled laboratory environment to ensure their health and acclimatization. They experienced a
12-h light/dark cycle and a consistent temperature of 21○C ± 2○C. Relative humidity was maintained at
60% ± 5%. These conditions were in place for one week prior to any experimental procedures to help
them adjust. All animal studies were approved by the Institutional Animal Ethics Committee of Chung
Shan Medical University (IACUC no. 112006). The mice were assigned to six separate groups at random
that were treated with normal saline + normal saline in the normal group, saline + 5 mg/kg LPS (Sigma-
Aldrich/Merck Millipore, L3024, St. Louis, MO, USA) in the LPS group, 10 μM liriodendrin (ChemFaces,
CFN98964, Wuhan, China) + 5 mg/kg LPS, 30 μM liriodendrin + 5 mg/kg LPS, 50 μM liriodendrin +
5 mg/kg LPS, 1 mg/kg dexamethasone (Sigma-Aldrich/Merck Millipore, D4902) + 5 mg/kg LPS, and 50 μM
liriodendrin + saline. After saline, liriodendrin, or dexamethasone was intraperitoneally administered for 30
min, the saline and LPS at the concentration of 5 mg/kg were subsequently administered via the intratracheal
route. After 6 h, the mice were humanely euthanized, and both their lungs and bronchoalveolar lavage fluid
(BALF) were harvested for subsequent assessment. Lung tissues were fixed in 10% formalin, processed for
paraffin embedding, and sectioned at 5 μm. Hematoxylin and eosin (H&E) Stain Kit (Vectorlabs, H-3502,
New York, NY, USA) included hematoxylin for nuclei and eosin for cytoplasm and extracellular structures.
Sections were deparaffinized, rehydrated, stained, and mounted for analysis [6,7,20].

2.2 Bronchoalveolar Lavage Fluid (BALF) and Leukocyte Count
Following euthanasia, bronchoalveolar lavage was performed to collect BALF, as described in previous

studies [6,20]. After endotracheal intubation, sterile saline was instilled into the lungs and subsequently
aspirated to collect BALF. Subsequently, the BALF samples were centrifuged, and the cells were collected in
a pellet and resuspended within phosphate-buffered saline. Flow cytometry (BD Biosciences, FACS Accuri
C6, San Jose, CA, USA) was utilized to determine the total leukocyte count. PE/Cyanine7 anti-mouse CD45
antibody (1:100, BioLegend, 103114, San Diego, CA, USA) was used to detect the proportion of leukocytes in
BALF. PE anti-mouse Ly-6G Antibody (1:100, BioLegend, 1164504, San Diego, CA, USA) was used to detect
the proportion of neutrophils in BALF.

2.3 Alveolar-Capillary Membrane Dysfunction
Increased protein concentration in BALF is a primary biomarker of alveolar-capillary membrane

dysfunction, which is the key indicator of compromised pulmonary barrier integrity. Such dysfunction
typically occurs when the permeability of the alveolar-capillary barrier increases, triggered by ARDS. In
this study, the levels of proteins in BALF were measured using a Quick Start™ Bradford Protein Assay (Bio-
Rad Laboratories Inc., 5000201, Hercules, CA, USA). The Bradford protein assay is used to measure protein
concentration in a sample. It can assess the extravasation of proteins from the bloodstream into the lung
tissue, which reflects increased alveolar-capillary membrane dysfunction [6,7]. Absorbance was measured at
560 nm using the microplate reader (Agilent Technologies, BioTek Synergy HT Multi-Mode, Winooski, VT,
USA) [6,7].
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2.4 Lung Edema Analysis
The lung wet-to-dry weight ratio is a key indicator of lung water content. An elevated ratio signifies

pulmonary edema, indicating increased water retention in lung tissue [20,21]. To assess the severity of lung
edema, the lungs of the mice were removed and weighed immediately to obtain the wet weight. They were
then placed into the incubator at 80○C for 72 h before being weighed again to determine the dry weight.
The comparison of wet and dry weights provides critical insight into the extent of fluid accumulation in the
lungs, called lung edema [20].

2.5 Measurements of Adhesion Molecules and Proinflammatory Cytokines with Enzyme-Linked
Immunosorbent Assay
Enzyme-linked immunosorbent assay (ELISA) was used to examine the expression of adhesion

molecules, including mouse ICAM-1/CD54 ELISA kits (BioTechne/R&D Systems, MIC100, Minneapolis,
MN, USA) and mouse VCAM-1/CD106 ELISA kit (BioTechne/R&D Systems, MVC100) and proinflam-
matory cytokines including Mouse IL-1 beta/IL-1F2 Quantikine ELISA Kit (BioTechne/R&D Systems,
MLB00C), Mouse IL-6 ELISA Quantikine Kit (BioTechne/R&D Systems, MB6000B), and Mouse TNF-α
Quantikine ELISA Kit (BioTechne/R&D Systems, MTA00B) in BALF. These experiments were conducted
with strict adherence to the manufacturer’s guidelines and were informed by previous studies [22].

2.6 Western Blot Analysis of Protein Phosphorylation and Expression
Western blotting was used to determine the levels of protein expression and phosphorylation in the

lungs of mice with LPS-induced ARDS. After lung tissues were collected, they were homogenized in T-PER
Tissue Protein Extraction Reagent (Thermo Fisher Scientific, 78510, Waltham, MA, USA) supplemented
with a protease inhibitor cocktail (Sigma-Aldrich/Merck Millipore, P1860) and phosphatase inhibitor
cocktail 2 (Sigma-Aldrich/Merck Millipore, P5726). After centrifugation, the supernatants of the lung
homogenates were collected. To analyze the protein samples, an equivalent amount of protein from each
sample was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred
to polyvinylidene difluoride membranes (Thermo Fisher Scientific, 88520). This technique facilitated the
separation of proteins depending on their molecular weight and enabled their subsequent membrane transfer
for analysis. After incubating the membranes with 5% skim milk for one hour at room temperature for
blocking, they were treating for 16 h at 4○C with anti-iNOS (1:500, Santa Cruz Biotechnology, SC-7271,
St Louis, MO, USA), anti-COX2 (1:1000, Santa Cruz Biotechnology, SC-19999), anti-NLRP3 (1:500, Santa
Cruz Biotechnology, SC-134306), anti-ASC (1:500, Santa Cruz Biotechnology, SC-514414), anti-caspase-1
(1:1000, Santa Cruz Biotechnology, sc-56036), anti-IκB (1:1000, Santa Cruz Biotechnology, SC-514414), anti-
p-p65 (1:1000, Santa Cruz Biotechnology, SC-166748), anti-p65 (1:1000, Santa Cruz Biotechnology, SC-8008),
anti-p-Akt (1:1000, Santa Cruz Biotechnology, SC-514032), anti-Akt (1:1000, Santa Cruz Biotechnology, SC-
81434), anti-p-p38 MAPK (1:1000, Santa Cruz Biotechnology, SC-7973), anti-p38 MAPK (1:1000, Santa
Cruz Biotechnology, SC-7972), anti-p-JNK (1:1000, Santa Cruz Biotechnology, SC-6254), anti-JNK (1:1000,
Santa Cruz Biotechnology, SC-571), anti-p-ERK (1:1000; Santa Cruz Biotechnology, SC-7383), anti-ERK
(1:1000, Santa Cruz Biotechnology, SC-514302), and anti-β-actin (1:5000, Santa Cruz Biotechnology, SC-
47778) antibodies. Subsequently, horseradish peroxidase-conjugated AffiniPure™ Donkey Anti-Mouse IgG
(1:10000, Jackson ImmunoResearch Labs, 715-545-151, West Grove, PA, USA) secondary antibodies were
applied and allowed to incubate at room temperature for a duration of one hour. Finally, the expression and
phosphorylation of proteins were evaluated using enhanced chemiluminescence on a FUSIN Solo Vision
apparatus (Vilber, Lourmat, Collégien, France) and analyzed using densitometry [20,23,24].
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2.7 Cell Culture and Treatment
RAW 264.7 macrophage cells were obtained from a reliable cell bank, Bioresource Collection and

Research Center (BCRC, 60001, Hsinchu, Taiwan) and cultured in Dulbecco’s Modified Eagle Medium
(DMEM; Cytiva HycloneTM, SH30243.FS, Logan, UT, USA) supplemented with 10% fetal bovine serum
(FBS; Cytiva HycloneTM, SH30088.03) and 1% penicillin-streptomycin (Cytiva HycloneTM, SV30010) at
37○C in a humidified atmosphere containing 5% CO2. All reagents used in cell culture and treatment,
including FBS, DMEM, and antibiotics, were sourced from certified suppliers and verified to be mycoplasma-
free to minimize contamination risks. Cells were seeded into culture plates at an appropriate density and
allowed to adhere overnight. Treatments included the solvent of liriodendrin which is the dimethyl sulfoxide
(DMSO; Sigma-Aldrich/Merck Millipore, D8418), liriodendrin at concentrations of 10, 30 μM, or 50 μM,
and dexamethasone (1 mg/L) as a reference anti-inflammatory agent. Treatments were administered 30 min
before stimulation with either saline or LPS (500 ng/mL).

2.8 Nitric Oxide Measurement
The level of nitric oxide (NO) in the culture supernatant was determined using the Nitrite Assay

Kit (Griess Reagent) (Sigma-Aldrich/Merck Millipore, MAK367). Briefly, an equal volume of culture
supernatant and Griess reagent was mixed and incubated at room temperature for 10 min. The absorbance
was measured at 540 nm using a microplate reader (Synergy HT, Multi-mode microplate reader, BioTek
Instruments, Inc., Winooski, VT, USA), and NO levels were calculated based on a standard curve prepared
with sodium nitrite.

2.9 Statistical Analysis
Statistical analyses were conducted using SPSS Statistics (version 21.0, IBM SPSS Statistics, IBM

Corporation, Armonk, NY, USA), with results presented as means ± standard deviation (SD). To evaluate
the significance of our findings, a one-way analysis of variance (ANOVA) was employed. All experiments
were conducted with four replicates (n = 4). In instances requiring multiple comparisons, Bonferroni’s post
hoc test was applied, and a p value of less than 0.05 was deemed indicative of statistically significant results.

3 Results

3.1 Liriodendrin Ameliorated the Pathological Features of Mice with LPS-Induced ARDS
To determine the effect of liriodendrin on LPS-induced ARDS, we examined multiple pathological

features, including leukocyte infiltration, neutrophil infiltration, lung edema, and alveolar-capillary mem-
brane dysfunction. After the intratracheal administration of LPS, significant increases were observed in
histopathological exchange, leukocyte infiltration, neutrophil infiltration, lung edema, and protein leakage
into BALF as a result of alveolar-capillary membrane dysfunction (p < 0.05, Fig. 1). The findings indicate that
liriodendrin and dexamethasone treatment significantly mitigated LPS-induced lung injury, as shown by
reduced alveolar collapse and improved structural integrity. Additionally, liriodendrin did not cause adverse
histopathological changes in lung tissues under normal conditions (Fig. 1A). In addition, liriodendrin
inhibited LPS-induced leukocyte infiltration, neutrophil infiltration, and lung edema in a dose-dependent
manner, with its inhibitory effect initially observed at a concentration of 30 μM (p < 0.05, Fig. 1B–D).
Liriodendrin also inhibited LPS-induced alveolar-capillary membrane dysfunction in a dose-dependent
manner, with its inhibitory effect initially observed at a concentration of 10 μM (p < 0.05, Fig. 1E). In the
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positive control group, 1 mg/kg dexamethasone ameliorated the pathological features of mice with LPS-
induced ARDS (Fig. 1). Moreover, we further found that pathological features of mice with ARDS could not
induced by liriodendrin at the concentration of 500 μM (Fig. 1).

Figure 1: Liriodendrin ameliorated the multiple pathological features, including histopathological exchange, leukocyte
infiltration, neutrophil infiltration, lung edema, and alveolar-capillary membrane dysfunction in LPS-induced ARDS
mice. Saline, liriodendrin (10, 30, or 50 μM), or dexamethasone (1 mg/kg) was administered intraperitoneally at
specified concentrations 30 min prior to the intratracheal administration of saline or LPS (5 mg/kg). (A) The
histopathological examination in each treatment was performed using H&E staining. (B) The counts of leukocyte and
(C) neutrophil infiltration into BALF in each treatment. (D) Lung edema was evaluated by the ratio of wet and dry
weight of lungs in each treatment. (E) The alveolar-capillary membrane dysfunction was evaluated using the Bradford
protein assay in each treatment. All data were presented as mean ± SD and derived from experiments performed on
groups with four replicates (n = 4). #p < 0.05 significantly differed from the normal group, as shown in blue bars.
*p < 0.05 significantly differed from the LPS group, as shown in red bars. LPS: lipopolysaccharide; BALF: bronchoalve-
olar lavage fluid; ARDS: acute respiratory distress syndrome
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3.2 Liriodendrin Downregulated the Expression of Adhesion Molecules in Mice with LPS-Induced ARDS
ELISA was used to evaluate protein expression and to determine whether liriodendrin modulated the

secretion of adhesion molecules, including ICAM-1 and VCAM-1, in the BALF of mice with ARDS. After the
intratracheal administration of LPS, a significant increase in the secretion of adhesion molecules into BALF
was observed (p < 0.05, Fig. 2). By contrast, liriodendrin inhibited this effect in a dose-dependent manner,
with its inhibitory effect initially observed at a concentration of 30 μM (p < 0.05, Fig. 2). Dexamethasone
also inhibited the secretion of adhesion molecules in mice with LPS-induced ARDS (p < 0.05, Fig. 2).

Figure 2: Liriodendrin downregulated the expression of adhesion molecules, including ICAM-1 and VCAM-1, in
LPS-induced ARDS mice. Saline, liriodendrin (10, 30, or 50 μM), or dexamethasone (1 mg/kg) was administered
intraperitoneally at specified concentrations 30 min before the intratracheal administration of saline or LPS (5 mg/kg).
The expression of adhesion molecules, including ICAM-1 and VCAM-1, was evaluated using the ELISA assay in each
treatment. All data were presented as mean ± SD and derived from experiments performed on groups with four
replicates (n = 4). #p < 0.05 significantly differed from the normal group, as shown in blue bars. *p < 0.05 significantly
differed from the LPS group, as shown in red bars. ICAM-1: intercellular adhesion molecule-1; VCAM-1: vascular cell
adhesion molecule-1; ELISA: enzyme-linked immunosorbent assay

3.3 Liriodendrin Downregulated the Expression of iNOS and COX2 in Mice with LPS-Induced ARDS
Western blotting was used to evaluate protein expression and to determine whether liriodendrin

modulated the expression of iNOS and COX2 in the lung tissues of mice with ARDS. After the intratracheal
administration of LPS, significant increases in the expression of iNOS and COX2 were observed in the lung
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tissues of the mice (p < 0.05, Fig. 3). By contrast, liriodendrin inhibited this effect in a dose-dependent man-
ner, with its inhibitory effect initially observed at a concentration of 30 μM (p < 0.05, Fig. 3). Dexamethasone
also inhibited the expression of iNOS and COX2 in mice with LPS-induced ARDS (p < 0.05, Fig. 3).

Figure 3: Liriodendrin downregulated the expression of iNOS and COX2 in LPS-induced ARDS mice. Saline, lirio-
dendrin (10, 30, or 50 μM), or dexamethasone (1 mg/kg) was administered intraperitoneally at specified concentrations
30 min before the intratracheal administration of saline or LPS (5 mg/kg). The expression of iNOS and COX2 was
evaluated using the Western blotting assay in each treatment. All quantitative data were presented as mean ± SD and
derived from experiments performed on groups with four replicates (n = 4). #p < 0.05 significantly differed from the
normal group, as shown in blue bars. *p < 0.05 significantly differed from the LPS group, as shown in red bars

3.4 Liriodendrin Hindered the Production of Proinflammatory Cytokines in Mice with LPS-Induced
ARDS
ELISA was used to measure the production and release of proinflammatory cytokines including IL-

1β, IL-6, and TNFα, into BALF and to determine whether liriodendrin modulated this process in mice
with ARDS. After the intratracheal administration of LPS, a significant increase in the production of
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proinflammatory cytokines was observed in the lung tissues of the mice (p < 0.05, Fig. 4). By contrast,
liriodendrin inhibited this effect in a dose-dependent manner, with its inhibitory effect initially observed at
a concentration of 30 μM (p < 0.05, Fig. 4). Dexamethasone also inhibited the secretion of proinflammatory
cytokines in mice with LPS-induced ARDS (p < 0.05, Fig. 4).

Figure 4: Liriodendrin downregulated the production of proinflammatory cytokines in LPS-induced ARDS mice.
Saline, liriodendrin (10, 30, or 50 μM), or dexamethasone (1 mg/kg) was administered intraperitoneally at specified
concentrations 30 min prior to the intratracheal administration of saline or LPS (5 mg/kg). The production of
proinflammatory cytokines, including IL-1β, IL-6, and TNFα, was evaluated using the ELISA assay in each treatment.
All data were presented as mean ± SD and derived from experiments performed on groups with four replicates (n = 4).
#p < 0.05 significantly differed from the normal group, as shown in blue bars. *p < 0.05 significantly differed from the
LPS group, as shown in red bars. IL: interleukin; TNF: tumor necrosis factor
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3.5 Liriodendrin Downregulated the Expression of NLRP3, ASC, and Cleaved Caspase-1 in Mice with LPS-
Induced ARDS
Western blotting was used to evaluate protein expression and to determine whether liriodendrin mod-

ulated the expression of NLRP-3, ASC, and cleaved caspase-1 in the lung tissues of mice with ARDS. After
the intratracheal administration of LPS, significant increases in the expression of NLRP-3, ASC, and cleaved
caspase-1 were observed in the lung tissues of the mice (p < 0.05, Fig. 5). By contrast, liriodendrin inhibited
this effect in a dose-dependent manner, with its inhibitory effect initially observed at a concentration of 30
μM (p < 0.05, Fig. 5). Dexamethasone also inhibited the expression of NLRP-3, ASC, and cleaved caspase-1
in mice with LPS-induced ARDS (p < 0.05, Fig. 5).

Figure 5: Liriodendrin downregulated the expression of NLRP3, ASC, and cleaved caspase-1 in LPS-induced ARDS
mice. Saline, liriodendrin (10, 30, or 50 μM), or dexamethasone (1 mg/kg) was administered intraperitoneally at
specified concentrations 30 min before the intratracheal administration of saline or LPS (5 mg/kg). The expression of
NLRP3, ASC, and CL-caspase-1 was evaluated using the Western blotting assay in each treatment. All quantitative data
were presented as mean ± SD and derived from experiments performed on groups with four replicates (n = 4). #p <
0.05 significantly differed from the normal group, as shown in blue bars. *p < 0.05 significantly differed from the LPS
group, as shown in red bars. NLRP3: NOD-like receptor family pyrin domain-containing 3; ASC: apoptosis-associated
speck-like protein containing a CARD; CL-csapase-1: cleaved caspase-1

3.6 Liriodendrin Reduced IκB Degradation and NF-κB Phosphorylation in Mice with LPS-Induced ARDS
Western blotting was used to determine the effect of liriodendrin on the degradation of IκB and

the phosphorylation of NF-κB in mice with LPS-induced ARDS. After the intratracheal administration
of LPS, significant increases in the degradation of IκB and the phosphorylation of NF-κB were observed
(p < 0.05, Fig. 6). By contrast, liriodendrin inhibited this effect in a dose-dependent manner, with its
inhibitory effect initially observed at a concentration of 30 μM (p < 0.05, Fig. 6). Dexamethasone also
inhibited the degradation of IκB and the phosphorylation of NF-κB in mice with LPS-induced ARDS (p <
0.05, Fig. 6).
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Figure 6: Liriodendrin downregulated the degradation of IκB and the phosphorylation of NF-κB p65 in LPS-induced
ARDS mice. Saline, liriodendrin (10, 30, or 50 μM), or dexamethasone (1 mg/kg) was administered intraperitoneally at
specified concentrations 30 min prior to the intratracheal administration of saline or LPS (5 mg/kg). The degradation of
IκB and the phosphorylation of NF-κB p65 were evaluated using the Western blotting assay in each treatment. The levels
of IκB expression and p65 phosphorylation were normalized to the level of actin and p65, respectively. All quantitative
data were presented as mean ± SD and derived from experiments performed on groups with four replicates (n = 4).
#p < 0.05 significantly differed from the normal group, as shown in blue bars. *p < 0.05 significantly differed from the
LPS group, as shown in red bars. NF-κB: nuclear factor kappa-light-chain-enhancer of activated B cells; IκB: inhibitor
of NF-κB

3.7 Liriodendrin Reduced the Phosphorylation of Akt, p38 MAPK, and JNK in Mice with LPS-Induced
ARDS
Western blotting was used to determine the effect of liriodendrin on the phosphorylation of Akt and the

MAPK family, including p38 MAPK, JNK, and ERK, in mice with LPS-induced ARDS. After the intratracheal
administration of LPS, a significant increase was observed in the phosphorylation of Akt, p38 MAPK, JNK,
and ERK (p < 0.05, Fig. 7). By contrast, liriodendrin inhibited this effect in a dose-dependent manner, with
its inhibitory effect initially observed at a concentration of 30 μM (p < 0.05, Fig. 7). Despite these findings,
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liriodendrin had no effect on the phosphorylation of ERK in mice with LPS-induced ARDS. Dexamethasone
inhibited the phosphorylation of Akt, p38 MAPK, JNK, and ERK in mice with LPS-induced ARDS
(p < 0.05, Fig. 7).

Figure 7: Liriodendrin downregulated the phosphorylation of Akt, p38 MAPK, and JNK in LPS-induced ARDS
mice. The phosphorylation of Akt and the MAPK family, including p38 MAPK, JNK, and ERK, were evaluated
using the Western blotting assay in each treatment. The phosphorylated levels of Akt, p38 MAPK, and JNK were
normalized to the non-phosphorylated levels of Akt, p38 MAPK, and JNK, respectively. Saline, liriodendrin (10, 30,
or 50 μM), or dexamethasone (1 mg/kg) was administered intraperitoneally at specified concentrations 30 min prior
to the intratracheal administration of saline or LPS (5 mg/kg). All quantitative data were presented as mean ± SD and
derived from experiments performed on groups with four replicates (n = 4). #p < 0.05 significantly differed from the
normal group, as shown in blue bars. *p < 0.05 significantly differed from the LPS group, as shown in red bars. MAPK:
mitogen-activated protein kinase; JNK: c-Jun N-terminal kinase; ERK: extracellular signal-regulated kinase
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3.8 Liriodendrin Reduced the NO Generation, Proinflammatory Cytokines Expression, NF-κB p65 Phos-
phorylation, and NLRP3, ASC, and Cleaved Caspase-1 Expression in LPS-Stimulated Macrophage
Activation
Griess reaction assay was used to determine the effect of liriodendrin on NO generation in LPS-

stimulated macrophage activation. After the administration of LPS, a significant increase was observed in
the NO generation (p < 0.05, Fig. 8A). By contrast, liriodendrin inhibited this effect in a dose-dependent
manner, with its inhibitory effect initially observed at a concentration of 30 μM (p < 0.05, Fig. 8A). On
the other hand, we further found that proinflammatory cytokines, including IL-1β, IL-6, and TNFα, were
significantly increased by LPS (p < 0.05, Fig. 8B). Liriodendrin inhibited this effect in a dose-dependent
manner, with its inhibitory effect initially observed at a concentration of 30 μM (p < 0.05, Fig. 8B). Finally,
NF-κB p65 phosphorylation, NLRP3, ASC, and cleaved caspase-1 expression were significantly increased by
LPS (p < 0.05, Fig. 8C). Liriodendrin inhibited this effect in a dose-dependent manner, with its inhibitory
effect initially observed at a concentration of 30 μM (p < 0.05, Fig. 8C). Dexamethasone inhibited the NO
generation, proinflammatory cytokines expression, NF-κB p65 phosphorylation, and NLRP3, ASC, and
cleaved caspase-1 expression in LPS-stimulated RAW264.7 macrophage (p < 0.05, Fig. 8).

Figure 8: (Continued)
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Figure 8: Liriodendrin downregulated the NO generation, proinflammatory cytokines expression, phosphorylation of
NF-κB p65, and expression of NLRP3, ASC, and cleaved caspase-1 in LPS-stimulated macrophage activation. (A) The
level of NO was evaluated using the Griess reaction assay in each treatment. (B) The production of proinflammatory
cytokines, including IL-1β, IL-6, and TNFα, was evaluated using the ELISA assay in each treatment. (C) The phos-
phorylation of NF-κB p65 and expression of NLRP3, ASC, and cleaved caspase-1 were evaluated using the Western
blotting assay in each treatment. DMSO, liriodendrin (10, 30, or 50 μM), or dexamethasone (1 mg/L) was treated at
specified concentrations 30 min prior to the administration of saline or LPS (500 ng/mL). All quantitative data were
presented as mean ± SD and derived from experiments performed on groups with four replicates (n = 4). #p < 0.05
significantly differed from the normal group, as shown in blue bars. *p < 0.05 significantly differed from the LPS group,
as shown in red bars. NO: nitric oxide; IL: interleukin; TNF: tumor necrosis factor; NLRP3: NOD-like receptor family
pyrin domain-containing 3; ASC: apoptosis-associated speck-like protein containing a CARD; CL-csapase-1: cleaved
caspase-1

4 Discussion
ARDS is a severe pathological condition characterized by inflammation, alveolar epithelial damage, and

increased capillary permeability, leading to compromised gas exchange. This critical condition manifests
as severe hypoxemia and bilateral pulmonary leukocyte infiltration [2,4,5]. It may result from indirect
injuries related to systemic conditions, such as sepsis induced by CLP or IgG-IC [18,19]. Direct injuries such
as bacterial pneumonia can affect lung tissues, eliciting a strong local inflammatory response [25,26]. To
simulate this pathology in experimental models, LPS is typically intratracheally administered to directly
induce ARDS [27,28]. This technique mimics bacterial lung infections and triggers a robust local immune
response, leading to acute inflammation, alveolar-capillary barrier disruption, and extensive edema. These
pathological features are similar to the clinical presentation and progression of ARDS in humans [2,27,28].
In previous study, it has discovered that 20 mg/kg liriodendrin reduced vascular permeability and neutrophil
infiltration in the lung tissues of mice with CLP-induced septic ALIs [19]. We further discovered that
liriodendrin significantly mitigated the degree of pulmonary edema in mice with LPS-induced ARDS and
reduced vascular permeability and leukocyte infiltration. These ameliorative ARDS effects of liriodendrin
were found to be dose-dependent. Taken together, these findings indicate that liriodendrin has the potential
to ameliorate the pathological features of ARDS in mice treated with LPS.

Leukocyte infiltration and activation are key drivers of ARDS pathogenesis, primarily because of their
disruptive effects on the alveolar-capillary barrier [4,29,30]. After LPS stimulation, adhesion molecules
such as ICAM-1 and VCAM-1 are significantly upregulated and play a pivotal role in the pathogenesis of
ARDS by recruiting leukocytes [5,31,32]. This upregulation facilitates the rolling, adhesion, and migration
of leukocytes to the pulmonary endothelium, which further exacerbates the condition [4,33–35]. Both the
accumulation and infiltration of leukocytes into the pulmonary parenchyma play a key role in tissue edema
and injury by releasing proinflammatory mediators such as iNOS and COX2 and proinflammatory cytokines
such as IL-6 and TNF-α [2,5,35]. In the uterine tissues of rats with chronic endometritis (CE), liriodendrin
suppresses the expression of iNOS. In addition, pretreatment with liriodendrin substantially downregulates
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the expression of proinflammatory cytokines such as IL-1β, IL-6, and TNF-α in the lung tissues of mice with
IgG-IC or sepsis-induced ALIs, the uterine tissues of mice with CE, the liver tissues of mice with hepatic
ischemia-reperfusion injury, the intestinal tissues of mice with radiation enteritis, the colon tissues of mice
with colitis induced by dextran sulfate sodium (DSS), and the myocardial tissues of mice with myocardial
infarction, as well as LPS-induced RAW 264.7 macrophages [15,36,37]. In the present study, we discovered
that liriodendrin inhibits the expression of iNOS and the secretion of proinflammatory cytokines in mice
with LPS-induced ARDS. We also discovered that liriodendrin reduces the expression of COX2 and adhesion
molecules such as ICAM-1 and VCAM-1. Taken together, these findings indicate that liriodendrin has the
potential to alleviate the symptoms of ARDS by targeting adhesion molecules, proinflammatory mediators,
and proinflammatory cytokines.

In the molecular pathogenesis of ARDS, pyroptosis contributes to lung damage by enhancing leukocyte
recruitment and perpetuating inflammatory cycles [9,10]. Pyroptosis is an inflammatory form of cell death
mediated by the formation of NLRP3 inflammasomes [38,39]. NLRP3 functions as a sensor that detects
various danger signals through its leucine-rich repeat domain and initiates oligomerization through its
nucleotide-binding domain. This structural transformation is essential because it facilitates the recruitment
and activation of the adaptor protein ASC and caspase-1. This recruitment of ASC through pyrin-pyrin
domain interactions forms a platform for pro-caspase-1 engagement. Once assembled, pro-caspase-1 under-
goes autocleavage into its active form, which subsequently processes proinflammatory cytokines such as
IL-1β. In the pathogenesis of ARDS, LPS can induce the formation of NLRP3 inflammasomes, leading to the
production of IL-1β in the lungs [9,10,40]. According to the literature, Sargentodoxa cuneata extracts contain
liriodendrin and downregulate the expression of IL-1β and NLRP3 in the colons of mice with DSS-induced
ulcerative colitis [13]. To the best of our knowledge, the present study was the first to examine the protective
role of liriodendrin against lung damage in mouse models of LPS-induced ARDS through the reduction of
NLRP3 inflammasome formation. We discovered that liriodendrin considerably reduced the production of
IL-1β and the expression of NLRP3 and ASC in a murine model of LPS-induced ARDS. Taken together, our
findings indicate that liriodendrin has the potential to ameliorate the proinflammatory features associated
with ARDS by inhibiting the assembly of NLRP3 inflammasomes and the subsequent pyroptotic response.

In the pathogenesis of ARDS inflammation, the priming phase starts with the activation of NF-κB
through molecular signaling cascades after the activation of Toll-like receptors induced by LPS [41,42]. Upon
exposure to LPS, IκB kinase phosphorylates IκB proteins, targeting them for degradation and thus enabling
the NF-κB complex to translocate into the nucleus and bind to DNA at κB sites. NF-κB activation and
phosphorylation play a key role in initiating the transcription of various proinflammatory genes associated
with proinflammatory mediators, adhesion molecules, cytokines, NLRP3, and pro-IL-1β [9,10,43,44]. In
the colon tissues of mice with DSS-induced colitis, pretreatment with liriodendrin significantly inhibits
the phosphorylation of IκB and NF-κB [15]. Similarly, in the myocardial tissues of mice with myocardial
infarction, pretreatment with liriodendrin significantly inhibits LPS-induced RAW 264.7 macrophages.
Liriodendrin also significantly inhibits the phosphorylation of NF-κB in the uterine tissues of mice with
CE, the intestinal tissues of mice with radiation enteritis, and the lung tissues of mice with IgG-IC or
sepsis-induced ALI [17–19,30,37]. Similarly, liriodendrin significantly inhibits the expression of NF-κB in the
liver tissues of mice with hepatic ischemia-reperfusion injury and effectively inhibits the phosphorylation
of NF-κB in the lung tissues of mice with LPS-induced ARDS [45]. We’ve also found that liriodendrin
can effectively inhibit the phosphorylation of NF-κB in the lungs of LPS-induced ARDS mice. Moreover,
liriodendrin effectively mitigates the degradation of IκB. Taken together, these findings indicate that
liriodendrin hinders the formation of NLRP3 inflammasomes and inhibits the associated pyroptotic pathway
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through NF-κB pathway activation, including NF-κB phosphorylation and IκB degradation in mice with
LPS-induced ARDS.

In this study, the activation of NF-κB was influenced by specific upstream kinases, including Akt and
the MAPK family, in LPS-induced ARDS [46–49]. In LPS-induced ARDS, abnormal activation of AKT
and MAPK signaling pathways occurs in key effector cells, including alveolar epithelial cells, macrophages,
and endothelial cells, driving inflammation and lung injury. Alveolar epithelial cells are essential for
maintaining the integrity of the alveolar-capillary barrier and for surfactant production. When stimulated
by LPS, these cells activate the AKT and MAPK pathways, leading to apoptosis and a compromised barrier
function. Macrophages respond to LPS by releasing pro-inflammatory cytokines. The activation of the AKT
and MAPK pathways further amplifies this inflammatory response, exacerbating lung injury. In endothelial
cells, similar activation increases vascular permeability and promotes leukocyte adhesion, contributing to
pulmonary edema and systemic inflammation. This evidence also discovered that the phosphorylation
of the MAPK family, which includes p38 MAPK, JNK, ERK, and Akt, indicated the activation of these
proteins [47,50,51]. In the colon tissues of mice with DSS-induced colitis, pretreatment with liriodendrin
significantly inhibited the phosphorylation of Akt and LPS-induced RAW 264.7 macrophages [15]. In the
lung tissues of mice with IgG-IC-induced ALIs, liriodendrin significantly inhibited the phosphorylation
of p38 MAPK and JNK [18]. We also discovered that liriodendrin inhibited the phosphorylation of Akt,
p38 MAPK, and JNK in the lung tissues of mice with LPS-induced ARDS. Taken together, these findings
indicate that liriodendrin hinders NF-κB pathway activation through the activation of NF-κB, including the
phosphorylation of Akt, p38 MAPK, and JNK in mice with LPS-induced ARDS.

The suppression of NO and pro-inflammatory cytokines indicates a potential reduction in lung damage
associated with oxidative stress, vascular permeability, and leukocyte recruitment, which are essential factors
in the progression of ARDS. Additionally, the downregulation of NF-κB activity suggests that lirioden-
drin interferes with critical transcriptional pathways that enhance inflammatory responses. Moreover, the
inhibition of NLRP3 inflammasome activation illustrates the capacity of liriodendrin to prevent pyroptotic
cell death, effectively disrupting the cycle of inflammation and tissue damage. These findings derived from
macrophage models, in conjunction with results from animal studies, provide valuable molecular insights
and point to the significant therapeutic potential of liriodendrin for ARDS treatment.

Dexamethasone demonstrated effective anti-inflammatory properties in the study, showing results
comparable to 50 μM Liriodendrin in reducing LPS-induced lung injury. However, its long-term use is
limited due to significant side effects, including immunosuppression, hyperglycemia, and osteoporosis,
particularly in patients requiring ongoing treatment for ARDS. In contrast, Liriodendrin, a natural plant
compound, exhibits similar efficacy with potentially fewer side effects, making it a promising and safer
alternative for treating ARDS. Further research is essential to confirm its safety and effectiveness.

This study has several limitations. First, while the LPS-induced murine ARDS model replicates key
features of ARDS, it cannot fully capture the complexity of human cases involving various causes and
patient-specific factors. Second, the pharmacokinetics, bioavailability, and metabolic pathways of lirio-
dendrin remain unexamined, limiting clinical application. Additionally, the research focused mainly on
anti-inflammatory and pyroptosis-modulating effects, neglecting other potentially relevant mechanisms
such as oxidative stress regulation and tissue repair. Finally, the evaluation was restricted to short-term
effects, leaving long-term safety and efficacy unaddressed. Future studies should address these limitations
by including pharmacokinetic analyses, evaluating long-term outcomes, and exploring additional molecular
mechanisms. Clinical trials are essential to validate the potential of liriodendrin as a therapeutic option for
ARDS and related inflammatory conditions.
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5 Conclusion
In conclusion, liriodendrin ameliorates the pathological features of mice with LPS-induced ARDS,

including leukocyte infiltration, lung edema, and alveolar–capillary membrane dysfunction. Liriodendrin
also mitigates proinflammatory responses, including the expression of adhesion molecules including ICAM-
1 and VCAM-1, expression of iNOS and COX2, and production of proinflammatory cytokines in mice
with ARDS. In the lung tissues of mice with LPS-induced ARDS, liriodendrin plays a protective role by
downregulating the expression of NLRP3 and ASC; degrading IκB; and phosphorylation of NF-κB through
the phosphorylation of p38 MAPK, JNK, and Akt. In a dose-dependent manner, liriodendrin ameliorates
the pathological features of mice with LPS-induced ARDS and plays a protective role for them. Taken
together, these findings indicate that liriodendrin prevents the development of ALIs associated with LPS-
induced ARDS by ameliorating the pathological features and proinflammatory responses associated with
NLRP3 formation through NF-κB pathway activation and its upstream factor containing p38 MAPK, JNK,
and Akt phosphorylation (Fig. 9). These findings demonstrate the dose-dependent protective effects of
liriodendrin in the LPS-induced ARDS model and suggest its potential as a therapeutic candidate for other
inflammation-related pulmonary and systemic disorders.

Figure 9: Schemes of the mechanism of the ameliorated effects of liriodendrin against NLRP3-Mediated pyroptosis
and proinflammatory pathways in LPS-induced ARDS
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