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Purpose: Acute lung injury (ALI) is a severe pulmonary disease characterized by damage to the alveoli and pulmonary blood vessels, 
leading to severe impairment of lung function. Studies on the effect of capsaicin (8-methyl-N-geranyl-6-nonamide, CAP) on 
lipopolysaccharide (LPS)-induced ALI in bronchial epithelial cells transformed with Ad12-SV40 2B (BEAS-2B) are still limited. 
This study aimed to investigate the effect and specific mechanism by which CAP improves LPS-induced ALI.
Methods: The present study investigated the effect of CAP and the potential underlying mechanisms in LPS-induced ALI in vitro and 
vivo via RNA sequencing, Western blotting (WB), quantitative real-time reverse transcription PCR (qRT‒PCR), enzyme-linked 
immunosorbent assay (ELISA), and transmission electron microscopy (TEM). The TRPV1 inhibitor AMG9810 and the AKT agonist 
SC79 were used to confirm the protective effect of the TRPV1/AKT axis against ALI. The autophagy agonist rapamycin (Rapa) and 
the autophagy inhibitors 3-methyladenine (3-MA) and bafilomycin A1 (Baf-A1) were used to clarify the characteristics of LPS- 
induced autophagy.
Results: Our findings demonstrated that CAP effectively suppressed inflammation and autophagy in LPS-induced ALI, both in vivo 
and in vitro. This mechanism involves regulation by the TRPV1/AKT signaling pathway. By activating TRPV1, CAP reduces the 
expression of P-AKT, thereby exerting its anti-inflammatory and inhibitory effects on pro-death autophagy. Furthermore, prior 
administration of CAP provided substantial protection to mice against ALI induced by LPS, reduced the lung wet/dry ratio, decreased 
proinflammatory cytokine expression, and downregulated LC3 expression.
Conclusion: Taken together, our results indicate that CAP protects against LPS-induced ALI by inhibiting inflammatory responses 
and autophagic death through the TRPV1/AKT signaling pathway, presenting a novel strategy for ALI therapy.
Keywords: capsaicin, acute lung injury, Inflammation, autophagy, TRPV1, AKT

Introduction
Acute lung injury (ALI) is a collection of clinical syndromes resulting from injury to alveolar epithelial cells and 
capillary endothelial cells, manifesting as widespread damage to the alveolar parenchyma and intractable hypoxemia. 
The hallmark features of ALI include diffuse alveolar injury, formation of hyaline membranes, and thickening of the 
interstitium. In severe cases, ALI can progress to pulmonary fibrosis and ultimately acute respiratory distress syndrome 
(ARDS).1,2 The pathogenesis of ALI is characterized by the occurrence of functional cell apoptosis, systemic inflamma-
tion, and disruption of lung immune homeostasis. These processes collectively contribute to the development of life- 
threatening organ failure.3 ALI is a severe inflammatory syndrome that poses a significant threat to life, resulting in high 
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mortality and morbidity rates. However, ALI patients rarely return to normal after treatment, resulting in physical and 
psychological suffering. Therefore, the development of effective drugs to alleviate inflammatory responses and further 
improve long-term prognosis in patients with ALI has become an urgent and important issue.

The stimulation of lipopolysaccharide (LPS) triggers the activation of neutrophils and macrophages, prompting them 
to release several proinflammatory cytokines, such as tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and 
interleukin-1β (IL-1β).4 LPS-induced bronchial epithelial cells transformed with Ad12-SV40 2B (BEAS-2B) have 
been extensively utilized as a clinically relevant model of ALI due to their ability to accurately simulate pathological 
events such as inflammation and histological alterations.5,6

In recent years, proprietary Chinese medicines have become essential players in the clinical treatment of diseases. For 
example, studies have shown that cryptotanshinone7 and scutellarein8 can alleviate chronic obstructive pulmonary 
disease, and sodium houttuynia6 has a protective effect against chronic airway inflammation. Capsaicin (8-methyl- 
N-geranyl-6-nonamide, CAP) is a naturally occurring substance extracted from Capsicum annuum in the Solanaceae 
family, that has exerted multiple pharmacological effects and therapeutic effects on various diseases, including cancer,9 

diabetic cardiovascular disease10 and pain.11 In addition, CAP has also exerted significant therapeutic effects on acute 
liver injury,12 colitis,13 and LPS-induced inflammation in macrophages.14 Currently, there are various ointments contain-
ing CAP that can be topically applied to alleviate pain, migraines, headaches, psoriasis, and infections caused by the 
herpes simplex virus.15,16 Additionally, CAP has shown promising therapeutic potential in mitigating symptoms related 
to dyspepsia, decreased appetite, excessive gas, arterial plaque buildup, cardiovascular disorders, and muscle tension.17 

According to recent studies, CAP has been found to relieve LPS-induced ALI in vivo through the HMGB1/NF-κB and 
PI3K/AKT/mTOR pathways.18 Furthermore, several research studies have suggested that transient receptor potential 
vanilloid type 1 (TRPV1), which is stimulated by CAP, may have various physiological impacts.19 However, the role of 
TRPV1 activation by CAP in the treatment of LPS-induced ALI in BEAS-2B cells remains elusive.

Autophagy, a crucial biological process involved in the degradation and removal of detrimental proteins and 
organelles within cells via autophagosome formation,20 plays a pivotal role in maintaining cellular viability. 
Autophagy is constitutively present at basal levels under physiological conditions and plays a pivotal role in maintaining 
intracellular homeostasis. Nevertheless, the occurrence of irregular autophagy has been associated with the emergence of 
diverse lung ailments, such as fibrotic lung disease,21 obstructive pulmonary disease,22 and pulmonary injury.23,24 Studies 
have shown that inhibiting LPS-induced excessive autophagy in alveolar epithelial cells can mitigate inflammatory 
injury.25,26 Moreover, excessive autophagy activation has been implicated in the development of ALI,27–30 and the 
effective inhibition of autophagy is a potential therapeutic approach. Thus, modulating autophagy from inducing death to 
supporting survival could prove effective in the treatment of LPS-induced ALI. However, whether the anti-inflammatory 
effect of CAP against LPS-induced ALI in BEAS-2B cells is associated with autophagy remains poorly understood, 
necessitating further investigation.

Therefore, this study performed RNA sequencing, enzyme-linked immunosorbent assay (ELISA), quantitative real- 
time reverse transcription PCR (qRT‒PCR), and Western blotting (WB) to explore whether LPS-induced inflammation 
and autophagy can be reversed in vitro and in vivo, as well as the characteristics of autophagy in response to CAP.

Materials and Methods
Reagents and Chemicals
BEAS-2B cells (Cat. No. CRL9609) were obtained from the American Type Culture Collection (ATCC) located in Manassas, 
VA, USA. Gibco (Grand Island, NY, USA) provided Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum, 
phosphate-buffered saline (PBS), trypsin, and dual-antibiotics. Beyotime Biotech (Shanghai, China) provided the CCK-8 cell 
viability and cytotoxicity test kit, RIPA lysis buffer, phenylmethanesulfonyl fluoride (PMSF), the bicinchoninic acid (BCA) 
protein assay kit, and bovine serum albumin (BSA). The CellTiter 96 AQueous One Solution Cell Proliferation Assay (MTS) 
Kit is provided by Promega (Beijing, China). CAP was sourced from MedChemExpress (Shanghai, China), while LPS was 
obtained from Sigma‒Aldrich (St. Louis, MO, USA). Rapamycin (Rapa) (S1039), 3-methyladenine (3-MA) (S2767), 
bafilomycin A1 (Baf-A1) (S1413), AMG9810 (S6934), and SC79 (S7863) were acquired from Selleck (Houston, USA). Anti- 
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TNF-α (GB11188) antibodies were obtained from Servicebio (Wuhan, China). Anti-p-AKT (cat. 4060S), anti-AKT (cat. 
9272S), anti-p-p65 (cat. 3033S), anti-p65 (cat. 8242S), anti-LC3 A/B (cat. 12741S), and anti-P62/SQSTM1 (cat. 88588S) 
antibodies were obtained from Cell Signaling Technology (Boston, MA, USA). Anti-TRPV1 (Cat No: 66983-1-Ig) was 
acquired from Proteintech (Wuhan, China). Anti-p-PI3K (AF3242) was obtained from Affinity (Jiangsu, China). Alexa Fluor 
488 (HA1121)- and Alexa Fluor 594 (HA1126)- conjugated secondary antibodies, anti-PI3K (ET1610-36) and anti-GAPDH 
(ET1601-4) were purchased from HuaBio (China).

RNA Sequencing
After RNA extraction (Invitrogen TRIzol), purification (Thermo Scientific NanoDrop 2000; Thermo Scientific, Waltham, 
Massachusetts, USA), and library preparation (NEBNext Ultra II RNA Library Prep Kit for Illumina), the samples were 
subjected to next-generation sequencing (NGS) on the Illumina sequencing platform, and RNA-seq was performed using 
PANOMIX. DESeq software (version 1.20.0) was utilized for conducting differential expression analysis between two 
groups. For Gene Ontology (GO) enrichment analysis, topGO was employed. The hypergeometric distribution method 
was used to calculate P values, with significance defined as a P value < 0.05. Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway enrichment analysis was performed using clusterProfiler software (version 3.4.4), with a focus on 
significantly enriched pathways with P values < 0.05. Differential splicing events were analyzed using rMATS software 
(version 3.2.5), with a focus on five major types of alternative splicing events: SE, RI, MXE, A5SS, and A3SS.

Cell Culture and Treatment
To cultivate cells, DMEM basal medium was supplemented with 10% fetal bovine serum and 1% penicillin‒streptomy-
cin. The cells were grown in a moist incubator at a consistent temperature of 37°C and 5% CO2. For the treatments, 
BEAS-2B cells were subjected to different conditions. Initially, the cells were categorized into four groups: Vehicle, CAP, 
LPS, and CAP+LPS. The cells were cultured in the presence or absence of CAP (100 μmol/l) for 1 h. Subsequently, the 
cells were further treated with LPS (10 μg/mL) for 6 h.6,31,32 In another set of experiments, the cells were pretreated with 
AMG9810 (10 μmol/l)33 or SC79 (10 μmol/l)34 for 2 h before CAP treatment. Subsequently, these cells were exposed to 
LPS for 6 h before further experiments were conducted.

Cell Viability Assay
The BEAS-2B cells were planted in a 96-well plate at a density of 5×10^4/mL, 100 μL per well. The cells were treated with CAP at 
concentrations of 0, 50, 100, 200, 400, 600, or 800 μmol/l for 12 or 24 h, and then the IC50 of CAP was determine in BEAS-2B 
cells. The results of the IC50 assay are shown in Supplementary Material Figure S1. In a 96-well plate, BEAS-2B cells were 
seeded at a concentration of 3 × 10^4 cells/mL. Different concentrations of CAP (0, 50, 100, 150 μmol/l) were added to the wells, 
and the cells were incubated for 12 h or 24 h. Subsequently, 10 μL of CCK-8 detection reagent was added to each well, and the 
cells were incubated for 1 h. A microplate reader was utilized to measure the absorbance at 450 nm, enabling the assessment of cell 
viability. To evaluate the autophagic properties following 6 h of LPS stimulation, different groups were established. The 
treatments included the Vehicle, LPS, LPS+Rapa (100 nmol/l),35,36 LPS+3-MA (5 mmol/l),37,38 and LPS+Baf-A1 (100 nmol/ 
l)39 groups, which were treated with the respective activators or inhibitors for 2 h prior to LPS stimulation. Subsequently, the 
groups were subjected to 6 h of LPS stimulation. Then, the original culture medium was aspirated, and 10 μL of the CCK-8 
detection reagent was added to each well. After incubating for 1 h, the absorbance at 450 nm was measured using a microplate 
reader to determine cell viability. The cell viability was calculated using Equation 1.

Quantifying Cell Proliferation Using the MTS Assay
As shown in the CCK-8 procedure, Beas-2B cells were seeded into a 96-well plate according to the groups, with 3 
replicate wells for each group, along with three wells of cell-free and untreated blank controls. After the corresponding 
treatment time, the culture medium was removed, and 20 μL of MTS reagent was added to each well. The plate was then 
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incubated at 37°C with 5% CO2 for 1 to 4 h, after which the absorbance at 490 nm was measured. The cell viability was 
calculated using Equation 1. The results of the MTS cell viability assay are shown in Supplementary Material Figure S2.

ELISA
TNF-α, IL-6, and IL-1β levels were quantified in cell supernatants and mouse serum using commercially available 
ELISA kits (Solarbio, Beijing China) according to the manufacturer’s instructions.

WB
Following the administration of various treatment regimens for the specified durations, the cells were subjected to lysis using 
RIPA lysis buffer supplemented with PMSF and phosphatase inhibitors to extract the entirety of intracellular proteins. The protein 
concentration in the lysates was determined using a BCA protein assay kit. Subsequently, the protein samples were separated on 
8–12% gels by SDS‒PAGE and transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, USA) using a semidry 
transfer apparatus (Bio-Rad, 690BR035335). Subsequently, the membranes were blocked with 5% skim milk or 5% BSA for 1 
h at room temperature, followed by overnight incubation at 4°C with the appropriate primary antibodies (1:1000). After washing 
the membranes with Tris-buffered saline containing Tween-20 (TBST), they were subsequently incubated with secondary 
antibodies for 1 h at 37°C. Following another round of washing, the reactive protein bands were visualized using an enhanced 
chemiluminescence (ECL) detection system and captured on film. The intensity of the protein bands was quantified using ImageJ 
software, and GAPDH served as a loading control.

qRT‒PCR
Total cellular RNA and total lung tissue RNA were extracted by a TransZol (Trans Gene Biotech) kit. qRT‒PCR was 
performed with an Ambion 7500 Real-Time PCR System (Thermo Fisher) using the TransZol kit. The samples were 
amplified in triplicate within a single run. GAPDH was employed as an internal reference, and the relative expression 
levels of genes were determined using the 2−∆∆Ct method. The results are presented as the ratio to the internal reference.

The cellular primer sequences were as follows: human GAPDH, 5’-AGAAGGCTGGGGCTCATTTG-3’ and 5’- 
AGGGGCCATCCACAGTCTTC-3’; human TNF-α, 5’-CGAGTCTGGGCAGGTCTA-3’ and 5’-GTGGTGGTCTTGT 
TGCTTAA-3’; human IL-6, 5’-GGAGACTTGCCTGGTGAA-3’ and 5’-GCATTTGTGGTTGGGTCA-3’; and human IL- 
1β, 5’-ACAGTGGCAATGAGGATG-3’ and 5’-TGTAGTGGTGGTCGGAGA-3’.

The mouse tissue primer sequences were as follows: mouse GAPDH, 5’-GTGAAGGTCGGTGTGAACGGATT 
-3’ and 5’-CTCGCTCCTGGAAGATGGTGATG-3’; mouse TNF-α, 5’-AGCCAGGAGGGAGAACAGAAACT-3’ 
and 5’-GCCACAAGCAGGAATGAGAAGAGG-3’; mouse IL-6, 5’-TGTCTGTAGCTCATTCTGCTCTGG-3’ and 
5’-GAAGGCAACTGGATGGAAGTCTCT-3’; and mouse IL-1β, 5’-GAAATGCCACCTTTTGACAGTG-3’ and 5’- 
TGGATGCTCTCATCAGGACAG-3’.

Transmission Electron Microscopy (TEM)
BEAS-2B cells were subjected to various treatments, including CAP and LPS exposure. Subsequently, the cells were 
gently rinsed with 1× phosphate-buffered saline (PBS) at a pH of 7.3 and room temperature. Afterward, the cells were 
collected, preserved in a solution comprising 2.5% glutaraldehyde and 1% osmic acid, dehydrated using escalating 
amounts of ethanol and acetone, embedded, cut into sections, and finally stained with a blend of 3% uranyl acetate and 
lead citrate. Finally, the cells were examined using a transmission electron microscope (Hitachi, HT7800/HT7700).

Immunofluorescence Analysis
After being washed three times with PBS, the cells were treated with methanol for 10 min to fix and permeabilize them and then 
blocked with a blocking buffer for another 10 min. Primary antibodies against LC3 (1:50–200) and P62 (1:200–800) were added 
to the cells and incubated overnight at 4°C. On the following day, the cells underwent three rounds of washing using PBS. 
Subsequently, they were exposed to Alexa Fluor 488 (1:500)- or Alexa Fluor 594 (1:500)- conjugated secondary antibodies at 
room temperature for 1 h. Following the removal of the secondary antibodies, the cells were washed three more times and then 
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counterstained with DAPI for 15 min to stain the nuclei. Finally, the cells were captured using a confocal microscope from Carl 
Zeiss in Jena, Germany. All subsequent procedures starting from secondary antibody incubation were carried out in the dark.

Animal Experiments
All animal protocols were reviewed and approved by the Animal Care and Use Committee of Sichuan Provincial 
People’s Hospital. Male BALB/c mice (6–8 weeks old) were purchased from Beijing Vital River Laboratory Animal 
Technology Co., Ltd. (License No. SCXK( )2021–0006). Following a period of 1–2 weeks in the specified conditions, 
the mice were divided into four groups (each group consisting of six mice weighing approximately 21±1 g): Vehicle, 
CAP, LPS, and CAP+LPS. The CAP and CAP+LPS groups were intraperitoneally injected with CAP (8 mg/kg)40 daily 
for 5 days before the experiment. The Vehicle group received daily intraperitoneal injections of an equivalent volume of 
saline solution. On the fifth day, the LPS and CAP+LPS groups were intratracheally injected with LPS (5 mg/kg).41,42 

Twelve hours later, the mice were euthanized by intraperitoneal injection of pentobarbital sodium (5%, 50 mg/kg). Lung 
tissue, serum, and bronchoalveolar lavage fluid (BALF) were collected for further experimentation.

Collection of Mouse Serum
Following anesthesia, the mice were dissected, and blood samples were extracted from the heart. To facilitate clotting, 
the collected blood was left undisturbed at room temperature for a duration of 30–60 min. After the clotting process, the 
blood samples were subjected to centrifugation at 14,000 rpm for 20 min at room temperature. The resulting supernatant, 
consisting of serum, was meticulously transferred to a clean centrifuge tube. To maintain stability, serum samples were 
then stored at −80°C for subsequent use.

Collection of BALF
After lavaging the lungs with 1 mL of PBS three times, BALF was collected. The collected BALF was then subjected to 
centrifugation at 1000 × g for 10 min at 4°C. The resulting supernatant was frozen at −80°C for later analysis. The total 
protein concentrations in the BALF were measured using a BCA protein assay kit.

Hematoxylin-Eosin (HE) Staining
Each sample underwent fixation using a 10% (v/v) neutral formalin solution, followed by embedding in paraffin and 
sectioning into 4 μm thick slices. These slices were then stained using an HE staining kit (Servicebio, G1003) according 
to the provided instructions. The control group, which utilized 1× PBS (pH=7.3, at room temperature), was used as 
a reference. A semiquantitative system was employed to calculate the tissue pathological score and assess the extent of 
congestion, hemorrhage, alveolar wall edema, and inflammatory cell infiltration in each group. The severity of lung 
injury was graded on a scale ranging from 0 to 4.5, where 0 represents a normal condition, 0.5 indicates mild or very 
small abnormalities, 1 signifies mild or small abnormalities, 2 represents moderate or more abnormalities, 3 indicates 
severe or many abnormalities, and 4 represents extremely severe or extremely large abnormalities.43

Immunohistochemistry (IHC)
Pulmonary sample paraffin sections were first heated in an oven, followed by xylene-based deparaffinization and rehydration via 
a series of ethanol solutions. These sections were then subjected to microwave treatment in sodium citrate buffer. Once cooled to 
room temperature, these slides were exposed to 3% fresh hydrogen peroxide. Afterward, the sections were blocked with 3% 
bovine serum albumin (BSA) at ambient temperature, followed by an overnight incubation at 4°C with primary antibodies specific 
to TNF-α, P-AKT, LC3, and TRPV1. After incubation, the slides were thoroughly rinsed with PBS and incubated with secondary 
and tertiary antibodies for 20 min at 37°C. Subsequently, sections were exposed to DAB substrate and counterstained with 
hematoxylin in a light-protected environment. Following a dehydration and drying sequence, the sections were mounted using 
neutral gum. Ultimately, slide evaluation was performed under a microscope.
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Determination of the Lung Wet/Dry Weight Ratio
The right upper lobe of the lung was meticulously harvested and washed using PBS. Subsequently, the tissue was gently 
dried on blotting paper, and the initial wet weight was recorded. The lung tissue was subsequently placed in a drying 
oven and subjected to a drying period of 72 h at 60°C. Following the completion of the drying procedure, the tissue was 
weighed once more, indicating the final dry weight. The wet/dry weight ratio was calculated by dividing the initial wet 
weight by the final dry weight.

Statistical Analysis
The data are presented as the mean ± standard deviation (SD). Graphs were created, and statistical analyses were 
conducted using GraphPad Prism 8 software (San Diego, CA). For comparisons between two groups, t tests were 
employed, while one-way analysis of variance (ANOVA) was utilized for comparisons between multiple groups. 
Statistical significance was defined as a p value below 0.05.

Results
CAP Exerts Anti-Inflammatory Effects on BEAS-2B Cells
The two-dimensional chemical structure of CAP is shown in Figure 1a. We measured the IC50 of CAP in BEAS-2B cells using 
a CCK-8 assay. The results showed that the IC50 was 445.9 μmol/l when the cells were treated with CAP for 12 hours (Figure S1a) 
and 350.2 μmol/l when the cells were treated for 24 hours (Figure S1b). Then, we determined the safe concentration of CAP for the 
subsequent treatment of BEAS-2B cells. The CCK-8 assay was used to determine cell viability, as shown in Figure 1b. Notably, 
there was no significant change in survival when the cells were treated with 50, 100, or 150 μmol/l CAP for 12 h or 24 h. The 
results showed that less than 150 μmol/l CAP did not damage cells. Therefore, we chose 100 μmol/l CAP as the therapeutic 
concentration. Subsequently, we induced inflammation with 10 μg/mL LPS for 6 h and pretreated the cells with the indicated 
concentration of CAP for 1 h. Inflammatory mediators, including TNF-α, IL-1β, and IL-6, play crucial roles in the development of 
LPS-induced ALI. Therefore, we validated the effects of CAP on these three factors using qRT‒PCR. The results (Figure 1c) 
showed that 100 μmol/l CAP significantly inhibited the LPS-induced upregulation of the mRNA expression of the inflammatory 
genes TNF-α, IL-6, and IL-1β.

CAP Pretreatment Inhibits LPS-Induced Inflammatory Cytokine Release and 
Activation of PI3K/AKT and NF-κB
To further investigate the inhibitory effect of CAP on inflammation, we used ELISA to measure the expression levels of 
proinflammatory cytokines (TNF-α, IL-1β, and IL-6) in the different groups, and changes in cell viability were assessed by 
CCK-8 and MTS assays. The results showed that CAP pretreatment reduced the levels of these proinflammatory cytokines 
(Figure 2a). Additionally, CCK8 (Figure 2b) and MTS (Figure S2a) assay results shows that LPS stimulation significantly 
reduced cell viability. However, this decrease in cell viability was partially reversed by CAP pretreatment. To further clarify 
the mechanism by which CAP ameliorates ALI, we performed RNA sequencing of the treated cells on the Illumina platform to 
analyze the pathway targets by which CAP inhibits LPS-induced inflammatory cytokine release. The RNA sequencing results 
shown in the figures were all obtained from comparisons between the CAP+LPS group and the LPS group. The volcano map 
(Figure 2c) shows that 30 genes were upregulated and 46 were downregulated. GO (Figure 2d) and KEGG (Figure 2e) 
enrichment analyses were used to identify the pathways associated with inflammation. The results indicated that inhibiting 
PI3K/AKT and NF-κB activation may be one of the mechanisms by which CAP can be used to treat ALI. Therefore, we 
performed WB (Figure 2f) to examine the activation of PI3K, AKT, and p65. The results (Figure 2g) showed that LPS 
stimulation significantly increased the expression of the phosphorylated forms of PI3K, AKT, and p65. However, pretreatment 
with CAP partially reversed the changes in these proteins. Taken together, these findings indicate that CAP pretreatment can 
effectively mitigate LPS-induced cellular inflammation by inhibiting activation of the PI3K/AKT and NF-κB signaling 
pathways. Furthermore, CAP alone did not induce any significant changes in the expression of proinflammatory cytokines.
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CAP Reduces LPS-Induced Autophagy
To further understand whether CAP ameliorates ALI by inhibiting autophagy, we compared autophagy in cells in the Vehicle, 
CAP, LPS, and CAP+LPS groups and performed WB and immunofluorescence analysis of LC3 and P62, which are indicators of 
autophagy. Consistent with previous studies,44,45 we observed that the protein levels of LC3 (Figure 3a and b) were significantly 
increased in the LPS group compared to the Vehicle and CAP groups. Conversely, the expression of P62 was decreased in the LPS 
group. In the CAP+LPS group, the change in expression was reversed. TEM can be used to examine the morphology and number 
of autolysosomes and intracellular autophagosomes and observe autophagy status, making it the gold standard for examining 
autophagy. TEM (Figure 3c) revealed an increased number of autophagosomes in the LPS group, while the number of 
autophagosomes in the CAP+LPS group was decreased. The order of autophagosome numbers in the four groups was as follows: 
LPS > CAP+LPS > CAP > Vehicle. In addition, TEM quantitative analysis (Figure 3d) also showed that the number of 
autophagosomes and autolysosomes was significantly lower in the CAP+LPS group than in the LPS group. 

Figure 1 The optimal concentration of CAP for treating BEAS-2B cells was 100 μM. (a) The chemical formula of CAP. (b) BEAS-2B cells were treated with 0, 50, 100, and 
150 μM CAP. Cell viability for 12 h or 24 h was measured using the CCK-8 assay. (c) qRT‒PCR was used to determine the gene expression levels of TNF-α, IL-6, and IL-1β in 
LPS-stimulated BEAS-2B cells treated with 100 μM CAP. (n=3~4) ****P < 0.0001.
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Figure 2 CAP alleviates inflammation in LPS-stimulated BEAS-2B cells. (a) ELISA kits were used to measure levels of TNF-α, IL-6, and IL-1β. (b) Cell viability was assessed 
using the CCK-8 assay. (c) Volcano plot. (d) GO enrichment analysis of CAP pretreated BEAS-2B cells after LPS stimulation (top 10 inflammation-related pathways). (e) 
KEGG enrichment analysis of CAP pretreated BEAS-2B cells after LPS stimulation (top 10 inflammation-related pathways). (f) The expression levels of critical proteins 
involved in the PI3K/AKT and NF-κB signaling pathways were measured by WB. (g) Statistical analyses of p-PI3K, p-AKT, and p-p65 in BEAS-2B cells. (n=3~5) *P < 0.05, **P 
< 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 3 CAP alleviates autophagy in LPS-stimulated BEAS-2B cells. (a) WB was used to detect the expression of LC3II and P62. (b) Statistical analyses of LC3II and P62 in BEAS-2B 
cells. (c) Autophagosomes and autolysosomes were observed and counted under a transmission electron microscope. (The red arrow indicates mitochondria, the blue arrow indicates 
rough endoplasmic reticulum, the green arrow indicates Golgi apparatus, the pink arrow indicates autolysosomes and the yellow arrow indicates autophagosomes) (d) Comparison of 
the number of autophagosomes and autolysosomes. (e) Immunofluorescence analysis was used to detect the expression of LC3II and P62. (f) CCK-8 assays were used to determine the 
nature of autophagy in BEAS-2B cells after treatment with LPS for 6 h. (n=3~4) *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Immunofluorescence staining (Figure 3e) showed that the expression of LC3 was increased in LPS-induced cells but decreased by 
treatment with CAP. Finally, the characteristics of autophagy in BEAS-2B cells after 6 h of LPS stimulation were determined by 
CCK-8 assays (Figure 3f) and MTS assays (Figure S2b). The results showed a more pronounced decrease in cell viability in 
response to the combination of LPS and the autophagy agonist Rapa. On the other hand, cell viability was partially restored in the 
LPS+3-MA and LPS+Baf-A1 groups. These results indicated that cell viability was significantly decreased after 6 h of LPS 
stimulation, suggesting that the autophagy observed at this time point has a damaging effect. However, CAP protected cells from 
LPS-induced damage.46 Therefore, CAP protects against LPS-induced autophagic death.

CAP Regulates LPS-Induced Inflammation and Autophagy Through the TRPV1/AKT 
Axis
To explore the relationship between CAP and the TRPV1/AKT axis and its regulation of inflammation and autophagy, BEAS-2B 
cells were pretreated with the TRPV1 inhibitor AMG9810 or the AKT activator SC79 before CAP treatment. WB revealed 
(Figure 4a and b) that LPS upregulated p-AKT and LC3 protein expression while downregulating P62 expression (Figure 4c and 
d). However, pretreatment with CAP reversed these LPS-induced changes. However, the effect of CAP was attenuated when 
TRPV1 was inhibited or AKT was further activated. Immunofluorescence staining showed an increase in the expression of LC3 in 
cells induced by LPS. However, this upregulation was attenuated after treatment with CAP. Interestingly, the therapeutic effect of 
CAP was reversed after the addition of AMG9810 or SC79, resulting in a decrease in the expression of LC3, while the expression 
of P62 showed the opposite changes (Figure 4e). These findings suggested that CAP could modulate LPS-induced autophagy 
through the TRPV1/AKT axis. Furthermore, the ELISA (Figure 4f) and qRT‒PCR (Figure 4g) results demonstrated that CAP 
pretreatment reversed the increase in inflammatory factors and inflammatory genes induced by LPS. However, inhibiting TRPV1 
or further activating AKT weakened this effect. These results further suggest that CAP can regulate LPS-induced inflammation 
through the TRPV1/AKT axis. Finally, the assessment of cell viability (Figure 4h and Figure S2c) showed that CAP pretreatment 
reversed the decrease in cell viability caused by LPS, while the addition of AMG9810 and SC79 abrogated this effect. These 
results provide additional evidence that CAP can modulate the LPS-induced decrease in BEAS-2B cell viability through the 
TRPV1/AKT axis. To summarize, this preliminary evidence suggests that the therapeutic effect of CAP on the LPS-induced ALI 
model in BEAS-2B cells is mediated by the TRPV1/AKT axis.

CAP Alleviates LPS-Induced ALI in Mice
We used HE staining and IHC to assess the protective effects of CAP on lung tissue in a mouse model of ALI. Histological 
examination of lung tissues (Figure 5a and b) in the Vehicle and CAP groups revealed normal lung structures. In contrast, the lung 
tissues of LPS-stimulated mice in the model group exhibited significant histopathological alterations, including hyperemia, 
hemorrhage, edema of the alveolar wall, and inflammatory cell infiltration. However, treatment with 8 mg/kg CAP ameliorated 
these pathological changes. Immunohistochemical analysis (Figure 5c and d) demonstrated that the expression of TNF-α, P-AKT, 
and LC3 was reduced in the control group, and these levels increased after LPS administration. However, CAP treatment reversed 
the LPS-induced increase in these markers. Moreover, the expression of TRPV1 was increased in the CAP and treatment groups, 
and it was reduced in the normal and LPS groups. Thus, CAP alone did not cause any harm to mouse lung tissue, while 
pretreatment with CAP reversed LPS-induced ALI in mice. These findings suggested that CAP effectively reduced the expression 
of TNF-α, P-AKT, and LC3 in ALI, and this effect was likely achieved through the modulation of the TRPV1/AKT axis, which 
was consistent with the in vitro results.

CAP Inhibits the Secretion of Inflammatory Cytokines and the Expression of 
Inflammation-Related Genes in Mice with ALI
Total BALF protein levels (Figure 6a) and the lung dry-to-wet weight ratio (Figure 6b) were significantly elevated in the LPS- 
treated group compared to the control group. However, treatment with CAP effectively reversed these abnormalities. The levels of 
inflammatory mediators in the serum of mice were assessed by ELISA, and the expression levels of inflammatory genes in mouse 
lung tissues were determined by qRT‒PCR. Notably, CAP treatment significantly reduced LPS-induced TNF-α, IL-6, and IL-1β 
secretion (Figure 6c) and expression (Figure 6d). These findings suggested that CAP mitigates LPS-induced inflammation by 
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Figure 4 CAP regulates injurious autophagy and inflammation through the TRPV1/AKT axis. (a) The expression levels of critical proteins involved in the TRPV1/AKT axis 
were measured by WB. (b) Statistical analysis of TRPV1 and p-AKT in BEAS-2B cells. (c) The expression levels of autophagy-related proteins were measured by WB. (d) 
Statistical analysis of LC3II and P62 in BEAS-2B cells. (e) Immunofluorescence analysis was used to detect the expression of LC3II and P62. (f) ELISA kits were used to 
analyze the changes in the inflammatory factors TNF-α, IL-6, and IL-1β. (g) qRT‒PCR was used to analyze the changes in the inflammatory genes TNF-α, IL-6, and IL-1β. (h) 
Cell viability was assessed using the CCK-8 assay. (n=3~6) *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 5 Effect of LPS on lung tissues, as shown by HE staining and immunohistochemical analysis (n=3). (a) Representative HE-stained image of mouse lung tissue (50 μm). 
(b) Statistical analysis of HE staining. (c) Immunohistochemical section scanning (50 μm). (d) Statistical analysis of the IHC results. (n=3) *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001.
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inhibiting the recruitment of inflammatory cells, decreasing the secretion of proinflammatory cytokines, and reducing the 
expression of inflammation-related genes.

Schematic Study Diagram
The molecular mechanism of CAP in the treatment of LPS-induced ALI is shown in Figure 7. CAP can specifically 
activate TRPV1 to reduce the expression of LC3, upregulate the expression of P62 indicating the inhibition of autophagy, 

Figure 6 CAP can alleviate inflammation in mice with LPS-induced ALI. (a) The total protein concentrations in mouse BALF were measured using a BCA assay kit. (b) The 
lung dry/wet weight ratios of mice. (c) ELISA was used to measure the levels of the inflammatory factors TNF-α, IL-6, and IL-1β in mouse serum. (d) qRT‒PCR was used to 
determine the expression levels of the inflammatory genes TNF-α, IL-6, and IL-1β in the lung tissue in each group of mice. (n=3~6) ***P < 0.001, ****P < 0.0001.
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and reduce the release of the inflammatory cytokines TNF-A, IL-6, and IL-1β through the suppression of the PI3K/AKT 
signaling pathway.

Discussion
ALI is an inflammatory disease with a poor prognosis that is difficult to treat.47 Imbalanced inflammatory responses 
exacerbate injury to endothelial or epithelial cells,48,49 leading to an increase in lung surfactant protein levels.50 

Histologically, ALI is characterized by pulmonary fibrosis, heightened alveolar-capillary permeability, extensive apop-
tosis of alveolar epithelial cells, and a pronounced acute inflammatory response.51 Although significant progress has been 
made in biomedical research, breakthroughs in the treatment of ALI are still limited.

CAP is a naturally occurring plant chemical with important applications in various drug formulations, as demon-
strated by various experimental and clinical applications.52 In certain aspects of inflammation, research studies have 
indicated that CAP can confer protection to mice against acute liver injury through the downregulation of proinflamma-
tory cytokine expression.53,54 CAP can also inhibit the calcification of aortic valve interstitial cells through the NF-κB/ 
AKT/ERK1/2 pathway, which is sensitive to oxidative stress and inflammation.55 Markers of the AKT, ERK1/2, and NF- 
κB signaling pathways, including phosphorylated AKT, ERK1/2, NF-κB, and IκBα, was upregulated in calcified cells, 
and they are significantly downregulated after CAP treatment. Moreover, a 2023 study indicated that the traditional 
Chinese medicine salidroside can protect against PM2.5-induced lung injury by inhibiting cell pyroptosis and apoptosis 
through the NF-κB pathway.56 These findings further confirm the comprehensive and overall protective effect of 
traditional Chinese medicine on lung injury. Therefore, based on previous research and our current results, we believe 
that CAP may have a certain therapeutic effect on inflammatory lung diseases by modulating the NF-κB and Pi3k/AKT 
pathways. Moreover, our RNA sequencing results indicated that CAP, a drug with extremely low toxicity, may have 
a preventive effect on ALI at the overall level through different targets and potential signaling pathways. Our research 

Figure 7 Graphical illustration of CAP preconditioning inhibition of LPS-induced inflammation and autophagy through the TRPV1/AKT pathway.
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team will continue to verify other pathways identified via RNA sequencing, such as the JAK/STAT pathway, in 
subsequent experiments to provide a more comprehensive experimental basis for the clinical application of CAP.

Autophagy is a major intracellular degradation system, that is a multistep biological process. In ALI caused by 
multiple inducers, autophagy activation is present in various injured cells.57,58 However, the functional role of autophagy 
is still controversial.

To date, there have been relatively few reports on inflammation, autophagy and CAP specifically targeting TRPV1 
and ALI in BEAS-2B cell models. In addition, few studies have been conducted on the relationship between TRPV1 and 
the AKT axis, and we chose to explore the correlation and mechanism between them. In this study, we established an ALI 
model using LPS in BEAS-2B and BALB/c mice, RNA sequencing and in vivo and in vitro experiments were used to 
explore the therapeutic effect of CAP on ALI in terms of inflammation and autophagy.

First, we used RNA sequencing to screen potential targets and signaling pathways by which CAP can treat ALI. 
Based on the KEGG and GO analysis results, we selected the PI3K/AKT and NF-κB pathways, which are both related to 
inflammation, for validation. PI3K/AKT and NF-κB both play important roles in ALI. Previous studies have shown that 
the expression of phosphorylated PI3K, AKT, and NF-κB is upregulated in LPS-induced ALI, and the upregulation of 
phosphorylation markers is ameliorated after drug treatment.59,60 In our study, we observed that pretreatment with CAP 
effectively mitigated lung injury induced by LPS, as evidenced by reductions in pulmonary edema and inflammatory cell 
infiltration. Furthermore, increased levels of proinflammatory cytokines, such as TNF-α, IL-6, and IL-1β, are often 
associated with a poor prognosis in ALI patients. In this study, we demonstrated that CAP treatment inhibited the 
expression of TNF-α, IL-6, and IL-1β in models of LPS-induced ALI in vivo and in vitro, suggesting its protective role in 
ameliorating inflammation.

Moreover, we confirmed that autophagy activated by LPS stimulation of human normal lung epithelial BEAS-2B 
cells for 6 h induced damage, as evidenced by the increased number of autophagosomes and autolysosomes observed by 
TEM, the upregulation of the protein expression and colocalization of the autophagy marker LC3, and the down-
regulation of P62. The immunohistochemical results showed an increase in LC3 and inflammation levels in the lung 
tissue of LPS-induced mice, which were decreased in the treatment group. We further determined that LPS-induced 
autophagy mediated death after pretreatment with Rapa, 3-MA, or Baf-A1. These results indicate the activation of 
autophagic death in the development of ALI, which could be reversed by CAP.

The relationship between TRPV1 and the AKT axis in the ALI model of BEAS-2B cells remains unclear. 
Therefore, we used the TRPV1 inhibitor AMG9810 and the AKT activator SC79 to treat BEAS-2B cells before 
CAP treatment. WB, ELISA, and qRT‒PCR showed that CAP pretreatment could partially reverse LPS-induced 
inflammation and excessive autophagy. Subsequently, the addition of AMG9810 and SC79 abrogated the therapeutic 
effect of CAP. Moreover, in vivo experiments demonstrated that CAP had the same inhibitory effects on inflammation 
and injurious autophagy in LPS-induced ALI mice, thereby reducing the damage caused by ALI. This finding 
suggests that the therapeutic effect of CAP on LPS-induced inflammation and autophagy is mediated by the 
TRPV1/AKT axis. Therefore, this study provides an experimental basis for the clinical use of CAP in the treatment 
of ALI.

Conclusion
In summary, we demonstrated that CAP could reduce autophagic death and attenuate inflammatory responses by 
regulating the TRPV1/AKT signaling pathway, thereby attenuating LPS-induced ALI in vitro and in vivo. These findings 
establish a basis for future clinical investigations into the underlying pathological mechanisms and potential intervention 
strategies for the treatment of lung injury.
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CAP, capsaicin; LPS, lipopolysaccharide; ALI, acute lung injury; BEAS-2B, bronchial epithelial cells transformed with Ad12- 
SV40 2B; TRPV1, transien t receptor potential vanilloid type 1; WB, Western blotting; qRT‒PCR, quantitative real-time reverse 
transcription PCR; ELISA, enzyme-linked immunosorbent assay; TEM, transmission electron microscopy; TNF-α, tumor 
necrosis factor-α; IL-6, interleukin-6; IL-1β, interleukin-1β; ARDS, acute respiratory distress syndrome; DMEM, Dulbecco’s 
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