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Abstract

Background: Chronic obstructive pulmonary disease (COPD) is a common inflammatory disorder that is significantly aggra-
vated by tobacco smoke exposure.
Objectives: This study aimed to explore the effect of glabridin (Glab) on the inflammatory response and explain the molec-
ular mechanism of Glab in vitro model of human bronchial epithelial cells (16HBE) induced by cigarette smoke extract (CSE).
Materials and Methods: We constructed an in vitro model of COPD using CSE induction of 16HBE and applied Glab with 
differential concentration gradients to the model. Cell viability was assessed using the Cell Counting Kit-8 method. We also 
measured the apoptosis rate and the release level of inflammatory factors under each simulated condition, mainly based on 
flow cytometry, enzyme-linked immunosorbent assay, and Western blotting to evaluate the above parameters. Network 
pharmacology and molecular docking analyses were employed to predict Glab’s interactions with the Janus Kinase 1 (JAK1)/
signal transducer and activator of transcription 1 (STAT1) signaling pathway. These predictions were subsequently validated 
via gene knockdown experiments.
Results: Glab can reduce the negative effects of CSE on cells by inhibiting the expression of inflammatory factors. The effect 
of Glab was concentration-dependent. Molecular docking demonstrated Glab’s strong binding affinity for JAK1 at residues 
GLY263, GLY440, and ASN465. Glab treatment inhibited JAK1/STAT1 phosphorylation, and STAT1 knockdown abrogated 
Glab’s protective effects, confirming its target-specific action.
Conclusion: These findings highlight Glab’s potential as an anti-inflammatory agent for COPD by targeting the JAK1/STAT1 
signaling pathway. Further studies are warranted to explore its clinical applicability in COPD management.
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Introduction

Chronic obstructive pulmonary disease (COPD) is a common 
chronic illness, with the clinical pathological feature of air-
flow obstruction (Hizawa, 2024; Kodaka et al., 2023). It is a 
chronic inflammatory lung disease and may develop into pul-
monary heart disease and respiratory failure. It is now widely 
acknowledged as a significant global public health challenge 
(Christenson et al., 2022). In 2019, data released by the World 
Health Organization indicated that COPD had become the 
third leading cause of death worldwide. Recurrent episodes of 
COPD often require hospitalization, increasing the disease 
burden on society and seriously threatening people’s lives 
and health. Therefore, the discussion of COPD prevention 
and treatment measures has been increasingly emphasized by 
scholars at home and abroad.
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Based on the available studies, chronic inflammation is the 
principal pathogenic factor of COPD (Ritchie & Wedzicha, 
2020). Macrophages, neutrophils, and other inflammatory 
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cells are the main participants in the inflammatory response, 
and the inflammatory factors they produce directly partici-
pate in the inflammatory response observed in COPD 
(Kapellos et al., 2023). In COPD, airway inflammation is pri-
marily triggered by cigarette smoke exposure, which subse-
quently activates inflammatory cells, including macrophages, 
monocytes, and neutrophils. This will subsequently lead to a 
significant upregulation of representative inflammatory fac-
tors such as interleukin-6 (IL-6), interleukin-1β (IL-1β), 
interleukin-8 (IL-8), and tumor necrosis factor-α (TNF-α) 
(Aslani et al., 2023; Song et al., 2023). The elevated produc-
tion of these pro-inflammatory factors exacerbates the inflam-
matory response. Research has shown that the levels of IL-6, 
IL-8, and TNF-α in the bloodstream of smoking COPD 
patients are significantly higher compared to non-smokers 
(Deveci et al., 2010). Additionally, the severity of airflow 
limitation correlates positively with the concentrations of 
these inflammatory markers (Ran et al., 2019), highlighting 
their clinical significance. Therefore, the modulation of 
inflammation is a critical therapeutic strategy in the manage-
ment of COPD. In response to this pathogenic mechanism, by 
slowing down the underlying inflammatory process and 
improving the lung function of patients, it may be possible to 
alleviate their symptoms and enhance their quality of life.

Glabridin (Glab) is a traditional Chinese medicine compo-
nent isolated from the roots of Glycyrrhiza (Fabaceae family) 
plants and belongs to the isoflavone class (Wahab et al., 2021). 
Glab is also considered a phytoestrogen, and its biological 
activities include not only antioxidant properties, scavenging 
of oxygen free radicals, anti-inflammatory effects, inhibition of 
capillary permeability, anti-bacterial action, inhibition of tyros-
inase activity, adrenocortical hormone-like effects, and anti-
allergic reactions but also neuroprotection, anti-atherosclerotic 
effects, and so on (Guo et al., 2022; Li et al., 2023; Parlar et al., 
2020; Tan et al., 2022; Zhang et al., 2022). Previous research 
has shown that Glab significantly inhibits the secretion of 
inducible prostaglandin E2, IL-6, IL-8, nitric oxide, and TNF-α 
(Zhan et al., 2023). Further investigations have revealed that 
Glab mitigates inflammatory responses and displays antioxi-
dant properties by inhibiting the extracellular signal-regulated 
kinase (ERK) and mitogen-activated protein kinase 14 
(p38MAPK) signaling pathways, thereby alleviating lipopoly-
saccharide (LPS)-induced lung injury in rats (Zhang et al., 
2017). There have been numerous research reports on the bio-
logical activities of Glab, and its antioxidant, anti-inflamma-
tory, and capillary permeability-inhibiting effects align well 
with the pathophysiological mechanisms of lung injury. 
However, to date, no studies have analyzed the relationship 
between Glab and COPD.

Based on previous studies, we aim to explore the potential 
impact of Glab on the inflammatory response of human bron-
chial epithelial cells (16HBE) induced by cigarette smoke 
extract (CSE) and uncover the underlying mechanism based 
on network pharmacology prediction and experimental 
verification.

Materials and Methods

Bioinformatics Analysis

Drug target acquisition databases were introduced to analyze 
target genes in Glab, including Traditional Chinese Medicine 
Systems Pharmacology Database and Analysis Platform 
(TCMSP) (http://lsp.nwu.edu.cn/tcmsp.php), STITCH 
(http://stitch.embl.de/), and Swiss Target Prediction (http://
old.swisstargetprediction.ch/) databases. Disease target 
acquisition databases were introduced to analyze target genes 
in COPD, such as BATMAN-TCM (http://bionet.ncpsb.org.
cn/batman-tcm/#/home), DisGeNET (https://www.disgenet.
org/) databases, OMIM (https://omim.org/), and DrugBank 
(https://go.drugbank.com/). The overlapping targets between 
Glab and COPD were determined using Venn diagrams gen-
erated via R language. Cytoscape (version 3.7.0) was utilized 
to construct relevant target-pathway network maps for Glab 
in the context of COPD. Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) analyses were 
conducted to elucidate pathways, associated enzymes, and 
gene metabolism products. Additionally, BLAST alignment 
was used to retrieve pathway information for gene sequences. 
Functional annotations of hub genes based on GO and KEGG 
were performed using DAVID online tools (https://david.
ncifcrf.gov/).

CSE Preparation

We procured three filter-tipped cigarettes that adhere to the 
3R4F standard, with each cigarette containing 9.5 mg of tar 
and 0.73 g of nicotine. Utilizing a 50 mL syringe, we 
extracted 30 mL of phosphate-buffered saline. The ciga-
rettes underwent a consistent aspiration process for 4 min. 
Post-combustion of a single cigarette, the resultant solution 
had its pH meticulously adjusted to the alkaline range of 
7.2–7.4 employing a 1 molar solution of sodium hydroxide. 
Subsequently, the solution underwent sterilization via filtra-
tion through a 0.45 μM membrane equipped with a filter 
head. Before measurement, precise calibration should be 
carried out first, and the absorbance (OD) of the solution 
should be adjusted at a wavelength of 320 nm. The CSE 
obtained is to be conserved at an ultra-low temperature of 
–80°C. Prior to utilization in experiments, it should be rap-
idly thawed and expeditiously used within a 30-min window 
to ensure the integrity and reactivity of the components for 
the study.

Cell Culture and Grouping

16HBE were sourced from Sigma (catalog number: SCC150, 
USA) and cultured according to established protocols. We 
transferred the cells to Dulbecco’s Modified Eagle Medium 
(DMEM) and added 10% fetal bovine serum (containing 
10,000 units/L penicillin, 2 mmol/L glutamine, and 10 mg/L 
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streptomycin). Cultivation was conducted at 37°C with 5% 
CO2. Cell growth was closely monitored, and subculturing 
was performed every 2 weeks. Cells in the logarithmic growth 
phase were utilized for experimental studies. To examine the 
effects of varying concentrations of Glab (1.25, 2.5, 5, 10, 
and 20 μM; CAS number: 59870-68-7, supplier: Sigma-
Aldrich, USA) on 16HBE cells, a 24-h treatment regimen 
was applied. We needed to measure cell viability. We used the 
Cell Counting Kit-8 (CCK-8) method to determine the cell 
viability of the COPD in vitro cell model and assess the 
impact of different environments on 16HBE cells. We placed 
16HBE cells in five different growth environments: (a) 
Control group; (b) CSE exposure group; (c) CSE + 2.5 μM 
Glab group; (d) CSE + 5 μM Glab group; and (e) CSE + 
10 μM Glab group. For the experimental group exposed to 
CSE, we observed the cell growth at regular intervals. When 
the cell confluence reached 80–90%, we transferred them to 
the DMEM medium. Then, a growth environment with 2% 
CSE was established to simulate the inhalation of CSE and 
continue the culture. After the CSE model was established, 
2.5, 5, or 10 μM of Glab was added to the medium, respec-
tively, as the CSE + Glab groups. Each group was co-incu-
bated for 24 h continuously. In addition, to explore the 
relationship between Glab and the Janus kinase 1 (JAK1)/
signal transducer and activator of transcription 1 (STAT1) 
signaling pathway, we used the oxygen-glucose deprivation/
reoxygenation (OGD/R) model for subsequent experiments. 
We set up four different experimental conditions for the sub-
sequent experiments, namely: (a) siNC + DMSO group; (b) 
siSTAT1 + DMSO group; (c) DMSO + Glab group; and (d) 
siSTAT1 + Glab group. For the siNC + DMSO group, DMSO 
(0.05%) treatment was given after transfection of siNC in 
16HBE cells exposed to CSE. In the experimental group des-
ignated siSTAT1 + DMSO, the administration of DMSO 
(0.05%) occurred subsequent to the transfection of siSTAT1 
in 16HBE cells that had been exposed to CSE. In the group 
designated siNC + Glab, the administration of Glab (5 μM) 
occurred subsequent to the transfection of siNC in 16HBE 
cells that had been exposed to CSE. For the siSTAT1 + Glab 
group, 16HBE cells transfected with siSTAT1 and exposed to 
CSE were subsequently treated with Glab (5 μM). Upon com-
pletion of the experimental procedures, the cells were har-
vested for further analysis.

Genetic Knockdown

We developed two siRNA constructs targeting STAT1, 
designed to optimize knockdown efficiency and minimize 
off-target effects (Qiagen, Germany). Selected siRNAs were 
incorporated into the pLKO.1 vector for stable expression. 
For transfection, cells were grown to 70% confluence in 
DMEM with antibiotics, not serum, to prevent complex inter-
ference and cell staining. Lipofectamine® 3000 was used for 
plasmid transfection. Cells were collected under conditions 
of 5% CO2 and 37°C for subsequent experiments.

Cell Viability Assay

We used 96-well plates to inoculate 16HBE cells. The cell 
density on the inoculation plate was 8 × 10³. After the desig-
nated treatments for each group, we prepared the CCK-8 
solution. In each well, we added 10 μL of the above solu-
tion. The inoculated plates were incubated at an environ-
mental temperature of 37°C for 30 min. We measured the 
OD of the cells after culture at 450 nm using a microplate 
reader. These OD values were used as indicators of cell via-
bility. To calculate the survival rate of cells in each group, 
the OD values were normalized relative to those of untreated 
cells cultured in a standard medium, which served as the 
control.

Cell Apoptosis Assay

After altering the growth environment of the cells, we inves-
tigated the impact of different grouping conditions on cell 
growth by comparing the apoptosis rates of cells in different 
groups. This step utilized the Annexin V-FITC/PI Cell 
Apoptosis Detection Kit (Catalog No.: V13242) produced 
by Invitrogen, USA. All procedures were carried out in 
accordance with the standard protocol. The prepared buffer 
was specifically designed for propidium iodide (PI) staining 
procedures and Annexin V-FITC. A suspension of 1 × 105 
16HBE cells was prepared using this buffer for each experi-
ment. This suspension was then incubated in the absence of 
light at ambient temperature for 1 h. Subsequently, the 
apoptotic cell count was evaluated utilizing FACS flow 
cytometry in conjunction with CellQuest software for 
analysis.

Enzyme-linked Immunosorbent Assay (ELISA)

The cell suspension obtained in the previous step was sub-
jected to centrifugation for layering. The centrifugation was 
carried out at a radius of 13.7 cm at a speed of 3,000 rpm for 
15 min at 4°C. After centrifugation, the cell supernatant and 
the upper serum layer were observed to be separated, and the 
two different components were taken out. To assess the 
degree of the inflammatory response of the cells, the levels of 
TNF-α, IL-6, and IL-8 needed to be determined. According to 
the manufacturer’s protocol, an ELISA was used to determine 
the result. Specifically, TNF-α was assessed using a kit from 
Proteintech Group Inc. (Cat. No. KE10002, Wuhan, China), 
IL-6 was detected with a kit from Boster Bio (Cat. No. 
FEK0411, USA), and IL-8 was measured using a kit from 
G-Biosciences (Cat. No. IT6134, USA).

Quantitative Real-time Polymerase Chain Reaction 
(qRT-PCR)

From the cell suspension obtained in the previous step of lay-
ering, we extracted the total RNA. This step was carried out 
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using the Trizol reagent kit. We also needed to measure the 
quality and concentration of the extracted RNA. We used the 
Nano-300 micro-spectrophotometer to measure and evaluate 
these parameters. We also needed to generate complementary 
deoxyribose nucleic acid (cDNA). We used 1 ng of purified 
RNA extracted as the template for reverse transcription. 1 ng 
of purified RNA was reverse transcribed into cDNA using the 
cDNA First Strand Synthesis Kit produced by FastKing. The 
generated reverse-transcribed DNA will be used in the subse-
quent qRT-PCR experiment. The generated cDNA will be 
used as the raw material template for the experiment. For the 
RT-qPCR reaction, each 20 mL mixture contains 0.4 μL of 
forward primer, 10 μL of 2 × Supermix, 0.4 μL of reverse 
primer, 2 μL of cDNA template, 0.4 μL of PASSIVEDYE, 
and 6.8 μL of nuclease-free water. The experimental condi-
tions for the thermal cycling are as follows: First, the tem-
perature is raised to 95°C to denature the raw materials for 10 
min. Then, 40 cycles are repeated, each consisting of main-
taining 95°C for 5 s, cooling to 60°C for 30 s, and then heat-
ing to 72°C for 30 s. The qPCR based on fluorescence was 
performed on the CFX96 detection system using the TB 
Green® Premix Ex Taq™ (Tli RNaseH Plus) reagent kit, with 
a total reaction volume of 25 mL. The amplified products 
obtained are the key factors for evaluating the inflammatory 
response in the subsequent steps and can be directly used to 
quantify the mRNA expression level. The primer sequences 
are detailed in Table 1.

Western Blotting

The extracted proteins were further separated and purified 
by 10% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis. The proteins obtained after electrophoresis were 

transferred onto polyvinylidene fluoride (PVDF) mem-
branes for subsequent experiments, with a protein concen-
tration of 20 μg/mL. Then, the membranes were transferred 
to the corresponding primary antibodies detailed in Table 2 
and incubated at 4°C. The proteins were incubated with the 
primary antibodies overnight. Subsequently, the PVDF 
membranes were removed. Horseradish peroxidase (HRP)-
conjugated goat anti-rabbit or anti-mouse immunoglobulin 
G (IgG) secondary antibodies were added. The environmen-
tal temperature was adjusted to room temperature. Incubation 
was carried out for 2 h. Next, it was necessary to detect the 
protein expression. An enhanced chemiluminescence (ECL) 
detection system was used. Through this detection system, 
the various protein bands could be observed, and their inten-
sities were quantified using ImageJ software through gray-
scale analysis.

Molecular Docking Study

The JAK–STAT signaling pathway contains a key protein, 
JAK1, whose three-dimensional (3D) structure is sourced 
from the Protein Data Bank (PDB, http://www.wwpdb.org/). 
The PDB database is a large online resource that provides 
researchers with a vast amount of protein structure data. It 
leads users to a platform where various protein structures can 
be accessed, offering valuable resources for scientific 
research. Moving on to the molecular structure of Glab, we 
procured its 3D coordinates from the SPECS chemical library, 
a comprehensive database managed by Schrodinger, USA. 
The SPECS library is renowned for its extensive collection of 
characterized compounds, which are instrumental in various 
scientific and medicinal applications. The 3D structure of 
Glab was refined and prepared for molecular docking studies 
using the LigPrep module, a component of the Schrodinger 
software suite. LigPrep is designed to generate 3D structures 
for ligands, considering various factors such as ionization 
states and tautomerism, which ensures that the ligand is rep-
resented in a biologically plausible form.

Statistical Analysis

All the experimental data obtained in this experiment were 
analyzed and compared using the statistical analysis software 
Statistic Package for Social Science (SPSS) 22.0. To ensure 
that our experimental data results were not random, we con-
ducted at least three independent and repeated experiments 
for each type of experiment. The data results from the three 
repeated experiments were averaged and the final experimen-
tal data were presented in the form of mean ± standard error. 
Non-parametric statistical analysis was conducted using the 
Kruskal–Wallis test. The t-test was used for comparisons 
between groups. One-way analysis of variance (ANOVA) 
was very suitable for evaluating the differences among mul-
tiple groups in this study. p values < .05 were considered sta-
tistically significant.

Table 2. The Antibodies Used in This Research.

Antibody Manufacturer Cat. No. Dilution

p-JAK1 MyBioSource.com MBS9244090 1:1,000

JAK1 Boster Bio M00330-1 1:1,500

STAT1 Boster Bio M00036-1 1:1,000

p-STAT1 Boster Bio A00036Y701-2 1:1,500

β-actin Boster Bio M01263 1:2,000

Table 1. Primer Sequences.

Gene Sequence

JAK1 Forward TATTGGGTGGCCAGAAGCAG

Reverse TGGTCCATAGAGCCATGCAG

STAT1 Forward AAGTCTGGCAGCTGAGTTCC

Reverse TACCACAGGATAGACGCCCA

GAPDH Forward GGCAAATTCAACGGCACAGT

Reverse GGCCTCACCCCATTTGATGT
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Results

Glab Alleviates the CSE-induced Inflammation and 
Apoptosis in 16HBE Cells

Figure 1A presents the chemical structural formula of Glab, 
providing a visual foundation for understanding its molecular 
composition. In this study, based on the 16HBE cell experi-
ment (a highly differentiated normal 16HBE line), we con-
ducted a comprehensive safety assessment of Glab’s 
biological activity. The research results indicated that after 
treatment with different concentrations of Glab, there was no 
significant impact on cell viability, thereby confirming the 
safety of Glab (Figure 1B).

Building on this, we proceeded to simulate smoking expo-
sure by treating 16HBE cells with a specific concentration of 
CSE. Then, we prepared three concentrations of Glab solu-
tions, namely 2.5, 5, and 10 μM, for subsequent experiments. 
We applied the prepared Glab solutions to the COPD in vitro 
cell model. Through the CCK-8 detection method, we 
observed that the 16HBE cells exposed to CSE and treated 
with Glab had a healthier cell state compared to those without 
Glab treatment. Encouragingly, intervention with Glab at the 
aforementioned doses led to a robust and dose-dependent 
recovery of cellular activity (Figure 1C).

Further investigation into the apoptotic effects was con-
ducted. The data results of flow cytometry indicated that the 
apoptosis rate of 16HBE cells under the influence of the CSE 

Figure 1. Glabridin (Glab) Alleviates the Cigarette Smoke Extract (CSE)-induced Inflammation and Apoptosis in Human Bronchial 
Epithelial Cells (16HBE). (A) Chemical Structural Formula of Glab. (B) Cell Counting Kit-8 (CCK-8) Evaluation of Cell Viability of 16HBE 
Cells Intervened with Glab (1.25, 2.5, 5, 10, and 20 μM). (C) CCK-8 Evaluation of 16HBE Cell Viability Intervened with Glab (2.5, 5, 
and 10 μM) on the Basis of Exposure to CSE. (D) Annexin V-FITC/PI Double Staining Evaluation of 16HBE Cell Apoptosis Intervened 
with Glab (2.5, 5, and 10 μM) on the Basis of Exposure to CSE. (E) Enzyme-linked Immunosorbent Assay (ELISA) Evaluation of Tumor 
Necrosis Factor-α (TNF-α) Contents in 16HBE Cells Intervened with Glab (2.5, 5, and 10 μM) on the Basis of Exposure to CSE. 
(F) ELISA Evaluation of Interleukin-8 (IL-8) Contents in 16HBE Cells Intervened with Glab (2.5, 5, and 10 μM) on the Basis of Exposure 
to CSE. (G) ELISA Evaluation of Interleukin-6 (IL-6) Contents in 16HBE Cells Intervened with Glab (2.5, 5, and 10 μM) on the Basis of 
Exposure to CSE. Data: Mean ± SEM. n = 3. ***p < .001 versus Control Group. #p < .05, ##p < .01, ###p < .001 versus CSE Group.
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environment increased by seven times compared with that of 
normal cells. However, the health status of 16HBE cells stim-
ulated by CSE improved significantly under the influence of 
Glab and the apoptosis rate elevated by CSE decreased. 
Moreover, this biological effect was dose-dependent. As the 
dosage of Glab increased, the health status of 16HBE cells 
recovered more obviously (Figure 1D).

Given the established link between the dysregulation of 
inflammatory factors and the severity, progression, and prog-
nosis of COPD, we extended our study to evaluate the protein 
content of key pro-inflammatory cytokines in cell superna-
tants, including TNF-α, IL-8, and IL-6. Our results demon-
strated a significant upregulation of TNF-α (Figure 1E), IL-8 
(Figure 1F), and IL-6 (Figure 1G) in response to CSE expo-
sure. It is obvious that Glab’s intervention can alleviate the 
enhanced inflammatory response caused by CSE stimulation, 
thereby improving cell survival treatment, and this biological 
effect shows a positive dose-dependent relationship. This dis-
covery highlights the potential of Glab as an inflammatory 
modulator in COPD.

Prediction of the Potential Mechanism of 
Glab Treatment Against COPD via Network 
Pharmacology

We further investigated the molecular mechanism of Glab in 
the treatment of COPD, aiming to identify the protein tar-
gets that play an active role in the therapeutic process. Our 
research employed a two-stage, database-based gene screen-
ing method. Initially, we utilized a suite of databases includ-
ing STITCH, TCMSP and SwissTargetPrediction to identify 
potential target genes of Glab, culminating in the identifica-
tion of 182 candidate genes. Second, we conducted a data-
base-driven screening of potential target genes involved in 
COPD using repositories such as BATMAN-TCM, 
DrugBank, OMIM, and DisGeNET. This search yielded a 
total of 707 possible target genes. Following the compre-
hensive gene screening process, we employed Venn dia-
grams to graphically represent the intersecting targets of 
Glab and those implicated in COPD (Figure 2A). Next, we 
harnessed the power of Cytoscape software to meticulously 
construct a comprehensive target-pathway network map. 
This network map encapsulated the 79 intersecting target 
genes of Glab and COPD, featuring prominent genes such 
as Bax, MAPK1, CNR2, AKT1, HTR1B, BRAF, and ABHD6, 
among others (Figure 2B). Following this, we performed a 
detailed enrichment analysis of the GO and KEGG path-
ways associated with these 79 key genes. The analysis iden-
tified several significantly enriched KEGG pathways, such 
as chemical carcinogenesis-DNA adducts, transforming 
growth factor (TGF)-beta signaling pathway, and mamma-
lian target of rapamycin (mTOR) signaling pathway 
(Figure 2C–D). These findings highlight the intricate and 
interconnected nature of the pathological processes involved 
in COPD. The key factors within each pathway may serve as 

potential candidate targets for future therapeutic interven-
tions. Based on the foundation of previous studies, this 
research has decided to delve deeper into the JAK–STAT 
signaling pathway. Figure 2E vividly depicts its complex 
components and interactions.

Glab Regulates the JAK1/STAT1 Axis in CSE-
treated 16HBE Cells

The molecular docking analysis revealed that Glab exhib-
ited a strong binding affinity for the JAK1 protein, with key 
interaction sites identified at GLY263, GLY440, and 
ASN465 residues (Figure 3A). Other experimental data 
from this study further verified this finding. We used 
Western blotting to further support this conclusion. The 
experimental results showed that the expression of JAK1 
and STAT1 signaling pathways in 16HBE cells stimulated 
by CSE was significantly increased. The mRNA and protein 
levels of these two pathways were both significantly upreg-
ulated. However, after treatment with different concentra-
tions of Glab from low to high, the expression levels of 
JAK1 and STAT1 gradually returned to near-normal levels. 
This biological effect was concentration-dependent on Glab 
(Figure 3B–D). These cumulative results strongly demon-
strated that Glab interacts with JAK1 as a potential drug 
target. As a result, Glab inhibited the expression of the 
JAK–STAT signaling pathway in the COPD cell model, 
blocked JAK–STAT activation, reduced the expression of 
inflammatory factors, and thereby alleviated the inflamma-
tory response.

Knockdown STAT1 Reverses the Protective Effect 
of Glab in CSE-treated 16HBE Cells

To delve deeper into the mechanism by which Glab confers 
its protective effects in COPD, we conducted experiments to 
silence STAT1 in 16HBE cells. As depicted in Figure 4A, the 
siRNA construct siSTAT1#2 demonstrated a markedly higher 
inhibition rate of STAT1 protein expression compared to 
siSTAT1#1. This led us to select siSTAT1#2 for subsequent 
experiments. Subsequently, we conducted STAT1 knock-
down experiments or Glab combined treatment on 16HBE 
cells after CSE stimulation. The experiments demonstrated 
that downregulation of STAT1 significantly enhanced cell 
viability (Figure 4B), reduced cell apoptosis (Figure 4C), and 
decreased the expression of pro-inflammatory cytokines such 
as TNF-α (Figure 4D), IL-8 (Figure 4E), and IL-6 (Figure 4F). 
These findings also indicated that STAT1 knockdown 
reversed the protective effect of Glab in CSE-treated 16HBE 
cells. However, when Glab was introduced alongside STAT1 
knockdown, no additional significant improvements in cell 
viability, apoptosis rate, or pro-inflammatory factor expres-
sion were observed (Figure 4B–F). These observations sug-
gest that the lack of drug targets for Glab results in its inability 
to function, which further confirms that the JAK1/STAT1 
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Figure 2. Prediction of Potential Mechanism of Glabridin (Glab) Treatment Against Chronic Obstructive Pulmonary Disease (COPD) 
via Network Pharmacology. (A) Venn Diagram of Intersecting Targets of Glab and COPD Target Genes Using Venn R Language. 
(B) Construction of Target-Pathway Network Maps for Glab for COPD Using Cytoscape (3.7.0) Software. (C) Gene Ontology (GO) 
Enrichment Analysis of 79 Intersecting Targets Using ClusterProfiler R Language Package. (D) Kyoto Encyclopedia of Genes and 
Genomes (KEGG) Pathway Enrichment Analysis of 79 Intersecting Targets Using ClusterProfiler R Language Package. (E) Retrieval of 
Specific Regulatory Information for the Janus Kinase (JAK)–Signal Transducer and Activator of Transcription (STAT) Signaling Pathway 
Based on the KEGG Library.
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pathway is a mediator that mediates the protective effects of 
Glab in COPD.

Discussion

COPD is primarily attributed to prolonged exposure to harm-
ful gases, with smoking being the most prevalent causative 
factor (Upadhyay et al., 2023). During the development of 
COPD, the first line of immune defense blocks CSE first. The 
first line of immune defense is bronchial epithelial cells, 
which are among the earliest cells to be affected by cigarette 
smoke. The regeneration and proliferation of these epithelial 
cells are crucial for the repair of damaged tissues (Gao et al., 
2015). CSE can simulate the cellular responses caused by 

smoking. 16HBE cells, as a type of human bronchial epithe-
lial cell, exhibit pathological features similar to those of 
COPD in a CSE environment (Zhang et al., 2021). Therefore, 
they were used to construct an in vitro model of COPD. We 
investigated the pharmacological effects of different concen-
trations of Glab on normal or CSE-stimulated 16HBE cells. 
The experimental results demonstrated that Glab did not sig-
nificantly affect cell viability, highlighting its favorable safety 
profile. Based on these findings, we further investigated the 
effects of Glab on the viability of 16HBE cells under simu-
lated smoking conditions, the apoptosis of 16HBE cells stim-
ulated by CSE and the various inflammatory pathways. Our 
research results indicated that the viability of 16HBE cells 
significantly declined after being stimulated by CSE, the 

Figure 3. Glabridin (Glab) Regulates the Janus Kinase 1 (JAK1)/Signal Transducer and Activator of Transcription 1 (STAT1) Axis in 
Cigarette Smoke Extract (CSE)-treated Human Bronchial Epithelial Cells (16HBE). (A) Predicted Molecular Docking Map of the Drug 
Glab and the Protein JAK1. (B) RT-qPCR Evaluation of JAK1 mRNA Levels in 16HBE Cells Intervened with Glab (2.5, 5, and 10 μM) on 
the Basis of Exposure to CSE. (C) RT-qPCR Evaluation of STAT1 mRNA Levels in 16HBE Cells Intervened with Glab (2.5, 5, and 10 μM) 
on the Basis of Exposure to CSE. (D) Western Blot Assay Evaluation of JAK1 and STAT1 Protein Levels in 16HBE Cells Intervened with 
Glab (2.5, 5, and 10 μM) on the Basis of Exposure to CSE. Data: Mean ± SEM. n = 3. ***p < .001 versus Control Group. #p < .05,  
##p < .01, ###p < .001 versus CSE Group.
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Figure 4. Knockdown Signal Transducer and Activator of Transcription 1 (STAT1) Reverses the Protective Effect of Glabridin (Glab) 
in Cigarette Smoke Extract (CSE)-treated Human Bronchial Epithelial Cells (16HBE). (A) Western Blot Assay Evaluation of STAT1 
Protein Levels in 16HBE Cells Transfected with siSTAT1#1 or siSTAT1#2. nsp > .05, ##p < .01, ###p < .001 versus Control Group. 
(B) Cell Counting Kit-8 (CCK-8) Evaluation of Viability of 16HBE Cells Transfected with siSTAT1#2 Alone or Administered Glab 
(2.5, 5, and 10 μM) Therapy Simultaneously on the Basis of Exposure to CSE. (C) Annexin V-FITC/PI Double Staining Evaluation of 
Apoptosis of 16HBE Cells Transfected with siSTAT1#2 Alone or Administered Glab (2.5, 5, and 10 μM) Therapy Simultaneously on 
the Basis of Exposure to CSE. (D) Enzyme-linked Immunosorbent Assay (ELISA) Evaluation of Tumor Necrosis Factor-α (TNF-α) 
Contents in 16HBE Cells Transfected with siSTAT1#2 Alone or Administered Glab (2.5, 5, and 10 μM) Therapy Simultaneously on the 
Basis of Exposure to CSE. (E) ELISA Evaluation of Interleukin-8 (IL-8) Contents in 16HBE Cells Transfected with siSTAT1#2 Alone or 
Administered Glab (2.5, 5, and 10 μM) Therapy Simultaneously on the Basis of Exposure to CSE. (F) ELISA Evaluation of Interleukin-6 
(IL-6) Contents in 16HBE Cells Transfected with siSTAT1#2 Alone or Administered Glab (2.5, 5, and 10 μM) Therapy Simultaneously 
on the Basis of Exposure to CSE. Data: Mean ± SEM. n = 3. *p < .05, **p < .01, ***p < .001.
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secretion of pro-inflammatory factors increased, and the 
apoptosis rate rose markedly. These results suggest that the 
viability of 16HBE cells decreases under the continuous stim-
ulation of CSE. Subsequently, when 16HBE cells were treated 
with different concentration gradients of Glab, it was observed 
that Glab can enhance the recovery of cell viability in a dose-
dependent manner. Furthermore, Glab markedly reduced the 
occurrence of cell apoptosis in response to CSE stimulation, 
exhibiting a dose-dependent effect. In the pathological pro-
cess of COPD, abnormal apoptosis can destroy alveolar epi-
thelial cells and alveolar wall structure, thereby promoting 
the development of emphysema and airflow limitation (Dang 
et al., 2020).

The development process of COPD can be altered due to 
the activation of inflammatory factors. To further explore 
this relationship, we constructed an in vitro COPD model. 
This model was used to simulate the process of how Glab 
exerts its anti-inflammatory effects and thereby alleviates 
the damage caused by CSE to cells. Our findings revealed 
that after being stimulated by CSE, the secretion of pro-
inflammatory cytokines such as TNF-α, IL-8, and IL-6 sig-
nificantly increased. However, since Glab can participate in 
regulating the expression of various inflammatory factors, it 
can reduce the inflammatory response and slow down the 
progression of COPD. Treating with Glab showed that the 
higher the concentration of Glab, the more pronounced its 
inhibitory effect on inflammation and the better the thera-
peutic effect. Its biological effect exhibited a dose-depen-
dent relationship, effectively suppressing the increase of 
pro-inflammatory cytokines. This biological effect high-
lights the potential of developing glycyrrhizic acid as a 
modulator of inflammatory responses in COPD. Glab has 
diverse biological effects and has shown therapeutic effi-
cacy in various disease processes. Currently, it has been 
found that Glab can achieve certain effects in anti-inflam-
matory, antioxidant, and anti-tumor treatments. Among 
them, studies on lung injury have demonstrated its signifi-
cant therapeutic potential. For instance, a 2017 study showed 
that Glab could treat acute respiratory distress syndrome 
(ARDS). In the LPS-induced ARDS model of this study, the 
condition was effectively alleviated after Glab treatment. 
The mechanism involves the inhibition of the p38MAPK/
ERK signaling pathway (Zhang et al., 2017). Specifically, 
Glab reduced the wet-to-dry weight ratio of lung tissue 
caused by LPS and improved the histopathological features 
of the lungs (Zhang & Li, 2016). Additionally, Glab is 
involved in the regulation of the expression of various 
inflammatory factors. For example, the levels of TNF-α and 
IL-18 in plasma were inhibited under the influence of Glab, 
with significant reductions in their expression. Moreover, 
Glab also regulates the levels of antioxidant and oxidative 
stress markers in the lungs (Weng et al., 2024; Zhang & Li, 
2016). Glab also modulated neutrophil extracellular traps, 
inhibited cellular focal death, and alleviated sepsis-induced 
lung injury (Kang et al., 2005). These findings suggest that 

Glab exerts protective effects against lung injury through 
multiple mechanisms. In drug delivery systems, a novel car-
rier for dry powder inhalers sensitive to reactive oxygen 
species has been reported to act synergistically with drugs 
like Glab, advancing the study of new excipients for treating 
and delivering drugs for acute lung injury (ALI) (He et al., 
2022). Collectively, our study indicates that Glab is not only 
safe for 16HBE cells but also demonstrates a protective role 
against CSE-induced cellular damage. By inhibiting CSE-
induced apoptosis and reducing the release of inflammatory 
factors, Glab seems to have great potential in the treatment 
of COPD and may become a candidate drug for future 
treatment.

Elucidating the molecular targets of Glab in COPD repre-
sents a significant advancement in understanding the thera-
peutic potential of this natural compound. Subsequently, this 
study meticulously designed a two-stage, database-driven 
gene screening process to identify potential targets of Glab 
and their relevance to the pathophysiology of COPD. Initially, 
databases such as STITCH, TCMSP, and SwissTargetPrediction 
were utilized to identify 182 candidate genes that Glab may 
target. The second phase involved databases like BATMAN-
TCM, DrugBank, OMIM, and DisGeNET, from which 707 
potential target genes were screened during the COPD pro-
cess. Utilizing Cytoscape software, we constructed a detailed 
target-pathway network map that encompassed 79 intersect-
ing target genes of Glab and COPD. Finally, further enrich-
ment analysis of the GO and KEGG pathways revealed 
important pathways associated with these target genes. 
Among the identified pathways, the JAK/STAT signaling 
pathway holds a significant strategic position. This is because 
it is involved in regulating lung injury, and aspects such as 
inflammatory responses and immune responses are all influ-
enced by this pathway. Therefore, it has received consider-
able attention from researchers.

The JAK/STAT signaling cascade is a communication 
mechanism that is crucial for normal cellular activities. This 
pathway is involved in a variety of biological processes, includ-
ing cell growth, survival, and inflammation (O’Shea et al., 
2015). This pathway, involving JAK and STAT proteins, medi-
ates signal transduction through cell surface receptors, ulti-
mately regulating gene expression (Bousoik & Montazeri 
Aliabadi, 2018; Lv et al., 2024). In pulmonary diseases, the 
JAK/STAT signaling pathway is involved in numerous patho-
logical processes and plays a significant role in overall patho-
genesis. For instance, in the pathogenesis of ALI, the abnormal 
activation of STAT3 is crucial for the formation of functional 
disorders in alveolar epithelial cells and pulmonary microvas-
cular endothelial cells, and it also affects macrophage polariza-
tion, inflammatory responses, and immune responses. 
Moreover, research by Hua et al. (2024) has found that IL-6 
can activate the JAK2/STAT3 pathway, mediating the further 
release of inflammatory factors, triggering a cascade-amplified 
inflammatory response, and participating in the occurrence and 
development of ALI. In COPD research, the JAK/STAT 
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pathway also holds significant importance. Furthermore, 
numerous studies have found that COPD patients can recon-
struct damaged pulmonary vessels under different drug treat-
ments and alleviate the symptoms of COPD. Liuwei Buqi 
Capsules (Wang et al., 2017), salmeterol combined with mag-
nesium isoglycyrrhizinate (Yang et al., 2022) and JAK/STAT 
inhibitors (Verres et al., 2022). The mechanisms underlying 
these treatments primarily involve inhibiting the phosphoryla-
tion of JAK, STAT1, and STAT3.

The molecular docking analysis conducted in this study 
provides fascinating insights into the interaction between 
Glab and the JAK1 protein, which is a central component of 
the JAK-STAT signaling pathway. The regions of the JAKs 
interacting with the intracellular parts of the receptors include 
the FERM and SH2-like domains, which are responsible for 
the JAK association with cytokine receptors (Ferrao & 
Lupardus, 2017). A strong binding affinity was observed, 
with specific interaction sites at GLY263, GLY440, and 
ASN465 residues. Among these sites, GLY440 and ASN465 
are located in the SH2-like domain. This suggests a potential 
therapeutic alliance between Glab and the modulation of 
JAK1 activity. We used Western blotting to verify the key 
interactions we obtained in the previous step. The results 
were consistent with our expected conclusion. CSE-
stimulated 16HBE cells would enhance the expression of 
JAK1 and STAT1. Remarkably, treatment with Glab at vari-
ous concentrations significantly mitigated this upregulation, 
thereby providing evidence of Glab’s inhibitory influence on 
the JAK-STAT signaling pathway. It is worth noting that dif-
ferent concentrations of Glab significantly alleviated this 
upregulation. Glab can exert a significant inhibitory effect on 
the JAK-STAT signaling pathway. This biological effect 
shows a concentration-dependent manner. This finding 
implies that Glab’s protective effects in COPD may be medi-
ated through the JAK1/STAT1 pathway and that its influence 
on cell viability, apoptosis, and inflammation is maximized 
when the pathway is not otherwise disrupted.

Despite the robust findings, the study acknowledges limi-
tations inherent in its design and execution. Although these in 
vitro experiments simulate certain representative in vivo 
activities, due to the complexity of the life system’s opera-
tion, this model is currently unable to precisely replicate all in 
vivo life activities. The use of a single cell line, though repre-
sentative, might not reflect the heterogeneity of cellular 
responses in actual COPD patients. Additionally, while the 
study identifies the JAK1/STAT1 pathway as a potential tar-
get for Glab intervention, the broader implications of this 
interaction within the intricate network of pulmonary inflam-
mation require further exploration. Lastly, while the study 
presents Glab as a promising candidate for COPD treatment, 
the specific dosage, long-term effects, and potential side 
effects in clinical settings remain to be determined. Future 
research should aim to bridge these gaps, ensuring a well-
rounded understanding of Glab’s therapeutic potential and its 
place in COPD management strategies.

Conclusion

Overall, this study confirmed that the inflammatory response 
of 16HBE cells stimulated by CSE is one of the main causes 
of cell damage. Meanwhile, Glab can specifically inhibit the 
phosphorylation of proteins in the JAK1/STAT1 pathway, 
alleviate the inflammatory response, and play a therapeutic 
role in the inflammatory damage of 16HBE cells. These find-
ings not only suggest Glab’s potential as an effective modula-
tor of inflammatory processes but also emphasize the critical 
role of targeting the JAK1/STAT1 pathway in formulating 
therapeutic approaches for COPD.
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