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Abstract

Background and Objectives: Chronic inflammation resulting from cigarette smoke extract (CSE) is frequently driven by 
activation of the high mobility group box 1 (HMGB1)–toll-like receptor 4 (TLR4)–nuclear factor kappa B (NF-κB) signaling 
cascade. This study was designed to explore the regulatory influence of Qibai Pingfei Capsules (QBPF) on inflammation-
related pathways in 16HBE cells, a human bronchial epithelial cell line, following CSE treatment. We also assessed the impact 
of QBPF on NF-κB signaling dynamics and cytokine production using a co-culture model with THP-1-derived macrophages.
Materials and Methods: Levels of inflammatory mediators were quantified via enzyme-linked immunosorbent assay and 
quantitative reverse transcription polymerase chain reaction, while protein expression and intracellular localization were 
analyzed through Western blotting and immunofluorescence. NF-κB activity was further verified by RNA interference and 
overexpression techniques.
Results: QBPF markedly mitigated the inflammatory responses induced by CSE, as evidenced by decreased cytokine output and 
reduced transcription of HMGB1, toll-like receptor 2, TLR4, and myeloid differentiation primary response gene 88. Furthermore, 
QBPF hindered the nuclear translocation of NF-κB and disrupted upstream molecular events linked to its activation.
Conclusion: QBPF demonstrates potent anti-inflammatory potential through modulation of NF-κB-associated signaling net-
works. The current findings emphasize QBPF’s value as a prospective therapeutic candidate for controlling smoke-induced 
airway inflammation and suggest its broader applicability to respiratory disorders characterized by chronic inflammation.
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Introduction

Tobacco use remains a significant global health concern, 
being strongly correlated with a broad range of respiratory 
ailments, including chronic bronchitis, pulmonary cancers, 
and chronic obstructive pulmonary disease (COPD) 
(Christenson et al., 2022; Leiter et al., 2023). The pathologi-
cal effects of tobacco smoke are largely attributed to its 
potent inflammatory potential, especially in the bronchial 
airways. Exposure to cigarette smoke extract (CSE), which 
comprises a complex mixture of harmful chemicals, pro-
vokes intense inflammatory reactions in bronchial epithelial 
cells (Kosmider et al., 2011; Yoshida et al., 2019). These 

persistent inflammatory insults are considered key contribu-
tors to the onset and progression of smoking-associated 
respiratory diseases (Elisia et al., 2020; Kotlyarov, 2023).
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CSE acts as a potent initiator of inflammation, triggering a 
cascade involving various intracellular signaling routes, 
among which the high mobility group box 1 (HMGB1)–toll-
like receptor 4 (TLR4)–nuclear factor kappa B (NF-κB) axis 
is notably pivotal (Ying et al., 2021; Wang et al., 2020). When 
epithelial cells experience noxious stimulation or damage, 
they actively release HMGB1, a well-known damage-associ-
ated molecular pattern (DAMP). Once released, HMGB1 
interacts with TLR4 present on immune cells, consequently 
triggering the downstream NF-κB signaling pathway (Chen 
et al., 2022; Idoudi et al., 2023). Acting as a principal tran-
scriptional regulator, NF-κB governs the expression of mul-
tiple pro-inflammatory mediators that drive chronic 
inflammation (Liu et al., 2017; Yu et al., 2020). Extensive 
experimental evidence has demonstrated that CSE exposure 
increases the levels of HMGB1, TLR4, and NF-κB, thereby 
reinforcing the relevance of this signaling network as a poten-
tial intervention point in tobacco-related airway inflamma-
tion (Le et al., 2020; Wang et al., 2019).

Traditional Chinese Medicine (TCM) has been employed 
for centuries to address respiratory conditions. Among the 
various herbal formulations, Qibai Pingfei Capsules (QBPF) 
have garnered attention for their anti-inflammatory properties 
(Jia et al., 2022; Zhu et al., 2018). Accumulating evidence 
suggests that QBPF enhances lung function and mitigates 
inflammation in COPD-like models by influencing immune 
homeostasis—particularly the Th17/Treg balance—and mod-
ulating the gut–lung microbiome (Leiter et al., 2023). 
Additional investigations have indicated that QBPF may 
exert its pharmacological effects through modulation of intra-
cellular signaling cascades such as the PI3K/AKT and mito-
chondrial pathways, which may trigger apoptosis in 
pulmonary arterial smooth muscle cells subjected to hypoxic 
stress (Christenson et al., 2022). Nonetheless, how QBPF 
affects the HMGB1–TLR4–NF-κB axis during CSE-related 
airway inflammation remains incompletely understood. This 
study investigates the regulatory involvement of QBPF in 
CSE-stimulated 16HBE bronchial epithelial cells, aiming to 
clarify its role within the associated signaling pathway. By 
clarifying the molecular mechanisms underpinning its anti-
inflammatory potential, we aim to lay the groundwork for 
developing novel therapeutic approaches targeting smoke-
related respiratory conditions. These insights may help inform 
future interventions aimed at managing chronic pulmonary 
inflammation.

Materials and Methods

Drugs and Reagents

QBPF (composition: Astragalus, raw ginseng, Chuanxiong, 
Allium macrostemon, Tinglizi, Schisandra, earthworm) were 
provided by the Preparation Center of the First Affiliated 
Hospital of Anhui University of Chinese Medicine 

(specification: 400 mg/capsule, batch no.: 20230106); PDTC 
(catalog no.: S30342, Shanghai Yuanye Bio-Technology Co. 
Ltd., Shanghai, China); lipopolysaccharide (catalog no.: 
L2689, Sigma, St. Louis, MO, USA); enzyme-linked immu-
nosorbent assay (ELISA) detection kits: NF-κB, interleukin-6 
(IL-6), tumor necrosis factor-alpha (TNF-α) (batch no.: 
JYM0028Ra, JYM0419Ra, JYM0635Ra, Wuhan GeneMean 
Bio-Technology Co. Ltd., Wuhan, China); goat anti-mouse 
IgG, goat anti-rabbit IgG (batch nos.: 140193, 202700514, 
Zsbio, Oberkochen, Germany); HMGB1, toll-like receptor 2 
(TLR2), NF-κB antibodies (batch no.: 10017763, Bioss, 
Woburn, MA, USA).

Differentiation of THP-1 Monocytes into 
Macrophages

THP-1 monocytic cells were maintained in Roswell Park 
Memorial Institute-1640 (RPMI-1640) medium, supple-
mented with 10% heat-inactivated fetal bovine serum (FBS) 
and 1% penicillin–streptomycin solution. Cultures were kept 
at 37°C under a humidified atmosphere containing 5% CO2. 
To induce differentiation into macrophage-like phenotypes, 
cells were seeded and exposed to 80 ng/mL phorbol 
12-myristate 13-acetate (PMA; Sigma–Aldrich) for a dura-
tion of 24 h. Following stimulation, PMA was removed by 
washing the cells twice using phosphate-buffered saline 
(PBS). Subsequently, cells were transferred to PMA-free 
RPMI-1640 medium and incubated for an additional 24 h to 
allow stabilization of macrophage characteristics. This differ-
entiation protocol was optimized to enhance the expression of 
macrophage-specific surface molecules such as CD14, con-
firming successful conversion.

Preparation of CSE

A self-made gas extraction device was used. Specifically, the 
device consisted of a combustion chamber connected via a 
rubber tube to a sterile glass bottle containing 15 mL of 
Dulbecco’s Modified Eagle Medium (DMEM) high-glucose 
medium. The opposite end of the setup included a peristaltic 
pump that controlled the airflow to ensure consistent smoke 
delivery. One cigarette (Xiongshi brand, with 8 mg tar, 0.7 mg 
nicotine, and 10 mg CO per cigarette) was lit and inserted into 
the combustion chamber. Smoke was actively drawn through 
the tubing using negative pressure generated by the pump. 
Smoke was bubbled through the medium until the cigarette 
burned down to 5 mm from the filter, at which point the sys-
tem was turned off. The culture bottle was gently shaken until 
no smoke bubbles were visible. The absorbance at 320 nm 
(A320) was determined using a spectrophotometer, and when 
it reached 1.0 ± 0.05, the solution was recognized as 100% 
CSE (Facchinetti et al., 2007). The extract was immediately 
passed through a 0.22 μm sterile membrane to remove par-
ticulates, then stored at –80°C and diluted as needed for sub-
sequent experiments.
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Screening of Co-culture Concentrations for 
Macrophages and 16HBE Cells with the Cell 
Counting Kit-8 (CCK8)

THP-1 monocytes were cultured and plated in 12-well plates 
and differentiated into macrophages by adding 162 nM PMA 
on day 0. Subsequently, 16HBE cells were digested, and after 
stopping the digestion, the cells were centrifuged, and the cul-
ture medium was discarded. Cells were then plated into 
96-well plates according to the cell numbers listed in Table 1. 
Macrophage MC cells were also plated into Transwell cham-
bers according to the cell numbers listed in Table 1. The co-
culture was established in a Transwell system, with 
macrophages placed in the upper inserts and 16HBE cells 
seeded into the lower wells. Each ratio was tested in tripli-
cate. After 0, 24, 48, and 72 h of culture, the chambers were 
removed, and the CCK8 was applied to detect cell viability.

Screening of Optimal Concentration and Time for 
the Combined Action of CSE, Hypoxia, and QBPF

A total of 10 independent migration assays were performed 
by placing macrophages into the upper chamber of a 24-well 
Transwell system. After cell adhesion and proliferation, CSE 
was prepared at four gradient concentrations (2%, 4%, 8%, 
and 16%), alongside a blank control, and introduced into the 
co-culture system. The plates were then transferred either to a 
normoxic incubator (20% O2, 5% CO2, 75% N2) or to a tri-gas 
chamber mimicking hypoxic conditions (3% O2, 5% CO2, 
92% N2), and incubated for one of four predetermined dura-
tions: 6, 12, 24, or 48 h, to simulate in vitro features of COPD. 
To replicate the hypoxic microenvironment of inflamed bron-
chial tissue in COPD, the tri-gas incubator was used, with 3% 
O2 selected based on prior evidence demonstrating optimal 
inflammatory activation. The proliferation of 16HBE cells 
under various CSE concentrations and oxygen conditions was 
assessed via the CCK8 assay to determine the most suitable 
exposure protocol. Lyophilized CSE powder was reconsti-
tuted into five different doses (0, 5, 10, 20, 60, and 80 µg/mL) 
and applied to the culture setup. These treatments were again 
subjected to the same four exposure durations to evaluate the 
inflammatory response dynamics.

NF-κB Gene Silencing and Overexpression 
Experiment

Log-phase 16HBE cells were enzymatically dissociated, pel-
leted by centrifugation, and resuspended uniformly. Cells were 
then allocated into plates at a final concentration of 2.0 × 10⁵ 
cells/mL. For downstream transfection, four RNase-free 
1.5 mL microcentrifuge tubes were prepared, each containing 
125 μL of serum and antibiotic free high glucose DMEM, pre-
warmed to 37°C. Two of the tubes were treated with siRNA 
specifically targeting NF-κB or its negative control, while the 
remaining tubes received equivalent volumes of PCDNA3.0-
based plasmid vectors. After thorough mixing by gentle pipet-
ting to ensure even distribution, 4 μL of Lipo8000 transfection 
reagent was introduced into each sample. Following an incuba-
tion period ranging from 24 to 48 h, transfection outcomes 
were evaluated using quantitative reverse transcription poly-
merase chain reaction (qRT-PCR). All experiments were inde-
pendently repeated three times (n = 3) to ensure reproducibility 
and reliability of the results.

Detection of NF-κB Pathway-related Gene 
Expression by qRT-PCR

16HBE cells were enzymatically detached, pelleted, and resus-
pended in full growth medium, then distributed into six-well 
culture plates at a concentration of 2.0 × 105 cells/mL, using 
2 mL per well. After incubation, total RNA was extracted from 
the harvested cells. Reaction mixtures for qPCR were assem-
bled in nuclease-free Eppendorf tubes using the SYBR 
SuperMix Plus kit (Novostart), according to the manufactur-
er’s protocol. All experiments were independently executed 
and repeated a minimum of three times (n = 3).

Western Blot Detects the Related Protein 
Expression

The proteins were extracted from cells and denatured after 
adding protein lysis buffer. Following a blocking period of 
1 h. The membranes were co-cultured with primary antibod-
ies for 24 h. Subsequently, the membranes were washed with 
Tris-buffered saline with Tween (TBST) for a period of 

Table 1. The Primer Sequences.

Gene Amplicon Size (bp) Forward Primer (5′–3′) Reverse Primer (5′–3′)
β-actin 96 CCCTGGAGAAGAGCTACGAG GGAAGGAAGGCTGGAAGAGT

HMGB1 115 ATACATCTCAGGGCCAAACC AACTTTGCTCCAAAGAGGGA

TLR2 93 TTCTCCCAGTGTTTGGTGTT CTGTCTTCCTGCCTTCACTT

TLR4 144 GCCACATGTCAGGCCTTATG TTGGTTGAAATGCCCACCTG

MyD88 132 CCCTGGGTGTGTGTGTATCT CTGCAGACGTGTCTGTGAAG

NF-κB65 81 CCATGGCTGAAGGAAACCAG AGAGCAAGGAAGTCCCAGAC

TNF-α 199 CGAGTCTGGGCAGGTCTA GAAGTGGTGGTCTTGTTGC

Note: HMGB1: High mobility group box 1; TLR2: Toll-like receptor 2; TLR4: Toll-like receptor 4; MyD88: Myeloid differentiation primary response gene 
88; NF-κB: Nuclear factor kappa B; TNF-α: Tumor necrosis factor-alpha.
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30 min, after which they were co-cultured with secondary anti-
bodies. Following a further 30 min of washing with TBST, the 
membranes were exposed. The bands were photographed and 
calculated with ImageJ software for plotting purposes (NIH, 
Bethesda, MD, USA). The experiments were carried out inde-
pendently and repeated at least three times (n = 3).

ELISA Experiment to Detect NF-κB  
Pathway-related Factor Expression

Following the processing of the cells as outlined above, the 
respective groups supinates were collected by the instructions 
stipulated within the ELISA kit (n = 3).

Statistical Analysis

Data analysis was conducted using Statistical Package for 
Social Science (SPSS) software (version 20.0; IBM, Armonk, 
NY, USA). For comparisons between two groups, unpaired 
two-sided Student’s t-tests were applied. Differences among 
more than two groups were assessed using one-way analysis 
of variance (ANOVA), followed by Tukey’s multiple com-
parison test where appropriate. A p value less than .05 was 
considered statistically significant.

Results

CCK8 Assay for Proliferation in Co-cultured  
THP-1 Macrophages and 16HBE Cells

Flow cytometry analysis (Figure 1A) demonstrated that 
THP-1 were efficiently differentiated into macrophages cells 
following PMA induction, as evidenced by high CD68 
expression levels of 98.8%, 99.1%, and 99.3%, respectively. 
This confirms successful phenotypic transition into macro-
phages. The CCK8 assay (Figure 1B) revealed that cell pro-
liferation was most robust at a 5:1 ratio of macrophages to 
16HBE cells (MC + 16HBE (5:1)), with OD values steadily 
increasing over time, peaking at 48 and 72 h.

CSE treatment (Figure 1C) significantly inhibited cell pro-
liferation, with stronger effects at higher concentrations. At 
4% CSE, OD values significantly decreased, indicating a sup-
pression of cell proliferation. In Figure 1D, when 4% CSE 
was used as a baseline, adding QBPF (60 and 80 mg/mL) 
further inhibited cell proliferation, particularly at 24 h, where 
OD values sharply declined. These results suggest that QBPF 
(especially at higher concentrations) enhances the suppres-
sive effect of CSE on cell proliferation.

Effect of QBPF on Inflammatory Factors

As illustrated in Figure 2A, stimulation with 4% CSE mark-
edly upregulated several critical inflammatory cytokines, 
including interleukin (IL)-1β, IL-6, IL-8, NF-κB p65, and 

tumor necrosis factor-alpha (TNF-α). Conversely, exposure 
to 20 mg/mL QBPF significantly suppressed the expression 
of these cytokine markers, suggesting a potent anti-inflam-
matory effect of QBPF against CSE-triggered responses.

Similarly, qPCR analysis (Figure 2B) revealed a signifi-
cant upregulation in expression of TLR2, TLR4, myeloid dif-
ferentiation primary response gene 88 (MyD88), and TNF-α 
in 16HBE cells following 4% CSE exposure. However, pre-
treatment with 20 mg/mL QBPF significantly suppressed the 
expression of these genes, indicating that QBPF inhibit the 
activation of the NF-κB pathway.

Western blot results (Figure 2C) confirmed these results. 
After 4% CSE treatment, the expression levels of E-cadherin, 
HMGB1, MyD88, p65, TLR2, TLR4, and TNF-α were sig-
nificantly upregulated. However, treatment with 20 mg/mL 
QBPF reduced the protein expression of these factors, sug-
gesting that the capsules exert an inhibitory effect on the 
inflammatory response.

As shown in Figure 2D, CSE exposure resulted in pro-
nounced nuclear and cytoplasmic distribution of p65, HMGB1, 
and TLR4. Notably, QBPF administration led to a considerable 
attenuation of these protein levels, reinforcing the assumption 
that the capsules suppress both the production and cellular dis-
tribution of CSE-induced pro-inflammatory markers.

Effects of 4% CSE on the HMGB1–TLR4–NF-κB 
Axis

As illustrated in Figure 3A, ELISA data demonstrated that 
exposure to 4% CSE markedly elevated the expression of 
multiple inflammatory mediators, such as IL-1β, IL-6, IL-8, 
HMGB1, p65, and TNF-α. Silencing NF-κB using siRNA 
significantly reduced the release of these factors, whereas 
forced expression via PCDNA3.0 vectors further enhanced 
their production. Taken together, these findings suggest that 
NF-κB serves as a key regulatory node in mediating CSE-
induced inflammatory signaling and cytokine output.

As shown in Figure 3B, qPCR analysis revealed that 4% 
CSE exposure led to a significant increase in the transcription 
of inflammation-related genes, including TLR2, TLR4, 
MyD88, HMGB1, p65, and TNF-α. Silencing NF-κB mark-
edly suppressed the expression of these targets, whereas its 
overexpression resulted in a notable enhancement, underscor-
ing the essential regulatory role of NF-κB in CSE-mediated 
inflammatory gene activation.

Consistently, Western blot analysis (Figure 3C) demon-
strated a substantial rise in protein levels of markers such as 
E-cadherin, HMGB1, MyD88, p65, TLR2, TLR4, and TNF-α 
following CSE treatment. NF-κB knockdown diminished 
these protein levels, while forced expression of NF-κB ampli-
fied them, confirming its central role in orchestrating CSE-
induced inflammatory signaling cascades.

As indicated in Figure 3D, immunofluorescence analysis 
revealed that 4% CSE exposure markedly increased both the 
expression and cytoplasmic-to-nuclear translocation of p65, 
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Figure 1. Cell Counting Kit-8 (CCK8) Was Used to Detect the Proliferation in Co-culturing THP-1 Macrophages (MC) With 16HBE. 
(A) Flow Cytometry Analysis of CD68 Expression in Phorbol 12-Myristate 13-Acetate (PMA)-induced THP-1 Cells, Demonstrating 
Successful Differentiation into MC With CD68 Expression Rates of 98.8%, 99.1%, and 99.3%, Respectively. (B) OD Values Representing 
Cell Proliferation in Co-culture Systems of THP-1 MC and 16HBE Cells at Various Ratios (1:1, 2:1, 3:1, 4:1, 5:1, 6:1, 7:1) Measured at 
0, 12, 24, 48, and 72 h. (C) Effect of Varying Concentrations of Cigarette Smoke Extract (CSE) (2%, 4%, 6%, 8%) on the Proliferation of 
THP-1 Macrophages and 16HBE Cells Co-cultured at a 5:1 Ratio. (D) Impact of Qibai Pingfei at Different Concentrations (5, 10, 20, 60, 
80 mg/mL) Combined With 4% CSE on the Proliferation of Co-cultured HP-1 Macrophages and 16HBE Cells.
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Figure 2. The Effect of Qibai Pingfei Capsules on Inflammatory Factors. (A) Enzyme-linked Immunosorbent Assay (ELISA) Analysis 
of Interleukin (IL)-6, IL-8, IL-1β, Tumor Necrosis Factor-Alpha (TNF-α), and MCP-1 Expression Levels in the Culture Supernatants of 
THP-1 Macrophages Co-cultured With 16HBE Cells at a 5:1 Ratio, With and Without 4% Cigarette Smoke Extract (CSE) Treatment, 
and After the Addition of Traditional Medicine (20 mg/mL). (B) Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-
PCR) Assessment of the Relative mRNA Expression of Toll-like Receptor 2 (TLR2), Toll-like Receptor 4 (TLR4), Myeloid Differentiation 
Primary Response Gene 88 (MyD88), p65, and Tumor Necrosis Factor-alpha (TNF-α) Under the Conditions Described in (A). 
(C) Western Blot Analysis of Protein Expression Levels of TLR2, TLR4, MyD88, p65, and TNF-α, With Glyceraldehyde-3-Phosphate 
Dehydrogenase (GAPDH) Used as the Loading Control, Following the Same Treatment Conditions as in (A). Bar Graphs Show Protein 
Quantification Relative to GAPDH. (D) Immunofluorescence Staining Illustrating the Cellular Localization of p65, High Mobility Group 
Box 1 (HMGB1), and TLR4 in Co-cultured Cells Treated With 4% CSE and Traditional Medicine (80 mg/mL).
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Figure 3. The Influence of 4% Cigarette Smoke Extract (CSE) on the High Mobility Group Box 1 (HMGB1)/Toll-like Receptor 4 
(TLR4)/Nuclear Factor Kappa B (NF-κB) Signaling Pathway. (A) Enzyme-linked Immunosorbent Assay (ELISA) Results Depicting the 
Concentrations of Interleukin (IL)-1β, IL-6, IL-8, MCP-1, IL-10, and Tumor Necrosis Factor-Alpha (TNF-α) in the Culture Supernatants 
of THP-1 Macrophages Co-cultured With 16HBE Cells at a 5:1 Ratio. The Cells Were Treated With 4% Cigarette Smoke Extract 
(CSE) Alone, 4% CSE+20 mg/mL+siRNA-NF-κB, 4% CSE+20 mg/mL+siRNA-NF-κB NC, 4% CSE+20 mg/mL+PCDNA3.0-NF-κB, or 
4% CSE+20 mg/mL+PCDNA3.0-NF-κB NC. (B) Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR) Analysis of 
the Relative mRNA Expression Levels of TLR2, TLR4, Myeloid Differentiation Primary Response Gene 88 (MyD88), HMGB1, p65, and 
TNF-α Under the Same Conditions as in (A). (C) Western Blot Analysis of Protein Expression Levels of TLR2, TLR4, MyD88, HMGB1, 
p65, and TNF-α, With Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) as the Loading Control, Under the Same Conditions as in 
(A). The Bar Graphs Represent the Quantification of Protein Levels Relative to GAPDH. (D) Immunofluorescence Staining Showing the 
Localization and Expression of p65, HMGB1, and TLR4 Under the Same Conditions as in (A).
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Figure 4. The Role of Qibai Pingfei Capsules in Modulating the High Mobility Group Box 1 (HMGB1)/Toll-like Receptor 4 (TLR4)/Nuclear 
Factor Kappa B (NF-κB) Signaling Pathway. (A) Enzyme-linked Immunosorbent Assay (ELISA) Analysis Showing the Concentrations of 
Interleukin (IL)-1β, IL-6, IL-8, MCP-1, IL-10, and Tumor Necrosis Factor-Alpha (TNF-α) in the Culture Supernatants of THP-1 Macrophages 
Co-cultured With 16HBE Cells (5:1 Ratio). Cells Were Treated With 4% Cigarette Smoke Extract (CSE) Alone, Qibai Pingfei 20mg/
mL, 4% CSE+20mg/mL+siRNA-NF-κB, 4% CSE+20mg/mL+siRNA-NF-κB NC, 4% CSE+20mg/mL+PCDNA3.0-NF-κB, or 4% CSE+20mg/
mL+PCDNA3.0-NF-κB NC. (B) Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR) Analysis of Relative mRNA 
Expression Levels of Toll-like Receptor 2 (TLR2), TLR4, Myeloid Differentiation Primary Response Gene 88 (MyD88), HMGB1, p65, and 
TNF-α Under the Same Conditions as in (A). (C) Western Blot Analysis of Protein Expression Levels for TLR2, TLR4, MyD88, HMGB1, 
p65, and TNF-α, With Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) Used as a Loading Control, Under the Same Conditions as 
in (A). (D) Immunofluorescence Staining of p65, HMGB1, and TLR4 Under the Same Conditions as in (A).
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HMGB1, and TLR4. Inhibiting NF-κB activity resulted in 
diminished levels of these proteins, whereas enhancing its 
expression produced the reverse outcome, emphasizing 
NF-κB as a central regulator in CSE-induced inflammatory 
responses.

Role of QBPF in Regulating the HMGB1–TLR4–
NF-κB Signaling Pathway

ELISA analysis (Figure 4A) demonstrated that treatment with 
20 mg/mL QBPF deeply declined the protein secretion of 
IL-1β, IL-6, IL-8, HMGB1, p65, and TNF-α in the superna-
tant of 16HBE cells. Notably, this effect was even more pro-
nounced following NF-κB knockdown, suggesting that 
silencing NF-κB can effectively suppress the inflammatory 
response induced by both CSE and QBPF.

qPCR results (Figure 4B) further confirmed that 20 mg/mL 
QBPF markedly decreased of inflammation-associated genes 
such as TLR2, TLR4, MyD88, HMGB1, p65, and TNF-α in 
16HBE cells. A more substantial reduction in gene expression 
has been detected following NF-κB silencing, while NF-κB 
overexpression resulted in an increased expression of these 
genes, underscoring the important role of NF-κB in regulat-
ing the inflammatory signaling pathway.

Western blot analysis (Figure 4C) corroborated these find-
ings by showing that treatment with 20 mg/mL QBPF signifi-
cantly reduced the protein expression of E-cadherin, HMGB1, 
MyD88, p65, TLR2, TLR4, and TNF-α. Silencing NF-κB 
resulted in a reduction of these protein levels, whereas NF-κB 
overexpression led to an upregulation of their expression, 
suggesting that QBPF modulate inflammation through the 
NF-κB signaling pathway.

Immunofluorescence staining (Figure 4D) showed that 
exposure to QBPF significantly lowered the content of p65, 
HMGB1, and TLR4 in 16HBE cells, with the proteins being 
localized in both the cytoplasm and nucleus. Silencing NF-κB 
further decreased the expression of these proteins, while 
NF-κB overexpression increased their levels, further con-
firming the regulatory function of NF-κB in modulating the 
inflammation triggered by both CSE and QBPF.

Discussion

This study explored the anti-inflammatory capacity of 
QBPF within a CSE-induced 16HBE cell inflammation 
model, emphasizing the HMGB1-TLR4-NF-κB signaling 
pathway. Our data showed that 4% CSE significantly ele-
vated the expression of IL-1β, IL-6, IL-8, HMGB1, p65, and 
TNF-α, contributing to a pronounced pro-inflammatory 
state. These findings are consistent with previous reports 
that identified CSE as a potent inducer of inflammation via 
TLR4-NF-κB pathway activation, which centrally regulates 
immune responses and host protection (Lee et al., 2021; Ou 
et al., 2022).

A major insight of this work is the pivotal role of NF-κB as 
a key inflammation regulator in response to CSE. Silencing 
NF-κB expression led to a significant decrease in pro-inflam-
matory cytokines and attenuated the expression of other 
inflammatory mediators in CSE-stimulated 16HBE cells. 
This inhibitory action confirms NF-κB’s involvement in 
CSE-induced immune responses, as previously demonstrated 
(Yang et al., 2016; Zhang et al., 2016). Conversely, NF-κB 
overexpression further enhanced the inflammatory signaling 
cascade. Collectively, our findings suggest that NF-κB func-
tions as a central regulatory node in airway inflammation trig-
gered by components of cigarette smoke.

The inflammatory mediators selected in this study (includ-
ing HMGB1, TLR2, TLR4, MyD88, p65, TNF-α, IL-1β, 
IL-6, and IL-8) were chosen based on their established 
involvement in the HMGB1–TLR4–NF-κB pathway, a key 
driver of CSE-induced airway inflammation. These mole-
cules represent both upstream activators and downstream 
effectors within the inflammatory cascade. While other fac-
tors such as MCP-1, IL-17, and IFN-γ also contribute to 
smoke-related immune responses, the current investigation 
focused specifically on targets regulated by NF-κB, aiming to 
better elucidate the therapeutic mechanisms of QBPF within 
this canonical signaling context.

A key observation from this study is that QBPF signifi-
cantly alleviated CSE-evoked inflammatory responses. This 
was evidenced by a marked decrease in the release of typical 
pro-inflammatory mediators (e.g., IL-1β, IL-6, IL-8, TNF-α) 
and reduced expression of inflammation-related regulatory 
targets—including TLR2, TLR4, MyD88, HMGB1, and 
p65—at both the transcriptional and translational levels. 
These findings indicate that QBPF exhibits a multi-level anti-
inflammatory effect, likely by interfering with the TLR4/
NF-κB axis. Moreover, immunofluorescence imaging 
revealed that QBPF treatment impaired NF-κB nuclear trans-
location, a prerequisite for its pro-inflammatory gene activa-
tion, underscoring the compound’s role in disrupting key 
checkpoints in inflammation signaling.

Considering the persistent airway inflammation com-
monly associated with smoking-related diseases such as 
COPD, our results imply that QBPF has the potential to dis-
rupt key upstream and downstream mediators involved in the 
HMGB1/TLR4/NF-κB axis. This modulatory effect may 
contribute to delaying disease progression and attenuating tis-
sue damage. In vitro findings underscore the therapeutic 
potential of QBPF in controlling chronic inflammation. 
Nevertheless, further research is essential to assess its clinical 
efficacy and confirm its suitability as an anti-inflammatory 
strategy for smoke-induced pulmonary diseases.

Despite the exciting results of the present study, there are 
still some restrictions that deserve to be noted in future stud-
ies. Firstly, while our in vitro results demonstrate the anti-
inflammatory function of QBPF in CSE-induced inflammation 
in 16HBE cells, the findings are based on a single cell line 
and may not fully reflect the complexity of the in vivo 
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environment. To further elucidate the therapeutic value of 
QBPF, subsequent investigations in appropriate animal mod-
els are warranted to assess its physiological relevance and 
potential systemic impact. While the current study highlights 
the modulation of the HMGB1–TLR4–NF-κB axis, addi-
tional work should aim to uncover alternative signaling routes 
involved in its anti-inflammatory effects. Future studies 
should also define key pharmacological parameters—includ-
ing dosage range, treatment course, and safety thresholds—
under clinically relevant conditions. Given the prolonged 
nature of airway inflammation and associated tissue remodel-
ing, long-term evaluations will be essential. Addressing these 
knowledge gaps will contribute to a more comprehensive 
understanding of QBPF’s mode of action and support its 
translation into targeted therapies for chronic smoke-related 
disorders.

Conclusion

In summary, this study highlights the therapeutic promise of 
QBPF in counteracting CSE-induced airway inflammation, 
likely through interference with key inflammatory cascades 
including the HMGB1–TLR4–NF-κB axis. While the in 
vitro data offer encouraging insights, further studies involv-
ing animal models are necessary to evaluate the compound’s 
pharmacodynamic profile, systemic tolerance, and long-
term biological effects. In addition, the clinical applicability 
of QBPF requires rigorous assessment regarding appropri-
ate dosing strategies, treatment duration, and translational 
relevance in human disease contexts. For conditions charac-
terized by persistent inflammation, such as COPD, future 
investigations should determine whether extended adminis-
tration of QBPF can confer sustained benefits and positively 
influence disease progression. Taken together, these find-
ings provide a rationale for advancing QBPF into further 
preclinical and clinical research pipelines as a candidate 
intervention for smoking-related and chronic inflammatory 
disorders.
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