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Allergic asthma is an inflammatory condition characterized by the release of pro-inflammatory 
cytokines and the expansion of mucus-producing cells. This research aimed to evaluate the impact 
of Kaempferol 3-O-gentiobioside (K3G), extracted from Sauropus spatulifolius Beille leaves, on 
inflammatory cytokine secretion and mucus overproduction in IL-13-stimulated airway epithelial cells 
(16HBE cells) and ovalbumin (OVA)-induced allergic asthma mouse models. Studies have found that 
K3G significantly reduces the release of pro-inflammatory cytokines (IgE, TNF-α, histamine, IL-1β, IL-6, 
and IL-8) induced by IL-13. It also mitigating the expression of the mucin5AC (MUC5AC). Additionally, 
K3G also downregulated the expression of NLRP3, TLR4, p-IκBα, and p-P65 proteins. In an OVA-
induced mouse asthma model, K3G treatment reduced the secretion of pro-inflammatory cytokines, 
and inhibited the increase in mucus-secreting cells in a dose-dependent manner. Furthermore, 
exposure to IL-13 and OVA increased the expression of NOTCH signaling receptors in both 16HBE cells 
and lung tissues of the mice. K3G treatment effectively targeted NOTCH1 and inhibits activation of 
the NOTCH pathway. In conclusion, K3G alleviates asthma-related airway alterations by suppressing 
inflammatory cytokines and excessive mucus secretion via the NOTCH signaling pathway. These 
results indicate the therapeutic promise of K3G in treating allergic asthma.
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Allergic asthma impacts approximately 300  million individuals worldwide, with 5–10% of children affected, 
often manifesting at an early age1,2. This condition poses a significant global health challenge and imposes a 
substantial socioeconomic burden3,4. Allergic asthma is an atopic airway disease characterized by excessive 
mucus secretion, which is an important factor in asthmatic airway obstruction and mucus plug formation5,6. 
Studies suggest that in allergic individuals, exposure to allergens activates immune cells, such as pathogenic 
memory Th2 cells, and stimulates the release of cytokines like interleukin 4 (IL-4), IL-5, and IL-13, which 
promote increased airway mucus production7,8. Airway inflammation is a hallmark of asthma, with chronic 
inflammatory infiltrates often observed in affected patients9,10. In addition, activated inflammatory cells secrete 
cytokines, leading to excessive airway mucus secretion11, which is a significant pathological feature of asthma12 
and has a major impact on its morbidity and mortality13,14. Therefore, there is an urgent need to develop asthma 
medications that combine anti-inflammatory effects with the ability to reduce excessive mucus production.

Recent research has emphasized the critical role of the NOTCH signaling pathway in regulating mucus 
secretion by modulating the differentiation of mucus-secreting cells in the airways15,16. The NOTCH pathway 
consists of four receptors (NOTCH1–4) and five ligands, including delta-like ligands (DLL) 1, 2, 3, and 4, as 
well as jagged (JAG) 1 and 217. Activation of the active domain of this pathway has been shown to influence 
the differentiation of basal cells in the airway epithelium, promoting their transformation into secretory cells 
in both humans18 and mouse19,20 airways. Moreover, various respiratory disorders have revealed the NOTCH 
pathway’s modulatory impact on airway inflammation. For instance, inhibition of the NOTCH pathway has 
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been demonstrated to alleviate airway inflammation by reducing cytokine release in asthma21,22, suppressing 
Th2 cytokine levels, and mitigating eosinophil infiltration in allergic rhinitis23,24. IL-13, a prototypical Th2 
cytokine, plays a central role in regulating various allergic airway diseases25. It is commonly used to induce 
the pathological changes observed in asthma, such as mucus cell metaplasia26, subepithelial fibrosis27, smooth 
muscle hypertrophy28, and eosinophil recruitment29. Therefore, drugs capable of modulating the NOTCH 
pathway are expected to emerge as one of the effective strategies for treating allergic asthma.

Toll-like receptor (TLR) 4 is central role in pathogen recognition and the initiation of immune responses30. 
Upon activation, TLR4 triggers downstream signaling through NF-κB, leading to the release of inflammatory 
cytokines31. Additionally, NF-κB activation enhances the expression of NLRP332. Studies have shown that 
activation of the TLR4/NF-κB/NLRP3 pathway is implicated in asthma, and its inhibition can alleviate asthma 
symptoms33. Thus, Modulating this pathway has shown promise as a therapeutic approach for allergic asthma.

Kaempferol 3-O-gentiobioside (K3G) is an important flavonoid compound derived from the leaves of 
the Chinese herb Sauropus spatulifolius Beille34, which has anti-inflammatory35 and antioxidant36 effects. In 
vitro experiments have demonstrated that K3G exerts anti-inflammatory effects by inhibiting inflammatory 
mediators such as histamine, tumor necrosis factor α (TNF-α), and IL-1β37. Additionally, K3G has been shown 
to protect the lungs from damage induced by respiratory viruses by inhibiting viral replication38,39. However, the 
impact of K3G on mucus overproduction and airway inflammation in asthma has not been thoroughly explored. 
Therefore, this study aimed to investigate the effects of K3G on both the 16HBE cell model and the asthma 
mouse model, as well as to explore its potential mechanism regulated by the NOTCH pathway.

Result
K3G does not influence the viability of 16HBE cells
K3G is a flavonoid glycoside characterized by a kaempferol aglycone core (three aromatic rings with hydroxyl 
groups at C-3, C-5, and C-7) linked to a gentiobiosyl disaccharide moiety at the C-3 position. This unique 
glycosylation pattern enhances its solubility and bioavailability, which may contribute to its anti-inflammatory 
effects observed in subsequent experiments (Fig. 1A). The results of the CCK-8 assay demonstrated that K3G 

Fig. 1.  Effect of K3G on 16HBE Cell Viability. (A) Chemical structure of K3G (Kaempferol 3-O-gentiobioside) 
highlighting key functional groups: hydroxyl (-OH) at positions C-5, C-7, and C-4’, ketone (C = O) at C-4, 
and the β-1,6-linked gentiobiose disaccharide. (B–D) 16HBE cells were treated with various concentrations 
of K3G (0, 5, 25, 50, and 100 µM) for 24, 48, and 72 h. Cell viability was assessed using the CCK-8 assay. (E) 
Cells were pretreated with K3G (5, 25, and 50 µM) for 1 h, followed by stimulation with IL-13 at the indicated 
concentrations for an additional 24 h. The effect of IL-13 on nitrite production was determined using the 
Griess assay. (F) 16HBE cells were pretreated with K3G (5, 25, and 50 µM) for 1 h and then treated with IL-13 
for 6 h; ROS levels were detected by flow cytometry. (G) Displays statistical data on ROS levels. ###P < 0.001 
compared to control group (Ctrl); ***P < 0.001 compared to the IL-13-treated group.
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exhibited dose- and time-dependent cytotoxicity in 16HBE cells. At 24  h, treatment with 50 µM K3G did 
not show significant cytotoxicity, while 100 µM K3G markedly reduced cell survival (Fig.  1B). Higher K3G 
concentrations reduced cell survival at 48–72 h (Fig. 1C-D). Therefore, subsequent experiments used 5, 25, and 
50 µM K3G treatment for 24 h. Using Griess reagent and flow cytometry, it was found that K3G inhibited nitrite 
(Fig. 1E) and ROS (Figs. 1F, G) levels in a dose-dependent manner.

K3G inhibited inflammatory cytokine secretion and the expression of MUC5AC in IL-13-
stimulated 16HBE cells
Elevated levels of pro-inflammatory cytokines contribute to airway mucus hypersecretion in asthma patients9–11. 
To investigate the effect of K3G on IL-13-induced inflammation in airway epithelial cells, 16HBE cells were 
stimulated with IL-13 (10 µg/mL) for 24 h, followed by treatment with 5, 25, and 50 µM K3G. ELISA results 
revealed that IL-13 stimulation significantly increased the levels of IgE, TNF-α, histamine, IL-1β, IL-6, and IL-8 
(Fig. 2A-F). K3G treatment, especially at 50 µM, notably reduced the levels of these cytokines. These findings 
indicate that K3G suppresses the release of inflammatory cytokines in IL-13-stimulated 16HBE cells.

MUC5AC expression is elevated in the airways of asthmatic patients, stimulating mucus secretion40. To assess 
the effect of K3G on MUC5AC levels, both protein and mRNA expressions were measured in an allergic asthma 
model. The results demonstrated that IL-13 stimulation significantly upregulated MUC5AC expression, while 
K3G treatment reduced MUC5AC levels in a dose-dependent manner (Figs. 3A, B). MUC5AC fluorescence 
intensity was higher in the IL-13 group compared to the control, but significantly decreased after K3G treatment 
(Fig. 3C, D). These findings suggest that K3G may inhibit mucus secretion in IL-13-stimulated 16HBE cells.

K3G inhibits IL-13-Induced NOTCH signaling in 16HBE cells and targets NOTCH1
The NOTCH pathway remains persistently activated and plays a crucial role in regulating airway mucus 
hypersecretion15,16 and inflammation responses21,22 in asthma. qRT-PCR and Western blotting results showed 
that IL-13 stimulation increased the mRNA and protein levels of NOTCH1, NOTCH2, NOTCH3, and DLL4 in 
16HBE cells. K3G treatment significantly downregulated the expression of these NOTCH pathway components 
in a dose-dependent manner (Fig. 4A-I). These results suggest that K3G suppresses the activation of the NOTCH 
signaling pathway in IL-13-treated 16HBE cells.

Molecular docking analysis revealed that K3G formed hydrogen bonds and hydrophobic interactions with 
key residues of NOTCH1, including TYR-319, PRO-2230, and VAL-1178 (Fig. 4J). The predicted binding energy 
was − 8.2  kcal/mol, indicating that K3G has a moderate affinity for NOTCH1. This interaction was further 
validated by surface plasmon resonance (SPR) analysis on the Biacore platform, which estimated the equilibrium 
dissociation constant (KD) of K3G binding to NOTCH1 to be approximately 57 µM (Fig. 4K).

Effect of K3G on the TLR4/NF-κB/ NLRP3 signaling pathway
Overexpression of TLR4 activates the NF-κB signaling pathway. This promotes the release of proinflammatory 
cytokines and activates the NLRP3 inflammasome. As a result, a cascade of inflammatory responses is initiated41. 
Western blot results showed that K3G at 25 and 50 µM significantly decreased the expression levels of NLRP3, 
TLR4, p-IκBα, and p-P65 in IL-13-stimulated 16HBE cells (Fig. 5A–E), indicating that K3G can suppress the 
TLR4/NF-κB/NLRP3 inflammatory pathway.

To further assess the effect of K3G on NF-κB/P65 protein expression, IF experiments revealed that IL-13-
treated 16HBE cells displayed substantial activation signals of NF-κB/P65 compared to the control group(Fig. 5F, 
G), indicating that IL-13 triggers NF-κB activation within the ceslls. Notably, treatment with 50 µM K3G 
effectively inhibited the IL-13-induced activation of NF-κB.

K3G attenuates airway inflammation in OVA-challenged mice
To assess the in vivo effects of K3G, different concentrations were administered to a mouse model of allergic 
asthma induced by OVA. The severity of inflammatory cell infiltration in lung tissue was evaluated42, 
demonstrating significant peribronchial and perivascular infiltration in OVA-exposed mice. Treatment with 
K3G reduced this infiltration and alleviated hyperplasia of mucus-secreting cell. Furthermore, K3G exhibited a 
dose-dependent attenuation in lung histopathological changes (Fig. 6A). In summary, K3G effectively mitigated 
inflammatory cell infiltration and tissue damage in the lungs.

To further explore the the impact of K3G on inflammatory cytokine release in allergic asthma, we measured 
the levels of IgE, TNF-α, histamine, IL-1β, IL-6, and IL-8 (Fig. 6B-G) in lung tissues. Consistent with our in 
vitro findings, the levels of these pro-inflammatory cytokines were significantly elevated in OVA-challenged 
mice. However, treatment with K3G led to a reduction in allergic reactions and a suppression of these cytokine 
levels. Moreover, higher doses of K3G corresponded with a more significant decrease in inflammatory 
cytokine concentrations in the lung tissue. These results suggest that K3G has the potential to attenuate airway 
inflammation in asthma.

K3G attenuates mucus hypersecretion in OVA-challenged mice
We observed that OVA stimulation leads to excessive mucus secretion in mice, as evidenced by significant mucin 
cell hyperplasia. The inhibitory effects of K3G on excessive mucus production were evident in OVA-induced 
asthmatic mice (Fig.  7A, C). Additionally, OVA challenge increased the distribution of the mucus secretory 
factor MUC5AC in the airways (Fig. 7B). K3G treatment effectively suppressed the expression of MUC5AC 
mRNA (Fig. 7D) and protein levels (Fig. 7E).

Furthermore, OVA stimulation activated the NOTCH signaling pathway, as indicated by the significant 
upregulation of NOTCH1-3, and DLL4 in the lungs. Treatment with K3G at all doses significantly reduced 
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Fig. 2.  K3G Reduces Inflammatory Cytokine Release in IL-13-Activated 16HBE Cells. (A) The levels of 
IgE, (B) TNF-α, (C) histamine, (D) IL-1β, (E) IL-6, and (F) IL-8 in IL-13-activated 16HBE cells treated 
with K3G (5, 25, 50 µM) were quantified using ELISA. ##P < 0.01, ###P < 0.001 compared to Ctrl; *P < 0.05, 
**P < 0.01, and ***P < 0.001 compared to the IL-13-treated group.
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expression of NOTCH-related proteins in a dose-dependent manner (Fig. 7F-J), suggesting that K3G inhibits 
NOTCH pathway activation in OVA-challenged mice.

Discussion
The global incidence of allergic asthma is rising, particularly in urban areas43. Currently, the treatment of 
allergic asthma primarily consists of long-term control medications, such as inhaled corticosteroids (ICS), 
combinations of ICS and long-acting β2 receptor agonists (LABA), leukotriene modifiers, and long-acting 
muscarinic antagonists (LAMA). Additionally, rapid relief medications, including short-acting β2 receptor 
agonists (SABA), and allergen immunotherapy (AIT) are also utilized44. Additionally, biological agents have 
become increasingly common for patients with severe asthma45. Despite these treatments, the complex and 
multifactorial pathogenesis of allergic asthma makes effective management difficult. Thus, exploring treatment 
mechanisms and identifying more effective options remain central to current research on allergic asthma.

The airway epithelial barrier serves as the primary defense against respiratory pathologies induced by pathogens 
and environmental pollutants. Impairment of this barrier function represents a pathological feature in asthma 
development. The 16HBE cell line, derived from human bronchial epithelium, retains critical morphological 
and functional characteristics of native airway epithelium, including well-organized tight junctions, receptor 
expression profiles, cytokine production capacity, and mucus secretory activity46.When exposed to asthma 
triggers such as allergens, pollutants, or inflammation-related molecules, 16HBE cells release pro-inflammatory 
mediators, which exacerbate asthma-related inflammation. Notably, mucus secreted by respiratory epithelial 
cells plays a crucial role in defending the airways and clearing particles and pathogens. Studies have shown that 
the 16HBE cell line possesses mucus-secretory capabilities and can produce MUC5AC, mirroring bronchial 
epithelial cell functions47. Experimental evidence indicates that IL-13 stimulation significantly upregulates both 
inflammatory cytokine secretion and MUC5AC expression in this cellular model48. In this research, the IL-13-

Fig. 3.  K3G Inhibits Mucus Production in IL-13-Activated 16HBE Cells. (A) The mRNA levels and (B) 
protein concentrationsof MUC5AC were determined via qRT-PCR and ELISA, respectively. (C) Quantitative 
analysis of MUC5AC immunofluorescence. #P < 0.05, ##P < 0.01, and ###P < 0.001 compared to Ctrl; *P < 0.05, 
**P < 0.01, and ***P < 0.001 compared to the IL-13-treated group. (D) Fluorescence staining was utilized to 
observe the distribution of MUC5AC in 16HBE cells treated with IL-13 alone, or in combination with K3G (5, 
25, or 50 µM). MUC5AC is indicated by red fluorescence. Scale bar: 50 μm.
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Fig. 4.  K3G Inhibits IL-13-Triggered Activation of the NOTCH Pathway in 16HBE Cells. (A–E) The protein 
levels of NOTCH1-3 and DLL4 were analyzed and quantified via Western blot. (F–I) The mRNA expressions 
of NOTCH1-3 and DLL4 were evaluated by qRT-PCR. #P < 0.05, ##P < 0.01, and ###P <0.001 compared to 
the Ctrl group; *P < 0.05, **P < 0.01, and ***P < 0.001 compared to the IL-13-treated group. The K3G 50 group 
is the group that received a high dose of K3G (50 µM) and was not treated with IL-13. (J) Molecular docking 
analysis explored the binding properties of K3G to NOTCH1. (K) Biacore X100 was employed to identify the 
kinetic and affinity parameters of the K3G-NOTCH1 interaction.
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Fig. 5.  Effects of K3G on the TLR4/NF-κB/NLRP3 Signaling Pathway. (A–E) The expression levels of TLR4, 
NLRP3, p-IκBα and p-P65were analyzed by immunoblotting. (F) Quantitative analysis of NF-κB/p-65 
immunofluorescence. (G) Immunofluorescence staining images of NF-κB/P65 in 16HBE cells under 
different experimental conditions. NF-κB/P65 is shown in red, and Hoechst 33,342 in blue. Images represent 
5 experiments. ##P < 0.01, ###P < 0.001 compared to the Ctrl group; *P < 0.05, **P < 0.01, and ***P < 0.001 
compared to the IL-13-treated group. Scale bar: 100 μm.
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Fig. 6.  Lung histopathological Changes in OVA-Induced Mice with or without K3G Treatment. (A) Mice were 
exposed to OVA alone, or to OVA combined with K3G at low- (L, 10 mg/kg), medium- (M, 20 mg/kg), or 
high-dose (H, 40 mg/kg) for 7 days. Lung tissues were collected 24 h post-final OVA exposure, sectioned, and 
stained with H&E, then observed at ×200 magnification. Scale bar: 10 μm. Inflammatory infiltration in lung 
tissue was quantitatively scored. The lung concentrations of pro-inflammatory cytokines, including (B) IgE, 
(C) TNF-α, (D) histamine, (E) IL-1β, (F) IL-6, and (G) IL-8, were measured by ELISA across all mouse groups. 
##P < 0.01,  ###P < 0.001 compared to the Ctrl group; *P < 0.05, **P < 0.01, and ***P < 0.001 compared to the 
OVA-treated group.
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Fig. 7.  K3G Reduces Mucus Overproduction and NOTCH Pathway Activation in OVA-Induced Mice.  
(A) Representative tissue sections of lungs stained with PAS from each group (n = 6). Scale bar: 10 μm. (B) 
Immunofluorescence staining displays the distribution of MUC5AC in mouse lung sections, indicated by green 
fluorescence. Scale bar: 100 μm. (C) PAS staining was quantitatively assessed. (D) MUC5AC mRNA levels in 
lung sections were determined by qRT-PCR. (E) MUC5AC protein concentrations were measured by ELISA. 
(F-J) Protein levels of NOTCH1-3 and DLL4 were analyzed and quantified through Western blotting. #P < 0.05, 
##P < 0.01, and ###P < 0.001 compared to Ctrl; *P < 0.05, **P < 0.01, and  ***P < 0.001 compared to the OVA-
treated group.
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induced 16HBE cell model and the OVA-induced mouse model were employed to investigate the effects and 
mechanisms of K3G in asthma.

Excessive production of inflammatory cytokines characterizes airway inflammation in asthma. Allergens 
make airway epithelial cells release factors like IL-8, IL-6, etc., worsening inflammation36. IL-6 serves as a 
biomarker for asthma, while IL-8 promotes immune cell chemotaxis49,50. Previous studies showed upregulation 
of some factors in IL-13-stimulated cells51. In this study, the levels of inflammatory factors IL-1β, IL-6, and 
IL-8 in the control group increased, which may have been caused by the transient release of inflammatory 
mediators induced by the serum culture medium, mechanical digestion, and mechanical stimulation during 
cell culture and processing, leading to an increase in basal secretion. Although the baseline levels were higher 
in the normal group, the levels of pro-inflammatory cytokines were further elevated in IL-13-induced 16HBE 
cells and OVA-induced asthmatic mice. K3G treatment reduced these levels in vitro and in vivo, indicating its 
anti-inflammatory and therapeutic potential.

Here is an academic article about K3G and asthma. Airway inflammation leads to dysregulated mucus 
production. MUC5AC, a key mucin secreted by bronchial epithelial cells6. Studies reveal that normal human 
and mouse lungs maintain low baseline MUC5AC secretion in proximal airways, with minimal detection 
in distal regions. However, inflammatory cytokine stimulation triggers significant overexpression of this 
mucin52,53. Evidence shows that inhibiting MUC5AC can reverse mucus hypersecretion and alleviate asthma 
symptoms54,55. In our study, MUC5AC expression increased in both models and decreased after K3G treatment. 
Elevated MUC5AC levels are associated with airway inflammation caused by various irritants. We observed a 
synchronous increase in MUC5AC and inflammatory cytokines, suggesting that K3G’s effects on asthma may 
relate to its regulation of inflammatory cytokines and mucins.

TLR4 is a pattern-recognition receptor in vascular and airway epithelial cells, activates the NF-κB pathway 
upon stimulation, causing inflammatory factors release56. TLR4 induced IκBα phosphorylation and degradation 
enable NF-κB release and binding. Phosphorylated NF-κB translocates to the nucleus, promoting gene 
expression related to NLRP3 inflammasome57. Inhibiting the TLR4/NF-κB/NLRP3 pathway can reduce airway 
inflammation in obese asthma31. K3G decreases NLRP3, TLR4, p-IκBα, and p-P65 protein expression and 
inhibits IL-13-induced NF-κB activation, indicating its anti-inflammatory effect via this pathway.

The NOTCH signaling pathway is critical for regulating inflammation, immunity, ect58, and is a key regulator 
of airway inflammation in asthma21,59. Excessive mucus secretion in asthma is linked to persistent NOTCH 
activation60,61. NOTCH is a promising asthma treatment target. In IL-13-induced 16HBE cells and OVA-induced 
asthmatic mice, NOTCH1-3 and DLL4 expression increased, which was reversed by K3G, suggesting targeted 
inhibition of NOTCH1 for anti-inflammatory effects.

In conclusion, K3G reduces airway inflammation and mucus hypersecretion in IL-13-induced 16HBE and 
OVA-induced mouse models by decreasing inflammatory cytokine release and inhibiting MUC5AC secretion. 
Additionally, it also inhibits the TLR4/NF-κB/NLRP3 pathway and regulates NOTCH pathway components in 
asthma. which suggesting NOTCH1 is potential for allergic asthma treatment. However, K3G’s direct target in 
reducing airway inflammation via NOTCH pathway inhibition remains to be identified through gene editing 
or agonist-based experiments. The interaction between TLR4/NF-κB/NLRP3 and the NOTCH pathway also 
warrants more in-depth analysis to better understand the multi-target synergistic mechanism of K3G. Current 
studies on inflammatory factors mainly focus on IL-6, IL-8, and MUC5AC. However, future research should also 
consider the dynamic changes in Th2 cytokines such as IL-4 and IL-5, as well as other mucins like MUC5B, in 
order to comprehensively assess K3G’s regulatory effects on asthma heterogeneity.

Materials and methods
Materials
16HBE cells were obtained from ATCC (Manassas, VA). Female BALB/c mice were purchased from Vital River 
Laboratory Animal Co., Ltd. (Beijing, China). K3G was sourced from Pufeide Biological Technology Co., Ltd. 
(Chengdu, China). IL-13 was acquired from Peprotech (Cranbury, NJ, USA). The Cell Counting Kit-8 (CCK-
8) reagent was provided by Kit-Dojindo (Tokyo, Japan), and ELISA kits were from Jiancheng Bioengineering 
Institute (Nanjing, China). MUC5AC antibody was from Abcam (Cambridge, UK), and TRIzol reagent was 
from Invitrogen (Carlsbad, CA, USA). The HiScript III RT SuperMix Kit and ChamQ Universal SYBR qPCR 
Master Mix were from Vazyme (Nanjing, China). The enhanced chemiluminescence kit was purchased from 
Millipore (Bedford, MA, USA). RIPA buffer was from Beyotime (Shanghai, China). Protease inhibitors and 
PVDF membranes were from Bio-Rad (Hercules, CA, USA). The RNeasy Mini Kit was from Qiagen (Valencia, 
CA, USA), and DMEM medium was purchased from Gibco (Grand Island, NY, USA). 10% fetal bovine serum, 
1% penicillin-streptomycin, and ovalbumin (OVA) were from Sigma (St. Louis, MO, USA). The ultrasonic 
nebulizer (PARI BOY) was from Bavaria, Germany.

Cell culture and treatmen
The 16HBE cell line, derived from human airway epithelial tissue, was cultured in DMEM with 10% fetal bovine 
serum and 1% penicillin-streptomycin at 37 °C, in 5% CO2, and 95% humidity. For the experiments, cells were 
treated with different concentrations of K3G (purity > 98%) or IL-13 for 24 h, followed by treatment with K3G 
(5, 25, 50, or 100 µM) for another 24 h, with or without IL-13.

In vitro cell viability assay
The CCK-8 assay was used to assess cell viability. In this experiment, 16HBE cells were seeded in 96-well plates 
at a density of 5,000 cells per well and treated with K3G at concentrations of 0, 5, 25, or 50 µM for 24 h. After 
treatment, 100 µL of serum-free medium containing 10 µL of CCK-8 solution was added to each well and 
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incubated for 2 h. Absorbance at 450 nm was measured using a Multiskan spectrophotometer (Thermo Fisher 
Scientific, Waltham, MA, USA).

Asthma model and animal treatment
Thirty female BALB/c mice (4 weeks old, weighing 18–20 g) were housed in a pathogen-free environment at 
22 ± 2 °C with free access to food and water. All animal experiments followed the ARRIVE guidelines and were 
approved by the Guangxi University of Chinese Medicine Institutional Welfare and Ethical Committee (No. 
DW20231214-278), ensuring compliance with relevant guidelines and regulations. The mice were divided into five 
experimental groups (n = 6/group): control (saline-sensitized), OVA, OVA + K3G 10 mg/kg (L), OVA + 20 mg/kg 
(M), and OVA + K3G 40 mg/kg (H). An asthma model was established based on previously published protocols62, 
with modifications. Briefly, Except for the control group, mice in the other groups were intraperitoneally injected 
with 200 µL of sensitization solution (100 µg OVA and 2 mg aluminum hydroxide) on days 0, 7, and 14. From 
days 21 to 35, all groups (except control) were exposed to nebulized 5% OVA using an ultrasonic nebulizer. Mice 
in the K3G groups were administered K3G solution orally for 7 consecutive days starting on day 28. On day 36, 
the mice were anesthetized with an intraperitoneal injection of sodium pentobarbital and euthanized by cervical 
dislocation. Bronchoalveolar lavage fluid (BALF) along with lung tissues were subsequently collected. Lungs 
without lavage were fixed in 4% paraformaldehyde (PFA) for histopathological and periodic acid-Schiff (PAS) 
staining, while the remaining lung tissue was stored at -80 °C for further analysis.

Histological analysis
Lung tissues were fixed in 4% PFA, embedded in paraffin, and sectioned at 5 μm. Sections were stained with PAS 
to evaluate goblet cell hyperplasia in the bronchi, as described previously63. PAS-positive cells were quantified 
using ImageJ software (California, USA) and expressed per 100 μm of the basement membrane. Each histological 
analysis was performed in triplicate.

Quantitative real-time PCR
Total RNA was extracted using TRIzol reagent and purified with the RNeasy Mini Kit. cDNA synthesis was 
carried out using the HiScript III RT SuperMix Kit, following the manufacturer’s instructions. The resulting 
cDNA was utilized for quantitative real-time PCR (qRT-PCR) to measure the mRNA expression levels of 
mucin5AC (MUC5AC), NOTCH1, NOTCH2, NOTCH3, and DLL4. The relative mRNA levels were normalized 
to GAPDH levels, and differences in mRNA expression were calculated using the 2−ΔΔCt method. The primer 
sequences used are summarized in Table 1.

ELISA assay
After IL-13 and K3G treatment, supernatants from 16HBE cells were collected. Lung tissues were homogenized 
in RIPA buffer with protease inhibitors. The concentrations of histamine, IgE, TNF-α, IL-1β, IL-6, IL-8, and 
MUC5AC in the culture supernatants and lung tissues were measured using commercial ELISA kits.

Detection of nitrite levels
16HBE cells were pre-treated with K3G (5, 25, and 50 µM) for 1 h, followed by exposure to IL-13 (for 24 h. 
Nitrite levels in the supernatant were quantified using Griess reagent at OD 540 nm.

Flow cytometry assay for ROS
16HBE cells were cultivated with K3G (5, 25, and 50 µM)  for 1 h, then treated with IL-13 for 6 h. After treatment, 
cells were stained with DCFH2-DA (1 µM) for 30 min. Fluorescence was analyzed using an LSRFortessa™ Cell 
Analyzer (BD, Franklin Lakes, NJ, USA) with the FITC channel. All experiments were performed in triplicate.

Western blot
Cells were lysed on ice for 30 min using RIPA buffer containing protease and phosphatase inhibitors. Protein 
concentration was quantified using the Thermo Protein Assay Kit, and equal amounts of protein (60 µg) were 
resolved by 6-12% SDS-PAGE and transferred to PVDF membranes. The membranes were blocked with 5% 
nonfat dry milk in 0.1% Tween-20 TBS for 2 h at room temperature, then incubated overnight with primary 

Name Forward sequence (5’-3’) Reverse sequence (5’-3’)

hGAPDH ​T​G​T​G​G​G​C​A​T​C​A​A​T​G​G​A​T​T​T​G​G ​A​C​A​C​C​A​T​G​T​A​T​T​C​C​G​G​G​T​C​A​A​T

hMUC5AC ​C​A​G​C​A​C​A​A​C​C​C​C​T​G​T​T​T​C​A​A​A ​G​C​G​C​A​C​A​G​A​G​G​A​T​G​A​C​A​G​T

hNOTCH1 ​G​A​G​G​C​G​T​G​G​C​A​G​A​C​T​A​T​G​C ​C​T​T​G​T​A​C​T​C​C​G​T​C​A​G​C​G​T​G​A

hNOTCH2 ​C​A​A​C​C​G​C​A​A​T​G​G​A​G​G​C​T​A​T​G ​G​C​G​A​A​G​G​C​A​C​A​A​T​C​A​T​C​A​A​T​G​T​T

hNOTCH3 ​C​G​T​G​G​C​T​A​C​A​C​T​G​G​A​C​C​T​C ​A​G​A​T​A​C​A​G​G​T​G​A​A​C​T​G​G​C​C​T​A​T

hDLL4 ​G​T​C​T​C​C​A​C​G​C​C​G​G​T​A​T​T​G​G ​C​A​G​G​T​G​A​A​A​T​T​G​A​A​G​G​G​C​A​G​T

mgapdh ​A​A​T​G​G​A​T​T​T​G​G​A​C​G​C​A​T​T​G​G​T ​T​T​T​G​C​A​C​T​G​G​T​A​C​G​T​G​T​T​G​A​T

mmuc5ac ​G​G​A​C​T​T​C​A​A​T​A​T​C​C​A​G​C​T​A​C​G​C ​C​A​G​C​T​C​A​A​C​A​A​C​T​A​G​G​C​C​A​T​C

Table 1.  Primer sequences.
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antibody at 4 °C. After incubation with secondary antibody for 1 h at room temperature, protein bands were 
detected using enhanced chemiluminescence and imaged with the BIO-RAD GelDoc XR system (Bio-Rad).

Immunofluorescence (IF) staining
Tissue Sect.  (5  μm) and airway epithelial cell climbing slices were processed for immunofluorescence (IF) 
staining. Sections were dewaxed in xylene, rehydrated, and antigen retrieval was performed in Tris-EDTA buffer 
(pH 9.0) at 95 °C for 15 min. Climbing slices were fixed with 4% PFA and permeabilized with 0.5% Triton X-100, 
and blocked with 5% BSA for 1 h. After overnight incubation with anti-MUC5AC primary antibody at 4 °C, 
slides were incubated with the secondary antibody, stained with FITC and DAPI, and fluorescence images were 
captured. Mean fluorescence intensity (MFI) of positive cells was quantified using ImageJ software.

16HBE cells (2 × 105) were plated in a 35 mm confocal dish (SPL, Pocheon, Korea) and incubated overnight. 
After a 1 h K3G (50 µM) treatment, cells were treated with IL-13 for 6 h. The cells were incubated overnight 
with primary antibody against NF-κB/P65 (1:200) at 4  °C, followed by 1  h incubation with Alexa Fluor 
594-conjugated secondary antibody (1:200). After fixation, cells were stained with Hoechst 33,342 (1:1000) 
for nuclear visualization. Confocal images were captured using a Leica TCS SP5 microscope (Leica, Wetzlar, 
Germany) at 60× magnification with excitation at 588 nm and emission from 615 to 690 nm.

Molecular docking
Molecular docking of K3G with the 3D structure of NOTCH1 (UniProt ID P46531) was performed using 
Discovery Studio 4.5 and UCSF Chimera 1.7. The protein structure was regularized to identify key amino acids 
within the binding pocket. All K3G conformers were docked to the active site using LibDock, following energy 
minimization with the “prepare ligand” protocol. The binding affinity of the docked compound was evaluated 
based on its binding mode at the active site.

Surface plasmon resonance (SPR) analysis
SPR analysis was performed using a Biacore X100 system (Cytiva, USA) with a CM5 sensor chip. Recombinant 
human NOTCH1 was immobilized on the CM5 chip using an amine-coupling kit. K3G was dissolved in HBS-
EP buffer (Cytiva), and different concentrations were injected into the flow system at 30 µL/min. The association 
phase lasted 180 s, followed by a 300-second dissociation phase. Binding kinetics were analyzed with Biacore 
X100 Control Software (version 2.0.2).

Statistical analysis
Statistical analysis was conducted using GraphPad Prism 9.0 software (GraphPad, San Diego, CA, USA), with 
data presented as mean ± standard deviation from three independent experiments. One-way ANOVA followed 
by Bonferroni’s post-hoc test was used to compare differences between groups. A p-value of < 0.05 was considered 
significant.

Data availability
The datasets analysed during the current study are available from the corresponding author on reasonable re-
quest.
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