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Background: Excessive mucus production in the airways is a key pathogenic characteristic of chronic respiratory conditions, 
including bronchial asthma, chronic obstructive pulmonary disease (COPD), and cystic fibrosis (CF). The etiology is intricate, 
encompassing various factors such as aberrant activation of inflammatory signaling pathways, deregulation of mucin gene expression, 
modified rheological characteristics of mucus, and impairment of the ciliary clearance mechanism. Nonetheless, the current evidence is 
disjointed, and a thorough and systematic synthesis is still absent.
Objective: This scoping review sought to systematically summarize and delineate the mechanisms of airway mucus hypersecretion, 
identify predominant research themes, and underscore significant knowledge gaps in existing studies.
Methods: This research was performed as a scoping review using the PRISMA principles. A thorough literature search was 
conducted in PubMed and the China National Knowledge Infrastructure (CNKI) databases using predefined keywords, encompassing 
papers from January 2005 to September 2025. Studies employing various experimental models to examine the mechanisms of airway 
mucus hypersecretion were included. Data were obtained from all qualifying papers for further synthesis.
Results: A total of 31 studies were incorporated. This paper methodically examines recent research developments in this domain, 
emphasizing fundamental inflammatory pathways exemplified by NF-κB, IL-13/STAT6, and EGFR; the function of transcription 
regulatory networks illustrated by SPDEF, Notch, and Wnt; modifications in mucus rheological characteristics, including hydration 
dysfunction and polymer surplus; and clearance deficiencies primarily driven by ciliary dysfunction in excessive mucus production.
Conclusion: Airway mucus hypersecretion is regulated by multiple mechanisms at various levels. This review systematically 
integrates contemporary evidence to establish a conceptual framework and translational perspective for developing targeted therapeutic 
strategies. These strategies include interventions aimed at IL-13–related pathways, transcriptional networks like Notch, water transport 
channels and regulatory factors, and genes linked to ciliary dysfunction, thereby facilitating the progression of personalized precision 
medicine in chronic airway diseases.
Keywords: respiratory diseases, hypermucus secretion in airways, bronchial asthma, COPD, CF, MUC5AC

Introduction
Chronic respiratory disorders impact 500 million individuals globally,1 resulting in 4 million fatalities per year2 and 
putting a considerable health burden on society. Approximately 50% of chronic obstructive pulmonary disease (COPD) 
patients, 20%–40% of asthma patients,3 and nearly all cystic fibrosis (CF) patients experience symptoms of heightened 
airway mucus secretion, including coughing and excessive phlegm formation. Although clinical presentations are 
analogous, the underlying mechanisms vary significantly among disorders. Asthma is generally associated with Th2- 
driven inflammation, COPD is significantly connected with EGFR signaling and tobacco smoke exposure, whereas CF 
arises primarily from mutations in the CFTR gene. These mechanistic disparities suggest that a singular therapy approach 
is improbable to be universally efficacious for all patients.

The mucus layer on the airway surface functions as an essential barrier in the respiratory system and is integral to the 
body’s defense processes. Normal airway surface mucus comprises 98% water, 0.9% ions, 0.8% globular proteins, and 
0.3% high-molecular-weight mucoprotein polymers.4 The mucus covering the airway surfaces moistens the airways and 
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secretes diverse antibacterial and immunomodulatory chemicals to protect against bacterial invasion.5 Excessive mucus 
production results in mucus buildup and airway blockage, simultaneously diminishing ciliary clearance. This fosters an 
environment conducive to harmful microbes, aggravating respiratory infections and inflammation.

Airway obstruction and bacterial accumulation due to mucus hypersecretion facilitate recurring infections and acute 
disease exacerbations of illness, thereby elevating the risk of hospitalization. Furthermore, hypoxemia and respiratory 
failure resulting from mucus-induced airway blockage are significant factors contributing to elevated death rates.6 

Concurrently, symptoms resulting from excessive mucus production, such as persistent cough, sputum expectoration, 
and dyspnea, significantly diminish patients’ quality of life. Contemporary therapeutic methodologies demonstrate 
considerable constraints. The prolonged administration of corticosteroids correlates with a heightened risk of immuno
suppression; mucolytic agents, such as N-acetylcysteine, can alter the physicochemical characteristics of sputum but have 
not definitively demonstrated efficacy in decelerating lung function deterioration; and biologic therapies are constrained 
by inconsistent response rates and restricted target demographics. These constraints collectively highlight the pressing 
necessity for innovative treatment strategies. Furthermore, significant variation is present even within the same airway 
pathology. Asthma can be classified into Th2-high and non–Th2 endotypes, while COPD comprises distinct phenotypes, 
including neutrophilic and eosinophilic subtypes. Consequently, attaining precision medicine necessitates the identifica
tion of disease-specific biomarkers and the exact alignment of therapeutic methods with the predominant pathogenic 
pathways in individual patients.

The mechanisms governing airway mucus formation are intricate, encompassing various factors including aberrant 
activation of inflammatory signaling pathways, deregulation of mucin gene expression, modified rheological properties of 
mucus, and impairment of the ciliary clearance system.7 Despite comprehensive research clarifying the roles of 
inflammatory signaling pathways, transcriptional expression, mucus characteristics, and ciliary function in hypersecre
tory mucus, a systematic analysis of the interplay between these mechanisms, their relative significance across various 
diseases, and the obstacles in translating fundamental discoveries into clinical applications is still absent. This work seeks 
to bridge this gap by carefully examining advancements in this field, clarifying the inherent relationships among various 
levels, and concentrating specifically on promising novel therapeutic targets. This methodology offers a distinct theore
tical framework and translational viewpoint for formulating precision-targeted therapy methods.

Materials and Methods
Study Design
This research was executed as a scoping review adhering to the methodological framework established by Arksey and 
O’Malley8 and reported in compliance with the PRISMA Extension for Scoping Reviews (PRISMA) guidelines. This 
scoping review was not prospectively registered.

Identification of the Research Questions
The review aimed to clarify the mechanisms responsible for airway mucus hypersecretion. The subsequent research 
questions were established:

(1) Which primary mechanistic domains are most commonly examined in research on airway mucus hypersecretion, 
and what particular mechanisms have been identified within each domain?

(2) How do different signaling pathways and biological mechanisms converge to induce aberrant mucus production?
(3) What processes may possess translational significance for therapeutic advancement?

Identification of Relevant Studies
Based on the predefined research questions, a systematic literature search was performed in the PubMed and China National 
Knowledge Infrastructure (CNKI) databases. The search encompassed studies published from January 2005 to 
September 2025. The search phrases encompassed “mucus”, “asthma”, “COPD”, “CF”, “MUC5AC”, “airway mucus 
hypersecretion”, “mechanism”, “goblet cell”, “inflammation”, “NF-κB”, “IL-13”, “EGFR”, “SPDEF”, “Notch” and “Wnt”, 
along with their synonyms. The phrases were amalgamated via Boolean operators (“AND”/”OR”) to extract pertinent entries.
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Study Selection
All acquired records were imported into Covidence software for deduplication. Two authors (WY and XJ) independently 
evaluated eligible studies based on the established inclusion and exclusion criteria. All differences were addressed 
through dialogue with a third author (LC) until an agreement was achieved.

The inclusion criteria were as follows:
(1) Research examining the mechanisms that contribute to airway mucus hypersecretion;
(2) Research employing in vivo, in vitro, or clinical research models;
(3) Research presenting novel results;
(4) Publications authored in English or Chinese.
The exclusion criteria comprised:
(1) Review articles, consensus statements, and methodological studies;
(2) Studies not directly pertinent to the mechanisms of airway mucus hypersecretion;
(3) Articles lacking accessible full texts;
(4) Publications in languages other than English or Chinese.

Data Extraction
Two authors (JZ and LY) independently performed comprehensive evaluations of all included studies and retrieved 
essential information with a standardized data extraction form. The extracted data comprised author names and year of 
publication, study design, examined processes or signaling pathways, and principal findings concerning airway mucus 
hypersecretion. Disagreements were handled by consulting a third author (LC) to reach consensus.

Results
The literature search produced a total of 1510 documents, comprising 1,309 from PubMed and 201 from CNKI. 
Following the elimination of 32 duplicate records, 1478 studies were evaluated at the title and abstract level. After the 
preliminary screening, 1007 records deemed inappropriate to the research topic were eliminated, resulting in 471 studies 
selected for full-text retrieval. In the full-text retrieval process, 133 research were discarded due to inaccessible full texts, 
and 338 publications were evaluated for eligibility. According to the established inclusion and exclusion criteria, other 
papers were omitted, including review articles, studies not directly pertinent to mechanisms of airway mucus hypersecre
tion, and non-English or non-Chinese publications. A total of 31 original studies were incorporated into this scoping 
review. The process of research selection is depicted in the PRISMA flow diagram (Figure 1).

The 31 investigations encompassed in vitro cell-based experiments, animal research, and clinical observational or 
interventional studies, collectively offering a thorough examination of the mechanisms driving airway mucus hyperse
cretion. These studies clarified the pathological foundation of mucus hypersecretion at various levels, including abnormal 
activation of inflammatory signaling pathways, transcriptional regulation of mucin expression, modifications in mucus 
physicochemical properties, disruption of airway surface liquid homeostasis, and dysfunction of mucociliary clearance. 
The specific attributes of the included research are encapsulated in Table 1.

Abnormal Activation of Inflammatory Signaling Pathways
Elevated mucus production in the airways is intricately linked to chronic inflammation. Various stimuli (including 
viruses, allergens, and pollutants) activate immune cells (such as neutrophils, eosinophils, and lymphocytes), prompting 
the release of inflammatory mediators and establishing a complex regulatory network. This network conveys inflamma
tory signals to airway epithelial cells via multiple fundamental signaling pathways, triggering mucin gene expression and 
facilitating goblet cell metaplasia and proliferation. The NF-κB, IL-13/STAT6, and EGFR pathways are the principal 
signaling axes that govern excessive mucus secretion.

Core Inflammatory Signaling Pathways
NF-κB Pathway (Inflammatory Response Hub) 
The NF-κB pathway functions as a crucial center in host defense and chronic inflammation, holding a primary upstream 
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role within the inflammatory network. Viruses, bacteria, and different inflammatory mediators (such as TNF-α) attach to 
their specific receptors, swiftly activating the IKK complex. This results in the phosphorylation of the IκBα protein, 
prompting its dissociation from NF-κB. NF-κB is subsequently liberated and translocates into the nucleus. Upon nuclear 
translocation, NF-κB activates the expression of inflammatory and mucin genes9 (Figure 2). In the non-canonical NF-κB 
pathway,40 ligands such as CD40 and lymphotoxin-β receptor (LTβR) interact with their respective cell surface receptors, 
resulting in the activation of NF-κB–inducing kinase (NIK). Activated NIK subsequently phosphorylates the IKKα 
complex, leading to the processing of NF-κB precursor proteins and nuclear translocation of the active subunits, thereby 
activating the transcription of certain target genes. This route largely governs lymphoid organogenesis and the growth 
and maturation of lymphocytes. The NF-κB pathway functions in conjunction with various other signaling pathways, 
including MAPK and Wnt, to collaboratively govern cellular proliferation, inflammation, immunological responses, and 
differentiation.41 Moreover, NF-κB signaling functions as a pivotal downstream component activated by other pathways, 
such as EGFR signaling. Yao Li et al42 found that influenza A and B viruses enhance MUC5AC gene expression and 
promote mucus production via facilitating NF-κB nuclear translocation and p38 phosphorylation in the mitogen-activated 
protein kinase (MAPK) pathway. Although NF-κB signaling is traditionally linked to pro-inflammatory responses, 

Figure 1 PRISMA flow diagram.
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Table 1 Study Characteristics

Author (Year) Study Type Mechanism Main Findings

Bae et al., 20199 In vitro mechanistic 

study

Caveolin-1–dependent cytokine receptor clustering and 

NF-κB activation

Caveolin-1 upregulation enhanced cytokine-induced NF-κB activation and cellular injury, 

whereas caveolin-1 inhibition attenuated inflammatory responses.
Liu et al., 201810 In vivo animal study IL-13/STAT6–mediated mucus regulation Curcumin suppressed IL-13/STAT6 signaling and reduced airway mucus hypersecretion 

in an asthmatic rat model.

Symowski et al., 201911 In vivo animal study IL-4/IL-13–STAT6–mediated type 2 inflammation Th2 cell–derived IL-4 and IL-13 promoted ILC2 accumulation in the lung through 
STAT6-dependent signaling.

Dai et al., 202112 In vitro and in vivo 

mechanistic study

MCPIP1 regulation of IL-13–induced airway mucus 

hypersecretion via GABAAR receptor signaling

Upregulation of MCPIP1 attenuated OVA- and IL-13-induced airway inflammation and 

mucus hypersecretion, reduced MUC5AC expression, and suppressed GABA_A 
receptor β2 subunit signaling in murine asthma models and bronchial epithelial cells.

Shin et al., 201413 In vitro and in vivo 

mechanistic study

MAPK signaling–mediated regulation of MUC5AC 

expression

Melatonin significantly reduced EGF- and OVA-induced MUC5AC expression by 

inhibiting MAPK phosphorylation (ERK, JNK, and p38), accompanied by decreased 
airway inflammation and mucus production, indicating its inhibitory effect on airway 

mucus hypersecretion.

Roy et al., 201414 In vivo animal study Functional role of MUC5B in mucociliary clearance and 
airway host defense

Genetic deletion of Muc5b in mice caused severe impairment of mucociliary clearance, 
mucus accumulation, chronic airway infection, and unresolved inflammation, whereas 

Muc5ac deficiency did not compromise airway defense. These findings demonstrate that 

MUC5B is essential for maintaining airway mucus transport and immune homeostasis.
Kesimer et al., 201715 Clinical observational 

study

Airway mucin hyperconcentration as a biophysical 

mechanism underlying chronic bronchitis

Total airway mucin concentrations were significantly increased in patients with chronic 

bronchitis and severe COPD, correlated with sputum production, airflow obstruction, 
and exacerbation frequency, supporting mucin hyperconcentration as a key pathogenic 

mechanism in muco-obstructive airway disease.

Wu et al., 202416 In vitro mechanistic 
study

ROS/IP3R/Ca2+ signaling pathway in CSE-induced 
MUC5AC overexpression

Cigarette smoke extract (CSE) induced MUC5AC overexpression in Calu-3 cells by 
activating ROS production, IP3R/Ca2+ signaling, and the unfolded protein response 

(UPR). Knockdown of IP3R or treatment with NAC (N-acetyl-cysteine) alleviated these 

effects, indicating that ROS and IP3R/Ca2+ signaling contribute significantly to MUC5AC 
overexpression.

Baginski et al., 200617 In vitro and in vivo 

mechanistic study

Synergistic enhancement of MUC5AC mucin 

production induced by cigarette smoke and 
proinflammatory stimuli (LPS, TNF-α)

Cigarette smoke extract (CSE) significantly enhanced MUC5AC mucin production 

induced by LPS and TNF-α in NCI-H292 cells. This effect was dose-dependent and 
involved the activation of EGFR signaling and oxidative stress. In vivo, CSE exposure 

amplified LPS-induced mucin production in rat airways and increased mucous-cell 

metaplasia. Co-exposure with CSE and LPS also raised total mucin content in 
bronchoalveolar lavage fluid.

Decramer et al., 200518 Randomized 

controlled trial

Antioxidant therapy in COPD N-acetylcysteine did not significantly reduce FEV1 decline or exacerbation rates in 

COPD patients.
Nagashima et al., 201619 In vitro mechanistic 

study

Clarithromycin effects on IL-13-induced goblet cell 

hyperplasia

Clarithromycin inhibited IL-13-induced goblet cell hyperplasia and MUC5AC production 

by suppressing SPDEF and CLCA1 expression, without affecting STAT6 phosphorylation.

(Continued)
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Table 1 (Continued). 

Author (Year) Study Type Mechanism Main Findings

Siddiqui et al., 202120 In vitro and in vivo 

mechanistic study

miR-141 regulation of IL-13–induced mucus production miR-141 promoted IL-13–induced goblet cell differentiation and MUC5AC production, 

while miR-141 inhibition reduced airway mucus secretion.
Hu et al., 202321 In vivo animal study Midkine/Notch2/Hey1 signaling pathway in 

inflammation modulation

Erchen Decoction reduced airway inflammation in COPD rats through the Midkine/ 

Notch2/Hey1 signaling pathway, decreasing inflammatory markers and improving lung 

function.
Kim et al., 201922 In vivo animal study WNT/RYK signaling in goblet cell differentiation Loss of RYK impaired WNT/β-catenin signaling and induced goblet cell hyperplasia and 

mucus hypersecretion in the airway epithelium.

Li et al., 202123 In vitro mechanistic 
study

miR-34b/c regulation of MUC5AC overexpression in 
RSV-infected airway epithelial cells

miR-34b/c inhibited MUC5AC overexpression in RSV-infected cells by targeting FGFR1 
and regulating c-Jun/AP-1 signaling.

Tasena et al., 201824 In vitro mechanistic 

study

miRNA regulation in chronic mucus hypersecretion 

(CMH) in COPD

miRNA-mediated regulation of mucus secretion, with miR-34b/c showing significant 

roles in modulating mucus production and inflammation in COPD cells.
Nishida et al., 202325 In vitro mechanistic 

study

Mitochondrial damage and STING pathway in oxidative 

stress-induced MUC5AC expression

Oxidative stress-induced mitochondrial damage releases mtDNA, activating the STING 

pathway, which increases MUC5AC expression in airway epithelial cells.

Hauber et al., 200526 In vitro and ex vivo 
experimental study

hCLCA1-mediated mucin production and inhibition by 
niflumic acid and MSI-2216

Inhibition of hCLCA1 using niflumic acid and MSI-2216 significantly reduced MUC5AC 
mRNA and mucus production in TNF-α-stimulated human airway mucosa explants.

Keeler et al., 202227 In vivo animal study CLCA1 regulation of MUC5AC-dependent mucus 

production

CLCA1 knockout in pigs selectively abolished MUC5AC-expressing mucous cells in 

airway epithelium without affecting MUC5B or MUC2, demonstrating an essential role 
of CLCA1 in airway mucus production in vivo.

Simonin et al., 201928 Ex vivo human study Airway surface liquid (ASL) acidification and CFTR- 

dependent bicarbonate transport

Reduced ASL pH in CF airways impaired bacterial clearance through defective CFTR/ 

pendrin-dependent bicarbonate secretion and persistent ATP12A-mediated proton 
secretion.

Clunes et al., 201229 In vitro and in vivo 

translational study

Cigarette smoke–induced CFTR dysfunction and airway 

surface liquid dehydration

Cigarette smoke induced CFTR internalization and loss of function, leading to airway 

surface liquid dehydration, mucus stasis, and impaired mucociliary clearance.
Liu et al., 202230 In vitro mechanistic 

study

Particulate matter– and cold stimulation–induced 

MUC5AC expression

Fine particulate matter and cold exposure induced MUC5AC expression in airway 

epithelial cells, indicating that environmental stimuli directly promote airway mucus 

hypersecretion.
Lv et al., 201931 In vivo animal study AQP1/AQP5 dysregulation and ER stress in allergic 

airway inflammation

Sevoflurane attenuated airway inflammation and mucus hypersecretion by restoring 

AQP1/AQP5 expression and inhibiting ER stress markers (BiP, CHOP) in OVA-induced 

allergic mice.
Yang et al., 201632 In vitro mechanistic 

study

NF-κB–mediated regulation of MUC5AC and AQP5 in 

COPD

S-allylmercapto-L-cysteine reduced LPS-induced MUC5AC expression and restored 

AQP5 levels by inhibiting NF-κB activation in airway epithelial cells.

Sidhaye et al., 200533 In vitro mechanistic 
study

cAMP/PKA regulation of AQP5 trafficking and 
abundance

cAMP exerted biphasic effects on AQP5 in lung epithelial cells, causing short-term 
internalization and degradation but long-term membrane accumulation and increased 

expression via PKA-dependent signaling.

Delfino et al., 202134 In vitro mechanistic 
study

DNase1L2-mediated degradation of DNA-rich mucus 
in cystic fibrosis

DNase1L2 rapidly reduced the viscosity of actin-rich cystic fibrosis mucus and showed 
strong resistance to actin inhibition, indicating its potential as an alternative mucolytic 

therapy for CF lung disease.
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Takabayashi et al., 201735 Ex vivo and clinical 

sample–based 
experimental study

Fibrin degradation–mediated reduction of mucus 

viscosity

Nattokinase degraded fibrin in nasal polyp tissue and significantly reduced the viscosity 

of nasal discharge and sputum from patients with chronic rhinosinusitis and asthma.

Abou Alaiwa et al., 202436 In vivo animal study DNAI1 mutation–induced ciliary dysfunction and 

impaired mucociliary transport

DNAI1-mutant pigs exhibited defective ciliary motility, severely impaired mucociliary 

transport, airway mucus obstruction, and progressive airway inflammation, closely 
recapitulating primary ciliary dyskinesia lung disease.

Bonnefoy et al., 201837 Human genetic and 

mechanistic study

LRRC56-dependent intraflagellar transport and dynein 

arm assembly

Biallelic LRRC56 mutations disrupted intraflagellar transport–mediated dynein arm 

assembly, causing ciliary dyskinesia, impaired mucociliary clearance, and chronic airway 
disease.

Mata et al., 201238 In vitro mechanistic 

study

RSV-induced oxidative stress, ciliagenesis impairment, 

and mucus hypersecretion

RSV impaired ciliagenesis and induced MUC5AC expression, which were reversed by 

N-acetylcysteine through antioxidant mechanisms.
Leopold et al., 200939 Clinical observational 

study

Smoking-associated cilia shortening and impaired 

mucociliary clearance

Airway epithelial cilia were significantly shorter in smokers than in nonsmokers, which 

was predicted to reduce effective mucociliary clearance and contribute to smoking- 

related airway disease.
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emerging evidence indicates that it may also have context-dependent anti-inflammatory effects by inhibiting the 
production of the pro-inflammatory cytokine interleukin-1β (IL-1β) and restricting its biological activity.43

Inhaled corticosteroids inhibit the active NF-κB pathway, effectively reducing airway inflammation and mucus 
production. They function as primary pharmacological agents for individuals with asthma and COPD. Nonetheless, 
prolonged use is linked to a heightened risk of immunosuppression, osteoporosis, and metabolic disorders, significantly 
constraining the clinical utility of corticosteroids. Macrolide antibiotics have been shown to suppress NF-κB pathway 
activation and inflammatory mediators.44 Nonetheless, their use is linked to the hazards of bacterial resistance, 
cardiotoxicity, and ototoxicity, especially with prolonged use, potentially resulting in severe clinical ramifications. 
Consequently, while macrolides may offer therapeutic advantages in specific clinical situations, apprehensions about 
adverse effects and antimicrobial resistance cast doubt on their long-term efficacy and viability in clinical practice. 
Currently, there are nearly no agents that can directly and very selectively inhibit the NF-κB pathway.

The direct suppression of NF-κB, as a crucial component of the inflammatory network, undermines host defense and 
results in immunodeficiency. Future advancements depend on formulating focused regulation strategies for airway 
inflammatory cells, facilitating specific anti-inflammatory actions without causing immunosuppression.

IL-13/STAT6 Pathway (Core Axis of Th2-Type Inflammation) 
IL-13 is a crucial pathogenic factor that triggers the Th2-type immune response in asthma. Signal Transduction and Activation of 
Transcription 6 (STAT6) functions as an essential element in intracellular signaling. Related investigations have demonstrated 
that STAT6 is also involved in the mechanism of airway mucus secretion in asthma. IL-13 functions as an upstream stimulatory 
factor within the STAT6 signaling pathway.10 Th2 immune cells release IL-13, which attaches to the IL-4 receptor antagonist (IL- 
4Ra) on the cell membrane. This initiates the intracellular JAK-STAT6 pathway, resulting in the phosphorylation of STAT6. 
Phosphorylated STAT6 migrates to the nucleus, where it enhances the expression of the MUC5AC gene.45 Furthermore, STAT6 
can directly inhibit the expression of FOXA2, a negative regulator of goblet cell development and mucin production, thus 
creating negative feedback and alleviating the restriction. This stimulates goblet cell proliferation46 and the expression of the 
MUC5AC gene11 (Figure 2). A study revealed that FOXA2 is essential for controlling airway mucus secretion in lung tissues of 
asthma patients. The downregulation of FOXA2 was significantly and inversely associated with elevated MUC5AC expression 

Figure 2 Schematic diagram of NF-KB, IL-13/STAT6, and GABAAR signaling pathways.
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and goblet cell hyperplasia, a condition particularly evident in individuals with severe or fatal asthma accompanied by 
pronounced airway limitation.47

In asthma, the Th2 cytokine signaling pathway is highly reliant on IL-13 and its associated signaling pathways, which 
are crucial for promoting significant mucus secretion. Consequently, substantial resources are allocated to the advance
ment of therapeutics that inhibit IL-13 signaling. Compounds that inhibit the action of signaling components at different 
stages of this route are presently being studied. The majority of research has been on inhibiting the interaction between 
IL-13 and IL-4Ra. IL-13 antagonists have been clinically developed and utilized,48 including specific therapeutic 
therapeutics such as omalizumab, mepolizumab, reslizumab, and dupilumab.49 These biologic medicines have signifi
cantly altered the treatment paradigm of asthma; nevertheless, their exorbitant cost and the limited clinical efficacy 
shown in just a fraction of patients limit their widespread application. Their efficacy requires additional observation. 
STAT6 inhibitory peptides demonstrate potential for clinical application in asthma; however, further research is necessary 
to determine the exact mechanism by which these peptides suppress mucus production.50

Recent investigations have uncovered an additional mechanism for IL-13-mediated mucus secretion. GABAAR, a chloride 
channel, has been shown to stimulate prolonged mucus production by facilitating chloride efflux, leading to depolarization of the 
airway epithelium. IL-13 activates GABAAR, resulting in chloride efflux and cell depolarization by blocking the negative 
inflammatory regulator MCPIP1, therefore directly promoting prolonged mucin secretion independently of STAT612 (Figure 2).

While IL-13 antagonists exhibit effectiveness in certain asthma patients, their response rates are ambiguous, highlighting 
the need for the exploration of alternate routes. Subsequent investigations ought to incorporate biomarkers to discern groups 
most predisposed to benefit from this therapy and examine innovative intervention tactics aimed at downstream effector 
pathways of STAT6 or non-canonical pathways such as GABAAR, thereby facilitating more precise stratified treatment.

Downstream Effect Pathway: EGFR Pathway
The signalling of the epidermal growth factor receptor (EGFR) is marked by the participation of many cell surface receptor 
proteins, including EGFR (ErbB1), ErbB2, ErbB3, and ErbB4.51 The EGFR pathway is involved in almost all facets of airway 
mucus hypersecretion in COPD. The EGFR pathway does not elicit inflammatory responses; rather, it acts as an integrative 
hub, converging many upstream signals like inflammation, oxidative stress, and environmental pollutants.52

The NF-κB pathway promotes the production of certain ligands, such as amphotericin B receptor-like protein 
(AREG). Upon ligand interaction, EGFR experiences conformational alterations and dimerizes with ErbB2, thereby 
activating its intrinsic tyrosine kinase (TK) activity. This subsequently activates the downstream phosphoinositide- 
3-kinase (PI3K) and serine/threonine protein kinase (AKT) pathways. This mechanism can collaborate with the IL-13 
pathway to enhance MUC5AC gene transcription, resulting in increased mucus secretion and decreased clearance in 
COPD patients, thereby clogging the airways53 (Figure 3). Further research suggests that in conditions like oxidative 

Figure 3 Schematic diagram of the EGFR signaling pathway.
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stress and bacterial products, EGFR tyrosine phosphorylation may transpire through a non-ligand-dependent mechanism. 
This subsequently activates a MAPK cascade, leading to the production of the MUC5AC gene.13

The EGFR pathway is essential for MUC5AC production and mucinous metaplasia triggered by allergens, allergic 
cytokines, bacterial exotoxins, viruses, cigarette smoke, and chemical agents. Consequently, employing EGFR TK 
inhibitors (such as afatinib, gefitinib, and erlotinib) presents a promising therapeutic approach to mitigate excessive 
mucus secretion in diverse pulmonary diseases. Currently, EGFR TK inhibitors are predominantly utilized for lung 
tumors, with third-generation inhibitors providing enhanced survival outcomes for individuals with non-small cell lung 
cancer.54 Despite EGFR being a crucial signaling pathway, its efficacy in mitigating airway mucus hypersecretion is 
constrained, mostly due to apprehensions about systemic toxicity linked to EGFR-targeted treatments. Consequently, the 
development of inhaled EGFR inhibitors for localized delivery and minimized systemic effects is a crucial strategy for 
effectively converting them into therapies that mitigate excessive mucus secretion in the airways.

Dysregulation of Mucin Gene Expression
MUC5AC and MUC5B are recognized as the predominant mucins in the airway. In healthy conditions, MUC5B is the 
predominant mucin in the airways, crucial for mucociliary clearance, whereas MUC5AC is the secondary mucin in 
healthy airways.14 Using stable isotope dilution mass spectrometry, one study quantitatively assessed sputum MUC5AC 
levels in a cohort of 148 individuals with COPD. Research indicates that MUC5AC levels in individuals with severe 
COPD markedly elevate with disease progression, attaining 108 ± 31 pmol/mL (exceeding tenfold). MUC5AC levels 
significantly increase with disease severity in individuals with mild to moderate COPD. Thus, elevated MUC5AC 
production is regarded as a primary pathogenic mechanism in COPD patients.15 MUC5AC is predominantly synthesized 
by goblet epithelial cells and is affected by external stimuli, including smoking and air pollution. Smoking is a significant 
risk factor for individuals with COPD. In vitro investigations have demonstrated that cigarette smoke extract (CSE) can 
provoke the overexpression of MUC5AC in cells via oxidative stress, the IP3R/Ca2+ ratio (with IP3R referring to the 
inositol trisphosphate receptor), and the unfolded protein response.16 In a rat model of airway inflammation, CSE was 
seen to synergistically augment LPS- and TNF-α-induced MUC5AC synthesis, with MUC5AC levels closely correlating 
with CSE concentration.17 Excessive MUC5AC synthesis elevates airway mucus viscosity, complicating clearance and 
heightening the risk of airway blockage. N-acetylcysteine functions primarily as a mucolytic and antioxidant agent by 
disrupting disulfide bonds in mucin. Clinical investigations, however, have demonstrated that it has no substantial impact 
on stopping the decline of lung function in COPD patients. Consequently, the present research emphasis is on the 
formulation of a novel mucolytic agent.18

The dysregulation of mucin gene expression serves as the direct molecular foundation for excessive mucus release in 
the airways. Regulation can be classified into three tiers: direct transcriptional control within the cell nucleus, epigenetic 
regulation that influences gene expression without modifying DNA sequences, and cellular stress responses to both 
internal and external environmental alterations.

Transcriptional Regulation: The Core Mechanism of Mucin Gene Expression
SPDEF 
SPDEF, also known as the prostate-derived ETS factor, functions as the principal regulator of secretory cell differentia
tion and functional preservation. Recent findings demonstrate that SPDEF is produced in airway epithelial cells and 
facilitates mucus production via many mechanisms, including control by the upstream IL-13/STAT6 pathway, where 
phosphorylated STAT6 promotes SPDEF transcription. SPDEF is involved in Th2-mediated airway inflammation and 
facilitates goblet cell metaplasia,19 directly triggering the expression of many mucin-related genes, including MUC5AC. 
Agents aimed at SPDEF effectively inhibit its transcription and diminish excessive mucus production. Novel forkhead 
box M1 protein inhibitors can downregulate SPDEF expression and reduce goblet cell metaplasia.20

SPDEF, as the principal regulator of cup cell metaplasia, is a compelling therapeutic target. Nonetheless, its complexity 
as a transcription factor for pharmacological development presents considerable obstacles. Future endeavors should 
concentrate on its upstream regulators (eg, STAT6) or downstream effector networks to indirectly influence its function.
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Notch Pathway 
The Notch signaling pathway is an evolutionarily conserved signaling mechanism identified as a crucial regulator of 
airway basal cell development within the ciliated lineage, largely responsible for maintaining the balance between goblet 
cells and ciliated cells. The Notch family consists of four transmembrane receptor proteins, with Notch2 serving as one of 
the transcription factors downstream of IL-13.21 Inhibiting Notch2 attenuates IL-13- and allergen-induced goblet cell 
metaplasia. In murine models of respiratory illnesses, pretreatment with Notch receptor ligand inhibitors before 
inflammatory stimulation diminishes goblet cell metaplasia. Moreover, Notch1 and Notch3 can elicit goblet cell 
metaplasia even in routes devoid of inflammatory cell participation.55 The traditional Notch signaling pathway 
(Figure 4): The Notch2 receptor is produced in the endoplasmic reticulum and undergoes enzymatic processing (S1 
cleavage) in the Golgi apparatus prior to interacting with its ligand (Jagged1) on the cell surface. The extracellular 
domain of Notch2 undergoes initial cleavage by ADAM metalloproteinases (S2 cleavage), subsequently followed by 
transmembrane cleavage by the γ-secretase complex (S3 cleavage). The intracellular domain (NICD) of Notch2 is 
translocated into the nucleus, where it associates with CSL and MAML to activate the transcription of downstream target 
genes Hes and Hey. Hes1 is the effector molecule downstream of the process. Elevated Hes1 activity inhibits Notch 
signaling, hence obstructing ciliocyte differentiation and facilitating goblet cell differentiation. Reduced Hes1 levels 
impede Notch signaling and alleviate the inhibition of ciliocyte differentiation.56

Due to the ubiquitous presence of the Notch pathway in multiple organs, its inhibition may elicit systemic responses. 
As a result, it is predominantly employed in tumor research.57 To mitigate systemic adverse effects, the development of 
a locally inhalable medication that can inhibit the Notch pathway has emerged as a focal point of research for numerous 
scientists. This field is still in a phase of theoretical investigation and preliminary research.

Wnt/β-Catenin Pathway 
The Wnt pathway is an evolutionarily conserved cell signaling system that is crucial for lung development, homeostasis, 
and goblet cell differentiation.58 RYK (receptor TK) operates as a pseudokinase and serves as a Wnt co-receptor.59 

Figure 4 Schematic diagram of the Notch signaling pathway.
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A multitude of studies has demonstrated that mice possessing RYK gene mutations or abnormalities display goblet cell 
hyperplasia and increased mucus secretion, alongside elevated transcription of MUC5AC and MUC5B. RYK may 
function as a positive regulator of the Wnt pathway, independently influencing the airway epithelium.22 The principal 
route regulating goblet cell development is the Wnt/β-catenin pathway (Figure 5), which primarily functions to prevent 
the transformation of basal cells into goblet cells. In the absence of extracellular Wnt ligands, β-catenin undergoes fast 
phosphorylation and degradation by a complex enzyme, inhibiting its accumulation and nuclear translocation, which 
consequently suppresses the transcription of target genes. Extracellular Wnt ligands bind to the cell surface receptors 
FZD and LRP5/6, resulting in the phosphorylation of LRP5/6 receptors and the recruitment of DVL and AXIN from the 
complex to the bound receptors. This impedes intricate processes, obstructs β-catenin degradation, and promotes β- 
catenin translocation into the cell nucleus, thereby activating target gene expression.60

The Wnt pathway, akin to the Notch pathway, is extensively prevalent throughout several systems and organs. 
Modifying its function can elicit numerous systemic responses. Consequently, the development of locally inhaled agents 
or extremely disease-specific therapeutics signifies a prospective avenue for investigation.61

Epigenetic Regulation: Regulatory Networks of miRNAs
miRNAs are a category of tiny non-coding RNA molecules that are essential in regulating target genes, affecting cellular 
processes. They function as regulators of specific genes within pertinent signaling pathways and engage in various biological 
processes. MiRNAs in the lungs are significant regulators of mucus secretion in airway epithelial cells.23 Recent studies have 
identified 20 differentially expressed miRNAs in individuals with COPD, indicating a potential correlation with increased 
mucus secretion. Among these, miR-134-5p and miR-146a-5p are miRNAs with possible target genes associated with 
elevated mucus secretion. Their primary target genes comprise KRAS, EDN1, PRKAR2A, GSK3B, and POLR2H. These 
miRNAs can diminish TNF-α-induced hypermucus secretion by blocking the NF-κB and MAPK signaling pathways.24 

Recent studies indicate that miR-141 is significantly expressed in airway epithelial cells62 and modulates IL-13-induced 
MUC5AC production in asthma, hence contributing to excessive mucus secretion in the airways. This pertains to the focused 
regulation of goblet cell-specific genes by miR-141. The study further demonstrated that the suppression of miR-141 
diminishes airway hyperresponsiveness and mucus secretion. Additional research has revealed that miR-125a and miR- 
125b can directly target proteins produced by TNF-α, thereby suppressing goblet cell development.63

Figure 5 Schematic diagram of the Wnt/β-catenin signaling pathway.
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MiRNAs have garnered considerable attention in therapeutic target research owing to their ability to simultaneously 
regulate numerous biological processes. The principal problem presently involves the secure delivery of miRNA 
therapies to lung cells, with a central emphasis on advancements in delivery vehicles.

Stress Responses
Oxidative Stress 
Oxidative stress is distinguished by an imbalance between the production and removal of reactive oxygen species (ROS) 
within the body, leading to an accumulation of ROS that exceeds the physiological limit. Cigarette smoke and atmospheric 
pollutants represent the principal external sources of oxidative stress, whereas the predominant endogenous source of ROS 
arises from mitochondria within cells. Oxidative stress directly assaults mitochondria, resulting in the release of damaged 
mitochondrial DNA (mtDNA) into the cytoplasm.64 mtDNA in the cytoplasm can initiate the STING pathway in innate 
immunity,65 resulting in the activation of MUC5AC transcription and enhanced expression of MUC5AC.25 Oxidative stress 
is intricately linked to the inflammatory signaling system NF-κB, which amplifies the activation of inflammatory mediators, 
ultimately resulting in persistent airway inflammation and elevated mucin expression.

Presently accessible pharmaceuticals, such as N-acetylcysteine, vitamins C, E, and D, and sulforaphane, are 
predominantly used for their antioxidant attributes. Research indicates that augmenting the consumption of vegetables 
and fruits may diminish oxidative stress; however, their clinical efficacy remains constrained.66 Consequently, the 
advancement of mitochondrial protectants and STING pathway inhibitors is emerging as a novel therapeutic strategy 
for addressing airway illnesses characterized by excessive mucus production associated with oxidative stress, including 
asthma and COPD.

Environmental Stress: Cold-Induced RNA-Binding Protein (CIRP) 
CIRP is a stress-responsive protein activated by various environmental stresses, present in diverse cell types, and 
functions in RNA chaperoning by altering the stability of its target mRNAs.67 The expression of CIRP in bronchial 
epithelial cells is inducible by many environmental stimuli, including cigarette smoke and cold air exposure. The increase 
of pro-inflammatory cytokines such as TNF-α, IL-8, and IL-6, together with MUC5AC, induces inflammation and 
excessive mucus production.68

Considering the function of CIRP in environmental stress, neutralizing antibodies against it or small-molecule 
inhibitors aimed at its receptor are emerging as innovative therapeutic strategies for airway inflammatory disorders. 
These approaches seek to interrupt the “stress-inflammation” axis; however, research in this domain is still nascent.

Alterations in Mucus Rheological Properties
Abnormal Hydration
Calcium-Activated Chloride Channel Modulator 1 (CLCA1) and Transmembrane Chloride Channel 16A (TMEM16A) 
CLCA1 is a soluble secreted protein that modulates mucus production in goblet cells. It functions as a crucial mediator in 
hypersecretory lung diseases, including asthma, COPD, CF, and diseases marked by elevated mucus production.69 

CLCA1 enhances mucin expression, with the IL-13/STAT6 inflammatory pathway as its primary upstream mechanism. 
This pathway directly augments CLCA1 gene expression, while CLCA1 serves as a robust, specific inducer of MUC5AC 
gene expression. Consequently, this enhances MUC5AC gene expression and elevates mucin secretion.70 Hans-Peter 
Hauber et al26 discovered that in an ex vivo model of human upper airway mucosa, TNF-α activation enhances the 
expression of the CLCA1 and MUC5AC genes, resulting in elevated mucin levels. Shamus P Keeler et al27 demonstrated 
via CLCA1 gene deletion in domestic pigs that the absence of MUC5AC mucus-secreting cells transpired throughout the 
pulmonary airway mucosa, although MUC5B mucus-secreting cells remained unaltered. This confirmed the function of 
CLCA1 in modulating MUC5AC gene expression. In addition to its impact on mucin, CLCA1 also improves mucus 
hydration. CLCA1 is not a Cl− channel but functions as a regulator to enhance the activity and membrane stability of 
TMEM16A channels, facilitating the transfer of Cl− and water molecules from cells (Figure 6). This subsequently 
promotes mucin hydration. Nonetheless, the influence of inflammatory factors may result in mucus accumulation in the 
airways, potentially leading to airway obstruction.71 CLCA1 ostensibly enhances mucus hydration through the activation 
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of TMEM16A. In chronic inflammatory disorders, its persistent expression induces excessive mucus formation and 
hypersecretory activity, ultimately surpassing clearance systems. This may result in mucus retention and dehydration- 
induced concentration, becoming a significant cause of airway obstruction.

Currently, targeted therapies that inhibit IL-6 receptors in the upstream pathway of CLCA1 constitute the most 
efficacious treatment approach. Conversely, pharmaceuticals aimed at TMEM16A inside the downstream pathway of 
CLCA1 are still under investigation. Modulators of TMEM16A may potentially become significant pharmaceuticals for 
inhibiting airway mucus formation in the future.

Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) 
CFTR is a chloride channel that facilitates the secretion of chloride ions and water molecules into the airway lumen. 
Furthermore, it modulates the sodium channel (ENaC), impeding the reabsorption of sodium ions and water molecules72 

(Figure 6). The hydration of mucus is chiefly controlled by two ion channels, CFTR and ENaC, which facilitate the efflux of 
water molecules from the cell through mechanisms that modulate osmotic pressure via Cl− secretion and Na+ absorption,73 

thereby preserving the normal flow and clearance of airway mucus. CF is predominantly induced by mutations in the CFTR 
gene, resulting in the total cessation of CFTR protein synthesis, folding, transport, or functionality. When CFTR expression 
is inhibited, elevated levels of Cl− and Na+ within cells facilitate the movement of water across the respiratory epithelial 
surface via aquaporins and the cell membrane. This process dehydrates and concentrates mucus, hence augmenting its 
viscosity.74 CFTR is also involved in HCO3

− transfer (Figure 6). HCO3
− regulates the normal pH (6.5–7.5) of airway 

surface fluid,75 and acid-base equilibrium substantially impacts mucociliary clearance and respiratory defense mechanisms 
against inhaled microorganisms. Juliette Simonin et al28 observed that diminished antimicrobial efficacy in the airways of 
CF patients is substantially correlated with aberrant acidity of airway surface fluid.

Besides congenital genetic anomalies, cigarette smoke,29 smog, and cold climates30 can also inhibit CFTR gene 
expression, resulting in acquired CFTR protein shortage. Drugs that enhance CFTR function in cellular membranes 
comprise elacatol, tezacatol, and ivacatol. These therapeutics enhance the opening of CFTR channels on cell membranes 
to allow ion transport,76 consequently ameliorating symptoms, lung function, and quality of life in CF patients. These 
medications are exclusively applicable to cystic fibrosis patients with particular genetic mutations, may demonstrate 
reduced efficacy over time due to the emergence of drug resistance, and are not suitable for other types of airway mucus 
hypersecretion.

Aquaporin 5 (AQP5) 
Aquaporins (AQPs) constitute a group of transport proteins that facilitate the selective transmembrane movement of 
water molecules across multiple organ systems, including the lungs, kidneys, central nervous system, heart, skin, and 
eyes. Acting as water-selective channels, they exclusively facilitate the rapid passage of water molecules across the cell 

Figure 6 Schematic of mechanisms regulating airway mucus hydration.
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membrane along osmotic gradients, without transporting ions or other solutes77 (Figure 6). AQP1, AQP2, AQP4, AQP5, 
and AQP8 are predominantly water-selective, but AQP3, AQP7, AQP9, and AQP10, known as “water-glycerol aqua
porins”, additionally facilitate the transport of glycerol and other minor solutes.78 The aberrant expression or deficiency 
of aquaporins (AQPs) is significantly linked to various diseases, including malignant tumors, cerebral edema, glaucoma, 
epilepsy, obesity, neuroinflammation, excessive airway mucus secretion, and cardiovascular and cerebrovascular 
disorders.79 AQP 1, 3, 4, and 5 are present in the lungs,80 with AQP5 being intricately associated with airway mucus 
secretion and demonstrated to localize to the apical membrane of the expressing cells.

AQP5 performs a crucial function in fluid production in the airway’s submucosal glands. Song Yi et al81 discovered 
that the ablation of the AQP5 gene diminished fluid secretion by roughly 60% while leaving total protein and chloride 
levels unaffected, thereby compromising mucus hydration. The inflammatory milieu affects AQP5 expression. Lü 
Changming et al31 found that increased levels of inflammatory mediators, including TNF-α and IL-13, dramatically 
diminish AQP5 expression. The downregulation of AQP5 significantly hinders water transport, resulting in heightened 
viscosity of airway mucus.32

The expression of AQP5 is modulated by various processes, encompassing transcriptional and translational control, 
post-translational modifications, and transport to the plasma membrane.82 Phosphorylation modification serves as 
a crucial regulatory mechanism. Proteins such as protein kinase A (PKA) can phosphorylate AQP5 through the cAMP 
route, modifying its shape and function to enhance its water transport efficiency.33

This indicates that AQP5 is essential for mucus dilution, positioning it as a potential therapeutic target for AQP5 
agonist development.83 Despite aquaporins being recognized as validated drug targets, there are currently no clinically 
licensed treatments that specifically target any aquaporin channel.

Polymer Surplus
Deoxyribonucleic Acid (DNA) and Filamentous Actin (F-Actin) 
Patients with CF demonstrate excessive mucus secretion in their airways, rendering them more vulnerable to inflamma
tion and infection. DNA predominantly derives from neutrophil extracellular traps (NETs), with additional contributions 
from necrotic and inflammatory cells. F-actin is mostly generated via actin polymerization in necrotic cells. The 
concentration of these two polymers considerably modifies the rheological properties of mucus, hence increasing its 
viscosity.84 Recombinant human DNase efficiently decreases sputum viscosity by hydrolyzing phosphodiester linkages, 
therefore cleaving lengthy strands of DNA. This drug has been applied in clinical treatment. A study including severely 
ill COVID-19 patients85 revealed that nebulized inhalation of 5 mg recombinant human DNase twice daily markedly 
alleviated dyspnea symptoms in 19 patients. All 19 patients ceased oxygen therapy within 4–15 days. Proteomic research 
demonstrated a significant decrease in the proportion of NET cells and extracellular DNA in sputum, alongside a drop in 
plasma inflammatory proteins. Nonetheless, evidence substantiating the effectiveness of these medicines in alternative 
airway disorders is inadequate.

Previous studies have established that cryoprotein is an endogenous protein that cleaves F-actin and can swiftly 
diminish the viscosity of CF sputum samples in vitro.86 It facilitates the dissociation of the actin-DNase complex, 
resulting in the stimulation of DNase activity.87 In contrast to DNase1, DNase1L2 demonstrates enhanced resistance to 
actin inhibition,34 presenting a unique therapeutic strategy for CF as an alternative to DNase1.

Fibrin 
In chronic airway inflammation, the aberrant activation of the coagulation system results in fibrin aggregation, which 
further elevates the viscosity of airway mucus and intensifies airway blockage.88 In acute respiratory distress syndrome 
(ARDS), inflammation induces damage to the endothelium and epithelium, resulting in heightened vascular 
permeability.89 Endothelial damage facilitates the secretion of tissue factor (TF) into the circulation. TF associates 
with coagulation factor VII, creating a TF-factor VIIa complex that activates factor X. Thereafter, factor Xa and factor Va 
form the prothrombin complex on the surface of activated platelets, which are supplied with calcium and phospholipids. 
This complex activates the conversion of prothrombin to thrombin, and the synthesis of thrombin ultimately results in the 
formation and deposition of fibrin.90 Tetsuji Takabayashi et al35 discovered that nattokinase, a powerful fibrinolytic 
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enzyme, can diminish the viscosity of nasal secretions and sputum in individuals with asthma and chronic sinusitis. 
Fibrinolytic strategies, such as nebulized tissue plasminogen activator (tPA) or nattokinase, aim to dissolve mucus plugs 
by degrading fibrin, presenting a novel method for addressing refractory mucus obstruction unresponsive to traditional 
mucolytic treatments. The use of these treatment strategies in airway illnesses is still in the preliminary exploratory phase 
and necessitates validation through rigorously designed clinical trials.

Dysfunction of the Ciliary Clearance System
Primary Ciliary Dyskinesia (PCD)
PCD is an autosomal recessive disorder marked by axonemal structural abnormalities that impair the motility of cilia. 
The clinical spectrum of PCD includes chronic otitis media, hearing loss frequently accompanied by speech delay, 
persistent nasal congestion and sinusitis, recurrent lower respiratory tract infections resulting in bronchiectasis, male 
infertility, organ laterality anomalies (present in 50% of patients), and respiratory distress in neonates.91 A conclusive 
diagnosis of PCD requires the integrated application of high-speed video microscopy analysis and transmission electron 
microscopy inspection. Electron microscopy demonstrates that specific ciliary structural abnormalities are associated 
with the clinical manifestations of PCD. The predominant flaws consist of outer dynein arm defects (ODA), faults 
affecting both outer and inner dynein arms (ODA+IDA), and inner dynein arm defects associated with microtubule (or 
axoneme) disorganization (IDA+MTD).92

More than 50 genes have been identified as causative factors for PCD. Ciliated cells possessing mutations in the 
DNAH5 gene exhibit an absence of DNAH5 protein in their cilia, leading to compromised ODA functionality.93 The 
protein encoded by the DNAI1 gene is involved in the assembly of IDA. Studies on PCD pigs with altered DNAI1 genes 
indicated that their airway cilia lack ODA and demonstrate compromised motility.36 The CCDC39 and CCDC40 genes 
are essential for the assembly and functionality of IDA in human respiratory cilia; mutations in these genes lead to 
impaired microtubule organization and IDA abnormalities.94

The formation of cilia and flagella is fundamentally reliant on intraflagellar transport (IFT), a mechanism character
ized by the bidirectional transfer of protein complexes along the axoneme.95 This system provides crucial structural 
elements, including tubulin, to the developing flagellar tip for axoneme assembly. The LRRC56 gene engages with the 
IFT88 protein, which is implicated in intraflagellar transport. Research using Trypanosoma brucei revealed that the 
recruitment of LRRC56 to the developing axoneme requires functional IFT. Harmful mutations in LRRC56 result in 
abnormalities in the distal section of the axoneme’s dynein arms.37 Mutations or deletions in LRRC56 may also affect 
human ciliary motility. PCD presently lacks a cure. The standard treatment essentially consists of the routine clearing of 
airway secretions using hypertonic saline nebulization. Prolonged antibiotic regimens are frequently prescribed during 
acute exacerbations. Patients are recommended to arrange follow-up consultations with both respiratory medicine and 
otolaryngology experts every 3–4 months.96 Gene therapy signifies the prospective trajectory for PCD. As gene editing 
technology advances, it may ultimately result in a cure for PCD.

Secondary Ciliary Diseases
Secondary ciliary disorders are diseases characterized by abnormalities in ciliary structure or function resulting from 
various acquired factors. They are strongly linked to smoking, environmental pollution, illnesses, and substance misuse 
and are partially reversible.97 Secondary ciliary disorders may induce ciliary motility failure, thereby hindering the cilia’s 
mucus-clearing capability. Respiratory syncytial virus (RSV) infection of the respiratory epithelium generates oxidative 
stress.98 This stress induces excessive ROS production, resulting in ultrastructural abnormalities in ciliocytes, including 
ciliary loss and heightened mitochondrial damage,99 thereby compromising energy supply and ciliary motility. 
Consequently, antioxidants may be employed to manage RSV-induced secondary ciliary disease.38 In vitro studies 
have demonstrated that the green pigment and 1-hydroxyphenothiazine produced by Pseudomonas aeruginosa can 
impede the motility of human respiratory cilia; however, the precise mechanism underlying their ciliary toxicity is still 
to be elucidated.100 Exposure to toxic chemicals or smoking may also lead to secondary ciliary disorders. Studies indicate 
that the cilia length of smokers is significantly reduced compared to that of non-smokers under electron microscopy.39
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In secondary ciliary dyskinesia, cilia typically demonstrate functional deficiencies under electron microscopy, with 
modified beating frequency but generally intact structure. Treatment primarily aims to eradicate causative factors, such as 
smoking or infection. In certain instances, ciliary function may restore following the elimination of the trigger. 
Nonetheless, drugs designed to improve ciliary motility remain in the preliminary phases of research.

Discussion
This research methodically examines the fundamental pathogenic causes of excessive airway mucus secretion, creating 
a thorough framework that encompasses molecular signaling to pathophysiological manifestations. The method princi
pally includes four essential components: Aberrant activation of inflammatory signaling pathways (NF-κB, IL-13/STAT6, 
EGFR, and associated epigenetic regulatory networks) triggers mucus secretion; Dysregulated mucin gene expression, 
primarily influenced by transcription networks, including SPDEF, Notch, and Wnt, induces goblet cell metaplasia and 
excessive mucin production; Modified mucus rheological properties, resulting from hydration deficiencies in CLCA1, 
CFTR, and AQP5 and the accumulation of polymers such as DNA and F-actin, exacerbate the physical characteristics of 
mucus; concurrently, dysfunction of the mucociliary clearance system, encompassing both primary and secondary 
damage, signifies the ultimate failure of clearance mechanisms. The four elements are interconnected, creating 
a detrimental loop that cumulatively results in mucus retention and airway obstruction.

Nonetheless, current therapy alternatives possess considerable constraints. Corticosteroids, as first-line medications, 
exhibit significant efficacy in managing airway inflammation; nevertheless, prolonged usage poses hazards of immuno
suppression. Therefore, inhaled corticosteroids are primarily employed to mitigate systemic side effects. Macrolide 
antibiotics exhibit anti-inflammatory properties but include the potential for bacterial resistance. IL-13 antagonists are 
exclusively suitable for specific patients with Th2-mediated asthma. EGFR inhibitors are predominantly designated for 
targeted cancer therapy owing to systemic toxicity; CFTR modulators are effective solely for CF patients with particular 
genetic mutations; mucolytic agents, including N-acetylcysteine, have demonstrated contentious efficacy in certain 
clinical studies; the mechanisms of mucoregulators such as carbocisteine remain inadequately elucidated; and 
Recombinant human DNase is mostly utilized for CF patients, with inadequate evidence endorsing its effectiveness 
for other conditions characterized by high airway mucus secretion. More critically, most existing treatments remain 
symptomatic rather than targeting the underlying cause. Consequently, greater focus should be allocated to the formula
tion of innovative therapeutic approaches aimed at these pathways.

Conclusion
This study offers a comprehensive examination of the multi-tiered regulatory systems governing airway mucus hypersecretion 
and clarifies the intricate interactions among inflammatory signaling pathways, mucin gene expression, and changes in mucus 
characteristics. These mechanistic insights provide a robust theoretical foundation for the formulation of precision-targeted 
treatment options, especially those aimed at critical inflammatory pathways such as IL-13 and EGFR. Future research should 
aim to effect a fundamental transformation in therapeutic tactics, transitioning from broad-spectrum symptomatic approaches 
to precision treatments that address the underlying causes: ①Employ multi-omics technologies to investigate novel core 
biomarkers and signaling pathways associated with excessive mucus secretion in various diseases, thereby identifying new 
targets for targeted medication development; ②Formulate pharmaceuticals that obstruct mucin secretion via the IL-13- 
mediated non-classical GABAAR pathway; ③Create inhaled, locally administered formulations aimed at pan-expressed 
pathways (eg, EGFR, Notch, Wnt) to circumvent systemic reactions; ④Develop agents that target channel proteins or 
regulators of water transport to preserve normal hydration; ⑤PCD treatment should emphasize gene therapy directed at 
core gene mutations, although existing technology is still significantly inadequate for this purpose. For secondary ciliary 
diseases, actively develop pharmacological agents that enhance ciliary motility and facilitate functional recovery. Ultimately, 
enhance theoretical underpinnings for clinical application, devise innovative targeted therapy procedures, and transition from 
symptom management to the reversal of pathogenic processes.

This study systematically integrates multi-level mechanisms to establish a robust theoretical framework and a clear 
translational perspective for developing precision-targeted therapies that aim to reduce acute exacerbation frequency and 
hospitalization rates, while enhancing quality of life and long-term outcomes in patients with chronic airway diseases.

International Journal of Chronic Obstructive Pulmonary Disease 2026:21                                                https://doi.org/10.2147/COPD.S588363                                                                                                                                                                                                                                                                                                                                                                                                      17

Ying et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Funding
This work was supported by the Sichuan Provincial Administration of Traditional Chinese Medicine (Grant 
No. 25MSZX563) and the National Administration of Traditional Chinese Medicine (Grant No. CXZH2025014).

Disclosure
The authors declare that there are no conflicts of interest in this work.

References
1. Soriano JB, Kendrick PJ, Paulson KR. Prevalence and attributable health burden of chronic respiratory diseases, 1990-2017: a systematic 

analysis for the Global Burden of Disease Study 2017. Lancet Respir Med. 2020;8(6):585–596. doi:10.1016/S2213-2600(20)30105-3
2. Wisnivesky J, De-Torres JP. The Global Burden of Pulmonary Diseases: most Prevalent Problems and Opportunities for Improvement. Ann 

Global Health. 2019;85(1). doi:10.5334/aogh.2411
3. Shen Y, Huang S, Kang J, et al. Management of airway mucus hypersecretion in chronic airway inflammatory disease: chinese expert consensus 

(English edition). Int J Chronic Obstr. 2018;13:399–407. doi:10.2147/COPD.S144312
4. Bonser LR, Erle DJ. Airway Mucus and Asthma: the Role of MUC5AC and MUC5B. J Clin Med. 2017;6(12):112. doi:10.3390/jcm6120112
5. Boucher RC. Muco-Obstructive Lung Diseases. New Engl J Med. 2019;380(20):1941–1953. doi:10.1056/NEJMra1813799
6. Diaz AA, Orejas JL, Grumley S, et al. Airway-Occluding Mucus Plugs and Mortality in Patients With Chronic Obstructive Pulmonary Disease. 

JAMA. 2023;329(21):1832–1839. doi:10.1001/jama.2023.2065
7. Lo Bello F, Ieni A, Hansbro PM, et al. Role of the mucins in pathogenesis of COPD: implications for therapy. Expert Rev Respirat Med. 

2020;14(5):465–483. doi:10.1080/17476348.2020.1739525
8. Arksey H, O’Malley L. Scoping studies: towards a methodological framework. Int J Soc Res Methodol. 2005;8(1):19–32. doi:10.1080/ 

1364557032000119616
9. Bae GD, Park EY, Kim K, Jang SE, Jun HS, Oh YS. Upregulation of caveolin-1 and its colocalization with cytokine receptors contributes to 

beta cell apoptosis. Sci Rep. 2019;9(1):16785. doi:10.1038/s41598-019-53278-z
10. Liu XH, Wang MF, Cheng XQ, Tang YJ. Curcumin inhibits airway mucus hypersecretion in asthmatic rats via the IL-13/STAT6 signaling 

pathway. Int J Respir. 2018;38:490–495.
11. Symowski C, Voehringer D. Th2 cell-derived IL-4/IL-13 promote ILC2 accumulation in the lung by ILC2-intrinsic STAT6 signaling in mice. 

Eur J Immunol. 2019;49(9):1421–1432. doi:10.1002/eji.201948161
12. Dai GM, Wang JJ, Chen ZH, et al. Monocyte chemotactic protein-inducing protein 1 negatively regulating asthmatic airway inflammation and 

mucus hypersecretion involving γ-aminobutyric acid type A receptor signaling pathway in vivo and in vitro. Chinese Med J. 2020;134 
(1):88–97. doi:10.1097/CM9.0000000000001154

13. Shin IS, Park JW, Shin NR, et al. Melatonin inhibits MUC5AC production via suppression of MAPK signaling in human airway epithelial cells. 
J Pineal Res. 2014;56(4):398–407. doi:10.1111/jpi.12127

14. Roy MG, Livraghi-Butrico A, Fletcher AA, et al. Muc5b is required for airway defence. Nature. 2014;505(7483):412–416. doi:10.1038/ 
nature12807

15. Kesimer M, Ford AA, Ceppe A, et al. Airway Mucin Concentration as a Marker of Chronic Bronchitis. New Engl J Med. 2017;377 
(10):911–922. doi:10.1056/NEJMoa1701632

16. Wu X, Zhang G, Du X. Cigarette Smoke Extract Induces MUC5AC Expression Through the ROS/ IP3R/Ca(2+) Pathway in Calu-3 Cells. 
Int J Chronic Obstr. 2024;19:1635–1647. doi:10.2147/COPD.S469866

17. Baginski TK, Dabbagh K, Satjawatcharaphong C, Swinney DC. Cigarette smoke synergistically enhances respiratory mucin induction by 
proinflammatory stimuli. Am J Respir Cell Mol Biol. 2006;35(2):165–174. doi:10.1165/rcmb.2005-0259OC

18. Decramer M, Rutten-van Mölken M, Dekhuijzen PN, et al. Effects of N-acetylcysteine on outcomes in chronic obstructive pulmonary disease 
(Bronchitis Randomized on NAC Cost-Utility Study, BRONCUS): a randomised placebo-controlled trial. Lancet. 2005;365(9470):1552–1560. 
doi:10.1016/S0140-6736(05)66456-2

19. Nagashima A, Shinkai M, Shinoda M, et al. Clarithromycin Suppresses Chloride Channel Accessory 1 and Inhibits Interleukin-13-Induced 
Goblet Cell Hyperplasia in Human Bronchial Epithelial Cells. Antimicrob Agents Chemother. 2016;60(11):6585–6590. doi:10.1128/ 
AAC.01327-16

20. Siddiqui S, Johansson K, Joo A, et al. Epithelial miR-141 regulates IL-13-induced airway mucus production. JCI Insight. 2021;6(5). 
doi:10.1172/jci.insight.139019.

21. Hu WH, Shang LZ, Xie WY, Li YY, Liu GY, Chen Z. Anti-inflammatory effect of modified Erchen decoction on chronic obstructive pulmonary 
disease rats via the Midkine/Notch2/Hey1 signaling pathway. Chin J Exp Tradit Med Formulae. 2023;29:12–21.

22. Kim HT, Yin W, Nakamichi Y, et al. WNT/RYK signaling restricts goblet cell differentiation during lung development and repair. Proc Natl 
Acad Sci USA. 2019;116(51):25697–25706. doi:10.1073/pnas.1911071116

23. Li W, Du X, Yang Y, et al. miRNA-34b/c regulates mucus secretion in RSV-infected airway epithelial cells by targeting FGFR1. J Cell Mol 
Med. 2021;25(22):10565–10574. doi:10.1111/jcmm.16988

24. Tasena H, Faiz A, Timens W, et al. microRNA-mRNA regulatory networks underlying chronic mucus hypersecretion in COPD. Eur Resp J. 
2018;52(3):1701556. doi:10.1183/13993003.01556-2017

25. Nishida Y, Yagi H, Ota M, et al. Oxidative stress induces MUC5AC expression through mitochondrial damage-dependent STING signaling in 
human bronchial epithelial cells. FASEB Bio Adv. 2023;5(4):171–181. doi:10.1096/fba.2022-00081

26. Hauber HP, Daigneault P, Frenkiel S, et al. Niflumic acid and MSI-2216 reduce TNF-alpha-induced mucin expression in human airway mucosa. 
J Allergy Clin Immunol. 2005;115(2):266–271. doi:10.1016/j.jaci.2004.09.039

27. Keeler SP, Yantis J, Gerovac BJ, et al. Chloride channel accessory 1 gene deficiency causes selective loss of mucus production in a new pig 
model. Am J Physiol Lung Cell Mol Physiol. 2022;322(6):L842–l852. doi:10.1152/ajplung.00443.2021

https://doi.org/10.2147/COPD.S588363                                                                                                                                                                                                                                                                                                                                                                                         International Journal of Chronic Obstructive Pulmonary Disease 2026:21 18

Ying et al                                                                                                                                                                             

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1016/S2213-2600(20)30105-3
https://doi.org/10.5334/aogh.2411
https://doi.org/10.2147/COPD.S144312
https://doi.org/10.3390/jcm6120112
https://doi.org/10.1056/NEJMra1813799
https://doi.org/10.1001/jama.2023.2065
https://doi.org/10.1080/17476348.2020.1739525
https://doi.org/10.1080/1364557032000119616
https://doi.org/10.1080/1364557032000119616
https://doi.org/10.1038/s41598-019-53278-z
https://doi.org/10.1002/eji.201948161
https://doi.org/10.1097/CM9.0000000000001154
https://doi.org/10.1111/jpi.12127
https://doi.org/10.1038/nature12807
https://doi.org/10.1038/nature12807
https://doi.org/10.1056/NEJMoa1701632
https://doi.org/10.2147/COPD.S469866
https://doi.org/10.1165/rcmb.2005-0259OC
https://doi.org/10.1016/S0140-6736(05)66456-2
https://doi.org/10.1128/AAC.01327-16
https://doi.org/10.1128/AAC.01327-16
https://doi.org/10.1172/jci.insight.139019
https://doi.org/10.1073/pnas.1911071116
https://doi.org/10.1111/jcmm.16988
https://doi.org/10.1183/13993003.01556-2017
https://doi.org/10.1096/fba.2022-00081
https://doi.org/10.1016/j.jaci.2004.09.039
https://doi.org/10.1152/ajplung.00443.2021


28. Simonin J, Bille E, Crambert G, et al. Airway surface liquid acidification initiates host defense abnormalities in Cystic Fibrosis. Sci Rep. 2019;9 
(1):6516. doi:10.1038/s41598-019-42751-4

29. Clunes LA, Davies CM, Coakley RD, et al. Cigarette smoke exposure induces CFTR internalization and insolubility, leading to airway surface 
liquid dehydration. FASEB J. 2012;26(2):533–545. doi:10.1096/fj.11-192377

30. Liu F, Zhou XD, Li Q, Liu C, Li H. Mechanism of fine particulate matter and cold stimulation inducing MUC5AC expression in airway 
epithelial cells. Shanxi Med J. 2022;51:1323–1326.

31. Lv CM, Wu HM, Wu L, Xu GH, Yang ZL, Shen QY. Sevoflurane modulates AQPs (1,5) expression and endoplasmic reticulum stress in mice 
lung with allergic airway inflammation. Biosc Rep. 2019;39(11). doi:10.1042/BSR20193282

32. Yang M, Wang Y, Zhang Y, et al. S-allylmercapto-l-cysteine modulates MUC5AC and AQP5 secretions in a COPD model via NF-кB signaling 
pathway. Int Immunopharmacol. 2016;39:307–313. doi:10.1016/j.intimp.2016.08.002

33. Sidhaye V, Hoffert JD, King LS. cAMP has distinct acute and chronic effects on aquaporin-5 in lung epithelial cells. J Biol Chem. 2005;280 
(5):3590–3596. doi:10.1074/jbc.M411038200

34. Delfino D, Mori G, Rivetti C, et al. Actin-Resistant DNase1L2 as a Potential Therapeutics for CF Lung Disease. Biomolecules. 2021;11(3):410. 
doi:10.3390/biom11030410

35. Takabayashi T, Imoto Y, Sakashita M, et al. Nattokinase, profibrinolytic enzyme, effectively shrinks the nasal polyp tissue and decreases 
viscosity of mucus. Allergol Int. 2017;66(4):594–602. doi:10.1016/j.alit.2017.03.007

36. Abou Alaiwa MA, Hilkin BM, Price MP, et al. Development and Initial Characterization of Pigs with DNAI1 Mutations and Primary Ciliary 
Dyskinesia. bioRxiv. 2024. doi:10.1101/2024.05.22.594822

37. Bonnefoy S, Watson CM, Kernohan KD, et al. Biallelic Mutations in LRRC56, Encoding a Protein Associated with Intraflagellar Transport, 
Cause Mucociliary Clearance and Laterality Defects. Am J Hum Genet. 2018;103(5):727–739. doi:10.1016/j.ajhg.2018.10.003

38. Mata M, Sarrion I, Armengot M, et al. Respiratory syncytial virus inhibits ciliagenesis in differentiated normal human bronchial epithelial cells: 
effectiveness of N-acetylcysteine. PLoS One. 2012;7(10):e48037. doi:10.1371/journal.pone.0048037

39. Leopold PL, O’Mahony MJ, Lian XJ, Tilley AE, Harvey BG, Crystal RG. Smoking is associated with shortened airway cilia. PLoS One. 2009;4 
(12):e8157. doi:10.1371/journal.pone.0008157

40. Sun SC. Non-canonical NF-κB signaling pathway. Cell Res. 2011;21(1):71–85. doi:10.1038/cr.2010.177
41. Guo Q, Jin Y, Chen X, et al. NF-κB in biology and targeted therapy: new insights and translational implications. Signal Transduct Target Ther. 

2024;9(1):53. doi:10.1038/s41392-024-01757-9
42. Li Y, Tang XX. Abnormal Airway Mucus Secretion Induced by Virus Infection. Front Immunol. 2021;12:701443. doi:10.3389/ 

fimmu.2021.701443
43. Liu D, Zhong Z, Karin M. NF-κB: a Double-Edged Sword Controlling Inflammation. Biomedicines. 2022;10(6):1250. doi:10.3390/ 

biomedicines10061250
44. Parnham MJ, Erakovic Haber V, Giamarellos-Bourboulis EJ, Perletti G, Verleden GM, Vos R. Azithromycin: mechanisms of action and their 

relevance for clinical applications. Pharmacol Ther. 2014;143(2):225–245.
45. Choi W, Choe S, Lau GW. Inactivation of FOXA2 by Respiratory Bacterial Pathogens and Dysregulation of Pulmonary Mucus Homeostasis. 

Front Immunol. 2020;11:515. doi:10.3389/fimmu.2020.00515
46. Zhong XH, Zeng XN. Role of SPDEF in goblet cell metaplasia of airway epithelium. Nanjing Med Univ J Nat Sci. 2019;39:614–618.
47. Schworer SA, Murano H, Dang H, et al. Airway Epithelial Heterogeneity and Mucus Plugging in Asthmatic Bronchioles. Am J Respir Crit Care 

Med. 2025. doi:10.1164/rccm.202409-1849OC
48. Hu L. Biological function of STAT6 in the development and progression of lung diseases. Fudan Univ J Med Sci. 2021;48:123–127.
49. Maspero J, Adir Y, Al-Ahmad M, et al. Type 2 inflammation in asthma and other airway diseases. ERJ Open Res. 2022;8(3):00576–2021. 

doi:10.1183/23120541.00576-2021
50. Li Z, Han S, Jia Y, et al. MCPIP1 regulates RORα expression to protect against liver injury induced by lipopolysaccharide via modulation of 

miR-155. J Cell Physiol. 2019;234(9):16562–16572. doi:10.1002/jcp.28327
51. Harskamp LR, Gansevoort RT, van Goor H, Meijer E. The epidermal growth factor receptor pathway in chronic kidney diseases. Nat Rev 

Nephrol. 2016;12(8):496–506. doi:10.1038/nrneph.2016.91
52. Burgel PR, Nadel JA. Roles of epidermal growth factor receptor activation in epithelial cell repair and mucin production in airway epithelium. 

Thorax. 2004;59(11):992–996. doi:10.1136/thx.2003.018879
53. Seibold MA. Interleukin-13 Stimulation Reveals the Cellular and Functional Plasticity of the Airway Epithelium. Ann Am Thoracic Soc. 

2018;15(Suppl 2):S98–s102. doi:10.1513/AnnalsATS.201711-868MG
54. He J, Huang Z, Han L, Gong Y, Xie C. Mechanisms and management of 3rd-generation EGFR-TKI resistance in advanced non-small cell lung 

cancer (Review). Int J Ooncol. 2021;59(5). doi:10.3892/ijo.2021.5270
55. Guo M, Tomoshige K, Meister M, et al. Gene signature driving invasive mucinous adenocarcinoma of the lung. EMBO Mol Med. 2017;9 

(4):462–481. doi:10.15252/emmm.201606711
56. Siebel C, Lendahl U. Notch Signaling in Development, Tissue Homeostasis, and Disease. Physiol Rev. 2017;97(4):1235–1294. doi:10.1152/ 

physrev.00005.2017
57. Sun J, Dong M, Xiang X, Zhang S, Wen D. Notch signaling and targeted therapy in non-small cell lung cancer. Cancer Lett. 2024;585:216647. 

doi:10.1016/j.canlet.2024.216647
58. Baarsma HA, Königshoff M. ‘WNT-er is coming’: WNT signalling in chronic lung diseases. Thorax. 2017;72(8):746–759. doi:10.1136/ 

thoraxjnl-2016-209753
59. Green J, Nusse R, van Amerongen R. The role of Ryk and Ror receptor tyrosine kinases in Wnt signal transduction. Cold Spring Harbor 

Perspect Biol. 2014;6(2):a009175–a009175. doi:10.1101/cshperspect.a009175
60. Rim EY, Clevers H, Nusse R. The Wnt Pathway: from Signaling Mechanisms to Synthetic Modulators. Annu Rev Biochem. 2022;91 

(1):571–598. doi:10.1146/annurev-biochem-040320-103615
61. Zhang Y, Wang X. Targeting the Wnt/β-catenin signaling pathway in cancer. J hematol oncol. 2020;13(1):165. doi:10.1186/s13045-020-00990-3
62. Zhu M, Ye M, Wang J, Ye L, Jin M. Construction of Potential miRNA-mRNA Regulatory Network in COPD Plasma by Bioinformatics 

Analysis. Int J Chronic Obstr. 2020;15:2135–2145. doi:10.2147/COPD.S255262

International Journal of Chronic Obstructive Pulmonary Disease 2026:21                                                https://doi.org/10.2147/COPD.S588363                                                                                                                                                                                                                                                                                                                                                                                                      19

Ying et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1038/s41598-019-42751-4
https://doi.org/10.1096/fj.11-192377
https://doi.org/10.1042/BSR20193282
https://doi.org/10.1016/j.intimp.2016.08.002
https://doi.org/10.1074/jbc.M411038200
https://doi.org/10.3390/biom11030410
https://doi.org/10.1016/j.alit.2017.03.007
https://doi.org/10.1101/2024.05.22.594822
https://doi.org/10.1016/j.ajhg.2018.10.003
https://doi.org/10.1371/journal.pone.0048037
https://doi.org/10.1371/journal.pone.0008157
https://doi.org/10.1038/cr.2010.177
https://doi.org/10.1038/s41392-024-01757-9
https://doi.org/10.3389/fimmu.2021.701443
https://doi.org/10.3389/fimmu.2021.701443
https://doi.org/10.3390/biomedicines10061250
https://doi.org/10.3390/biomedicines10061250
https://doi.org/10.3389/fimmu.2020.00515
https://doi.org/10.1164/rccm.202409-1849OC
https://doi.org/10.1183/23120541.00576-2021
https://doi.org/10.1002/jcp.28327
https://doi.org/10.1038/nrneph.2016.91
https://doi.org/10.1136/thx.2003.018879
https://doi.org/10.1513/AnnalsATS.201711-868MG
https://doi.org/10.3892/ijo.2021.5270
https://doi.org/10.15252/emmm.201606711
https://doi.org/10.1152/physrev.00005.2017
https://doi.org/10.1152/physrev.00005.2017
https://doi.org/10.1016/j.canlet.2024.216647
https://doi.org/10.1136/thoraxjnl-2016-209753
https://doi.org/10.1136/thoraxjnl-2016-209753
https://doi.org/10.1101/cshperspect.a009175
https://doi.org/10.1146/annurev-biochem-040320-103615
https://doi.org/10.1186/s13045-020-00990-3
https://doi.org/10.2147/COPD.S255262


63. van den Berge M, Tasena H. Role of microRNAs and exosomes in asthma. Curr Opin Pulm Med. 2019;25(1):87–93. doi:10.1097/ 
MCP.0000000000000532

64. Liu X, Chen Z. The pathophysiological role of mitochondrial oxidative stress in lung diseases. J Transl Med. 2017;15(1):207. doi:10.1186/ 
s12967-017-1306-5

65. Chen Q, Sun L, Chen ZJ. Regulation and function of the cGAS-STING pathway of cytosolic DNA sensing. Nat Immunol. 2016;17 
(10):1142–1149. doi:10.1038/ni.3558

66. Fischer BM, Voynow JA, Ghio AJ. COPD: balancing oxidants and antioxidants. Int J Chronic Obstr. 2015;10:261–276. doi:10.2147/COPD. 
S42414

67. Zhong P, Peng J, Yuan M, Kong B, Huang H. Cold-inducible RNA-binding protein (CIRP) in inflammatory diseases: molecular insights of its 
associated signalling pathways. Scandi J Immunol. 2021;93(1):e12949. doi:10.1111/sji.12949

68. Zhong P, Zhou M, Zhang J, Peng J, Zeng G, Huang H. The role of Cold-Inducible RNA-binding protein in respiratory diseases. J Cell Mol Med. 
2022;26(4):957–965. doi:10.1111/jcmm.17142

69. Liu CL, Shi GP. Calcium-activated chloride channel regulator 1 (CLCA1): more than a regulator of chloride transport and mucus production. 
World Allergy Org J. 2019;12(11):100077. doi:10.1016/j.waojou.2019.100077

70. Kuperman DA, Huang X, Koth LL, et al. Direct effects of interleukin-13 on epithelial cells cause airway hyperreactivity and mucus 
overproduction in asthma. Nat Med. 2002;8(8):885–889. doi:10.1038/nm734

71. Sala-Rabanal M, Yurtsever Z, Berry KN, Brett TJ. Novel Roles for Chloride Channels, Exchangers, and Regulators in Chronic Inflammatory 
Airway Diseases. Mediat Inflamm. 2015;2015:497387. doi:10.1155/2015/497387

72. Hanssens LS, Duchateau J, Casimir GJ. CFTR Protein: not Just a Chloride Channel? Cells. 2021;10(11):2844. doi:10.3390/cells10112844
73. Lazarowski ER, Boucher RC. Purinergic receptors in airway hydration. Biochem Pharmacol. 2021;187:114387. doi:10.1016/j.bcp.2020.114387
74. Stoltz DA, Meyerholz DK, Welsh MJ. Origins of cystic fibrosis lung disease. New Engl J Med. 2015;372(4):351–362. doi:10.1056/ 

NEJMra1300109
75. Zajac M, Dreano E, Edwards A, Planelles G, Sermet-Gaudelus I. Airway Surface Liquid pH Regulation in Airway Epithelium Current 

Understandings and Gaps in Knowledge. Int J Mol Sci. 2021;22(7):3384. doi:10.3390/ijms22073384
76. Skilton M, Krishan A, Patel S, Sinha IP, Southern KW. Potentiators (specific therapies for class III and IV mutations) for cystic fibrosis. 

Cochrane Database Syst Rev. 2019;1(1):Cd009841. doi:10.1002/14651858.CD009841.pub3
77. Li S, Li C, Wang W. Molecular aspects of aquaporins. Vitamin Hormon. 2020;113:129–181. doi:10.1016/bs.vh.2019.08.019
78. Moon CS, Moon D, Kang SK. Aquaporins in Cancer Biology. Front Oncol. 2022;12:782829. doi:10.3389/fonc.2022.782829
79. Verkman AS. Aquaporins in clinical medicine. Ann Rev Med. 2012;63(1):303–316. doi:10.1146/annurev-med-043010-193843
80. Wittekindt OH, Dietl P. Aquaporins in the lung. Pflugers Archiv Eur J Physiol. 2019;471(4):519–532. doi:10.1007/s00424-018-2232-y
81. Song Y, Verkman AS. Aquaporin-5 dependent fluid secretion in airway submucosal glands. J Biol Chem. 2001;276(44):41288–41292. 

doi:10.1074/jbc.M107257200
82. D’Agostino C, Parisis D, Chivasso C, Hajiabbas M, Soyfoo MS, Delporte C. Aquaporin-5 Dynamic Regulation. Int J Mol Sci. 2023;24(3):1889. 

doi:10.3390/ijms24031889
83. Yadav E, Yadav N, Hus A, Yadav JS. Aquaporins in lung health and disease: emerging roles, regulation, and clinical implications. Respir Med. 

2020;174:106193. doi:10.1016/j.rmed.2020.106193
84. Rubin BK. Mucus structure and properties in cystic fibrosis. Paediatric Respiratory Rev. 2007;8(1):4–7. doi:10.1016/j.prrv.2007.02.004
85. Fisher J, Mohanty T, Karlsson CAQ, et al. Proteome Profiling of Recombinant DNase Therapy in Reducing NETs and Aiding Recovery in 

COVID-19 Patients. Mol Cellular Proteom. 2021;20:100113. doi:10.1016/j.mcpro.2021.100113
86. Vasconcellos CA, Allen PG, Wohl ME, Drazen JM, Janmey PA, Stossel TP. Reduction in viscosity of cystic fibrosis sputum in vitro by gelsolin. 

Science. 1994;263(5149):969–971. doi:10.1126/science.8310295
87. Davoodian K, Ritchings BW, Ramphal R, Bubb MR. Gelsolin activates DNase I in vitro and cystic fibrosis sputum. Biochemistry. 1997;36 

(32):9637–9641. doi:10.1021/bi9711487
88. Fahy JV, Liu J, Wong H, Boushey HA. Cellular and biochemical analysis of induced sputum from asthmatic and from healthy subjects. Am Rev 

Respir Dis. 1993;147(5):1126–1131. doi:10.1164/ajrccm/147.5.1126
89. Zhu Z, Zhang Y, Chen H, Zhang H. Cell-cell crosstalk in the pathogenesis of acute lung injury and acute respiratory distress syndrome. Tissue 

Barriers. 2025;13(3):2452082. doi:10.1080/21688370.2025.2452082
90. Frantzeskaki F, Armaganidis A, Orfanos SE. Immunothrombosis in Acute Respiratory Distress Syndrome: cross Talks between Inflammation 

and Coagulation. Respiration Int Rev Thoracic Dis. 2017;93(3):212–225. doi:10.1159/000453002
91. Ren Z, Mao X, Wang S, Wang X. Cilia-related diseases. J Cell Mol Med. 2023;27(24):3974–3979. doi:10.1111/jcmm.17990
92. Despotes KA, Zariwala MA, Davis SD, Ferkol TW. Primary Ciliary Dyskinesia: a Clinical Review. Cells. 2024;13(11):974. doi:10.3390/ 

cells13110974
93. von Schledorn L, Puertollano Martín D, Cleve N, et al. Primary Ciliary Dyskinesia Patient-Specific hiPSC-Derived Airway Epithelium in 

Air-Liquid Interface Culture Recapitulates Disease Specific Phenotypes In Vitro. Cells. 2023;12(11):1467. doi:10.3390/cells12111467
94. Wilken A, Höben IM, Wolter A, et al. Primary Ciliary Dyskinesia Associated Disease-Causing Variants in CCDC39 and CCDC40 Cause 

Axonemal Absence of Inner Dynein Arm Heavy Chains DNAH1, DNAH6, and DNAH7. Cells. 2024;13(14):1200. doi:10.3390/cells13141200
95. Hou Y, Qin H, Follit JA, Pazour GJ, Rosenbaum JL, Witman GB. Functional analysis of an individual IFT protein: IFT46 is required for 

transport of outer dynein arms into flagella. J Cell Biol. 2007;176(5):653–665. doi:10.1083/jcb.200608041
96. Wee WB, Kinghorn B, Davis SD, Ferkol TW, Shapiro AJ. Primary Ciliary Dyskinesia. Pediatrics. 2024;153(6). doi:10.1542/peds.2023-063064
97. Tilley AE, Walters MS, Shaykhiev R, Crystal RG. Cilia dysfunction in lung disease. Ann Rev Physiol. 2015;77(1):379–406. doi:10.1146/ 

annurev-physiol-021014-071931
98. Smith CM, Kulkarni H, Radhakrishnan P, et al. Ciliary dyskinesia is an early feature of respiratory syncytial virus infection. Eur Resp J. 

2014;43(2):485–496. doi:10.1183/09031936.00205312
99. Marozkina N. Ciliary Function, Antigen Stasis and Asthma. Int J Mol Sci. 2024;25(18):10043. doi:10.3390/ijms251810043

100. Wilson R, Pitt T, Taylor G, et al. Pyocyanin and 1-hydroxyphenazine produced by Pseudomonas aeruginosa inhibit the beating of human 
respiratory cilia in vitro. J Clin Invest. 1987;79(1):221–229. doi:10.1172/JCI112787

https://doi.org/10.2147/COPD.S588363                                                                                                                                                                                                                                                                                                                                                                                         International Journal of Chronic Obstructive Pulmonary Disease 2026:21 20

Ying et al                                                                                                                                                                             

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1097/MCP.0000000000000532
https://doi.org/10.1097/MCP.0000000000000532
https://doi.org/10.1186/s12967-017-1306-5
https://doi.org/10.1186/s12967-017-1306-5
https://doi.org/10.1038/ni.3558
https://doi.org/10.2147/COPD.S42414
https://doi.org/10.2147/COPD.S42414
https://doi.org/10.1111/sji.12949
https://doi.org/10.1111/jcmm.17142
https://doi.org/10.1016/j.waojou.2019.100077
https://doi.org/10.1038/nm734
https://doi.org/10.1155/2015/497387
https://doi.org/10.3390/cells10112844
https://doi.org/10.1016/j.bcp.2020.114387
https://doi.org/10.1056/NEJMra1300109
https://doi.org/10.1056/NEJMra1300109
https://doi.org/10.3390/ijms22073384
https://doi.org/10.1002/14651858.CD009841.pub3
https://doi.org/10.1016/bs.vh.2019.08.019
https://doi.org/10.3389/fonc.2022.782829
https://doi.org/10.1146/annurev-med-043010-193843
https://doi.org/10.1007/s00424-018-2232-y
https://doi.org/10.1074/jbc.M107257200
https://doi.org/10.3390/ijms24031889
https://doi.org/10.1016/j.rmed.2020.106193
https://doi.org/10.1016/j.prrv.2007.02.004
https://doi.org/10.1016/j.mcpro.2021.100113
https://doi.org/10.1126/science.8310295
https://doi.org/10.1021/bi9711487
https://doi.org/10.1164/ajrccm/147.5.1126
https://doi.org/10.1080/21688370.2025.2452082
https://doi.org/10.1159/000453002
https://doi.org/10.1111/jcmm.17990
https://doi.org/10.3390/cells13110974
https://doi.org/10.3390/cells13110974
https://doi.org/10.3390/cells12111467
https://doi.org/10.3390/cells13141200
https://doi.org/10.1083/jcb.200608041
https://doi.org/10.1542/peds.2023-063064
https://doi.org/10.1146/annurev-physiol-021014-071931
https://doi.org/10.1146/annurev-physiol-021014-071931
https://doi.org/10.1183/09031936.00205312
https://doi.org/10.3390/ijms251810043
https://doi.org/10.1172/JCI112787


International Journal of Chronic Obstructive Pulmonary Disease                                                 

Publish your work in this journal 
The International Journal of COPD is an international, peer-reviewed journal of therapeutics and pharmacology focusing on concise rapid reporting 
of clinical studies and reviews in COPD. Special focus is given to the pathophysiological processes underlying the disease, intervention programs, 
patient focused education, and self management protocols. This journal is indexed on PubMed Central, MedLine and CAS. The manuscript 
management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www. 
dovepress.com/testimonials.php to read real quotes from published authors.  

Submit your manuscript here: https://www.dovepress.com/international-journal-of-chronic-obstructive-pulmonary-disease-journal

International Journal of Chronic Obstructive Pulmonary Disease 2026:21                                                        21

Ying et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
http://www.dovepress.com/testimonials.php
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Materials and Methods
	Study Design
	Identification of the Research Questions
	Identification of Relevant Studies
	Study Selection
	Data Extraction

	Results
	Abnormal Activation of Inflammatory Signaling Pathways
	Core Inflammatory Signaling Pathways
	NF-κB Pathway (Inflammatory Response Hub)
	IL-13/STAT6 Pathway (Core Axis of Th2-Type Inflammation)

	Downstream Effect Pathway: EGFR Pathway

	Dysregulation of Mucin Gene Expression
	Transcriptional Regulation: The Core Mechanism of Mucin Gene Expression
	SPDEF
	Notch Pathway
	Wnt/β-Catenin Pathway

	Epigenetic Regulation: Regulatory Networks of miRNAs
	Stress Responses
	Oxidative Stress
	Environmental Stress: Cold-Induced RNA-Binding Protein (CIRP)


	Alterations in Mucus Rheological Properties
	Abnormal Hydration
	Calcium-Activated Chloride Channel Modulator 1 (CLCA1) and Transmembrane Chloride Channel 16A (TMEM16A)
	Cystic Fibrosis Transmembrane Conductance Regulator (CFTR)
	Aquaporin 5 (AQP5)

	Polymer Surplus
	Deoxyribonucleic Acid (DNA) and Filamentous Actin (F-Actin)
	Fibrin


	Dysfunction of the Ciliary Clearance System
	Primary Ciliary Dyskinesia (PCD)
	Secondary Ciliary Diseases


	Discussion
	Conclusion
	Funding
	Disclosure

