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ABSTRACT 
 
 

Epigenetic Programming of the Sinonasal Mucosa: Implication 
for Allergic Rhinitis and Airway Inflammation  
Berna Uslu Coskun ¹*, Gulsen Meral ²,³ 

 

Allergic rhinitis and allergic asthma are increasingly recognized as manifestations of a unified airway disease 

characterized by chronic epithelial inflammation, immune dysregulation, and allergic sensitization. Although genetic 

predisposition contributes to disease susceptibility, the rapid rise in allergic diseases cannot be explained solely 

by genetic factors. Epigenetic mechanisms — including DNA methylation, histone modifications, chromatin 

remodeling, and non-coding RNA regulation — have emerged as key mediators linking environmental exposures 

to immune dysfunction and allergic inflammation. 

This review examines current evidence regarding the role of epigenetic regulation in allergic sensitization, with 

particular focus on the sinonasal mucosa in allergic rhinitis and allergic asthma. Key epigenetic alterations discussed 

include aberrant methylation of IL-4, IL-13, IFN-γ, and FOXP3 regulatory regions, dysregulated expression of miR-

21, miR-146a, and miR-155, and histone acetylation changes within Th2 cytokine loci. The effects of early-life 

environmental exposures — including air pollution, tobacco smoke, microbial dysbiosis, and dietary factors — on 

epigenetic programming of the sinonasal epithelium are discussed. The review also explores interactions between 

epithelial barrier dysfunction, microbiome-derived short-chain fatty acids, and epigenetic immune regulation within 

the united airway system. 

Growing evidence suggests that many epigenetic alterations are potentially reversible, creating new opportunities 

for preventive and therapeutic interventions. Advances in nutriepigenetics, microbiome research, and precision 

medicine may facilitate the development of individualized strategies aimed at restoring immune tolerance and 

reducing chronic airway inflammation. Understanding the epigenetic mechanisms underlying allergic sensitization 

may therefore contribute to more effective prevention, risk stratification, and personalized management of allergic 

airway diseases. 

Keywords: allergic rhinitis, asthma, epigenetics, allergic sensitization, DNA methylation, microbiome, epithelial 

barrier, united airway disease, precision medicine, nutriepigenetics 
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1. Introduction 

Allergic rhinitis and allergic asthma are among the most common chronic inflammatory airway diseases worldwide and 

are increasingly recognized as manifestations of a unified airway disorder1. Over recent decades, the global prevalence 

of allergic airway diseases has risen dramatically, particularly in industrialized and urbanized societies, affecting both 

pediatric and adult populations and creating a substantial healthcare burden2. Allergic rhinitis alone affects up to 30% 

of the global population and is strongly associated with impaired quality of life, sleep disturbances, cognitive dysfunction, 

and decreased work productivity3. Furthermore, allergic rhinitis and asthma frequently coexist, sharing common 

inflammatory pathways, epithelial barrier dysfunction, and immunological mechanisms, which has led to the concept of 

“United Airway Disease”4. 

 

Although genetic predisposition contributes significantly to allergic disease susceptibility, the rapid increase in prevalence 

observed over a relatively short period cannot be explained solely by changes in the human genome5. This discrepancy 

has shifted scientific attention toward epigenetic mechanisms that may mediate the interaction between environmental 

exposures and immune dysregulation. Epigenetics refers to heritable and potentially reversible modifications in gene 

expression that occur without alterations in the DNA sequence itself. These mechanisms primarily include DNA methylation, 

histone modifications, chromatin remodeling, and non-coding RNA regulation6. 

 

Recent evidence suggests that epigenetic alterations play a central role in the pathogenesis of allergic rhinitis and asthma 

by influencing epithelial barrier integrity, T-helper cell differentiation, cytokine expression, and immunoglobulin E (IgE)-

mediated inflammatory responses7. The airway epithelium is no longer considered merely a passive physical barrier but 

rather an active immunological interface capable of responding dynamically to environmental stimuli. Environmental 

pollutants, allergens, tobacco smoke, microbial dysbiosis, and dietary factors may induce epigenetic modifications within 

airway epithelial cells, thereby contributing to chronic mucosal inflammation and allergic sensitization8. 

 

The concept of allergic sensitization involves an exaggerated immune response against otherwise harmless environmental 

antigens, leading predominantly to Th2-skewed inflammation and eosinophilic immune activation9. Epigenetic regulation 

has emerged as a key molecular mechanism underlying this immune imbalance. Aberrant DNA methylation patterns in 

genes associated with interleukin signaling, regulatory T-cell function, and inflammatory cytokine production have been 

linked to increased susceptibility to allergic rhinitis and asthma10. Similarly, histone modifications may alter chromatin 

accessibility and regulate the transcription of inflammatory mediators involved in upper and lower airway inflammation11. 

In addition, microRNAs and other non-coding RNAs are increasingly recognized as critical post-transcriptional regulators 

of allergic inflammation and epithelial barrier homeostasis12. 

 

Growing evidence also indicates that early-life environmental exposures may exert long-lasting effects on immune 

development through epigenetic programming13. Prenatal and early childhood exposures, including maternal smoking, 

air pollution, dietary habits, antibiotic exposure, psychosocial stress, and microbiota alterations, may influence immune 

maturation and predispose individuals to allergic diseases later in life14. This concept aligns closely with the 

Developmental Origins of Health and Disease (DOHaD) hypothesis, which proposes that environmental conditions during 

critical developmental windows may biologically program future disease susceptibility15. 

 

https://doi.org/10.18103/mra.2026.0383
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Among environmental factors, air pollution has become one of the most important contributors to airway inflammation 

and allergic disease burden in modern societies. Particulate matter (PM2.5), diesel exhaust particles, heavy metals, and 

endocrine-disrupting chemicals may induce oxidative stress and epigenetic alterations that promote chronic airway 

inflammation and Th2-dominant immune responses16. Tobacco smoke exposure, particularly during fetal life and 

childhood, has also been associated with persistent DNA methylation changes in immune-related genes and increased risk 

of wheezing, allergic rhinitis, and asthma17. 

 

In parallel, increasing attention has been directed toward the role of the gut and airway microbiota in allergic diseases. 

Microbial metabolites such as short-chain fatty acids (SCFAs) may directly regulate epigenetic pathways, including histone 

acetylation and DNA methylation, thereby influencing immune tolerance and inflammatory responses 18. Dysbiosis during 

infancy has been associated with impaired immune regulation and increased allergic sensitization, further supporting the 

complex interaction between microbiota, epigenetics, and airway inflammation 19. 

 

Advances in precision medicine, epigenomics, and nutrigenetics have expanded our understanding of individualized 

allergic disease susceptibility and therapeutic response. Integrating genetic background, epigenetic signatures, 

environmental exposures, microbiota composition, and clinical phenotypes may provide new opportunities for 

personalized preventive and therapeutic approaches in allergic airway diseases 20. Importantly, unlike genetic mutations, 

epigenetic modifications are potentially reversible, making them attractive targets for future interventions aimed at 

restoring immune tolerance and reducing chronic airway inflammation 21. 

 

This review aims to comprehensively examine the current evidence regarding epigenetic mechanisms involved in allergic 

sensitization, with particular focus on allergic rhinitis and allergic asthma as components of united airway disease. 

Additionally, the review explores how environmental exposures, microbiota alterations, and early-life epigenetic 

programming contribute to immune dysregulation and chronic airway inflammation. Emerging perspectives in 

nutriepigenetics and precision medicine are also discussed in the context of future preventive and therapeutic strategies 

(Figure 1). 

https://doi.org/10.18103/mra.2026.0383
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"Figure 1. Conceptual overview of early-life epigenetic programming in allergic airway disease, illustrating the pathway 

from environmental exposures to epigenetic mechanisms, immune dysregulation, and clinical outcomes." 

 

2. Basics of Epigenetic Regulation 

Epigenetic regulation refers to dynamic and potentially reversible modifications that influence gene expression without 

altering the underlying DNA sequence 22. These molecular mechanisms play a crucial role in cellular differentiation, 

immune system maturation, and maintenance of tissue-specific gene expression. In recent years, epigenetic dysregulation 

has emerged as a key contributor to the development of chronic inflammatory and allergic airway diseases, particularly 

allergic rhinitis and allergic asthma 23. 

 

The immune system requires tightly coordinated regulation of gene expression to maintain immune tolerance while 

mounting effective responses against pathogens. Epigenetic mechanisms provide this regulatory flexibility by modulating 

chromatin accessibility and transcriptional activity in response to environmental and endogenous signals 24. The major 

epigenetic mechanisms include DNA methylation, histone modifications, chromatin remodeling, and non-coding RNA-

mediated regulation. 
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2.1 DNA METHYLATION 

DNA methylation is one of the most extensively studied epigenetic mechanisms in allergic diseases. It typically involves 

the addition of a methyl group to cytosine residues within CpG dinucleotides through the action of DNA methyltransferases 

(DNMTs) 25. Increased methylation within promoter regions is generally associated with transcriptional silencing, whereas 

hypomethylation may promote gene activation 26. 

 

Environmental exposures may significantly influence DNA methylation patterns within immune-related genes. Several 

studies have demonstrated altered methylation profiles in genes involved in T-helper cell differentiation, cytokine 

signaling, eosinophilic inflammation, and epithelial barrier function in patients with allergic rhinitis and asthma 10. Aberrant 

methylation of IL-4, IL-5, IL-13, FOXP3, and IFN-γ-related pathways has been associated with enhanced Th2 polarization 

and impaired immune tolerance 27. 

 

Prenatal and early childhood environmental exposures appear particularly important in shaping DNA methylation 

signatures. Maternal smoking, air pollution exposure, nutritional deficiencies, and microbial alterations may induce 

persistent methylation changes that influence allergic susceptibility later in life 28. These findings support the hypothesis 

that allergic airway diseases may partially originate from environmentally induced epigenetic programming during 

critical developmental windows. 

 

DNA methylation also contributes to epithelial barrier dysfunction, which has become a central concept in allergic disease 

pathogenesis. Nasal and bronchial epithelial cells exposed to pollutants and allergens may develop altered methylation 

patterns affecting tight junction proteins, inflammatory mediators, and oxidative stress pathways 29. Consequently, 

impaired epithelial integrity may facilitate allergen penetration and chronic mucosal inflammation within both upper and 

lower airways. 

 

2.2 HISTONE MODIFICATIONS 

Histones are structural proteins around which DNA is wrapped to form chromatin. Post-translational modifications of 

histones, including acetylation, methylation, phosphorylation, and ubiquitination, may alter chromatin structure and 

regulate gene transcription 30. Histone acetylation generally promotes transcriptional activation by relaxing chromatin 

architecture, whereas histone deacetylation contributes to chromatin condensation and transcriptional repression 31. 

 

Histone modifications have been implicated in the regulation of inflammatory genes involved in allergic airway diseases. 

Increased histone acetylation within Th2 cytokine loci has been associated with enhanced allergic inflammation and 

eosinophilic immune responses 32. Histone deacetylase (HDAC) dysfunction may further contribute to persistent airway 

inflammation and corticosteroid resistance observed in some asthma phenotypes 33. 

 

Oxidative stress induced by air pollution and tobacco smoke may directly influence histone-modifying enzymes and alter 

inflammatory gene expression 34. In addition, dietary compounds such as polyphenols, curcumin, sulforaphane, and short-

chain fatty acids have been shown to modulate histone acetylation pathways, highlighting the emerging role of 

nutriepigenetics in allergic disease regulation 35. 
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2.3 CHROMATIN REMODELING 

Chromatin remodeling refers to ATP-dependent structural alterations that regulate the accessibility of transcription factors 

to DNA 36. Chromatin-remodeling complexes may either facilitate or inhibit gene transcription by altering nucleosome 

positioning and chromatin compaction. These mechanisms are essential for immune cell differentiation and inflammatory 

signaling. 

 

In allergic airway diseases, chromatin remodeling contributes to the transcriptional regulation of cytokines, chemokines, 

and epithelial inflammatory mediators 37. Environmental exposures may influence chromatin accessibility within genes 

involved in airway inflammation, oxidative stress responses, and mucosal immunity. Persistent chromatin alterations may 

therefore contribute to chronic inflammatory memory within airway epithelial and immune cells 38. 

 

Recent studies suggest that epithelial cells may retain epigenetic “memory” following repeated allergen or pollutant 

exposure, resulting in exaggerated inflammatory responses upon subsequent stimulation 39. This concept may partially 

explain chronicity and recurrence in allergic rhinitis and asthma despite variable environmental exposure levels. 

 

2.4 NON-CODING RNAS AND MicroRNAS 

Non-coding RNAs, particularly microRNAs (miRNAs), represent another important epigenetic regulatory mechanism. 

MicroRNAs are short non-coding RNA molecules that regulate gene expression post-transcriptionally by targeting 

messenger RNA (mRNA) for degradation or translational inhibition 40. 

Several microRNAs have been associated with allergic airway inflammation and immune dysregulation. Altered 

expression of miR-21, miR-155, miR-146a, and miR-126 has been reported in allergic rhinitis and asthma patients 41. 

These microRNAs regulate pathways related to Th2 differentiation, eosinophilic inflammation, epithelial barrier integrity, 

and cytokine production. 

 

MicroRNAs may also mediate interactions between environmental exposures and allergic sensitization. Air pollutants, 

cigarette smoke, viral infections, and dietary factors may alter microRNA expression profiles within airway epithelial 

cells and immune cells 42. Consequently, dysregulated microRNA signaling may amplify chronic mucosal inflammation and 

contribute to disease persistence. 

 

In addition to their mechanistic role, circulating microRNAs are increasingly investigated as potential biomarkers for 

disease severity, therapeutic response, and personalized treatment strategies in allergic airway diseases 43. 

 

2.5 EPIGENETIC PLASTICITY AND THERAPEUTIC IMPLICATIONS 

Unlike fixed genetic mutations, epigenetic modifications are potentially reversible, making them attractive therapeutic 

targets 44. This reversibility has generated increasing interest in epigenetic-based interventions aimed at restoring immune 

tolerance and reducing chronic airway inflammation. 

 

Emerging evidence suggests that environmental and lifestyle interventions, including dietary modification, microbiota-

targeted therapies, smoking cessation, stress reduction, and nutraceutical supplementation, may influence epigenetic 

pathways involved in allergic diseases 45. Nutrients participating in methylation pathways, such as folate, vitamin B12, 

choline, and polyphenolic compounds, may modulate immune responses through epigenetic regulation 46. 

https://doi.org/10.18103/mra.2026.0383
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The integration of epigenetic profiling into precision medicine may eventually enable individualized risk assessment and 

targeted preventive strategies in allergic rhinitis and asthma. Understanding how environmental exposures shape 

epigenetic signatures within the united airway system may therefore provide new opportunities for early intervention and 

personalized therapy (Table 1). 

 

Table 1. Major Epigenetic Mechanisms Involved in Allergic Airway Diseases 

Mechanism Main Target Biological Effect Relevance to Allergic Airway 

Disease 

DNA Methylation CpG islands, promoter 

regions 

Gene silencing or 

activation 

Alters Th1/Th2 balance, IgE 

production, FOXP3 expression, and 

epithelial barrier integrity 

Histone Modifications Histone proteins (H3, 

H4) 

Changes chromatin 

accessibility and 

transcriptional activity 

Regulates inflammatory cytokines, 

eosinophilic inflammation, and 

corticosteroid responsiveness 

Chromatin 

Remodeling 

Nucleosome positioning Controls transcription 

factor access to DNA 

Contributes to inflammatory memory 

and persistent airway inflammation 

MicroRNAs (miRNAs) Messenger RNA 

(mRNA) 

Post-transcriptional 

regulation of gene 

expression 

Influences Th2 differentiation, 

cytokine signaling, and epithelial 

barrier function 

Microbiome-Derived 

Metabolites (SCFAs) 

Histone acetylation 

and DNA methylation 

pathways 

Promotes immune tolerance 

and Treg differentiation 

Supports anti-inflammatory responses 

and reduces allergic sensitization 

Environmental 

Epigenetic Influences 

Multiple epigenetic 

pathways 

Exposure-dependent 

epigenetic modification 

Includes effects of air pollution, 

tobacco smoke, allergens, nutrition, 

and microbial dysbiosis 

 

3. Early-Life Epigenetic Programming in Allergic Rhinitis 

The development of allergic rhinitis is increasingly recognized as the result of interactions between genetic susceptibility 

and environmental exposures occurring during critical periods of immune and epithelial maturation 47. Prenatal life and 

early childhood represent highly sensitive developmental windows during which environmental stimuli may induce 

persistent epigenetic alterations affecting upper airway immune responses later in life 48. 

 

The Developmental Origins of Health and Disease (DOHaD) hypothesis suggests that early environmental conditions may 

biologically program future disease susceptibility 49. In allergic airway diseases, this concept is particularly important 

because the immune system and nasal epithelium continue to develop throughout infancy and childhood 50. Environmental 

exposures during these periods may therefore influence immune tolerance, epithelial barrier integrity, and inflammatory 

responses through epigenetic mechanisms. 

https://doi.org/10.18103/mra.2026.0383
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Maternal smoking, air pollution, dietary imbalance, psychosocial stress, and microbial alterations during pregnancy have 

all been associated with allergic disease development in offspring 51. Tobacco smoke exposure during fetal life has been 

linked to altered DNA methylation patterns in immune-related genes and increased risk of allergic rhinitis and airway 

inflammation later in childhood 52,53. Similarly, exposure to particulate matter (PM2.5) and traffic-related pollutants may 

induce oxidative stress and epigenetic dysregulation within the developing nasal epithelium, promoting Th2-dominant 

inflammation and eosinophilic immune responses 54,55. 

 

Maternal nutrition also plays an important role in fetal epigenetic programming. Nutrients involved in one-carbon 

metabolism, including folate, vitamin B12, choline, and methionine, directly influence DNA methylation pathways 56. 

Altered maternal dietary patterns and antioxidant deficiencies may therefore affect immune maturation and susceptibility 

to allergic inflammation 57. 

 

Microbial exposure during infancy is another critical factor in immune development. Reduced microbial diversity and 

early-life dysbiosis may impair regulatory immune pathways and increase allergic sensitization risk 58. Microbial 

metabolites such as short-chain fatty acids (SCFAs) regulate histone acetylation and immune tolerance mechanisms, further 

supporting the role of microbiota-epigenetic interactions in allergic rhinitis development 59. 

 

The nasal epithelium itself serves as an active immunological barrier rather than merely a physical structure 9. Early 

epithelial injury induced by pollutants, allergens, viral infections, or tobacco smoke may lead to persistent epigenetic 

alterations affecting epithelial integrity and inflammatory signaling 60. These changes may contribute to chronic mucosal 

hypersensitivity and upper airway inflammation characteristic of allergic rhinitis. 

 

Importantly, many early-life epigenetic modifications appear to be potentially reversible 44. Reduced pollutant exposure, 

avoidance of tobacco smoke, healthy nutrition, breastfeeding, and preservation of microbial diversity may support 

healthier immune maturation and decrease allergic disease susceptibility 61. Understanding these developmental 

epigenetic mechanisms may therefore provide valuable opportunities for early prevention strategies in allergic rhinitis 

and sinonasal inflammatory diseases. 

 

4. Environmental Exposures and Sinonasal Inflammation 

Environmental exposures play a major role in the development and persistence of allergic rhinitis and sinonasal 

inflammation. Rapid urbanization, industrialization, air pollution, tobacco smoke exposure, and changing lifestyle patterns 

have all been associated with the increasing prevalence of upper airway inflammatory diseases worldwide  (Table 2) 

62. 
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Table 2. Environmental Exposures and Their Associated Epigenetic Modifications in Allergic Airway Disease 

Environmental Exposure Epigenetic Modification 

Induced 

Affected Genes / 

Pathways 

Clinical / Immunological 

Consequence 

Maternal smoking / 

tobacco smoke (prenatal 

& childhood) 

DNA methylation changes 

(hyper- and hypomethylation) 

Immune-related genes, 

AHRR, cytokine signaling 

pathways 

Increased risk of allergic 

rhinitis, wheezing, and 

airway inflammation in 

offspring 

Air pollution (PM2.5, NO₂, 

diesel exhaust particles) 

Oxidative stress-induced 

DNA methylation and histone 

modification changes 

Th2 cytokine genes, 

oxidative stress 

response pathways 

Promotes Th2-dominant 

inflammation, eosinophilic 

activation, and epithelial 

barrier injury 

Maternal nutrition / one-

carbon metabolism 

(folate, B12, choline) 

Altered DNA methylation via 

methyl-donor availability 

Genes regulated by 

one-carbon metabolism, 

immune maturation 

pathways 

Influences fetal immune 

programming and allergic 

disease susceptibility 

Microbial dysbiosis / 

reduced microbial 

diversity (infancy) 

Altered histone acetylation 

and DNA methylation via 

microbial metabolites (SCFAs) 

FOXP3, regulatory T-

cell pathways, immune 

tolerance genes 

Impaired immune tolerance 

and increased allergic 

sensitization risk 

Occupational and indoor 

pollutants (VOCs, molds, 

dust) 

Epithelial epigenetic 

alterations affecting barrier-

related gene expression 

Tight junction genes, 

inflammatory mediator 

genes 

Chronic epithelial irritation, 

mucosal hypersensitivity, 

persistent rhinitis symptoms 

Dietary bioactive 

compounds (polyphenols, 

curcumin, sulforaphane, 

SCFAs) 

Modulation of histone 

acetylation pathways (HDAC 

inhibition) 

Inflammatory cytokine 

loci, Treg-associated 

genes 

Potential anti-inflammatory 

and immune-tolerogenic 

effects; therapeutic 

relevance 

 

Among these factors, air pollution is one of the most extensively studied environmental triggers. Particulate matter 

(PM2.5), nitrogen dioxide (NO₂), ozone, and diesel exhaust particles may directly damage the nasal epithelial barrier 

and promote chronic mucosal inflammation63. The nasal mucosa represents the first contact surface for inhaled pollutants, 

making the upper airway particularly vulnerable to oxidative stress and inflammatory injury64. Pollutant-induced 

oxidative stress may activate epigenetic pathways involved in cytokine production, eosinophilic inflammation, and Th2-

skewed immune responses55. 

 

Tobacco smoke exposure is another important contributor to sinonasal inflammation. Both active and passive smoking 

have been associated with impaired mucociliary clearance, epithelial barrier dysfunction, and increased inflammatory 

cytokine expression within the nasal mucosa65. Cigarette smoke may additionally induce DNA methylation changes and 

histone modifications affecting immune regulation and chronic inflammatory signaling66. 
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Occupational and indoor environmental exposures may also contribute to chronic upper airway inflammation. Volatile 

organic compounds, cleaning chemicals, molds, dust exposure, and industrial pollutants may trigger persistent epithelial 

irritation and inflammatory remodeling within sinonasal tissues67. Repeated exposure to these irritants may promote 

chronic rhinitis symptoms and increased mucosal hypersensitivity. 

 

Environmental factors may also influence the sinonasal microbiome, further contributing to mucosal immune 

dysregulation68. Alterations in microbial diversity associated with pollution and urban environmental exposure may impair 

epithelial homeostasis and enhance susceptibility to chronic inflammation. 

 

Overall, environmental exposures contribute not only to allergic sensitization but also to chronic epithelial injury and 

persistent sinonasal inflammation through oxidative stress, immune dysregulation, and epigenetic alterations. 

Understanding these mechanisms may provide important insights into preventive strategies and targeted therapeutic 

approaches in allergic rhinitis and chronic rhinosinusitis. 

 

5. Epigenetic Dysregulation in Allergic Rhinitis 

Allergic rhinitis is characterized by chronic inflammation of the nasal mucosa driven predominantly by Th2-mediated 

immune responses and immunoglobulin E (IgE)-associated hypersensitivity reactions3. In recent years, increasing evidence 

has demonstrated that epigenetic dysregulation plays a central role in the initiation, persistence, and severity of allergic 

rhinitis by modulating immune signaling pathways, epithelial barrier integrity, and inflammatory mediator expression10. 

 

One of the most extensively investigated epigenetic mechanisms in allergic rhinitis is DNA methylation. Altered methylation 

patterns have been identified in genes associated with Th1/Th2 balance, eosinophilic inflammation, and regulatory T-

cell function27. Hypomethylation of IL-4 and IL-13 promoter regions may enhance Th2 cytokine expression and promote 

allergic inflammation, whereas hypermethylation of IFN-γ-related pathways may suppress Th1 immune responses and 

contribute to immune imbalance69. 

 

Epithelial barrier dysfunction has also emerged as a key feature of allergic rhinitis pathogenesis. The nasal epithelium 

functions as both a physical and immunological barrier against inhaled allergens and environmental pollutants9. Epigenetic 

alterations affecting tight junction proteins, mucosal integrity, and inflammatory signaling pathways may increase 

epithelial permeability and facilitate allergen penetration into sinonasal tissues70. Persistent epithelial injury may 

subsequently amplify chronic mucosal inflammation and local immune activation. 

 

Histone modifications additionally contribute to inflammatory gene regulation in allergic rhinitis. Increased histone 

acetylation within inflammatory cytokine loci may promote eosinophilic inflammation and enhance allergic responses71. 

Oxidative stress induced by pollutants and allergens may further alter histone-modifying enzyme activity and contribute 

to chronic upper airway inflammation72. 

 

MicroRNAs have also been implicated in allergic rhinitis pathophysiology. Dysregulated expression of miR-21, miR-146a, 

miR-155, and miR-126 has been associated with eosinophilic inflammation, cytokine production, and epithelial barrier 

dysfunction41. These non-coding RNAs may regulate inflammatory signaling pathways and contribute to persistent 

sinonasal hypersensitivity. 
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Medical Research Archives | https://doi.org/10.18103/mra.2026.0383 12 

THE EUROPEAN SOCIETY OF MEDICINE 
 

Recent studies suggest that epigenetic alterations may also influence disease severity, treatment response, and chronicity 

in allergic rhinitis73. Persistent environmental exposure to allergens, air pollution, and tobacco smoke may reinforce 

inflammatory epigenetic signatures within nasal epithelial and immune cells, promoting ongoing mucosal inflammation 

even after allergen avoidance74. 

 

Understanding the epigenetic mechanisms underlying allergic rhinitis may therefore provide new opportunities for 

biomarker development and targeted therapeutic strategies aimed at restoring epithelial barrier function and immune 

tolerance within the upper airway. 

 

6. Nasal Microbiome and Epigenetic Crosstalk in Allergic Rhinitis 

The nasal microbiome has emerged as an important regulator of upper airway immune homeostasis and mucosal 

inflammation. The sinonasal cavity contains a diverse microbial ecosystem that continuously interacts with epithelial and 

immune cells75. Alterations in microbial composition, known as dysbiosis, have been increasingly associated with allergic 

rhinitis and chronic upper airway inflammation76. 

 

In healthy individuals, the nasal microbiome contributes to epithelial barrier integrity, immune tolerance, and protection 

against pathogenic colonization77. However, environmental exposures such as air pollution, tobacco smoke, antibiotic use, 

and urban lifestyle factors may disrupt microbial diversity and promote inflammatory dysbiosis78. These microbial 

alterations may influence local immune responses and contribute to persistent allergic inflammation within the nasal 

mucosa. 

 

Recent evidence suggests that the microbiome may regulate allergic inflammation through epigenetic mechanisms. 

Microbial metabolites, particularly short-chain fatty acids (SCFAs), may influence DNA methylation and histone acetylation 

pathways involved in immune regulation18. SCFAs are known to modulate regulatory T-cell differentiation and suppress 

excessive inflammatory responses, thereby contributing to immune tolerance79  (Figure 2). 

https://doi.org/10.18103/mra.2026.0383
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"Figure 2. Nasal microbiome–epithelium–epigenetic crosstalk in allergic rhinitis. Short-chain fatty acids (SCFAs) derived 

from a diverse, eubiotic microbiota promote histone acetylation, DNA methylation shifts, and regulatory T-cell (Treg) 

differentiation, supporting immune tolerance and epithelial barrier integrity. In contrast, dysbiosis with reduced microbial 

diversity is associated with barrier disruption and Th2-skewed inflammation characteristic of allergic rhinitis." 

 

Dysbiosis within the upper airway may also impair epithelial barrier function and enhance mucosal permeability to 

allergens and environmental pollutants 9. Increased epithelial permeability may facilitate allergen penetration and 

amplify Th2-mediated inflammatory pathways characteristic of allergic rhinitis 80. 

 

Several studies have demonstrated altered nasal microbial profiles in patients with allergic rhinitis compared to healthy 

controls 81. Reduced microbial diversity and increased colonization by pro-inflammatory bacterial species have been 

associated with symptom severity and chronic mucosal inflammation 82. These findings suggest that microbiome-epigenetic 

interactions may play an important role in the persistence and progression of allergic rhinitis. 

 

Understanding the relationship between the nasal microbiome, epithelial barrier function, and epigenetic regulation may 

provide new insights into allergic rhinitis pathogenesis. Future therapeutic approaches targeting microbial balance and 

mucosal immune regulation may contribute to more effective management strategies in upper airway inflammatory 

diseases. 
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7. Conclusion 

Allergic rhinitis is a multifactorial inflammatory disease shaped by complex interactions between genetic susceptibility, 

environmental exposures, epithelial barrier dysfunction, and immune dysregulation. Increasing evidence demonstrates 

that epigenetic mechanisms — including DNA methylation, histone modifications, and microRNA dysregulation — play a 

central role in mediating these interactions and contribute significantly to the development and persistence of upper 

airway inflammation, predominantly through Th2-dominant and eosinophilic immune activation. 

 

Environmental factors including air pollution, tobacco smoke, microbial alterations, and early-life exposures may induce 

epigenetic modifications affecting cytokine expression, epithelial integrity, and mucosal immune responses. Aberrant 

methylation of key immunoregulatory genes, dysregulated non-coding RNA signaling, and histone acetylation changes 

within inflammatory loci have all been implicated in allergic rhinitis pathogenesis and may reinforce chronic mucosal 

sensitization even in the absence of ongoing allergen exposure. 

 

The nasal epithelium and sinonasal microbiome are increasingly recognized as important regulators of upper airway 

immune homeostasis. Disruption of epithelial barrier function and microbial balance may amplify allergic sensitization 

through epigenetic pathways, supporting the concept that allergic rhinitis involves not only immunological but also 

epithelial and environmental dimensions. A better understanding of these reversible epigenetic alterations may provide 

new opportunities for biomarker development and personalized preventive and therapeutic strategies in allergic airway 

diseases. 
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