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ABSTRACT
Allergic diseases are a significant global health concern. These disorders result from abnormal immune 
responses to environmental allergens, influenced by genetic, environmental, and epigenetic factors. 
Among these, histone acetylation has emerged as a key epigenetic mechanism influencing immune 
gene expression. Histone acetylation modulates chromatin structure and gene transcription, linking 
environmental exposures to immune responses. In this review, we explore how histone acetylation 
mechanisms regulate immune gene activation and contribute to the pathophysiology of allergic 
diseases and detail the role of histone acetylation in asthma, food allergy, atopic dermatitis, and 
other allergic conditions. Finally, we discuss therapeutic strategies targeting histone acetylation, high
lighting their potential to mitigate allergic inflammation and improve patient outcomes. Understanding 
histone acetylation’s role in allergic diseases provides a basis for developing epigenetic therapies, 
offering promising new approaches to managing these conditions.
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1. Introduction

Allergic diseases, including asthma, allergic rhinitis, and atopic 
dermatitis, have become significant public health concerns 
globally, with rising prevalence attributed to genetic, environ
mental, and epigenetic factors [1]. At the heart of allergic 
pathophysiology lies the dysregulation of immune responses, 
particularly the skewing toward type 2 helper T-cell (Th2) 
dominance, which promotes the overproduction of immuno
globulin E (IgE) and the release of pro-inflammatory cytokines 
[2]. While allergens are well-established as triggers of these 
immune cascades, recent advancements in molecular biology 
have highlighted the critical role of epigenetic mechanisms, 
such as histone modifications, in shaping immune gene 
expression.

Histone acetylation, a reversible epigenetic modification, 
has emerged as a key regulator of chromatin accessibility 
and transcriptional activity in immune cells [3]. By adding 
acetyl groups to lysine residues on histones, histone acetyl
transferases (HATs) reduce chromatin compaction, facilitating 
the recruitment of transcriptional machinery to immune- 
related genes [4]. Conversely, histone deacetylases (HDACs) 
remove these acetyl groups, repressing gene expression. This 
dynamic interplay between HATs and HDACs modulates the 
expression of cytokines, chemokines, and receptors critical for 
allergic inflammation [5].

Emerging evidence suggests that environmental factors, 
such as pollutants and dietary components, influence histone 
acetylation patterns, linking epigenetic regulation to allergen- 
induced immune responses [6]. Furthermore, aberrant histone 
acetylation has been implicated in the persistence of Th2

polarization and the suppression of regulatory T-cell (Treg) 
function, exacerbating allergic diseases [7]. This review 
explores the role of histone acetylation in allergic diseases, 
emphasizing its potential as a therapeutic target for modulat
ing immune responses and improving patient outcomes.

2. The immune system responds to allergens

Allergic diseases are triggered by environmental substances 
known as allergens. Common allergens include environmental 
sources (e.g., pollen and dust mites), food allergens (e.g., pea
nuts, shellfish, and milk) and drug allergens. These allergens 
can originate from various sources and enter the body 
through inhalation, ingestion or skin contact. These allergens 
can trigger allergies like asthma, food allergies and atopic 
dermatitis, most of which lead to type 2 immune response in 
the human body, and type I hypersensitivity is a manifestation 
of type 2 immune response.

Allergic responses progress through two distinct phases: 
the sensitization phase and the elicitation phase. During sen
sitization, antigen-presenting cells (APCs), such as dendritic 
cells, capture allergens and present them to naïve T cells in 
lymphoid tissues. In predisposed individuals, this interaction 
induces the differentiation of Th2 cells, a hallmark of allergic 
hypersensitivity. The type 2 immune response involves 
a network of Th2 cells, IgE-producing B cells, group 2 innate 
lymphoid cells (ILC2s), basophils, mast cells, and their asso
ciated cytokines, including interleukin-4 (IL-4), IL-5, IL-9, and IL- 
13. These cytokines stimulate B cells to produce allergen- 
specific IgE antibodies [8,9]. IgE binds to high-affinity IgE
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receptors (FcεRI) on the surface of mast cells and basophils, 
“priming” these cells for subsequent allergen encounters. 
Upon re-exposure to the allergen, typically at barrier surfaces 
such as the skin or mucosa, the allergen cross-links IgE mole
cules bound to FcεRI on mast cells. This cross-linking induces 
mast cell degranulation, releasing preformed inflammatory 
mediators, such as histamine, tryptase, and leukotrienes, 
within seconds. Additionally, mast cells rapidly synthesize 
and release newly formed mediators. These mediators drive 
the acute symptoms of allergic reactions, including itching, 
swelling, flushing, nausea, vomiting, diarrhea, pain, wheezing, 
cough, sneezing, rhinorrhea, congestion, and syncope [10–13].

3. Histone acetylation

Epigenetics has grown rapidly over the past few decades, but 
researchers often define the term differently. For example, 
the US National Institutes of Health (2009) described epige
netics as both heritable changes in gene activity and expres
sion (in the progeny of cells or individuals) and stable, long- 
term alterations in the transcriptional potential of a cell that 
are not necessarily heritable [14]. Deans and her colleague 
defined epigenetics as “the study of phenomena and 
mechanisms that cause chromosome-bound, heritable 
changes to gene expression that are not dependent on 
changes to DNA sequence” [15]. Despite these varying defini
tions, most agree that epigenetic regulation mainly involves 
four mechanisms: histone modifications, DNA methylation, 
chromatin remodeling, and non-coding RNA. In addition, 
Nicoglou et al. also suggested that transcription factors may 
play a role in epigenetic regulation [16]. These epigenetic 
mechanisms add another layer of control over gene expres
sion, allowing cells to adapt to changing environments. This 
flexibility helps organisms respond quickly to external stimuli. 
Epigenetic changes can also affect physical traits and are

involved in the development and progression of many dis
eases, including inflammation, cancer, cardiovascular and 
kidney diseases, metabolic disorders, and neuropsychiatric 
conditions [17]. The epigenetic changes are heritable. 
Environmental exposures in progenitors, such as diet, can 
induce epigenetic changes that are heritable through the 
germline and persist across cell divisions. A well-known 
example is the Dutch Hunger Winter cohort: children of 
fathers who were prenatally exposed to famine showed 
a higher risk of being overweight or obese compared to 
children of unexposed fathers and both exposed and unex
posed mothers [18]. Recent studies in humans and mice have 
shown that epigenetic modifications in the paternal germ
line, such as changes in methylation at histone H3 lysine 4 
(H3K4) and lysine 27 (H3K27), can affect chromatin structure 
and gene regulation. These alterations influence promoter 
regions of genes critical for embryonic development, further 
supporting the transgenerational impact of epigenetic regu
lation [19–21].

Among epigenetic modifications, histone modifications 
remain one of the most extensively studied modifications, 
particularly histone acetylation. Histone acetylation supports 
accessible and transcriptionally active chromatin, promoting 
critical genome regulation processes such as replication, 
repair, and transcription [22]. In general, the active state of 
genes correlates with increased levels of acetylated histones, 
and lysine acetylation on histones has two major conse
quences. First, acetylation leads to a more open chromatin 
structure by neutralizing the positive charge of the lysine ε- 
amino group. This charge neutralization disrupts electrostatic 
interactions between lysine residues and other macromole
cules, such as DNA and proteins, thereby enhancing transcrip
tion factor binding to DNA [23]. Second, acetylated lysine 
residues serve as docking sites for specific epigenetic readers. 
These readers recognize acetylated histones and recruit tran
scriptional co-regulators and chromatin remodeling factors 
[24]. The most well-characterized families of epigenetic read
ers include proteins with bromodomains (BRDs), which recog
nize acetylated histones, and chromodomains [25]. These 
readers bind acetylated histones at promoter and enhancer 
regions, recruiting transcription factors, cofactors, and RNA 
polymerase II to regulate transcription and other DNA- 
templated processes in a highly context-dependent manner 
[26–29]. Histone acetylation is dynamically regulated by HATs, 
which act as “epigenetic writers” by acetylating lysine resi
dues, and HDACs, which function as “epigenetic erasers” by 
removing these modifications (Figure 1). For example, 
A cryogenic electron microscopy study has provided insights 
into the molecular mechanism of p300/CBP, a key histone 
acetyltransferase. These studies revealed that p300/CBP pro
pagates acetylation within H3-H4 tetramers and transfers it to 
H2A-H2B dimers, destabilizing nucleosomes and activating 
gene transcription [30]. Additionally, histone acetylation has 
been shown to facilitate transcription by recruiting bromodo
main-containing proteins, such as BRD4 and TFIID subunit 1, 
which play pivotal roles in transcriptional initiation [31].

These processes are catalyzed by HATs and HDACs, respec
tively [32,33]. HDACs are grouped into four different classes: 
(1) class-I (HDAC1, HDAC2, HDAC3, HDAC8); (2) class-IIa
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(HDAC4, HDAC5, HDAC7, HDAC9) and class-IIb (HDAC6, 
HDAC10); (3) class-III (the NAD-dependent protein deacetylase 
sirtuin 1–7 (SIRT1–7) and (4) class-IV (HDAC11) [34,35]. And 
HATs can be grouped into three main families: (1) the general 
control non-derepressible5 (Gcn5)/PCAF family; (2) the p300/ 
CBP family; (3) the MYST family are involved in the control of 
transcription and cell growth and survival [35].

4. Epigenetic control of immune genes links 
acetylation to gene activation in allergic diseases via 
cytokines and Tregs

Histone acetylation plays a pivotal role in regulating the tran
scription of genes associated with allergic diseases. 
Acetylation at the promoter regions of allergy-related immune 
genes has been identified as a significant risk factor for sensi
tization to food or inhaled allergens [36]. Su et al. demon
strated that HAT activity was increased in nuclear lysates of 
PBMCs from children with allergic asthma, whereas HDAC 
activity was reduced compared to atopic non-asthmatic con
trols. Moreover, the extent of histone acetylation positively 
correlated with the severity of bronchial hyperresponsiveness 
[37]. Allergen-specific memory T cells from the spleens of 
asthma mouse models had histone hyperacetylation caused 
by reduced HDAC7, HDAC9, and HDAC10 expression. They 
contribute to eosinophilic airway inflammation when these 
cells are adoptively transferred into naïve mice’s lungs [38]. 
HAT activity is essential for the transcription of numerous 
immune molecules. For example, Tat-interactive protein 60 
(Tip60), a key HAT, facilitates chromatin remodeling and IgE/ 
IgG1 expression in B cells. Inhibition of Tip60 significantly

attenuated allergic inflammation [39,40]. Conversely, mice 
with HDAC1-deficient T cells exhibited heightened Th2-type 
responses, including increased eosinophilic recruitment, 
mucus hypersecretion, lung inflammation, and enhanced air
way resistance [41].

4.1. Histone acetylation regulates cytokines which are 
involved in allergic diseases

Cytokines are critical mediators of immune responses, and 
their expression is tightly regulated by histone acetylation. 
Th2 differentiation is accompanied by dynamic alterations in 
histone acetylation at cytokine gene loci. IL-4 and IL-13 are 
hallmarks of Th2 cytokines that orchestrate many allergic 
processes, including IgE production, eosinophil recruitment, 
and mucus hypersecretion. In contrast, IFN-γ, a critical Th1 
cytokine that counterbalances Th2 responses, shows reduced 
expression in allergic diseases. Fields et al [42]. reported pro
found increases in histone acetylation at both IFN-γ and IL-4 
loci during Th1/2 differentiation and found that these changes 
were locus and lineage-specific. Increased H3 acetylation at 
the IL-4 locus in Th2 cells was associated with elevated IL-4 
expression, whereas reduced histone acetylation at the IFN-γ 
locus led to diminished expression of IFN-γ in Th2 cells [43]. 
Overexpression of the HDAC1, HDAC2 and HDAC3 inhibited 
transcription driven by the IL-4 promoter [44]. Whereas, the 
binding of the HAT p300/CBP to the CNS1 region further 
enhances histone acetylation and IL-4 expression [45].

STAT6 is a key transcription factor in Th2-mediated immune 
responses. When IL-4 binds to its receptor, it activates JAK2, 
which then phosphorylates STAT6. This phosphorylation

Figure 1. The mechanism of gene expression by reversible lysine acetylation process. Acetylation of lysine (lys) residues on substrate histone protein is carried out 
by histone acetyltransferases (HAT). These enzymes are the so-called “writers” able to add acetyl groups mostly on histone tails. The acetylation reaction converts 
acetyl coenzyme a (ac-CoA) into coenzyme a (CoA). The active state of genes correlates with increased levels of acetylated histones and has two major 
consequences. First, acetylation leads to a more open chromatin structure by neutralizing the positive charge of the lysine ε-amino group and thus allowing the 
recruitment of gene-specific transcription factors(tfs) to promote transcription. Second, acetylated lysine residues serve as docking sites for specific epigenetic 
readers like BRDs, these readers might recruit the basal TFs (bTfs) or chromatin remodeling complexes to activate gene expression. The process is reversible due to 
the action of histone deacetylases (HDAC), the “erasers” that remove the acetyl group from histone tails.
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allows STAT6 to promote the transcription of its target genes, 
including those encoding inflammatory mediators and cyto
kines. Tripartite motif-containing 24 (TRIM24) is a CBP- 
associated E3 ubiquitin ligase. TRIM24 promotes the ubiquiti
nation of CBP at lysine 119 and strengthens the interaction 
between CBP and STAT6. This interaction leads to STAT6 
acetylation at lysine 383, and this modification reduces its 
ability to bind DNA, which means it suppresses its transcrip
tional activity. Liyan and colleagues found reduced TRIM24 
expression in PBMCs and CD4+ T cells from patients with 
allergic rhinitis. This reduction in TRIM24 was associated with 
lower acetylation at lysine 383 of STAT6, which enhanced 
STAT6 activity. As a result, transcription of STAT6 target 
genes, such as GATA3, was increased. Together, these findings 
suggest that TRIM24 regulates STAT6-mediated GATA3 expres
sion by modulating STAT6 acetylation. This mechanism pro
motes IL-4 production, Th2 cell differentiation, and more 
severe allergic rhinitis symptoms [46,47].

Similarly, PBMCs from patients with Henoch-Schönlein pur
pura exhibited marked increases in histone H3 acetylation and 
H3 lysine 4 trimethylation at the IL-4 loci. This was accompa
nied by elevated expression of IL-4, IL-6, IL-13, GATA-3, TIM-1, 
and CXCL4 [48]. IL-13 treatment has been shown to induce 
global histone H3 acetylation and promote CBP-STAT6 com
plex formation. This increases histone acetylation at the 
eotaxin-3 promoter which increases transcription of IL-13- 
induced chemokines such as eotaxin-3 [49]. Conversely, acti
vation of STAT4 allows for histone acetylation to accumulate 
at the conserved regions of the IFN-γ promoter, facilitating 
STAT4 transcription factor binding, thereby committing naïve 
T cells toward a Th1 lineage while suppressing Th2 differentia
tion [50].

4.2. Histone acetylation regulates Tregs which are 
involved in allergic diseases

Tregs are a subset of CD4+ T cells that maintain immune 
tolerance and prevent excessive immune responses. They 
play a critical role in suppressing inflammation and immune 
hyperreactivity associated with allergic disorders. Importantly, 
the suppressive function of Tregs is regulated epigenetically. 
Harb et al. observed that in the FoxP3 locus of Tregs, histone 
H3 acetylation was significantly increased, with a trend toward 
elevated H4 acetylation at the IL-13 locus, in children with 
allergic asthma compared to healthy controls [51]. Treatment 
with HDAC inhibitors increased FoxP3 expression, enhanced 
Treg-cell numbers, and improved the suppressive function of 
Tregs [52]. Genetic deletion of HDAC6 or HDAC9 increases the 
expression of FoxP3. In addition, both HDAC6 and HDAC9 
deacetylate other proteins directly or indirectly involved in 
FoxP3 expression and Treg-cell function, such as HSP90 and 
STAT5 [53–55]. Consistent with this, HDAC9 activity in T cells 
restricts Treg-cell numbers and function by suppressing the 
conversion of effector T cells (Teffs) into Tregs [53]. 
Additionally, the FoxP3 protein itself is directly and function
ally regulated by HDAC-mediated deacetylation. Treatment of 
Tregs with either Trichostatin A (TSA) or nicotinamide, a sirtuin 
inhibitor, induced FoxP3 acetylation and increased FoxP3 pro
tein expression [56,57]. Notably, SIRT1 uniquely deacetylates

FoxP3 at specific lysine residues (K31, K262, K267), acting as 
a negative regulator of Treg function. SIRT1 inhibitors have 
been shown to restore FoxP3 acetylation and strengthen Treg 
suppressive activity [25,57,58]. In IgE-mediated cow’s milk 
allergy models, decreased H3/H4 acetylation at Treg loci coin
cided with lower Treg and Th17%s, reflecting an epigenetic 
state favoring lower gene expression [59].

5. Role of histone acetylation in specific allergic 
diseases

5.1. Histone acetylation in asthma

Asthma is a common chronic respiratory disease characterized 
by inflammation, airway hyperresponsiveness, and airway 
restriction, resulting in breathing difficulties [60]. It is one of 
the primary allergic diseases affecting millions of people 
worldwide, and about 1000 people die from it every day 
[61]. Recent research shows the critical role of epigenetic 
modifications, particularly histone acetylation, in the progres
sion of asthma [62–68].

Several studies have shown that various HATs such as P300 
and KAT8 promote different asthma symptoms [69–71]. In parti
cular, it was shown that activation of the orosomucoid 1-like 
protein 3 (ORMDL3) gene, which is closely associated with 
asthma progression, switches on the NLRP3 inflammasome and 
further facilitates the inflammatory response of asthma in 
a murine model [69,70,72]. The effective use of C646, 
a selective inhibitor of P300, in alleviating asthma was also 
shown in the same study [69,72]. Similarly, a study conducted 
by Zhou et al. investigated the impact of PM2.5, a highly studied 
environmental risk factor for asthma, on disease progression. The 
findings show that P300 contributes to asthma by hyperacetylat
ing H3K9 and H3K14 within the promoter region of IL-4 in CD4+ 

T cells. This modification enhances IL-4 production, which plays 
a crucial role in asthma progression by activating plasma cells 
[73,74]. Additionally, KAT8, a HAT, acetylates the IL-33 promoter, 
enhancing cytokine stability and contributing to asthma progres
sion. Inhibition of HAT activity with MG149 alleviates allergic 
airway inflammation [71,75].

In contrast to HATs, HDACs play critical roles in regulating 
inflammation and remodeling in asthma by histone deacetyla
tion. In particular, HDAC1 [76], HDAC2 [77–79], HDAC8 [80,81] 
and several SIRTs [82–85] have emerged as key regulators in 
asthma progression. HDACs influence cytokine production, 
mucus secretion, airway fibrosis, and immune cell polarization 
[76–81,83–85]. HDAC1 suppresses IL-6, a major pro- 
inflammatory cytokine linked to asthma. The protein C-ets-2 
recruits HDAC1 to the IL-6 promoter following TLR activation, 
enhancing histone deacetylation and epigenetically suppres
sing IL-6 production. This mechanism highlights HDAC1 as 
a potential target for controlling inflammation in asthma [76].

Similarly, HDAC2 plays a massive role in asthma progres
sion. HDAC2 is recruited by glucocorticosteroids, an asthma 
drug, to deacetylate activated inflammatory genes such as 
tumor necrosisfactor-α (TNF-α), IL-8 and granulocyte- 
macrophage colony stimulating factor (GM-CSF), thereby redu
cing inflammation and enhancing the efficacy of corticosteroid 
therapy [77]. Additionally, HDAC2 regulates mucus production
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by interacting with the TGFβ-activated Smad3 complex. This 
complex suppresses MUC5AC expression, a gene involved in 
mucus production, by promoting NF-κB deacetylation at K310, 
thereby reducing its transcription [78]. Moreover, HDAC2 sup
presses connective tissue growth factor (CTGF) expression in 
lung fibroblasts. HDCA2 deacetylates the promoter region of 
CTGF gene. Since CTGF plays a critical role in fibrosis by invol
ving in extracellular matrix production and tissue remodeling, 
its upregulation contributes to the progression of asthma [86]. 
The observed reduction in HDAC2 in asthma patients further 
highlights its potential as a target for mitigating fibrotic remo
deling in asthma [79]. In the same way, HDAC8 interacts with 
Galectin 3 to promote M2 macrophage polarization, contribut
ing to asthma progression. Inhibition of HDAC8 by PCI-34051 
reduces M2 macrophage activity, thereby alleviating airway 
hyperresponsiveness and asthma [80,81].

On a different note, SIRT6, an HDAC, has shown dual function 
in asthma progression. On one hand, SIRT6 plays a protective 
role in airway remodeling associated with asthma, where over
expression of SIRT6 suppressed TGF-β1-induced phosphoryla
tion of Smad3, reducing histone H3K9 acetylation, and 
inhibiting the transcription of the c-Jun promoter. The later was 
linked to epithelial-mesenchymal transition and airway remodel
ing [83]. Conversely, SIRT6 contributed to asthma progression by 
promoting airway inflammation via IL-17A production. It was 
found that SIRT6 facilitated IL-17A production by interacting 
with transcription factor RORγt in a mouse model of allergic 
inflammation. Using SIRT6 inhibitors reduced IL-17A expression 
and alleviated asthma symptoms, indicating the potential of 
inhibitors as a therapeutic target for asthma [84].

In addition to the above, several studies have shown 
various differential histone acetylation sites specifically 
involved in asthma progression. Movassagh et al. discovered 
that PM2.5 induces trained immunity in monocytes, which is 
characterized by the release of proinflammatory mediators 
such as TNF, IL-8, and IL-6 upon secondary stimulation with 
LPS or house dust mite in vitro. Epigenetic regulation of this 
trained immunity is through enhanced H3K27ac in mono
cytes. This type of proinflammatory monocyte was observed 
in children with asthma compared to healthy children. In 
children with asthma, exposure to PM2.5 appears to prime 
monocytes toward a more proinflammatory state. This sug
gests that trained immunity after PM2.5 exposure could be 
exacerbating the already increased inflammation typically 
seen in asthma [87]. Another study by Ren et al. also showed 
15 differentially modified acetylation sites including 13 upre
gulated namely, H3K9ac, H3K14ac, H3K18ac, H3K23ac, 
H3K27ac, H3K36ac, H2B1KK120ac, H2B2BK20ac, H2BK16ac, 
H2BK20ac, H2BK108ac, H2BK116ac, and H2BK120ac and 2 
downregulated sites H2BK5ac and H2BK11ac were identified 
linked to asthma pathogenesis and progression [88]. 
Similarly, a small pilot study on the epigenome of asthma 
and healthy controls showed H3K27ac enrichment in genes 
associated with epithelial-mesenchymal transition [89]. In 
another study on the Ovalbumin (OVA)-induced allergic air
way inflammation mouse model, proteome and acetylpro
teome analyses identified significant alterations in 154 
proteins and 68 acetylation sites by asthma. Sequence motif 
preference analysis shows a novel lysine acetylation motif, -

KAXXK-, which can be a key regulatory unit of histone acet
ylation. The progression of asthma could be modulated by 
histone acetylation via this KAXXK motif [90]. A summary of 
the key histone acetylation mechanisms involved in asthma is 
illustrated in Figure 2.

5.2. Histone acetylation in food allergy

Food allergy is defined as an adverse health issue that 
emerges upon a specific immune response, which is consis
tently triggered by a particular food [91]. Histone acetylation is 
influenced by diet and impacts immune responses that influ
ence food allergy. It has been reported as one of the main 
histone modifications driven by food.

Exposure to cow’s milk protein, especially whey protein, 
caused immediate histone modifications in key T cell and 
B cell genes. The reduction of acetylation can downregulate 
the tbx21 gene, the main transcription factor for Th1 cells, 
leading to a reduction in numbers and activation of these 
cells. In the same study, histone acetylation at the STAT6 
locus in B cells was increased and this was associated with 
higher proallergic responses and corresponded to the pre
sence of whey-specific IgE [59]. Moreover, administrating 
Short Chain Fatty acids (SCFAs) to both humans and rodents, 
correlated with a reduction of global HDAC activity, increased 
the global histone acetylation, and eventually reduced the 
expression of IL-6, IL-8 and TNF-α. On the other hand, SCFAs 
can positively regulate the tolerogenic activity in the mesen
teric lymph node dendritic cells, increase the number of Tregs 
in the intestine and increase the production of IgA in the 
intestinal lumen [92–94]. Furthermore, SCFAs administration 
in mice increased S6 kinase acetylation, which allowed for the 
activation of the mTOR pathway in CD4 T cells. mTOR is crucial 
for T cell differentiation, and the expression of IL-10, IFN-γ and 
IL-17 [94]. Furthermore, butyrate in mice and rats suffering 
from colitis reduced the Th17/Treg ratio by inhibiting HDAC1 
deacetylation activity [95]. Moreover, in human enterocytes, 
butyrate can be a protective factor by increasing tolerogenic 
effects. It significantly reduces HDAC activity in a dose- 
dependent manner, which increases the level of histone acet
ylation, and tolerogenic factors expression, such as human β- 
defensin 3 (HBD-3), which is crucial for Tregs induction and 
immune tolerance maintenance in the gut [96]. In addition to 
that, butyrate can modulate the acetylation of histones at the 
FoxP3 gene, increasing the FoxP3 protein stabilization and the 
number of intestinal Treg cells [97–99]. On the other hand, 
in vitro, lamina propria CD4 T cell activation, proliferation, and 
function were reduced upon treatment with butyrate, through 
histone acetylation and possibly via G-protein coupled recep
tor 43 (GPR43) signaling, where GPR43 agonism can mimic the 
butyrate’s impact on CD4 T cell proliferation. This highlights 
the butyrate’s potential role in modulating the immune 
response in the gut mucosa [100].

Furthermore, in humans and mice, butyrate and propionate 
can inhibit the degranulation of mast cells, which is mediated 
by IgE-dependent and IgE-independent pathways. These 
effects are associated with the inhibition of HDACs but not 
the SCFA receptors such as GPR41, GPR43 and PPAR. These 
HDACs inhibition decreased acetylation at the promoter
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region of the genes of tyrosine kinases BTK, SYK, and LAT. 
These genes encode for tyrosine kinases that are crucial trans
ducers of FcεRI-mediated signals for mast cell activation [101]. 
On another note, a reduction of HDAC6 activity and an 
increase of GPR43 expression in mice administrated with 
a propionic acid diet have suggested a higher histone acetyla
tion linked to a higher percentage of CD4+ FoxP3+ T cells 
compared with the baseline percentage [102]. Figure 3 illus
trates the histone acetylation in food allergy to visually clarify 
its role in disease progression.

5.3. Histone acetylation in atopic dermatitis

Atopic dermatitis is a persistent inflammatory skin condition 
characterized by a compromised skin barrier, chronic itching, 
and an increased susceptibility to secondary infections. Due to

its early onset, sensitization patterns, and overlap with other 
allergic conditions, atopic dermatitis plays a central role in the 
allergic disease spectrum [103]. Environmental influences, par
ticularly allergen exposure, like exposure to ultraviolet radia
tion, house dust mites, and pollen, are crucial in precipitating 
this condition [104,105]. In Europe and the United States, the 
prevalence of atopic dermatitis is approximately 20% in chil
dren and ranges from 7% to 14% in adults [106], with an 
impressive 95% of cases manifesting symptoms prior to age 
five [107]. Notably, children diagnosed with atopic dermatitis 
face a higher likelihood of developing asthma and allergic 
rhinitis, a phenomenon known as the “atopic march” [108].

Epigenetic changes play an important role in atopic derma
titis, affecting inflammation, gene expression, and skin barrier 
function. While many studies have explored DNA methylation 
in atopic dermatitis, histone modifications are less studied

Figure 2. Histone acetylation significantly influences asthma progression through the regulation of genes involved in inflammation and airway remodeling. HATs, 
P300 and KAT8, promote asthma by activating genes like ORMDL3 and IL-4 gene. Similarly, KAT8 stabilizes IL-33, another pro-inflammatory cytokine. HAT inhibitors, 
such as C646 and MG149, have shown promise in reducing asthma symptoms by suppressing these pathways. HDACs regulate inflammation and airway remodeling 
through histone deacetylation. HDAC1 suppresses IL-6 production, while HDAC2 reduces inflammation and mucus production and enhances the efficacy of 
corticosteroids. HDAC8 promotes M2 polarization of macrophages along with galectin 3 protein and exacerbating asthma, similarly use of HDAC8 inhibitor PCI- 
34051 reduces the polarization relieving asthma symptoms. SIRT6, exhibit dual roles, either mitigating airway remodeling or exacerbating inflammation by 
promoting IL-17A production.
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[109]. Indirect evidence suggests their involvement in atopic 
dermatitis. For example, Liew et al. found reduced miR-335 
levels in atopic dermatitis lesions, which could be restored by 
belinostat, a histone deacetylase inhibitor [110]. This high
lights the role of acetylation in atopic dermatitis. Besides, 
histone modifications may influence gut bacteria that produce 
short-chain fatty acids, and reduced microbiota diversity has 
been linked to increased atopic dermatitis severity, suggesting 
a gut-skin connection [111]. Additionally, much research 
which focuses on atopic dermatitis also provides reliable sup
port for the study of histone acetylation in atopic dermatitis.

Recent research has uncovered significant insights into 
how repeated exposure to allergens can lead to enduring 
modifications in the gene expression profiles of immune 
cells, particularly Th cells and dendritic cells. These alterations 
are linked to the activation of pro-inflammatory cytokines, 
such as IL-4 and IL-13, which promote a Th2-dominant 
immune response. This response is a defining characteristic 
of atopic dermatitis [112]. One of the critical regulators of 
inflammation in atopic dermatitis is NF-κB [113]. NF-κB regu
lates the expression of a multitude of pro-inflammatory genes 
[114]. However, SIRT1 deacetylated transcription factors, 
affecting signaling pathways like NF-κB, reducing these inflam
matory cytokines, thereby alleviating inflammation [115].

Furthermore, a compromised skin barrier results in 
increased trans-epidermal water loss and heightened allergen 
penetration, provoking inflammation [116]. Histone acetyla
tion is crucial in regulating the expression of the filaggrin 
(FLG) gene, which encodes a protein vital for skin barrier 
integrity [117]. FLG, a histidine-rich protein in the stratum 
corneum, aggregates keratin filaments into tight arrays, 
enhancing skin resilience [118]. Acetylation plays a vital role

in opening the chromatin structure, thereby allowing easier 
access for the transcriptional machinery and enhancing the 
expression of FLG. The precise regulation of FLG through 
histone acetylation is essential for maintaining the integrity 
of the skin barrier, and any dysregulation can lead to reduced 
FLG levels, thereby worsening the symptoms of atopic derma
titis [117]. Several key epidermal barrier genes – including FLG, 
FLG2, hornerin, and desmogleins are subject to epigenetic 
regulation. Among them, the transcription factor OVOL1 
plays a pivotal role in promoting FLG expression and support
ing epidermal homeostasis. Notably, activation of the aryl 
hydrocarbon receptor (AHR), a pathway associated with epi
genetic modulation, induces OVOL1 expression, thereby 
enhancing FLG expression and reinforcing skin barrier integrity 
[119,120].

Excitingly, recent studies have delved into the influence of 
microbiome-mediated epigenetic changes in the pathogenesis 
of atopic dermatitis. For instance, butyric acid (BA), 
a fermentation by-product of the skin probiotic 
Staphylococcus epidermidis, demonstrated inhibitory effects 
against the pathogenic bacterium Staphylococcus aureus 
(S. aureus), known to be implicated in atopic dermatitis [121]. 
BA acted as an inhibitor of HDAC, promoting histone acetyla
tion and enhancing gene expression. Pre-treating mouse skin 
wounds with BA or its derivative before exposure to S. aureus 
effectively suppressed bacterial growth [122]. Notably, 
Trompette et al. highlighted several key genes that play 
a crucial role in skin function and were upregulated following 
butyrate treatment in mice. Among these genes are those 
involved in keratinocyte differentiation and skin barrier func
tion, including FLG, involucrin, loricrin, late cornified envelope 
1 m, and calmodulin-like skin protein [123].

Figure 3. Illustration shows the change in the histone acetylatio/deacetylation and the change of cellular activity of several cell types upon interaction with different 
diet components. Arrows show the level of expression (↑ upregulation, and ↓ downregulation).
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A compelling aspect of allergen-induced epigenetic 
changes is the concept of epigenetic memory, which contri
butes to long-lasting alterations in gene expression and helps 
explain the chronic and relapsing nature of atopic dermatitis. 
Kuriakose and Miller [50] discuss how early-life environmental 
exposures can lead to persistent epigenetic modifications that 
influence immune responses later in life. More recently, 
Onrust-van Schoonhoven et al [124]. demonstrated that aller
gen-driven 3D chromatin reorganization in memory Th2 cells 
primes them for rapid transcriptional activation upon re- 
exposure, even in the absence of ongoing inflammation. 
Together, these findings support the notion that epigenetic 
memory plays a central role in sustaining heightened immune 
reactivity in atopic dermatitis. The histone acetylation-related 
mechanisms underlying atopic dermatitis are synthesized in 
Figure 4

5.4. Histone acetylation in other allergic diseases

Allergic rhinitis is a noninfectious inflammatory disease of the 
nasal mucosa [125] and is primarily driven by an IgE-mediated 
type 1 hypersensitivity response due to an allergen exposure 
[126]. The main symptoms of allergic rhinitis are nasal conges
tion, watery rhinorrhea, pruritus and paroxysmal sneezing 
[127]. Inhaled allergies are the most common due to aeroaller
gens like grass and tree pollens, molds, pests, house dust 
mites and animal dander [128,129].

A study examining patients with perennial allergic rhinitis 
(sensitized to mite allergens) revealed a significant upregula
tion of HDAC1 expression in nasal epithelial cells compared to 
healthy controls [130]. In contrast, the expression of the potas
sium channel TWIK-related K+ channel 1 (TREK-1) was mark
edly reduced in allergic rhinitis. However, antigen-specific 
immunotherapy (AIT) was found to restore TREK-1 expression 
while concurrently reducing HDAC1 levels, indicating 
a potential therapeutic mechanism through epigenetic mod
ulation. The interplay between HDAC1 and TREK-1 May be 
critical in allergic rhinitis, as increased HDAC1 activity has 
been implicated in the suppression of TREK-1, contributing 
to the development of the disease. Moreover, the inhibition 
of HDAC1 promotes anti-inflammatory mediators like IL-10 
and FoxP3, while reducing pro-inflammatory TNF-α. These 
findings collectively highlight the role of HDAC1 in the exacer
bation of allergic rhinitis by amplifying inflammatory pathways 
while suppressing anti-inflammatory mechanisms [131].

Further supporting the role of HDACs in allergic rhinitis, 
another study explored the potential regulatory interac
tions between HDAC1, HDAC3, and thymic stromal lympho
poietin (TSLP). TSLP is a cytokine that plays a pivotal role in 
initiating and perpetuating allergic immune responses. The 
study hypothesized that both HDAC1 and HDAC3 May act 
as upstream regulators of TSLP, thus influencing the patho
physiology of allergic rhinitis. Although direct evidence for 
this regulatory relationship is limited, the study provided

Figure 4. This figure illustrates how exposure to allergens, such as dust mites and pollen, triggers epigenetic changes that contribute to the development of atopic 
dermatitis (AD). Histone acetylation at promoter regions enhances the expression of key genes involved in skin barrier function, inflammatory cytokines, and the Th2 
immune response. The activation of NF-κB and Th2 cytokines, such as IL-4, IL-5, IL-9, and IL-13, leads to inflammation, while compromised skin barrier integrity 
further exacerbates the condition.
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compelling insights into the potential therapeutic implica
tions. The use of sodium butyrate, an HDAC inhibitor, was 
found to suppress TSLP expression, leading to a marked 
improvement in clinical symptoms of allergic rhinitis. This 
underscores the therapeutic promise of targeting HDAC 
activity to modulate TSLP-driven allergic inflamma
tion [132].

Histone acetylation also plays a role in the pathogenesis 
of chronic rhinosinusitis with nasal polyps (CRSwNP) [133]. 
Another remarkable study demonstrated that TSA sup
presses TGF-β1-induced myofibroblast differentiation and 
extracellular matrix (ECM) production in nasal polyp tissue 
[134]. This effect was mediated through the inhibition of 
HDAC2 and HDAC4 activity, leading to increased histone 
acetylation and subsequent alterations in the expression 
of fibrosis-related genes. By targeting this pathway, TSA 
effectively reduced the fibrotic response and ECM accumu
lation, highlighting its potential as a therapeutic candidate 
for managing CRSwNP [134]. These findings underscore the 
importance of histone acetylation as a regulatory mechan
ism and a promising target for treating this inflammatory 
condition.On the other side, Eosinophilic esophagitis (EoE) 
is a chronic, immune-mediated disease driven by food aller
gies and characterized by eosinophilic inflammation of the 
esophagus accompanied by symptoms of esophageal dys
function [135]. Recent advances in epigenetic research have 
provided insights into the molecular mechanisms underly
ing EoE pathogenesis. Notably, elevated levels of histone H3 
acetylation in the esophageal tissue of EoE patients have 
been identified as a critical epigenetic alteration [49]. This 
modification is closely linked to the activation of CBP his
tone acetyltransferase activity, which is mediated by IL-13. 
IL-13, a cytokine known for its central role in allergic inflam
mation, enhances CBP activity, thereby promoting histone 
acetylation at specific genomic loci. This epigenetic remo
deling facilitates the transcription of pro-inflammatory 
genes, leading to increased eosinophil recruitment and sus
tained inflammation in the esophageal tissue. Modulating

histone acetylation or disrupting the IL-13–CBP signaling 
axis could offer novel strategies for controlling eosinophilic 
inflammation.

6. Histone acetylation as therapeutic targets in 
allergic disease

In the past few years, there have been multiple trials targeting 
histone acetylation as a therapeutic strategy aiming to restore 
immune balance by modulating the activity of HATs and 
HDACs (Table 1).

6.1. Defined compounds

HDAC inhibitors have emerged as promising therapeutic 
agents for allergic diseases. Preclinical studies demonstrate 
their ability to suppress Th2 responses, enhance Treg differ
entiation, and mitigate allergic inflammation. Pretreatment 
with TSA, a well-studied HDAC inhibitor, can reduce secretion 
of IL-4, IL-6, TNF-α and IL-13 in IgE-mediated marrow-derived 
mast cell activation. This was accompanied by decreased 
expression of FcεRI and mast cell degranulation. 
Interestingly, TSA also impacts responses to non-IgE stimuli, 
such as IL-33 [136]. Additionally, TSA treatment in mice 
increased the number of functionally improved Tregs in the 
thymus and spleen and decreased inflammatory bowel dis
ease through Treg-dependent effects [137].

Allopurinol is a xanthine oxidase inhibitor. It ameliorated 
toluene diisocyanate-induced oxidative stress, DNA damage, 
and mixed granulocytic airway inflammation. It also modu
lated Th1, Th2 and Th17 immunity and regulated HMGB1 
acetylation and secretion. This suggests a novel link between 
purine metabolism and asthma pathogenesis [138].

Acetate, propionate, and butyrate belong to SCFAs that are 
fermentation products of dietary components. Moreover, these 
compounds are also as defined chemicals which can be pro
duced chemically or via microbial fermentation for industry. 
These chemicals exert epigenetic effects primarily through

Table 1. Histone acetylation as therapeutic targets in allergic disease.

Category Name Target Mechanism in allergic diseases Reference

Defined compounds Trichostatin A HDAC Interfere with the removal of HDAC to suppress Th2 responses, 
enhance Treg differentiation, and mitigate allergic inflammation

[136,137]

Allopurinol Xanthine Oxidase Ameliorate oxidative stress, DNA damage, and inflammation. 
regulated HMGB1 acetylation, modulated Th1, Th2 and Th17 
immunity

[138]

Propionate and butyrate HDACs Inhibit HDACs activity to regulate basophils and mast cell activation 
and degranulation; reduce type 2 cytokines; downregulates key 
tyrosine kinases

[40,101,139,140]

Sodium butyrate HDAC1, HDAC8 Reduce the expression of HDAC1 and HDAC8 and increase acetylation 
of H3AcK9

[132,142]

I-BET762 BET bromodomain Block the binding of BET proteins to acetylated histones, inhibited IL- 
6 and CXCL8 release

[25,144,145]

iBET151 Bromodomain 
family

Interfere with the recruitment of BET proteins to acetylated histones [146]

MG149 HAT8 Inhibit HAT8-mediated IL-33 acetylation [71]
Dietary interventions Curcumin p300/CBP HAT; 

HDAC1, HDAC3
Inhibit p300/CBP HAT activity to decrease the binding efficiency of 

histones H3 and H4 and acetyl CoA. Decreases in HDAC1 and 
HDAC3 levels

[150–153]

L-Sulforaphane HDAC Inhibit HDAC activity and interact with HDAC catalytic domains to 
alleviate asthma

[154]

Pterostilbene glucose-Glut1 inhibits glycolysis by Glut1/mTOR/GATA3 axis, leads to histone 
acetylation reduction

[155]
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HDAC inhibition, influencing immune cells integral to the 
immune tolerance network [99]. For example, propionate and 
butyrate induced histone acetylation of basophils and mast cell 
suppression of HDACs, and they may play a complex role in 
regulating these cells’ activation and degranulation via inhibiting 
HDACs activity [101,139]. In vivo butyrate secretion ameliorated 
allergen-induced airway eosinophilia, reduced type 2 cytokines 
in bronchial fluid, and improved airway hyperresponsiveness 
[40,140]. Transcriptome analyses revealed that butyrate down
regulates key tyrosine kinases, including BTK, SYK, and LAT, 
which are critical transducers of FcεRI-mediated signals essential 
for mast cell activation [101]. Moreover, Mice treated orally with 
SCFAs acetate and butyrate showed reductions in anaphylactic 
clinical scores and serum IgE levels compared to controls follow
ing the induction of peanut allergy [136,141]. Sodium butyrate 
treatment significantly reduced the increased levels of OVA- 
specific IgE, increased serum IL-2 and IFN-γ levels, and decreased 
IL-4 and IL-10 levels. These treatments corrected the Th1/Th2 
imbalance and improved clinical symptoms in mouse models of 
allergic rhinitis [132]. Moreover, Sodium butyrate exhibited 
a preventive effect. It reduced the expression of HDAC1 and 
HDAC8 and increased OVA-induced acetylation of H3AcK9 [142].

In addition to the above, reader proteins, such as the BRD 
family, recognize specific histone modifications and present 
opportunities for pharmacological intervention [143]. BET inhi
bitor I-BET762(also named GSK525762A), a compound that 
mimics acetylated histones, binds to bromodomain and BET 
proteins in the BRD family, including BRD2, BRD3, and BRD4 
[25,144]. It inhibited FCS+TGF-β-induced airway smooth mus
cle cell proliferation and IL-6 and CXCL8 release in healthy 
individuals and nonsevere and severe asthma patients [145]. 
Another BET inhibitor, iBET151, profoundly suppressed the 
expression of genes critical for type 2 immunity, including 
type 2 cytokines, cell surface receptors, and regulators of 
ILC2 differentiation and activation following IL-33 stimulation. 
In vivo, iBET151 administration in experimental mouse models 
of allergic lung inflammation significantly reduced lung 
inflammation and airway resistance in response to cytokine 
or allergen exposure [146].

Interestingly, HAT can also be a therapeutic target in aller
gic disease. The study found that mice exposed to house dust 
mite (HDM) developed airway hyperresponsiveness. However, 
treatment with MG149, a KAT8 inhibitor, in this 
HDM-challenged mouse model significantly reduced airway 
resistance, inflammatory cell infiltration, and mucus produc
tion [71]. The researchers also discovered that IL-33 is 
a substrate of KAT8, and KAT8 can acetylate IL-33 and enhance 
protein stability via reducing its polyubiquitination. In HDM- 
treated Il33−/− mice, MG149 had no additional effect, indicat
ing that the anti-inflammatory role of MG149 depends on the 
presence of IL-33. Overall, the data suggest that KAT8 contri
butes to asthma through IL-33 regulation, and its inhibition 
may offer a new therapeutic approach for allergic airway 
inflammation [71].

6.2. Dietary interventions

Dietary interventions that influence histone acetylation are 
emerging as potential therapeutic strategies in allergic

diseases. A very interesting compound is Curcumin. 
Curcumin, a bioactive compound derived from the spice tur
meric, has been shown to modulate both HDAC and HAT 
activity in allergic diseases. A study showed that oral treat
ment with curcumin for two months markedly reduced the 
levels of IL-4, TNF-α and IL-8 in patients with allergic rhinitis. 
However, curcumin also increased the level of IL-10. Clinically, 
curcumin greatly alleviated nasal symptoms like rhinorrhea, 
sneezing, itching, and obstruction [147,148]. In another clinical 
study involving patients with asthma, curcumin administration 
(500 mg/day) for one month significantly decreased the total 
number of leukocytes, eosinophils, lymphocytes, and neutro
phils [149]. Mechanistically, curcumin is a specific inhibitor of 
p300/CBP HAT activity in vitro and in vivo but not of p300/CBP- 
associated factor [150]. Curcumin’s binding site on p300/CBP 
was specific and that binding led to a conformational change, 
resulting in a decrease in the binding efficiency of histones H3 
and H4 and acetyl CoA [151,152]. Additionally, Chen et al. 
reported significant decreases in HDAC1 and HDAC3 levels 
following curcumin treatment, further underscoring its epige
netic regulatory potential [153].

In addition to the well-known compounds mentioned 
above, many more natural compounds have been found to 
have therapeutic effects. For example, L-Sulforaphane, 
a naturally occurring isothiocyanate compound primarily 
from plant origin, has shown protective effects in an OVA- 
induced allergic airway murine model. It inhibits HDAC activity 
and interacts with HDAC catalytic domains, alleviating 
asthma [154].

Another study on pterostilbene, a compound derived from 
blueberry extract, has been shown to reduce histone acetyla
tion of transcription factors such as GATA3 and STAT6, thereby 
suppressing Th2 cell activation, eosinophilic inflammation, and 
cytokine release (IL-4, IL-5, and IL-13). However, pterostilbene 
doesn’t target HDACs, it inhibits glycolysis by blocking glu
cose-Glut1 and downregulates the mTOR-GATA3 axis, which 
leads to histone acetylation reduction and ultimately 
a decrease in IL-4 and IL-13 [155].

7. Future perspectives

Histone acetylation represents a pivotal epigenetic mechanism 
that affects immune gene expression and plays a key role in 
the immune responses involved in allergic diseases. By con
trolling the accessibility of chromatin, histone acetylation 
helps activate genes that are essential for immune cells and 
the production of pro-inflammatory cytokines. Environmental 
factors, such as allergens, pollutants, and dietary components, 
can influence histone acetylation, exacerbating or mitigating 
allergic inflammation.

Targeting histone acetylation could provide a promising 
therapeutic approach to managing allergic diseases. Drugs 
that inhibit HATs or activate HDACs may help correct abnor
mal gene expression and alleviate allergic symptoms. 
However, due to the complex and context-specific nature of 
histone acetylation, careful consideration is needed. Over- 
targeting these pathways could lead to unintended immune 
suppression or off-target effects.
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Future research should prioritize identifying specific his
tone acetylation patterns and their associated gene networks 
in allergic diseases. Advanced techniques, such as multi-omics 
approaches – including transcriptomics and single-cell ana
lyses, offer powerful tools to deepen our understanding of 
how histone acetylation influences immune gene expression. 
These methods can also clarify how genetic predispositions 
and environmental factors interact to drive disease progres
sion. Longitudinal studies are essential to investigate the long- 
term effects of histone acetylation changes, including their 
stability over time and potential inheritance across 
generations.
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