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ABSTRACT: Food allergies are increasingly prevalent worldwide, yet the underlying immunometabolic mechanisms 

remain incompletely elucidated. Lactylation, as an emerging post-translational modification, has recently been 

identified as a critical regulator of immunometabolic reprogramming and inflammatory responses in allergic diseases. 

This review synthesizes current evidence on the role of lactylation in modulating immune cell dynamics, including 

macrophage polarization, dendritic cell antigen presentation, T-cell differentiation, mast cell activation, and neutrophil 

function. By systematically integrating lactate metabolism with lactylation-mediated epigenetic regulation, this review 

highlights their central role in shaping allergic inflammation, thereby linking metabolism to immune regulation in 

food allergies. Despite the research progress, challenges remain in understanding the transient nature of lactylation and 

tissue-specific dynamics. Future research should combine spatial omics, lactylation-specific imaging, and 

physiologically relevant models to clarify its spatiotemporal regulation. Meanwhile, dietary strategies, 

microbiota-based interventions, and pharmacological regulation may provide practical approaches for modulating 

lactate metabolism and lactylation. 
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1. Introduction 

Food allergies, one of the most common forms of allergic diseases, are highly prevalent worldwide. 

Epidemiological studies estimate that approximately 5% of adults and 8% of children in developed countries 

are affected[1]. An allergic reaction is an abnormal response of the immune system to a harmless antigen, 

which primarily includes IgE-mediated and non-IgE-mediated reactions. IgE-mediated allergic reactions 

typically depend on IL-4-induced B-cell class switching and the production of IgE antibodies; allergens then 

cross-link with IgE bound on mast cells and basophils, triggering degranulation and release of histamine and 

cytokines[2,3]. In contrast, non-IgE-mediated reactions involve other immune pathways, such as Treg/Th17 

imbalance that influences gut immune tolerance, and typically present with delayed symptoms, including 

gastrointestinal disturbances and skin inflammation[4]. In contrast, non-IgE-mediated reactions involve other 
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immune pathways, such as Treg/Th17 imbalance that influences gut immune tolerance, and typically present 

with delayed symptoms, including gastrointestinal disturbances and skin inflammation. 

Lactylation is a novel post-translational modification that has been identified in recent years, and it 

involves the addition of lactate, a by-product of cellular metabolism, to lysine residues located in proteins 

through an enzymatic or non-enzymatic process, ultimately altering the function of the protein. In earlier 

studies, lactate was regarded as a metabolic waste product, produced mainly through anaerobic glucose 

metabolism, and viewed as a temporary energy source for cells with potentially harmful effects[5]. However, 

Otto Warburg discovered the Warburg effect that cancer cells can also produce significant amounts of lactate 

through glycolysis under aerobic conditions. The discovery of this effect prompted researchers to reconsider 

the role of lactate in cellular metabolism[6]. Furthermore, the Warburg effect occurs not only in cancer cells, 

but also in intensely proliferating cells and activated immune cells characterized by a high energy demand[7]. 

Zhang et al.[8] in 2019 discovered and demonstrated that lactate modifies histones through lactylation, which 

in turn modulates gene expression and cellular function. They also confirmed that lactate, in addition to 

serving as a metabolic intermediate, plays a critical role in the regulation of transcriptional processes within 

cells. Based on this insight, lactylation may influence immune metabolic reprogramming by modulating 

immune cell function. Recent studies have shown that lactylation targets a variety of proteins, including 

histones and key metabolic enzymes, thereby influencing immune cell activation, differentiation, and 

inflammatory responses through metabolic reprogramming[9,10]. 

As the significance of metabolic pathways, such as glycolysis and lactate production in allergic reactions 

is gradually recognized. Lactylation, as a novel immunomodulatory mechanism, potentially plays an 

important role in modulating immune responses in food allergies and other allergies. The discovery of 

lactylation has established lactate as a key regulator of cellular metabolism, gene expression, and immune 

regulation. In particular, lactate regulates immune cell function and influences the intensity and type of 

immune response through lactylation during the allergic processes and the cellular metabolism reprogram. 

This phenomenon has broadened researchers' understanding of metabolites while providing new insights[11]. 

The aim of this review is to provide an update on the research progress of lactylation in 

immunomodulation and allergic reactions. This review will also explore the potential association of 

lactylation with the analysis of immune cells and mechanisms of action involved in food allergy. By 

synthesizing recent research advances, we hope to elucidate the regulatory role of lactylation in allergic 

responses, clarify its function in IgE-mediated and non-IgE-mediated immune responses, and explore its 

potential application in immunotherapy. The review enriches the practical approach in this field of study and 

provides new perspectives and feasibility for future research. 

2. Lactate Metabolism and Its Epigenetic and Immunological Implications 

2.1 Formation of L-Lactate and D-Lactate 

Lactic acid, as the end product of the glycolytic pathway, exists in two optical isomers: L-lactate (L+) and 

D-lactate (D-). L-lactate is primarily generated from pyruvate through the enzymatic action of lactate 
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dehydrogenase (LDH), particularly under conditions where oxygen availability is limited and mitochondrial 

oxidative phosphorylation is suppressed. As a result, during intense skeletal muscle contraction or under 

anaerobic and hypoxic conditions (e.g., strenuous exercise), the rate of L-lactate production significantly 

increases due to the heightened rate of glycolysis and the limited oxidation of pyruvate, resulting in its rapid 

accumulation in large amounts. Notably, following high-intensity exercise, plasma L-lactate concentrations 

can rise swiftly from approximately 1.0 mM in the resting state to over 15.0 mM[12]. In contrast to L-lactate, 

D-lactate arises at much lower concentrations in the human body and is closely linked to methylglyoxal 

(MGO) detoxification. Elevated D-lactate levels are often associated with metabolic acidosis and redox 

imbalance, thereby serving as an indirect indicator of metabolic health [13,14]. 

2.2 L-Lactate-Associated Enzymes and Their Roles in Metabolic and Epigenetic Regulation 

Along with being a metabolic step, L-lactate also contributes to epigenetic control through lactylation 

changes, among other mechanisms. Multiple "writer" proteins have been identified as being involved in the 

lactylation process. Notably, p300 functions not only as a histone acetyltransferase (HAT) to mediate 

acetylation modifications but also serves as a writer protein that participates in lactylation modifications. 

Lactyl coenzyme A has been shown to bind specifically to p300 and its cognate protein CBP to promote 

histone lactylation[15]. Moreover, other validated writer proteins include AARS1, which responds to changes 

in lactate levels by translocating from the cytoplasm to the nucleus, thereby linking metabolic states to 

epigenetic regulation[16]. In contrast, HDACs 1–3 and SIRTs function as delactylases, removing lactyl 

groups from proteins within the cell[17,18]. 

Lactylation modifications and acetylation may either compete or synergize at specific sites to regulate 

chromatin state and gene transcription[19]. For instance, a study by Rho et.al[20] found that there is 

competition between lactylation and acetylation at the histone H3K18 sites during the activation of hepatic 

stellate cells and the progression of hepatic fibrosis. Lactylation promotes the expression of pro-inflammatory 

genes, while acetylation may counteract this effect. However, the study's conclusions are primarily based on a 

hepatocellular carcinoma cell model, where metabolic abnormalities may arise from the competitive 

advantage of lactylation modifications, exacerbated by lactate overaccumulation due to the Warburg effect. 

Immune cells may be more dependent on microenvironmental signals, indicating that further validation is 

necessary to determine the relevance of these findings. It is important to note that lactylation modifications 

play a synergistic role with other post-translational modifications, such as acetylation, in metabolic regulation 

and immune responses. Zhou et al. [21] pointed out that lactylation may influence macrophage function and 

gene expression through overlapping or synergistic effects with acetylation and propionylation. Although 

related histone modifications may share overlapping modification sites, they serve distinct functions and 

collectively contribute to a complex epigenetic regulatory network. 

Furthermore, lactylation is not only regulated by lactate levels but is also catalyzed by specific enzymes. 

Recent study has revealed that acetyl-coenzyme A synthetase 2 (ACSS2) functions as a bona fide lactyl-CoA 

synthetase, converting lactate into lactyl-CoA. Epidermal Growth Factor Receptor (EGFR) activation induces 
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extracellular signal-regulated kinase (ERK)-mediated phosphorylation of ACSS2 at Ser267, which facilitates 

its nuclear translocation and binding to lysine acetyltransferase 2A (KAT2A). The ACSS2–KAT2A complex 

then acts as a lactyltransferase, driving histone H3 lactylation at specific lysine residues[22]. The mechanism 

explains why lactylation is selectively regulated in certain cell types rather than being based purely on lactate 

concentrations. Although the discovery of the ACSS2-KAT2A complex expands the regulatory model of 

lactylation, questions remain. The dynamic regulation of lactylation modifications and their 

physiopathological roles can be further explored in the future, potentially providing a new theoretical 

foundation for immunotherapy and metabolic intervention strategies. 

2.3 D-Lactate Generation and Its Role in Protein D-Lactylation 

In contrast to L-lactate synthesized by lactate dehydrogenase (LDH), D-lactate in humans is mainly 

generated via the glyoxalase system, a detoxification pathway targeting methylglyoxal (MGO). MGO, a 

reactive three-carbon aldehyde generated as a byproduct of glycolysis, tends to accumulate under 

hyperglycemic conditions. This molecule spontaneously reacts with proteins and nucleic acids through 

non-enzymatic glycation, resulting in the formation of advanced glycation end products (AGEs) that 

contribute to glycotoxicity. 

The glyoxalase system mitigates this damage through a series of coordinated enzymatic steps. 

Glyoxalase I (GLO1) first catalyzes the isomerization of a hemithioacetal adduct, which is spontaneously 

formed between methylglyoxal (MGO) and glutathione (GSH), into S-D-lactoyl-glutathione (LGSH). 

Subsequently, glyoxalase II (GLO2) hydrolyzes LGSH to release D-lactate while regenerating GSH. 

Emerging evidence suggests that S-D-lactoyl-glutathione (LGSH) can also act as a donor of D-lactyl groups, 

which non-enzymatically modify lysine residues on proteins, leading to D-lactylation and potentially affecting 

protein function[23,24]. This pathway not only neutralizes MGO but also maintains cellular redox 

homeostasis by recycling GSH, thereby linking detoxification to metabolic balance. Thus, the glyoxalase 

system serves as a crucial metabolic defense mechanism against MGO-induced cytotoxicity, with D-lactate as 

the final product of neutralization (Figure 1). It should be noted that while emerging studies have proposed 

D-lactylation through the glyoxalase pathway, most current evidence supports L-lactate–derived lactyl-CoA 

as the predominant driver of protein lactylation, with the role of D-lactylation remaining preliminary and 

requiring further validation. 
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Figure 1 Pathways of Production for Different Types of Lactic Acid 

3. Effect of Lactate on Allergic Reactions 

Far from being a mere metabolic waste product, lactate serves as a crucial end product of glycolysis. It 

plays a central regulatory role in allergic diseases through its dynamic accumulation in the immune 

microenvironment and its bidirectional interactions with inflammatory signals. It has been shown that lactate 

levels are elevated in localized inflammatory tissues in diseases with a predominantly Th2 immune response, 

such as bronchial asthma and atopic dermatitis. Increased lactate affects macrophage polarization, dendritic 

cell antigen-presenting function, T-cell differentiation, and secretion of inflammatory factors by associated 

effector cells. These processes further modulate the intensity and type of immune response. 

3.1 Macrophages 

Macrophages are essential components of the immunoregulatory network and can be polarized into two 

distinct phenotypes: M1 (pro-inflammatory) and M2 (anti-inflammatory). M1 macrophages rely on glycolysis 

as the preferred source of energy, and M2 macrophages support its function mainly through oxidative 

phosphorylation (OXPHOS) and fatty acid oxidation (FAO). Accumulated lactate, a major byproduct of 

glycolysis, reinforces macrophage polarization toward the M1 phenotype by amplifying pro-inflammatory 

signaling, thereby linking glycolytic metabolism to inflammatory activation. It is worth noting that inhibition 

of glycolysis interferes with macrophage polarization toward the M1 phenotype, which has strong 

pro-inflammatory properties essential for pathogen defense but can also cause tissue damage and chronic 

inflammation if excessively activated[25,26]. 

Additionally, the lactate-rich environment is critical in regulating macrophage polarization. It has been 

observed that macrophages in the lungs undergo considerable metabolic reprogramming in the context of 
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OVA-induced asthma. Notably, elevated levels of HIF-1α were predominantly identified in F4/80-positive 

macrophages within the lungs of mice subjected to OVA exposure, alongside a significant increase in the 

expression of key glycolytic enzymes such as HXKI, HXKII, LDH, and PFK-1. This suggests that lung 

macrophages undergo substantial glycolytic reprogramming during asthma, characterized by heightened 

lactate production, which is closely associated with airway inflammation[27]. Significantly, lactate 

accumulation not only drives a shift toward glycolysis but also reprograms macrophage function by enhancing 

pro-inflammatory cytokine production and sustaining chronic inflammatory signaling, thereby exacerbating 

associated allergic diseases. 

3.2 Dendritic Cell 

Lactate not only participates in the regulation of macrophage polarisation but also strongly modulates the 

function and metabolism of antigen-presenting cells (APCs) like dendritic cells (DCs). In allergic responses, 

environmental antigens are sampled by DCs. By processing and presenting these antigens, DCs play a pivotal 

role in initiating the adaptive immune response, including Th2 cell differentiation and IgE production. Thus, 

DCs serve as a critical initiator of allergic inflammation. Wang et al.[28] discovered that lactate modulates the 

antigen-presenting capacity of DCs through the lysosomal pathway. When the HK2 pathway is inhibited, 

lactate production decreases, leading to the activation of the lysosomal pathway, which promotes CHOP gene 

expression and enhances DC function, thereby impacting the immune response. However, lactate regulates the 

metabolic state of DCs through the HIF-1α-mediated NDUFA4L2 signaling pathway, which reduces 

mitochondrial reactive oxygen species (mtROS) production, consequently limiting the pro-inflammatory 

response of DCs[29]. Moreover, high concentrations of lactate can suppress antigen presentation by 

downregulating MHC-II expression on DCs and other immune cells via GPR81, and further inhibit T cell 

activation through HIF-1α–NDUFA4L2 signaling, thereby enhancing IL-23/IL-17-mediated 

inflammation[30]. This bidirectional regulation reflects the dose-dependent nature of lactate signaling. At low 

concentrations, lactate enhances antigen presentation and immune activation, while at high concentrations, it 

promotes immunosuppression and inflammation through metabolic and epigenetic reprogramming. 

3.3 T cell 

Studies have shown that lactate can modulate inflammatory responses by activating signaling pathways 

related to immune cell metabolism and function via GPR81[31]. For instance, the activation of GPR81 has 

been shown to alter the metabolic state of DCs, impacting their antigen-presenting function and promoting 

Th2 cell differentiation, which is closely associated with the development of allergic reactions[30]. 

Interestingly, the effects of lactate on immunomodulation show a significant dose-dependent relationship; 

however, the underlying mechanism has not been fully elucidated. Kenison et al.[32] noted that low doses of 

lactate promote the differentiation of T regulatory cells, thereby maintaining cellular tolerance through 

PD-L1/PD-L2 signaling.  

In general, lactate-mediated reprogramming of DCs and T cells can either enhance or decrease the 

expression of allergic reactions[33,34]. Lactylation in DCs is more inclined to influence antigen presentation 
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functions compared to eosinophils and mast cells, which primarily depend on glycolysis to enhance 

pro-inflammatory effects. The acidic environment influences inflammation through dual pathways. It is worth 

noting that tissue acidification in the inflammatory microenvironment affects immune cell metabolism 

through pH sensing mechanisms, and may also regulate immune cell function through post-translational 

modifications of proteins by lactate[35]. 

3.4 Mast cells and Basophils 

Mast cells and basophils are critical effector cells in allergic responses, which can be activated through 

two primary receptor pathways: the classical IgE-mediated pathway via the high-affinity IgE receptor (FcεRI) 

and the immunoglobulin-independent pathway via receptors such as MRGPRX2. These distinct pathways 

converge on a common energetic demand. To fuel rapid proliferation and degranulation during inflammation, 

these cells enhance glycolysis, leading to lactate accumulation in the microenvironment[7,36,37]. This 

metabolic reprogramming is tightly linked to inflammatory processes, further highlighting lactate as a key 

modulator of mast cell function. Elevated lactate can, in turn, modulate immune responses by activating G 

protein-coupled receptors on the cell surface[5]. The functional outcome of lactate signaling, however, is 

pathway-dependent. For example, in the context of MRGPRX2 activation, lactate suppresses the release of 

pro-inflammatory cytokines such as CCL2 and IL-8, highlighting a unique regulatory role specific to this 

pathway[38]. 

3.5 Eosinophil 

Lactate may influence the inflammatory process by modulating eosinophil function, such as enhanced 

cytokine secretion and chemotaxis. Unlike basophils, eosinophils primarily infiltrate tissues during chronic 

allergic inflammation (e.g., eosinophilic esophagitis, eosinophilic gastroenteritis) or parasitic infections, 

conditions that often exist in a state of hypoxia and active glycolysis, leading to locally elevated levels of 

lactate. A recent study by Lv et al.[39] suggests that eosinophils upregulate glycolysis upon activation to 

compensate for the inhibition of reactive oxygen species (ROS) production and the decrease in TCA cycle 

intermediates. IL-3, IL-5, and granulocyte–macrophage colony-stimulating factor (GM-CSF) also regulate 

glycolysis and mitochondrial respiration via the STAT5/PI3K/Akt axis to maintain eosinophil activation and 

maturation[37] (Figure 2). 
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Figure 2 Lactate-Mediated Modulation of Immune Cells in Allergic Inflammation 

4. Lactylation and remodeling of immune cell metabolic networks 

The process of metabolic reprogramming is not only reflected in influencing cellular processes through 

the metabolite level, but also involves the regulation of multiple mechanisms such as epigenetics and 

post-translational modifications. For instance, upregulation of HK2, a crucial enzyme involved in glycolysis, 

enhances glycolytic flux and lactate production, which in turn promotes histone lactylation, thereby 

reinforcing metabolic reprogramming and inflammatory responses[40]. Furthermore, lactylation 

modifications regulate LDH, potentially affecting the dynamic equilibrium of lactate within the local 

microenvironment[41]. These observations indicate that lactylation serves not only as a terminal outcome of 

lactate metabolism but also as a pivotal link between metabolic dysfunction and epigenetic dysregulation. 

Lactylation modifications can utilize lactate and its derivatives as signaling molecules to modulate immune 

cell function, remodel metabolic pathways to meet the demands of inflammation, and influence the intensity 

and duration of allergic reactions. In this section, it will focus on the role of protein lactylation modifications 

on immune cell differentiation and activation. 

4.1 Macrophage Polarization Regulated by Lactylation 

In M1 macrophages, the process of lactylation markedly enhances the transcription of genes associated 

with inflammation, including TNF-α and IL-1β. Lactylation not only affects the pro-inflammatory response 

but also plays a crucial role in regulating M2 macrophage function. As previously demonstrated by Kawai and 

Taro[42], the Toll-like receptor (TLR) on macrophages triggers early inflammation and promotes M1 
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polarization primarily through NF-κB signaling. However,a recent study has identified that downstream 

regulatory mechanisms involving phosphatidylinositol 3-kinase adaptor protein 1 (BCAP) may inhibit 

forkhead box protein O1 (FOXO1) and glycogen synthase kinase 3β (GSK3β) during prolonged exposure to 

metabolic signals, such as lactate[43]. This exposure promotes histone lactylation, specifically at lysine 18 on 

histone H3 (H3K18la), in the promoter regions of reparative genes, including Arg1, Retnla, and Mrc1. These 

epigenetic modifications enhance chromatin accessibility and transcriptional activation of reparative gene 

programs, thereby facilitating the transition of macrophages from an M1 to M2 phenotype at a later stage in 

the immune response. These findings align with the results of Zhou et al. [21], which suggest that this 

metabolic shift, rather than conventional TLR signaling, could contribute to macrophage polarization towards 

the M2 phenotype by inhibiting TLR4/NF-κB signaling, particularly under conditions of higher lactate levels. 

These changes enhance the expression of anti-inflammatory genes, such as Arg1 and IL-10. M2 macrophages 

play a significant role in the context of allergic inflammation, as they are capable of modulating Th2 

cell-mediated immune responses and influencing IgE-dependent allergic reactions[44]. Research conducted 

by Banafea et al.[45] demonstrated that M2 macrophages were shown to exacerbate allergic inflammatory 

responses by promoting the release of cytokines from Th2 cells, eosinophils, and mast cells. Consistently, Su 

et al. [46] reported that in G6PT-deficient macrophages, excessive lactate accumulation elevated H3K18la 

levels, which enhanced ALKBH5 expression and suppressed NLRP3 inflammasome activation through m6A 

demethylation of NLRP3 mRNA. Additionally, recent findings revealed that SIRT2 suppresses macrophage 

chemotaxis by removing lactylation at histone H4K8 (H4K8la), highlighting a distinct lactylation-dependent 

mechanism through which SIRT2 modulates macrophage immune phenotype following infection[47]. Further 

investigations have indicated that lactate-driven histone lactylation of histone H3 at lysine 18 (H3K18la) 

inhibits Toll-like receptor 4 (TLR4)-mediated pro-inflammatory signaling pathways, thereby facilitating 

macrophage polarization toward the M2 phenotype[48]. This shift also has implications for the pathological 

processes underlying airway inflammation, allergic asthma, and food allergies[27].  

Collectively, these findings demonstrate that lactylation acts as a pivotal epigenetic mechanism linking 

lactate metabolism to macrophage polarization, thereby shaping inflammatory and allergic outcomes and 

highlighting macrophages as a promising therapeutic target in allergic inflammation through 

lactylation-mediated regulation of their dynamic transition between M1 and M2 phenotypes (Figure 3). 
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Figure 3 Regulation of Macrophage Polarization by Lactate-Driven Histone Lactylation 

4.2 T Cell Differentiation and Immune Fate Shaped by Lactylation 

A study by Sun et al.[49] demonstrated that the lactylation of H3K18la in T cells modulates immune 

responses by suppressing CD39 promoter activity and downregulating CCR8 expression. This modulation 

affects T cell activation and cytokine signaling in inflammatory environments. Notably, there is a strong 

correlation between T cell activation and metabolism, suggesting that metabolic changes are not only the 

result of activation but may also determine T cell types. For example, CD4+ effector memory T cells rely on 

glycolysis to evade apoptosis under hypoxic conditions[50]. T cells may experience metabolic changes 

mediated by monocarboxylate transporters (MCTs) that affect their capacity to proliferate and secrete 

cytokines after DCs complete antigen presentation. These modifications can lead to T cell dysfunction, which 

may exacerbate Th2-mediated inflammatory responses in a chronically inflamed environment[51,52]. 

Lactylation at lysine 72 (K72) of MOESIN enhances TGF-β-induced Foxp3 expression, thereby promoting 

Treg differentiation and modulating immune responses[53]. Taken together, these findings suggest that 

lactylation exerts a decisive influence on T cell fate by tipping the balance between pro-inflammatory Th2 

responses and immunosuppressive Treg differentiation, thereby shaping allergic outcomes. 

4.3 Mast Cell Activation and IL-33 Pathways under Lactylation Control 

Research indicates that increased concentrations of lactate within the allergic microenvironment may 

directly affect the activation of inflammatory signaling pathways via histone lactylation modifications. IL-33 

is pivotal in IgE-mediated hypersensitivity reactions, with its expression levels markedly heightened in 

individuals diagnosed with asthma and atopic dermatitis[54]. This upregulation is causally linked to 

lactate-driven histone lactylation, which remodels chromatin at the IL-33 promoter and directly enhances its 
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transcriptional activation. In turn, IL-33 enhances the expression of key glycolytic enzymes, specifically HK2 

and PFKFB3, through the activation of the PI3K/AKT/mTOR signaling pathway via its interaction with the 

ST2 receptor (IL1RL1)[55,56]. Furthermore, PFKFB3 exerts direct regulatory effects on PFK-1, a 

rate-limiting enzyme in the glycolytic pathway, thereby facilitating glycolytic metabolism and increasing ATP 

production[57]. This metabolic reprogramming has been linked to increased secretion of pro-inflammatory 

cytokines, including IL-6 and TNF-α, in mast cells. Both IL-6 and TNF-α are well-recognized mediators of 

airway inflammation and tissue remodeling in allergic diseases. Lactate-driven histone lactylation of IL-33 

forms a feed-forward loop that enhances mast cell activation, thereby linking metabolic reprogramming to 

allergic diseases such as asthma and atopic dermatitis. 

4.4 Regulation of Neutrophil Function by Lactylation 

In addition, researchers have found that lactylation also affects neutrophils in the latest studies. Zhu et al. 

[58] discovered that lactate enhances the release of neutrophil extracellular traps (NETs) by promoting the 

lactylation of HMGB1 (high-mobility group protein B1). The overaccumulation of NETs has been suggested 

as a significant driving factor in various inflammatory diseases. Furthermore, allergy reactions may be 

influenced by the positive feedback environment of ROS and lactylation at the H3K18 locus. Lactate-induced 

H3K18 lactylation enhances the production of ROS, which, in turn, facilitates the recruitment of neutrophils to 

sites of inflammation. This indicates the presence of a pro-inflammatory lactate–lactylation–ROS axis in 

innate immunity[59].Recent studies using zebrafish models have further confirmed this mechanism, 

demonstrating that lactate-induced H3K18 lactylation promotes the transcription of the duox gene, thereby 

enhancing ROS production. This amplification loop further recruits neutrophils and aggravates inflammatory 

responses, while interventions such as metformin treatment can reduce H3K18 lactylation and ROS levels, 

alleviating neutrophil-mediated inflammation[60].These findings suggest that neutrophils may act as key 

responders to lactate metabolism and lactylation regulation, driving cellular inflammatory responses and 

epigenetic modulation, thereby highlighting the potential therapeutic value of lactate-mediated histone 

modifications in innate immune diseases. This evidence link metabolism to innate immune-driven 

inflammation by connecting lactate, lactylation and ROS. 

Table 1 Effects of Lactylation on Immune Cell Metabolism and Function 

Immune cell type Functional regulation Metabolic pathways or mechanisms Effects on allergic reactions 
Macrophages Polarization between 

pro-inflammatory M1 and 
anti-inflammatory M2 
phenotypes; 
Cytokine production; 
Regulating autophagy. 

M1: Enhanced glycolysis, lactate 
accumulation, and histone lactylation to 
promote inflammatory gene expression; 
M2: FAO and OXPHOS; high-lactate 
environment promotes polarization via 
inhibition of TLR4/NF-κB and activation 
of PI3K-BCAP-FOXO1 axis. 

High lactate promotes 
macrophage polarization toward 
the M2[21]; 
Increased Hif-1α, 
HXKI-HXKIII, LDH, PFK1 
expression[27]; 
Reduce allergic airway 
inflammation through TLR4 
signaling. 

Mast cell Regulation of rapid 
proliferation and 
degranulation; 
Cytokine production  

Lactate activates surface G 
protein-coupled receptors, modulating 
cytokine release (e.g., IL-6, TNF-α, 
CCL2, IL-8) and mast cell receptor 

Modulates cytokine release and 
mast cell activation in an 
environment-dependent manner, 
exerting pro- inflammatory or 
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signaling pathways, including FcεRI and 
MRGPRX2. 

anti-inflammatory effects based 
on receptor pathways[5]. 

T cell Regulation of 
proliferation, cytokine 
secretion and T cell types 

Glycolysis supports CD4⁺ effector 
memory T cells under hypoxia[50]； 
MOESIN at site 72 in T cells enhances 
TGF-β-induced Foxp3 expression, 
promoting Treg differentiation and 
immunosuppressive function. 

May promote Th2 inflammation 
in chronic settings or enhance 
immune regulation via Treg 
differentiation, depending on the 
context[51–53]. 

Neutrophil Lactylation promotes 
NETs release and enhances 
pro-inflammatory 
signaling 

HMGB1 lactylation; lactate-induced 
H3K18 lactylation; 
lactate–lactylation–ROS axis 

Exacerbated by enhancing the 
formation of NETs and 
facilitating their recruitment to 
sites of inflammation[58]. 

5. Future Perspectives on Lactylation in Allergic Responses 

Emerging evidence highlights the critical regulatory role of lactylation, a novel post-translational 

modification, in allergic responses through modulating immunometabolic reprogramming and inflammatory 

cascades. Despite its potential significance, the mechanistic understanding of lactylation dynamics in allergy 

pathogenesis remains fragmented, underscoring the need for systematic investigations to elucidate its 

pathophysiological contributions and therapeutic implications. 

Exercise-induced anaphylaxis (EIA) provides a compelling model for studying lactylation-mediated 

immunoregulation. Vigorous physical activity induces systemic lactate accumulation, which may facilitate 

protein lactylation in immune cells through non-enzymatic glycation mechanisms. Contemporary studies 

reveal significant elevation of lactylated proteins in hepatic and musculoskeletal tissues during the 24-hour 

recovery phase following high-intensity interval training (HIIT), suggesting its involvement in 

immunometabolic adaptations through glycolytic flux modulation and TCA cycle regulation[61,62]. 

Moreover, recent finding in the field of exercise immunology indicate that lactate functions as a central 

regulator of immune and inflammatory responses, with its effects varying depending on the physiological and 

pathological context[63]. Although direct evidence in allergic conditions is still limited, these insights support 

the plausibility that exercise-induced lactate accumulation may drive immune lactylation and influence 

allergic responses. However, methodological challenges persist due to the transient nature of lactylation 

events, interindividual variability in lactate metabolism, and dynamic immune fluctuations during exercise 

stress. Current limitations in standardized experimental models and specific detection methodologies further 

constrain progress in this field. 

Recent advances in spatial omics technologies offer promising solutions to these challenges. As 

demonstrated by Yan et al.[64], the tissue-specific patterning and temporal dynamics of lactylation necessitate 

multimodal approaches. Future research directions should focus on developing physiologically relevant 

models, including exercise-mimetic in vivo systems and organoid platforms replicating hyperlactatemic 

microenvironments. Integration of single-cell spatial transcriptomics with matrix-assisted laser 

desorption/ionization (MALDI) mass spectrometry imaging could enable real-time tracking of lactylation 

patterns at cellular resolution, potentially unraveling its spatiotemporal regulation in allergic pathophysiology. 

Beyond the directions highlighted in exercise immunology, dietary and microbiota-based interventions 

also hold significant promise in regulating lactate metabolism and lactylation during allergic responses. For 



R.Q. Zhang et al. / Food Science and Human Wellness 16 (2027) 

 

instance, functional foods rich in polyphenols or dietary fibers can improve gut microbiota composition and 

promote the production of short-chain fatty acids (SCFAs), thereby indirectly influencing energy metabolism 

pathways—including those involving lactate—and potentially modulating immune-related lactylation 

processes[65]. Probiotics and postbiotics are also recognized as important strategies for regulating lactate 

metabolism and lactylation, as they help maintain the dynamic balance of metabolites and consequently affect 

immune cell lactylation and inflammatory responses[66]. In addition, pharmacological interventions targeting 

lactate transporters (e.g., MCTs), lactyl-CoA synthetases, or delactylases (e.g., HDACs, SIRTs) may offer 

novel avenues for fine-tuning lactylation dynamics in allergic diseases[67,68]. Future studies integrating 

functional foods, microbiota-based strategies, and pharmacological approaches may provide 

multidimensional therapeutic avenues for the prevention and management of allergic disorders. 

6. Conclusion 

lactate is a significant factor for metabolism and immune regulation in food-allergic response and allergic 

inflammation. The main manifestation of this is an increase in lactate levels, which promotes glycolytic 

reactions and also drives the process of histone lactylation, exerting distinct effects on different immune cell 

types. However, current research remains limited by methodological challenges, such as the transient nature of 

lactylation, lack of standardized detection techniques, and the scarcity of allergy-specific models. Future 

studies integrating spatial metabolomics and lactylation-specific imaging, alongside interventions based on 

probiotics, postbiotics, functional foods, and dietary nutrients could help overcome these obstacles and 

provide promising avenues for modulating lactate metabolism and lactylation to manage and prevent allergic 

diseases. 
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