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Abstract: Historically, lactic acid, as a byproduct of glycolysis, was considered a metabolic 

waste product in skeletal muscle and energy metabolism. It wasn't until 1920 that scientist 

Warburg first discovered that even in the presence of oxygen, cells undergo glycolysis when 

metabolism is heightened, a phenomenon now known as the Warburg effect. The ultimate 

outcome of this effect is an increase in lactate production both inside and outside of the cell. 

Recent studies have further confirmed that lactate not only acts as a signaling molecule via 

G-protein-coupled receptors, but also enters cells through membrane-associated 

monocarboxylate transporters, where it participates in post-translational modifications of 

proteins. This regulates metabolism and influences epigenetic mechanisms. This review 

summarizes the regulatory role of lactylation in cellular metabolism based on previous 

research. 

1. Background 

Post-translational modification (PTM) refers to the covalent alterations of proteins after their 

synthesis, which regulate a broad spectrum of cellular processes including protein activity, 

localization, folding, and interactions with other macromolecules. PTMs have emerged as critical 

regulators of cellular functions and play pivotal roles in the pathogenesis of various diseases. 

Increasing evidence suggests that the regulation of cellular functions is not solely determined by the 

abundance of proteins, but is also profoundly influenced by the diverse range of PTMs. Proteomics, 

through the comprehensive analysis of PTM profiles, offers valuable insights into the molecular 

mechanisms underlying biological processes, facilitates the identification of disease biomarkers, and 

aids in the discovery of therapeutic targets. 

Lactylation, a recently identified PTM, involves the covalent conjugation of a lactyl group to the 

lysine residue of proteins, thereby modulating gene expression and cellular processes. This 
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modification, also known as lysine lactylation (Kla), is implicated in the regulation of cellular 

metabolism and gene transcription. Lactate, a central metabolite in glycolysis, has long been 

recognized as a byproduct of anaerobic metabolism[17]. However, recent studies have highlighted its 

role as a signaling molecule that can modulate the expression of downstream target genes. Despite its 

recognized importance, the precise mechanisms by which lactate influences gene expression through 

lactylation of specific proteins remain an area of ongoing investigation. This review aims to 

summarize the current understanding of lactate and lactylation in the context of metabolic regulation, 

with the goal of providing a comprehensive framework for future studies on the functional 

implications of lactate in cellular and organismal physiology. 

2. Lactate Production and Removal 

Under anaerobic conditions, glucose is metabolized through the glycolytic pathway to generate 

pyruvate, which is then converted to lactate by lactate dehydrogenase A (LDHA). Furthermore, even 

under aerobic conditions, tumor cells or cells with enhanced metabolic activity continue to rely on 

glycolysis for lactate production, a phenomenon referred to as the Warburg effect. [1].In the cytoplasm, 

lactate is transported into the cell via Monocarboxylate Transporters (MCTs), or it can be produced 

through glycolysis and glutamine catabolism .Lactate undergoes catabolism within the cell through 

two distinct pathways. In one pathway, lactate is oxidized to pyruvate by lactate dehydrogenase B 

(LDHB), which then enters the mitochondria and is metabolized via the tricarboxylic acid (TCA) 

cycle[12]. In the other pathway, lactate is converted into glucose through gluconeogenesis. 

Additionally, recent studies have revealed that lactate can maintain intercellular lactate balance 

through a process known as the "lactate shuttle" between different tissues and cells[24]. Within the cell, 

lactate can be exchanged between the cytoplasm and mitochondria, as well as between the cytoplasm 

and peroxisomes. The shuttle of lactate between cells and recipient cells is driven by the concentration 

gradient generated by the mitochondrial respiratory apparatus of the recipient cells, which facilitates 

the oxidation of lactate.[2]Under both fully aerobic resting and exercise conditions, the body can share 

the same carbon source, lactate, through a mechanism known as the lactate shuttle[8]. Additionally, 

this study confirms that postprandial states and food absorption lead to a significant increase in lactate 

production. Furthermore, as exercise intensity increases, lactate generation also rises, and the 

circulating levels of catecholamines in the blood influence lactate metabolism. Lactate is transported 

across the plasma membrane via multiple monocarboxylate transporters (MCTs), primarily MCT1 

and MCT4.[6]The primary physiological function of MCT1 is the uptake of lactate, whereas MCT4 

primarily facilitates lactate efflux. Additionally, the direction of lactate transport through MCTs in the 

body is determined by the concentration gradients of lactate and protons. [11]. CD147 is a chaperone 

molecule of MCTs, promoting the proper expression and localization of MCT1 and MCT4 on the cell 

surface. Additionally, studies have shown that thyroid-stimulating hormone (TSH) stimulates the 

promoter activity of MCT1, thereby regulating lactate levels. 

3. The Impact of Lactate and Lactylation on Cellular Life Activities 

3.1 Regulatory Mechanisms of Lactylation Modification 

Lactylation refers to the protein modification induced by the accumulation of lactate. This 

modification alters the protein's spatial conformation, influencing gene transcription and regulating 

the expression of relevant genes. Recent studies, combining analytical chemistry and mass 

spectrometry methods, have identified several lactylation modification isomers, including L-lysine 

lactylation (KL-la), D-lysine lactylation (KD-la), and N-ε-lysine (carboxyethyl) lactylation (Kce). 

These studies have also revealed that L-lactylation is the predominant form of lactylation 
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modification[18]Lactylation modification encompasses a comprehensive regulatory system that 

involves "writer" proteins, acyltransferases, and other enzymatic components to facilitate the precise 

capture of lactate molecules, the synthesis of lactoyl-CoA, the identification of modification sites, 

and the modulation of modification levels. Prominent "writer" proteins include TIP60, P300, CBP, 

AARS2, and others. Additionally, the SIRT family of proteins has been implicated in the regulation 

of de-lactylation processes. The extent of lactylation is tissue-specific and is directly influenced by 

the local concentration of lactate. Under high lactate conditions, lactate is converted to lactoyl-CoA, 

which is subsequently recognized by "writer" proteins. These proteins then transfer the lactoyl group 

to lysine residues on target proteins, thereby inducing covalent lactylation modifications. Such 

modifications alter the protein's native activity and subsequently influence its biological function. 

Recent investigations have unveiled a novel "writer" protein, ACSS2, which directly recognizes 

lactate molecules, catalyzes their conversion into lactoyl-CoA, and facilitates the subsequent 

lactylation process. This discovery underscores the direct interplay between glucose metabolism and 

post-translational protein modifications, linking metabolic pathways with cellular regulatory 

mechanisms[29].  

3.2 Affects the synthesis and breakdown of fat 

Studies have found that lactate can act as a signaling molecule within cells through autocrine 

signaling, binding to the G protein-coupled receptor (GPCR) GPR81 to mediate the inhibition of 

insulin-dependent lipolysis. This research indicates that lactate can activate GPR81, a GPCR 

expressed in adipocytes, and inhibit adenylate cyclase activity through a Gi-dependent pathway, 

resulting in anti-lipolytic effects[4]. These findings suggest that lactate functions in a hormone-like 

manner, directly regulating metabolic processes, and reveal a new mechanism for the insulin-

mediated inhibition of lipolysis.[3]Furthermore, lactate is a major gluconeogenic precursor that 

increases glucose production, thereby elevating blood glucose levels. Additionally, lactate exerts its 

effects by binding to GPR81, which influences cAMP levels and the cAMP response element-binding 

protein (CREB), ultimately inhibiting lipolysis in white adipose tissue and reducing the circulating 

levels of free fatty acids.[5]During muscle contraction, as glycolysis is accelerated, the ratio of lactate 

to pyruvate (L/P) increases. When the intracellular lactate concentration rises, lactate is transported 

into the mitochondria and endoplasmic reticulum via monocarboxylate transporters (MCTs).Lactate 

is converted into acetyl-CoA, which then forms malonyl-CoA. The elevated levels of malonyl-CoA 

inhibit the carnitine palmitoyltransferase 1 (CPT1) enzyme, thereby suppressing the entry of free fatty 

acids into the mitochondrial matrix.[7]At the same time, the accumulation of acetyl-CoA can 

downregulate the activity of the rate-limiting enzyme β-ketothiolase in the mitochondrial β-oxidation 

pathway, thereby inhibiting fat breakdown. 

Mitochondrial pyruvate carrier 1 (MPC1) can mediate the treatment of non-alcoholic fatty liver 

disease (NAFLD) by regulating the lactylation of fatty acid synthase.[23]MPC1 gene knockout 

regulates lactate levels in hepatocytes, thereby modulating the lactylation of fatty acid synthase. 

Lactylation at the K673 site of fatty acid synthase inhibits its activity and alleviates hepatic lipid 

accumulation.Other studies have confirmed that lactylation of Vps34 links autophagy and glycolysis, 

a process mediated by the lactosyltransferase KAT5/Tip60. Lactylation of Vps34 enhances its 

interaction with Beclin1, Atg14L, and UVRAG, thereby increasing the lipid kinase activity of Vps34. 

This lactylation of Vps34 promotes the transport of autophagosomes to lysosomes and endosomes, 

enhancing autophagic flux.[22]Exercise training promotes the lactylation of Mecp2 at lysine 271 

(Mecp2k271la)[26], which reduces the expression of vascular cell adhesion molecule 1 (VCAM-1), 

intercellular adhesion molecule 1 (ICAM-1), monocyte chemoattractant protein-1 (MCP-1), 

interleukin (IL)-1β, and IL-6. Additionally, it increases the levels of endothelial nitric oxide synthase 
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(eNOS) in the aorta of mice, reduces lipid deposition in the arterial wall, and subsequently ameliorates 

the development of atherosclerosis.[27]Moreover, exogenous lactate can increase the lactylation level 

of Mecp2k271 in vivo, thereby suppressing the expression of Ereg and the activity of MAPK in 

endothelial cells (ECs), which inhibits the progression of atherosclerosis. High-intensity interval 

training (HIIT) is an important method for fat reduction; however, this effect is diminished when 

lactate production is inhibited. Studies have confirmed that in inguinal white adipose tissue (IWAT), 

HIIT significantly upregulates protein lactylation levels. Furthermore, lactate treatment via mass 

spectrometry increased the lactylation level of FASN in 3T3-L1 cells, inhibiting FASN activity and 

reducing the synthesis of palmitic acid and triglycerides.[28]This study demonstrates that lactate 

produced during high-intensity interval training (HIIT) increases the global protein lactylation levels 

in inguinal white adipose tissue (IWAT). The lactylation of FASN inhibits de novo lipogenesis, which 

may be an important mechanism underlying fat reduction induced by HIIT. In a global protein 

analysis study of skeletal muscle, it was pointed out that enhanced protein lactylation may be 

associated with tendon damage and cholesterol metabolism disorders.After performing high-intensity 

interval training (HIIT) on mice, an analysis of lactylation modification levels in different tissues 

revealed that lactylation was significantly upregulated in white adipose tissue (iWAT) and influenced 

the gene expression of downstream glycolytic pathways. 

3.3 Affects glucose metabolism  

Lactate as one of the important products of glycolysis, can, on one hand, inhibit glycolysis through 

its own concentration in a feedback manner. On the other hand, studies have confirmed that the 

absence of lactate membrane transporters, such as MCTs, leads to dysfunction of pancreatic β-cells, 

disrupting glucose-insulin signaling and the insulin signaling pathway.[9]In addition, under 

hyperglycemic conditions, excessive lactate generated in cells is converted into lactoyl-CoA and, 

through the acyltransferase P300, binds to proteins, thereby participating in post-translational 

modifications, specifically lactylation. A study from the United States confirmed that the global 

lactylation level in skeletal muscle is positively correlated with insulin resistance levels. Moreover, 

lactylation can influence mitochondrial oxidative respiration, participate in mitochondrial energy 

metabolism, and regulate circulating blood components involved in the development of insulin 

resistance.[10]Additionally, studies have found that Glis1, an important regulator of the cell cycle, can 

promote protein lactylation. Furthermore, Glis1 interacts with downstream glycolytic genes, thereby 

regulating the cell growth cycle.[11]Although current research on protein lactylation is primarily 

focused on tumors and immune evasion, various lines of evidence suggest that protein lactylation is 

not only an indicator of lactate levels and glycolysis but also closely linked to cellular metabolism. 

As a novel epigenetic mark, it influences cell fate. Yang et al. discovered that H3K18la is involved 

in the remodeling of endometrial receptivity, serving as a reflection of histone lactylation in the 

endometrium.[25]A study on embryonic development found that histone lactylation leads to changes 

in the expression of glycolysis-related genes, including upregulation of Hk2, Pgk1, Pfk1, Pkm, Eno1, 

and Ldha.[23]Another study demonstrated that the accumulation of H3K18la on genes of the germline 

and cleavage-stage embryos promotes transcriptional elongation.[25]The above evidence suggests that 

lactylation may influence embryo implantation and development by regulating embryonic cell 

metabolism during embryonic development. Lactate, through the acyltransferase KAT5/TIP60, 

mediates the lactylation of PIK3C3/VPS34 at lysine residues 356 and 781. Lactylation of 

PIK3C3/VPS34 enhances its association with BECN1 (beclin 1, an autophagy-related protein), 

ATG14, and UVRAG, increasing the lipid kinase activity of PIK3C3/VPS34 and promoting 

macroautophagy/autophagy, which facilitates the lysosomal degradation pathway. High lactylation 
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of PIK3C3/VPS34 induces autophagy and plays a crucial role in skeletal muscle homeostasis and 

tumor development. 

4. The key role of lactylation modification of histones 

Histones are unique compounds composed of proteins (known as the nucleosome core) and DNA 

in chromatin. Various post-translational modifications (PTMs) of histones regulate gene expression. 

Classical PTMs, such as acetylation, butyrylation, and succinylation, alter the spatial structure of 

proteins, thereby regulating numerous cellular physiological and biochemical processes.In 2019, 

histone lactylation modifications were first proposed. It was observed that histone lactylation could 

loosen the physical structure of nucleosomes, thereby promoting downstream transcription and 

translation processes. This, in turn, regulates gene expression and influences changes in 

epigenetics.[13]Histone lactylation modifications were first discovered in the metabolism of 

macrophages. After histone lactylation, it can promote the M1 to M2 macrophage polarization, 

regulate the expression of inflammatory genes, and affect the expression of Agr1, thereby playing a 

role in wound repair and healing.[15]In addition, histone lactylation modifications are involved in the 

pathogenesis of various diseases. For example, in melanoma, histone lactylation drives tumorigenesis 

by promoting the expression of the m6A reader protein YTHDF2[14,16].It is well known that lactate, 

as an important energy source, plays a crucial role in the metabolism and energy supply within the 

central nervous system. As a target organ rich in lactate, recent studies have confirmed that lactylation 

is involved in the occurrence and progression of neurological diseases.The lactate shuttle between 

astrocytes and neurons elucidates the crucial role of lactate in maintaining neuronal metabolism and 

neurotransmitter signaling[16]. 

In addition, lactate also plays a role in metabolic reprogramming、Lactate plays a role in the 

pathogenesis of neuroinflammatory diseases such as Alzheimer's disease and other neurodegenerative 

disorders.[18]Alzheimer's disease, Parkinson's disease, multiple sclerosis, amyotrophic lateral 

sclerosis, and Huntington's diseaseAdditionally, a significant amount of research on lactate has 

focused on immune regulation, particularly in the immune evasion of tumor cells. Increasing evidence 

suggests that lactate-mediated immune cell reprogramming and enhanced cellular plasticity 

contribute to the establishment of disease-specific immune states. 

5. The key role of non histone lactylation modification 

Lactylation modifications can occur not only in histones but also in non-histone proteins. However, 

lysine residues in non-histone proteins are more difficult to undergo lactylation substitution.In a study 

on macrophage inflammation regulation, it was found that macrophages can take up extracellular 

lactate through monocarboxylate transporters (MCTs) and, via a p300/CBP-dependent mechanism, 

promote the lactylation of HMGB1. This, in turn, increases endothelial cell permeability and 

promotes the release of macrophage exosomes, improving inflammatory outcomes.[19]Furthermore, 

another study found that pyruvate kinase (PKM2), a key enzyme in cellular energy metabolism, can 

undergo lactylation via a lactate-dependent mechanism. PKM2 is a substrate for lactylation, and it 

was confirmed that lactylation primarily occurs at the K62 site. Lactate increases the lactylation level 

of PKM2, thereby inhibiting its transition from tetramer to dimer, promoting its pyruvate kinase 

activity and reducing its nuclear distribution, thus regulating cellular metabolism.Similarly, data also 

indicate that lactylation of α-MHCK1897 in cardiomyocytes can regulate cardiomyocyte metabolism 

and intervene in the onset of heart failure.Most key enzymes involved in glycolysis can undergo 

lactylation, including aldolase, phosphoglycerate kinase, and pyruvate kinase, among others. 

Additionally, lactylation of poly(ADP-ribose) polymerase 1 (PARP1) can regulate its ADP-

ribosylation activity, potentially contributing to DNA repair.[21] Lactylation modification can also 
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directly occur in the CCCH-type zinc finger domain of the METTL3 protein[20], mediating tumor 

immune evasion.
 
Lactylation modification primarily occurs on proteins with a molecular weight of 

25 kDa 

6. Conclusion 

Lactylation, as a newly recognized post-translational modification, has been extensively studied 

in various diseases in recent years. As an important intermediate metabolite in cellular metabolism, 

lactate not only acts as a signaling molecule to regulate the cell life cycle but also participates in post-

translational modifications to regulate the biological functions of target proteins, thereby influencing 

gene expression and contributing to various cellular processes such as metabolism, proliferation, 

migration, and apoptosis. This review, building on previous research, introduces lactate’s role in 

regulating cellular metabolism, summarizes the processes of lactylation modification, research 

methods, and its pathophysiological mechanisms in diseases. Lactylation modification, as a crucial 

metabolic regulatory mechanism within the cell, is widely involved in processes like metabolic 

regulation, immune response, proliferation, aging, and oxidative stress. It not only alters protein 

functions and structures but also plays a significant role in various physiological and pathological 

processes, particularly in tumor immune evasion and metabolic reprogramming. With further 

research into lactylation modification, it is anticipated that more biological functions will be revealed, 

providing new insights and strategies for clinical treatment. 

References  

[1] Liberti, M.V., & Locasale, J.W. (2016). The Warburg effect: How does it benefit cancer cells? Trends in Biochemical 

Sciences, 41, 211–218. 

[2] Beckert, S., Farrahi, F., Aslam, R.S., Scheuenstuhl, H., Königsrainer, A., Hussain, M.Z., & Hunt, T.K. (2006). Lactate 

stimulates endothelial cell migration. Wound Repair and Regeneration, 14, 321–324. 

[3] Bouzat, P., Sala, N., Suys, T., Zerlauth, J.B., Marques-Vidal, P., Feihl, F., Bloch, J., Messerer, M., Levivier, M., Meuli, 

R., et al. (2014). Cerebral metabolic effects of exogenous lactate supplementation on the injured human brain. Intensive 

Care Medicine, 40, 412–421. 

[4] Ahmed, K., Tunaru, S., Tang, C., Müller, M., Gille, A., Sassmann, A., Hanson, J., & Offermanns, S. (2010). An 

autocrine lactate loop mediates insulin-dependent inhibition of lipolysis through GPR81. Cell Metabolism, 11(4), 311-

319. 

[5] Brooks, G.A. (2016). Energy flux, lactate shuttling, mitochondrial dynamics, and hypoxia. Advances in Experimental 

Medicine and Biology, 903, 439–455. 

[6] Wu, X., Xu, M., Geng, M., Chen, S., Little, P.J., Xu, S., Weng, J. (2023). Targeting protein modifications in metabolic 

diseases: molecular mechanisms and targeted therapies. Signal Transduction and Targeted Therapy, 8(1), 220. 

[7] Pérez-Escuredo, J., Dadhich, R.K., Dhup, S., Cacace, A., Van Heé, V.F., De Saedeleer, C.J., Sboarina, M., Rodriguez, 

F., Fontenille, M.J., Brisson, L., et al. (2016). Lactate promotes glutamine uptake and metabolism in oxidative cancer 

cells. Cell Cycle, 15, 72–83. 

[8] Brooks, G.A. (2010). Master regulator or readout: the wisdom of distributed control. Focus on "Pyruvate suppresses 

PGC1alpha expression and substrate utilization despite increased respiratory chain content in C2C12 myotubes". 

American Journal of Physiology - Cell Physiology, 299, C216–C217. 

[9] Sangsuwan, R., Thuamsang, B., Pacifici, N., Allen, R., Han, H., Miakicheva, S., et al. (2020). Lactate exposure 

promotes immunosuppressive phenotypes in innate immune cells. Cellular and Molecular Bioengineering, 13(5), 541–

557. 

[10] Maschari, D., Saxena, G., Law, T.D., Walsh, E., Campbell, M.C., Consitt, L.A. (2022). Lactate-induced lactylation 

in skeletal muscle is associated with insulin resistance in humans. Frontiers in Physiology, 13, 951390. 

[11] Li, L., Chen, K., Wang, T., Wu, Y., Xing, G., Chen, M., Hao, Z., Zhang, C., Zhang, J., Ma, B., Liu, Z., Yuan, H., Liu, 

Z., Long, Q., Zhou, Y., Qi, J., Zhao, D., Gao, M., Pei, D., Nie, J., Ye, D., Pan, G., Liu, X. (2020). Glis1 facilitates induction 

of pluripotency via an epigenome-metabolome-epigenome signaling cascade. Nature Metabolism, 2(9), 882-892. 

[12] Holloszy, J.O. (1967). Biochemical adaptations in muscle. Effects of exercise on mitochondrial oxygen uptake and 

respiratory enzyme activity in skeletal muscle. Journal of Biological Chemistry, 242, 2278–2282. 

[13] Davies, K.J., Packer, L., & Brooks, G.A. (1981). Biochemical adaptation of mitochondria, muscle, and whole-animal 

55



respiration to endurance training. Archives of Biochemistry and Biophysics, 209, 539–554.   

[14] Yu, J., Chai, P., Xie, M., Ge, S., Ruan, J., Fan, X., & Jia, R. (2021). Histone lactylation drives oncogenesis by 

facilitating m6A reader protein YTHDF2 expression in ocular melanoma. Genome Biology, 22(1), 85. 

[15] Pan, R.Y., He, L., Zhang, J., Liu, X., Liao, Y., Gao, J., Liao, Y., Yan, Y., Li, Q., Zhou, X., Cheng, J., Xing, Q., Guan, 

F., Zhang, J., Sun, L., Yuan, Z. (2022). Positive feedback regulation of microglial glucose metabolism by histone H4 lysine 

12 lactylation in Alzheimer's disease. Cell Metabolism, 34(4), 634-648.e6. 

[16] Jiang, P., Ning, W., Shi, Y., Liu, C., Mo, S., Zhou, H., Liu, K., & Guo, Y. (2021). FSL-Kla: A few-shot learning-based 

multi-feature hybrid system for lactylation site prediction. Computational and Structural Biotechnology Journal, 19, 

4497-4509.  

[17] Hagihara, H., Shoji, H., Otabi, H., Toyoda, A., Katoh, K., Namihira, M., & Miyakawa, T. (2021). Protein lactylation 

induced by neural excitation. Cell Reports, 37(2), 109820. 

[18] Yang, K., Fan, M., Wang, X., et al. (2022). Lactate promotes macrophage HMGB1 lactylation, acetylation, and 

exosomal release in polymicrobial sepsis. Cell Death and Differentiation, 29(1), 133-146. 

[19] Cui, H., Xie, N., Banerjee, S., et al. (2021). Lung myofibroblasts promote macrophage profibrotic activity through 

lactate-induced histone lactylation. American Journal of Respiratory Cell and Molecular Biology, 64(1), 115-125. 

[20] Xiong, J., He, J., Zhu, J., et al. (2022). Lactylation-driven METTL3-mediated RNA m(6)A modification promotes 

immunosuppression of tumor-infiltrating myeloid cells. Molecular Cell, 82(9), 1660-1677. e10. 

[21] Hou, J., Zheng, D., Wen, X., et al. (2022). Proteomic and morphological profiling of mice ocular tissue during high-

altitude acclimatization process: an animal study at Lhasa. Journal of Inflammation Research, 15, 2835-2853. 

[22] Gao, R., Li, Y., Xu, Z., Zhang, F., Xu, J., Hu, Y., Yin, J., Yang, K., Sun, L., Wang, Q., He, X., Huang, K. (2023). 

Mitochondrial pyruvate carrier 1 regulates fatty acid synthase lactylation and mediates treatment of nonalcoholic fatty 

liver disease. Hepatology, 19, 6019-6027. 

[23] Milazzotto, M.P., Ispada, J., & de Lima, C.B. (2022). Metabolism-epigenetic interactions on in vitro produced 

embryos. Reproduction, Fertility and Development, 35(2), 84-97. 

[24] Tian, Q., & Zhou, L.Q. (2022). Lactate activates germline and cleavage embryo genes in mouse embryonic stem 

cells. Cells, 11(3), 548. doi:10.3390/cells11030548. 

[25] Jia, M., Yue, X., Sun, W., Zhou, Q., Chang, C., Gong, W., Feng, J., Li, X., Zhan, R., Mo, K., Zhang, L., Qian, Y., Sun, 

Y., Wang, A., Zou, Y., Chen, W., Li, Y., Huang, L., Yang, Y., Zhao, Y., Cheng, X. (2023). ULK1-mediated metabolic 

reprogramming regulates Vps34 lipid kinase activity by its lactylation. Science Advances, 9(22), eadg4993. 

[26] Wang, Y., Chen, L., Zhang, M., Li, X., Yang, X., Huang, T., Ban, Y., Li, Y., Li, Q., Zheng, Y., Sun, Y., Wu, J., & Yu, B. 

(2023). Exercise-induced endothelial Mecp2 lactylation suppresses atherosclerosis via the Ereg/MAPK signaling pathway. 

Atherosclerosis, 375, 45-58. 

[27] Huang, W., Su, J., Chen, X., Li, Y., Xing, Z., Guo, L., Li, S., Zhang, J. (2023). High-Intensity Interval Training induces 

protein lactylation in different tissues of mice with specificity and time dependence. Metabolites, 13(5), 647. 

[28] Lin, Y., Chen, M., Wang, D., Yu, Y., Chen, R., Zhang, M., Yu, H., Huang, X., Rao, M., Wang, Y., Li, Y., Yan, J., & Yin, 

P. (2023). Multi-Proteomic Analysis Reveals the Effect of Protein Lactylation on Matrix and Cholesterol Metabolism in 

Tendinopathy. Journal of Proteome Research, 22(6), 1712-1722.  

[29] Zhang, D., Gao, J., Zhu, Z., Mao, Q., Xu, Z., Singh, P.K., Rimayi, C.C., Moreno-Yruela, C., Xu, S., Li, G., Sin, Y.C., 

Chen, Y., Olsen, C.A., Snyder, N.W., Dai, L., Li, L., Zhao, Y. (2025). Lysine L-lactylation is the dominant lactylation isomer 

induced by glycolysis. Nature Chemical Biology, 21(1), 91-99. doi: 10.1038/s41589-024-01680-8. Epub 2024 Jul 19.   

 

56




