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rate in cancer metabolism [1]. The Warburg effect results 
in the progression of a cancer-promoting microenvironment 
characterized by lactate accumulation, low O2, low nutrient 
and a low pH. Subsequent research on lactate has revealed 
its various effects on the tumor energy supply [2], signal 
transduction [3] and other cellular functions. Therefore, lac-
tate pathways are gradually emerging as a potential tumor 
therapeutic target.

Stem cells are responsible for the development of a 
whole organism. Activated metabolism and proliferation 
are both vital features of stem cells, and thus stem cells and 
cancer cells share some similarities. Lactate, an important 
metabolic product, might have some common functions 
relevant to proliferation in stem cells and cancer cells. The 
microenvironment of lactate (such as the stem cell niche) 
is bound to become the next research focus. Recent studies 
support the aforementioned points[4–6]. Proteins are vital 
biological macromolecules performing the specific func-
tions encoded by genes; their precise regulation is relevant 
to the orderliness of life processes. Genetically determined 
amino acid sequences ensure the structural and functional 
stability of a protein. Moreover, posttranslational modifica-
tions (PTMs) of proteins are a more refined, faster and more 

1  Introduction

Lactate, an end product of glycolysis, has long been 
neglected because it is considered a metabolic waste product 
of glucose metabolism under hypoxic conditions. However, 
the discovery of the Warburg effect in 1956 first revealed 
the vital position of lactate as a waste product and a valu-
able organic compound produced due to a high glycolysis 
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Abstract
Background  Lactate is an important metabolite derived from glycolysis under physiological and pathological conditions. 
The Warburg effect reveals the vital role of lactate in cancer progression. Numerous studies have reported crucial roles for 
lactate in cancer progression and cell fate determination. Lactylation, a novel posttranslational modification (PTM), has 
provided a new opportunity to investigate metabolic epigenetic regulation, and studies of this process have been initiated in 
a wide range of cancer cells, cancer-associated immune cells, and embryonic stem cells.
Conclusion  Lactylation is a novel and interesting mechanism of lactate metabolism linked to metabolic rewiring and epi-
genetic remodeling. It is a potential and hopeful target for cancer therapy. Here, we summarize the discovery of lactylation, 
the mechanisms of site modification, and progress in research on nonhistone lactylation. We focus on the potential roles of 
lactylation in cancer progression and cell fate determination and the possible therapeutic strategies for targeting lysine lacty-
lation. Finally, we suggest some future research topics on lactylation to inspire some interesting ideas.
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energy-efficient mechanism for regulating protein function 
than alterations in gene sequences [7]. Acetylation, the first 
discovered form of protein modification [8], initiated the 
field of protein PTMs. With advances in mass spectrom-
etry (MS), various acylation reactions have been discovered 
and linked to the regulation of metabolic states and protein 
functions.

Metabolic rewiring and epigenetic remodeling are 
well-known cancer hallmarks. Benefitting from the high 
heterogeneity and complicated metabolic microenviron-
ment of cancer, many metabolic compounds are modified 
by acylation, and these phenomena indicate the relevance 
between metabolic rewiring and epigenetic remodeling[9]. 
Numerous researchers also aim to detect these modifica-
tions as a method to identify novel metabolism-dominant 
or metabolism-associated biological mechanisms. In 2019, 
Zhang et al. discovered a novel modification, histone lysine 
acylation, called lactylation, a potential and important meta-
bolic feedback mechanism related to glycolysis [10]. Many 
therapies potentially target this modification. Nevertheless, 
our current understanding of this novel lysine acylation 
modification is limited and must be expanded through fur-
ther research.

Lactate is universally acknowledged as a critical regu-
lator of cancer development, maintenance, and metastasis 
[11]. We postulate that the mechanisms of lactate in cancer 
cells and stem cells must differ. Therefore, investigations of 
the mechanisms by which lactate influences the progression 
of cancer and the proliferation and differentiation of stem 
cells that aim to discover novel mechanisms at different lev-
els and describe an increasingly complete map of the func-
tion of lactate are important. The discovery of lactylation is 
a milestone in the study of lactate. Below, we summarize 
the discovery of and recent research on lactylation, and we 
focus on its potential effects on cancer progression and cell 
fate determination and the therapeutic strategies for target-
ing lysine lactylation. Moreover, we suggest some areas for 
future lactylation research to focus on to inspire some inter-
esting ideas.

2  Discovery of lactylation

With the recent development of MS and chromatography, 
the modification of proteins, especially lysine residues in 
histones, by intermediate metabolites has attracted the 
attention of scholars. Protein modifications are collectively 
referred to as PTMs of proteins. With the discovery of PTMs, 
the complexity of human proteomics has increased expo-
nentially [12]. Furthermore, studies on PTMs revealed that 
metabolic reprogramming is closely related to epigenetic 
regulation [13] [14]. Reports of propionylation, butylation 

[15] [16], succinylation [17] [18], crotonylation [19] [20], 
2-hydroxyisobutyrylation [21] [22] and benzoylation [23] 
of histone lysine residues indicated that, as an important 
metabolite produced under physiological and pathological 
conditions, lactate is a substrate of protein modification and 
thus affects the physiological and pathological functions 
of proteins specifically by changing protein structures. In 
2019, Zhang et al. detected lysine lactylation (Kla) through 
a high-performance liquid chromatography–tandem mass 
spectrometry analysis of the core histone in human MCF-7 
cells digested with trypsin. They successfully identified 26 
Kla sites in core histones in human HeLa cells and 16 sites 
in mouse bone marrow-derived macrophages (BMDMs) 
[10]. These researchers further showed that lactate is a vital 
substrate for Kla in cultures treated with sodium L-lactate 
(13C3, 98%) and D-glucose (U-13C6, 99%) isotopes. They 
identified arginase 1 (Arg1) as a specific Kla-modified 
gene and the time-dependent change in Arg1 expression is 
mediated by an endogenous ‘lactate clock’ in bacterially 
challenged M1 macrophages [10]. Moreover, this group 
revealed that the recruitment of P300 mediated by p53-
induced Kla, which is similar to acetylation, effectively 
promoted Arg1 transcription and enabled macrophages to 
acquire an M2-like phenotype [24]. The findings reported 
by Zhang et al. suggest a new approach to reexamine the 
role of glycolysis and subsequent lactate overproduction in 
normal cells and even in tumor tissues. More importantly, 
is a previously undiscovered mechanism of carcinogenesis 
mediated by lactylation?

3  The lysine lactylation mechanism

Lactylation is a novel PTM [10], but our understanding of 
its substrates, modification reactions (enzymatic or nonen-
zymatic), and reaction dynamics is still limited [25] [26]. 
Many questions remain unanswered, such as the identifica-
tion of a specific acylase (writer), deacylase (eraser) and 
recognition enzyme (reader) involved in lactylation, as well 
as the quantity, distribution and relationship between lactyl-
coenzyme A (lactyl-CoA) and lactate. Given the common-
ness of the lysine acylation modification, a biochemical 
analysis of lactylation may lead to new research ideas and 
the discovery of novel modification mechanisms for other 
lysine acylation reactions [10].

3.1  The accessible e-amino group of the lysine side 
chain is a modification substrate

Lysine, arginine, and histidine are the only amino acid 
residues with positive side chains at physiological pH. 
Moreover, lysine and arginine are mostly located on the 
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hydrophilic surface of proteins. The hydrophobicity of 
the lysine and arginine side chains leads to the exposure 
of ε-amino groups to solvents, increasing their potential 
to participate in various physiochemical interactions [27]. 
According to recent studies, more lysine PTMs exist than 
arginine PTMs [28] [29], which may be due to the differ-
ence between the arginine and lysine side chains. The three-
dimensional ion interaction formed by the guanidino group 
of arginine mainly maintains the structure and stability of 
proteins and drives protein folding. In addition to maintain-
ing the protein structure, the ε-amino group of lysine also 
forms a single ion interaction, and thus the side chain of 
lysine residues is prone to modification [30]. This accessi-
bility and reactivity of this lysine residue facilitates PTMs 
and affects protein function.

3.2  Enzymatic pathway of the lactylation 
modification

Zhang et al. showed that the substrate of Kla was lactate, the 
lactate level in tissues or cells was positively correlated with 
the histone Kla level, and lactylation was based on enzy-
matic action. P300, a proven acetyltransferase recruited by 
p53, is an important writer of histone Kla [10]. In addition to 
acetyl-CoA and lactyl-CoA, P300 has been shown to react 
with a variety of acyl-CoA species, such as butyl-CoA and 
crotonyl-CoA, and this reactivity decreases with increasing 
acyl chain length, showing robust cofactor activity [31]. As 
a conventional acetyl-lysine reader, the bromodomain rec-
ognizes nonacetylated lysine residues, such as butyl-lysine 
and crotonyl-lysine [32]. In 2022, Zhang et al. identified 
Class I histone deacetylases (HDAC1–3) as histone lysine 
delactylases, filling a research gap in delactylation and thus 
integrating the novel lactylation PTM into a complete bio-
chemical process [33]. The results suggest that lactylation 
may be closely related to acetylation or that these PTMs 
may have similar writers, erasers, and readers (Fig. 1).

3.3  Nonenzymatic lactylation modification 
pathway

In 2020, a liquid chromatography–high-resolution mass 
spectrometry analysis with synthetic lactyl-CoA was per-
formed to quantify lactyl-CoA levels in HepG2 cells in vitro. 
Researchers identified that the concentration of lactyl-CoA 
in cultured HepG2 cells was 1.14 × 10− 8 pmol/cell, which 
was 1/350 to 1/20 the concentration of acetyl-CoA, propi-
onyl-CoA or other typical acyl-CoAs [34]. Considering the 
relatively low stoichiometric levels of lactyl-CoA and lac-
tate deposition, enzymatic regulation of lactylation in most 
situations is relatively improbable or rare, and some other 
mechanisms related to lactylation might exist. An important 

research direction is to enrich and complement the various 
mechanisms of lactylation, and the contributions of multi-
functional (varied acylation reactions) enzymatic reactions 
and nonenzymatic reactions to lactylation abundance should 
be generally considered [35].

Biochemical studies have shown that the chemical 
processes of nonenzymatic lysine acylation in mitochon-
dria are related to the deprotonation of the lysine ε-amino 
group in the alkaline mitochondrial environment, and the 
nucleophilic effect of the deprotonated ε-amino group on 
the thioester bond of acyl-CoA greatly promotes the chemi-
cal mechanism of acylation [36]. Carboxyl groups in acyl 
donors exert a nucleophilic attack on the thioester bond, 
resulting in the formation of a cyclic anhydride that is more 
active than the original acyl-CoA to achieve nonenzymatic 
chemical processes [37]. These biochemical analyses pro-
vide us some insights. This nonenzymatic reaction might 
occur during the process of lactylation.

In 2020, Dominique et al. reported a unique nonenzy-
matic lactylation pathway [38] that differed from the path-
way discovered by Zhang in 2019 [10], whose substrate is 
lactyl-glutathione (LGSH), not lactyl-CoA, as in conven-
tional studies. LGSH is derived from methylglyoxal (MGO) 
and is a glycolytic byproduct in the glyoxalase (GLO) cycle. 
MGO, a byproduct of glycolysis, has important signaling 
functions at low concentrations but is cytotoxic at higher 
concentrations, which was partially shown in the nonen-
zymatic process known as glycation [39, 40]. The forma-
tion and accumulation of MGO have been implicated in the 
pathogenesis of type 2 diabetes and its vascular complica-
tions, cardiovascular diseases, and cancers [41–43]. The 
Warburg effect promotes MGO biosynthesis, but an increase 
in the MGO level due to the upregulated GLO system has 
not been observed [44, 45]. Glutathione (GSH) is the reduc-
tant of MGO detoxification in the GLO cycle mediated by 
glyoxalase I and II (GLO1 and GLO2, respectively). LGSH, 
the detoxification product, is a vital cancer biomarker for 
lung cancer [46], and a highly relevant finding is that LGSH 
is the substrate of lactylation in the tumor metabolic envi-
ronment [38]. With the activation of the GLO cycle, the effi-
cient synthesis of LGSH provides the substrate required for 
nonenzymatic lactylation. The study by Dominiqu revealed 
another unique lactylation pathway, and the authors tried 
to identified some links between oxidative stress and epi-
genetics [38] (Fig. 2).
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4.1  Limitations of conventional methods for 
studying lactylation sites

First, research on PTM sites was performed with individual 
proteins and isotope-labeled anti-acyl-CoA or anti-acyl-
lysine antibodies [7]. In MS analyses, the target protein is 
digested into peptides containing several amino acids with 
trypsin and then analyzed to obtain exact information on the 
modified sites [48]. In 2006, Zhao et al. successfully iden-
tified hundreds of acetylation sites through a combination 

4  Research methods for identifying 
lactylation sites

After studying the mechanism of lactylation, identify-
ing lactylation sites is vital for analyzing the function and 
structure of lactylated proteins. Various methods have been 
developed for studying protein PTM sites [47], but more 
general, accurate, and efficient methods are needed to iden-
tify complicated PTMs (Fig. 2).

Fig. 1  The metabolism, mecha-
nism (blue box) and effects 
(purple and green boxes) of lac-
tylation. Lactate is a biomarker of 
changes in cells (glycolysis) and 
the microenvironment (pO2, acid-
ity, nutrient level and intermedi-
ate products). The metabolism 
and mechanism of lactylation are 
partially and differentially depen-
dent on the microenvironment. 
Lactylation of different proteins 
(histones are shown in purple and 
nonhistone proteins are shown in 
green) leads to different effects, 
including carcinogenesis, pluri-
potency, transformation and stem 
cell activation
Abbreviations: MCT1&4, 
monocarboxylate transporter 
1&4; GLUT, glucose transporter; 
LDHA, lactate dehydrogenase 
A; GLO cycle, glyoxalase cycle; 
LGSH, lactyl-glutathione; Arg1, 
arginase 1; TAMs, tumor-asso-
ciated macrophages; YTHDF2, 
YTH N6-methyladenosine RNA-
binding protein 2; HMGB1, high 
mobility group box 1
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conserved amino acid sequences or structural features close 
to lactylation sites and thus determine the processes govern-
ing their distribution [50].

4.2  Application of new technology represented by 
artificial intelligence in the study of lactylation sites

Statistical methods used to study lactylation sites are the 
basis of a theoretical prediction method using existing exper-
imental data. In conjunction with the rapid development of 

of acetylated peptide immunoaffinity enrichment and high-
resolution MS [49].

Considering the universality and complexity of PTM 
sites, large-scale screening is indispensable. Large-scale 
screening with MS potentially ensures the accuracy of the 
identification of lactylation sites, but this process is nei-
ther economical nor efficient. Therefore, a method that 
combines accuracy, scalability, and efficiency is urgently 
needed. Some researchers have tried to perform statistical 
analyses based on the identified lactylation sites to identify 

Fig. 2  Research on lactylation 
sites and related interactions. (A) 
General strategy for studying 
lactylation. The identification 
of a lactylation site is the basis 
for research on the interaction 
between lactylated proteins 
(cyan) and the corresponding 
writers (yellow), erasers (orange) 
and readers (dark blue). (B) 
Three types of interactions (in 
different color blocks) between 
lactylation (green residues with 
La) and other PTMs (orange 
residues with R) are shown. 
These relationships are typically 
observed among interactions of 
proteins after lactylation and/or 
other PTMs (cyan), correspond-
ing PTM readers (dark blue), and 
other proteins in the pathway 
(blue)
Abbreviations: PTM, posttransla-
tional modification
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5  Lactylation of nonhistone proteins

Lactylation was first discovered on histones; therefore, the 
role of lactylation on histones has been relatively well stud-
ied. However, recent research revealed that lactylation was 
ubiquitous [57, 58], and thus studies exploring lactylation 
of nonhistone proteins with multiple functions is important 
[7]. Currently, many researchers are focusing on the lacty-
lation sites in nonhistone proteins (Table 1). In 2020, Gao 
et al. completed a lactylation analysis of Botrytis cinerea (a 
destructive necrotrophic fungal pathogen) using proteomics 
with LC–MS/MS to identify 273 lactylation sites in 166 
proteins, and approximately 2/3 of the identified lactylated 
proteins were distributed in the cytoplasm (27% in mito-
chondria). In addition, 1/3 of these proteins were related 
to translational control, suggesting that lactylation may be 
enriched in ribosome-related protein subsets and play an 
important role in determining the expression of nonhistone 
proteins [50]. In the same year, James et al. identified 350 
lactylated proteins in a study of nonenzymatic lactylation. 
After analysis with the Database for Annotation, Visualiza-
tion, and Integrated Discovery (DAVID) and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) database, these 
researchers found that lactylated proteins were mainly 
enriched in glycolysis and carbon metabolism [38], which 
further suggests that lactylation in mammals may have a 
greater and broader effect on glycolysis. In 2021, Li et al. 
found that lactylation/acetylation of high mobility group 
box-1 (HMGB1) was promoted by a P300/CBP-dependent 
mechanism, which increased HMGB1 exosome secretion 
and subsequently induced endothelial dysfunction in indi-
viduals with sepsis [59] (Fig.  1). In fact, nonhistone pro-
teins are the most direct executors of gene function. The 
functions of organisms are usually accompanied by changes 
in protein expression, modification, or stability. Nonhis-
tone proteins have received more attention; we believe that 
lactylation of nonhistone proteins will be proven to be an 
important aspect of the mechanism by which lactate affects 
biological processes.

6  Lactylation is involved in cancer 
progression

Lactylation was initially discovered in research on inflam-
mation and immunity, but some clues suggest its involve-
ment in cancer progression. Since the discovery of the 
Warburg effect by Otto Warburg in 1956 [1], lactate, a core 
metabolite produced by the Warburg effect, has attracted 
increasing attention [60]. Among the recognized tumor char-
acteristics [61], glycolysis is associated with lactate produc-
tion and its accumulation in the tumor microenvironment 

artificial intelligence (AI), Jiang et al. began to apply AI to 
predict PTM sites, optimizing complicated AI experiments 
and statistical analyses with computer algorithms [51]. 
First, according to the identified lactylation sites that had 
been previously published, an integrated dataset was estab-
lished with amino acid sequences [52], protein structures 
[53] and other features as model parameters. Then, these 
datasets were processed using machine learning to design an 
algorithm for the prediction of lactylation sites in unknown 
protein sequences. However, since only 382 sites in 191 
proteins have been identified [10] [50] [54], these training 
datasets are too small and uneven for machine learning, 
which is prone to overfitting. Therefore, in 2021, Jiang et al. 
creatively introduced few-shot learning [55] and ensemble 
deep learning [56] in a joint design for use in dataset pro-
cessing. They constructed 11 feature-encoding sets to cover 
amino acid sequences, the physicochemical environment 
of each amino residue, structural information, and other 
parameters that can be used to describe lactylation sites and 
these environments in general. The area under the curve of 
this joint algorithm was 11.7% (from 0.667 to 0.745), which 
was better than that of a deep neural network, random forest, 
logistic regression and other general algorithms, verifying 
its superior sensitivity and specificity [51]. When computer 
technology development and multiomics studies provide 
large-scale data and samples for our research, revolutionary 
changes also occur in biological and medical research. PTM 
site prediction by AI is a discovery that changed research 
thinking. When faced with a large number of PTM sites, 
conventional physical, chemical and biological experiments 
no longer must be planned immediately, and we can predict 
and evaluate these sites first. The trial-and-error cost can be 
saved, but the accuracy of the AI may not be sufficient.

Table 1  Lactylation sites identified in diverse species
Cell type
/species

Identified lactylation 
sites

Refer-
ence

HeLa cells 26 (Histone 
3/4/2A/2B)

[10]

BMDM 16 (Histone 
3/4/2A/2B)

[10]

Treg cell 1 (Moesin K72) [124]
Homo sapiens 1 (ALDOA K147) [57]
gastric cancer cells 2375 [125]
B. cinerea 293 [50]
Oryza sativa 638 [126]
Abbreviations: BMDM, bone marrow-derived macrophage; Treg 
cells, regulatory T cells; ALDOA, aldolase A
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cells. The relative expression of MCT1 and MCT4 partially 
indicates the lactate demand of cells, which are divided into 
oxidative cells and hypoxic cells according to this metabolic 
demand. The two different cells collaborate with each other 
in this symbiotic relationship[60]. “Lactate metabolic cou-
pling” in the TME indicates that lactate metabolism is not a 
single-cell event[73], and we also postulate that lactylation 
is not an isolated modification occurring in only a few cells. 
Lactate in tumor cells induces the overexpression of vascular 
endothelial growth factor and M2-like genes in tumor-asso-
ciated macrophages (TAMs) (these genes include arginase 
1 (Arg1), Fizz1, Mgl1, and Mgl2) [74]. Furthermore, Arg1 
expression, which is closely related to M2 macrophage 
polarization, is positively correlated with histone Kla levels 
[10]. The TME is immunosuppressive, and lactate, its core 
metabolite, regulates the metabolism of innate and adaptive 
immune cells during immunosuppression [75]. In addition 
to the aforementioned TAMs, regulatory T cell (Treg) action 
is reinforced in the TME through moesin K72la (lactylation 
at Lys72 in moesin; this nomenclature for PTMs is presented 
hereafter). The interaction of moesin with the transforming 
growth factor-β receptor and Smad signaling is enhanced by 
lactylation. Anti-lactate treatment through programmed cell 
death protein 1 (PD-1) therapy generates a stronger anti-
tumor effect than PD-1 alone [76]. Other researchers have 
examined tumor cells themselves and have shown that the 
lactate level is positively correlated with the malignancy of 
Lewis lung carcinoma and B16-F1 melanoma cancer cells 
[74], and histone Kla mediated by high lactate levels leads 
to the upregulated expression of YTH N6-methyladenosine 
RNA-binding protein 2 (YTHDF2) to promote cancer pro-
gression. The tumor-promoting mechanism is based on 
YTHDF2 recognition of m6A-modified PER1 and TP53 
mRNAs, which promotes the degradation of these mRNAs, 
accelerating the progression of ocular melanoma [77]. All 
the aforementioned research suggests that a microenviron-
ment with a high lactate level is an important basal con-
dition for lactylation. Therefore, due to the relatively high 
lactate levels in the TME, lactylation in tumor parenchy-
mal cells and stromal cells may be substantially accelerated 
(Fig. 1). These studies indicate that, as lactate is produced 
and lactate metabolism is coupled, lactylation is possible 
in the whole TME. Therefore, many unknown lactylation-
associated mechanisms might promote cancer progression.

6.2  Lactylation is a potential tumorigenic 
mechanism

As a core molecule involved in tumor metabolism and the 
TME, lactate affects various aspects of cancer progression, 
including the activation and epigenetic reprogramming 
of tumors and tumor-related genes, tumor metabolism, 

(TME), which constitutes a critical tumor phenotype; this 
connection made us question whether lactate plays a role 
in cancer progression. From metabolic waste to a ‘general 
fuel’ and ‘information transmitter’ and then to an important 
substrate for metabolic reprogramming, the leading role of 
lactate in cancer progression has gradually been confirmed 
with research progress [2, 62]. The discovery of lactylation 
has provided us with a new perspective on the important 
mechanism of lactate metabolism in cancer progression.

6.1  Tumor-associated proteins have the potential to 
undergo lactylation in the TME

The TME provides a preferred metabolic condition for 
lactylation modification. Because of their high prolifera-
tion rate, tumor cells require large amounts of energy and 
material. However, the newly formed microvasculature in 
solid tumor tissues is often disordered, resulting in ineffi-
cient perfusion and subsequent metabolic stress [63]. There-
fore, hypoxia and a low pH with lactate overproduction are 
important TME characteristics [64–66]. Based on this infor-
mation, conventional views on the physical and chemical 
environment suggest that the abnormal pH gradient in the 
TME promotes cancer progression [67, 68]. Although oxi-
dative phosphorylation (OXPHOS) is proposed to be the 
main energy metabolism pathway in many tissues, includ-
ing tumors (the conventional assumption is that OXPHOS is 
universally deactivated in cancer after the discovery of the 
Warburg effect) [69], under metabolic stress, tumor tissues 
adaptively modulate glycolysis to produce more energy and 
intermediate metabolites, especially lactate, to meet their 
requirements for cellular biosynthesis, such as gluconeo-
genesis [70, 71]. Lactate overproduction provides the sub-
strate for lactylation, which represents the third contribution 
of lactate to cancer, in addition to serving as a ‘general fuel’ 
[2] and in cell signaling pathways (as a ‘signal transmit-
ter’) [62, 72]. Previous research has shown that lactate is 
an important substrate for lactylation mediated by lactyl-
CoA [10]. Nevertheless, the relatively low concentration of 
lactyl-CoA in cells led to lactylation being discovered later 
than acetylation and indicates that higher-precision tech-
niques are needed to identify lactylation than those needed 
to detect acetylation [34]. The efficiency of chemical reac-
tions partially depends on the substrate concentration; there-
fore, the lactate concentration in the environment may be 
the basal condition for lactylation.

Lactate is a powerful molecule that rewires the TME and 
drives “tumor–stroma symbiosis”. In this symbiosis, mono-
carboxylate transporters (MCTs), especially MCT1 (for lac-
tate intake) and MCT4 (for lactate secretion), are the most 
important mediators of lactate exchange in the metabolic 
crosstalk of lactate between cancer cells and noncancer 
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for studying the mechanism of lactate metabolism in cell 
fate determination.

7.1  Lactate metabolism is related to the activation 
of stem cells

Lactate is the most important metabolite related to cell 
proliferation. Many of the aforementioned studies have 
elucidated mechanisms underlying the effect of lactate on 
the proliferation of certain cells, such as cancer cells, and 
the modulation of stem cell activation and division[4–6] 
(Table 2). First, lactate promotes stem cell activation; lac-
tate was shown to activate hair follicle stem cells (HFSCs) 
[85], and another study showed that epithelial develop-
ment mediated by intestinal stem cells was accelerated by 
microbiota-derived lactate [86]. Second, the distinct lactate 
metabolic flow is highly relevant to the specificity of dif-
ferentiation and phenotype shifts; purification of generated 
cardiomyocytes for pluripotent stem cell (PSC)-dependent 
heart regeneration depends on the microenvironment of 
lactate, and lactate promotes the acquisition of a synthetic 
phenotype by vascular smooth muscle cells derived from 
PSCs [87, 88]. Lactate induces the global upregulation of 
genes involved in embryo cleavage, such as members of 
the Zscan4 gene family. Further explorations indicated that 
lactate stimulated increased H3K18 lactylation on germline 
and embryo cleavage-related genes, which in turn promoted 
transcript elongation [89]. The aforementioned research has 
described three potential effects of lactate on stem cells, 
which directs our attention to the roles of lactate, particu-
larly the novel modification lactylation, in stem cells: par-
ticipation in metabolism, signal transmitters or epigenetic 
modulators (Fig. 1).

metastasis, angiogenesis, cancer cell immune escape, and 
tumor resistance [78]. MCT and G-protein-coupled receptor 
81 (GPR81) play important roles as the transport receptor 
and signaling receptor for lactate, respectively [60, 72, 79]. 
As a novel mechanism of lactate, lactylation may play an 
important role in cancer progression, and its potential effect 
is classified into histone-mediated pathways and nonhis-
tone-mediated pathways, depending on the proteins primar-
ily affected by lactylation.

The histone-mediated pathway refers to the epigenetic 
effect of lactylation on gene expression that alters tumor 
phenotypes. Epigenetic modification is universally acknowl-
edged as a vital component of carcinogenesis, and its effects 
on oncogene and tumor suppressor gene expression influ-
ence cancer cells, cancer stem cells and even cancer mesen-
chymal cells [80–82]. Some of the aforementioned studies 
have preliminarily explained the epigenetic role of lacty-
lation in cancer cells, such as lactylation-mediated upregu-
lation of the oncogene YTHDF2 [77] and M2 polarization 
of TAMs [10].

The nonhistone-mediated pathway refers to changes in 
general protein structure, function and localization medi-
ated by lactylation. Because lactylation was initially dis-
covered in histones, studies of lactylation in histones and 
epigenomes are ongoing [10]. However, approximately 1/3 
of lactylated nonhistone proteins were found to be related to 
protein translation in a proteomic analysis of fungal systems 
[50], and lactylated nonhistone proteins are mainly enriched 
in glycolysis and carbon metabolism pathways in mam-
mals [38]. This evidence indicates that lactylation might 
exert greater effects on protein translation and downstream 
pathways than on epigenetic changes and transcription. 
However, due to the lack of studies on individual proteins, 
especially the lactylation of core proteins known to play 
important roles in cancer progression, evidence to support 
the hypothesis that nonhistone proteins mediate cancer pro-
gression is lacking, and therefore further research is needed.

7  Lactylation is involved in determining the 
fate of stem cells

Cell fate determination is a research hotspot in the 21st 
century. Research on adult tissue stem cells and induced 
pluripotent stem cells (iPSCs) has provided suggestions 
for potential therapy in regenerative medicine. Metabolism 
guides cell fate determination, and glycolysis, OXPHOS, 
and other metabolic pathways influence metabolism by 
regulating gene expression and/or signaling pathways [83]. 
Metabolic reprogramming and epigenetic mechanisms in 
stem cells thus reveal the ‘power of metabolism’ [84]. The 
novel discovery of lactylation provides a new perspective 

Table 2  Studies of the mechanism by which lactate regulates the bio-
logical characteristics of diverse stem cells
Cell type Discovery Refer-

ence
HFSC Lactate production accelerates the activation of 

HFSCs and the hair cycle.
[85]

ISC Lactate is sensed by GPR81 and transduced by 
the Wnt3/β-catenin pathway to promote the ISC-
mediated regeneration of epithelial cells.

[86]

PSC PSC derivatives are cultured with glucose-
depleted culture medium containing abundant 
lactate to match the metabolism of purification.

[88]

ESC Lactate induces global upregulation of genes 
involved in embryo cleavage, such as Zscan4 
gene family.

[89]

Abbreviations: HFSC, hair follicle stem cell; ISC, intestinal stem 
cell; GPR81, G-protein-coupled receptor 81; PSC, pluripotent stem 
cell; ESC, embryonic stem cell
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are four main transporters: MCT1 to MCT4 [79]. MCTs 
play an important role in lactate transport and may be impor-
tant targets in lactate transportation [60, 97]. In a study on 
lactylation in the brain, cortical neurons were treated with 
the MCT2 inhibitors A-cyano-4-hydroxycinnamate and 
AR-C155858 in vitro, which inhibited lactylation induced 
by exogenous lactate treatment [98].

Direct targeting of lactylation, delactylation, and recog-
nition of lactylation is the most accurate method for treating 
tumors. However, due to incomplete research on lactylation, 
insufficient information is insufficient to design targeted 
mediators. Therefore, we must thoroughly understand the 
writers, erasers, and readers involved in lactylation. Zhang 
et al. have proven that P300 mediates lactylation, which was 
the first discovered lactylase [10]. P300 is a well-studied 
lysine acetyltransferase (KAT) and transcriptional coactiva-
tor. Because P300 and CREB-binding protein (CBP) share 
63% homology and contain very similar domains, these 
proteins are often referred to together as P300/CBP [99]. 
P300/CBP is an acetylase targeting more than 2/3 of acety-
lation sites [7], and its overexpression is strongly correlated 
with many diseases, especially malignant tumors [100]. The 
bromodomain and KAT active sites are important carcino-
genic targets in hematologic malignancies [101], prostate 
cancer and breast cancer [102]. The discovery of lactylation 
expands the known carcinogenic mechanism of P300/CBP, 
and P300/CBP is predicted to be an important therapeu-
tic target in the carcinogenic mechanism of lactylation. 
Research on micromolecules targeting P300 has progressed 
rapidly, especially those targeting bromodomain and KAT 
activity. CCS1477, developed by Cell Centric, is the only 
CBP/P300 inhibitor currently in phase IB/IIA clinical tri-
als; it is a promising treatment for hematologic malignan-
cies and advanced drug-resistant prostate cancer [100]. 
Although KAT and the acetylation bromodomain reportedly 
exert general effects on extensive lysine acylation, whether 
the aforementioned CBP/P300 structural target is effec-
tively modulated through lactylation remains to be con-
firmed. In 2022, Zhao et al. were the first to identify sirtuins 
and class I histone HDAC1-3 as delactylases in vitro [33]. 
As a class of tumor therapeutic targets, HDAC1-3 inhibi-
tors have been researched for 30 years and evaluated in 
clinical trials, and they have shown efficacy against several 
tumors [103, 104]. However, these results have been based 
on acetylation assessments. Considering the crosstalk and 
similarity between the writers, erasers and biochemical pro-
cesses between acetylation and lactylation, lactylation may 
exert the same or stronger effects as acetylation, and thus 
lactylation-associated proteins may compete with acetyla-
tion-associated proteins for the same PTM sites.

Regenerative medicine has gained momentum in recent 
years [105], and the concept of precision and personalized 

7.2  Lactylation is related to somatic cell 
reprogramming

Lactylation is an important epigenetic modification regulat-
ing somatic and pluripotency genes. As the ‘fifth Yamanaka 
reprogramming factor’, Gli-like transcription factor 1 
(Glis1) expressed in iPSCs regulates the activation of 
somatic genes (Atf, Batf, and Jun) and pluripotency genes 
(Klf4, Sox2, Oct4, Nanog, etc.), promotes glycolytic gene 
expression and, with substrate accumulation, accelerates the 
lactylation and acetylation of histones, which initiates the 
so-called ‘second transcriptional wave’ at the level of chro-
matin [54]. This study was the first to introduce a role for 
lactylation in somatic cell reprogramming and reveal a new 
mechanism by which lactylation regulates gene transcrip-
tion by influencing the shift in the chromatin state (Fig. 1). 
However, unfortunately, the relationship between lacty-
lation and acetylation was not addressed in this study, and it 
may be the next vital question to be answered. Histone acet-
ylation plays a vital role in chromatin remodeling, which is 
the premise of cell reprogramming and differentiation [90]. 
Studies on genes related to embryo cleavage and pluripo-
tency genes indicate that lactylation affects cell remodeling, 
reprogramming and differentiation at the epigenetic level, 
similar to acetylation [54, 89]. This valuable discovery 
provides a better understanding more of the mechanism by 
which metabolism affects cell remodeling and differentia-
tion, the number of mediators involved and the complexity 
of epigenetic reprogramming.

8  Lactylation is a potential target for cancer 
therapy and regenerative medicine

Approaches targeting lactate production and transporta-
tion to modulate are important strategies to improve tumor 
prognosis. Lactate dehydrogenase (LDH), especially lactate 
dehydrogenase A (LDHA), is the core enzyme in glycolysis 
and lactate metabolism, and its overexpression in various 
tumor cells makes it a potential target for tumor therapy 
[91]. In research on lactylation, the use of LDH inhibitors 
(such as sodium oxamate) to downregulate lactate metabo-
lism inhibits lactylation and thus blocks the downstream 
lactylation pathways [10, 77]. Several effective LDH inhibi-
tors have been identified, and some have entered phase I 
and II clinical trials [92]. Inhibiting the expression of genes 
upstream of LDH has also been an effective strategy, includ-
ing the oncogene MYC (encoding c-Myc) [93], hypoxia-
inducible factor [94], cAMP response element-binding 
protein (CREB) [95], and heat-shock factor 1 [96], MCTs, 
known as solute carrier family 16, are important transmem-
brane proteins with 4 members in the family, among which 
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[54] and sepsis [59], lactylation and acetylation have been 
studied in parallel. However, the relationship and potential 
interaction between Kla and other PTMs, such as Kac, have 
not been thoroughly discussed. Therefore, we propose the 
following assumptions (Fig. 2):

(1)	 Competitive relationship: Generally, only one acyl 
group is added to a lysine site, indicating that compe-
tition exists among various lysine acylation sites. This 
competitiveness depends on complicated factors, such 
as the concentration of the substrate, accessibility of 
lysine residues, and activity level of acylases. In the 
classic example of ubiquitination and SUMOylation, 
SUMOylation of nuclear factor κB (NF-κB) inhibits 
proteasome-mediated degradation mediated by ubiqui-
tin. NF-κB is a major transcriptional activator involved 
in the immune response and cell survival, and it translo-
cates into the nucleus through its nuclear import signals 
and the inactivation of IκBα (an inhibitor of NF-κB) to 
activate transcription. During this process, the ubiqui-
tination of the K21 and K22 sites in IκBα induces its 
proteasomal degradation. Ubiquitination events also 
promote the nuclear translocation of NF-κB and tran-
scriptional activation. Nevertheless, the K21 site is a 
target of SUMOylation; competitive SUMOylation 
blocks the ubiquitination pathway and thus stabilizes 
IκBα to inhibit NF-κB pathway activation [111]. We 
have a certain understanding of important Kac sites, 
such as K370ac, K372ac, K373aC, K381ac and K382ac 
of P53 [112], K418ac, K423ac, K1542ac, K1546ac, 
K1549ac, K1699ac, K1704ac, K1707ac of P300 [113], 
and K3016ac of ataxia telangiectasia-mutated [114]. 
Competitive substitution at Kla sites occurs under cer-
tain conditions. This change possibly affects the confor-
mation and/or function of previously acetylated proteins 
to counteract the effect of acetylation or generate some 
new molecular pathological changes.

(2)	 Synergetic relationship: Close synergistic relationships 
have been identified among PTMs.
�The best characterized relationship involves ubiquitina-
tion and SUMOylation [115]. Both SUMOylation and 
ubiquitination determine circadian rhythms; the het-
erodimeric transcription factor CLOCK/BMAL1 con-
trols the expression of circadian CLOCK-related genes. 
When K259 of BMAL1 was SUMOylated by SUMO2/
SUMO3, researchers found that the ubiquitination and 
degradation of BMAL1 were significantly attenuated. In 
contrast, the transcriptional activity of circadian regula-
tion-related genes was inhibited by the BMAL1 K259 
mutant protein. Overexpression of SUMO protease 
reduced the SUMOylation and ubiquitination levels of 
BMAL1, while the ubiquitin protease affected only the 

medicine is guiding the development of promising future 
therapies [106]. The microenvironment (also called the 
niche) is a vital factor in many stem cell functions, such 
as their activation and proliferation, which are related to 
their metabolism, generalized nutrition and signaling func-
tions [107]. Similar to cancer cells, many normal stem cells 
show a glycolytic phenotype [108]. Lactate is the core 
metabolite of glycolysis, with diverse effects on stem cells, 
as explained above, and some evidence has indicated an 
effect of lactate on the activation and maturation of stem 
cells. Previous studies on hair growth attracted our inter-
est in lactate therapy in regenerative medicine because 
LDHA expression and accompanying lactate production 
were found to be essential for the activation of HFSCs [85]. 
LDHA is always related to cell proliferation, and inhibition 
of LDHA activity is a classic therapeutic strategy for can-
cer. We must think differently to leverage LDHA expression 
and promote the proliferation and regeneration of tissues for 
therapeutic purposes. However, we have mainly focused on 
the effect of lactylation reported in 2020 [54]. According 
to existing research, iPSCs are activated by Glis1 through 
the induction of glycolytic gene expression and subsequent 
lactate production. Lactate and its subsequent lactylation 
mediate metabolic reprogramming and epigenetic remodel-
ing. It functions as a ‘switch’ that activates or inactivates 
pluripotency-associated genes to modulate their expression 
and regulate the efficiency of somatic cell reprogramming. 
Thus, lactate and lactylation may be keys to regenerative 
medicine, and we must inspire reverse thinking to link the 
abundant lactate-associated research on cancers to research 
on stem cells.

9  Perspectives

9.1  From lactylation to the proteomics of PTMs

The human genome only contains approximately 20,000 
genes, but the abundance of transcripts and the so-called 
‘proteoforms’ shaped by PTMs expand the proteome geo-
metrically, making it much larger than the genome; these 
processes enable cells to participate in many diverse life 
functions [109] [110]. Other lysine acylation species are dif-
ficult to exclude when researching novel nonclassical lysine 
acylation (nonacetylation) modifications, such as Kla. 
Therefore, we should expand our horizon to include pro-
teomics to map PTMs of target proteins identified through 
high-throughput MS and thus further determine the relation-
ships and interactions between different PTMs.

Lysine acetylation (Kac) is a classical, well-studied, mul-
tifunctional and nonnegligible lysine acylation. In some 
lactylation-related research on pluripotent reprogramming 
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Lactylation is considered a metabolic modulation mecha-
nism in which lactate is the main substrate and is related 
to glycolysis, but the experimental evidence is insufficient. 
First, we must prove the necessary and sufficient relation-
ship between lactate accumulation and lactylation. Accord-
ing to recent research, this relationship is sufficient to 
induce lactylation (no counterexample has been found [10] 
[26] [98]), but evidence showing nonenzymatic lactylation 
in which lactate is not a substrate has negated the hypoth-
esis that lactate is the only substrate involved in lactylation 
[38]. Second, we still do not know the biochemical process 
through which lactyl-CoA is produced from lactate or the 
metabolic dynamics of lactyl-CoA. In particular, we must 
identify the transporter and synthase of lactyl-CoA. Stud-
ies aiming to identify the related metabolic mechanism of 
lactyl-CoA are important to understand the upstream modu-
latory mechanism of lactylation [10]. Lactylation and acety-
lation have been studied in parallel, and they use the same 
writer [10] and eraser [33]; therefore, an understanding of 
the respective contributions of carbon sources, such as glu-
cose, as substrates in acetylation and lactylation dynamics 
will help us clarify the similarities and differences between 
the effects of acetylation and lactylation [122].

The most urgent problem to be solved requires a greater 
understanding of the downstream signaling pathways of 
lactylation. To date, these pathways have not been thor-
oughly researched. Moreover, the epigenetic modification 
known as lactylation that was initially discovered remains 
controversial, as some researchers believe that lactate and 
M2 gene expression are uncoupled. No specific connec-
tion between lactate and Arg1 expression during inflam-
matory glycolysis has been identified; therefore, lactylation 
does not upregulate Arg1 expression, and interleukin-6, a 
mediator of inflammation, drives Arg1 expression. Interest-
ingly, the upregulation of Arg1 expression promotes nitric 
oxide production to drive glycolysis and accompanying 
lactylation [123]. This study provides us with a contrast-
ing view and indicates that lactate is a substrate for lacty-
lation. More research is needed to confirm the true effect 
of lactylation. Researchers have identified a writer [10] and 
eraser [33] of lactylation, and these two enzymes are also 
critical for acetylation. We propose that the identification of 
lactylases and delactylases will help us explore the mecha-
nism favoring lactylation, which may help us explain the 
roles of ‘lactylation specific genes’ (namely, explain why 
histones at some genes undergo lactylation while others do 
not) through epigenetics [10]. Furthermore, readers initiate 
downstream signaling in lactylation, and elucidating reader 
mechanisms is the next step in lactylation research; the 
identification of domains, such as bromodomain in acetyla-
tion, serving as ‘radar’ that ‘sends’ signals of lactylation is 
desirable. Considering the similarity of writers and erasers 

ubiquitination of BMAL1. Based on these results, the 
SUMOylation of BMAL1 is a prerequisite for ubiquiti-
nation and that the synergy of these two PTMs mediates 
the degradation of BMAL1 [116]. In another example 
of this synergy, researchers studying pluripotent repro-
gramming [54] found that H3K27ac and H3K18la might 
exert a synergistic effect on the opening and closing of 
chromatin and thus affect gene transcription. Neverthe-
less, they did not explore the mechanism. Hence, Kla 
and Kac may be localized at the same protein and simul-
taneously or successively recognize specific molecules 
and activate the same downstream pathway to induce 
greater activation or inhibition.

(3)	 Crosstalk relationship: PTM crosstalk refers to the 
complementary modulation of the structures, functions, 
and interactions of proteins undergoing various PTMs. 
PTM components positively or negatively regulate each 
other, and various proteins and various pathways may 
engage in extensive crosstalk. This signaling mecha-
nism was first discovered in studies on phosphorylation 
and ubiquitination. The ubiquitination activity of the E3 
ubiquitin ligase is regulated by phosphorylation [117], 
and phosphorylation is a potential recognition signal 
(phosphodegron) [118]. In contrast, the degradation of 
many kinases is mediated by ubiquitination [119]. In 
addition to the ubiquitin pathway, PTM crosstalk often 
involves successive protein modifications; the first mod-
ification may affect the subsequent modification. For 
example, P300 recruitment mediated by P53 promotes 
H3 acetylation to stabilize P300 itself, and then P300 
stabilizes SET1C recruited by P53 to promote H3K4 
trimethylation of a promoter [24]. Glycogen synthase 
kinase 3β promotes the phosphorylation of four amino 
acid residues upstream of the catalytic site, which gen-
erates a binding site for a substrate to ensure that Gly-
cogen synthase kinase 3β phosphorylates the substrate 
[120]. PTM crosstalk leads to fine-tuned adjustments 
in a cellular response to slight changes in the environ-
ment [121]. Considering traces of Kla, we predict that 
Kla and other nonclassical lysine acylation species may 
fine-tune downstream signaling by changing the micro-
structure of proteins, thereby minimally affecting sig-
naling and alternative pathways to modulate responses 
and facilitate cellular adjustments to the environment, 
especially tumor cells to the TME with high levels of 
lactate and other intermediate products.

9.2  Research focus

The discovery of lactylation provides a new opportunity 
to study lactate metabolism, but many questions remain 
unanswered.
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However, the existing research on lactylation is undeni-
ably still at an initial stage, and many of the aforementioned 
questions urgently require answers. Lactylation will likely 
be the next hot topic in lactate research, and this research 
is expected to deepen and refine our understanding of the 
relationship between cancer progression and lactate metab-
olism. Studies exploring lactylation will be very interesting 
and important, and we look forward to discovering new and 
effective tumor therapeutic targets through this research.
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involved in lactylation and acetylation, we speculate that the 
bromodomain is an important reader in lactylation, but the 
support for this speculation requires further research. Most 
importantly, we must consider the crosstalk among other 
lysine acylation processes in the signaling pathway, espe-
cially acetylation.

Based on research on acetylation writers (such as KAT), 
erasers (such as KDAC), readers (such as bromodomain), 
and large-scale sequencing of acetylation-related genes, 
we are able to precisely target the mechanism of KAT and 
KDAC activation/inhibition and identify the target sites by 
generating point mutations in proteins involved in acety-
lation. However, our understanding of lactylases, delacty-
lases and the recognition domains in lactylation is limited. 
Research on the lactylation modulation has been very impre-
cise and mostly performed at the level of the substrate (lac-
tate) using strategies such as exogenous lactate treatment 
and LDH activation/inhibition [10] [98]. However, these 
treatments affect the pathway too far upstream; we cannot 
exclude the possibility that metabolic bypasses outside the 
lactylation pathway affect experimental results and may 
even modulate the effect of therapies targeting lactylation. 
Hence, the results of many studies remain controversial, and 
confusion regarding causality persists [123]. If we want to 
target lactylation to precisely modulate its mechanism, we 
must map the lactylation atlas and identify specific enzymes 
and recognition domains to exclude crosstalk with other 
PTMs; this mapping exercise may help us better understand 
the mechanism of lactylation.

10  Conclusion

Lactate is always a core metabolite involved in cancer pro-
gression. In recent years, an increasing number of studies 
have been conducted on the effect and carcinogenic mecha-
nism, mainly signaling, of lactate, which functions as a 
‘general fuel’ in terms of the energy supply and activates 
downstream pathways through receptors, such as GPR81. 
The discovery of lactylation in 2019 revealed a novel 
mechanism: initial research on histones led to the explana-
tion of lactylation as a metabolic mechanism that modulates 
the epigenome and plays role in the transformation of the 
inflammatory phenotype.

In this paper, the discovery process and modification 
mechanism of lactylation, the methods for site modification 
and the advances in understanding lactylation of nonhistone 
proteins are reviewed; the potential roles of lactylation in 
cancer progression and cell fate determination and the pos-
sible therapeutic strategies for targeting lysine lactylation 
are also discussed.
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