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Lysine lactylation is a newly discovered protein post-translational modification
that plays regulatory roles in cell metabolism, growth, reprogramming, and
tumor progression. It utilizes lactate as the modification precursor, which is an
end product of glycolysis while functioning as a signaling molecule in cells.
Unlike previous reviews focused primarily on eukaryotes, this review aims to
provide a comprehensive summary of recent knowledge about lysine lactylation
in prokaryotes and eukaryotes. The current identification and enrichment
strategies for lysine lactylation are introduced, and the known readers, writers,
and erasers of this modification are summarized. In addition, the physiological
and pathological implications of lysine lactylation are reviewed for different
organisms, especially in prokaryotic cells. Finally, we end with a discussion of
the limitations of the studies so far and propose future directions for lysine
lactylation investigations.
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1 Introduction

Lysine lactylation is an emerging post-translational modification (PTM) that influences
a variety of cellular processes, including cell metabolism (Dong et al., 2022; Li et al., 2023),
neuronal development (Dai et al., 2022; Merkuri et al.,, 2024), cellular reprogramming
(Li L. et al., 20205 Hu et al., 2024), inflammation (Yang et al., 2022; Fan M. et al., 2023), and
tumorigenesis (Xie et al., 2024; Zong et al., 2024). This PTM has three distinct isomers:
L-lactylation (K,), D-lactylation (Kpj,), and N-e-(carboxyethyl)-Lysine (K..)
(Zhang et al., 2024). The cellular levels of K; j, and Ky, can be stimulated by the two
optical isomers of lactate, i.e., L-lactate and D-lactate, respectively. As a byproduct of
cellular metabolism (Cornell et al., 1974; Ewaschuk et al., 2005; Vander Heiden et al.,
2009), lactate serves as a critical signaling molecule, regulating tumor development and
immune responses (Certo et al., 2021; Zhang et al., 2022; Li H. et al., 2024). Given its broad
biological relevance, it is vital to understand the mechanisms behind lysine lactylation, for
exploring its physiological and pathological roles.

Recently studies suggest that lysine lactylation has mechanistic similarities with lysine
acylation, which has been studied extensively since the 1960s (Allfrey et al., 1964; Ren et al.,
2017; Gong et al,, 2024). To introduce and remove the modification, there are generally
two distinct types of catalytic mechanisms, enzymatic and non-enzymatic. The enzymatic
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mechanism is conducted by lactyltransferases (writers) and
delactylases (erasers), which function similarly to acetyltransferases
(KATs) and deacetylases. K; 4, is tightly regulated by these enzymes,
which can install and remove the L-lactyl groups rather than the
acetyl group to lysine residues (Li et al., 2023; Sung et al., 2023;
Zhang et al., 2024). These enzymes have been extensively studied
in eukaryotes (Chen et al, 2024; Li H. et al., 2024), while much
less studies have been conducted in prokaryotes (Dong et al., 2022;
Li et al, 2023; Zong et al.,, 2024). Studies in Escherichia coli (E.
coli) and Streptococcus mutans (S. mutans) have shown that, lysine
lactylation is a PTM conserved across prokaryotes and eukaryotes,
much like lysine acetylation (Hentchel and Escalante-Semerena,
2015; Wei et al., 2017). Furthermore, several lactyltransferases and
delactylases have been identified in various microbial species. On the
other hand, a novel nonenzymatic mechanism has been identified
in HEK293 cells (Gaffney et al., 2020). The authors reported that,
S-D-lactylglutathione (LGSH) directly donates its D-lactyl group to
lysine residues, generating K j, modification. However, far less has
been known for this form of lactylation.

These emerging findings suggest that, exploring the functional
significance of lysine lactylation, in physiological and pathological
cellular contexts, offers a promising direction in chemical and
cell biology. Understanding these mechanisms could provide new
insights into disease regulation and therapeutic development. In this
review, we first introduce the lactylation discovery history, followed
by a summary of detection methods of lysine lactylation. We
then comprehensively explore the regulatory enzymes of lactylation
(writers, erasers, and readers), along with the physiological and
pathological roles of lactylation across various organisms. Finally, we
discuss the current challenges and limitations in lactylation research
and propose potential directions for future studies. Ultimately, this
review aims to deepen our understanding of lysine lactylation and
uncover new therapeutic strategies for lactylation-related diseases.

2 Discovery of lysine lactylation
2.1 Discovery history

In 2019, Zhang and colleagues discovered K; ), that is driven
by L-lactate (Zhang et al., 2019). Using high-performance liquid
chromatography (HPLC)-tandem mass spectrometry (MS/MS)
analysis, they observed a mass shift of 72.021 Da on lysine residues
in histone proteolytic peptides. The mass shift corresponds precisely
to the addition of a lactyl group to the e-amino group of a
lysine residue. Subsequent immunoblotting, metabolic labelling and
MS/MS analysis demonstrated that lysine lactylation is derived from
L-lactate (Zhang et al., 2019) (Figure 1). These findings demonstrate
that lactylation specifically occurs on lysine residues of histones.

Following the discovery of K; ,, Gaffney etal. identified its
stereoisomer, Ky, ;,, which occurs on both histones and non-histone
proteins (Gaffney et al., 2020). Ky 4, is formed via a nonenzymatic
reaction by transferring a D-lactyl group from LGSH to lysine
residue (Gaffney et al., 2020; Trujillo et al., 2024). LGSH is produced
through the glyoxalase pathway, which involves two enzymes:
glyoxalase 1 (GLO1) and glyoxalase 2 (GLO2). GLO1 catalyzes the
reaction between the glycolysis byproduct methylglyoxal (MGO)
and glutathione (GSH) to form LGSH. GLO2 hydrolyzes LGSH

Frontiers in Molecular Biosciences

02

10.3389/fmolb.2024.1510975

to produce D-lactate and regenerate GSH (Figure 1). Subsequent
studies showed that Ky, increased in histone H4 when incubated
with LGSH. This result was reproducible with the glycolytic enzyme
phosphoglycerate kinase 1 (PGK1). These research findings indicate
that LGSH levels are the primary driver of K, j, formation in cells.
Additionally, MGO can directly react with lysine, generating N-
e-(carboxyethyl)-lysine (K_.), another isomer of lysine lactylation
(Galligan et al.,, 2018; Khadha et al., 2020; Kulkarni and Brookes,
2020; Zhang et al., 2024) (Figure 1).

2.2 ldentification and enrichment
strategies

A variety of chemical tools have been developed to investigate
lysine lactylation at the proteomics level. These include specific
antibodies for enriching lactylation peptides and bio-orthogonal
chemical probes for metabolic labeling (Figure 2). In 2019, Zhang
and colleagues introduced a pan anti- K, antibody-based
immunoprecipitation method, combined with MS/MS to identify
target proteins and modification sites of K ;, in cells (Figure 2A)
(Zhang et al., 2019). This technique has been used in numerous
studies to examine the presence of K, in various eukaryotic
organisms, including Kupffer cells (Sung et al, 2023), Botrytis
cinerea (Gao et al,, 2020), maize root (Shi et al, 2023), and
Caenorhabditis elegans (Ding et al., 2024). In 2024, they developed
second-generation antibodies that effectively distinguish between
KL-la’ KD-la’ and Kce'

Bio-orthogonal chemical analogs has emerged as powerful tools
for metabolic labeling and proteomic analysis of PTMs (Stone et al.,
2017; Gao and Hannoush, 2018; Parker and Pratt, 2020). These
analogs, such as the alkynyl or azido derivatives of PTM donor
precursors, are metabolically incorporated into lactylated proteins.
Then labelled proteins are conjugated with fluorophores or affinity
tags through click chemistry for subsequent fluorescence detection
or proteomic analysis (Parker and Pratt, 2020). In 2022, Sun
and colleagues developed YnLac, an alkynyl-functionalized bio-
orthogonal analog of L-lactate, for profiling of protein lactylation
(Figure 2B) (Sun et al., 2022a). This study not only identified
lactylation sites on histones but also revealed novel lactylation
sites on non-histone proteins, such as nucleolar protein NCL,
DNA chaperone HMGBI1 and poly (ADP-ribose) polymerase 1
(PARP1). For example, lactylation of PARP1 may regulate its ADP-
ribosylation activity, which is essential for its role in DNA repair,
indicating a potential regulatory role for lactylation in DNA repair
mechanisms (Sun et al., 2022a).

In addition to experimental approaches, computational
prediction tools have become a cost-effective ways to identify
potential modification sites. In 2021, Jiang etal. introduced the
first predictive model for lysine lactylation sites, called FSL-
Kla (Jiang et al, 2021). After this, more models have been
developed, such as DeepKla and Auto-Kla (Lv et al., 2022; Lai and
Gao, 2023). More recently, Yang etal. developed two enhanced
frameworks, ABFF-Kla and EBFF-Kla, which integrate both protein
sequences and 3D structural features, providing the accuracy of
prediction (Yang et al., 2024). These tools improve our ability to
identify lactylation sites and offer deeper insights into the substrate
proteins and the biological processes they regulate.
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FIGURE 1

and Jiayi Xin.

The structure and formation mechanism of K_,, Kp_, and K., The formation of these chemical structural isomers of K _,, Kp_, and K, are produced
through two pathways: glycolysis and the glyoxalase cycle. During glycolysis, a series of enzymatic reactions transpire within the cytoplasmic
compartment of the cell. Glucose undergoes a step-by-step degradation through a series of intermediate reactions, culminating in the production of
lactate (Vander Heiden et al., 2009). The lactate exists in two stereoisomeric forms: L-lactate [with (S) configuration] and D-lactate [with (R)
configuration]. K _, is induced by glycolysis-derived L-lactate, which involves the transfer of an L-lactyl group from an L-lactyl-CoA to a lysine residue
on a target protein, which is regulated by the writer p300 and eraser HDAC3 (Zhang et al,, 2019; Zhang et al., 2024). Ky_, is formed by an uncatalyzed
reaction involving LGSH generation through the glyoxalase cycle pathway, as detailed by Gaffney and colleagues (Gaffney et al., 2020). K., another
lysine lactylation isomer, is one of the MGO adducts (Khadha et al., 2020; Kulkarni and Brookes, 2020). Designed and created by Wenjuan Zhao

3 Writer, eraser and reader of
lactylation

3.1 Writer

Recent studies have identified KATs as key writers that regulate
Ki 1, KATs can be classified into three families: the p300/CBP, the
MYST, and the GNAT (Berndsen and Denu, 2008; Friedmann and
Marmorstein, 2013). The p300/CBP and MYST families are involved
in regulating K ;, in eukaryotes (Table 1). For example, the absence
or inhibition of p300/CBP was shown to reduce the lactylation
level of proteins such as HMGB1 and MREI1 (Yang et al., 2022;
Chen et al,, 2024). Yu et al. demonstrated that P300 depletion could
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reduce the lactylation level of histone, disrupting the binding of
P300 to YTHDEF2 promoter, and affecting gene expression (Yu et al.,
2021). Members of MYST family, KAT8/MOF and KAT5/TIP60, were
shown to regulate K; ;, in non-histone proteins such as Vps34 and
eEF1A2 (Jia et al,, 2023; Xie et al., 2024). These findings indicate that
p300/CBP and MYST families serve as writers for both histone and
non-histone lactylation.

The GNAT family of acetyltransferases is present in both
eukaryotes and prokaryotes (Table 1) (Hentchel and Escalante-
Semerena, 2015; Burckhardt and Escalante-Semerena, 2020). Recent
studies found that the members of this family, like GCNS5, YiaC, and
GNAT13, playarole inlysinelactylation (Dong et al., 2022; Wang et al.,
2022;Lietal,, 2023). Wangand colleagues showed that silencing GCN5
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FIGURE 2

2022a). Designed and created by Wenjuan Zhao and Jiayi Xin.

Proteomics strategies for the detection of lysine lactylation. The enrichment and detection methods of lactylated proteins include a
pan-anti-lactylation antibody-based strategy (A) and a biorthogonal chemical reporter (B). (A) The pan-anti-lactylation antibody are derivatized to be
immobilized on the solid support and incubated with cell lysates. Lysine lactylation modified peptides after tryptic digestion are enriched and pulled
down on solid supports. (B) Bioactive compounds are functionalized with photoaffinity linkers such as the alkynyl derivatives of PTM donor precursors,
such as YnLac, alkynyl-functionalized L-lactate analogue. All newly synthesized lactylated proteins can be metabolically labelled with YnLac in cell
culture. Then the labelled proteins are digested by trypsin and conjugated with fluorescent or affinity tags with azide-coated through Click chemistry.
Next, the labelled peptide are enriched for in-gel fluorescence detection or pulled down through affinity tags immobilized solid support (Sun et al.,

in cells lead to a significant reduction in histone K j, (Wang et al,
2022). In prokaryotes, Dong et al. identified 79 potential K j, sites
regulated by YiaC (Dong et al,, 2022). Li et al. also demonstrated that
GNAT13 catalyzes lysine lactylation in S. mutans (Li et al., 2023).

In addition to KATs, the aminoacyl-tRNA synthetase (AARS)
family has recently been found to catalyze lysine lactylation
(Table 1). Mao etal. showed that mitochondrial AARS2 is a
lysine lactyltransferase, adding lactyl groups to PDHA1l and
CPT2 (Mao et al,, 2024). Similarly, Zong et al. demonstrated that
cytoplasmic AARS1 in tumor cells binds lactate and catalyzes
lactylation of p53 at K120 and K139 residues. Recent studies have
identified that AARS1/2 are conserved intracellular sensors of L-
lactate and play an essential role as lactyltransferases to stimulate the
lysine lactylome in cells (Li H. et al., 2024; Zong et al., 2024).

3.2 Eraser

Lysine deacetylases (KDACs) are enzymes that remove acyl
groups from lysine residues. They include histone deacetylases
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(HDACs), which are Zn** dependent, and sirtuins (SIRTs), which
require NAD* as a co-substrate (Table 1) (Tan et al, 2016;
Moreno-Yruela et al., 2022; Yang Y. et al.,, 2023). Moreno-Yruela
etal. screened all 18 HDAC:s to evaluate their ability to cleave &-
N-L-lactyllysine and found that HDACI1-3 and SIRT1-3 exhibit
delactylase activity in vitro. Among them, HDACI1-3 are the
most efficient enzymes for removing lactyl groups from lysine
residues (Moreno-Yruela etal., 2022). Meanwhile, Zu and colleagues
discovered SIRT2 as a key eraser of histone lysine lactylation,
which inhibits the proliferation and migration of glioblastoma cells
(Zu et al,, 2022). Furthermore, research by Zessin’s group revealed
that HDAC3 is the most effective delactylase for histones. Its
delactylase activity is over 1,000 times more than SIRT2 or other
HDAC isoforms (Zessin et al., 2022).

In addition to these findings, Sun et al. utilized genetic code
expansion technology to identify delactylases in both bacteria
and mammalian cells. Their study identified SIRT1 as a potential
delactylase for non-histone proteins (Sun et al., 2022b). Similarly,
Jennings and colleagues demonstrated that SIRT2 removes Kp,
from protein pyruvate kinase M2 (PKM2) (Jennings et al., 2021).
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TABLE 1 Summary of the writers, readers, and erasers of lysine lactylation and their corresponding sites and functions under different conditions.

Type Enzyme Lactylated Regulated proteins Result
Proteins Sites
ARG 1 Induces M2- like genes transcription Zhang et al. (2019)
in M1 macrophages
YTHDE 2 Promotes YTHDF2’s transcription to Yu et al. (2021)
accelerate tumorigenesis
METTL 3 Enhances the capture of Xiong et al. (2022)
m6A-modified RNA to promote
immunosuppression
H3 K18
Oct 4 Facilitates cellular reprogramming Li et al. (2020a)
Sall4
Mycn
P300 Cdh1 Activate pluripotent genes and Hu et al. (2024)
Oct 4 promotes iPSC reprogramming
circATXN7 Activates transcription of Zhou et al. (2024)
circATXN?7 to foster tumor
immunoescape
H4 K12 PKM2 Forms a positive feedback Pan et al. (2022)
glycolysis/H4K12la/PKM2 loop,
exacerbates microglial dysfunction
YY1 K183 FGF2 Upregulates FGF2 and promotes Wang et al. (2023)
angiogenesis
Writers AK2 K28 - Weakens AK2 enzymatic activity Yang et al. (2023b)
and contributes to HCC malignancy
Snaill - TGE-pB Promotes Fan et al. (2023a)
endothelial-to-mesenchymal
transition after myocardial infarction
P300/CBP
HMGBI1 - - Promotes Hmgb1 translocation from Yang et al. (2022), Du et al. (2023)
the nucleus to the cytoplasm and its
release
CBP MREI11 K673 - Promotes DNA end resection and Chen et al. (2024)
HR repair
GCN5 H3 K18 Lrgl Boosts reparative gene activation Wang et al. (2022)
Vegf-a post-myocardial infarction
IL-10
KATS5 (TIP60) Vps34 K356 Vps34 Activates Vps34 lipid kinase activity Jia et al. (2023)
K781 in muscle cells and cancer cells
KAT8 eEF1A2 K408 - Promotes eEF1A2-mediated protein Xie et al. (2024)
synthesis and colorectal
carcinogenesis
PDHA1 K336
AARS2 - Limits oxidative phosphorylation Mao et al. (2024)
CPT2 K457
K458
(Continued on the following page)
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TABLE 1 (Continued) Summary of the writers, readers, and erasers of lysine lactylation and their corresponding sites and functions under different

conditions.
Type Enzyme Lactylated Regulated proteins
Proteins Sites
AARS1/ p53 K120K139 Impairs p53 LLPS and DNA Zong et al. (2024)
binding, thereby reducing p53
tumor-suppressive roles
YiaC GItA K328K381 Regulates the activity of Dong et al. (2022)
PncB metabolic enzymes
GNAT13 RpoA K173 Inhibits the synthesis of Lietal. (2023)
extracellular polysaccharides
SIRT1 non-histone proteins A potential delactylase for Sun et al. (2022b)
non-histone proteins
LactoylLys Regulates Protein Lactoyl-Lys Jennings et al. (2021)
Modifications
SIRT2
H4 K8 SERPING1 Inhibits the proliferation and Zu et al. (2022)
TRPV4 migration of neuroblastoma
cells
H4 K16 - Fan et al. (2023b)
cyclin E2 K348 Delactylation of cyclin E2 Jin et al. (2023)
prevents hepatocellular
carcinoma growth
Erasers
SIRT3 Fis1 K20 Reducing Fis1 lactylation An et al. (2023)
attenuates sepsis-induced acute
kidney injury
PDHA1 K336
Decreases PDHA1 and CPT2
CPT2 K457 lactylation to promote Mao et al. (2024)
OXPHOS
K458
HDACI1-3 H3 K18 Influences H3K18la levels and Dai et al. (2022),
H4 K5 regulates neural differentiation Moreno-Yruela et al. (2022),
of P19 EC cells Zessin et al. (2022)
CobB PykF K382 Regulates PykF activity and Dong et al. (2022)
influences cell growth
Readers Brgl H3 K18 Brgl works as a reader of Hu et al. (2024)
H3K18la in early
reprogramming

Recent studies have highlighted SIRT3 as the most effective eraser
for non-histone lysine lactylation targets, such as Fis1 and CCNE2
(An et al, 2023; Jin et al., 2023; Mao et al., 2024). However, there is
still some debate regarding which enzyme should be considered the
primary non-histone delactylase.

In prokaryotes, the most studied lysine deacetylase is the sirtuin
2-like protein CobB, found in Salmonella and E. coli (Starai et al.,
2002; Zhao et al,, 2004; Yang Y. et al,, 2023). CobB serves as the
primary deacylase in E. coli, responsible for removing acetylation
and succinylation modifications (Zhao et al,, 2004). Dong et al.
recently confirmed that CobB also functions as an endogenous
lysine delactylase in E. coli. Their quantitative proteomics analysis
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identified 446 endogenous K; j, sites in E. coli, regulated by
CobB, highlighting its role in lysine lactylation dynamics in
prokaryotes (Dong et al., 2022).

3.3 Reader

To date, the study of lysine lactylation readers is still in
its early stages. So far only one study has identified a specific
reader: bromodomain-containing protein Brgl (Table 1). Hu et al.
demonstrated that Brgl interacts with H3K18la, influencing cell
reprogramming by modulating chromatin structure and gene
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expression (Hu et al, 2024). While this discovery provides
a foundation, the broader research of K, readers and their
regulatory roles remains largely unexplored.

These finding highlights the importance of understanding the
proteins that regulate lysine lactylation, including its writers, erasers,
and readers. However, our understanding of these mechanisms is
still in its infancy. Continued investigation is needed to elucidate the
regulatory network of these proteins and their biological significance
in lysine lactylation.

4 Physiological and pathological
regulation of lactylation

4.1 Cell growth and metabolic regulation in
prokaryotes

Lactate, an important carbon source in prokaryotic metabolism
(Jiang etal., 2014), influences various cellular processes (Brown et al.,
2014). The discovery of lysine lactylation has broadened the
biological significance of this metabolite. For instance, Dong et al.
profiled the K; ;, proteome in E. coli, revealing widespread lysine
lactylation in bacteria. The study identified YiaC functions as a
writer enzyme that catalyzes the addition of K ;, using lactyl-CoA,
while CobB, an NAD + -dependent eraser, removes this PTM.
Additionally, YdiF was found to catalyze lactyl-CoA formation in
E. coli (Dong et al., 2022). Using quantitative proteomic analyses,
they identified 1,047 K| j, sites across 478 proteins candidates in
E. coli. Among these, YiaC regulated 79 KL-la sites, while CobB
targeted 446 sites. Gene Ontology analysis indicated that K,
modified proteins were enriched in pathways such as glycolysis, the
TCA cycle, and fatty acid biosynthesis (Figure 3). Notably, YiaC-
mediated lactylation on citrate synthase (GItA) and nicotinic acid
phosphoribosyltransferase (PncB) suppressed enzymatic activity. In
contrast, CobB-mediated delactylation of pyruvate kinase I (PykF)
at K382 enhanced enzymatic activity, promoting glycolysis and
growth (Figure 3) (Dong et al., 2022). Further studies by Zong et al.
identified the lysine lactylome in E. coli, showing substantial overlap
with lactylation patterns observed in mammalian cells, suggesting
potential evolutionary conservation (Zong et al., 2024). This analysis
revealed 4,544 K|, sites across 1,704 proteins in E. coli. Functional
analysis indicated that K; , -modified proteins were predominantly
involved DNA and RNA processes.

4.2 Bacterial virulence and pathogenicity
regulation in prokaryotes

Lactate also serves as a substrate for numerous pathogenic
microbes and has been shown to contribute to their pathogenicity. S.
mutans, a facultative anaerobe, ferments host dietary carbohydrate
to produce large amounts of L-lactate, a key virulence factor
linked to its cariogenicity (Aires et al., 2008; Li et al., 2023). Li
and colleagues proposed that S. mutans-derived lactate influences
lysine lactylation and regulates various physiological functions
associated with its cariogenic potential. Their study demonstrated
that K;,, at lysine 173 of the RNA polymerase subunit a
(RpoA) decreased under high-sugar conditions. This reduction
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enhanced the synthesis of exogenous polysaccharides (EPSs), critical
components of cariogenic biofilm, by inducing the expression of
glucosyltransferases (Gtfs) and levansucrase (Ftf). Additionally, the
study identified GNAT13 as responsible for increasing K; , at lysine
173 of RpoA. This dynamic adjustment enables S. mutans to rapidly
form cariogenic biofilms in high-sucrose environments, accelerating
enamel erosion (Li et al., 2023). Beyond dental caries, S. mutans has
also been implicated in bacterial endocarditis, cerebral hemorrhage,
and atherosclerosis. Investigating the role of K| j, lactylation in S.
mutans and its contribution to these pathologies hold significant
potential for advancing prevention and treatment strategies.
Further
lactylation occurs in secreted proteins of the human pathogen
Staphylococcus aureus (S. aureus). This modification, driven by
lactate concentration, particularly affects alpha-toxin, a key

research by Wang etal. revealed that lysine

virulence factor in S. aureus infections. Lactylation at lysine
84 of alpha-toxin was found to be essential for its full activity
and virulence in infection models. Notably, extracellular lactate
levels typically rise during infections, suggesting that pathogenic
bacteria may use protein lactylation to enhance toxin-mediated
virulence (Wang et al., 2024). These findings not only highlight a
novel mechanism by which S. aureus adapts to the host environment,
but also point out the potential of targeting lactylation enzymesin S.
aureus and other pathogens as a strategy for anti-virulence therapy.

4.3 Neuronal development

K| »» the predominant form of lysine lactylation in humans
and other eukaryotes (Zhang et al., 2024), plays a pivotal role
in regulating neuronal development (Figure 4). In 2022, Dai et al.
found that histone lactylation govern gene expression and facilitate
transcriptome remodeling during neural development. Using an
in vitro P19 cell neural differentiation system, they showed that
inhibiting HDACI-3 activity triggered a cascade of histone lysine
acylation, pre-activating the neuron-specific transcription program
(Figure 4A) (Dai et al., 2022). Similarly, Merkuri et al. explored the
role of histone K|, in neural crest cells (NCC) differentiation.
They observed that histone K|, was enriched on active enhancers
of developmental genes within NCC gene regulatory networks
(GRNs). This modification not only induced gene expression but
also enhanced chromatin accessibility at these regions. Reducing the
deposition of this modification led to the downregulation of NC
genes and the impairment of cell migration (Merkuri et al., 2024).
These findings define an epigenetic mechanism that integrates lysine
lactylation with the GRNs that orchestrate embryonic development.

4.4 Mammalian cell reprogramming

Histone lactylation has also emerged as a crucial epigenetic
factor in cellular reprogramming, directly linking metabolic
shifts to gene expression regulation. Its function in both Glisl
and Dux during early reprogramming is exemplified. Glisl
(abbreviation of Gli-like transcription factor 1) is a newly
identified reprogramming factor, also known to induce somatic
cell reprogramming (Maekawa et al, 2011). Li and colleagues
demonstrated that Glisl directly binds to and opens chromatin
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FIGURE 3

Lysine Lactylation modulates Metabolic Pathways in Prokaryotes. This schematic illustrates our current understanding of how metabolic pathways in
prokaryotes are interconnected and directly regulated by lactylated enzymes within glycolysis, the tricarboxylic acid (TCA) cycle, nucleotide synthesis,
and fatty acid biosynthesis networks. YiaC functions as a writer to catalyze the addition of K_,, while CobB serves as an eraser to remove this lysine
lactylation. The proteins in cycles represent the substrates for CobB or YiaC identified by proteomics. The pink cycles represent the substrates validated
by experiment. Notably, YiaC was shown to enhance the lysine lactylation of GltA and PncB. CobB shows clear lysine lactylation eraser activity of PykF,
GpmA, and Mdh. The removal of lactylation by CobB enhanced the enzymatic activity of PykF, thereby promoting glycolysis and

bacterial growth (Dong et al., 2022). Designed and created by Wenjuan Zhao and Jiayi Xin.

at glycolytic genes during the early phases of reprogramming,
whereas it closes chromatin at somatic genes. This dual action
facilitates reprogramming by inducing a metabolic shift from
oxidative phosphorylation to glycolysis, thereby increasing lactate
production. This elevation in intracellular lactate enhances histone
lactylation, subsequently activating key pluripotent genes such as
Oct4 and Sall4 (Li L. et al., 2020). This cascade ultimately facilitates
efficient cell reprogramming.

Double homeobox protein  (Dux)
reprogramming efficiency through promoting histone lactylation

Similarly, enhances
during the initial stages of induced pluripotent stem cell (iPSC)
formation (Hendrickson et al, 2017). In mouse embryonic
fibroblasts (MEFs), Hu et al. revealed that Dux recruits p300 via
the C-terminal region, which significantly upregulated the level of
H3K18 lactylation. Elevated levels of H3K18 lactylation regulate
the transition from oxidative phosphorylation to glycolysis, thereby
creating a metabolic environment conductive to reprogramming
efficiency (Hu et al., 2024) (Figure 4B). These studies emphasize the
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key role of histone lysine lactylation as an initiator of reprogramming
in early cell reprogramming.

4.5 Cardiovascular diseases (myocardial
infarction)

Myocardial infarction (MI) triggers a complex immune response
that is crucial for acute injury and post-infarction repair. It is
characterized by the recruitment and activation of monocytes and
macrophages (Fan M. et al., 2023). Wang and colleagues highlighted
the role of histone lactylation in post-MI cardiac repair (Wang et al.,
2022). Their study demonstrated a significant early increase in
H3K18 lactylation within monocytes and macrophages, enhancing
the transcription of reparative genes such as Lrgl, Vegf-a, and IL-
10. These genes promoted anti-inflammatory and proangiogenic
activities, creating an environment conducive to tissue regeneration
and improved cardiac function after MI (Figure 4C) (Wang et al.,
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FIGURE 4
Lysine lactylation influences physiological and pathological processes by regulating gene expression and protein function in eukaryotes. Lactate acts as

a signaling molecule to affect gene transcription and protein function via histone and non-histone lysine lactylation, and participates in physiological
and pathological processes. (A) Histone H3K18 lactylation are tightly correlated with chromatin state and gene expression, and extensively involved in
transcriptome remodeling associated with neuronal differentiation in differentiating embryonic carcinoma cells (P19 EC) cells and progenitor cells
(NSPCs) (Dai et al., 2022); (B) Glis1 or Dux increases histone lactylation (H3K18la) at pluripotency loci, activating pluripotent genes and improving the
efficiency of iPSC reprogramming (Li L. et al., 2020; Hu et al., 2024); (C) Increased H3K18 lactylation levels facilitated transcription of cardiac injury
reparative genes in monocytes-macrophages early post-MI (Wang et al., 2022); (D) AARS1 as an intracellular L-lactate sensor and lactyltransferase that
mediates global lysine lactylation and lactylation of p53 attenuates DNA binding and transcriptional activation, contributing to tumorigenesis

(Zong et al.,, 2024); (E) In the tumor-specific CTLs, H3K18 lactylation induced by tumor cell produced lactic acid promotes circATXN7 expression,
making tumor-specific CTLs sensitive to tumor-mediated AICD by binding to NF-xB p65 subunit and masking the p65 nuclear localization signal motif,
thereby sequestering it in the cytoplasm (Zhou et al., 2024); (F) Histone lactylation inhibits RARg expression in macrophages, consequently enhancing
IL-6 levels in the TME and endowing macrophages with tumor-promoting functions (Li X.-M. et al., 2024). Designed and created by Wenjuan Zhao
and Jiayi Xin.

2023). Fan et al. revealed that lactate induces EndoMT via lactylation

2022). This finding suggest that histone lactylation as a potential
epigenetic regulator with therapeutic implications for cardiac repair.

Conversely, lactate can increase cardiac fibrosis and exacerbate
cardiac dysfunction, through pathways such as Endothelial-to-
Mesenchymal Transition (EndoMT) following MI (Fan M. et al.,
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of Snail, mediated by CBP/p300 enzyme and monocarboxylate
transporter (MCT) -dependent signaling. Inhibiting Snaill
lactylation mitigates lactate-induced EndoMT and TGF-p/Smad2
activation after hypoxia/MI. These findings highlight lactate’s
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dual role in cardiac repair and dysfunction, emphasizing the
need to balance its reparative and pathological impacts for better
therapeutic outcomes.

4.6 Tumorigenesis

The Warburg effect, one of the hallmarks of tumors, produces
large amounts of lactate due to the metabolism of glucose via
glycolysis. Lactate from tumors contributes to tumor growth and
progression by promoting protein lactylation, which regulation
of gene expression via an epigenetic modification in cancer cells
(Vander Heiden et al., 2009; Palsson-McDermott and O'Neill, 2013).

Zong etal. analyzed the TCGA breast cancer dataset and
found that serum lactate levels were elevated in patients with
wild-type p53, suggesting a direct role of tumor-derived lactate in
the regulating p53 function (Zong et al., 2024). Further studies
using a breast cancer mouse model discovered that tumor-derived
lactate can promote p53 lactylation and is a natural inhibitor of
p53. This process is conducted by AARSI, which acts as a lactate
sensor, binding lactate and catalyzing the formation of lactate-
AMP. This lactate-AMP is then transferred to lysine residues in
the DNA-binding domain of p53, impairing its ability to bind
DNA and attenuate its tumor-suppressive activity (Figure 4D).
Interestingly, B-alanine competes with lactate for binding to AARSI,
thereby preventing p53 lactylation and offering potential therapeutic
opportunities for improving chemotherapy (Zong et al., 2024).
However, considering the dual functionality of AARSI in protein
translation and lactylation, targeted inhibition strategies should be
employed judiciously.

Lactate is secreted into the tumor microenvironment (TME),
where it contributes to immune suppression by altering T-
cell function (Certo et al, 2021). In tumor-specific cytolytic T
lymphocytes (CTLs), lactate drives histone lactylation, which
activates the transcription of CircATXN7. This circular RNA
interacts with NF-kB p65 subunit, sequestering it in the cytoplasm
and impeding its nuclear signaling, making tumor-specific
CTLs more susceptible to activation-induced cell death (AICD)
and thereby reducing their ability to eliminate tumor cells
(Figure 4E). Zhou etal. demonstrated that the upregulation
of circATXN7 is associated with poor clinical outcomes and
resistance to immunotherapy (Zhou et al, 2024). Targeting
circATXN7 in T cells may offer a novel strategy to prevent
tumor-mediated immune suppression and improve responses
to immunotherapy.

Lactate also alters the immune landscape by affecting tumor-
associated macrophages (TAMs). Li X.-M. et al. (2024) found
that tumor-derived lactate promotes H3KI18 lactylation in
TAMs, inhibiting the expression of RARy, a nuclear receptor
that suppresses NF-kB signaling. This mechanism leads to the
persistent activation of NF-xB, increasing interleukin-6 (IL-
6) levels in the TME and enhancing the tumor-promoting
functions of macrophages via STAT3 signaling (Figure 4F) (Li X.-
M.
by which lactate-driven macrophage functional remodeling
identified
nordihydroguaiaretic acid (NDGA) as a promising compound that
directly targets RARy, disputing inflammation-associated tomor

et al, 2024). These findings reveal a new mechanism

supports tumorigenesis. Furthermore, the authors

Frontiers in Molecular Biosciences

10

10.3389/fmolb.2024.1510975

growth in the TME. This discovery underscores the potential
of targeting lactate-driven pathways as therapeutic strategies for
cancer, specifically by modulating macrophage signaling and
immune suppression.

5 Discussion and prospects

Lysine lactylation is a novel protein PTM and derived from
lactate and other lactyl molecules. It plays a significant role
in regulating various physiological and pathological processes,
such as nervous system diseases (Pan et al, 2022) and tumor
development (Chen et al, 2024). Although there have been
significant advances on lactylation regulation and its functions, the
study of lysine lactylation is still at an early stage and several issues
need to be further addressed.

Lysine lactylation exists in three isomeric forms: K; j,, Kp .,
and K_. Among these, K;, is the most extensively studied,
primarily because it is the most prevalent lactylation type on
histones in eukaryotes (Zhang et al., 2024). This predominance
may stem from the high abundance of L-lactate in eukaryotic
systems and the development of specific detection techniques
and anti-K; ;, antibodies. Conversely, prokaryotes predominantly
generate D-lactate as their primary form of lactate (Remund et al.,
2023). Previous studies have shown that D-lactate, derived from
gut microbes, is transported via the portal vein into the liver,
where it triggers Kupffer cells to recognize and kill pathogens
(McDonald et al., 2020). Recently, evidence has indicated that
D-lactate also plays a role in modulating M2 tumor-associated
macrophages and remodeling of the immunosuppressive tumor
microenvironment in hepatocellular carcinoma (Han et al., 2023).
This suggests that Kp,, as the primary lactylation form in
prokaryotes and its potential function in intestinal diseases and
cancer. However, lysine lactylation currently found in prokaryotes
are still in the form of K|, (Dongetal., 2022; Li et al., 2023). Further
research is needed to identify Ky, in prokaryotes and its potential
roles in host-microbe interactions.

Currently, three primary techniques are used to identify
lysine lactylation: antibody-based immunoprecipitation, metabolic
labeling, and computational prediction. Each method has its unique
strengths and limitations. Antibody-based immunoprecipitation
relies on specific antibodies against endogenous PTM. This approach
has recently seen advances with the development of anti- Ky,
antibodies, which are critical for studying lysine lactylation in
prokaryotes. Moreover, antibody specificity remains a significant
challenge—non-specific binding can lead to high background
contamination, compromising data reliability (Li et al, 2022).
Metabolic labeling incorporates bio-orthogonal chemical analogs
of PTM donor precursors into modified proteins, using the
endogenous translation machinery of model organisms. This
method enables global analysis but comes with challenges: the
analogs must closely resemble the structure of PTM donor
precursors, posing potential experimental complexity and toxicity
risks (Saleh et al., 2019). Computational prediction tools offer a
cost-effective alternative without requiring expensive reagents or
complex protocols. While these tools are invaluable for initial
identification, they require experimental validation to confirm
predictions, as their accuracy remains dependent on high-quality
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datasets and robust algorithms (Jiang et al., 2021; Lv et al., 2022;
Lai and Gao, 2023; Yang et al, 2024). Future research might
address these limitations by combining the strengths of different
approaches. For example, integrating antibody-based techniques
with computational predictions may improve identification
specificity. Additionally, advancements in techniques for isolating
bacterial cells under diverse environmental conditions could
provide insights into the prokaryotic lactylome and its conservation
in various biological systems (Ren et al., 2017).

The regulation of lysine lactylation involves several key enzyme
families. In eukaryotes, p300/CBP and MYST families are the
primary enzymes responsible for adding lactyl groups to lysine
residues. Conversely, the GNAT and AARS enzyme families regulate
lysine lactylation across in prokaryotes and eukaryotes. On the other
hand, enzymes such as HDAC1/3 and SIRT1-3 remove lactyl groups
from lysine residues (Fu et al., 2023). However, the exact roles of
these enzymes across different organisms remain unclear. Therefore,
in-depth research is needed to clarify their specific contributions to
lysine lactylation.

Moreover, the relationship between lactylation and other PTMs
has been explored. For instance, lactylation represents a distinct
PTM compared to acetylation (Li P. et al., 2020) and crotonylation,
with unique effects on cellular processes such as gene regulation
and homeostasis (Cao et al,, 2024; Yao et al., 2024). Studies
have shown that lactate can drive both lactylation and acetylation
of HMGBI1 through p300/CBP in macrophages. Yang etal. also
reported that lactate enhances HMGBI1 acetylation via GPR81
and Hippo/YAP mediated pathways. Reducing lactate production
or inhibiting GPR81 signaling in vivo was shown to decrease
exosomal HMGBI1 and improve survival in polymicrobia sepsis
(Yang et al., 2022). Sun et al. found that lactylation competitively
inhibits PARP1 acetylation, resulting in recovery of its ADP-
ribosylation activity and promoting DNA repair (Sun et al,
2022a). Additionally, lactylation has demonstrated crosstalk with
other PTMs. For instance, Dai etal. reported differences in the
distribution of histone crotonylation and lactylation within brain
tissue, suggesting these PTMs interact to regulate gene expression
during different stages of neural development (Dai et al., 2022).
These findings do not only illustrate the complexity of PTM interplay
but also highlight gaps in our understanding of the mechanisms of
their interactions.

Nevertheless, the study of lysine lactylation is expected to
achieve breakthroughs in the near future in key areas. In basic
research, in-depth exploration of the regulatory mechanism of lysine
lactylation, especially its interaction with other PTMs, will help
researchers better understand how lactylation participates in the
physiological and pathological processes of life. In applied research,
increased focus on specific activators and inhibitors of lactylation
are expected to provide strong support for the development
of new drugs.

Author contributions

WZ: Investigation, Visualization, Writing-original draft,
Conceptualization, Data  curation, Writing-review  and
editing. JX: Investigation, Visualization, ~Writing-original

draft, Conceptualization, Data curation, Writing-review and

Frontiers in Molecular Biosciences

11

10.3389/fmolb.2024.1510975

editing. XY: Data curation, Investigation, Writing-original
draft. ZL: Conceptualization, Supervision, Validation, Funding
acquisition, Writing-review and editing. NL: Conceptualization,
Supervision, Validation, Funding acquisition, Writing-review
and editing.

Funding

The author(s) declare that financial support was received
for the research, authorship, and/or publication of this article.
This work was supported by funding from the National Key
Research and Development Program of China (2023YFA0913904),
the Strategic Priority Research Program of Chinese Academy of
Sciences (XDB 0480102), the National Natural Science Foundation
of China (32271501), Shenzhen Science and Technology Plan
Platform and Carrier Special Project (ZDSYS20220303153551001),
and the Natural Science Foundation of Henan Province, China
(232300421007).

Acknowledgments

We would like to thank Prof. Wei Zhao for his helpful
discussion on the manuscript preparation. We acknowledge the
assistance of Al tools (e.g., ChatGPT-40, ChatGPT-40 mini) for
polishing our writing during manuscript preparation, including
language refinement, grammar correction and coherence of
each paragraph.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that Generative AI was used in the
creation of this manuscript. To help edit the manuscript and the
Generative Al is not listed as an author of the manuscript, the
content edited using the Generative AI has been checked for
factual accuracy and plagiarism, the use of Generative Al has been
included in the acknowledgements section of the manuscript (or the
methods section) listing the name, model, version and source of the
Generative Al

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

frontiersin.org


https://doi.org/10.3389/fmolb.2024.1510975
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org

Zhao et al.

References

Aires, C. P, Del Bel Cury, A. A, Tenuta, L. M., Klein, M. I, Koo, H., Duarte, S., et al.
(2008). Effect of starch and sucrose on dental biofilm formation and on root dentine
demineralization. Caries Res. 42 (5), 380-386. doi:10.1159/000154783

Allfrey, V. G., Faulkner, R., and Mirsky, A. E. (1964). Acetylation and methylation of
histones and their possible role in the regulation of rna synthesis. Proc. Natl. Acad. Sci.
U.S. A. 51 (5), 786-794. doi:10.1073/pnas.51.5.786

An, S, Yao, Y, Hu, H., Wu, J,, Li, J,, Li, L., et al. (2023). PDHAL1 hyperacetylation-
mediated lactate overproduction promotes sepsis-induced acute kidney injury via Fis1
lactylation. Cell Death Dis. 14 (7), 457. doi:10.1038/s41419-023-05952-4

Berndsen, C. E., and Denu, J. M. (2008). Catalysis and substrate selection by
histone/protein lysine acetyltransferases. Curr. Opin. Struct. Biol. 18 (6), 682-689.
doi:10.1016/j.sb1.2008.11.004

Brown, A.J., Brown, G. D., Netea, M. G., and Gow, N. A. (2014). Metabolism impacts
upon Candida immunogenicity and pathogenicity at multiple levels. Trends Microbiol.
22 (11), 614-622. doi:10.1016/j.tim.2014.07.001

Burckhardt, R. M., and Escalante-Semerena, J. C. (2020). Small-molecule acetylation
by GCNb5-related N-acetyltransferases in bacteria. Microbiol. Mol. Biol. Rev. 84 (2),
000900-€119. doi:10.1128/mmbr.00090-19

Cao, D., Sun, W, Li, X, Jian, L, Zhou, X., Bode, A. M., et al. (2024).
The role of novel protein acylations in cancer. Eur. J. Pharmacol. 979, 176841.
doi:10.1016/j.ejphar.2024.176841

Certo, M., Tsai, C. H., Pucino, V., Ho, P. C., and Mauro, C. (2021). Lactate modulation
of immune responses in inflammatory versus tumour microenvironments. Nat. Rev.
Immunol. 21 (3), 151-161. doi:10.1038/s41577-020-0406-2

Chen, Y., Wu, J., Zhai, L., Zhang, T., Yin, H., Gao, H,, et al. (2024). Metabolic
regulation of homologous recombination repair by MRE11 lactylation. Cell 187,
294-311.e21. doi:10.1016/j.cell.2023.11.022

Cornell, N. W, Lund, P, and Krebs, H. A. (1974). The effect of lysine on
gluconeogenesis from lactate in rat hepatocytes. Biochem. J. 142 (2), 327-337.
doi:10.1042/bj1420327

Dai, S. K,, Liu, P. P, Li, X,, Jiao, L. E, Teng, Z. Q,, and Liu, C. M. (2022). Dynamic
profiling and functional interpretation of histone lysine crotonylation and lactylation
during neural development. Development 149 (14), dev200049. doi:10.1242/dev.200049

Ding, T., Yang, Y. H., Wang, Q. C., Wu, Y,, Han, R, Zhang, X. T,, et al. (2024). Global
profiling of protein lactylation in Caenorhabditis elegans. Proteomics 24 (1-2), €2300185.
doi:10.1002/pmic.202300185

Dong, H., Zhang, J., Zhang, H., Han, Y., Lu, C,, Chen, C, et al. (2022). YiaC
and CobB regulate lysine lactylation in Escherichia coli. Nat. Commun. 13 (1), 6628.
doi:10.1038/541467-022-34399-y

Du, S., Zhang, X, Jia, Y,, Peng, P, Kong, Q., Jiang, S., et al. (2023). Hepatocyte
HSPAI2A inhibits macrophage chemotaxis and activation to attenuate liver
ischemia/reperfusion injury via suppressing glycolysis-mediated HMGBI1 lactylation
and secretion of hepatocytes. T eranostics 13 (11), 3856-3871. doi:10.7150/thno.82607

Ewaschuk, J. B., Naylor, J. M., and Zello, G. A. (2005). D-lactate in human and
ruminant metabolism. J. Nutr. 135 (7), 1619-1625. doi:10.1093/jn/135.7.1619

Fan, M., Kun, Y., and Xiaohui, W. (2023a). Lactate promotes endothelial-to-
mesenchymal transition via Snaill lactylation. sciadv. doi:10.1126/sciadv.adc9465

Fan, Z., Liu, Z., Zhang, N., Wei, W,, Cheng, K., Sun, H., et al. (2023b). Identification of
SIRT3 as an eraser of H4K16la. iScience 26 (10), 107757. doi:10.1016/j.isci.2023.107757

Friedmann, D. R., and Marmorstein, R. (2013). Structure and mechanism
of non-histone protein acetyltransferase enzymes. Febs J. 280 (22), 5570-5581.
doi:10.1111/febs.12373

Fu, Q, Cat, A, and Zheng, Y. (2023). New histone lysine acylation biomarkers and
their roles in epigenetic regulation. Curr. Protoc. 3, €746. doi:10.1002/cpz1.746

Gaffney, D. O., Jennings, E. Q., Anderson, C. C., Marentette, J. O., Shi, T., Schou Oxvig,
A. M, etal. (2020). Non-enzymatic lysine lactoylation of glycolytic enzymes. Cell Chem.
Biol. 27 (2), 206-213. doi:10.1016/j.chembiol.2019.11.005

Galligan, J. ., Wepy, J. A., Streeter, M. D., Kingsley, P. ]., Mitchener, M. M., Wauchope,
O. R, et al. (2018). Methylglyoxal-derived posttranslational arginine modifications
are abundant histone marks. Proc. Natl. Acad. Sci. U. S. A. 115 (37), 9228-9233.
doi:10.1073/pnas. 1802901115

Gao, M., Zhang, N,, and Liang, W. (2020). Systematic analysis of lysine lactylation
in the plant fungal pathogen Botrytis cinerea. Front. Microbiol. 11, 594743.
doi:10.3389/fmicb.2020.594743

Gao, X., and Hannoush, R. N. (2018). A decade of click chemistry in protein
palmitoylation: impact on discovery and new biology. Cell Chem. Biol. 25 (3), 236-246.
doi:10.1016/j.chembiol.2017.12.002

Gong, H., Zhong, H., Cheng, L., Li, L. P, and Zhang, D. K. (2024). Post-translational
protein lactylation modification in health and diseases: a double-edged sword. J. Transl.
Med. 22 (1), 41. doi:10.1186/s12967-023-04842-9

Frontiers in Molecular Biosciences

12

10.3389/fmolb.2024.1510975

Han, S., Bao, X, Zou, Y, Wang, L., Li, Y, Yang, L., et al. (2023). d-lactate
modulates M2 tumor-associated macrophages and remodels immunosuppressive
tumor microenvironment for hepatocellular carcinoma. Sci. Adv. 9 (29), eadg2697.
doi:10.1126/sciadv.adg2697

Hendrickson, P. G., Dordis, J. A., Grow, E. ], Whiddon, J. L., Lim, ]. W., Wike, C. L.,
etal. (2017). Conserved roles of mouse DUX and human DUX4 in activating cleavage-
stage genes and MERVL/HERVL retrotransposons. Nat. Genet. 49 (6), 925-934.
doi:10.1038/ng.3844

Hentchel, K. L., and Escalante-Semerena, J. C. (2015). Acylation of biomolecules
in prokaryotes: a widespread strategy for the control of biological function and
metabolic stress. Microbiol. Mol. Biol. Rev. 79 (3), 321-346. doi:10.1128/mmbr.
00020-15

Hu, X., Huang, X., Yang, Y., Sun, Y., Zhao, Y., Zhang, Z., et al. (2024). Dux
activates metabolism-lactylation-MET network during early iPSC reprogramming
with Brgl as the histone lactylation reader. Nucleic Acids Res. 52, 5529-5548.
doi:10.1093/nar/gkae183

Jennings, E. Q, Ray, J. D., Zerio, C. J., Trujillo, M. N., McDonald, D. M., Chapman,
E., etal. (2021). Sirtuin 2 regulates protein LactoylLys modifications. Chembiochem 22
(12), 2102-2106. doi:10.1002/cbic.202000883

Jia, M., Yue, X., Sun, W,, Zhou, Q., Chang, C., Gong, W,, et al. (2023). ULK1-mediated
metabolic reprogramming regulates Vps34 lipid kinase activity by its lactylation. Sci.
Adv. 9 (22), eadg4993. doi:10.1126/sciadv.adg4993

Jiang, P, Ning, W,, Shi, Y., Liu, C., Mo, S., Zhou, H., et al. (2021). FSL-Kla: a few-
shot learning-based multi-feature hybrid system for lactylation site prediction. Comput.
Struct. Biotechnol. J. 19, 4497-4509. doi:10.1016/j.csbj.2021.08.013

Jiang, T., Gao, C., Ma, C., and Xu, P. (2014). Microbial lactate utilization:
enzymes, pathogenesis, and regulation. Trends Microbiol. 22 (10), 589-599.
doi:10.1016/j.tim.2014.05.008

Jin, ], Bai, L., Wang, D., Ding, W., Cao, Z., Yan, P, et al. (2023). SIRT3-dependent
delactylation of cyclin E2 prevents hepatocellular carcinoma growth. EMBO Rep. 24
(5), €56052. doi:10.15252/embr.202256052

Khadha, S., Barekatain, Y., and Muller, E. (2020). Re-evaluating the mechanism of
histone lactylation. Prepr. A. T. OSF. doi:10.31219/osf.io/kyab5

Kulkarni, C. A., and Brookes, P. (2020). Many routes from glycolysis to histone PTMs.
Prepr. A. T. OSF. doi:10.31219/osf.io/sba8j

Lai, F. L., and Gao, F. (2023). Auto-Kla: a novel web server to discriminate lysine
lactylation sites using automated machine learning. Brief. Bioinform 24 (2), bbad070.
doi:10.1093/bib/bbad070

Li, H,, Liu, C, Li, R, Zhou, L, Ran, Y, Yang, Q, et al. (2024a). AARS1 and
AARS?2 sense L-lactate to regulate cGAS as global lysine lactyltransferases. Nature 634,
1229-1237. doi:10.1038/s41586-024-07992-y

Li, L., Chen, K., Wang, T., Wu, Y., Xing, G., Chen, M., et al. (2020a). Glis1 facilitates
induction of pluripotency via an epigenome-metabolome-epigenome signalling
cascade. Nat. Metab. 2 (9), 882-892. doi:10.1038/s42255-020-0267-9

Li, P, Zhang, H., Zhao, G. P, and Zhao, W. (2020b). Deacetylation enhances
ParB-DNA interactions affecting chromosome segregation in Streptomyces coelicolor.
Nucleic Acids Res. 48 (9), 4902-4914. doi:10.1093/nar/gkaa245

Li, X, Zhou, J, Zhao, W, Wen, Q, Wang, W, Peng, H, et al. (2022).
Defining proximity proteome of histone modifications by antibody-mediated
protein  A-APEX2 labeling. Genomics Proteomics Bioinforma. 20 (1), 87-100.
doi:10.1016/j.gpb.2021.09.003

Li, X.-M,, Yang, Y., Jiang, E-Q,, Hu, G., Wan, S., Yan, W.-Y,, et al. (2024b).
Histone lactylation inhibits RARy expression in macrophages to promote colorectal
tumorigenesis through activation of TRAF6-IL-6-STAT3 signaling. Cell Rep. 43 (2),
113688. doi:10.1016/j.celrep.2024.113688

Li, Z., Gong, T., Wu, Q,, Zhang, Y., Zheng, X., Li, Y., et al. (2023). Lysine lactylation
regulates metabolic pathways and biofilm formation in Streptococcus mutans. Sci.
Signal. 16, eadg1849. doi:10.1126/scisignal.adg1849

Lv, H., Dao, E Y, and Lin, H. (2022). DeepKla: an attention mechanism-based
deep neural network for protein lysine lactylation site prediction. Imeta 1 (1), ell.
doi:10.1002/imt2.11

Maekawa, M., Yamaguchi, K., Nakamura, T., Shibukawa, R., Kodanaka, I., Ichisaka,
T, et al. (2011). Direct reprogramming of somatic cells is promoted by maternal
transcription factor Glis1. Nature 474 (7350), 225-229. doi:10.1038/nature10106

Mao, Y., Zhang, J., Zhou, Q., He, X., Zheng, Z., Wei, Y., et al. (2024). Hypoxia induces
mitochondrial protein lactylation to limit oxidative phosphorylation. Cell Res. 34 (1),
13-30. doi:10.1038/541422-023-00864-6

McDonald, B, Zucoloto, A. Z., Yu, I. L., Burkhard, R., Brown, K., Geuking, M. B., et al.
(2020). Programing of an intravascular immune firewall by the gut microbiota protects
against pathogen dissemination during infection. Cell Host Microbe 28 (5), 660-668.
doi:10.1016/j.chom.2020.07.014

frontiersin.org


https://doi.org/10.3389/fmolb.2024.1510975
https://doi.org/10.1159/000154783
https://doi.org/10.1073/pnas.51.5.786
https://doi.org/10.1038/s41419-023-05952-4
https://doi.org/10.1016/j.sbi.2008.11.004
https://doi.org/10.1016/j.tim.2014.07.001
https://doi.org/10.1128/mmbr.00090-19
https://doi.org/10.1016/j.ejphar.2024.176841
https://doi.org/10.1038/s41577-020-0406-2
https://doi.org/10.1016/j.cell.2023.11.022
https://doi.org/10.1042/bj1420327
https://doi.org/10.1242/dev.200049
https://doi.org/10.1002/pmic.202300185
https://doi.org/10.1038/s41467-022-34399-y
https://doi.org/10.7150/thno.82607
https://doi.org/10.1093/jn/135.7.1619
https://doi.org/10.1126/sciadv.adc9465
https://doi.org/10.1016/j.isci.2023.107757
https://doi.org/10.1111/febs.12373
https://doi.org/10.1002/cpz1.746
https://doi.org/10.1016/j.chembiol.2019.11.005
https://doi.org/10.1073/pnas.1802901115
https://doi.org/10.3389/fmicb.2020.594743
https://doi.org/10.1016/j.chembiol.2017.12.002
https://doi.org/10.1186/s12967-023-04842-9
https://doi.org/10.1126/sciadv.adg2697
https://doi.org/10.1038/ng.3844
https://doi.org/10.1128/mmbr.00020-15
https://doi.org/10.1128/mmbr.00020-15
https://doi.org/10.1093/nar/gkae183
https://doi.org/10.1002/cbic.202000883
https://doi.org/10.1126/sciadv.adg4993
https://doi.org/10.1016/j.csbj.2021.08.013
https://doi.org/10.1016/j.tim.2014.05.008
https://doi.org/10.15252/embr.202256052
https://doi.org/10.31219/osf.io/kyab5
https://doi.org/10.31219/osf.io/sba8j
https://doi.org/10.1093/bib/bbad070
https://doi.org/10.1038/s41586-024-07992-y
https://doi.org/10.1038/s42255-020-0267-9
https://doi.org/10.1093/nar/gkaa245
https://doi.org/10.1016/j.gpb.2021.09.003
https://doi.org/10.1016/j.celrep.2024.113688
https://doi.org/10.1126/scisignal.adg1849
https://doi.org/10.1002/imt2.11
https://doi.org/10.1038/nature10106
https://doi.org/10.1038/s41422-023-00864-6
https://doi.org/10.1016/j.chom.2020.07.014
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org

Zhao et al.

Merkuri, E, Rothstein, M., and Simoes-Costa, M. (2024). Histone lactylation couples
cellular metabolism with developmental gene regulatory networks. Nat. Commun. 15
(1), 90. doi:10.1038/541467-023-44121-1

Moreno-Yruela, C., Zhang, D., Wei, W,, Bk, M., Liu, W,, Gao, ], et al. (2022).
Class T histone deacetylases (HDAC1-3) are histone lysine delactylases. Sci. Adv. 8 (3),
€abi6696. doi:10.1126/sciadv.abi6696

Palsson-McDermott, E. M., and O’'Neill, L. A. (2013). The Warburg effect then
and now: from cancer to inflammatory diseases. Bioessays 35 (11), 965-973.
doi:10.1002/bies.201300084

Pan, R. Y, He, L., Zhang, J., Liu, X,, Liao, Y., Gao, J., et al. (2022). Positive feedback
regulation of microglial glucose metabolism by histone H4 lysine 12 lactylation in
Alzheimer’s disease. Cell Metab. 34 (4), 634-648.¢6. doi:10.1016/j.cmet.2022.02.013

Parker, C. G., and Pratt, M. R. (2020). Click chemistry in proteomic investigations.
Cell 180 (4), 605-632. doi:10.1016/j.cell.2020.01.025

Remund, B., Yilmaz, B., and Sokollik, C. (2023). D-lactate: implications for
gastrointestinal diseases. Child. (Basel) 10 (6), 945. doi:10.3390/children10060945

Ren, ], Sang, Y., Lu,J., and Yao, Y. E (2017). Protein acetylation and its role in bacterial
virulence. Trends Microbiol. 25 (9), 768-779. doi:10.1016/j.tim.2017.04.001

Saleh, A. M., Wilding, K. M., Calve, S., Bundy, B. C., and Kinzer-Ursem, T. L. (2019).
Non-canonical amino acid labeling in proteomics and biotechnology. J. Biol. Eng. 13,
43. doi:10.1186/513036-019-0166-3

Shi, Z., Zhou, M., Song, W,, Liu, Y., Wang, R., Wang, Y., et al. (2023). Trash to treasure:
lactate and protein lactylation in maize root impacts response to drought. Sci. China Life
Sci. 66 (8), 1903-1914. doi:10.1007/s11427-023-2361-1

Starai, V. ., Celic, L., Cole, R. N., Boeke, J. D., and Escalante-Semerena, J. C. (2002).
Sir2-dependent activation of acetyl-CoA synthetase by deacetylation of active lysine.
Science 298 (5602), 2390-2392. doi:10.1126/science.1077650

Stone, S. E., Glenn, W. S., Hamblin, G. D., and Tirrell, D. A. (2017). Cell-
selective proteomics for biological discovery. Curr. Opin. Chem. Biol. 36, 50-57.
doi:10.1016/j.cbpa.2016.12.026

Sun, Y., Chen, Y, and Peng, T. (2022a). A bioorthogonal chemical reporter for
the detection and identification of protein lactylation. Chem. Sci. 13 (20), 6019-6027.
doi:10.1039/d2sc00918h

Sun, Y., Chen, Y., Xu, Y., Zhang, Y., Lu, M., Li, M., et al. (2022b). Genetic encoding
of epsilon-N-L-lactyllysine for detecting delactylase activity in living cells. Chem.
Commun. (Camb) 58 (61), 8544-8547. doi:10.1039/d2cc02643k

Sung, E., Sim, H., Cho, Y. C,, Lee, W,, Bae, J. S., Tan, M., et al. (2023). Global profiling
of lysine acetylation and lactylation in kupffer cells. J. Proteome Res. 22 (12), 3683-3691.
doi:10.1021/acs.jproteome.3c00156

Tan, Y., Xu, Z., Tao, J., Ni, ], Zhao, W, Lu, ], et al. (2016). A SIRT4-
like auto ADP-ribosyltransferase is essential for the environmental growth of
Mycobacterium smegmatis. Acta Biochim. Biophys. Sin. (Shanghai) 48 (2), 145-152.
doi:10.1093/abbs/gmv121

Trujillo, M. N.,, Jennings, E. Q., Hoffman, E. A., Zhang, H., Phoebe, A.
M., Mastin, G. E., et al. (2024). Lactoylglutathione promotes inflammatory
signaling in macrophages through histone lactoylation. Mol. Metab. 81, 101888.
doi:10.1016/j.molmet.2024.101888

Vander Heiden, M. G., Cantley, L. C., and Thompson, C. B. (2009). Understanding
the Warburg effect: the metabolic requirements of cell proliferation. Science 324 (5930),
1029-1033. doi:10.1126/science.1160809

Wang, N., Wang, W., Wang, X., Mang, G., Chen, ], Yan, X,, et al. (2022). Histone
lactylation boosts reparative gene activation post-myocardial infarction. Circ. Res. 131
(11), 893-908. doi:10.1161/circresaha.122.320488

Wang, X.,, Fan, W, Li, N,, Ma, Y, Yao, M., Wang, G., et al. (2023). YY1
lactylation in microglia promotes angiogenesis through transcription activation-

mediated upregulation of FGF2. Genome Biol. 24 (1), 87. doi:10.1186/513059-023-
02931-y

Frontiers in Molecular Biosciences

13

10.3389/fmolb.2024.1510975

Wang, Y, Liu, Y., Xiang, G., Jian, Y., Yang, Z., Chen, T., et al. (2024). Post-translational
toxin modification by lactate controls Staphylococcus aureus virulence. Nat. Commun.
15 (1), 9835. doi:10.1038/s41467-024-53979-8

Wei, W, Liu, T, Li, X., Wang, R., Zhao, W, Zhao, G., et al. (2017). Lysine acetylation
regulates the function of the global anaerobic transcription factor FnrL in Rhodobacter
sphaeroides. Mol. Microbiol. 104 (2), 278-293. doi:10.1111/mmi.13627

Xie, B., Zhang, M., Li, J., Cui, J., Zhang, P, Liu, E, et al. (2024). KAT8-catalyzed
lactylation promotes eEF1A2-mediated protein synthesis and colorectal carcinogenesis.
Proc. Natl. Acad. Sci. U. S. A. 121 (8), e2314128121. doi:10.1073/pnas.23141
28121

Xiong, J., He, J., Zhu, J., Pan, J., Liao, W., Ye, H., et al. (2022). Lactylation-driven
METTL3-mediated RNA m(6)A modification promotes immunosuppression
of tumor-infiltrating myeloid cells. Mol. Cell 82 (9), 1660-1677.e10.
doi:10.1016/j.molcel.2022.02.033

Yang, K., Fan, M., Wang, X, Xu, J., Wang, Y., Tu, F, et al. (2022). Lactate promotes
macrophage HMGBI lactylation, acetylation, and exosomal release in polymicrobial
sepsis. Cell Death Difer. 29 (1), 133-146. doi:10.1038/s41418-021-00841-9

Yang, Y., Zou, S., Cai, K,, Li, N, Li, Z., Tan, W,, et al. (2023a). Zymograph profiling
reveals a divergent evolution of sirtuin that may originate from class I1I enzymes. J. Biol.
Chem. 299 (11), 105339. doi:10.1016/j.jbc.2023.105339

Yang, Y. H,, Yang, J. T, and Liu, J. E (2024). Lactylation prediction models based
on protein sequence and structural feature fusion. Brief. Bioinform 25 (2), bbad539.
doi:10.1093/bib/bbad539

Yang, Z., Yan, C., Ma, ], Peng, P,, Ren, X., Cai, S., et al. (2023b). Lactylome analysis
suggests lactylation-dependent mechanisms of metabolic adaptation in hepatocellular
carcinoma. Nat. Metab. 5 (1), 61-79. doi:10.1038/s42255-022-00710-w

Yao, W,, Hu, X., and Wang, X. (2024). Crossing epigenetic frontiers: the intersection
of novel histone modifications and diseases. Signal Transduct. Target Ter. 9 (1), 232.
doi:10.1038/s41392-024-01918-w

Yu, J., Chai, P, Xie, M., Ge, S., Ruan, J., Fan, X,, et al. (2021). Histone lactylation
drives oncogenesis by facilitating m(6)A reader protein YTHDF2 expression in ocular
melanoma. Genome Biol. 22 (1), 85. doi:10.1186/s13059-021-02308-z

Zessin, M., Meleshin, M., Praetorius, L., Sippl, W., Barinka, C., and Schutkowski, M.
(2022). Uncovering robust delactoylase and depyruvoylase activities of HDAC isoforms.
ACS Chem. Biol. 17 (6), 1364-1375. doi:10.1021/acschembio.1c00863

Zhang, D., Gao, ], Zhu, Z., Mao, Q, Xu, Z., Singh, P. K,, et al. (2024). Lysine L-
lactylation is the dominant lactylation isomer induced by glycolysis. Nat. Chem. Biol.
21, 91-99. doi:10.1038/541589-024-01680-8

Zhang, D., Tang, Z., Huang, H., Zhou, G., Cui, C., Weng, Y., et al. (2019). Metabolic
regulation of gene expression by histone lactylation. Nature 574 (7779), 575-580.
do0i:10.1038/s41586-019-1678-1

Zhang, Y., Zhai, Z., Duan, J., Wang, X., Zhong, J., Wu, L., et al. (2022). Lactate: the
mediator of metabolism and immunosuppression. Front. Endocrinol. (Lausanne) 13,
901495. doi:10.3389/fend0.2022.901495

Zhao, K., Chai, X., and Marmorstein, R. (2004). Structure and substrate binding
properties of cobB, a Sir2 homolog protein deacetylase from Escherichia coli. J. Mol.
Biol. 337 (3), 731-741. doi:10.1016/j.jmb.2004.01.060

Zhou, C,, Li, W, Liang, Z., Wu, X,, Cheng, S., Peng, J., et al. (2024). Mutant KRAS-
activated circATXN?7 fosters tumor immunoescape by sensitizing tumor-specific T cells
to activation-induced cell death. Nat. Commun. 15 (1), 499. doi:10.1038/s41467-024-
44779-1

Zong, Z., Xie, E, Wang, S., Wu, X, Zhang, Z., Yang, B., et al. (2024). Alanyl-tRNA
synthetase, AARSI, is a lactate sensor and lactyltransferase that lactylates p53 and
contributes to tumorigenesis. Cell 187, 2375-2392.e33. doi:10.1016/j.cell.2024.04.002

Zu, H,, Li, C,, Dai, C, Pan, Y., Ding, C., Sun, H,, et al. (2022). SIRT2 functions as a
histone delactylase and inhibits the proliferation and migration of neuroblastoma cells.
Cell Discov. 8 (1), 54. doi:10.1038/s41421-022-00398-y

frontiersin.org


https://doi.org/10.3389/fmolb.2024.1510975
https://doi.org/10.1038/s41467-023-44121-1
https://doi.org/10.1126/sciadv.abi6696
https://doi.org/10.1002/bies.201300084
https://doi.org/10.1016/j.cmet.2022.02.013
https://doi.org/10.1016/j.cell.2020.01.025
https://doi.org/10.3390/children10060945
https://doi.org/10.1016/j.tim.2017.04.001
https://doi.org/10.1186/s13036-019-0166-3
https://doi.org/10.1007/s11427-023-2361-1
https://doi.org/10.1126/science.1077650
https://doi.org/10.1016/j.cbpa.2016.12.026
https://doi.org/10.1039/d2sc00918h
https://doi.org/10.1039/d2cc02643k
https://doi.org/10.1021/acs.jproteome.3c00156
https://doi.org/10.1093/abbs/gmv121
https://doi.org/10.1016/j.molmet.2024.101888
https://doi.org/10.1126/science.1160809
https://doi.org/10.1161/circresaha.122.320488
https://doi.org/10.1186/s13059-023-02931-y
https://doi.org/10.1186/s13059-023-02931-y
https://doi.org/10.1038/s41467-024-53979-8
https://doi.org/10.1111/mmi.13627
https://doi.org/10.1073/pnas.2314128121
https://doi.org/10.1073/pnas.2314128121
https://doi.org/10.1016/j.molcel.2022.02.033
https://doi.org/10.1038/s41418-021-00841-9
https://doi.org/10.1016/j.jbc.2023.105339
https://doi.org/10.1093/bib/bbad539
https://doi.org/10.1038/s42255-022-00710-w
https://doi.org/10.1038/s41392-024-01918-w
https://doi.org/10.1186/s13059-021-02308-z
https://doi.org/10.1021/acschembio.1c00863
https://doi.org/10.1038/s41589-024-01680-8
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.3389/fendo.2022.901495
https://doi.org/10.1016/j.jmb.2004.01.060
https://doi.org/10.1038/s41467-024-44779-1
https://doi.org/10.1038/s41467-024-44779-1
https://doi.org/10.1016/j.cell.2024.04.002
https://doi.org/10.1038/s41421-022-00398-y
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org

	1 Introduction
	2 Discovery of lysine lactylation
	2.1 Discovery history
	2.2 Identification and enrichment strategies

	3 Writer, eraser and reader of lactylation
	3.1 Writer
	3.2 Eraser
	3.3 Reader

	4 Physiological and pathological regulation of lactylation
	4.1 Cell growth and metabolic regulation in prokaryotes
	4.2 Bacterial virulence and pathogenicity regulation in prokaryotes
	4.3 Neuronal development
	4.4 Mammalian cell reprogramming
	4.5 Cardiovascular diseases (myocardial infarction)
	4.6 Tumorigenesis

	5 Discussion and prospects
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References

