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Histone and non-histone lactylation:
molecular mechanisms, biological functions,
diseases, and therapeutic targets

Xia Peng? and Juan Du'?’

Abstract

Lysine lactylation (Kla) is a recently discovered post-translational modification in which a lactyl moiety is transferred
onto the e-amino group of lysine residues, linking cellular metabolism to epigenetic and signaling pathways. This
process is regulated by a range of enzymes and metabolites, including lactate, “lactyltransferases (writers)’, “Delac-
tylases (erasers)’, and “readers”involved in the modification. Histone lactylation has been observed in H2A, H2B, H3,
and H4, with H3K18la and H4K12la being the most extensively studied sites, linked to numerous biological functions.
Beyond chromatin, Kla has also been identified in a growing number of non-histone proteins, further expanding its
functional significance. For instance, non-histone proteins such as AARS1-K120la, ACSS2-Kla, MRE11-K673la, NBS1-
K388la and GNAT13-Kla has illuminated novel regulatory mechanisms and reinforced the potential of non-histone
Kla as a promising avenue for research. Importantly, aberrant Kla patterns have been linked to various disease states,
including cancer, inflammation, and metabolic disorders, highlighting its emerging potential as a biomarker and ther-
apeutic target. In this review, we systematically summarize the molecular mechanisms, biological functions, disease

associations, and therapeutic implications of both histone and non-histone Kla. By integrating current findings
and discussing existing challenges, we aim to provide a comprehensive overview that will deepen understanding
of Kla biology and inspire future research into its diagnostic and therapeutic potential.

Keywords Lactylation (Kla), Histone, Non-Histone, Post-Translational Modification

Introduction

Post-translational modifications (PTMs), serving as piv-
otal regulatory mechanisms governing protein functional
diversity, manifest through enzymatic catalysis at distinct
amino acid side chains [1]. Given the pronounced chemi-
cal reactivity of lysine e-amino groups, lysine acylation
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emerges as the most ubiquitous form of PTM [2]. Canon-
ical lysine acylation encompasses acetylation, phospho-
rylation, methylation, glycosylation, and ubiquitination.
Contemporary investigations have further elucidated that
diverse metabolic intermediate, including lactate, suc-
cinate, butyryl-CoA, and crotonyl-CoA, can function as
acylation substrates, which are referred to as novel lysine
acylation modifications [3-5].

Lysine lactylation (Kla), the seminal breakthrough in
novel lysine acylation modifications, was first character-
ized through pioneering work by Zhang et al. in 2019
[6]. Their groundbreaking revelation established lactate’s
capacity to serve as a novel substrate for lysine acyla-
tion modifications, exerting direct regulatory influence
on downstream gene transcription. This landmark dis-
covery further delineated distinct temporal dynamics
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differentiating Kla from lysine acetylation (Kac), provid-
ing crucial mechanistic insights for elucidating lactate’s
multifaceted roles across diverse pathological contexts.
Kla occurs in both histone and non-histone proteins,
with histone Kla constituting the most extensively char-
acterized subtype. This modification participates in
fundamental physiological processes, including pre-
implantation embryo development, oocyte meiosis, neu-
rodevelopment and so on [7-9]. Pathologically, Kla has
been implicated in spanning nitrosamine-induced pul-
monary fibrosis (As-IPF), colorectal cancer, lung adeno-
carcinoma, prostate cancer (PC), Alzheimer’s disease,
mechanical pain, osteoporosis, sepsis, hypoxic pulmo-
nary hypertension, septic shock and so on [10-15]. Nota-
bly, Kla demonstrated paradoxical regulatory duality in
oncogenesis, mechanistically influencing angiogenesis
through VEGF/FGF signaling, modulating tumor immu-
nity via CD8" T cell dynamics, and driving proliferation
through B-catenin/KCNK1 pathways. Therapeutic explo-
ration revealed Kla’s clinical potential, exemplified by
synergistic tumor suppression combined with anti-PD-1
immunotherapy. However, there are still lot of unknown
knowledge about lysine Kla: undefined L-lactyl-CoA
biosynthesis mechanisms, unresolved enzymatic versus
non-enzymatic lactylation catalysis, ambiguous substrate
specificity for lactate stereoisomers (L-lactate/D-lactate),
and uncharacterized crosstalk between specific histone
Kla sites (e.g., H3 K18 la) and other PTMs. These unre-
solved questions underscore the imperative for system-
atically investigating Kla’s molecular mechanism.
Emerging proteomic advancements have propelled
extensive investigation into non-histone Kla [16]. The
Kla profiling study in hepatocellular carcinoma identified
9,275 Kla sites, with 9,256 non-histone sites detected [17].
Despite its recent discovery, non-histone Kla has demon-
strated pathophysiological relevance in atherosclerosis,
inflammatory responses, lung cancer, pulmonary fibrosis,
liver injury, and retinopathy [18—24]. Moreover, its thera-
peutic potential has been validated. Pharmacological tar-
geting of the RIG-I-Kla site suppressed colorectal cancer
proliferation, while ACSS2-KAT2A interaction enhanced
anti-PD-1 immunotherapy efficacy. Notably, non-his-
tone AARS]1 mediated cGAS-Kla to modulate innate
immunity through lactate sensing. Intriguingly, the non-
enzymatic S-D-lactoylglutathione (SLG)-dependent Kla
reaction identified via D-lactate and the critical role of
acetyl-CoA synthetase 2 (ACSS2) in L-lactyl-CoA bio-
synthesis have been recently uncovered in studies explor-
ing non-histone Kla [25, 26]. These findings represented
initial insights into non-histone Kla’s functional diversity,
suggesting broader regulatory roles awaiting discovery.
Based on this, this review summarized the origin and
biological process of Kla and the latest Kla detection
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techniques. We provided a comparative overview of Kla
sites, molecular mechanisms, disease models, and cellu-
lar functions between histone and non-histone proteins.
In addition, we highlighted PTMs that crosstalk with
Kla, described in detail the physiological and pathologi-
cal processes regulated by Kla, and summarized current
therapeutic targets. We hope this review offers research-
ers a comprehensive understanding of Kla and serves as a
valuable resource to support their future studies.

Molecular mechanisms of lysine lactylation

The establishment of Kla followed these essential steps:
the accumulation of lactate is a crucial prerequisite for
initiating Kla, serving as a key trigger for this modifica-
tion, whether it occurs on histones or non-histone pro-
teins [27]. The extent of Kla is positively correlated with
intracellular lactate levels [28]. However, lactate cannot
directly serve as the donor for Kla, and it must first be
converted into L-lactyl-CoA through an unknown path-
way (Fig. 1) [29]. Then, Kla represents a dynamic revers-
ible modification, where acyltransferases function as
“writers” and deacetylases serve as “erasers” Under the
action of “writers’, L-lactyl-CoA is transferred to histones
or non-histone proteins in the nucleus, initiating Kla.
Conversely, histone deacetylases can remove L-lactyl-
CoA from histones or non-histone proteins, interrupting
the Kla process (Fig. 2a) [30]. Finally, readers are respon-
sible for recognizing and interpreting Kla, transmitting
signals to downstream targets. As demonstrated by the
preceding evidence, Kla is regulated by multiple enzymes
and metabolites, while each regulatory step involves
more intricate mechanisms.

Role of lactate metabolism and substrate supply

Lactate exists in two isomeric forms: L-lactate and D-lac-
tate [31-34]. L-lactate is produced via pyruvate, whereas
D-lactate arises as a byproduct of methylglyoxal (MGO),
which is formed through the aldehyde reductase pathway
during glycolysis [35]. The conjugation of lactate with
lysine generates three structural isomers: K; ;,, K ,, and
K... Conventional high-performance liquid chromatog-
raphy (HPLC) fails to differentiate these isomers, leading
to persistent ambiguity regarding Kla’s biochemical ori-
gins [36]. Zhao et al. resolved this challenge by employing
multiple orthogonal techniques (integrating analytical,
chemical biological, and immunological approaches) to
distinguish these structural variants. Their work defini-
tively demonstrated that K| ;, formation occurs exclu-
sively through glycolytically derived L-lactate, thereby
ushering in a new era of precision for K| ;, research.
Recent evidence demonstrated that D-lactate can drive
Kla through an SLG-dependent non-enzymatic mecha-
nism in inflammatory disorders [25]. Elucidating the
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Fig. 1 Sites of histone lysine lactylation. This figure illustrates the major lysine lactylation sites and processes identified to date. H2 A, H2B, H3,

and H4 represent the four simplified histone types, and K denotes lysine residues. The left panel shows the specific lactylation sites on H2A, H2B, H3,
and H4. The upper right section shows the two recently identified forms of lactylation, with K, on the left and K, on the right. The lower right
section depicts how L-lactate derived from glycolysis and D-lactate produced via the glyoxalase pathway respectively activate K, and Ky,
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as "writers’, "erasers” and “readers”. b The difference of histone and non-histone lysine lactylation. Increased lactate levels lead to the lactylation
of histone proteins, which subsequently affects chromatin structure and gene expression. Non-histone lactylation alters protein function
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mechanistic basis of Ky, and its pathophysiologi-
cal roles may enable precise modulation of inflamma-
tory responses, offering novel therapeutic strategies
for inflammation-associated diseases. Moreover, this
established that K| ;, is a metabolism-related enzymatic
reaction occurring in the nucleus with L-lactate as the
substrate, whereas K, |, is an immune-related non-enzy-
matic reaction occurring in the cytoplasm with D-lactate
as the substrate.

L-lactyl-CoA synthetases

Following lactate generation in the cytoplasm, its con-
jugation with lysine requires prior conversion to L-lac-
tyl-CoA. The enzyme responsible for this critical step
remained unidentified until recent investigations in
EGFR-activated cancer cells [37]. Zhu et al. demonstrated
that ACSS2 functions as an L-lactyl-CoA synthetase [26].
They showed that blocking the ACSS2-KAT2 A interac-
tion with a peptide, combined with anti-PD-1 antibodies,
significantly enhanced tumor suppression. However, the
authors noted that this ACSS2-KAT2 A interaction pri-
marily occurs at H3 K14 la and H3 K18 la. Meanwhile,
Zhang et al. also identified GTP-specific SCS (GTPSCS)
as a key L-lactyl-CoA synthetase in the nucleus. They
demonstrated that when both L-lactyl-CoA and succinyl-
CoA were added, GTPSCS predominantly enhanced his-
tone Kla rather than Lysine Succinylation (Ksucc). The
interaction between GTPSCS and p300 regulated H3 K18
la and Growth differentiation factor 15 (GDF15) expres-
sion, promoting glioma proliferation and radio resistance.

Enzymatic machinery

Lactyltransferases (Writers)

The currently known “writers” of Kla are E1A-associated
protein p300/CREB-binding protein (p300/CBP), Gen5-
related N-acetyltransferase 13 (GNAT13), Histone acetyl-
transferase binding to ORC1 (HBO1), YiaC, TIP60, NBS1,
Alanyl-tRNA synthetase 1 (AARS1), and Lysine acetyl-
transferase 2A (KAT2A). Among them, p300/CBP was
the first to be identified. In 2019, Zhang et al. confirmed
the existence of histone Kla and identified p300 as poten-
tial “writer” Using L-lactyl-CoA instead of acetyl-CoA,
they showed a high dependence of H3Kla and H4Kla
on P53 and p300, like acetylation. Knockdown of p300
in HCT116 and HEK293T cells resulted in decreased
Kla levels, while overexpression of p300 in HEK293T
cells increased Kla levels, confirming p300 as a potential
“writer” However, the authors also noted that the indirect
roles of p300 could not be ruled out, necessitating further
research. Niu et al. also discovered that HBO1, a member
of the KAT family, functions as a “writer” for Kla, with a
particular preference for catalyzing histone H3K9la [38,
39]. This finding fills an important gap, shedding light
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on the role of MYST enzymes within the KAT family in
Kla regulation. Additionally, Dong et al. identified YiaC
from the GNAT family of N-acetyltransferases in Escheri-
chia coli as a “writer”, while CobB was characterized as
an eraser primarily associated with metabolic processes
[40]. Similarly, in the cariogenic bacterium Streptococ-
cus mutans, Li et al. discovered that GNAT13, an enzyme
from the GNAT superfamily, acts as the “writer” for Kla
at K173 of RNA polymerase subunit o (RpoA). Overex-
pression of GNAT13 was found to inhibit biofilm forma-
tion, hinting at its potential therapeutic implications [41].

Moreover, Chen et al. linked NBS1 to chemotherapy
responses and DNA repair in cancer. Their research
demonstrated that TIP60 functions as the “writer” for
NBS1-K388la, while HDACS3 serves as its “eraser”. Inhib-
iting NBS1-K388la decreased DNA repair efficiency and
overcame chemotherapy resistance, providing a crucial
new perspective for cancer treatment strategies [42].
Importantly, Xie et al. revealed that targeting “writers”
could represent a novel strategy for cancer therapy. They
focused on eEF1A2, a protein that regulates tumor pro-
gression via PTM, which led to identifying KATS8 as the
“writer” responsible for eEF1A2-Kla. In a high-lactate-
induced Colorectal Cancer (CRC) mouse model, KAT8’s
tumor-suppressive role was validated, offering new
insights into potential therapeutic targets [43].

However, “writers” identified in these studies are based
on L-lactyl-CoA as the substrate for the modification.
Varner’s study in 2020 using liquid chromatography-mass
spectrometry to analyze L-lactyl-CoA concentrations in
cells and tissue found that the L-lactyl-CoA levels are 20
to 350 times lower than those of other major acyl-CoA
molecules like acetyl-CoA, propionyl-CoA, and succi-
nyl-CoA [44]. The enzyme responsible for producing
L-lactyl-CoA remains unidentified. Additionally, Ju et al.
proposed that the Kla process may differ from acetyla-
tion and might not necessarily rely on the transport of
L-lactyl-CoA. They suggested that metabolic changes,
including shifts in lactate and ATP levels, might enable
enzymes such as AARS] to directly transport lactate into
the nucleus, where it could interact with downstream tar-
get genes like YAP-TEAD, driving the modification [45].
However, these hypotheses remain unresolved and repre-
sent key areas for further investigation in future research.

Delactylases (Erasers)

The erasers for Kla are currently thought to be HDACI,
HDAC2, HDACS3, SIRT2 and SIRT3 [46, 47]. Moreno-
Yruela found that Kla is enzymatically driven rather than
a spontaneous chemical reaction. Like other short-chain
acylation modifications, Kla was dynamically regulated
by HDACs, with nuclear HDAC1-3 being responsible for
the reversible modulation of Kla. Meanwhile, they found
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that HDAC:s preferentially target the H4K5la, though the
reasons for this specificity remain unknown [47]. Fan
et al. observed that SIRT3 exhibits markedly enhanced
erasure activity at the H4K16la site compared to other
human sirtuins [46].

Regarding the therapeutic potential of erasers, Sun
et al. discovered that combining Sirt2 inhibitors with cop-
per ion carriers, such as Elesclomol, effectively address
the challenges posed by elevated copper and acidity levels
in gastric cancer (GC) [48].

Readers

Limited research has been done on readers involved in
Kla. However, Hu et al. revealed that Dux, a key factor
regulating the pluripotency of induced pluripotent stem
cells (iPSCs), regulated iPSC metabolic reprogramming
through H3K18la. Further experiments demonstrated
that both H3K18la and Brgl are enriched at the promot-
ers of genes associated with pluripotency and epithelial
adhesion, indicating that Brgl is the reader [49].

Detection techniques of lysine lactylation

The discovery of Kla is closely tied to advancements
in technology. In particular, the identification of Kla
has been made possible by the development of mass
spectrometry (MS) techniques. In 2019, Zhang et al
employed isotope tracing combined with tandem MS
(MS/MS) to identify Kla sites. Since then, numerous
studies used similar mass spectrometry approaches for
detection. However, Wan et al. pointed out that tradi-
tional PTM identification relies on the fixed mass shifts
of peptide precursors and MS/MS fragment ions, which
can lead to false positives. They emphasized the neces-
sity of identifying specific MS/MS ions for Kla. Their
research discovered that during tandem MS analysis, the
cyclic ammonium ions formed by lactylated lysine could
reliably facilitate protein Kla mapping. The Cyclm ion in
Kla exhibited a strong affinity for Kla spectra, suggesting
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that the inclusion of this ion in Kla identification stand-
ards should be considered [50].

Moreover, Kla research greatly benefits from the devel-
opment of high-throughput technologies. CUT&Tag
(Cleavage Under Targets and Tagmentation), a novel
technique for studying DNA-protein interactions, repre-
sents an upgraded version of ChIP-seq, offering advan-
tages such as high resolution, low cell input, and an
efficient, straightforward protocol [51, 52]. CUT&Tag
has played a key role in exploring Kla sites and is often
combined with RNA-seq analysis to identify downstream
targets. This combination has been successfully validated
in a range of conditions, including liver fibrosis, myocar-
dial infarction, bladder cancer, osteogenesis, viral replica-
tion, autoimmune uveitis, breast cancer, and ectodermal
differentiation [22, 53-57]. However, CUT&Tag still has
some limitations, primarily relying on the precision of
antibodies, which may affect result accuracy. Interest-
ingly, Barcenas-Walls et al. from Sweden discovered a
new approach: a single-cell CUT&Tag (Nano-CT) based
on nanobodies. This approach facilitated the concur-
rent analysis of two histone modifications and chromatin
accessibility within the same single cell [58]. It’s antici-
pated that more innovative techniques will emerge in the
future to assist in Kla detection.

Histone and non-Histone Lactylation Dynamics

The advancement of high-throughput proteomics has
facilitated the systematic identification and investiga-
tion of non-histone Kla sites. Although non-histone Kla
shares activation mechanisms with histone Kla, signifi-
cant distinctions exist between these two modification
types (Fig. 2b) (Table 1) [59, 60]. Firstly, histone Kla pre-
dominantly occurs on core histones (H2 A, H2B, H3, and
H4), whereas non-histone Kla primarily targets enzymes,
transcription factors, and DNA damage repair proteins.
Additionally, the number of modification sites differs
substantially. Current literature reported over 9,000
non-histone Kla targets, compared to merely 28 sites in

Table 1 Comparison of Histone Lactylation and non-Histone Lactylation

Aspect Histone lactylation

non-histone lactylation

Target Proteins
Number of Modification Sites

Type of Reaction Enzymatic reaction induced by L-lactate

Functional Mechanism
tion

Biological Significance Primarily involved in epigenetic regulation

Primarily occurs on histones H2A, H2B, H3, and H4

Limited (28 sites) due to structural constraints

Found on various enzymes, transcription factors, and DNA
damage repair proteins

Exceeds 9,000 lactylation sites according to current litera-
ture

Enzymatic or non-enzymatic reactions induced by L-lactate
or D-lactate

Alters chromatin conformation to regulate gene transcrip- Modulates enzymatic activity, affects protein function,

and reshapes protein interaction networks

Implicated in diverse cellular processes such as metabolism,
DNA repair, and signal transduction
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histones due to spatial constraints of nuclear architecture.
Furthermore, the mechanistic divergence is reflected in
reaction specificity. Histone Kla relies solely on L-lactate-
driven enzymatic activity, while non-histone modifica-
tions can be catalyzed by both L-lactate and D-lactate
through enzymatic or non-enzymatic routes. In terms of
functional mechanisms, histone Kla regulates chroma-
tin topology to modulate transcriptional accessibility, in
contrast to non-histone Kla, which predominantly alters
enzymatic activity, protein stability, and interactome
remodeling [61]. Regarding biological processes, histone
modifications are closely associated with DNA compac-
tion and transcriptional regulation, whereas non-histone
Kla participates in dynamic cellular processes including
signal transduction, metabolic reprogramming, and cell
cycle control. This comprehensive analysis of Kla dynam-
ics not only deepens our understanding of fundamental
biological regulation but also highlights potential thera-
peutic targets for diseases linked to aberrant post-trans-
lational modifications.

Histone lysine lactylation dynamics

Histone Kla is the Kla modification occurring on the
lysine residues of histones, and it is a novel type of post-
translational modification. Its functions vary depend-
ing on the location of the lysine residues within different
histones, classified into H2A, H2B, H3, and H4. In 2019,
Zhang et al. identified 28 common Kla sites in human
HeLa cells and mouse BMDM cells, including com-
mon H2AKI11la, H2AK115la, H2BK11la, H2BK15la,
H2BK16la, H2BK20la, H2BK85la, H2BK108la, H3K18la,
H3K23la, H3K27la, H4K8la, H4K12la, H4K31la, and
H4K91la (Fig. 1). These modifications have been vali-
dated to exert functional roles in more than 20 differ-
ent cell types. For example, Galle et al. compared the
genome-wide distribution of H3K18la in various samples
(mouse embryonic stem cells, macrophages, adipocytes,
and mouse and human skeletal muscles) [62]. In addition,
the range of target genes is remarkably diverse, involving
Ythdfl, SLC25A29, ALKBH3, ARG1, TLR4, RUBCNL,
and CCNB1 [63-69]. Among the identified Kla sites,
H3K18la, H3K23la, and H4K12la have been studied most
extensively. A summary of associated cell types, func-
tions, disease contexts, and target genes is presented in
Table 2.

Histone Kla primarily triggers downstream chroma-
tin remodeling, which directly leads to the activation
or repression of target gene transcription. Current
research primarily focused on H3K18la, H3K23la,
and H4K12la (Fig. 3). H3K18la, a classic Kla site, has
been identified as a key player in the transcriptional
activation of numerous genes. For example, H3K18la
influenced IPF by mediating gene expression, altered
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histone Kla dynamics in cancer progression, and drove
macrophage polarization in methicillin-resistant Staph-
ylococcus aureus (MRSA) infections [14, 68, 70]. Cur-
rently, H3K23la is primarily believed to be associated
with mouse zygote development and ulcerative coli-
tis (UC)[71]. Moreover, emerging evidence points to
H4K12la-regulated genes involving cancer progression,
chemoresistance, microglial repair, decidualization,
microglia-mediated tissue repair processes, and mouse
oocyte development [71, 72].

Non-histone lysine lactylation dynamics

Compared to histones, Kla in non-histone proteins refers
to the Kla modification occurring on the lysine residues
of non-histone proteins. As mentioned above, sequenc-
ing analyses in HCC and KC have identified a substantial
number of non-histone Kla sites. Due to the large num-
ber of non-histone proteins involved, non-histone Kla
appears to affect a broader range of proteins and regula-
tory pathways. Moreover, unlike the direct Kla of lysine
residues on histones, which primarily induces conforma-
tional changes, Kla on non-histone proteins mainly func-
tions by enhancing their interactions with specific target
proteins.

Non-histone protein Kla is emerging as a critical regu-
lator in various biological processes and diseases, paral-
leling the significance of histone Kla. Recent studies have
uncovered its significant impact on various cell types
(Fig. 4)(Table 3). To be specific, the Kla of proteins such
as Vps34, Transcription Factor EB (TFEB), Discoidin,
CUB, and LCCL domain-containing 1 (DCBLD1), Tau,
NEDD4, Caspase-11, Gasdermin D (GSDMD), and NLR
Family Pyrin Domain Containing 3 (Nlrp3) is associated
with processes like autophagy, ferroptosis, and pyropto-
sis [73, 74]. Pyruvate Kinase M2 (PKM2) and Hexokinase
(HK) are influenced by Kla, affecting cellular metabolism
and disease states. Kla in proteins like YY1 and BCAP is
linked to diseases such as cancer.

Non-histone Kla extensively participates in various
physiological and pathological processes by altering the
activity, stability, subcellular localization, and protein
interaction capacity of non-histone proteins. The lac-
tate-driven ABCF1-K430la modification promoted its
nuclear translocation, thereby activating the KDM3A-
H3K9me2-HIFla signaling axis, which serves as a rep-
resentative example of histone Kla-mediated regulation
of subcellular localization [75]. The activity of lactylated
pyruvate dehydrogenase (PDHA1) is suppressed, leading
to reduced acetyl-CoA production and indirectly regu-
lating the interaction network of mitochondrial-related
proteins, which demonstrates non-histone Kla on the
protein network [76]. Moreover, non-histone Kla can also
influence DNA repair and contribute to chemotherapy
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Table 2 Histone lactylation in disease models and cellular functions
Sites Cell Type Species Disease Model Target Gene Reference
H3K18la Oocytes and pre-implantation Mouse Pre-implantation embryo develop-  NA (8]
embryos at different stages ment
hypoxic pulmonary artery smooth  Rat ROS-mediated hypoxic pulmonary — HIF-Ta targets (Bmp5, Trpc5, [10]
muscle cell (PASMC) hypertension and Kit)
Bone marrow mesenchymal stem ~ Mouse Osteoporosis / Differentiation Sequencing analysis of osteogenic  [14]
cells of bone mesenchymal stem cells genes COL1A2, COMP, ENPPT,
(positively correlated) and TCF7L2
In vivo and in vitro multi tissue Mouse Development and mitosis related Positively correlated with H3K27ac  [62]
and H3K4me3
MLE12 cells Mouse Arsenite-related idiopathic pulmo-  Promotes Ythdf1 transcription, [63]
nary fibrosis causing increased NREP expression
Primary lung adenocarcinoma Human Proliferation and migration of lung  Regulation of solute carrier [64]
and adjacent normal samples adenocarcinoma endothelial cells  (SLC25A29) promoter region
human UM cell lines Human human ocular melanoma tissues Promotes ALKBH3 gene transcrip-  [65]
and human normal nevus tissues tion
Peritonitis animal model Mouse Sepsis caused by drug-resistant Promotes Arg1 expression [66]
infection(anti-MRSA)
HCT116 cell lines Mouse Hypoxic metastatic colorectal Promotes RUBCNL/Pacer transcrip-  [67]
cancer tion
Critically ill patients / healthy Human Critically il patients (septic shock/  Positively correlated with Arg1 [68]
subjects infection) mMRNA levels
PC9-BrM3 cells Mouse non-small cell lung cancer (NSCLC)  Promotes CCNB1 transcription [69]
Colorectal cancer cells Mouse Liver metastasis of colorectal Promotes expression [70]
cancer of chemokines CXCL1, CXCL5
E13.5 telencephalon tissue Mouse Neurodevelopment Promotes multiple genes transcrip-  [109]
tion
senescent BV2 cells (DoxBV2) Mouse Alzheimer's disease Binds to Rela (p65) and NFkB1 (p50) [147]
and young BV2 cells (NC-BV2) promoter
LLC, B16F10, and MC38 tumor cells  Human/Mouse AOM/DSS colon cancer model Promotes Mettl3 transcription [170]
Prostate cancer cells Human Angiogenesis in prostate cancer Potential regulation of Sema3A [212]
transcription
H3K23la oocytes Mouse mouse GV-stage oocytes NA [7]
5XFAD cells / Microglia Human 5XFAD Mouse Promotes HIF1-a, PKM2 and LDHA ~ [11]
transcription
H4K12la  8503c cell line Human Undifferentiated thyroid carcinoma  Promotes CDK1, CCNET and AURKB  [183]
(ATC) transcription
microglia mouse Spinal cord injury Promotes PD-1 transcription [195]

resistance. For instance, MRE11-K673la promoted DNA
binding and enhanced homologous recombination repair,
leading to tumor cell resistance to cisplatin and PARP
inhibitors [77]. In addition, NBS1-K388la maintained the
stability of the MRN complex, dynamically regulating
repair efficiency [42].

The crosstalk between lysine lactylation and other
PTMs

The functional diversity of proteins critically depends on
PTMs, where chemical groups are dynamically added to
or removed from amino acid side chains or backbones
through enzymatically regulated reversible processes
[78]. A canonical example of PTM crosstalk occurs in

the MAPK signaling pathway, where the phosphokinase
cascade (Ras-Raf-Erk axis) enables rapid signal propa-
gation through coordinated modification events [79].
Notably, during the initial characterization of Kla, Zhang
et al. observed divergent modification patterns between
Kla and Kac at identical residues following inflamma-
tory stimulation, suggesting competitive occupancy of
shared lysine residues by distinct PTM types. Therefore,
exploring the relationship between Kla and other PTMs
is essential for identifying Kla’s unique characteristics.
Current literature indicated associations between Kla
and m°A methylation, acetylation, phosphorylation, and
crotonylation, suggesting that multiple modifications can
synergize to help cells adapt to changing environments
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[80-82]. Here, we summarized the crosstalk associated
with Kla, providing a foundation for understanding its
potential biological significance.

Lysine lactylation and lysine acetylation

With the advancement of high-throughput technolo-
gies, Kac has emerged as a common PTM that crosstalk
with other PTMs. For example, Li et al. found that 75% of

Ksucc sites were also acetylated sites in their sequencing
analysis of Ksucc and Kac [83]. Moreover, physiological
ovarian aging in female mice has also been found to be
associated with crosstalk between Kac and other modifi-
cations such as Kcr and Kbu [84]. Upon the application of
acylation inhibitors, Sir2La was shown to exhibit a slightly
higher preference for lysine propionylation (Kpro) over
Kac [85]. These findings highlighted the multi-interactive
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Table 3 Non-histone lactylation in disease models and cellular functions
Non-Histone Lactylation sites Target Genes Disease Cell Type Species Reference
PKM2 COLTA2, COMP ENPPT, Pkm27/~ model Bone marrow endothelial  Mouse [14]
and TCF7L2 cells
Mecp2 K271 Ereg Atherosclerosis Mouse aortic endothelial ~ Mouse [19]
cells (MAEC)
Vps34 K356/K781 Beclin1, Atg14,and Uvarg  Lung cancer H1299 cells, HEK293T cells, Human [21]
Hela cells, and U20S cells
HK2 - a-Sma, Col1al,and Timp1  Liver fibrosis model Hepatic stellate cells Chinese hamster [22]
HMGB1 - NA Liver hypoxia/reperfusion  Hepatocytes Mouse [23]
injury
YY1 K183 FGF2 Retinal neovascular Microglia Mouse [24]
disease
DCBLD1 K172 G6PD Cervical cancer cervical cancer cells Human [73]
NEDD4 K33 Caspase-11 Acute liver injury 929, HEK293, HEK293T Mouse [74]
cell lines
Mettl3 - TFRC Intracerebral PC12 cell line Rat [106]
hemorrhage(ICH)
TFEB K91 WWP2 Pancreatic cancer PANC cellHela cell Human [110]
Tau K677 NCOA4, FTH1 Alzheimer’s disease BV-2 cell Mouse [114]
HK1 H4K8la NA Non-small cell lung cancer  BEAS-2B bronchial epithe-  Human [130]
model lial cell line and NSCLC cell
lines A549 and H1299
PKM?2 K62 ARG1 LPS-induced inflammation BMDM Mouse [137]
model
BCAP - Arg1, KIf4 Reparative macrophages ~ Macrophages Mouse [152]
RIG-I - Nirp3 Liver metastasis of colorec- MC38 cell Mouse [171]
tal cancer
ALKBH5 K284 ESCO2 Innate immunity - - [172]
NLRP3 K245 LDHA Ischemia/reperfusion(l/R)  the lung bronchial epithe- Human [223]

lial and macrophages

nature of Kac. However, current evidence mainly sup-
ported their shared features, while the specific mecha-
nisms underlying the crosstalk between Kla and Kac are
unclear. For instance, the Kla sites H3K27, H4K8, H4K12,
H2AK11, H2BK15, and H2BK20 are also known acetyla-
tion sites [86—88]. Kla and Kac have been shown to influ-
ence each other at specific histone sites. For instance, at
the H4K12 site, studies demonstrated that this dynamic
crosstalk is critical for mouse oocyte meiosis. Specifi-
cally, Lin et al. discovered that Tfap2a regulates meiosis
in mouse oocytes. Overexpression of Tfap2a upregulated
p300, which elevated the levels of H4K12ac and H4K12la,
while also increasing H3 K18 la and H4 Kl6ac, thereby
impeding meiosis in oocytes [7]. Moreover, PTM-omics
studies have shown that non-histone proteins enriched
in Kac and Kla share many common features, with sub-
stantial overlap in modification sites. Lin et al. cataloged
2,198 Kac in 925 acetylated proteins and 289 Kla in 181
lactylated proteins in KC. Notably, Kac and Kla showed
differential enrichment in distinct subcellular compart-
ments. Furthermore, they identified a Kla site at K82 in
the Box-1 protein [89].

Additionally, Kla and Kac utilize shared enzymatic
machinery. These enzymes (SIRT3, p300, and CBP) can
simultaneously regulate both Kac and Kla, but the precise
mechanisms remain unclear [90]. Fan et al. demonstrated
that SIRT3 is a key deacetylase in the H4K16 site [80].
Studies demonstrated that SIRT3 shows strong binding
affinity and significant deKla efficiency on H4K16la, sur-
passing other Sirtuins like SIRT1 and SIRT?2. Isothermal
titration calorimetry (ITC) and HPLC-MS analyses con-
firmed SIRT3’s superior activity, with its kinetic param-
eters (KM, Vmax, and Kcat) highlighting its effectiveness.
Although HDAC3 was shown to have an even higher
deKla activity in vitro, SIRT3 remains particularly potent
at the H4K16 site, comparable to its activity in removing
B-hydroxybutyrylation at this residue [46].

Moreover, Yang et al. revealed that non-histone Kla can
affect Kac at the same site. HMGB1-Kla were mediated
by p300/CBP. Lactate promoted HMGB1-Kla, inducing
its nuclear-to-cytoplasmic translocation and HMGB1
acetylation, facilitating its cytoplasmic distribution in
macrophages, regulated by SIRT1 deacetylase inhibition
[80].
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However, Kla and Kac are closely related but exhibit
notable differences [91]. Although some studies sug-
gested that acetyl-CoA is present in much higher con-
centrations than L-lactyl-CoA in vivo, it remains unclear
under what specific conditions cells activate Kla instead
of Kac. Therefore, the correlation of Kla and Kac may be
focused in further studies. Therefore, continued explora-
tion of their relationship will be essential for advancing
our understanding of Kla-related regulatory mechanisms.

Lysine lactylation and Ubiquitination (Ub)

Ub, linking its C-terminal glycine (G76) to the e-amino
group of lysine residues on target proteins, typically
involved in regulating protein degradation [92-94].
Zhang et al. elucidated that Ub operates downstream of
Kla to fine-tune cellular functions. Chen et al. demon-
strated that in the context of systemic lupus erythema-
tosus (SLE), lactate facilitates the Kla of cGAS, thereby
hindering its interaction with the E3 ubiquitin ligase
MARCHEFS5. This inhibited the degradation of cGAS
and elicited a potent IFN-1 response, further underscor-
ing the complexity of Kla in immune regulation [95]. In
addition, in esophageal cancer, Li et al. discovered that
hypoxia-induced Axin1-K147la promotes its Ub, thereby
enhancing the glycolysis and increasing the stemness
characteristics of TE1 and EC109 cells. Conversely, over-
expression of Axin exhibited a significant tumor-suppres-
sive effect [96].

Lysine lactylation and phosphorylation

Protein phosphorylation, which typically occurs on ser-
ine, threonine, or tyrosine residues, can cooperate with
Kla to jointly regulate downstream target genes [97, 98].
Xu et al. discovered that mutations at the S24 site of
Sox10 induce alterations in downstream Kla. Sox10, a
key transcription factor in the SOX family, plays a vital
role in neural crest cell and peripheral nervous sys-
tem development [98-101]. Xu et al. demonstrated that
Sox10-induced p-Ser and Kla interact, showing that
cytoplasmic phosphorylation triggers Kla [81]. They
indicated that Sox10 is activated by Kla and phospho-
rylation during vascular smooth muscle cell transforma-
tion. The mutation at the 524 site reduced Sox10 Kla and
phosphorylation, indicating that Sox10 Kla relies on 524
phosphorylation. This modification is crucial for Sox10
activation and VSMC-to-macrophage-like transforma-
tion, providing new insights into cellular changes in vas-
cular lesions.

Lysine lactylation and Methylation (Me)

m®A, an important RNA modification, regulates RNA
metabolism and stability [102-104]. In m°A-related
genes, METTL3, a primary methyltransferase, regulates
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cell death in various diseases via m®A modification [82,
105]. Zhang et al. found that METTL3 knockdown alle-
viates ICH-induced brain injury by regulating Pan Kla.
Hemin treatment increased METTL3-Kla, enhancing
METTL3 stability which was intensified by lactate [106].
Besides, Gu et al. revealed that histone Kla mediated-
ALKBH3 drives tumorigenesis in ocular melanoma by
m'A demethylation. The upregulation of ALKBH3 is
also associated with increased histone Kla, particularly
at the H3K18la site. Elevated levels of ALKBH3 in ocu-
lar melanoma correlated with reduced m'A levels and
are linked to poor clinical outcomes. Meanwhile, silenc-
ing ALKBH3 resulted in the upregulation of SP100 by
removing m'A modifications. As can be seen, ALKBH3
is critically involved in the pathogenesis of ocular mela-
noma, primarily through its regulation of m*A methyla-
tion [65].

m°C has recently been identified to form a regulatory
loop with H3K18la. NSUN2, a methyltransferase respon-
sible for m®C methylation, has also been established as a
“writer” for ENOL. In CRC cells, the accumulation of lac-
tate promoted NSUN2-K356la through H3K18la, a pro-
cess that is critical for the binding of NSUN2 to its target
RNA. This interaction highlights the potential of NSUN2
inhibitors in immune therapy for CRC [107].

Lysine lactylation and lysine Crotonylation (Kcr)

Kcr and Kla, both metabolite-driven modifications, uti-
lize crotonyl-CoA as their acyl donor [5, 108]. Dai et al.
discovered that these two modifications interact with
each other, with notable differences observed between
late and early neurogenesis. In late neurogenesis com-
pared to early neurogenesis, H3K9cr and H3K18cr lev-
els were elevated. Application of pan-HDAC inhibitors
(SAHA and VPA) increased H3K18la levels in P19EC
cells, while VPA stimulated H3K14la and H3K18la.
These inhibitors also elevated H3K9cr and H3K18cr
levels [109]. These results provide new perspectives on
epigenetic regulation in neural development and disease
processes.

To sum up, the crosstalk between lysine Kla and other
PTMs is primarily characterized by competitive occu-
pancy at shared lysine residues, yet gaps remain in heter-
ologous PTMs on distinct proteins or sites. It's unknown
whether it exhibits signal amplification cascades analo-
gous to phosphorylation-mediated networks. Neverthe-
less, emerging research underscored Kla’s considerable
clinical potential, suggesting that mechanistic insights
will likely emerge with further investigation. Elucidating
Kla-PTM crosstalk mechanisms may address unresolved
paradoxes, such as the observation that Kla exerts dispro-
portionately strong cellular effects despite L-lactyl-CoA
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concentrations being significantly lower than those of
classical PTM substrates like acetyl-CoA.

Biological functions of lactylation

The role of lysine lactylation in cell survival

Cells respond to various environmental stresses by mod-
ulating their physiological states through multiple mech-
anisms to maintain homeostasis and survival. In addition
to classic mechanisms such as proliferation and apopto-
sis, Kla has been found to be involved in autophagy, fer-
roptosis, and pyroptosis.

Jia et al. demonstrated a direct link between Vps34
and autophagy, which is crucial for maintaining muscle
cell homeostasis [21]. They found that activated ULK1
triggers lactate production via LDHA, leading to Vps34-
K356la and Vps34-K781la. This modification, mediated
by the acetyltransferase KAT5/TIP60, enhanced Vps34’s
association with Beclinl, Atgl4L, and UVRAG, increas-
ing its lipid kinase activity. Furthermore, Huang et al.
demonstrated that TFEB, a key regulator of autophagy,
exerts its function through Kla. TFEB-K91la interfered
with its interaction with the E3 ubiquitin ligase WWP2,
thereby inhibiting TFEB’s Ub and proteasomal degrada-
tion. This mechanism further amplified TFEB activity
and promoted autophagic flux. Additionally, by using a
specific antibody targeting K91-Kla, the authors observed
a marked increase in TFEB-Kla levels in clinical PC sam-
ples [110]. However, the study did not address whether
TFEB-K91la serves as a marker in cancer cells. In cervical
cancer, Meng et al. identified that the oncogene DCBLD1
undergoes Kla at the K172 site, which subsequently acti-
vates the PPP pathway to drive the proliferation and
metastasis of cervical cancer cells.

Ferroptosis is a form of iron-dependent and lipid per-
oxidation-dependent cell death that typically occurs
under conditions of oxidative stress [111-113]. Recent
studies by An et al. revealed that tau, a hallmark protein
of Alzheimer’s disease (AD), is involved in ferroptosis
via TAU-K677la. Their findings indicated that mutation
at the K677 site inhibited tau Kla, impairing memory
and reducing neuronal damage. This effect was medi-
ated by the regulation of iron metabolism factors, such as
NCOA4 and FTH1, which attenuate ferroptosis [114].

Non-canonical pyroptosis is a form of programmed cell
death mediated by Caspase-11 and GSDMD, typically
triggered by cellular infection or injury and accompanied
by a robust immune response [115-117]. Li et al. found
that lactate regulates Caspase-11-mediated non-canon-
ical pyroptosis during acetaminophen (APAP)-induced
acute liver injury by NEDD4-K33la, thereby exacerbat-
ing liver damage [118, 119]. Moreover, in a myocardial
ischemia—reperfusion (I/R) injury model, Fang et al. dis-
covered that LDHA knockout improved recovery from
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I/R-induced injury in vivo, a process linked to NLRP3
[74]. Further investigation revealed that LDHA promotes
NLRP3-K245la, increasing its protein stability, thus
unveiling the potential therapeutic role of LDHA in the
I/R injury model [120].

The role of lysine lactylation in cellular development
Multiple studies revealed that histone Kla is associated
with early developmental stages and stem cell differentia-
tion, which is crucial for optimizing fertility and stem cell
therapies. Decidualization is a crucial event in pregnancy
[121, 122]. Zhao et al. identified the H4K12la-HIF1-a-
glycolysis loop as a key driver of this process, with sig-
nificant implications for clinical fertility strategies [53].
Yang et al. highlighted the critical roles of H3K23la and
H3K18la in early mouse embryo development [8]. Unlike
the stable expression of H3K18ac and H3K23ac, H3K23la
and H3K18la levels varied across developmental stages,
peaking in blastocysts. Recent studies also revealed a
strong connection between H3K18la and osteoblast pro-
liferation. Wu et al. identified that H3K18la plays a sig-
nificant role in gene regulation in bone marrow stromal
cells (BMSCs), especially in osteogenesis and osteopo-
rosis models [14]. In Pkm2%E¢ mouse BMSCs, H3K18la
reduction led to the downregulation of 308 genes and
upregulation of 35 genes, and Colla2, Comp, Enppl,
Tcf712 were H3K18la targets involved in bone morpho-
genesis and mineralization [123]. In parallel, Chen et al.
showed that H3K18la regulated BmpS5, Kit, and Trpc5
under hypoxia, promoting pulmonary artery smooth
muscle cell proliferation [124]. Lin et al. discovered that
H4K12la also drove oocyte development. Specifically,
Tfap2a overexpression significantly increased H4K12la
levels and regulated oocyte maturation [7].

The role of lysine lactylation in metabolic regulation

The onset of Kla is driven by the upregulation of gly-
colysis. Numerous rate-limiting enzymes in glycolysis
have been implicated in Kla, and the elevation of glyco-
lysis, particularly lactate production, is a defining char-
acteristic of cancer cells. Investigating the Kla-related
mechanisms of metabolism-associated enzymes may
help elucidate the crosstalk among metabolism, signaling
pathways, and epigenetic regulation, and potentially con-
tribute to the development of novel therapeutic strategies
for metabolic diseases and cancer.

HK is a key enzyme in glucose metabolism, catalyzing
the phosphorylation of glucose to glucose-6-phosphate
and ADDP, the first and irreversible step in the glycolytic
pathway [125-128]. Multiple isoforms of HK exist within
cells, including HK1, HK2, HK3, and HK4 (also known
as glucokinase) [129]. Research indicated that HK1 and
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HK2 are influenced by histone Kla, particularly in cancer
[130].

The research of HKI1 is less extensive compared to
HK2, focusing primarily on its role in normal cells [131].
Jiang et al. found that lactate affects glucose uptake, gly-
colysis, and TCA cycle in NSCLC cell lines BEAS-2B,
A549, and H1299, altering metabolic enzyme expression
levels. Lactate influenced gene expression by modulating
histone Kla at gene promoters, such as downregulating
HK-1, G6PD, and PKM transcription while upregulat-
ing SDH, IDH, and HIF1-a. ChIP experiments showed
that lactate treatment increased histone Kla levels at
the promoters of HK1 and IDH3G, suggesting that lac-
tate-induced H4K8la may regulate HK1 transcription
[130].Meanwhile, HK2 was recently found to exert its
effects via Kla rather than acetylation in liver fibrosis and
a-SMA, Collal, and Timpl were specific targets of Kla
[22]. Regrettably, the relationship between HK3, HK4,
and Kla has not yet been reported.

Phosphofructokinase 1 (PFK-1), which catalyzes the
conversion of fructose-6-phosphate and ATP to fructose-
1,6-bisphosphate, is a key rate-limiting enzyme in glyco-
lysis [132, 133]. Wang et al. demonstrated that the role of
PFK-1 in bladder cancer is mediated through the regula-
tion of ZEB1-Kla, inhibiting the malignant phenotype of
bladder cancer cells. Their study found that downregu-
lation of PFK-1 expression suppresses the proliferation,
migration, and invasion of bladder cancer cells. Addition-
ally, PFK-1 was shown to inhibit histone Kla in bladder
cancer cells, thereby reducing the transcriptional activity
of ZEB1 [134]. These results suggest that PFK-1 could be
a novel potential therapeutic target for bladder cancer.

PKM?2 is a rate-limiting enzyme in glycolysis, playing a
crucial role in converting phosphoenolpyruvate to pyru-
vate, thereby generating ATP [135, 136]. Wang et al. indi-
cated that PKM2-Ké62la played a regulatory role in the
phenotypic transformation of macrophages. They found
that PKM2 expression is significantly elevated in LPS-
induced macrophage inflammation models, with lactate
playing a critical role. Lactate absence led to PKM2 func-
tional defects. IP-mass spectrometry identified potential
Kla sites on PKM2, notably K62, which was confirmed
as the primary Kla site through site-specific mutagen-
esis [137]. Meanwhile, Pan et al. elucidated the glycoly-
sis/H4K12la/PKM2 feedback loop is fundamental to the
metabolic reprogramming observed in AD microglia
[138].

Specifically, DCBLD1 upregulated the expression and
enzymatic activity of glucose-6-phosphate dehydroge-
nase (G6PD), significantly boosting PPP activity. This
regulatory mechanism relied on HIF-la enrichment at
the DCBLD1 promoter region, which enhanced DCBLD1
mRNA  expression. Furthermore, lactate-induced
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DCBLDI1-Kla stabilized its expression [73]. Similarly,
enzymes of the TCA cycle, like citrate synthase, and
those involved in OXPHOS, such as PDHA1 and CPT2,
are also regulated by Kla [139]. Hypoxia induced the
accumulation of AARS2, leading to PDHA1-K336la and
CPT2-K4571a, which subsequently resulted in alterations
of OXPHOS.

The role of lysine lactylation in immune response

In both cancer immunity and microbiome immunity,
studies have shown that Kla is a key regulatory mecha-
nism, whether in histones or non-histones.

H3K18la plays a crucial role in the recruitment of
inflammatory cells, maintenance of immune responses,
and drug resistance. CXCL1 and CXCL5 are neutro-
phil chemokines that regulate neutrophil migration and
activation through interactions with the CXCR2 recep-
tor [140-142]. Zhou et al. found that GPR37 regulates
the expression of CXCL1 and CXCL5 by enhancing
H3K18la, thus promoting neutrophil recruitment [143].
Rela and NF-«B1, key components of the NF-kB signal-
ing pathway, encode the p65 and p50 proteins, respec-
tively, and are crucial for maintaining immune responses
[144—-146]. Wei et al. discovered that H3K18la enhances
Rela and NF«B1 promoter binding, stimulating NF-«xB
signaling in an AD model [147]. In addition, H3K18la
is correlated with drug resistance, a critical challenge
in treating inflammatory responses. Ma et al. demon-
strated that H3K18la is involved in the treatment of
methylsulfonylmethane (MSM) in methicillin-resistant
Staphylococcus aureus (MRSA) by increasing H3K18la
in macrophages and promoting macrophage polarization
to the M2 phenotype, thus enhancing Argl expression
and offering protective effects in MRSA-infected animal
models [148]. In 2019, Zhang et al. identified an increase
in Kla during M1 macrophage polarization, heralding
the advent of immunometabolism research [149]. As this
burgeoning field continues to evolve, the pivotal role of
H3K18la within it warrants deeper investigation. Wang
et al. found that mastitis inflammation is also associated
with H3K18la, which activated the TLR4/NF-kB signal-
ing pathway [150].

Wang et al. first demonstrated that Mecp2-K271la in
endothelial cells slows the progression of atheroscle-
rotic cardiovascular disease (ASCVD) [77]. Mecp2-
K271la inhibited the transcription of epiregulin (Ereg)
in endothelial cells, reducing phosphorylation of epi-
dermal growth factor receptor (Egfr) and mitogen-acti-
vated protein kinase (MAPK) activity. This modulation
decreased the expressions of Veam—1, Icam-1, Mcp-1,
Il-1f3, II-6, and Enos, thereby slowing the development
of ASCVD. Besides, BCAP is a signaling adaptor pro-
tein initially identified for its role in PI3K signaling [151].
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Irizarry-Caro discovered that BCAP links Toll-like recep-
tor (TLR) activation to glycolytic metabolism, regulat-
ing intestinal inflammation and tissue repair processes.
In BCAP-deficient macrophages, there is a significant
reduction in glycolysis and lactate production, accompa-
nied by decreased Pan Kla levels. Exogenous lactate sup-
plementation restored Pan Kla levels in BCAP-deficient
macrophages, highlighting the crucial role of glycolysis
and lactate production in cellular metabolic regulation
and subsequent immune functions [152].
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Diseases associated with lactylation

The role of lysine lactylation in cancer

In a comprehensive lactylome analysis of HCC, Zhang
et al. mapped 9,275 Kla sites in tumors and adjacent liver
tissues, with 9,256 of these sites localized on non-histone
proteins [18]. They underscored the central role of Kla as
a critical modification in cancer. In 2011, Hanahan and
Weinberg proposed the ten hallmarks of cancer [153].
Current research showed that Kla is closely associated
with several other hallmarks, including the tumor micro-
environment (TME) remodeling, angiogenesis, tumor
immunity, tumor growth and invasion (Fig. 5). In this
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Fig. 5 The roles of histone lactylation and non-histone lactylation in cancer. Histone Kla regulates tumor angiogenesis by affecting the levels

of downstream HIF1-a and Vegf. In non-histone proteins, YY1-Kla influences FGF2, and Sema3A-Kla affects HIF 1-g, both contributing

to the regulation of angiogenesis in cancer cells. In tumor immunity, histone Kla can impact T cell immune responses, while ALKBH5-Kla, CBX3-Kla,
and RIG-I-Kla participate in tumor immunity by modulating the levels of IFN-y, CD47, and NLRP3. In the regulation of cancer cell proliferation,
histone Kla affects tumor growth through CDK1, CCNET, AURK, Cyclin B1, CCR7, IGFBP6, DVOL1, and SDCT1, whereas LDHA-Kla influences breast

cancer proliferation



Peng and Du Molecular Biomedicine (2025) 6:38

section, we provide a comprehensive summary of the fea-
tures of Kla in the cancer.

Angiogenesis

Angiogenesis is one of the hallmarks of TME, with VEGF
being the most prominent known angiogenic factor
[154—156]. Fan et al. discovered that the angiogenic effect
of VEGF in endothelial cells is linked to the interaction
between H3K9 la and HDAC2. They suggested that dis-
rupting the H3K9la-HDAC?2 feedback loop could be a
novel approach for anti-angiogenesis therapy [54]. Addi-
tionally, YY1 has also been shown to regulate angiogen-
esis through Kla. YY1 is a multifunctional transcription
factor that can repress, activate, or initiate transcription
depending on promoter structure and cellular context
[157, 158]. Wang et al. demonstrated that YY1 alters
chromatin structure and DNA conformation, thereby
affecting gene expression [24]. Under hypoxic condi-
tions, increased lactate production in microglia upregu-
lated the expression of acetyltransferase p300, leading
to the YY1-K183la. This modification accelerated FGF2
mRNA transcription and expression, thereby enhancing
angiogenesis in endothelial cells and potentially contrib-
uting to pathological changes. Anti-angiogenic therapies
face challenges such as drug resistance [159]. Luo used
the anti-angiogenic drug KIAA1199 for prostate can-
cer and found it to be positively correlated with HIF-1a
overexpression and angiogenesis markers. Further exper-
iments confirmed that HIF-1a is a transcriptional activa-
tor of KIAA1199, regulating lactate transport in PC cells
through Kla [160]. This also suggests that HIF-1a may be
a potential target for anti-angiogenic therapy. Yu et al.
found that H3K18la regulates Sema3 A (a tumor suppres-
sor and angiogenesis inhibitor) transcription in PC cells,
where evodiamine impaired HIF-1a-mediated H3K18la,
reducing Sema3A-mediated angiogenesis and PD-L1
expression, and inducing ferroptosis [161]. These studies
provided a theoretical basis for the development of novel
anti-angiogenic therapeutic strategies.

Tumor immunity

Tumor immunity is a hallmark of cancer, and its under-
lying mechanisms are linked to Kla [162-164]. CD8* T
cells are critical effector cells in tumor immunity [162,
165-167]. Raychaudhuri et al. showed that the activation
and function of CD8" T cells are regulated by H3K18la
and H3KOla. In their preclinical model, they found that
targeting H3K18la and H3KO9la alters the antitumor
immune response mediated by CD8* T cells [168]. Addi-
tionally, Kla has been shown to contribute to immune
evasion in glioblastoma (GBM). Wang et al. found that
the “writer” p300, in collaboration with the hetero-
chromatin component chromobox protein homolog
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3 (CBX3), promoted the production of L-lactyl-CoA,
which in turn enhanced the release of CD47, a “don't eat
me” signal, from GBM cells [169]. Additionally, Xiong
et al. discovered that Kla-driven METTL3 enhances
TME’s immunosuppressive capacity through RNA m°A
modification. Specifically, exogenous lactate elevated Pan
Kla and H3K18la levels in alveolar epithelial cells (AECs)
while inhibiting lactate transport reduced these levels
[63]. Then, elevated H3K18la upregulated METTL3 in
TME, which are crucial for binding target RNA [170].
Meanwhile, Regulatory T (Treg) cells and CD8* T cells
are key effector cells in the TME. Gu et al. found that E.
coli enhances the lactate-RIG-I-Kla-Nlrp3 interaction,
and the deletion of Nlrp3 affects the immunosuppres-
sive activity of Tregs and the antitumor activity of CD8"
T cells. Surprisingly, the authors screened 220,000 com-
pounds and identified a drug targeting the RIG-I Kla site,
which enhances the sensitivity of colorectal liver metas-
tasis (CRLM) to 5-fluorouracil (5-FU), further supporting
Kla as a potential therapeutic target [171]. Additionally,
Tong et al. discovered that Kla plays a crucial role in the
innate immune response triggered by HSV-1, KSHV, and
MPXV. They identified an innate immune-regulating
protein, AlkB homolog 5 (ALKBHS5). Viral infections
increased the binding of ALKBH5 to the acetyltrans-
ferase ESCO2. Overexpression of ESCO2 enhanced the
Kla of ALKBHS5, thereby promoting the biogenesis of
IFN-B mRNA [172]. This discovery highlights the regula-
tory role of Kla in innate immunity. Leo et al. found that
the loss of antitumor immunity in GBM is caused by an
increase in monocyte-derived macrophages (MDMs). In
MDMs, the deletion of PERK led to the elimination of
histone Kla, which promoted the accumulation of intra-
tumoral T cells and delayed tumor growth. Excitingly,
PERK deletion, when combined with immunotherapy;,
effectively inhibited the GBM progression [173]. This
provides further support for Kla as a therapeutic target.
In addition to T cells, tumor immunity related to CD71*
neutrophils is also associated with changes in their Kla
levels [174].

Tumor growth and invasion

Uncontrolled proliferation and invasive capability are
also classic hallmarks of tumors [175-177]. Miao et al.
found that Kla regulates B-catenin-induced malignant
proliferation in CRC cells [178]. In addition, Cheng et al.
found that H3K18 la promotes high expression of Rubcnl
in CRC by positively regulating its transcription, which
supported cancer cell proliferation and survival, result-
ing in poor CRC prognosis and reduced bevacizumab
efficacy [179]. In breast cancer, Hou et al. found that the
potassium two-pore domain channel subfamily K mem-
ber 1 (KCNK1) is not only linked to poor prognosis in
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patients but also drives malignant proliferation of cancer
cells in vitro by regulating LDHA-Kla. The authors also
proposed that KCNK1 could be a potential biomarker
for breast cancer [180]. Additionally, after construct-
ing a model linking GC to Kla, Yang et al. found a strong
association between Kla and the progression and survival
rates of GC, indirectly highlighting the role of Kla [181].
In HCC, Wu et al. investigated the relationship between
Kla-specific genes and cancer prognosis, identifying core
genes NR6A1, OSBP2, and UNC119B as potential new
therapeutic targets for HCC [182]. Lately, Wang et al.
primarily found that the oncogene BRAFY*%* promoted
anaplastic thyroid carcinoma proliferation by increas-
ing lactate and altering H4K12la expression. Specifically,
H4K12la activated proliferation-related genes (CTGE,
CCNE1, CDK1, KLF2, IL1B, and AURKB). In the 8503c
cell line, ChIP-seq showed H4K12la enrichment at these
gene promoters. BRAFYF inhibitor PLX4032 reduced
H4K12la at CDK1, CCNE1, and AURKB promoters,
consistent with mRNA expression changes [183]. Cell
cycle dysregulation is also linked to H4K12la, which con-
tributes to the progression of non-small cell lung can-
cer (NSCLC). They indicated that H4K12la promotes
chemotherapeutic drug resistance by promoting tran-
scriptional activation of the Cyclin B1 (CCNB1) gene
[69]. Beyond cell cycle, H4K12la is also closely linked to
chronic diseases such as atherosclerosis and renal fibro-
sis, underscoring the necessity of exploring its underlying
mechanisms [184, 185].

The role of lysine lactylation in cardiovascular
pathobiology

In the cardiovascular system, Kla orchestrates pathophys-
iological processes through multi-dimensional molecular
mechanisms, with its pivotal role manifested in main-
taining myocardial structural and functional homeostasis
[186]. Studies demonstrated that Kla stabilizes interac-
tions between a-myosin heavy chain (a-MHC) and titin,
essential for sarcomere integrity [187]. For instance, loss
of a-MHC- K1897la directly disrupted sarcomere stabil-
ity, accelerating heart failure progression. Notably, Kla
exhibits dual regulatory capacity in inflammation and
fibrosis. During early myocardial infarction, H3K18la
activated monocyte repair genes (VEGFA and IL-10) to
attenuate inflammation and promote angiogenesis [188],
whereas excessive lactate accumulation may drive patho-
logical cardiac fibrosis via Snaill-Kla mediated TGF-p
pathway activation [187].

During infarct repair, histone H3K18la enhanced vas-
cular regeneration and anti-inflammatory responses
through repair gene activation (LRG1 and VEGFA), with
therapeutic modulation achievable via targeting GCN5
or LDH inhibitors (FX-11) [188]. Intriguingly, Kla’s effects
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in atherosclerosis displayed cell type specificity. MECP2-
K271la suppressed inflammatory cytokine secretion
(IL-6 and MCP-1) to stabilize plaques [19], while vascular
smooth muscle cell H4K12la potentially accelerated the
plaque progression by inducing senescence-associated
secretory phenotype (SASP) [184]. These findings under-
score Kla’s dualistic “repairer-destroyer” roles in car-
diovascular diseases, with spatiotemporal modification
patterns offering critical insights for targeted therapeutic
development.

The role of lysine lactylation in neurological disorders
Emerging evidence has established that Kla plays com-
plex yet pivotal roles in the pathogenesis of neurological
disorders. For example, Alzheimer’s disease (AD) pro-
gression is closely linked to metabolic dysregulation in
microglial cells. Elevated H4 K12 la levels are observed
in AD brains, particularly in microglia surrounding
B-amyloid (AP) plaques, where this modification acti-
vates glycolysis-related genes (PKM and LDHA), forming
a “glycolysis-histone lactylation-PKM2” positive feed-
back loop that exacerbates lactate accumulation, neuro-
inflammation, AB deposition, and cognitive decline [11].
Similarly, traumatic brain injury (TBI) exhibited lactate
induced TUFM-Kla, which disrupted TOMM40 inter-
action, impaired mitophagy, and promoted neuronal
apoptosis [189]. Parkinson’s disease involved Kla-medi-
ated modulation of mitochondrial protein SLC25A4,
SLC25A5 and SIC7A11 stability, while cerebral infarction
showed LCP1-Kla aggravating ischemic damage via neu-
ronal apoptosis [190-192].

Neuroinflammatory mechanisms and peripheral nerve
injury are also dependent on Kla. Peripheral nerve dam-
age induced Schwann cell lactate dysmetabolism, driving
neuronal lactate overload, oxidative stress, and axonal
degeneration [193]. Glioblastoma microenvironmen-
tal lactate promoted IL-10-Kla and LCP1-Kla to sup-
press T-cell activity, facilitating immune evasion and
enhancing tumor invasiveness [194]. Moreover, Hu et al.
demonstrated that H4K12la plays an important role in
microglia-mediated tissue repair [195]. Metabolic cross-
talk with Kla offered mechanistic insights. They found
that lactate shuttling fueled neurons, while Kla regu-
lated energy dynamics via LDHA and PDK1. Hypotha-
lamic POMC neuron FAM172 A deficiency enhanced
H4K12la to stimulate a-MSH synthesis and ameliorate
obesity-related metabolic disorders [196]. Schizophrenia
models revealed aberrant H3K9la and H3K18la elevation
upregulating HMGB1 to induce hippocampal neuron
apoptosis, suggesting Kla mediated synaptic plasticity
impairment [197]. Though its shuttle mechanism had not
been conclusively demonstrated prior to the discovery,
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Kla is serving as the crucial metabolic fuel and signaling
molecule in the nervous system [198].

The role of lysine lactylation in metabolic disorders
Diabetes is one of the most common metabolic disorders,
and Kla plays a crucial regulatory role in it [199-201].
Chen et al. found that 356 lysine Kla sites on 165 proteins
were increased in kidney samples from patients with dia-
betic kidney disease (DKD). Subcellular analysis revealed
that 269 of these sites were in mitochondria. They further
discovered that ACSF2-K182la causes mitochondrial dys-
function, which contributed to the development of diabe-
tes. Elevated lactate levels in urine are associated with the
progression of DKD [202]. Zhang et al. found that his-
tone Kla promotes KLF5 expression, thereby accelerating
the epithelial-mesenchymal transition, which worsens
DKD [203]. Obesity and insulin resistance are common
manifestations of metabolic disorders [204]. Maschari
found that Kla is linked to insulin resistance and obe-
sity. Sodium lactate can activate Kla and IRS-1 serine
636 phosphorylation in human skeletal muscle cells. In
contrast, inhibiting lactate levels showed the opposite
effect. Diabetic retinopathy (DR) is another common
complication of diabetes caused by metabolic imbalance
[205-207]. Xue et al. found that Kla drives changes in Fat
Mass and Obesity-Associated Protein (FTO), and inhibi-
tion of FTO with FB23-2 suppressed angiogenesis associ-
ated with retinopathy [208]. Gestational diabetes mellitus
(GDM) is also a common metabolic disorder [72, 209].
Huang et al. discovered that Kla levels were significantly
elevated in GDM patients, and combined RNA-seq and
ChIP-seq analyses identified CACNA2D]1 as a key regu-
latory protein for histone Kla in GDM [71]. Furthermore,
diabetic cardiomyopathy (DCM) is a major cause of
death among diabetic patients. Ma et al. found that lac-
tate is significantly elevated in type 2 diabetes patients
and MCT4 was highly expressed in DCM, then enhanc-
ing H4 K12 la-induced inflammatory infiltration [210].
Alternatively, mitochondrial dysfunction is also asso-
ciated with metabolic disorders [211]. Yu et al. demon-
strated that H3 K18 la regulates the inner mitochondrial
membrane transporter SLC25A29 [212]. Unfortunately,
the function of Kla in key metabolic tissues such as adi-
pose tissue, liver, and pancreatic beta cells remains poorly
understood.

The role of lysine lactylation in other diseases

Kla is involved in a wide range of diseases. In addition to
cardiovascular, neurological, cancer, and inflammation-
related conditions, it has also been shown to be associ-
ated with various congenital developmental disorders.
Du et.al found that P. gingivalis promotes the transcrip-
tion of ADAM17 by activating glycolysis and H4K12la,
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thereby inducing macrophage efferocytosis and impair-
ing osteogenesis of palatal mesenchymal stem cells, ulti-
mately affecting palatal shelf fusion and bone formation
[213]. This is the first evidence linking Kla to cleft palate,
highlighting the necessity of further Kla research.

Additionally, Xu et al. identified H3K23la as a key
player in the pharmacological action of Gegen Qinlian
decoction (GQD) in UC. GQD reduced lactate produc-
tion and downregulated Pan Kla and specific sites like
H3K18la, H3K23la, H4 K8 la, and H4 K12 la in a UC
model, an effect reversible by exogenous lactate [214].
Kla may also be a feature of critical illness. Chu et al.
found that the level of H3 K18 la was higher in critically
ill patients compared to healthy controls, and it was asso-
ciated with the elevation of several critical illness markers
[68]. Beyond above diseases, recent studies indicated that
the pathological spectrum associated with Kla is continu-
ously expanding. For instance, Ju et al. demonstrated that
H4 K12la is involved in collagen synthesis. Their findings
suggested that the lactate-H4K12la-HDAC3-TGF-p axis
may serve as a novel strategy to combat cellular senes-
cence [215]. In addition, Kla played a significant role in
processes such as cartilage development, intervertebral
disc degeneration, and cochlear development [216-218].
With the ongoing advancement of research in this field,
the underlying mechanisms of these related diseases are
expected to be further elucidated.

Therapeutic implications of lysine lactylation

Kla has gradually emerged as a therapeutic target in
the context of clinical disease research. Among current
strategies, modulation of Kla is commonly achieved by
targeting lactate metabolism. As key regulators of lac-
tate shuttling, MCT1 and MCT4 have attracted particu-
lar attention. Targeting Kla has been shown to improve
outcomes in central nervous system diseases, ocular dis-
eases, and immune dysregulation in psoriasis [219-222].
Targeting LDH is also a major approach to inhibit lactate
production. In the PM2.5-induced lung inflammation
and fibrosis model, Li et al. found that Kla is involved in
the pathogenesis. The LDH inhibitor GNE-140 alleviated
PM2.5-induced lung inflammation and fibrosis in mice
by inhibiting glycolysis and subsequent histone Kla [223].
However, targeting lactate transport is an indirect way
to regulate Kla and may trigger many nonspecific effects
beyond Kla.

The increasing number of studies have shown that
targeting enzymes involved in Kla is a more precise
strategy for regulating Kla. For example, targeting
p300/CBP has been shown to alter both histone and
non-histone Kla [224]. Recently, targeting Sirt3 was
also found to modulate the expression level of H3K9la
in esophageal cancer [225]. Additionally, KAT8’s role
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in CRC suppression, the tumor resistance mechanisms
associated with NBS1 K388 blockade, and the enhanced
tumor-suppressive effects observed with the combina-
tion of Sirt2 inhibitors and Elesclomol have also been
highlighted. Studies have also shown that combined
inhibition of CBP and LDH in Kla pathways may restore
chemotherapy sensitivity [77]. However, since these
enzymes are shared among various acylation modi-
fications, such interventions may cause many other
nonspecific effects. Recent research on Kla-specific
enzymes may represent an important breakthrough in
addressing this issue. Zhu, Chen, Xie, and Sun et al.
demonstrated that the ACSS2-KAT2A interaction
blocking peptide, when combined with anti-PD-1 anti-
bodies, exerts superior tumor-suppressive effects. This
approach not only enables specific targeting of Kla, but
also shows improved therapeutic effects against cancer
when combined with immunotherapy.

In addition to being a therapeutic target, Kla has also
gradually emerged as a biomarker in various diseases.
For example, RCCD1 may play an important role in
immune infiltration in lung adenocarcinoma. Besides,
research showed that Kla is associated with several
oncogenes, including the tumor suppressors CCR7 and
IGFBP6, and the oncogenes NDUFAF6, OVOL1, and
SDC1. LDH inhibitors effectively reduced Kla levels
[226]. However, these studies are still at a preliminary
stage, and it is believed that Kla will yield more promis-
ing results in precision therapy in the future.

Discussion and perspectives

Since its discovery in 2019, Kla has played significant
roles in key biological processes, such as macrophage
polarization, autophagy, stem cell reprogramming, and
proptosis. Within just the past year, several key questions
surrounding Kla have been addressed. Mechanistically,
distinctions among K| ;,, Ky, and K. isomers have
been clarified, AARS1/2 have been shown to directly uti-
lize lactate as a donor to catalyze Kla, and GTPSCS and
ACSS2 have been identified as L-lactyl-CoA synthetases.
Functionally, p53-K120la has been implicated in tumor
promotion, while MRE11-K673la contributes to chem-
oresistance. On the therapeutic front, AT-101 derivatives
have been found to block lactate production and trans-
port, and targeting AARS1-KAT8 has been shown to
reverse drug resistance. Such rapid progress underscored
the dynamic nature of Kla research and its relevance
across multiple disease contexts.

However, there are some challenges. Although D-lac-
tate has been shown to lead to K, ,,, its universality
remains unclear, and the underlying mechanism from
D-lactate to K4, has yet to be elucidated. In addition,
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early studies on K, predominantly focused on com-
mon acyltransferases like p300 and P53. Recent studies
have expanded the repertoire to include enzymes such
as GNAT13, HBOI, YiaC, TIP60, NBS1, AARS1 and
KAT2A. This broadens the scope of research but also
introduces complexity and challenges for comprehensive
characterization. Many new “writers” have been discov-
ered through the study of non-histone Kla, which could
be a promising direction for future researchers.

Furthermore, among the enzymes involved in the Kla
process, “writers” have received the most attention, fol-
lowed by erasers, while readers have been the least
studied in current research. However, reader could be a
significant breakthrough in identifying specific targets
for Kla. Unlike certain “writers” and erasers with broader
applicability, the reader exclusively transmits Kla signals
to downstream genes. Identifying a Kla-specific reader
could also facilitate the clinical application of Kla.

Moreover, lysine residues undergo various PTMs,
including acetylation, methylation, and ubiquitination,
leading to potential competitive interactions. However,
the competitive interaction between different modi-
fications at the same site is still poorly understood. For
instance, the Kla sites H3K27, H4K8, H4K12, H2AK11,
H2BK15, and H2BK20 are also known acetylation sites.
Existing literature primarily focused on the concurrent
expression of both modifications at these sites without
providing in-depth insights into how these modifica-
tions compete or collaborate. Future researchers, when
observing multiple modifications at the same site, could
attempt to explore which acetylation modification under
the same conditions as the primary mechanism affect-
ing the phenotype by adding different substrates. This
approach may help to refine the understanding of the
mechanisms underlying acetylation modifications. This
also helps identify specific targets of Kla, facilitating the
development of future clinical applications.

Despite the challenges, Kla research holds the potential
to provide significant insights and innovations in transla-
tional medicine.

Acknowledgements
All figures were created using BioRender.com.

Authors’ contributions

X.P.and J. D. wrote the manuscript draft. X. P. constructed the figures. X. P.and
J. D. reviewed and revised the manuscript content. All authors have read and
agreed to the published version of the manuscript.

Funding
This research was funded by grants from the National Natural Science Founda-
tion of China (grant numbers 82170912, and 82370910).

Data availability
Not applicable.



Peng and Du Molecular Biomedicine

(2025) 6:38

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 3 September 2024 Revised: 13 May 2025 Accepted: 15 May

2025

Published online: 09 June 2025

References

1.

2.

Walsh C. Posttranslational modification of proteins: expanding nature’s
inventory [M]. Roberts and Company Publishers, 2006.

Choudhary C, Kumar C, Gnad F, Nielsen ML, Rehman M, Walther TC,

et al. Lysine acetylation targets protein complexes and co-regulates
major cellular functions. Science. 2009;325(5942):834-40. https://doi.
org/10.1126/science.1175371.

Chen, Sprung R, Tang Y, Ball H, Sangras B, Kim SC, et al. Lysine propi-
onylation and butyrylation are novel post-translational modifications in
histones. Mol Cell Proteomics. 2007;6(5):812-9. https://doi.org/10.1074/
mcp.M700021-MCP200.

Zhang Z,Tan M, Xie Z, Dai L, Chen Y, Zhao Y. Identification of lysine
succinylation as a new post-translational modification. Nat Chem Biol.
2011;7(1):58-63. https://doi.org/10.1038/nchembio.495.

Sabari BR, Tang Z, Huang H, Yong-Gonzalez V, Molina H, Kong HE, et al.
Intracellular crotonyl-CoA stimulates transcription through p300-cat-
alyzed histone crotonylation. Mol Cell. 2015;58(2):203-15. https://doi.
0rg/10.1016/j.molcel.2015.02.029.

Zhang D, Tang Z, Huang H, Zhou G, Cui C, Weng Y, et al. Meta-

bolic regulation of gene expression by histone lactylation. Nature.
2019;574(7779):575-80. https://doi.org/10.1038/541586-019-1678-1.
Lin J,Ji Z, Di Z, Zhang Y, Yan C, Zeng S. Overexpression of Tfap2a in
Mouse Oocytes Impaired Spindle and Chromosome Organization. Int J
Mol Sci. 2022;23(22):14376. https://doi.org/10.3390/ijms232214376.
Yang W, Wang P, Cao P, Wang S, Yang Y, Su H, et al. Hypoxic in vitro
culture reduces histone lactylation and impairs pre-implantation

embryonic development in mice. Epigenetics Chromatin. 2021;14(1):57.

https://doi.org/10.1186/513072-021-00431-6.

Liu'Y, Flamier A, Bell GW, Diao A J, Whitfield TW, Wang H C, et al. MECP2
directly interacts with RNA polymerase Il to modulate transcription in
human neurons. Neuron, 2024, 112(12): 1943-1958 e1910.https://doi.
org/10.1016/j.neuron.2024.04.007

Chen J, Zhang M, Liu Y, Zhao S, Wang Y, Wang M, et al. Histone lactyla-
tion driven by mROS-mediated glycolytic shift promotes hypoxic
pulmonary hypertension. J Mol Cell Biol. 2023;14(12):mjac073. https.//
doi.org/10.1093/jmcb/mjac073.

Pan RY, He L, Zhang J, Liu X, Liao Y, Gao J, et al. Positive feedback
regulation of microglial glucose metabolism by histone H4 lysine 12
lactylation in Alzheimer’s disease. Cell Metab. 2022;34(4):634-648 e636.
https://doi.org/10.1016/j.cmet.2022.02.013.

Wang P, Xie D, Xiao T, Cheng C, Wang D, Sun J, et al. H3K18 lactylation
promotes the progression of arsenite related idiopathic pulmonary
fibrosis via. J Hazard Mater. 2024;461:132582. https://doi.org/10.1016/j.
jhazmat.2023.132582.

Xie H, Li J, Lian N, Xie M, Wu M, Tang K, et al. Defective branched-chain
amino acid catabolism in dorsal root ganglia contributes to mechanical
pain. EMBO Rep, 2023, 24(11): e56958 https://doi.org/10.15252/embr.
202356958

Wu J, Hu M, Jiang H, Ma J, Xie C, Zhang Z, et al. Endothelial Cell-
Derived Lactate Triggers Bone Mesenchymal Stem Cell Histone
Lactylation to Attenuate Osteoporosis. Adv Sci (Weinh), 2023, 10(31):
€2301300.https://doi.org/10.1002/advs.202301300

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Page 18 of 24

LuoY,Yang Z,YuY, Zhang P. HIF 1alpha lactylation enhances
KIAA1199 transcription to promote angiogenesis and vasculogenic
mimicry in prostate cancer. Int J Biol Macromol, 2022, 222(Pt B):
2225-2243 https://doi.org/10.1016/j.ijbiomac.2022.10.014

Yang YH, Wang QC, Kong J, Yang JT, Liu JF. Global profiling of lysine
lactylation in human lungs. Proteomics. 2023;23(15):e2200437.
https://doi.org/10.1002/pmic.202200437.

Yang Z,Yan C, Ma J, Peng P, Ren X, Cai S, et al. Lactylome analysis sug-
gests lactylation-dependent mechanisms of metabolic adaptation in
hepatocellular carcinoma. Nat Metab, 2023, 5(1): 61-79.https.//doi.
0rg/10.1038/s42255-022-00710-w

Yan H, He Q, Gao Y, He X, Luo H, Shao L, et al. SLC4A7 suppresses lung
adenocarcinoma oncogenesis by reducing lactate transport and
protein lactylation. International Journal of Oncology. 2025;66(5):33.
https://doi.org/10.3892/ij0.2025.5739.

Wang Y, Chen L, Zhang M, Li X, Yang X, Huang T, et al. Exercise-
induced endothelial Mecp2 lactylation suppresses atherosclerosis via
the Ereg/MAPK signalling pathway. Atherosclerosis. 2023;375:45-58.
https://doi.org/10.1016/j.atherosclerosis.2023.05.009.

Wang N, Wang W, Wang X, Mang G, Chen J, Yan X, et al. Histone
Lactylation Boosts Reparative Gene Activation Post-Myocardial
Infarction. Circ Res, 2022, 131(11): 893-908.https://doi.org/10.1161/
CIRCRESAHA.122.320488

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

Rho H, Terry AR, Chronis C, Hay N. Hexokinase 2-mediated gene
expression via histone lactylation is required for hepatic stellate cell
activation and liver fibrosis. Cell Metab. 2023;35(8):1406-1423 e1408.
https://doi.org/10.1016/j.cmet.2023.06.013.

Du'S, Zhang X, Jia Y, Peng P, Kong Q, Jiang S, et al. Hepatocyte
HSPA12A inhibits macrophage chemotaxis and activation to attenu-
ate liver ischemia/reperfusion injury via suppressing glycolysis-medi-
ated HMGB1 lactylation and secretion of hepatocytes. Theranostics.
2023;13(11):3856-71. https://doi.org/10.7150/thno.82607.

Wang X, Fan W, Li N, MaY, Yao M, Wang G, et al. YY1 lactylation in
microglia promotes angiogenesis through transcription activation-
mediated upregulation of FGF2. Genome Biol. 2023;24(1):87. https://
doi.org/10.1186/513059-023-02931-y.

Zhao Q, Wang Q, Yao Q, Yang Z, Li W, Cheng X, et al. Nonenzy-

matic lysine D-lactylation induced by glyoxalase Il substrate SLG
dampens inflammatory immune responses. Cell Res, 2025, 35(2):
97-116.https://doi.org/10.1038/541422-024-01060-w

ZhuR, Ye X, Lu X, Xiao L, Yuan M, Zhao H, et al. ACSS2 acts as a lactyl-
CoA synthetase and couples KAT2A to function as a lactyltransferase
for histone lactylation and tumor immune evasion. Cell Metabolism,
2024: S155041312400411X.https://doi.org/10.1016/j.cmet.2024.10.
015

Certo M, Llibre A, Lee W, Mauro C. Understanding lactate sensing
and signalling. Trends in endocrinology and metabolism: TEM, 2022,
33(10): 722-735.https://doi.org/10.1016/j.tem.2022.07.004

Li X,Yang Y, Zhang B, Lin X, Fu X, AnY, et al. Lactate metabolism in
human health and disease. Signal Transduct Target Ther, 2022, 7(1):
305.https://doi.org/10.1038/541392-022-01151-3

Zhang X, Mao Y, Wang B, Cui Z, Zhang Z, Wang Z, et al. Screening,
expression, purification and characterization of CoA-transferases for
lactoyl-CoA generation. J Ind Microbiol Biotechnol. 2019;46(7):899—
909. https://doi.org/10.1007/510295-019-02174-6.

Shang S, Liu J, Hua F. Protein acylation: mechanisms, biological
functions and therapeutic targets. Signal Transduct Target Ther.
2022;7(1):396. https://doi.org/10.1038/541392-022-01245-y.

Nielsen C, Mortensen FV, Erlandsen E J, Lindholt J S. L- and D-lactate
as biomarkers of arterial-induced intestinal ischemia: an experimen-
tal study in pigs. Int J Surg, 2012, 10(6): 296-300.https://doi.org/10.
1016/].ijsu.2012.05.003

Morovic P, Gonzalez Moreno M, Trampuz A, Karbysheva S. In vitro
evaluation of microbial D- and L-lactate production as biomarkers of
infection. Front Microbiol. 2024;15:1406350. https://doi.org/10.3389/
fmicb.2024.1406350.


https://doi.org/10.1126/science.1175371
https://doi.org/10.1126/science.1175371
https://doi.org/10.1074/mcp.M700021-MCP200
https://doi.org/10.1074/mcp.M700021-MCP200
https://doi.org/10.1038/nchembio.495
https://doi.org/10.1016/j.molcel.2015.02.029
https://doi.org/10.1016/j.molcel.2015.02.029
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.3390/ijms232214376
https://doi.org/10.1186/s13072-021-00431-6
https://doi.org/10.1016/j.neuron.2024.04.007
https://doi.org/10.1016/j.neuron.2024.04.007
https://doi.org/10.1093/jmcb/mjac073
https://doi.org/10.1093/jmcb/mjac073
https://doi.org/10.1016/j.cmet.2022.02.013
https://doi.org/10.1016/j.jhazmat.2023.132582
https://doi.org/10.1016/j.jhazmat.2023.132582
https://doi.org/10.15252/embr.202356958
https://doi.org/10.15252/embr.202356958
https://doi.org/10.1002/advs.202301300
https://doi.org/10.1016/j.ijbiomac.2022.10.014
https://doi.org/10.1002/pmic.202200437
https://doi.org/10.1038/s42255-022-00710-w
https://doi.org/10.1038/s42255-022-00710-w
https://doi.org/10.3892/ijo.2025.5739
https://doi.org/10.1016/j.atherosclerosis.2023.05.009
https://doi.org/10.1161/CIRCRESAHA.122.320488
https://doi.org/10.1161/CIRCRESAHA.122.320488
https://doi.org/10.1126/sciadv.adg4993
https://doi.org/10.1126/sciadv.adg4993
https://doi.org/10.1016/j.cmet.2023.06.013
https://doi.org/10.7150/thno.82607
https://doi.org/10.1186/s13059-023-02931-y
https://doi.org/10.1186/s13059-023-02931-y
https://doi.org/10.1038/s41422-024-01060-w
https://doi.org/10.1016/j.cmet.2024.10.015
https://doi.org/10.1016/j.cmet.2024.10.015
https://doi.org/10.1016/j.tem.2022.07.004
https://doi.org/10.1038/s41392-022-01151-3
https://doi.org/10.1007/s10295-019-02174-6
https://doi.org/10.1038/s41392-022-01245-y
https://doi.org/10.1016/j.ijsu.2012.05.003
https://doi.org/10.1016/j.ijsu.2012.05.003
https://doi.org/10.3389/fmicb.2024.1406350
https://doi.org/10.3389/fmicb.2024.1406350

Peng and Du Molecular Biomedicine

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51

52.

(2025) 6:38

Omole O O, Nappert G, Naylor J M, Zello G A. Both L- and D-lactate
contribute to metabolic acidosis in diarrheic calves. J Nutr, 2001, 131(8):
2128-2131.https://doi.org/10.1093/jn/131.8.2128

Cristescu M E, Innes D J, Stillman J H, Crease T J. D- and L-lactate dehy-
drogenases during invertebrate evolution. BMC evolutionary biology,
2008, 8: 268.https://doi.org/10.1186/1471-2148-8-268

Pohanka M. D-Lactic Acid as a Metabolite: Toxicology, Diagnosis, and
Detection. Biomed Res Int, 2020, 2020: 3419034.https://doi.org/10.
1155/2020/3419034

Kulkarni C A, Brookes P. Many Routes from Glycolysis to Histone PTMs.
Nature “Matters Arising" response to: Zhang et al. Metabolic regulation
of gene expression by histone lactylation. (2019) Nature. 574 (7779),
575-580.https://doi.org/10.31219/0sf.io/sbagj

ZhuR,Ye X, Lu X, Xiao L, Yuan M, Zhao H, et al. ACSS2 acts as a lactyl-
CoA synthetase and couples KAT2A to function as a lactyltransferase for
histone lactylation and tumor immune evasion. Cell Metab, 2025, 37(2):
361-376 e367.https://doi.org/10.1016/j.cmet.2024.10.015

Albaugh BN, Arnold KM, Denu JM. KAT (ching) metabolism by the tail:

insight into the links between lysine acetyltransferases and metabolism.

ChemBioChem. 2011;12(2):290-8. https://doi.org/10.1002/cbic.20100
0438.

Niu Z, Chen C,Wang S, Lu C, Wu Z, Wang A, et al. HBO1 catalyzes

lysine lactylation and mediates histone H3K9la to regulate gene
transcription. Nat Commun, 2024, 15(1): 3561.https://doi.org/10.1038/
541467-024-47900-6

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

LiZ, Gong T, Wu Q, Zhang Y, Zheng X, LiY, et al. Lysine lactylation
regulates metabolic pathways and biofilm formation in Streptococcus
mutans. Science Signaling. 2023;16(801):eadg1849. https://doi.org/10.
1126/scisignal.adg1849.

Chen H, LiY, Li H, Chen X, Fu H, Mao D, et al. NBST1 lactylation is
required for efficient DNA repair and chemotherapy resistance. Nature.
2024;631(8021):663-9. https://doi.org/10.1038/541586-024-07620-9.
Xie B, Zhang M, Li J, Cui J, Zhang P, Liu F, et al. KAT8-catalyzed lactylation
promotes eEF1A2-mediated protein synthesis and colorectal carcino-
genesis. Proceedings of the National Academy of Sciences, 2024, 121(8):
€2314128121.https://doi.org/10.1073/pnas.2314128121

Varner EL, Trefely S, Bartee D, Von Krusenstiern E, 1zzo L, Bekeova C, et al.
Quantification of lactoyl-CoA (lactyl-CoA) by liquid chromatography
mass spectrometry in mammalian cells and tissues. Open Biology.
2020;10(9):200187. https://doi.org/10.1098/rs0b.200187.

JuJ, Zhang H, Lin M, Yan Z, An L, Cao Z, et al. The alanyl-tRNA
synthetase AARST moonlights as a lactyltransferase to promote YAP
signaling in gastric cancer. J Clin Invest, 2024, 134(10).https://doi.org/
10.1172/JC1174587

Fan Z, Liu Z, Zhang N, Wei W, Cheng K, Sun H, et al. Identification of
SIRT3 as an eraser of H4K16la. iScience, 2023, 26(10): 107757 https://doi.
0rg/10.1016/j.isci.2023.107757

Moreno-Yruela C, Zhang D, Wei W, Baek M, Liu W, Gao J, et al. Class |
histone deacetylases (HDAC1-3) are histone lysine delactylases. Sci
Adv, 2022, 8(3): eabi6696.https://doi.org/10.1126/sciadv.abi6696

Sun'L, Zhang Y, Yang B, Sun S, Zhang P, Luo Z, et al. Lactylation of
METTL16 promotes cuproptosis via m(6)A-modification on FDX1T mRNA
in gastric cancer. Nat Commun, 2023, 14(1): 6523.https://doi.org/10.
1038/541467-023-42025-8

Hu X, Huang X, Yang Y, Sun'Y, Zhao Y, Zhang Z, et al. Dux activates
metabolism-lactylation-MET network during early iPSC reprogram-
ming with Brg1 as the histone lactylation reader. Nucleic Acids Res.
2024;52(10):5529-48. https://doi.org/10.1093/nar/gkae183.

Wan N, Wang N, Yu S, Zhang H, Tang S, Wang D, et al. Cyclic immonium
ion of lactyllysine reveals widespread lactylation in the human pro-
teome. Nature Methods, 2022, 19(7): 854-864.https://doi.org/10.1038/
s41592-022-01523-1

Yashar W M, Kong G, VanCampen J, Curtiss B M, Coleman D J,

Carbone L, et al. GoPeaks: histone modification peak calling for
CUT&Tag. Genome Biol, 2022, 23(1): 144.https://doi.org/10.1186/
$13059-022-02707-w

Deng Y, Bartosovic M, Kukanja P, Zhang D, Liu Y, Su G, et al. Spatial-
CUT&Tag: Spatially resolved chromatin modification profiling at the

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Page 19 of 24

cellular level. Science, 2022, 375(6581): 681-686.https://doi.org/10.
1126/science.abg7216

Zhao W, Wang Y, Liu J,Yang Q, Zhang S, Hu X, et al. Progesterone
Activates the Histone Lactylation-Hif1a-glycolysis Feedback Loop to
Promote Decidualization. Endocrinology, 2023, 165(1): bgad169.https://
doi.org/10.1210/endocr/bgad169

Fan W, Zeng S, Wang X, Wang G, Liao D, Li R, et al. A feedback loop
driven by H3K9 lactylation and HDAC2 in endothelial cells regulates
VEGF-induced angiogenesis. Genome Biology, 2024, 25(1): 165.https://
doi.org/10.1186/513059-024-03308-5

Pang Y, ZhouY,Wang Y, Fang L, Xiao S. Lactate-lactylation-HSPAG axis
promotes PRRSV replication by impairing IFN-B production. Journal of
Virology, 2024, 98(1): €0167023.https://doi.org/10.1128/jvi.01670-23
LiJ, Chen Z, Jin M, Gu X, Wang Y, Huang G, et al. Histone H4K12
lactylation promotes malignancy progression in triple-negative breast
cancer through SLFN5 downregulation. Cellular Signalling, 2024, 124:
111468.https://doi.org/10.1016/j.cellsig.2024.111468

Huang J, Wang X, Li N, Fan W, Li X, Zhou Q, et al. YY1 Lactylation
Aggravates Autoimmune Uveitis by Enhancing Microglial Functions via
Inflammatory Genes. Adv Sci (Weinh), 2024, 11(19): 230803 1.https://
doi.org/10.1002/advs.202308031

Barcenas-Walls J R, Ansaloni F, Hervé B, Strandback E, Nyman T, Castelo-
Branco G, et al. Nano-CUT&Tag for multimodal chromatin profiling at
single-cell resolution. Nature Protocols, 2024, 19(3): 791-830.https://doi.
0rg/10.1038/541596-023-00932-6

Shi P, MaY, Zhang S. Non-histone lactylation: unveiling its functional
significance. Front Cell Dev Biol, 2025, 13: 153561 1.https://doi.org/10.
3389/fcell.2025.1535611

Sun L, Yang X, Yuan Z, Wang H. Metabolic Reprogramming in Immune
Response and Tissue Inflammation. Arterioscler Thromb Vasc Biol, 2020,
40(9): 1990-2001.https://doi.org/10.1161/ATVBAHA.120.314037

LiZ, ZhuT,WuY,YuY, Zang Y, Yu L, et al. Functions and mechanisms

of non-histone post-translational modifications in cancer progres-
sion. Cell Death Discov. 2025;11(1):125. https://doi.org/10.1038/
s41420-025-02410-2.

Galle E, Wong CW, Ghosh A, Desgeorges T, Melrose K, Hinte L C, et al.
H3K18 lactylation marks tissue-specific active enhancers. Genome Biol,
2022, 23(1): 207 https://doi.org/10.1186/513059-022-02775-y

Wang P, Xie D, Xiao T, Cheng C, Wang D, Sun J, et al. H3K18 lactylation
promotes the progression of arsenite-related idiopathic pulmonary
fibrosis via YTHDF 1/m6A/NREP. Journal of Hazardous Materials, 2023,
461:132582.https://doi.org/10.1016/jjhazmat.2023.132582

Zheng P, Mao Z, Luo M, Zhou L, Wang L, Liu H, et al. Comprehensive
bioinformatics analysis of the solute carrier family and preliminary
exploration of SLC25A29 in lung adenocarcinoma. Cancer Cell Int.
2023;23(1):222. https://doi.org/10.1186/512935-023-03082-7.

Gu X, Zhuang A, Yu J, Yang L, Ge S, Ruan J, et al. Histone lactylation-
boosted ALKBH3 potentiates tumor progression and diminished pro-
myelocytic leukemia protein nuclear condensates by m1A demethyla-
tion of SPT00A. Nucleic Acids Res. 2024;52(5):2273-89. https://doi.org/
10.1093/nar/gkad1193.

Ma W, Ao S, Zhou J, Li J, Liang X, Yang X, et al. Methylsulfonylmethane
protects against lethal dose MRSA-induced sepsis through promot-
ing M2 macrophage polarization. Molecular Immunology, 2022, 146:
69-77 https://doi.org/10.1016/j.molimm.2022.04.001

LiW, Zhou C, Yu L, Hou Z, Liu H, Kong L, et al. Tumor-derived lactate
promotes resistance to bevacizumab treatment by facilitating
autophagy enhancer protein RUBCNL expression through histone H3
lysine 18 lactylation (H3K18la) in colorectal cancer. Autophagy, 2024,
20(1): 114-130.https://doi.org/10.1080/15548627.2023.2249762

Chu X, Di C, Chang P, Li L, Feng Z, Xiao S, et al. Lactylated Histone H3K18
as a Potential Biomarker for the Diagnosis and Predicting the Severity of
Septic Shock. Front Immunol, 2021, 12: 786666.https://doi.org/10.3389/
fimmu.2021.786666

Duan W, LiuW, Xia S, Zhou Y, Tang M, Xu M, et al. Warburg effect
enhanced by AKR1B10 promotes acquired resistance to pemetrexed

in lung cancer-derived brain metastasis. J Transl Med, 2023, 21(1):

547 https://doi.org/10.1186/512967-023-04403-0

Zhou J, Xu W, Wu'Y, Wang M, Zhang N, Wang L, et al. GPR37 promotes
colorectal cancer liver metastases by enhancing the glycolysis and


https://doi.org/10.1093/jn/131.8.2128
https://doi.org/10.1186/1471-2148-8-268
https://doi.org/10.1155/2020/3419034
https://doi.org/10.1155/2020/3419034
https://doi.org/10.31219/osf.io/sba8j
https://doi.org/10.1016/j.cmet.2024.10.015
https://doi.org/10.1002/cbic.201000438
https://doi.org/10.1002/cbic.201000438
https://doi.org/10.1038/s41467-024-47900-6
https://doi.org/10.1038/s41467-024-47900-6
https://doi.org/10.1038/s41467-022-34399-y
https://doi.org/10.1126/scisignal.adg1849
https://doi.org/10.1126/scisignal.adg1849
https://doi.org/10.1038/s41586-024-07620-9
https://doi.org/10.1073/pnas.2314128121
https://doi.org/10.1098/rsob.200187
https://doi.org/10.1172/JCI174587
https://doi.org/10.1172/JCI174587
https://doi.org/10.1016/j.isci.2023.107757
https://doi.org/10.1016/j.isci.2023.107757
https://doi.org/10.1126/sciadv.abi6696
https://doi.org/10.1038/s41467-023-42025-8
https://doi.org/10.1038/s41467-023-42025-8
https://doi.org/10.1093/nar/gkae183
https://doi.org/10.1038/s41592-022-01523-1
https://doi.org/10.1038/s41592-022-01523-1
https://doi.org/10.1186/s13059-022-02707-w
https://doi.org/10.1186/s13059-022-02707-w
https://doi.org/10.1126/science.abg7216
https://doi.org/10.1126/science.abg7216
https://doi.org/10.1210/endocr/bqad169
https://doi.org/10.1210/endocr/bqad169
https://doi.org/10.1186/s13059-024-03308-5
https://doi.org/10.1186/s13059-024-03308-5
https://doi.org/10.1128/jvi.01670-23
https://doi.org/10.1016/j.cellsig.2024.111468
https://doi.org/10.1002/advs.202308031
https://doi.org/10.1002/advs.202308031
https://doi.org/10.1038/s41596-023-00932-6
https://doi.org/10.1038/s41596-023-00932-6
https://doi.org/10.3389/fcell.2025.1535611
https://doi.org/10.3389/fcell.2025.1535611
https://doi.org/10.1161/ATVBAHA.120.314037
https://doi.org/10.1038/s41420-025-02410-2
https://doi.org/10.1038/s41420-025-02410-2
https://doi.org/10.1186/s13059-022-02775-y
https://doi.org/10.1016/j.jhazmat.2023.132582
https://doi.org/10.1186/s12935-023-03082-7
https://doi.org/10.1093/nar/gkad1193
https://doi.org/10.1093/nar/gkad1193
https://doi.org/10.1016/j.molimm.2022.04.001
https://doi.org/10.1080/15548627.2023.2249762
https://doi.org/10.3389/fimmu.2021.786666
https://doi.org/10.3389/fimmu.2021.786666
https://doi.org/10.1186/s12967-023-04403-0

Peng and Du Molecular Biomedicine

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

(2025) 6:38

histone lactylation via Hippo pathway. Oncogene. 2023;42(45):3319-30.
https://doi.org/10.1038/541388-023-02841-0.

Huang X, Yip K, Nie H, Chen R, Wang X, Wang Y, et al. ChIP-seq and
RNA-seq Reveal the Involvement of Histone Lactylation Modification

in Gestational Diabetes Mellitus. Journal of Proteome Research, 2024,
23(6): 1937-1947.https://doi.org/10.1021/acs jproteome.3c00727

Calvo M J, Parra H, Santeliz R, Bautista J, Luzardo E, Villasmil N, et al. The
Placental Role in Gestational Diabetes Mellitus: A Molecular Perspective.
touchREV Endocrinol, 2024, 20(1): 10-18.https://doi.org/10.17925/EE.
2024.20.1.5

Meng Q, Sun H, Zhang Y, Yang X, Hao S, Liu B, et al. Lactylation stabilizes
DCBLD1 activating the pentose phosphate pathway to promote cervi-
cal cancer progression. J Exp Clin Cancer Res, 2024, 43(1): 36.https://doi.
0rg/10.1186/513046-024-02943-x

LiQ Zhang F,Wang H, Tong Y, Fu Y, Wu K, et al. NEDD4 lactylation
promotes APAP induced liver injury through Caspase11 dependent
non-canonical pyroptosis. Int J Biol Sci, 2024, 20(4): 1413-1435.https://
doi.org/10.7150/ijbs.91284

Hong H, Han H,Wang L, Cao W, Hu M, Li J, et al. ABCF1-K430-Lactylation
promotes HCC malignant progression via transcriptional activation of
HIF1 signaling pathway. Cell Death Differ, 2025, 32(4): 613-631.https://
doi.org/10.1038/541418-024-01436-w

AnS,YaoY,Hu H,Wu J, LiJ, Li L, et al. PDHAT hyperacetylation-medi-
ated lactate overproduction promotes sepsis-induced acute kidney
injury via Fis1 lactylation. Cell Death Dis, 2023, 14(7): 457 https://doi.
0rg/10.1038/541419-023-05952-4

ChenY,Wu J, Zhai L, Zhang T, Yin H, Gao H, et al. Metabolic regulation
of homologous recombination repair by MRE11 lactylation. Cell, 2024,
187(2): 294-311 e221.https://doi.org/10.1016/j.cell.2023.11.022

Ramazi S, Zahiri J. Posttranslational modifications in proteins: resources,
tools and prediction methods. Database (Oxford), 2021, 2021 .https://
doi.org/10.1093/database/baab012

Kim E K, Choi E J. Pathological roles of MAPK signaling pathways in
human diseases. Biochim Biophys Acta, 2010, 1802(4): 396-405.https://
doi.org/10.1016/}.bbadis.2009.12.009

Yang K, Fan M, Wang X, Xu J, Wang Y, Tu F, et al. Lactate promotes
macrophage HMGB1 lactylation, acetylation, and exosomal release in
polymicrobial sepsis. Cell Death Differ, 2022, 29(1): 133-146.https://doi.
0rg/10.1038/541418-021-00841-9

Xu X, Zhang D D, Kong P, Gao Y K, Huang X F, Song Y, et al. Sox10 esca-
lates vascular inflammation by mediating vascular smooth muscle cell
transdifferentiation and pyroptosis in neointimal hyperplasia. Cell Rep,
2023, 42(8): 112869.https://doi.org/10.1016/j.celrep.2023.112869

Zeng C, Huang W, Li Y, Weng H. Roles of METTL3 in cancer: mechanisms
and therapeutic targeting. J Hematol Oncol, 2020, 13(1): 117.https://doi.
0rg/10.1186/513045-020-00951-w

Tan L, Yang Y, Shang W, Hu Z, Peng H, Li S, et al. Identification of Lysine
Succinylome and Acetylome in the Vancomycin-Intermediate Staphy-
lococcus aureus XN108. Microbiol Spectr, 2022, 10(6): €0348122.https://
doi.org/10.1128/spectrum.03481-22

Wei M, Li J,Yan H, Luo T, Huang J, Yuan Y, et al. Physiological Ovarian
Aging Is Associated with Altered Expression of Post-Translational Modi-
fications in Mice. Int J Mol Sci, 2021, 23(1).https://doi.org/10.3390/ijms2
3010002

Bheda P, Wang JT, Escalante-Semerena J C, Wolberger C. Structure

of Sir2Tm bound to a propionylated peptide. Protein Sci, 2011, 20(1):
131-139.https://doi.org/10.1002/pro.544

Hong'Y, Li X, Li J, He Q Huang M, Tang Y, et al. H3K27ac acts as a
molecular switch for doxorubicin-induced activation of cardiotoxic
genes. Clin Epigenetics, 2024, 16(1): 91.https://doi.org/10.1186/
$13148-024-01709-8

Masalha M, Ben-Dov | Z, Ram O, Meningher T, Jacob-Hirsch J, Kassem R,
et al. H3K27Ac modification and gene expression in psoriasis. Journal of
Dermatological Science, 2021, 103(2): 93-100.https://doi.org/10.1016/j.
jdermsci.2021.07.003

Bellec M, Dufourt J, Hunt G, Lenden-Hasse H, Trullo A, Zine El Aabidine
A, et al. The control of transcriptional memory by stable mitotic
bookmarking. Nat Commun, 2022, 13(1): 1176.https://doi.org/10.1038/
s41467-022-28855-y

Sung E, Sim H, Cho Y-C, Lee W, Bae J-S, Tan M, et al. Global Profiling of
Lysine Acetylation and Lactylation in Kupffer Cells. Journal of Proteome

90.

91.

92.

93.

94,

95.

96.

97.

98.

99.

100.

104.

106.

107.

Page 20 of 24

Research, 2023, 22(12): 3683-3691.https://doi.org/10.1021/acs.jprot
eome.3c00156

Stacpoole P W, Dirain C O.The pyruvate dehydrogenase complex at the
epigenetic crossroads of acetylation and Lactylation. Molecular Genet-
ics and Metabolism, 2024: 108540.https://doi.org/10.1016/j.ymgme.
2024.108540

Wu Q, Li Z Yang J, Xu F, Fu X, Xu L, et al. Deciphering the Atlas of Post-
Translational Modification in Sugarcane. Journal of Agricultural and
Food Chemistry, 2023, 71(26): 10004-10017.https://doi.org/10.1021/
acsjafc.3c01886

Hochstrasser M. Protein degradation or regulation: Ub the judge. Cell.
1996;84(6):813-5. https://doi.org/10.1016/50092-8674(00)81058-2.
Sorokin AV, Kim E R, Ovchinnikov L P. Proteasome system of protein
degradation and processing. Biochemistry Biokhimiia, 2009, 74(13):
1411-1442 https://doi.org/10.1134/5000629790913001x

HeY, Ji Z, Gong Y, Fan L, Xu P, Chen X, et al. Numb/Parkin-directed
mitochondrial fitness governs cancer cell fate via metabolic regulation
of histone lactylation. Cell Rep, 2023, 42(2): 112033.https://doi.org/10.
1016/j.celrep.2023.112033

Zhang J, JiH, Liu M, Zheng M, Wen Z, Shen H. Mitochondrial DNA
Programs Lactylation of cGAS to Induce IFN Responses in Patients

with Systemic Lupus Erythematosus. J Immunol, 2024, 213(6):
795-807.https://doi.org/10.4049/jimmunol.2300758

LiQ Lin G, Zhang K, Liu X, Li Z, Bing X, et al. Hypoxia exposure induces
lactylation of Axin1 protein to promote glycolysis of esophageal carci-
noma cells. Biochemical Pharmacology, 2024, 226: 116415 .https://doi.
0rg/10.1016/j.bcp.2024.116415

Singh'V, Ram M, Kumar R, Prasad R, Roy B K, Singh K K. Phosphorylation:
Implications in Cancer. The Protein Journal, 2017, 36(1): 1-6.https://doi.
0rg/10.1007/510930-017-9696-z

Tan C S H. Sequence, structure, and network evolution of protein
phosphorylation. Science Signaling, 2011, 4(182): mr6.https://doi.org/
10.1126/scisignal.2002093

PingaultV, Zerad L, Bertani-Torres W, Bondurand N. SOX10: 20 years of
phenotypic plurality and current understanding of its developmental
function. J Med Genet, 2022, 59(2): 105-114.https://doi.org/10.1136/
jmedgenet-2021-108105

Abadi A J, Zarrabi A, Hashemi F, Zabolian A, Najafi M, Entezari M, et al.
The role of SOX family transcription factors in gastric cancer. Interna-
tional Journal of Biological Macromolecules, 2021, 180: 608-624.https://
doi.org/10.1016/jijbiomac.2021.02.202

Grimm D, Bauer J, Wise P, Kruger M, Simonsen U, Wehland M, et al. The
role of SOX family members in solid tumours and metastasis. Semin
Cancer Biol, 2020, 67(Pt 1): 122-153.https://doi.org/10.1016/j.semca
ncer.2019.03.004

An'Y, Duan H.The role of m6A RNA methylation in cancer metabolism.
Mol Cancer, 2022, 21(1): 14.https://doi.org/10.1186/512943-022-01500-4
QinY, Li L, Luo E,Hou J, Yan G, Wang D, et al. Role of m6A RNA methyla-
tion in cardiovascular disease (Review). Int J Mol Med, 2020, 46(6):
1958-1972.https://doi.org/10.3892/ijmm.2020.4746

SunT, Wu R, Ming L. The role of m6A RNA methylation in cancer.
Biomedicine & Pharmacotherapy, 2019, 112: 108613.https://doi.org/10.
1016/j.biopha.2019.108613

Jiang X, Liu B, Nie Z, Duan L, Xiong Q, Jin Z, et al. The role of m6A modi-
fication in the biological functions and diseases. Signal Transduct Target
Ther, 2021, 6(1): 74.https://doi.org/10.1038/541392-020-00450-x

Zhang L, Wang X, Che W, Zhou S, Feng Y. METTL3 silenced inhibited
the ferroptosis development via regulating the TFRC levels in the
Intracerebral hemorrhage progression. Brain Research, 2023, 1811:
148373.https://doi.org/10.1016/j.brainres.2023.148373

Chen B, Deng Y, Hong Y, Fan L, Zhai X, Hu H, et al. Metabolic Recoding
of NSUN2-Mediated m5C Modification Promotes the Progression of
Colorectal Cancer via the NSUN2/YBX1/m5C-ENO1 Positive Feedback
Loop. Advanced Science, 2024, 11(28): e2309840.https://doi.org/10.
1002/advs.202309840

Liu S, Yu H, Liu Y, Liu X, Zhang Y, Bu C, et al. Chromodomain Protein
CDYL Acts as a Crotonyl-CoA Hydratase to Regulate Histone Crotonyla-
tion and Spermatogenesis. Mol Cell, 2017, 67(5): 853-866 e855.https.//
doi.org/10.1016/j.molcel.2017.07.011

Dai S-K, Liu P-P, Li X, Jiao L-F, Teng Z-Q, Liu C-M. Dynamic profiling

and functional interpretation of histone lysine crotonylation and


https://doi.org/10.1038/s41388-023-02841-0
https://doi.org/10.1021/acs.jproteome.3c00727
https://doi.org/10.17925/EE.2024.20.1.5
https://doi.org/10.17925/EE.2024.20.1.5
https://doi.org/10.1186/s13046-024-02943-x
https://doi.org/10.1186/s13046-024-02943-x
https://doi.org/10.7150/ijbs.91284
https://doi.org/10.7150/ijbs.91284
https://doi.org/10.1038/s41418-024-01436-w
https://doi.org/10.1038/s41418-024-01436-w
https://doi.org/10.1038/s41419-023-05952-4
https://doi.org/10.1038/s41419-023-05952-4
https://doi.org/10.1016/j.cell.2023.11.022
https://doi.org/10.1093/database/baab012
https://doi.org/10.1093/database/baab012
https://doi.org/10.1016/j.bbadis.2009.12.009
https://doi.org/10.1016/j.bbadis.2009.12.009
https://doi.org/10.1038/s41418-021-00841-9
https://doi.org/10.1038/s41418-021-00841-9
https://doi.org/10.1016/j.celrep.2023.112869
https://doi.org/10.1186/s13045-020-00951-w
https://doi.org/10.1186/s13045-020-00951-w
https://doi.org/10.1128/spectrum.03481-22
https://doi.org/10.1128/spectrum.03481-22
https://doi.org/10.3390/ijms23010002
https://doi.org/10.3390/ijms23010002
https://doi.org/10.1002/pro.544
https://doi.org/10.1186/s13148-024-01709-8
https://doi.org/10.1186/s13148-024-01709-8
https://doi.org/10.1016/j.jdermsci.2021.07.003
https://doi.org/10.1016/j.jdermsci.2021.07.003
https://doi.org/10.1038/s41467-022-28855-y
https://doi.org/10.1038/s41467-022-28855-y
https://doi.org/10.1021/acs.jproteome.3c00156
https://doi.org/10.1021/acs.jproteome.3c00156
https://doi.org/10.1016/j.ymgme.2024.108540
https://doi.org/10.1016/j.ymgme.2024.108540
https://doi.org/10.1021/acs.jafc.3c01886
https://doi.org/10.1021/acs.jafc.3c01886
https://doi.org/10.1016/s0092-8674(00)81058-2
https://doi.org/10.1134/s000629790913001x
https://doi.org/10.1016/j.celrep.2023.112033
https://doi.org/10.1016/j.celrep.2023.112033
https://doi.org/10.4049/jimmunol.2300758
https://doi.org/10.1016/j.bcp.2024.116415
https://doi.org/10.1016/j.bcp.2024.116415
https://doi.org/10.1007/s10930-017-9696-z
https://doi.org/10.1007/s10930-017-9696-z
https://doi.org/10.1126/scisignal.2002093
https://doi.org/10.1126/scisignal.2002093
https://doi.org/10.1136/jmedgenet-2021-108105
https://doi.org/10.1136/jmedgenet-2021-108105
https://doi.org/10.1016/j.ijbiomac.2021.02.202
https://doi.org/10.1016/j.ijbiomac.2021.02.202
https://doi.org/10.1016/j.semcancer.2019.03.004
https://doi.org/10.1016/j.semcancer.2019.03.004
https://doi.org/10.1186/s12943-022-01500-4
https://doi.org/10.3892/ijmm.2020.4746
https://doi.org/10.1016/j.biopha.2019.108613
https://doi.org/10.1016/j.biopha.2019.108613
https://doi.org/10.1038/s41392-020-00450-x
https://doi.org/10.1016/j.brainres.2023.148373
https://doi.org/10.1002/advs.202309840
https://doi.org/10.1002/advs.202309840
https://doi.org/10.1016/j.molcel.2017.07.011
https://doi.org/10.1016/j.molcel.2017.07.011

Peng and Du Molecular Biomedicine

110.

.

112.

113.

114.

115.

117.

119.

120.

121.

122.

123.

128.

(2025) 6:38

lactylation during neural development. Development, 2022, 149(14):
dev200049.https://doi.org/10.1242/dev.200049

Huang Y, Luo G, Peng K, Song Y, Wang Y, Zhang H, et al. Lactylation
stabilizes TFEB to elevate autophagy and lysosomal activity. The Journal
of Cell Biology, 2024, 223(11): €202308099.https://doi.org/10.1083/jcb.
202308099

Chen G-H, Song C-C, Pantopoulos K, Wei X-L, Zheng H, Luo Z.
Mitochondrial oxidative stress mediated Fe-induced ferroptosis via

the NRF2-ARE pathway. Free Radical Biology & Medicine, 2022, 180:
95-107.https://doi.org/10.1016/jfreeradbiomed.2022.01.012

LiM, Xin S, Gu R, Zheng L, Hu J, Zhang R, et al. Novel Diagnostic
Biomarkers Related to Oxidative Stress and Macrophage Ferroptosis in
Atherosclerosis. Oxid Med Cell Longev, 2022, 2022: 8917947 https://doi.
org/10.1155/2022/8917947

LiJ, Jia B, Cheng Y, Song Y, Li Q, Luo C. Targeting Molecular Mediators of
Ferroptosis and Oxidative Stress for Neurological Disorders. Oxid Med
Cell Longev, 2022, 2022: 3999083 https://doi.org/10.1155/2022/39990
83

An X, He J, Xie P, Li C, Xia M, Guo D, et al. The effect of tau K677 lactyla-
tion on ferritinophagy and ferroptosis in Alzheimer’s disease. Free Radi-
cal Biology & Medicine, 2024, 224: 685-706.https://doi.org/10.1016/j.
freeradbiomed.2024.09.021

Downs K P, Nguyen H, Dorfleutner A, Stehlik C. An overview of the non-
canonical inflammasome. Mol Aspects Med, 2020, 76: 100924.https://
doi.org/10.1016/j.mam.2020.100924

Sharma A K, Ismail N. Non-Canonical Inflammasome Pathway: The

Role of Cell Death and Inflammation in Ehrlichiosis. Cells, 2023,
12(22).https://doi.org/10.3390/cells12222597

Pan B, Zheng B, Xing C, Liu J. Non-Canonical Programmed Cell Death

in Colon Cancer. Cancers (Basel), 2022, 14(14).https://doi.org/10.3390/
cancers14143309

ShiJ, Zhao Y, Wang K, Shi X, Wang Y, Huang H, et al. Cleavage of GSDMD
by inflammatory caspases determines pyroptotic cell death. Nature,
2015, 526(7575): 660-665.https://doi.org/10.1038/nature 15514
Kayagaki N, Warming S, Lamkanfi M, Vande Walle L, Louie S, Dong J,

et al. Non-canonical inflammasome activation targets caspase-11.
Nature, 2011, 479(7371): 117-121 https://doi.org/10.1038/nature 10558
Fang L, Yu Z, Qian X, Fang H, Wang Y. LDHA exacerbates myocardial
ischemia-reperfusion injury through inducing NLRP3 lactylation. BMC
cardiovascular disorders, 2024, 24(1): 651.https://doi.org/10.1186/
§12872-024-04251-w

Ramhorst R, Grasso E, Vota D, Gori S, Hauk V, Paparini D, et al. From
decidualization to pregnancy progression: An overview of immune and
metabolic effects of VIP. American Journal of Reproductive Immunol-
ogy, 2022, 88(4): 13601 .https://doi.org/10.1111/3ji.13601

Ng SW, Norwitz G A, Pavlicev M, Tilburgs T, Simon C, Norwitz E R. Endo-
metrial Decidualization: The Primary Driver of Pregnancy Health. Int J
Mol Sci, 2020, 21(11).https://doi.org/10.3390/ijms21114092
Chen,Yang S, Lovisa S, Ambrose C G, McAndrews K M, Sugimoto

H, et al. Type-I collagen produced by distinct fibroblast lineages

reveals specific function during embryogenesis and Osteogenesis
Imperfecta. Nat Commun, 2021, 12(1): 7199.https://doi.org/10.1038/
s41467-021-27563-3

Chen J, Zhang M, Liu Y, Zhao S, Wang Y, Wang M, et al. Histone lactyla-
tion driven by mROS-mediated glycolytic shift promotes hypoxic
pulmonary hypertension. J Mol Cell Biol, 2023, 14(12).https://doi.org/10.
1093/jmcb/mjac073

Yadav D, Yadav A, Bhattacharya S, Dagar A, Kumar V, Rani R. GLUT and
HK: Two primary and essential key players in tumor glycolysis. Seminars
in Cancer Biology, 2024, 100: 17-27.https://doi.org/10.1016/j.semca
ncer.2024.03.001

Zuo J,Tang J, Lu M, Zhou Z, Li Y, Tian H, et al. Glycolysis Rate-Limiting
Enzymes: Novel Potential Regulators of Rheumatoid Arthritis Pathogen-
esis. Front Immunol, 2021, 12: 779787 https://doi.org/10.3389/fimmu.
2021.779787

TanV P, Miyamoto S. HK2/hexokinase-Il integrates glycolysis and
autophagy to confer cellular protection. Autophagy, 2015, 11(6):
963-964.https://doi.org/10.1080/15548627.2015.1042195

Fang J, Luo S, Lu Z. HK2: Gatekeeping microglial activity by tuning
glucose metabolism and mitochondrial functions. Molecular Cell, 2023,
83(6): 829-831.https://doi.org/10.1016/j.molcel.2023.02.022

129.

130.

131

132.

134.

135.

136.

137.

138.

139.

140.

143.

144,

145.

146.

147.

Page 21 of 24

Bhattarai C, Poudel P P, Ghosh A, Kalthur S G. Comparative role of
SOX10 gene in the gliogenesis of central, peripheral, and enteric nerv-
ous systems. Differentiation; Research in Biological Diversity, 2022, 128:
13-25.https://doi.org/10.1016/}.diff.2022.09.001

Jiang J, Huang D, Jiang Y, Hou J, Tian M, Li J, et al. Lactate Modulates
Cellular Metabolism Through Histone Lactylation-Mediated Gene
Expression in Non-Small Cell Lung Cancer. Front Oncol, 2021, 11:
647559.https://doi.org/10.3389/fonc.2021.647559

De Jesus A, Keyhani-Nejad F, Pusec C M, Goodman L, Geier J A, Stool-
man J S, et al. Hexokinase 1 cellular localization regulates the metabolic
fate of glucose. Mol Cell, 2022, 82(7): 1261-1277 e1269.https://doi.org/
10.1016/j.molcel.2022.02.028

Kondo S, Adachi K. Phosphofructokinase (PFK) regulation of glyco-
lysis in skin. The Journal of Investigative Dermatology, 1971, 57(3):
175-179.https;//doi.org/10.1111/1523-1747.ep12261505

Mor I, Cheung EC, Vousden KH. Control of glycolysis through regulation
of PFK1: old friends and recent additions. Cold Spring Harbor Labora-
tory Press. 2011;76:211-6.

Wang R, Xu F, Yang Z, Cao J, Hu L, She Y. The mechanism of PFK-1 in

the occurrence and development of bladder cancer by regulating

ZEB1 lactylation. BMC Urol, 2024, 24(1): 59.https://doi.org/10.1186/
512894-024-01444-5

LiT, Han J, Jia L, Hu X, Chen L, Wang Y. PKM2 coordinates glycolysis
with mitochondrial fusion and oxidative phosphorylation. Protein Cell.
2019;10(8):583-94. https://doi.org/10.3892/01.2016.4168.

Dong G, Mao Q, XiaW, Xu'Y, Wang J, Xu L, et al. PKM2 and cancer: The
function of PKM2 beyond glycolysis. Oncol Lett. 2016;11(3):1980-6.
https://doi.org/10.3892/01.2016.4168.

Wang J,Yang P YuT, Gao M, Liu D, Zhang J, et al. 11 Lactylation of PKM2
Suppresses Inflammatory Metabolic Adaptation in Proinflammatory
Macrophages. International Journal of Biological Sciences, 2022, 18(16):
6210-6225.https://doi.org/10.7150/ijbs.75434

Pan R-Y,He L, Zhang J, Liu X, Liao Y, Gao J, et al. Positive feedback requ-
lation of microglial glucose metabolism by histone H4 lysine 12 lactyla-
tion in Alzheimer's disease. Cell Metabolism, 2022, 34(4): 634-648.
e636.https://doi.org/10.1016/j.cmet.2022.02.013

MaoY, Zhang J, Zhou Q, He X, Zheng Z, Wei Y, et al. Hypoxia induces
mitochondrial protein lactylation to limit oxidative phosphorylation.
Cell Res, 2024, 34(1): 13-30.https://doi.org/10.1038/541422-023-00864-6
Jiang S, LiW, Song M, Liang J, Liu G, Du Q, et al. CXCL1-CXCR2 axis
mediates inflammatory response after sciatic nerve injury by regulat-
ing macrophage infiltration. Molecular Immunology, 2024, 169:
50-65.https://doi.org/10.1016/j.molimm.2024.03.006

LiL, Zhou J,Han L, Guo C,Ma S, Ge S, et al. Intervention of CXCL5
attenuated neuroinflammation and promoted neurological recovery
after traumatic brain injury. Neuroreport, 2024, 35(9): 549-557.https://
doi.org/10.1097/WNR.0000000000002032

Zhou C, GaoY, Ding P, Wu T, Ji G. The role of CXCL family members in
different diseases. Cell Death Discov, 2023, 9(1): 212.https://doi.org/10.
1038/541420-023-01524-9

Zhou J, Xu W, Wu'Y, Wang M, Zhang N, Wang L, et al. GPR37 promotes
colorectal cancer liver metastases by enhancing the glycolysis and
histone lactylation via Hippo pathway. Oncogene, 2023.https://doi.org/
10.1038/541388-023-02841-0

Ren C, Han X, Lu C,Yang T, Qiao P, Sun 'Y, et al. Ubiquitination of NF-kap-
paB p65 by FBXW?2 suppresses breast cancer stemness, tumorigenesis,
and paclitaxel resistance. Cell Death Differ, 2022, 29(2): 381-392.https.//
doi.org/10.1038/541418-021-00862-4

Touil Y, Latreche-Carton C, Bouazzati H E, Nugues A L, Jouy N, Thuru

X, et al. p65/RelA NF-kappaB fragments generated by RIPK3 activity
regulate tumorigenicity, cell metabolism, and stemness characteristics.
J Cell Biochem, 2022, 123(3): 543-556.https://doi.org/10.1002/jcb.30198
Zhang S, Xu P, Zhu Z, Zhou L, Li J, Zhou R, et al. Acetylation of
p65(Lys310) by p300 in macrophages mediates anti-inflammatory
property of berberine. Redox Biol, 2023, 62: 102704.https://doi.org/10.
1016/j.redox.2023.102704

Wei L, Yang X, Wang J, Wang Z, Wang Q, Ding Y, et al. H3K18 lactylation
of senescent microglia potentiates brain aging and Alzheimer’s disease
through the NFkB signaling pathway. Journal of Neuroinflammation,
2023, 20(1): 208.https://doi.org/10.1186/512974-023-02879-7


https://doi.org/10.1242/dev.200049
https://doi.org/10.1083/jcb.202308099
https://doi.org/10.1083/jcb.202308099
https://doi.org/10.1016/j.freeradbiomed.2022.01.012
https://doi.org/10.1155/2022/8917947
https://doi.org/10.1155/2022/8917947
https://doi.org/10.1155/2022/3999083
https://doi.org/10.1155/2022/3999083
https://doi.org/10.1016/j.freeradbiomed.2024.09.021
https://doi.org/10.1016/j.freeradbiomed.2024.09.021
https://doi.org/10.1016/j.mam.2020.100924
https://doi.org/10.1016/j.mam.2020.100924
https://doi.org/10.3390/cells12222597
https://doi.org/10.3390/cancers14143309
https://doi.org/10.3390/cancers14143309
https://doi.org/10.1038/nature15514
https://doi.org/10.1038/nature10558
https://doi.org/10.1186/s12872-024-04251-w
https://doi.org/10.1186/s12872-024-04251-w
https://doi.org/10.1111/aji.13601
https://doi.org/10.3390/ijms21114092
https://doi.org/10.1038/s41467-021-27563-3
https://doi.org/10.1038/s41467-021-27563-3
https://doi.org/10.1093/jmcb/mjac073
https://doi.org/10.1093/jmcb/mjac073
https://doi.org/10.1016/j.semcancer.2024.03.001
https://doi.org/10.1016/j.semcancer.2024.03.001
https://doi.org/10.3389/fimmu.2021.779787
https://doi.org/10.3389/fimmu.2021.779787
https://doi.org/10.1080/15548627.2015.1042195
https://doi.org/10.1016/j.molcel.2023.02.022
https://doi.org/10.1016/j.diff.2022.09.001
https://doi.org/10.3389/fonc.2021.647559
https://doi.org/10.1016/j.molcel.2022.02.028
https://doi.org/10.1016/j.molcel.2022.02.028
https://doi.org/10.1111/1523-1747.ep12261505
https://doi.org/10.1186/s12894-024-01444-5
https://doi.org/10.1186/s12894-024-01444-5
https://doi.org/10.3892/ol.2016.4168
https://doi.org/10.3892/ol.2016.4168
https://doi.org/10.7150/ijbs.75434
https://doi.org/10.1016/j.cmet.2022.02.013
https://doi.org/10.1038/s41422-023-00864-6
https://doi.org/10.1016/j.molimm.2024.03.006
https://doi.org/10.1097/WNR.0000000000002032
https://doi.org/10.1097/WNR.0000000000002032
https://doi.org/10.1038/s41420-023-01524-9
https://doi.org/10.1038/s41420-023-01524-9
https://doi.org/10.1038/s41388-023-02841-0
https://doi.org/10.1038/s41388-023-02841-0
https://doi.org/10.1038/s41418-021-00862-4
https://doi.org/10.1038/s41418-021-00862-4
https://doi.org/10.1002/jcb.30198
https://doi.org/10.1016/j.redox.2023.102704
https://doi.org/10.1016/j.redox.2023.102704
https://doi.org/10.1186/s12974-023-02879-7

Peng and Du Molecular Biomedicine

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

163.

165.

166.

167.

(2025) 6:38

MaW, Ao S, Zhou J, Li J, Liang X, Yang X, et al. Methylsulfonylmethane
protects against lethal dose MRSA-induced sepsis through promoting
M2 macrophage polarization. Mol Immunol, 2022, 146: 69-77.https://
doi.org/10.1016/j.molimm.2022.04.001

Jung J, Zeng H, Horng T. Metabolism as a guiding force for immu-
nity. Nature Cell Biology, 2019, 21(1): 85-93.https://doi.org/10.1038/
541556-018-0217-x

Wang L, Wang Y, Meng M, Ma N, Wei G, Huo R, et al. High-concentrate
diet elevates histone lactylation mediated by p300/CBP through the
upregulation of lactic acid and induces an inflammatory response

in mammary gland of dairy cows. Microbial Pathogenesis, 2023, 180:
106135.https://doi.org/10.1016/j.micpath.2023.106135

Murter B, Kane L P. Control of T lymphocyte fate decisions by PI3K sign-
aling. F1000Res, 2020, 9.https://doi.org/10.12688/f1000research.26928.1
Irizarry-Caro R A, McDaniel M M, Overcast G R, Jain V G, Troutman T

D, Pasare C.TLR signaling adapter BCAP regulates inflammatory to
reparatory macrophage transition by promoting histone lactylation.
Proceedings of the National Academy of Sciences of the United States
of America, 2020, 117(48): 30628-30638.https://doi.org/10.1073/pnas.
2009778117

Hanahan D, Weinberg R A. Hallmarks of cancer: the next generation.
Cell, 2011, 144(5): 646-674.https://doi.org/10.1016/j.cell.2011.02.013
Zhang L, Xu J, Zhou S, Yao F, Zhang R, You W, et al. Endothelial DGKG
promotes tumor angiogenesis and immune evasion in hepatocellular

carcinoma. Journal of Hepatology, 2024, 80(1): 82-98.https://doi.org/10.

1016/jjhep.2023.10.006

Quail DF, Joyce J A. Microenvironmental regulation of tumor progres-
sion and metastasis. Nat Med, 2013, 19(11): 1423-1437.https://doi.org/
10.1038/nm.3394

Fu L-Q, Du W-L, Cai M-H, Yao J-Y, Zhao Y-Y, Mou X-Z. The roles of tumor-
associated macrophages in tumor angiogenesis and metastasis. Cel-
lular Immunology, 2020, 353: 104119.https://doi.org/10.1016/j.cellimm.
2020.104119

Agarwal N, Theodorescu D. The Role of Transcription Factor YY1 in the
Biology of Cancer. Crit Rev Oncog, 2017, 22(1-2): 13-21.https://doi.org/
10.1615/CritRevOncog.2017021071

Khachigian L M. The Yin and Yang of YY1 in tumor growth and suppres-
sion. International Journal of Cancer, 2018, 143(3): 460-465.https.//doi.
org/10.1002/ijc.31255

Graepler F, Gregor M, Lauer U M. Anti-angiogenic therapy for gastroin-
testinal tumours. Z Gastroenterol, 2005, 43(3): 317-329.https://doi.org/
10.1055/5-2004-813702

LuoY,Yang Z YuY, Zhang P HIF1a lactylation enhances KIAAT199
transcription to promote angiogenesis and vasculogenic mimicry in
prostate cancer. International Journal of Biological Macromolecules,
2022, 222(Pt B): 2225-2243 https://doi.org/10.1016/j.ijbiomac.2022.10.
014

Yu'Y, Huang X, Liang C, Zhang P. Evodiamine impairs HIF1A histone
lactylation to inhibit Sema3A-mediated angiogenesis and PD-L1 by
inducing ferroptosis in prostate cancer. Eur J Pharmacol, 2023, 957:

176007 .https://doi.org/10.1016/j.ejphar.2023.176007

Park J, Hsueh P-C, Li Z, Ho P-C. Microenvironment-driven metabolic
adaptations guiding CD8+ T cell anti-tumor immunity. Immunity, 2023,
56(1): 32-42.https://doi.org/10.1016/j.immuni.2022.12.008

Rui R, Zhou L, He S. Cancer immunotherapies: advances and bot-
tlenecks. Front Immunol, 2023, 14: 1212476.https://doi.org/10.3389/
fimmu.2023.1212476

Sellars M C, Wu C J, Fritsch E F. Cancer vaccines: Building a bridge over
troubled waters. Cell, 2022, 185(15): 2770-2788.https://doi.org/10.
1016/j.cell.2022.06.035

Baharom F, Ramirez-Valdez R A, Khalilnezhad A, Khalilnezhad S, Dillon
M, Hermans D, et al. Systemic vaccination induces CD8" T cells and
remodels the tumor microenvironment. Cell, 2022, 185(23): 4317-4332.
e4315.https://doi.org/10.1016/j.cell.2022.10.006

St Paul M, Ohashi P S.The Roles of CD8+ T Cell Subsets in Antitumor
Immunity. Trends in Cell Biology, 2020, 30(9): 695-704.https://doi.org/
10.1016/j.tcb.2020.06.003

Ando M, Ito M, Srirat T, Kondo T, Yoshimura A. Memory T cell, exhaus-
tion, and tumor immunity. Immunological Medicine, 2020, 43(1):
1-9.https://doi.org/10.1080/25785826.2019.1698261

168.

169.

170.

171.

172.

174.

175.

176.

177.

178.

180.

182.

183.

184.

185.

Page 22 of 24

Raychaudhuri D, Singh P, Chakraborty B, Hennessey M, Tannir A J, Byre-
gowda S, et al. Histone lactylation drives CD8+ T cell metabolism and
function. Nature Immunology, 2024, 25(11): 2140-2151.https://doi.org/
10.1038/541590-024-01985-9

Wang S, Huang T, Wu Q, Yuan H, Wu X, Yuan F, et al. Lactate reprograms
glioblastoma immunity through CBX3-regulated histone lactylation.
The Journal of Clinical Investigation, 2024, 134(22): e176851.https://doi.
org/10.1172/JCI176851

Xiong J,He J, Zhu J, Pan J, Liao W, Ye H, et al. Lactylation-driven METTL3-
mediated RNA m6A modification promotes immunosuppression of
tumor-infiltrating myeloid cells. Molecular Cell, 2022, 82(9): 1660-1677.
e1610.https://doi.org/10.1016/j.molcel.2022.02.033

Gu J, Xu X, Li X, Yue L, Zhu X, Chen Q, et al. Tumor-resident microbiota
contributes to colorectal cancer liver metastasis by lactylation and
immune modulation. Oncogene, 2024, 43(31): 2389-2404.https://doi.
0rg/10.1038/s41388-024-03080-7

LiW, Zhou J, GuY, Chen Y, Huang Y, Yang J, et al. Lactylation of RNA
m6A demethylase ALKBH5 promotes innate immune response to

DNA herpesviruses and mpox virus. Proceedings of the National
Academy of Sciences of the United States of America, 2024, 121(43):
€2409132121.https://doi.org/10.1073/pnas.2409132121

De Leo A, Ugolini A, Yu X, Scirocchi F, Scocozza D, Peixoto B, et al.
Glucose-driven histone lactylation promotes the immunosuppressive
activity of monocyte-derived macrophages in glioblastoma. Immunity,
2024, 57(5): 1105-1123.e1108.https://doi.org/10.1016/j.immuni.2024.04.
006

Ugolini A, De Leo A, Yu X, Scirocchi F, Liu X, Peixoto B, et al. Functional
reprogramming of neutrophils within the brain tumor microenviron-
ment by hypoxia-driven histone lactylation. Cancer Discovery, 2025,
OF1-OF27. https://doi.org/10.1161/CIRCRESAHA.122.320488

Brown J S, Amend S R, Austin R H, Gatenby R A, Hammarlund E U, Pienta
K J. Updating the Definition of Cancer. Molecular cancer research:
MCR, 2023, 21(11): 1142-1147 https://doi.org/10.1158/1541-7786.
MCR-23-0411

Alipour M. Molecular Mechanism of Helicobacter pylori-Induced Gastric
Cancer. J Gastrointest Cancer, 2021, 52(1): 23-30.https://doi.org/10.
1007/512029-020-00518-5

Evan G |, Vousden K H. Proliferation, cell cycle and apoptosis in cancer.
Nature, 2001, 411(6835): 342-348 https://doi.org/10.1038/35077213
Miao Z, Zhao X, Liu X. Hypoxia induced {3-catenin lactylation promotes
the cell proliferation and stemness of colorectal cancer through the
wnt signaling pathway. Experimental Cell Research, 2023, 422(1):
113439.https://doi.org/10.1016/j.yexcr.2022.113439

Cheng X, Sun Q. RUBCNL/Pacer and RUBCN/Rubicon in regulation of
autolysosome formation and lipid metabolism. Autophagy, 2019, 15(6):
1120-1121.https://doi.org/10.1080/15548627.2019.1596500

Hou X, Ouyang J, Tang L, Wu P, Deng X, Yan Q, et al. KCNK1 promotes
proliferation and metastasis of breast cancer cells by activating lactate
dehydrogenase A (LDHA) and up-regulating H3K18 lactylation. PLoS
Biol, 2024, 22(6): €3002666.https://doi.org/10.1371/journal.pbio.30026
66

Yang H, Zou X, Yang S, Zhang A, Li N, Ma Z. Identification of lactylation
related model to predict prognostic, tumor infiltrating immunocytes
and response of immunotherapy in gastric cancer. Front Immunol,
2023, 14: 1149989 https://doi.org/10.3389/fimmu.2023.1149989

Wu Q Li X, Long M, Xie X, Liu Q. Integrated analysis of histone lysine lac-
tylation (Kla)-specific genes suggests that NR6AT, OSBP2 and UNC1198B
are novel therapeutic targets for hepatocellular carcinoma. Sci Rep,
2023, 13(1): 18642.https://doi.org/10.1038/541598-023-46057-4

Wang X, Ying T, Yuan J,Wang Y, Su X, Chen S, et al. BRAFV600E restruc-
tures cellular lactylation to promote anaplastic thyroid cancer prolifera-
tion. Endocrine-Related Cancer, 2023, 30(8): €220344.https://doi.org/10.
1530/ERC-22-0344

Li X, Chen M, Chen X, He X, Li X, Wei H, et al. TRAP1 drives smooth
muscle cell senescence and promotes atherosclerosis via HDAC3-
primed histone H4 lysine 12 lactylation. Eur Heart J, 2024, 45(39):
4219-4235.https://doi.org/10.1093/eurheartj/ehae379

Wang, LiH, Jiang S, Fu D, Lu X, Lu M, et al. The glycolytic enzyme
PFKFB3 drives kidney fibrosis through promoting histone lactylation-
mediated NF-kB family activation. Kidney International, 2024, 106(2):
226-240.https://doi.org/10.1016/j.kint.2024.04.016


https://doi.org/10.1016/j.molimm.2022.04.001
https://doi.org/10.1016/j.molimm.2022.04.001
https://doi.org/10.1038/s41556-018-0217-x
https://doi.org/10.1038/s41556-018-0217-x
https://doi.org/10.1016/j.micpath.2023.106135
https://doi.org/10.12688/f1000research.26928.1
https://doi.org/10.1073/pnas.2009778117
https://doi.org/10.1073/pnas.2009778117
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.jhep.2023.10.006
https://doi.org/10.1016/j.jhep.2023.10.006
https://doi.org/10.1038/nm.3394
https://doi.org/10.1038/nm.3394
https://doi.org/10.1016/j.cellimm.2020.104119
https://doi.org/10.1016/j.cellimm.2020.104119
https://doi.org/10.1615/CritRevOncog.2017021071
https://doi.org/10.1615/CritRevOncog.2017021071
https://doi.org/10.1002/ijc.31255
https://doi.org/10.1002/ijc.31255
https://doi.org/10.1055/s-2004-813702
https://doi.org/10.1055/s-2004-813702
https://doi.org/10.1016/j.ijbiomac.2022.10.014
https://doi.org/10.1016/j.ijbiomac.2022.10.014
https://doi.org/10.1016/j.ejphar.2023.176007
https://doi.org/10.1016/j.immuni.2022.12.008
https://doi.org/10.3389/fimmu.2023.1212476
https://doi.org/10.3389/fimmu.2023.1212476
https://doi.org/10.1016/j.cell.2022.06.035
https://doi.org/10.1016/j.cell.2022.06.035
https://doi.org/10.1016/j.cell.2022.10.006
https://doi.org/10.1016/j.tcb.2020.06.003
https://doi.org/10.1016/j.tcb.2020.06.003
https://doi.org/10.1080/25785826.2019.1698261
https://doi.org/10.1038/s41590-024-01985-9
https://doi.org/10.1038/s41590-024-01985-9
https://doi.org/10.1172/JCI176851
https://doi.org/10.1172/JCI176851
https://doi.org/10.1016/j.molcel.2022.02.033
https://doi.org/10.1038/s41388-024-03080-7
https://doi.org/10.1038/s41388-024-03080-7
https://doi.org/10.1073/pnas.2409132121
https://doi.org/10.1016/j.immuni.2024.04.006
https://doi.org/10.1016/j.immuni.2024.04.006
https://doi.org/10.1161/CIRCRESAHA.122.320488
https://doi.org/10.1158/1541-7786.MCR-23-0411
https://doi.org/10.1158/1541-7786.MCR-23-0411
https://doi.org/10.1007/s12029-020-00518-5
https://doi.org/10.1007/s12029-020-00518-5
https://doi.org/10.1038/35077213
https://doi.org/10.1016/j.yexcr.2022.113439
https://doi.org/10.1080/15548627.2019.1596500
https://doi.org/10.1371/journal.pbio.3002666
https://doi.org/10.1371/journal.pbio.3002666
https://doi.org/10.3389/fimmu.2023.1149989
https://doi.org/10.1038/s41598-023-46057-4
https://doi.org/10.1530/ERC-22-0344
https://doi.org/10.1530/ERC-22-0344
https://doi.org/10.1093/eurheartj/ehae379
https://doi.org/10.1016/j.kint.2024.04.016

Peng and Du Molecular Biomedicine

186.

187.

188.

189.

190.

192.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

(2025) 6:38

Ren H, Tang Y, Zhang D. The emerging role of protein L-lactylation in
metabolic regulation and cell signalling. Nat Metab, 2025.https://doi.
0rg/10.1038/542255-025-01259-0

Zhang N, Zhang Y, Xu J,Wang P Wu B, Lu S, et al. alpha-myosin heavy
chain lactylation maintains sarcomeric structure and function and
alleviates the development of heart failure. Cell Res, 2023, 33(9):
679-698.https://doi.org/10.1038/541422-023-00844-w

Naixin W, Weiwei W, Xiaoqi W, Ge M, Jianfeng C, Xiangyu Y, et al. Histone
Lactylation Boosts Reparative Gene Activation Post-Myocardial Infarc-
tion. Circulation research: a journal of the American Heart Association.
2022;131(11):893-908. https://doi.org/10.1161/CIRCRESAHA.122.
320488.

Weng W, He Z, Ma Z, Huang J, Han Y, Feng Q, et al. Tufm lactylation
regulates neuronal apoptosis by modulating mitophagy in traumatic
brain injury. Cell Death Differ, 2025, 32(3): 530-545.https://doi.org/10.
1038/541418-024-01408-0>

YaoY, Bade R, Li G, Zhang A, Zhao H, Fan L, et al. Global-Scale Profiling
of Differential Expressed Lysine-Lactylated Proteins in the Cerebral
Endothelium of Cerebral Ischemia-Reperfusion Injury Rats. Cell

Mol Neurobiol, 2023, 43(5): 1989-2004.https://doi.org/10.1007/
510571-022-01277-6

Qin Q Wang D, QuY, Li J, An K, Mao Z, et al. Enhanced glycolysis-
derived lactate promotes microglial activation in Parkinson’s disease via
histone lactylation. NPJ Parkinsons Dis, 2025, 11(1): 3.https://doi.org/10.
1038/541531-024-00858-0

Zhang W, Xu L, Yu Z, Zhang M, Liu J, Zhou J. Inhibition of the Glycolysis
Prevents the Cerebral Infarction Progression Through Decreasing

the Lactylation Levels of LCP1. Mol Biotechnol, 2023, 65(8): 1336—
1345.https://doi.org/10.1007/512033-022-00643-5

Deck M, Van Hameren G, Campbell G, Bernard-Marissal N, Devaux

J, Berthelot J, et al. Physiology of PNS axons relies on glycolytic
metabolism in myelinating Schwann cells. PLoS One, 2022, 17(10):
e0272097 https://doi.org/10.1371/journal.pone.0272097

De Leo A, Ugolini A, Yu X, Scirocchi F, Scocozza D, Peixoto B, et al.
Glucose-driven histone lactylation promotes the immunosuppressive
activity of monocyte-derived macrophages in glioblastoma. Immunity,
2024, 57(5): 1105-1123 e1108.https://doi.org/10.1016/j.immuni.2024.
04.006

Hu X, Huang J, Li Z, Li J, Ouyang F, Chen Z, et al. Lactate promotes
microglial scar formation and facilitates locomotor function recovery
by enhancing histone H4 lysine 12 lactylation after spinal cord injury.
Journal of Neuroinflammation, 2024, 21(1): 193.https://doi.org/10.1186/
$12974-024-03186-5

Chen Z,Wan B, Zhang H, Zhang L, Zhang R, Li L, et al. Histone lac-
tylation mediated by Fam172a in POMC neurons regulates energy
balance. Nat Commun, 2024, 15(1): 10111.https://doi.org/10.1038/
s41467-024-54488-4

Xie J,Hong S, Zhang X, Li Y, Xie R. Inhibition of glycolysis prevents
behavioural changes in mice with MK801-induced SCZ model by
alleviating lactate accumulation and lactylation. Brain Res, 2023, 1812:
148409.https://doi.org/10.1016/j.brainres.2023.148409

Liu J, Zhao F, Qu Y. Lactylation: A Novel Post-Translational Modification
with Clinical Implications in CNS Diseases. Biomolecules, 2024, 14(9):
1175.https://doi.org/10.3390/biom 14091175

Zhu J,Hu Z, Luo Y, LiuY, Luo W, Du X, et al. Diabetic peripheral neuropa-
thy: pathogenetic mechanisms and treatment. Front Endocrinol, 2023,
14: 1265372 https://doi.org/10.3389/fendo.2023.1265372

Choudhury A A, Devi Rajeswari V. Gestational diabetes mellitus - A
metabolic and reproductive disorder. Biomedicine & Pharmacotherapy,
2021, 143:112183.https://doi.org/10.1016/j.biopha.2021.112183

Ma R CW. Epidemiology of diabetes and diabetic complications in
China. Diabetologia, 2018, 61(6): 1249-1260.https://doi.org/10.1007/
s00125-018-4557-7

Chen J,Feng Q, Qiao Y, Pan S, Liang L, Liu Y, et al. ACSF2 and lysine
lactylation contribute to renal tubule injury in diabetes. Diabetologia,
2024, 67(7): 1429-1443 https://doi.org/10.1007/500125-024-06156-x
Zhang X, Chen J, Lin R, Huang Y, Wang Z, Xu S, et al. Lactate drives
epithelial-mesenchymal transition in diabetic kidney disease via the
H3K14la/KLF5 pathway. Redox Biology, 2024, 75: 103246.https://doi.
0rg/10.1016/j.redox.2024.103246

204.

205.

206.

207.

208.

209.

216.

217.

218.

219.

220.

221,

Page 23 of 24

Aron-Wisnewsky J, Warmbrunn MV, Nieuwdorp M, Clément K. Metabo-
lism and Metabolic Disorders and the Microbiome: The Intestinal
Microbiota Associated With Obesity, Lipid Metabolism, and Metabolic
Health-Pathophysiology and Therapeutic Strategies. Gastroenterology,
2021, 160(2): 573-599.https://doi.org/10.1053/j.gastro.2020.10.057
Dorweiler TF, Singh A, Ganju A, Lydic T A, Glazer L C, Kolesnick R N,

et al. Diabetic retinopathy is a ceramidopathy reversible by anti-
ceramide immunotherapy. Cell Metabolism, 2024, 36(7): 1521-1533.
e1525.https://doi.org/10.1016/j.cmet.2024.04.013

Kang Q, Yang C. Oxidative stress and diabetic retinopathy: Molecular
mechanisms, pathogenetic role and therapeutic implications. Redox
Biol, 2020, 37: 101799.https://doi.org/10.1016/j.redox.2020.101799
Vilsboll T, Bain S C, Leiter L A, Lingvay I, Matthews D, Simo R, et al. Sema-
glutide, reduction in glycated haemoglobin and the risk of diabetic
retinopathy. Diabetes Obes Metab, 2018, 20(4): 889-897.https://doi.org/
10.1111/dom.13172

Chen X,WangY,Wang JN, Zhang Y C, Zhang Y R, Sun R X, et al. Lactyla-
tion-driven FTO targets CDK2 to aggravate microvascular anomalies in
diabetic retinopathy. EMBO Mol Med, 2024, 16(2): 294-318.https://doi.
0rg/10.1038/544321-024-00025-1

Bolatai A, He Y, Wu N. Vascular endothelial growth factor and its recep-
tors regulation in gestational diabetes mellitus and eclampsia. J Trans|
Med, 2022, 20(1): 400.https://doi.org/10.1186/512967-022-03603-4

Ma X M, Geng K, Wang P, Jiang Z, Law B Y, Xu Y. MCT4-dependent lac-
tate transport: a novel mechanism for cardiac energy metabolism injury
and inflammation in type 2 diabetes mellitus. Cardiovasc Diabetol,
2024, 23(1): 96.https://doi.org/10.1186/512933-024-02178-2

PorcelliV, Fiermonte G, Longo A, Palmieri F. The human gene SLC25A29,
of solute carrier family 25, encodes a mitochondrial transporter of basic
amino acids. J Biol Chem, 2014, 289(19): 13374-13384.https://doi.org/
10.1074/jbcM114.547448

Yu'Y, Huang X, Liang C, Zhang P. Evodiamine impairs HIF1A histone
lactylation to inhibit Sema3A-mediated angiogenesis and PD-L1 by
inducing ferroptosis in prostate cancer. European Journal of Pharmacol-
ogy, 2023, 957: 176007 https://doi.org/10.1016/j.ejphar.2023.176007
Zhao X, Zheng X, Wang Y, Chen J, Wang X, Peng X, et al. Administration
of Porphyromonas gingivalis in pregnant mice enhances glycolysis and
histone lactylation/ADAM17 leading to cleft palate in offspring. Int J
Oral Sci, 2025, 17(1): 18.https://doi.org/10.1038/541368-025-00347-x

Xu Z P, Shan SY, Cai EW, Wu Y'Y. Gegen Qinlian decoction inhibited M1
macrophage polarization and ulcerative colitis progression through
regulating histone lactylation. Tissue Cell, 2024, 89: 102468 https://doi.
0rg/10.1016/j tice.2024.102468

Zou'Y, Cao M, Tai M, Zhou H, Tao L, Wu S, et al. A Feedback Loop Driven
by H4K12 Lactylation and HDAC3 in Macrophages Regulates Lactate-
Induced Collagen Synthesis in Fibroblasts Via the TGF-{ Signaling.
Advanced Science, 2025: 2411408. https://doi.org/10.1002/advs.20241
1408

Yang B, Li Z,Yang Z, Zhao P, Lin S, Wu J, et al. Recapitulating hypoxic
metabolism in cartilaginous organoids via adaptive cell-matrix interac-
tions enhances histone lactylation and cartilage regeneration. Nat
Commun. 2025;16(1):2711. https://doi.org/10.1002/advs.202416149.
Sun K, ShiY,Yan C,Wang S, Han L, Li F, et al. Glycolysis-Derived Lactate
Induces ACSL4 Expression and Lactylation to Activate Ferroptosis
during Intervertebral Disc Degeneration. Advanced Science, 2025:
2416149. https://doi.org/10.1002/advs.202416149

Wu M, Jia G, LiuY, Lou Y, LiY, Xia M, et al. PKM2 controls cochlear devel-
opment through lactate-dependent transcriptional regulation. Proc
Natl Acad Sci. 2025;122(2): €2410829122. https://doi.org/10.1073/pnas.
2410829122.

Li Z, Liang Z, Qi H, Luo X, Wang M, Du Z, et al. Lactate shuttling links
histone lactylation to adult hippocampal neurogenesis in mice. Dev
Cell. 2025;60(8):1271-3. https://doi.org/10.1016/j.devcel.2025.01.007.
Wu X, Liu C, Zhang C, Kuai L, Hu S, Jia N, et al. The Role of Lactate and
Lactylation in the Dysregulation of Immune Responses in Psoriasis.
Clin Rev Allergy Immunol. 2025;68(1):28. https://doi.org/10.1007/
$12016-025-09037-2.

Yang H, Mo N, Tong L, Dong J, Fan Z, Jia M, et al. Microglia lactyla-

tion in relation to central nervous system diseases. Neural Regen Res.
2025;20(1):29-40. https://doi.org/10.4103/NRR.NRR-D-23-00805.


https://doi.org/10.1038/s42255-025-01259-0
https://doi.org/10.1038/s42255-025-01259-0
https://doi.org/10.1038/s41422-023-00844-w
https://doi.org/10.1161/CIRCRESAHA.122.320488
https://doi.org/10.1161/CIRCRESAHA.122.320488
https://doi.org/10.1038/s41418-024-01408-0
https://doi.org/10.1038/s41418-024-01408-0
https://doi.org/10.1007/s10571-022-01277-6
https://doi.org/10.1007/s10571-022-01277-6
https://doi.org/10.1038/s41531-024-00858-0
https://doi.org/10.1038/s41531-024-00858-0
https://doi.org/10.1007/s12033-022-00643-5
https://doi.org/10.1371/journal.pone.0272097
https://doi.org/10.1016/j.immuni.2024.04.006
https://doi.org/10.1016/j.immuni.2024.04.006
https://doi.org/10.1186/s12974-024-03186-5
https://doi.org/10.1186/s12974-024-03186-5
https://doi.org/10.1038/s41467-024-54488-4
https://doi.org/10.1038/s41467-024-54488-4
https://doi.org/10.1016/j.brainres.2023.148409
https://doi.org/10.3390/biom14091175
https://doi.org/10.3389/fendo.2023.1265372
https://doi.org/10.1016/j.biopha.2021.112183
https://doi.org/10.1007/s00125-018-4557-7
https://doi.org/10.1007/s00125-018-4557-7
https://doi.org/10.1007/s00125-024-06156-x
https://doi.org/10.1016/j.redox.2024.103246
https://doi.org/10.1016/j.redox.2024.103246
https://doi.org/10.1053/j.gastro.2020.10.057
https://doi.org/10.1016/j.cmet.2024.04.013
https://doi.org/10.1016/j.redox.2020.101799
https://doi.org/10.1111/dom.13172
https://doi.org/10.1111/dom.13172
https://doi.org/10.1038/s44321-024-00025-1
https://doi.org/10.1038/s44321-024-00025-1
https://doi.org/10.1186/s12967-022-03603-4
https://doi.org/10.1186/s12933-024-02178-2
https://doi.org/10.1074/jbc.M114.547448
https://doi.org/10.1074/jbc.M114.547448
https://doi.org/10.1016/j.ejphar.2023.176007
https://doi.org/10.1038/s41368-025-00347-x
https://doi.org/10.1016/j.tice.2024.102468
https://doi.org/10.1016/j.tice.2024.102468
https://doi.org/10.1002/advs.202411408
https://doi.org/10.1002/advs.202411408
https://doi.org/10.1002/advs.202416149
https://doi.org/10.1002/advs.202416149
https://doi.org/10.1073/pnas.2410829122
https://doi.org/10.1073/pnas.2410829122
https://doi.org/10.1016/j.devcel.2025.01.007
https://doi.org/10.1007/s12016-025-09037-2
https://doi.org/10.1007/s12016-025-09037-2
https://doi.org/10.4103/NRR.NRR-D-23-00805

Peng and Du Molecular Biomedicine (2025) 6:38

222.

223.

224.

225.

226.

Zhang Z,Tang J, Liu Y, Wang Y, Li J, Gao Y, et al. The Role of Lactate
Metabolism in Retinoblastoma Tumorigenesis and Ferroptosis Resist-
ance. Tissue and Cell, 2025: 102893. https://doi.org/10.1016/].tice.2025.
102893

Cao W, Wang X, Li J, Yan M, Chang C H, Kim J, et al. NLRP3 inflamma-
some activation determines the fibrogenic potential of PM2.5 air pollu-
tion particles in the lung. Journal of Environmental Sciences, 2022, 111:
429-441 https://doi.org/10.1016/}jes.2021.04.021

Zong Z, Ren J,Yang B, Zhang L, Zhou F. Emerging roles of lysine lactyl-

transferases and lactylation. Nat Cell Biol. 2025;27(4):563-74. https://doi.

0rg/10.1038/541556-025-01635-8.

Chen C, ZhangY, Zang Y, Fan Z, Han Y, Bai X, et al. SIRT3 functions as

an eraser of histone H3K9 lactylation to modulate transcription for
inhibiting the progression of esophageal cancer. Molecular & Cellular
Proteomics, 2025: 100973. https://doi.org/10.1038/541556-025-01635-8
Deng J, Liao X. Lysine lactylation (Kla) might be a novel therapeutic
target for breast cancer. BMC Med Genomics. 2023;16(1):283. https://
doi.org/10.1186/512920-023-01726-1.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 24 of 24


https://doi.org/10.1016/j.tice.2025.102893
https://doi.org/10.1016/j.tice.2025.102893
https://doi.org/10.1016/j.jes.2021.04.021
https://doi.org/10.1038/s41556-025-01635-8
https://doi.org/10.1038/s41556-025-01635-8
https://doi.org/10.1038/s41556-025-01635-8
https://doi.org/10.1186/s12920-023-01726-1
https://doi.org/10.1186/s12920-023-01726-1

	Histone and non-histone lactylation: molecular mechanisms, biological functions, diseases, and therapeutic targets
	Abstract 
	Introduction
	Molecular mechanisms of lysine lactylation
	Role of lactate metabolism and substrate supply
	L-lactyl-CoA synthetases
	Enzymatic machinery
	Lactyltransferases (Writers)
	Delactylases (Erasers)
	Readers


	Detection techniques of lysine lactylation
	Histone and non-Histone Lactylation Dynamics
	Histone lysine lactylation dynamics
	Non-histone lysine lactylation dynamics

	The crosstalk between lysine lactylation and other PTMs
	Lysine lactylation and lysine acetylation
	Lysine lactylation and Ubiquitination (Ub)
	Lysine lactylation and phosphorylation
	Lysine lactylation and Methylation (Me)
	Lysine lactylation and lysine Crotonylation (Kcr)

	Biological functions of lactylation
	The role of lysine lactylation in cell survival
	The role of lysine lactylation in cellular development
	The role of lysine lactylation in metabolic regulation
	The role of lysine lactylation in immune response

	Diseases associated with lactylation
	The role of lysine lactylation in cancer
	Angiogenesis
	Tumor immunity
	Tumor growth and invasion

	The role of lysine lactylation in cardiovascular pathobiology
	The role of lysine lactylation in neurological disorders
	The role of lysine lactylation in metabolic disorders
	The role of lysine lactylation in other diseases

	Therapeutic implications of lysine lactylation
	Discussion and perspectives
	Acknowledgements
	References


