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ABSTRACT: In recent years, significant progress has been made in the research of aging and aging-related
diseases. Epigenetic alterations, as an important marker of aging, are also one of the mechanisms that trigger
aging. Lactylation modification, also known as lactylation, is a post-translational modification form (PTM) that
uses lactate and lysine residues as substrates and belongs to an important field of epigenetic alterations. As an
emerging research hotspot in recent years, it has made considerable breakthroughs in the study of human-
related diseases, especially cancer. During the aging process, lactylation modification occurs in the body due to
changes in lactate concentration, thereby affecting other aging mechanisms. This article reviews lactylation
modification and cellular senescence, mitochondrial dysfunction, autophagy and energy metabolism,
summarizes the current influence of lactylation modification on aging-related mechanisms, and makes bold
predictions for future research based on the existing research differences.
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1. Introduction

Aging is a series of irreversible physiological function
decline processes that occur over time after the normal
growth and maturity of the organism. It is characterized
by a progressive deterioration of physiological integrity,
leading to impaired functional capacity and, ultimately,
increased susceptibility [1]. Modern medicine has always
regarded anti-aging research as a core research field. By
exploring the mechanism of aging and innovating
diagnosis and treatment technologies, it continues to
improve the prevention and clinical intervention level of
aging-related diseases, hoping to effectively alleviate the
pressure on medical resources and economic burden
caused by the aging society, and promote medical
theoretical breakthroughs and technological innovations.
However, a recent authoritative study pointed out that
although many advances have been made in modern
biological gerontology, there are still seven significant
knowledge gaps at the basic theoretical level. These seven
knowledge gaps are further classified into three
categories. Namely, the evolutionary biology mechanism

of longevity traits, the regulatory network of survival and
death of organisms, and the formation of phenotypic
heterogeneity among individuals during aging [2].
Among them, aging phenotypes are highly heterogeneous
at all levels of biological tissues. This gap is particularly
prominent at the molecular level. Unwinding,
quantifying, explaining, and recognizing the causes and
consequences of phenotypic heterogeneity in aging were
also identified as the most challenging knowledge gaps.
Based on the research in 2013, the Carlos Lopes-Otin
team proposed twelve major signs of aging, among which
epigenetic changes are a key one, mainly covering
abnormal DNA methylation patterns, disordered post-
translational modifications of histones, dysregulation of
chromatin remodeling and dysfunction of non-coding
RNA [3].

A plethora of post-translational modifications
(PTMs) exist for proteins within the human body. These
modifications are categorized under the realm of
epigenetics, as they do not directly alter the DNA
sequence itself. Instead, they exert their influence on gene
expression and modulate the functional activity at the
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protein level [4]. As mass spectrometry technology
continues to advance, an ever-growing array of PTMs has
been uncovered. These modifications can be neatly
classified based on the covalent attachment of distinct
small molecules to amino acid residues. The categories
include phosphorylation, glycosylation, SUMOylation,
ubiquitination, acetylation, and methylation [5, 6].
Lactylation modification, also known as lactylation, is an
emerging form of post-translational protein modification.
It is a PTM based on lactic acid and lysine residues. As an
epigenetic regulatory factor, it can regulate intracellular
signal transduction, gene expression and protein function
[7]. Under normal physiological conditions, lactate is
primarily produced in anaerobic conditions. The liver
plays a key role in its removal through two main
pathways: gluconeogenesis, which is part of the Cori
cycle, and ATP production via oxidative phosphorylation
and the Krebs cycle [8]. In 2019, a groundbreaking study

revealed that the accumulation of lactate can induce
histone lactylation, thereby exerting a significant
influence on gene transcription. Moreover, this study
meticulously identified and mapped a total of 28
lactylation sites on core histones in both human and
mouse cells, shedding new light on the intricate
mechanisms underlying lactate's role in epigenetic
regulation [9]. As age increases, the level of lactate in the
body rises correspondingly. This elevation in lactate
levels leads to varying degrees of lactylation
modification. By modulating aging-related mechanisms,
lactylation modification exerts a significant impact on the
aging process and the development of aging-related
diseases [10] (Fig. 1). In the realm of aging research, the
correlation between lactylation modification and aging
has garnered substantial attention and emerged as a hot
topic. It holds great potential for future investigations.
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Figure 1. During the aging process, lactate produced by glycolysis, under the catalysis of specific enzymes, binds to
specific protein residues, thereby undergoing lactylation modification. This modification can influence the gene
expression patterns in the body. In addition, by influencing mitochondrial oxidative stress and autophagy, it mediates the
release of SASP, leading to the occurrence of cellular senescence, thereby promoting the aging process and facilitating the

occurrence of aging-related diseases.
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2. Principle and mechanism of

modification

lactylation

2.1 The production of lactate and the occurrence of
lactylation

In normal cellular physiology, glycolysis represents a
pivotal metabolic pathway for cellular energy acquisition.
This process involves the stepwise conversion of glucose
into pyruvic acid (pyruvate). Under aerobic conditions,
pyruvate is shuttled into mitochondria where it undergoes
oxidative phosphorylation (OXPHOS), yielding carbon
dioxide and adenosine triphosphate (ATP) as the final
products [11].Under anaerobic conditions, NADH and
pyruvate generated via glycolysis undergo conversion to
lactate, which is subsequently excreted from the cell. This
metabolic pathway enables the production of two
molecules of ATP and two molecules of lactate per
glucose molecule, operating independently of oxygen
availability [12]. Lactate, a key by-product of glycolysis,

has traditionally been viewed as a detrimental metabolic
waste under hypoxic conditions [13]. However, in chronic
anaerobic or pathological states, to address the urgent
energy demands, the glycolytic pathway becomes
upregulated, consequently leading to excessive lactate
production and intracellular accumulation. Intracellular
lactate accumulation triggers enzymatic or non-enzymatic
reactions of lactylation modification, forming the
upstream of the metabolism-epigenetic cycle of the
"metabolite  (lactate) - epigenetic modification
(lactylation)" axis, which links glycolytic fluences with
gene expression regulation.Lactylation modifications on
lysine residues include three isomers with similar
structures but distinct stereochemistry: L-lactylation (KL-
La), D-lactylation (KD-La), and N-g-(carboxyethyl)-
lysine (Kce). Current studies on these isomers, which
focus on lysine residues, have identified their unique
formation mechanisms, tissue/cell distribution patterns,
and functional roles (Error! Reference source not f
ound.).

Table 1. The differences in lactylation modification among the three isomers.

Isomers Formation mechanism Distribution and function Ref.
KL-La The lactylation modification is This modification is predominantly observed in histones [9, 14-16]
enzymatically catalyzed by (e.g., H3K18la), where it regulates gene transcription by
acyltransferases (e.g., p300) using integrating metabolic and signaling pathways to facilitate
lactyl-CoA as a cofactor cellular adaptation.
KD-La Non-enzymatic lactylation occurs This non-enzymatic lactylation is predominantly enriched in [14, 16-18]
through non-catalytic reactions glycolytic enzymes (e.g., PFKM) rather than nuclear
between proteins and S-D-lactoyl proteins. It promotes glycolysis by allosterically modulating
glutathione (LGSH), leading to the enzyme activity, concurrently inhibiting the Sirtuins pathway
formation of lactylated protein to influence anti-aging processes. Additionally, it drives the
adducts Warburg effect, reduces the NAD*/NADH ratio, and
regulates inflammatory phenotypes.
Kce Methylglyoxal (MGO), a glycolytic = MGO predominantly localizes to non-histone proteins while [19-21]

by-product, undergoes non-
enzymatic reactions with lysine
residues, leading to protein
modification

Lactylation is primarily driven by lactate generated
during metabolic processes, with endogenous lactate
produced via glycolysis serving as a critical determinant
of lactate levels [22]. Moreover, exogenous lactate (e.g.,
exercise-induced lactate) also exerts a modulatory effect
on body lactate homeostasis. Most crucially, lactate from
these two distinct sources (endogenous vs. exogenous)
exhibits opposing roles in the aging mechanism.

Endogenous lactate production promotes aging
progression by two major mechanisms. Firstly, it induces
chronic inflammation and cellular senescence via histone
lactylation, thereby disrupting epigenetic regulation [23].
In microglia of Parkinson's disease (PD) mice, a
significant upregulation of H3K9 lactylation is observed.
Inhibition of glycolysis with 2-deoxy-D-glucose (2-DG)

exhibiting negligible levels in histones. It promotes
glycolytic gene expression by stabilizing HIF-1a, thereby
establishing a pro-metabolic positive feedback loop

attenuates  neuroinflammation-induced  microglial
proliferation and neuronal injury by reducing lactate
accumulation [24].

Compared with endogenous lactate, exogenous
lactate exerts an opposing effect on the aging mechanism.
Lactate  produced via  exercise  demonstrates
neuroprotective effects by markedly enhancing the
lactylation of various synaptic proteins. This, in turn,
improves synaptic function and modulates the phenotypic
transformation of microglia, thereby alleviating
neuroinflammation. Long-term high-intensity interval
training (HIIT) and lactate administration have positive
impacts on brain function in aged mice [25-27]. In the
context of aging-related diseases associated with
osteoporosis, exercise can counteract the reduction in

Aging and Disease * Volume 17, Number 5, October 2026 3



Shi M., et al.

Lactylation Modification and Aging

lactate levels caused by the specific loss of endothelial cell
pyruvate kinase M2 (Pkm2) within endothelial cells. This
process mediates histone lactate-dependent differentiation
of bone marrow stromal cells (BMSC) into osteoblasts,
thereby promoting bone formation and indirectly
improving the incidence of osteoporosis [28]. The L-
lactate dehydrogenase B chain (LDHB) is emerging as a
promising therapeutic target for osteoporosis. Serving as
a downstream effector of the osteoblast signal
transduction factor and immediate early response 3
(IER3), LDHB holds a critical position in bone
metabolism. Notably, inhibition of IER3 expression
blocks the exercise-induced mechanical stress-mediated
increase in lactate content and lactylation levels in bone
marrow stromal cells (BMSCs) [29]. In aging skeletal
muscle, dysregulation of the enzyme leads to the loss of
histone lactylation in the skeletal muscle, disrupts the
steady state of protein and DNA repair, and accelerates
muscle aging. Running increases exogenous lactate
levels, enhances histone lactylation, and thereby slows
down the aging rate of skeletal muscles [30].

2.2 Regulatory mechanisms of lactylation

Lactate plays a crucial role in many cellular processes by
regulating gene transcription through lactoylation of
histone and non-histone proteins. These processes include
inflammation, = embryonic  development,  tumor
proliferation, and metabolism [31]. Recent proteomic
studies have documented lactoacylation modifications in
a wide spectrum of proteins across nuclear, cytoplasmic,
and mitochondrial subcellular niches [32]. During
lactylation, lactosyltransferases mediate the -catalytic
attachment of lactoyl moieties, thereby orchestrating
dynamic  regulation of this  post-translational
modification.

The common lysine lactyltransferase is p300, which
predominantly mediates histone lysine lactylation
modification. Its overexpression or depletion can
respectively increase or decrease the cellular level of
histone Kla [33]. In addition, AARS1 functions as a
lactoyltransferase by recognizing and catalyzing lactate
activation, forming an activated intermediate that
subsequently enables lactate to bind to lysine residues on
target proteins, thereby inducing lactylation modification
[34].AARS1 also translocates to the nucleus, where it
directly employs lactate as a lactoyl donor and ATP as an
energy substrate to catalyze lactoacylation of Yes-
associated protein (YAP) at lysine 90 and TEA domain
transcription factor 1 (TEAD1) at lysine 108 [35].

On the other hand, deacylase regulates lactylation
modification by removing the lactoyl group. The
mechanisms can be categorized into enzymatic and non-
enzymatic reversal. The enzymatic reversal mechanism is

currently primarily associated with the Sirtuin family and
HDACs. SIRT2 is currently a widely verified
delactoylating enzyme, with delactylation activity
significantly higher than Class | HDACs (HDAC1-3). It
catalyzes ester bond hydrolysis by consuming the cofactor
NAD*, and SIRT2 binds to NAD' and lactates the
substrate. The nicotinamide moiety of NAD' is
hydrolyzed to form an unstable ADP-ribose intermediate;
this intermediate undergoes spontaneous hydrolysis,
releasing free lactate and regenerating the lysine amino
group. Importantly, during macrophage polarization,
SIRT2 specifically removes lactylation modifications at
pro-inflammatory gene loci (e.g., TNF-a promoter),
thereby promoting M1-to-M2 transition and inhibiting
senescence-associated inflammation.” [36]. SIRT6, an
NAD-dependent nuclear deacylase, targets lysine residues
in histones (e.g., H3K27) and removes their lactylation
modifications through conformational changes. Its
dysregulation impairs chromatin stability, upregulates
senescence-associated genes (e.g., pl6 INK4a), and
accelerates aging and age-related diseases. [37]. SIRT3, a
mitochondrial NAD-dependent deacylase, erases
lactylation of histone H3K9 and cyclin E2 (CCNE2). By
activating mitochondrial oxidative phosphorylation
(OXPHOS) genes (e.g., mtCOl), it maintains energy
metabolism homeostasis, thereby suppressing cellular
senescence and aging-related pathologiesr [38, 39].

In in vitro experiments, Class I histone deacetylases
(HDAC1-3) exhibited relatively weak delactylation
activity. They rely on zinc ions at the active site to activate
water molecules and directly hydrolyze Kla ester bonds.
However, their efficiency is significantly lower than that
of SIRT2. The physiological significance of this activity
still needs to be further verified through in vivo
experiments [40, 41]. A study, through a systematic
analysis of the acyl specificity of human zinc-dependent
HDAC and sirtuin subtypes, found that HDAC3, as a
robust delactase, has an activity thousands of times higher
than that of SIRT2 [42].HDACs 1 and 3 can significantly
alter the acylation level of the H4KS5 site. HDAC1 and
HDAC2 are often found in the same multi-protein
complex in the nucleus and are considered to compensate
for each other in the regulation of histone Kac [43].
Meanwhile, HDAC1-3 display potent deacylase activities
toward various modifications, including K(L-1a), K(D-la),
and diverse short-chain acyl modifications [44].

Non-enzymatic reversal is primarily attributed to
acidic pH-induced hydrolysis. When the local
microenvironment pH decreases, the carbonyl group of
the lactoyl ester bond undergoes protonation, thereby
enhancing its electrophilicity. Subsequently, a water
molecule nucleophilically attacks the carbonyl carbon,
breaking the ester bond and releasing free lactate [45, 46].
The  accumulation of lactate acidifies the
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microenvironment, thereby accelerating non-enzymatic
hydrolysis and forming a metabolism-epigenetic negative
feedback loop [47]. A non-enzymatic acylation of Lys
derived from LGSH is fundamentally present and
abundant in highly glycolytic tissues that are rich in
glycolytic enzymes. This modification, LactoylLys, leads
to a decrease in glycolytic output by inhibiting enzyme
activity and reducing glycolytic metabolism [48].
Considering the acidic pH of brain tissue in
neuropsychiatric disorders results from mitochondrial
impairment and lactate accumulation, histone
lactoacylation can facilitate chromatin accessibility via a
mechanism dependent on oxidative energy metabolism
[49].

3. Physiological function of lactylation modification
3.1 Regulates gene expression

Histone lactylation, such as H3K18la, is an emerging
epigenetic modification. It plays a central role in the
regulation of gene expression by dynamically altering
chromatin structure (such as opening or compaction) and
directly affecting transcription factor binding ability [50,
51]. It is not only a biomarker of active chromatin but also
couples the cellular metabolic state (especially lactate
produced by glycolysis) with chromatin organization and
the activation of the gene regulatory network (GRN). For
example, during embryonic development, lactylation
marks specific regions (such as the neural crest) and
regulates key loci [52, 53]. In cell reprogramming, Glisl
promotes glycolytic upregulation, thereby elevating
lactate and acetyl-CoA levels. This metabolic rewiring
enhances acetylation (H3K27Ac) and lactylation
(H3K18la) at pluripotency gene loci, forming a signaling
cascade that drives reprogramming [54].

Lactoylation of lysine 271 in Mecp2 (Mecp2K2711a)
inhibits the expression of epithelial regulatory protein
(Ereg) by mediating chromatin binding, thereby
suppressing atherosclerosis [55]. Furthermore, histone
lactoylation promotes the transcription of repair-related
genes, thereby modulating the anti-inflammatory and
angiogenic functions of monocyte-derived macrophages.
This dual regulation establishes a permissive
microenvironment for cardiac repair after myocardial
infarction (MI) [56]

3.2 Mediate signaling

In the intricate cellular signal transduction network,
lactylation modification holds a pivotal role. Upon
lactylation, the catalytic activity of certain protein kinases
or phosphatases involved in signal transduction can be

altered, thereby influencing the efficiency and direction of
signaling pathway transmission.

Chronic inflammation is a hallmark of aging, and
macrophage polarization is crucially involved in
inflammatory regulation. Intriguingly, emerging evidence
shows that histone lactylation modulates the M1/M2
phenotypic  transition = of  macrophages [57].
Transcriptomic analysis indicated that H3K9 lacto-
acylation regulates M1 macrophage polarization and
inflammatory responses through the tumor necrosis factor
(TNF) signaling cascade. Pharmacological inhibition of
P300 or genetic downregulation of lactate dehydrogenase
A (LDHA) expression blunted H3K9 lactoacylation and
suppressed M1 phenotypic polarization [58]. Upon VEGF
stimulation, the level of H3K9 lactylation (H3K9la) is
upregulated in endothelial cells. This modification forms
a feedback loop with histone deacetylase 2 (HDAC2) to
drive VEGF-induced angiogenesis [59]. In addition, there
is a feedback loop between H4KI12 lactacylation
(H4K12la) and histone deacetylase 3 (HDAC3) in
macrophages, which drives lactacide-induced collagen
synthesis. In this way, it can reduce the loss of collagen
from fibroblasts and inhibit skin aging [60]. Furthermore,
in a study, an epigenetic modification of the LDHA-
NDRGT1 axis driven by lactate was proposed to resist the
occurrence of aging [61].

3.3 Regulation of energy metabolism

Lactylation modification is of great significance in the
regulation of cellular metabolism and can directly regulate
the activities of key enzymes in metabolic pathways.
Lactylation modulates the activity of metabolic enzymes
and transcription of metabolic genes, forming the
‘epigenetic modification (lactylation) - metabolic
phenotype’ feedback—the downstream of the cycle,
which reshapes cellular metabolic status [62]. IIn glucose
metabolism, the activities of key enzymes such as
phosphofructokinase change after lactylation
modification, affecting the flow and direction of the
metabolic pathway. Studies indicate that lactoyl-modified
proteins in the prokaryote Escherichia coli primarily
participate in metabolic regulation. For example, CobB
modulates PykF activity by removing lactoyl groups (Kla)
from lysine 382 (K382), thereby promoting glycolysis and
bacterial proliferation [63]. Moreover, the lactylation
level is positively correlated with the degree of glycolysis
reprogramming and can regulate glycolysis by affecting
enzyme transcription and structural functions [64].

In lipid metabolism, lactylation modulates the
activity of lipogenic and lipolytic enzymes, thereby
contributing to lipid accumulation or metabolic
dysregulation. For instance, studies have demonstrated
that lactate and its receptor GPR81 inhibit lipolysis by
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decreasing intracellular cAMP levels in adipocytes [65].
Upon inhibition of blood lactate elevation, the fat-
reducing effect of HIIT (high-intensity interval training)
was attenuated, demonstrating that lactate is critical for
HIIT-mediated lipolysis. These findings suggest that
lactylation, as a negative feedback regulatory mechanism,
serves as a key link between glucose and lipid metabolism
[66].

In this way, lactylation modification can coordinate
the balance between different metabolic pathways in the
cell and ensure that the cell can maintain normal
metabolic function under different nutrient and energy
states.

4. The interaction between lactylation modification
and other post-translational modifications

4.1 Acetylation

As a critical post-translational modification (PTM),
acetylation exerts profound effects on the functions of
various proteins, such as histones, p53, and tubulin [67].
Major forms of acetylation comprise N-terminal
acetylation, histone acetylation, and C-terminal residue
acetylation [68]. Significantly, N-terminal acetylation is
irreversible, and lacks identified deacetylases, thus
exerting a sustained influence on protein stability,
subcellular localization, and intermolecular interactions.
This irreversibility carries particular significance in
aging-associated disorders [69, 70]. While the
irreversibility of N-terminal acetylation is well-
established, mechanistic insights into how it specifically
orchestrates protein functions, influences pathological
cascades, and whether non-enzymatic or indirect
regulatory mechanisms sustain its persistence in aging
and disease remain limited.

Acetylation and lactylation together constitute the
central hub of cellular metabolic status and epigenetic
regulation. Investigative evidence has demonstrated that
Glis1 directly engages with glycolytic gene promoters to
promote chromatin accessibility while concurrently
repressing chromatin at somatic gene loci, thereby
orchestrating glycolytic regulatory networks.
Consequentially, heightened glycolytic flux elevates
intracellular acetyl-CoA and lactate concentrations,
thereby augmenting acetylation (H3K27Ac) and
lactoacylation (H3K18la) at pluripotent gene loci to
facilitate cellular reprogramming [54].Acetylation can
directly regulate the lactylation level. Component X of the
pyruvate dehydrogenase complex (PDHX) is acetylated
by p300, which disrupts the assembly of the pyruvate
dehydrogenase complex (PDC). This disruption redirects
pyruvate metabolism toward lactate production, thereby
promoting H3K56 lactylation and oncogene expression

[71]. On the other hand, histone lactylation compets with
acetylation for epigenetic modifications of lysine and
marks the levels of lactate and acetyl-CoA. The metabolic
bifurcation of pyruvate into lactate or acetyl-CoA during
glycolysis dictates the cellular trajectory toward
malignant transformation [72]. This competitive
relationship is particularly evident in PKM2. P300 acts as
both an acetyltransferase (acetylating PKM?2 at K433) and
a lactoyltransferase (promoting PKM?2 lactylation), and
these two modifications mutually inhibit each other.
Notably, mannose reduces PKM?2 lactylation while
enhancing its  acetylation; conversely, lactate
supplementation increases PKM2 lactylation and
suppresses its acetylation [73].

4.2 Ubiquitylation

Ubiquitination is a PTM in eukaryotic cells. Through the
El (activating enzyme)-E2 (conjugating enzyme)-E3
(ligase) enzymatic cascade, ubiquitin is covalently
attached to substrate proteins. Ubiquitinated proteins are
thereby labeled for proteasomal degradation [74-76].

Lactylation exerts bidirectional regulation on
ubiquitination: on one hand, it inhibits ubiquitin-mediated
proteasomal degradation of substrate proteins by
disrupting their interaction with E3 ligases. For example,
lactate molecules covalently lactoyl-modify the
transcription factor EB (TFEB), promoting its lactylation
and stabilization. This modification prevents TFEB from
binding to the E3 ubiquitin ligase WWP2, thereby
inhibiting TFEB ubiquitination and proteasomal
degradation, which in turn enhances autophagic flux
[77].Intracellular LPS detection by Caspase-11 mediates
non-classical pyroptosis. In acetaminophen-induced acute
liver injury, lactate elevates Caspase-11 levels.
Mechanistic studies show lactate promotes NEDD4 K33
lactylation, inhibiting its interaction with Caspase-11
(negative regulator) and suppressing Caspase-11
ubiquitination [78]. Lactate promotes cGAS lactylation,
inhibiting binding to E3 ligase MARCHFS, blocking
cGAS degradation, and driving robust IFN-I response in
SLE patients [79]. IGFBP7 is associated with a-enolase
(ENOL1) to suppress its ubiquitination and degradation.
Elevated ENOIl  promotes glucose  metabolic
reprogramming and lactate accumulation. Conversely,
lactate augments IGFBP7 transcription via histone
H3K18 Ilactoacylation. Significantly, IGFBP7-targeted
therapy ameliorates cadmium-induced hepatic and renal
fibrosis [80].

On the other hand, lactate can also promote the
ubiquitination degradation of specific proteins or enhance
the expression of E3 ligases. Hypoxia treatment induces
lactylation of Axinl protein and promotes the
ubiquitination of Axinl for protein degradation, thereby
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providing its antiglycolytic function [81]. Hyper-
glycemia-induced lactate promotes AARSI-mediated
YTHDCI lactylation and enhances its ubiquitination.
This study identifies a hyperglycemia-lactate-AARS]1-
YTHDCI1-Jund-NECtin4 axis regulating breast cancer
(BC) extracellular vesicle (EV) sensitivity [82]. Histone
H3K18 lactylation promotes HECTD2 transcription. As
an E3 ubiquitin ligase for KEAP1, HECTD2 facilitates
KEAP1 degradation [83]. Active glycolysis promotes
heightened lactoacylation, primarily histone
lactoacylation, with H3K14la being pivotal for gene
regulation. NEDD4, a ubiquitin E3 ligase, acts as a
downstream target of H3K14la. Histone lactoacylation-
regulated NEDD4 interacts with PTEN to mediate its
ubiquitination and degradation [84].

5. Changes in lactate levels during aging

Lactate, a major glycolytic by-product, is primarily
generated from pyruvate via lactate dehydrogenase
(LDH) [85]. While traditionally viewed as a metabolic
waste, lactate exhibits abnormal glycolytic characteristics
in tumor cells—excessive production even under aerobic
conditions. First described by Otto Warburg, this
phenomenon is known as the "Warburg effect" [86].
Studies show lactate levels rise with aging,
mechanistically linked to mitochondrial dysfunction.
Aging-induced deterioration of mitochondrial structure

and respiratory chain efficiency impairs cellular oxygen
utilization. To maintain energy homeostasis, cells shift to
glycolysis, generating pyruvate that converts to lactate
under hypoxic-like conditions, driving intracellular
lactate accumulation—particularly evident in the brain
[87].

A study analyzed mitochondrial function and
respiratory chain enzymes in key brain regions of normal
and progeria mice. In situ hybridization showed brain

lactate elevation resulted from altered lactate
dehydrogenase transcriptional —activity, promoting
pyruvate-to-lactate ~ conversion  [88].The lactate

dehydrogenase (LDH) inhibitor oxalate can reduce the
respiration of isolated mitochondria incubated in lactate
[89]. Exogenous glutamic acid treatment impairs
astrocyte mitochondrial respiratory capacity, enhances
aerobic glycolysis, and promotes lactate release [90].

In animal models, the brain lactate levels of normal
and prematurely aged mice tripled during the aging
process [88]. Lactate levels vary across brain regions,
with the substantia nigra of aged mice showing the
greatest increase. Mechanistic studies indicate this results
from region-specific LDH-A downregulation affecting its
expression and activity [91]. However, in skeletal muscle,
aging-induced mitochondrial dysfunction impairs
oxidative phosphorylation, reducing lactate levels and
lactylation. Contrasting trends in different tissues may
reflect tissue-specific aging responses [90].

Table 2. Quantitative summary of changes in lactate levels in some tissues during the aging process.

Tissue/Sample  Model/ lactate changes (Aging vs Youth) Remarks Ref.
type Population
Mouse Increase by 2 times (normal & It is related to abnormal mitochondrial (87, 88,
brain premature aging respiratory chain enzyme activity and changes ~ 91]
in LDH transcriptional activity
np cell Rat It increased by approximately 1.5 It is related to the inhibition of glycolysis [95]
times (3 months old vs. 22 months old)  induced by glutamine
CSF Human Increase by approximately 1.5 times It is moderately positively correlated with age;  [92, 94]
(=65 years old vs. 30-45 years old) It shows an upward trend after the age of 54
B cell Human Anaerobic glycolytic uptake increased,  Aging stimulates B cells to take up more [93]
but there was no specific value (>65 glucose, and anaerobic glycolysis increases
years old vs. 30-45 years old)
Skeletal Mouse Decline, but no specific figure (Three It is related to the decline in mitochondrial [30,96]
muscle, Liver, months old VS 20 months old) oxidation capacity and the loss of histone
Heart, Kidney lactylation; Exogenous lactate (such as

In human studies, cerebrospinal fluid (CSF) lactate
levels are higher in patients with neurodegenerative
diseases over 65 years of age than in younger patients, and
there is a moderate positive correlation [92]. Comparing
lactate levels in 30-45-year-olds vs. >65-year-olds
revealed higher glycolytic glucose uptake in elderly B
cells, with aging stimulating increased glucose uptake
[93]. Meanwhile, Cerebrospinal fluid (CSF) lactate
measurements in 42 men and 102 women (16—69 years)

exercise) can reverse this trend

showed adult CSF lactate trended upward after age 54,
with no sex-based difference [94].Autopsies on the
cerebral cortex of elderly AD patients revealed an
increase in Tau lactylation of K331 in the brain [10].
While lactate levels rise with aging, accumulation
primarily occurs in brain and muscle. Whether liver, heart,
and other tissues exhibit similar age-related lactate
elevation remains unclear. Quantitative analysis of age-
related lactate dynamics across different age groups,
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coupled with non-invasive lactate-sensitive magnetic
resonance spectroscopy (MRS), could advance aging
research and facilitate anti-aging drug development
(Table 2).

6. The effect of lactylation modification on the
mechanism of aging

Lactate levels increase with age, leading to the occurrence
of lactylation. The occurrence of lactylation, in turn,
aggravates the aging and functional decline of the body
through multiple pathways. Some studies have taken this
as a basis for treating lactylation modification as a target
to treat and prevent aging-related diseases (Table 3).

6.1 Cellular senescence

Cellular senescence, a cardinal feature of aging, is
characterized by irreversible cell cycle arrest triggered by
injury or stress. Senescent cells secrete a pathogenic
senescence-associated secretory phenotype (SASP),

which promotes secondary senescence, disrupts tissue
homeostasis, and compromises repair mechanisms [107].
Elevated lactate exacerbates cell senescence by
promoting SASP release. In vascular smooth muscle cells
(VSMCs), aging-induced TRAP1 upregulation enhances
aerobic glycolysis, driving lactate accumulation. Lactate
promotes histone H4K12 lactylation, which enriches
SASP gene promoters to activate transcription and
intensify senescence. Studies show TRAP1 mediates
metabolic reprogramming via HDAC3, enhancing lactate-
dependent H4K12la to promote SASP expression [103].
In the brain, elevated lactate promotes H3K 18 lactylation
in senescent microglia and hippocampus of naturally
aging mice, directly activating NFxB signaling to enhance
SASP release and accelerate aging [100]. lactylation may
regulate aging by modulating specific protein activity.
Studies show LKB1 induces lactate production, inhibiting
histone H4 Lys8 and Lys16 lactylation to alter Sp1-related
transcriptional activity. Spl mediates TERT (telomerase
reverse transcriptase) inhibition following LKBI
overexpression, inducing cellular senescence [98].

Table 3. Potential lactylation targets involved in aging-related diseases.

Target Type Target Regulatory Related Aging  Associated Potential Intervention Evidence Ref.
Name Direction Phenotype Aging Disease
Delactylase HDAC2 Inhibition Retinal Age-related Under VEGF stimulation, LDHA [59]
microvascular macular expression increases in HRMECs,
endothelial cell ~ degeneration lactate levels rise, upregulation of
senescence H3KO lactylation suppresses
HDAC?2 expression. HDAC2
overexpression reduces H3K9
lactylation and inhibits
angiogenesis
HDAC3 Inhibition Reduced Skin aging HDACS3 inhibitor disrupts lactate- [97]
collagen H4K121a-TGF-p axis in
synthesis in macrophages, inhibiting collagen
fibroblasts synthesis in fibroblasts
Lactyltransferase  P300 Promotion Tau protein AD tau lactylation occurs with p300 [10]
metabolism and lactoyl-CoA; no lactylation
detected with acetyl-CoA
Metabolic PKM2 Promotion Reduced Osteoporosis EC-specific Pkm?2 deletion lowers [30]
Enzyme osteoblast serum lactate, downregulates
differentiation histone lactylation, limiting
osteoblast differentiation
AMPK Promotion Decline in Intervertebral Glutamine inhibits glycolysis, [95]
autophagy disc reduces lactate production,
degeneration downregulates AMPK lactylation,
suppresses NP cell senescence
Transcription SP1 Inhibition Lung Lung cancer Downregulation of H3/H4 [98]
Factor/Cofactor adenocarcinoma lactylation reduces Sp1 activity,
cell senescence blocks TERT transcription,
inhibits senescence and telomerase
activity
Glisl Downregulation  Renal tubular Age-related Glis1 overexpression reduces [99]

cell senescence

renal fibrosis

histone-KATS binding affinity,
potentially lowering lactylation
and suppressing renal tubular cell
senescence
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NF«xB Promotion Microglial AD Increased brain lactate — H3K18 [100]
senescence lactylation — stimulates NFxB
signaling — promotes SASP
release
FOXOl1 Promotion Increased <mark>Age- Increased H4K12la activates [101]
mitochondrial related FOXO1/PGC-1a pathway —
oxidative stress  diabetes</mark> promotes mitochondrial oxidative
stress
Gene Lactylation-  Promotes NP cell Intervertebral Atosiban acetate targets CBX3, [102]
related gene  histone senescence disc inhibits glycolysis, downregulates
CBX3 lactylation degeneration lactate production and histone
lactylation,
promotes matrix synthesis
Receptor TRAPI1 Promotion Vascular Atherosclerosis TRAP1 knockout inhibits [103]
smooth muscle glycolysis, reduces lactate,
cell senescence increases HDAC3 expression,
downregulates H4K 12la, inhibits
SASP transcription/secretion
Non-coding RNA  EPB41L4A- Promotion Decline in AD EPB41L4A-AS1 knockdown [104]
AS1 autophagy reduces GCN5L2 expression,
downregulates histone lactylation
near autophagy genes, increases
autophagy gene transcription,
mediates AP clearance
Specific Protein Tau K677 Inhibition Decline in AD K677R mutation downregulates [105]
Site autophagy tau lactylation; lactylated tau K677
mediates MAPK pathway, inhibits
ferritinophagy, reduces ferroptosis
Amyloid Promotion Increased AP AD Lactylated APP inhibits BACE1 [106]
precursor clearance via binding, promotes APP-CD2AP
protein lysosomal interaction, facilitates APP
K612 (APP degradation degradation via endosome-
K612) lysosome pathway

Lactate-mediated regulation of cell senescence is
evident in aging-related diseases. GLIS1 (GLIS family
zinc finger 1) attenuates age-related renal fibrosis:
overexpression reduces renal tubular epithelial cell
(RTEC) senescence in DKD mice by downregulating
histone lactylation. lactylation enhancers diminish
GLIS1’s protective effect against cell senescence,
compromising its anti-aging capacity [99]. lactylation
inhibitor enhances Glisl activity. Additionally, Glisl
reprograms senescent cells into pluripotent cells,
improves genomic stability, and alleviates cellular
senescence [54].

While studies have shown lactylation drives cellular
senescence—particularly SASP  release—substantial
research gaps and unexplored directions remain.
Systematic comparative studies are needed to clarify its
regulatory networks and key targets. Current research
primarily focuses on histone lactylation, leaving
lactylation of non-histone proteins (e.g., signaling
pathway key proteins, transcription factors, metabolic
enzymes) and their roles in aging regulation largely
uninvestigated—a vast frontier in this field.

6.2 Mitochondrial function

Mitochondrial dysfunction is a significant indicator of
aging and can also accelerate the aging process. This
acceleration is specifically manifested as excessive
production of reactive oxygen species (ROS) within
mitochondria, oxidative damage to mitochondrial
components, reduced ATP supply capacity, tricarboxylic
acid cycle disorders, and increased mitochondrial-driven
inflammation [108]. It is notable that L-lactate, as the end
product of glycolysis and the substrate of mitochondrial
respiration, plays a pivotal role in connecting anaerobic
and aerobic metabolism [109]. Under physiological
conditions, pyruvate produced by glucose metabolism is
mainly consumed by the oxidative phosphorylation
(OXPHOS) pathway in mitochondria to generate ATP.
However, under hypoxic conditions, mitochondrial
protein lactoylation inhibits OXPHOS through a dual
mechanism: On the one hand, by inducing the abnormal
accumulation of alanine-trNA synthase (AARS2), and on
the other hand, through the lactylation modification at the
PDHAT1 lysine 336 and CPT2 lysine 457/8 sites, it blocks
the influx of acetyl-CoA produced by the oxidation of
pyruvate and fatty acids, ultimately leading to the
inactivation of key enzymes and the inhibition of ATP
production [110].

Recent studies have found that protein lactylation
modification has a regulatory effect on aging-related
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mitochondrial dysfunction. The lactylation of specific
mitochondrial proteins can directly affect the electron
transport efficiency, ATP synthesis ability and
mitochondrial membrane integrity. Animal experiments
have shown that the abnormal activity of mitochondrial
respiratory chain enzymes in the brain regions of
premature aging model mice is closely related to the
changes in the transcriptional activity of lactate
dehydrogenase. This change significantly increases the
level of cerebral lactate by promoting the conversion of
pyruvate to lactate [88]. Further in-depth research has
revealed that the lactylation modification of the ALDH2
protein can trigger the ubiquitination degradation of
PHB2, thereby inhibiting mitochondrial autophagy and
exacerbating functional disorders [111]. This obstacle to
the clearance of damaged mitochondria may form a
vicious cycle and accelerate the process of cellular aging.

At the disease level, the association between
lactylation modification and age-related diseases has been
experimentally supported. In the brains of mice with
diabetes mellitus (T2DM) models, microglia show lactate
accumulation. By inducing the upregulation of histone
lactoylation (Kla) at the H4K12 site, the FOXO1/PGC-1a
signaling pathway is activated and mitochondrial
oxidative stress is triggered [101]. Furthermore, the
mitochondrial fragmentation phenotype has been found to
mediate epigenetic reprogramming by driving histone
lactoylation, thereby regulating the decomposition
response of macrophages in inflammatory injury [112].

While studies have shown lactylation contributes to
age-related mitochondrial dysfunction, such as inducing
AARS2 misaccumulation and inhibiting OXPHOS via
PDHA1 Lys336 and CPT2 Lys457/8 lactylation, key
knowledge gaps remain. lactylation sites in mitochondrial
respiratory chain complexes (CI-CV) and transporters
(e.g., VDAC) remain uncharacterized. Age-dependent
modification dynamics and their impact on electron
transport efficiency are unknown, and the interplay
between lactylation networks and mitochondrial
homeostasis requires in-depth exploration.

6.3 Autophagy

Autophagy is a conserved lysosomal degradation process.
It promotes cellular homeostasis and stress adaptation by
phagocytosing cytoplasmic components (including
damaged organelles) in double-membrane organelles
(autophagosomes) and then transporting these
components to lysosomes for degradation [113, 114]. The
occurrence of lactylation can directly act on autophagy-
related proteins to a certain extent and promote the
occurrence of autophagy. In rat cardiac cells, H3K18R
mutation treatment led to a significant decrease in the
level of mitochondrial autophagy-related protein LC3II,

inhibiting the occurrence of mitochondrial autophagy
[115]. The lactylation of aldehyde dehydrogenase 2
(ALDH2) can promote the ubiquitination - proteasome
degradation of mitochondrial autophagy receptor (PHB2),
thereby inhibiting mitochondrial autophagy, directly
affecting mitochondrial function and aggravating
mitochondrial dysfunction [111].

IIn addition to directly acting on autophagy-related
proteins, lactylation modification also indirectly affects
the occurrence of autophagy by mediating the activities of
related enzymes. Specifically, the lactoylation
modification of PIK3C3/VPS34 can enhance its binding
ability with autophagy-related factors. By increasing the
lipid kinase activity of PIK3C3/VPS34, it simultaneously
promotes the efficiency of the autophagy process and the
endolysosomal degradation pathway [116, 117].
Moreover, lactate molecules can covalently conjugate to
the transcription factor TFEB, inducing its lactoacylation
and sustaining structural stability. Lactoacylated TFEB
preferentially interacts with the E3 ubiquitin ligase
WWP2, inhibiting its own ubiquitination and proteasomal
degradation pathways, thereby culminating in enhanced
TFEB activity and augmented autophagic flux [77].

In the process of aging and aging-related diseases,
lactylation modification plays a key role. It can influence
the development trajectory of aging by improving the
autophagy process. Take intervertebral disc degeneration
(IVDD) as an example. As a common age-related
degenerative disease, studies have clearly pointed out that
the level of lacylation is positively correlated with IVDD,
which means that the higher the level of lacylation, the
more severe the degree of intervertebral disc degeneration
may be. Based on this, the characteristics of lactylation-
related genes (LRG) are expected to become biomarkers
for the effective clinical treatment of IVDD [102].
Furthermore, glutamine also plays an important role in it.
It can reduce the lactylation of AMPKa, thereby affecting
the autophagy process and ultimately achieving the effect
of inhibiting the senescence of N cells in the nucleus
pulposus [95]. In Alzheimer's disease (AD), lactylation
modulates pathology via dual mechanisms. The long non-
coding RNA EPB41L4A-AS1 is downregulated in AD
patients, altering histone modifications at autophagy gene
promoters by regulating GCN2 expression. This inhibits
glial cell-mediated AP clearance [104].0n the other hand,
Tau protein K677 lactylation regulates iron metabolism
homeostasis in AD model mice. Mutations at this site
(K677R) reduce tau lactylation, inhibiting ferroptosis by
upregulating NCOA4, FTHI1, and other factors. This
involves MAPK-mediated ferritin autophagy regulation,
offering new therapeutic strategies for AD [105].

However, the research on the regulation of autophagy
by lactylation is highly dependent on indirect evidence,
and there is a lack of direct visualization tools to prove
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that lactylation modification dynamically regulates
autophagosome formation. Visualization analysis can be
conducted by developing LC3fluorescent probes
modified by lactylation. In addition, the existing evidence
mainly comes from specific cell models or specific
diseases. The lactate-autophagy axis is present in various
tissues, cell types, and broader aging-related diseases. The

Aging

universal and specific mechanisms in cardiovascular
aging, osteoarthritis, and metabolic diseases remain
unknown. Exploring the synergistic effect of targeted
lactylation in combination with existing autophagy
regulators or disease treatment strategies holds significant
translational prospects.
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Figure 2. During the aging process, the changes in lactate content and lactylation levels vary among different
tissues. They show an upward trend in the brain and vascular smooth muscle, while the opposite trend occurs in
skeletal muscle and bone. Meanwhile, only some literature has suggested that the lactate levels in the heart and liver
decline during aging, but the systemic changes in lactylation levels have not been deeply studied. The existing
research on the mechanism of lactate regulation of aging has focused more on brain tissue, with relatively less
exploration in other tissues. Exogenous lactate produced by exercise has an anti-aging effect on the brain, skeletal

muscles and bones.

7. Existing disputes, technical challenges and future
directions

7.1 Lactate modification is the current technical defect

Existing evidence in humans and mice shows a correlation
between lactate accumulation and lactylation levels
during aging [88, 92, 93]. Gaps exist in the "lactate-
lactylation-aging" causal chain, compounded by current
detection technologies' limited spatial resolution. This
impedes single-cell analysis of lactylation heterogeneity,

despite aging being a highly heterogeneous process.
Single-cell lactylation heterogeneity analysis remains
challenging. While the FilLa lactate probe enables
dynamic single-cell lactate monitoring, it has not been
directly integrated with lactylation detection [118]. Aging
is inherently  heterogeneous, necessitating the
development of more targeted detection technologies to
advance this field.

Quantitative analysis remains challenging for
accurately measuring lactylation dynamics. Aging's
gradual nature implies lactylation may exhibit nonlinear
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age-dependent changes, with distinct metabolic and
modificatory dynamics across senescence stages.
However, Current aging induction methods typically
simulate only terminal aging, comparing "young" and
"old" time points, thus failing to capture intermediate
dynamic details or accurately track lactylation dynamics
across senescence stages [30, 119]. The lactylation
dynamic technology that can simulate human tissue aging
using organoids can monitor the dynamic changes of
lactylation during aging.

Studying lactylation's role in aging requires a targeted
toolset for writing, erasing, and reading these
modifications. While p300/CBP acetyltransferases and
HDAC deacetylases are implicated in lactylation
regulation, these enzymes act on both lacto- and
acetylation = modifications  simultaneously  [73].
Determinants of lysine acetylation vs. lactylation remain
unknown. The absence of highly specific lactylation
writers/erasers hinders precise manipulation of protein
lactylation states for functional studies. Future

LDH

Lactate
metabolism

Circadian rhythm — =

acetylation
A
Switcher

v
Lactylation

breakthroughs may lie in developing site-specific nano-
single-domain antibodies against histone lactylation and
constructing inducible tissue-specific lactate enzyme
knockout models.

7.2 Research differences with other mechanisms of
aging

Existing studies have established lactylation’s driving role
in aging via molecular mechanistic analyses and animal
models. Notably, significant gaps remain in
understanding its upstream enzyme regulatory networks
and interactions with other aging mechanisms (oxidative
stress, inflammation, telomere shortening—among
others). Substantial knowledge deficits also exist
regarding lactylation’s relationship with circadian

rhythms and the intestinal microbiota in aging. Emerging
evidence hints at links between lactylation and circadian
regulation, identifying this as a promising research node
for future inquiry.

|
I
|
|

v
m) Lactylation

Figure 3. Problems to be solved in the field of aging through lactylation modification. (1) The
causal relationship chain of aging - lactate accumulation - lactylation modification; (2 ) The specific
pathways by which the upstream pathways of lactylation play a role in aging; (3) The determining
factors that decide whether lysine undergoes acetylation or lactylation; (4) Research data on
lactylationin other aging tissues; (5) The circadian rhythm can regulate the activity of LDH and affect
the generation and clearance of lactate, and whether it directly mediates the occurrence of lactylation;
(6) Intestinal microbiota can produce lactate. Does it affect the lactylation modification in the brain
through the gut-brain axis and influence the aging process.

Aging and Disease  Volume 17, Number 5, October 2026

12



Shi M., et al.

Lactylation Modification and Aging

Disruption of circadian rhythm can accelerate the
aging process through several aspects. Glucose, fatty acid,
and cholesterol metabolic pathways are controlled by
circadian rhythms, and disruption of clock genes can alter
metabolism and worsen health [120]. An experiment to
assess brain lactate levels in young and elderly healthy
female volunteers during 40 hours of sleep deprivation.
Lactate levels can rise by up to 40% during brain function
tasks in young subjects, but aging or sleep deprivation can
of brain energy metabolism [123]. In animal studies,
lactate levels in the prefrontal cortex of young and old
mice were higher at night than during the day, when the
mice were in a light-dark cycle. However, lactate levels
increased earlier in the aged mice than in the young mice
[121]. The transcriptional level of lactate dehydrogenase
(LDH) is closely related to the increase in lactate
concentration and circulates in the head of elderly fruit
flies at a circadian rhythm [122]. This suggests that
circadian clock genes may affect lactate production and
clearance by regulating LDH activity. Based on the above
studies, we hypothesized that circadian rhythm may affect
the occurrence of lactate production. Future studies can
combine time-resolved metabolomics and epigenomics to
map the circadian oscillations of lactylation during aging,
focusing on whether core clock proteins (such as PER2)
are modified by lactylation and the regulation mechanism
of thythm on lactatase activity.

Intestinal flora imbalance has been listed as one of the
new markers of aging. lactate is both a host metabolite and
a metabolic by-product of intestinal microbiota.
Excessive production can lead to the lactylation of
histones [123]. Is altered metabolism of the intestinal
microbiota during aging a potential source of lactate
accumulation? At the same time, the gut interacts with the
brain in a bidirectional manner, called gut-brain axis. This
interaction is carried out through three main pathways,
namely immune pathway, neuronal pathway and
endocrine/systemic pathway [124]. Based on the above,
we speculate that in addition to lactate produced by the
brain itself, lactate produced by gut microbes can affect
the modification of lactate in the brain through the gut-
brain axis and affect the occurrence of aging. To answer
these questions, it is necessary to combine microbiome
and metabolic flow analysis to clarify the contribution of
microbial metabolism to host lactylation modification.

While brain and muscle lactylation are well-studied
in aging, data remain scarce for metabolic organs like
liver and heart. Tissue-specific = mitochondrial
oxidation/glycolysis differences may drive lactylation
functional divergence in aging—aging increases brain
lactylation, while muscle shows the opposite trend—
highlighting the need to analyze tissue microenvironment
effects on lactylation. Upstream regulatory pathways like
Hippo may also modulate lactylation, as seen in other

diseases [125, 126]. But it has not yet been reflected in the
aging mechanism; Through in-depth research on the
above, it is helpful to reveal the complete mechanism
pathway of lactylation in aging (Fig. 3).

8. Conclusions and Prospects

As an emerging protein post-translational modification,

lactylation is intricately linked to aging. During
senescence, elevated intracellular lactate triggers
widespread lactylation events, modulating cellular

functions via multiple pathways to drive aging-related
diseases. Current lactylation research remains in its
infancy, with pronounced gaps. As aging intensifies, the
need to expand anti-aging strategies and deepen
mechanistic research grows. Deciphering lactate-aging
interconnections will illuminate tissue-specific aging
mechanisms, providing precise theoretical foundations for
treating tissue-specific aging diseases. This will also
unravel the global molecular regulation of aging, offering
novel targets for comprehensive anti-aging strategies.

Author Contributions

All authors have commented on previous editions of the
manuscript. All the authors agreed to publish the
manuscript.

Acknowledgments

This work was supported by the self-raised funds project
of Harbin Science and Technology Plan (2022ZCZJNS
077)

Conflicts of Interest
The authors declare no conflicts of interest.
References

[11  LiY, Wang Q, Xuan Y, Zhao J, Li J, Tian Y, et al.
(2024). Investigation of human aging at the single-cell
level. Ageing Res Rev, 101:102530.

[2]  Rattan SIS (2024). Seven knowledge gaps in modern
biogerontology. Biogerontology, 25:1-8.

[3] Lopez-Otin C, Blasco MA, Partridge L, Serrano M,
Kroemer G (2023). Hallmarks of aging: An expanding
universe. Cell, 186:243-278.

[4] Harvey ZH, Chen Y, Jarosz DF (2018). Protein-Based
Inheritance: Epigenetics beyond the Chromosome. Mol
Cell, 69:195-202.

[5] Ramazi S, Zahiri J (2021). Posttranslational
modifications in proteins: resources, tools and prediction
methods. Database (Oxford), 2021.

Aging and Disease * Volume 17, Number 5, October 2026 13



Shi M., et al.

Lactylation Modification and Aging

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

Wang H, Yang L, Liu M, Luo J (2023). Protein post-
translational modifications in the regulation of cancer
hallmarks. Cancer Gene Ther, 30:529-547.

Zhu Z, Zheng X, Zhao P, Chen C, Xu G, Ke X (2025).
Potential of lactylation as a therapeutic target in cancer
treatment (Review). Mol Med Rep, 31.

Xin Q, Wang H, Li Q, Liu S, Qu K, Liu C, et al. (2022).
Lactylation: a Passing Fad or the Future of
Posttranslational Modification. Inflammation, 45:1419-
1429.

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

Zhang X, Liu Y, Rekowski MJ, Wang N (2025).
Lactylation of tau in human Alzheimer's disease brains.
Alzheimers Dement, 21:¢14481.

Rabinowitz JD, Enerbidck S (2020). Lactate: the ugly
duckling of energy metabolism. Nat Metab, 2:566-571.
Chen L, Huang L, Gu Y, Cang W, Sun P, Xiang Y
(2022). Lactate-Lactylation Hands between Metabolic
Reprogramming and Immunosuppression. Int J Mol Sci,
23.

Notarangelo G, Haigis MC (2019). Sweet Temptation:
From Sugar Metabolism to Gene Regulation. Immunity,
51:980-981.

Zhang D, Gao J, Zhu Z, Mao Q, Xu Z, Singh PK, et al.
(2025). Lysine L-lactylation is the dominant lactylation
isomer induced by glycolysis. Nat Chem Biol, 21:91-99.
Ren H, Tang Y, Zhang D (2025). The emerging role of
protein L-lactylation in metabolic regulation and cell
signalling. Nat Metab, 7:647-664.

Zhao Q, Wang Q, Yao Q, Yang Z, Li W, Cheng X, et al.
(2025). Nonenzymatic lysine D-lactylation induced by
glyoxalase II substrate SLG dampens inflammatory
immune responses. Cell Res, 35:97-116.

Gaftney DO, Jennings EQ, Anderson CC, Marentette JO,
Shi T, Schou Oxvig AM, et al. (2020). Non-enzymatic
Lysine Lactoylation of Glycolytic Enzymes. Cell Chem
Biol, 27:206-213.€206.

Trujillo MN, Jennings EQ, Hoffman EA, Zhang H,
Phoebe =AM, Mastin GE, et al. (2024).
Lactoylglutathione promotes inflammatory signaling in
macrophages through histone lactoylation. Mol Metab,
81:101888.

Rabbani N, Xue M, Thornalley PJ (2014). Activity,
regulation, copy number and function in the glyoxalase
system. Biochem Soc Trans, 42:419-424.

Galligan JJ, Wepy JA, Streeter MD, Kingsley PJ,
Mitchener MM, Wauchope OR, et al. (2018).
Methylglyoxal-derived  posttranslational ~ arginine
modifications are abundant histone marks. Proc Natl
Acad Sci U S A, 115:9228-9233.

Kozlov AM, Lone A, Betts DH, Cumming RC (2020).
Lactate preconditioning promotes a HIF-1a-mediated
metabolic shift from OXPHOS to glycolysis in normal
human diploid fibroblasts. Sci Rep, 10:8388.

Levine AJ, Puzio-Kuter AM (2010). The control of the
metabolic switch in cancers by oncogenes and tumor
suppressor genes. Science, 330:1340-1344.

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Bao C, Ma Q, Ying X, Wang F, Hou Y, Wang D, et al.
(2025). Histone lactylation in macrophage biology and
disease: from plasticity regulation to therapeutic
implications. EBioMedicine, 111:105502.

Qin Q, Wang D, QuY, LiJ, An K, Mao Z, et al. (2025).
Enhanced glycolysis-derived lactate promotes microglial
activation in Parkinson's disease via histone lactylation.
NPJ Parkinsons Dis, 11:3.

Yan L, Wang Y, Hu H, Yang D, Wang W, Luo Z, et al.
(2024). Physical exercise mediates cortical synaptic
protein lactylation to improve stress resilience. Cell
Metab, 36:2104-2117.e2104.

Han H, Zhao Y, Du J, Wang S, Yang X, Li W, et al.
(2023). Exercise improves cognitive dysfunction and
neuroinflammation in mice through Histone H3
lactylation in microglia. Immun Ageing, 20:63.

Lei Z, Mozaffaritabar S, Kawamura T, Koike A,
Kolonics A, Kéringer J, et al. (2024). The effects of long-
term lactate and high-intensity interval training (HIIT)
on brain neuroplasticity of aged mice. Heliyon,
10:e24421.

WulJ, Hu M, Jiang H, Ma J, Xie C, Zhang Z, et al. (2023).
Endothelial Cell-Derived Lactate Triggers Bone
Mesenchymal Stem Cell Histone Lactylation to
Attenuate Osteoporosis. Adv Sci (Weinh), 10:¢2301300.
Dai S, Chen Z, Liu X, Dong J, Zhang Z, Yang Z, et al.
(2025). Exercise-Mediated Mechanical Stress Promotes
Osteogenic  Differentiation of BMSCs Through
Upregulation of Lactylation via the IER3/LDHB Axis.
Faseb j, 39:¢70537.

Meng F, He J, Zhang X, Lyu W, Wei R, Wang S, et al.
(2025). Histone Lactylation Antagonizes Senescence
and Skeletal Muscle Aging by Modulating Aging-
Related Pathways. Adv Sci (Weinh), 12:¢2412747.

Lu Z, Zheng X, Shi M, Yin Y, Liang Y, Zou Z, et al.
(2024). Lactylation: The emerging frontier in post-
translational modification. Front Genet, 15:1423213.
HuY,HeZ, LiZ, Wang Y, Wu N, Sun H, et al. (2024).
Lactylation: the novel histone modification influence on
gene expression, protein function, and disease. Clin
Epigenetics, 16:72.

Huang J, Wang X, Li N, Fan W, Li X, Zhou Q, et al.
(2024). YY1 Lactylation Aggravates Autoimmune
Uveitis by Enhancing Microglial Functions via
Inflammatory Genes. Adv Sci (Weinh), 11:¢2308031.
Zong Z, Ren J, Yang B, Zhang L, Zhou F (2025).
Emerging roles of lysine lactyltransferases and
lactylation. Nat Cell Biol, 27:563-574.

JulJ, Zhang H, Lin M, Yan Z, An L, Cao Z, et al. (2024).
The alanyl-tRNA synthetase AARS1 moonlights as a
lactyltransferase to promote YAP signaling in gastric
cancer. J Clin Invest, 134.

Zong Z, Xie F, Wang S, Wu X, Zhang Z, Yang B, et al.
(2024). Alanyl-tRNA synthetase, AARSI, is a lactate
sensor and lactyltransferase that lactylates p53 and
contributes to  tumorigenesis. Cell, 187:2375-
2392.e2333.

Wang ZA, Markert J, Whedon SD, Abeywardana MY,
Sheng X, Nam E, et al. (2025). Structural and enzymatic

Aging and Disease * Volume 17, Number 5, October 2026

14



Shi M., et al.

Lactylation Modification and Aging

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

plasticity of SIRT6 deacylase activity. J Biol Chem,
301:108446.

Chen C, Zhang Y, Zang Y, Fan Z, Han Y, Bai X, et al.
(2025). SIRT3 Functions as an Eraser of Histone H3K9
Lactylation to Modulate Transcription for Inhibiting the
Progression of Esophageal Cancer. Mol Cell Proteomics,
24:100973.

Jin J, Bai L, Wang D, Ding W, Cao Z, Yan P, et al.
(2023). SIRT3-dependent delactylation of cyclin E2
prevents hepatocellular carcinoma growth. EMBO Rep,
24:e56052.

Izzo LT, Wellen KE (2019). Histone lactylation links
metabolism and gene regulation. Nature, 574:492-493.
Chen AN, Luo Y, Yang YH, Fu JT, Geng XM, Shi JP, et
al.  (2021). Lactylation, a Novel Metabolic
Reprogramming Code: Current Status and Prospects.
Front Immunol, 12:688910.

Zessin M, Meleshin M, Praetorius L, Sippl W, Batinka
C, Schutkowski M (2022). Uncovering Robust
Delactoylase and Depyruvoylase Activities of HDAC
Isoforms. ACS Chem Biol, 17:1364-1375.

Millard CJ, Watson PJ, Fairall L, Schwabe JWR (2017).
Targeting Class I Histone Deacetylases in a "Complex"
Environment. Trends Pharmacol Sci, 38:363-377.
Moreno-Yruela C, Zhang D, Wei W, Bak M, Liu W,
Gao J, et al. (2022). Class I histone deacetylases
(HDACI1-3) are histone lysine delactylases. Sci Adv,
8:€abi6696.

Wang T, Ye Z, Li Z, Jing DS, Fan GX, Liu MQ, et al.
(2023). Lactate-induced protein lactylation: A bridge
between epigenetics and metabolic reprogramming in
cancer. Cell Prolif, 56:¢13478.

Qu J, Li P, Sun Z (2023). Histone lactylation regulates
cancer progression by reshaping the tumor
microenvironment. Front Immunol, 14:1284344.
Ippolito L, Morandi A, Giannoni E, Chiarugi P (2019).
Lactate: A Metabolic Driver in the Tumour Landscape.
Trends Biochem Sci, 44:153-166.

Moellering RE, Cravatt BF (2013). Functional lysine
modification by an intrinsically reactive primary
glycolytic metabolite. Science, 341:549-553.

Nohesara S, Abdolmaleky HM, Thiagalingam S (2024).
Potential for New Therapeutic Approaches by Targeting
Lactate and pH Mediated Epigenetic Dysregulation in
Major Mental Diseases. Biomedicines, 12.

Zhang Y, Song H, Li M, Lu P (2024). Histone lactylation
bridges metabolic reprogramming and epigenetic
rewiring in driving carcinogenesis: Oncometabolite fuels
oncogenic transcription. Clin Transl Med, 14:e1614.
Allis CD, Jenuwein T (2016). The molecular hallmarks
of epigenetic control. Nat Rev Genet, 17:487-500.
Lopez Krol A, Nehring HP, Krause FF, Wempe A,
Raifer H, Nist A, et al. (2022). Lactate induces metabolic
and epigenetic reprogramming of pro-inflammatory
Th17 cells. EMBO Rep, 23:¢54685.

Merkuri F, Rothstein M, Simoes-Costa M (2024).
Histone lactylation couples cellular metabolism with
developmental gene regulatory networks. Nat Commun,
15:90.

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

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

Wang Y, Chen L, Zhang M, Li X, Yang X, Huang T, et

al. (2023). Exercise-induced endothelial Mecp2
lactylation  suppresses  atherosclerosis  via  the
Ereg/MAPK signalling pathway. Atherosclerosis,
375:45-58.

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

Irizarry-Caro RA, McDaniel MM, Overcast GR, Jain
VG, Troutman TD, Pasare C (2020). TLR signaling
adapter BCAP regulates inflammatory to reparatory
macrophage transition by promoting histone lactylation.
Proc Natl Acad Sci U S A, 117:30628-30638.

He L, Yin R, Hang W, Han J, Chen J, Wen B, et al.
(2024).  Oxygen  Glucose  Deprivation-Induced
Lactylation of H3K9 Contributes to M1 Polarization and
Inflammation of Microglia Through TNF Pathway.
Biomedicines, 12.

Fan W, Zeng S, Wang X, Wang G, Liao D, Li R, et al.
(2024). A feedback loop driven by H3K9 lactylation and
HDAC?2 in endothelial cells regulates VEGF-induced
angiogenesis. Genome Biol, 25:165.

Zou Y, Cao M, Tai M, Zhou H, Tao L, Wu S, et al.
(2025). A Feedback Loop Driven by H4K 12 Lactylation
and HDAC3 in Macrophages Regulates Lactate-Induced
Collagen Synthesis in Fibroblasts Via the TGF-§
Signaling. Adv Sci (Weinh):e2411408.

Li L, Dong J, Xu C, Wang S (2025). Lactate drives
senescence-resistant  lineages  in  hepatocellular
carcinoma via histone H2B lactylation of NDRGI.
Cancer Lett, 616:217567.

Yin D, Jiang N, Cheng C, Sang X, Feng Y, Chen R, et
al. (2023). Protein Lactylation and Metabolic Regulation
of the Zoonotic Parasite Toxoplasma gondii. Genomics
Proteomics Bioinformatics, 21:1163-1181.

Dong H, Zhang J, Zhang H, Han Y, Lu C, Chen C, et al.
(2022). YiaC and CobB regulate lysine lactylation in
Escherichia coli. Nat Commun, 13:6628.
LiY,CaoQ,HuY, He B, Cao T, Tang Y, et al. (2024).
Advances in the interaction of glycolytic reprogramming
with lactylation. Biomed Pharmacother, 177:116982.
Ahmed K, Tunaru S, Tang C, Miiller M, Gille A,
Sassmann A, et al. (2010). An autocrine lactate loop
mediates insulin-dependent inhibition of lipolysis
through GPR81. Cell Metab, 11:311-319.

Chen X, Huang W, Zhang J, Li Y, Xing Z, Guo L, et al.
(2023). High-intensity interval training induces
lactylation of fatty acid synthase to inhibit lipid
synthesis. BMC Biol, 21:196.

Shahbazian MD, Grunstein M (2007). Functions of site-
specific histone acetylation and deacetylation. Annu Rev
Biochem, 76:75-100.

Amesen T, Van Damme P, Polevoda B, Helsens K,
Evjenth R, Colaert N, et al. (2009). Proteomics analyses
reveal the evolutionary conservation and divergence of

Aging and Disease * Volume 17, Number 5, October 2026

15



Shi M., et al.

Lactylation Modification and Aging

[69]

[70]

(71]

[72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

[80]

[81]

[82]

[83]

[84]

N-terminal acetyltransferases from yeast and humans.
Proc Natl Acad Sci U S A, 106:8157-8162.

Drazic A, Myklebust LM, Ree R, Arnesen T (2016). The
world of protein acetylation. Biochim Biophys Acta,
1864:1372-1401.

Varland S, Silva RD, Kjosés I, Faustino A, Bogaert A,
Billmann M, et al. (2023). N-terminal acetylation shields
proteins from degradation and promotes age-dependent
motility and longevity. Nat Commun, 14:6774.

Jiang Z, Xiong N, Yan R, Li ST, Liu H, Mao Q, et al.
(2025). PDHX acetylation facilitates tumor progression
by disrupting PDC assembly and activating lactylation-
mediated gene expression. Protein Cell, 16:49-63.

Dai X, Lv X, Thompson EW, Ostrikov KK (2022).
Histone lactylation: epigenetic mark of glycolytic
switch. Trends Genet, 38:124-127.

JinH, WuP, Lv C, Zhang S, Zhang Y, Li C, et al. (2025).
Mannose inhibits PKM2 lactylation to induce pyroptosis
in bladder cancer and activate antitumor immune
responses. Commun Biol, 8:689.

Zheng Y, Nair SK (2023). YcaO-mediated ATP-
dependent peptidase activity in ribosomal peptide
biosynthesis. Nat Chem Biol, 19:111-119.

Wang X, Herr RA, Chua WJ, Lybarger L, Wiertz EJ,
Hansen TH (2007). Ubiquitination of serine, threonine,
or lysine residues on the cytoplasmic tail can induce
ERAD of MHC-I by viral E3 ligase mK3. J Cell Biol,
177:613-624.

Callis J (2014). The ubiquitination machinery of the
ubiquitin system. Arabidopsis Book, 12:¢0174.

Huang Y, Luo G, Peng K, Song Y, Wang Y, Zhang H, et
al. (2024). Lactylation stabilizes TFEB to elevate
autophagy and lysosomal activity. J Cell Biol, 223.

Li Q, Zhang F, Wang H, Tong Y, Fu Y, Wu K, et al.
(2024). NEDD4 lactylation promotes APAP induced
liver injury through Caspasel1 dependent non-canonical
pyroptosis. Int J Biol Sci, 20:1413-1435.

Zhang J, Ji H, Liu M, Zheng M, Wen Z, Shen H (2024).
Mitochondrial DNA Programs Lactylation of cGAS to
Induce IFN Responses in Patients with Systemic Lupus
Erythematosus. J Immunol, 213:795-807.

Xie SS, Hou R, Gao L, Yang Q, Li W, Dong ZH, et al.
(2025). IGF-Binding Protein 7 and Cadmium-Induced
Hepatorenal Fibrosis. J Am Soc Nephrol.

LiQ, Lin G, Zhang K, Liu X, Li Z, Bing X, et al. (2024).
Hypoxia exposure induces lactylation of Axinl protein
to promote glycolysis of esophageal carcinoma cells.
Biochem Pharmacol, 226:116415.

Xing Z, Yang T, Li X, Xu H, Hong Y, Shao S, et al.
(2025). High-glucose-associated YTHDCI1 lactylation
reduces the sensitivity of bladder cancer to enfortumab
vedotin therapy. Cell Rep, 44:115545.

Dong R, Fei Y, He Y, Gao P, Zhang B, Zhu M, et al.
(2025). Lactylation-Driven HECTD2 Limits the
Response of Hepatocellular Carcinoma to Lenvatinib.
Adv Sci (Weinh), 12:€2412559.

Zeng Y, Jiang H, Chen Z, Xu J, Zhang X, Cai W, et al.
(2025). Histone lactylation promotes multidrug
resistance in hepatocellular carcinoma by forming a

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

(93]

[94]

[95]

[96]
[97]

(98]

[99]

positive feedback loop with PTEN. Cell Death Dis,
16:59.

Xie Y, Hu H, Liu M, Zhou T, Cheng X, Huang W, et al.
(2022). The role and mechanism of histone lactylation in
health and diseases. Front Genet, 13:949252.

Vaupel P, Multhoff G (2021). Revisiting the Warburg
effect: historical dogma versus current understanding. J
Physiol, 599:1745-1757.

Vannucci RC, Vannucci SJ (2000). Glucose metabolism
in the developing brain. Semin Perinatol, 24:107-115.
Ross JM, Oberg J, Brené S, Coppotelli G, Terzioglu M,
Pernold K, et al. (2010). High brain lactate is a hallmark
of aging and caused by a shift in the lactate
dehydrogenase A/B ratio. Proc Natl Acad Sci U S A,
107:20087-20092.

Chen YJ, Mahieu NG, Huang X, Singh M, Crawford PA,
Johnson SL, et al. (2016). Lactate metabolism is
associated with mammalian mitochondria. Nat Chem
Biol, 12:937-943.

Yan X, Shi ZF, Xu LX, Li JX, Wu M, Wang XX, et al.
(2017). Glutamate Impairs Mitochondria Aerobic
Respiration Capacity and Enhances Glycolysis in
Cultured Rat Astrocytes. Biomed Environ Sci, 30:44-51.
Datta S, Chakrabarti N (2018). Age related rise in lactate
and its correlation with lactate dehydrogenase (LDH)
status in post-mitochondrial fractions isolated from
different regions of brain in mice. Neurochem Int,
118:23-33.

Nakano F, Sakushima K, Umeki R, Yabe I, Endoh A,
Sasaki H (2017). Effects of age and glucose levels on
lactate levels in cerebrospinal fluid examination of
neurodegenerative diseases. J Neurol Sci, 378:45-48.
Romero M, Miller K, Gelsomini A, Garcia D, Li K,
Suresh D, et al. (2024). Immunometabolic effects of
lactate on humoral immunity in healthy individuals of
different ages. Nat Commun, 15:7515.

Vamosi B, Didszeghy P, Molnar L (1983). Lactate and
pyruvate content of the human cisternal cerebrospinal
fluid. Normal values, age and sex dependency,
correlations with glucose concentrations. Arch Psychiatr
Nervenkr (1970), 232:521-532.

Zhang Y, Huang Z, Han W, Wu J, Li S, Qin T, et al.
(2024). Glutamine suppresses senescence and promotes
autophagy through glycolysis inhibition-mediated
AMPKa lactylation in intervertebral disc degeneration.
Commun Biol, 7:325.

(""" INVALID CITATION !!! [90]).

Zou Y, Cao M, Tai M, Zhou H, Tao L, Wu S, et al.
(2025). A Feedback Loop Driven by H4K 12 Lactylation
and HDAC3 in Macrophages Regulates Lactate-Induced
Collagen Synthesis in Fibroblasts Via the TGF-§
Signaling. Adv Sci (Weinh), 12:e2411408.

Liu M, Gu L, Zhang Y, Li Y, Zhang L, Xin Y, et al.
(2024). LKBI1 inhibits telomerase activity resulting in
cellular senescence through histone lactylation in lung
adenocarcinoma. Cancer Lett, 595:217025.

Chen J, He J, Wang X, Bai L, Yang X, Chen J, et al.
(2025). Glisl inhibits RTEC cellular senescence and
renal fibrosis by downregulating histone lactylation in
DKD. Life Sci, 361:123293.

Aging and Disease * Volume 17, Number 5, October 2026

16



Shi M., et al.

Lactylation Modification and Aging

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

Wei L, Yang X, Wang J, Wang Z, Wang Q, Ding Y, et
al. (2023). H3K18 lactylation of senescent microglia
potentiates brain aging and Alzheimer's disease through
the NFkB signaling pathway. J Neuroinflammation,
20:208.

Yang Y, Song L, YuL, Zhang J, Zhang B (2025). H4K 12
lactylation potentiates mitochondrial oxidative stress via
the Foxol pathway in diabetes-induced cognitive
impairment. J Adv Res.

ShiY, Li F, Lin W, Han L, Wang J, Yan C, et al. (2024).
Integrating Bulk RNA and Single-Cell RNA Sequencing
Identifies and Validates Lactylation-Related Signatures
for Intervertebral Disc Degeneration. J Cell Mol Med,
28:¢70262.

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

Wang Z, Wang R, Niu L, Zhou X, Han J, Li K (2024).
EPB41L4A-ASI1 is required to maintain basal autophagy
to modulates AP clearance. NPJ Aging, 10:24.

An X, He J, Xie P, Li C, Xia M, Guo D, et al. (2024).
The effect of tau K677 lactylation on ferritinophagy and
ferroptosis in Alzheimer's disease. Free Radic Biol Med,
224:685-706.

Tian Q, LiJ, Wu B, Pang Y, He W, Xiao Q, et al. (2025).
APP lysine 612 lactylation ameliorates amyloid
pathology and memory decline in Alzheimer's disease. J
Clin Invest, 135.

Zhang L, Pitcher LE, Yousefzadeh MJ, Niedernhofer LJ,
Robbins PD, Zhu Y (2022). Cellular senescence: a key
therapeutic target in aging and diseases. J Clin Invest,
132.

Webb M, Sideris DP (2020). Intimate Relations-
Mitochondria and Ageing. Int J Mol Sci, 21.

Brooks GA (2020). Lactate as a fulcrum of metabolism.
Redox Biol, 35:101454.

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

LiJ, Shi X, XuJ, Wang K, Hou F, Luan X, et al. (2025).
Aldehyde Dehydrogenase 2 Lactylation Aggravates
Mitochondrial Dysfunction by Disrupting PHB2
Mediated Mitophagy in Acute Kidney Injury. Adv Sci
(Weinh), 12:€2411943.

Susser LI, Nguyen MA, Geoffrion M, Emerton C,
Ouimet M, Khacho M, et al. (2023). Mitochondrial
Fragmentation Promotes Inflammation Resolution
Responses in Macrophages via Histone Lactylation. Mol
Cell Biol, 43:531-546.

[113]
[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

Mizushima N, Komatsu M (2011). Autophagy:
renovation of cells and tissues. Cell, 147:728-741.

Feng Y, He D, Yao Z, Klionsky DJ (2014). The
machinery of macroautophagy. Cell Res, 24:24-41.

Shi P, LiuY, Sha'Y, Wang J, Zhou J, Liu K, et al. (2025).
Wireless, battery-free vagal electrical stimulation: A
novel approach to inhibit cardiac hypertrophy via H3K 18
lactylation mediated mitophagy. Pharmacol Res,
216:107760.

Sun W, Jia M, Feng Y, Cheng X (2023). Lactate is a
bridge linking glycolysis and autophagy through
lactylation. Autophagy, 19:3240-3241.

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

Wang A, Zou Y, Liu S, Zhang X, Li T, Zhang L, et al.
(2024). Comprehensive multiscale analysis of lactate
metabolic dynamics in vitro and in vivo using highly
responsive biosensors. Nat Protoc, 19:1311-1347.

Peng J, Jiang Z, Song J, Chen J, Fu Z, Zhang H, et al.
(2025). Identification of lactylation-related hub genes as
novel therapeutic and diagnostic targets for thoracic
aortic dissection. Cell Signal:111944.

Green CB, Takahashi JS, Bass J (2008). The meter of
metabolism. Cell, 134:728-742.

Gamble KL (2020). Rhythms in Neurometabolism
Decline with Age. Neuroscience, 448:299.

Long DM, Frame AK, Reardon PN, Cumming RC,
Hendrix DA, Kretzschmar D, et al. (2020). Lactate
dehydrogenase expression modulates longevity and
neurodegeneration in Drosophila melanogaster. Aging
(Albany NY), 12:10041-10058.

Sun S, Xu X, Liang L, Wang X, Bai X, Zhu L, et al.
(2021). Lactic Acid-Producing Probiotic Saccharomyces
cerevisiae Attenuates Ulcerative Colitis via Suppressing
Macrophage Pyroptosis and Modulating Gut Microbiota.
Front Immunol, 12:777665.

Agirman G, Hsiao EY (2021). SnapShot: The
microbiota-gut-brain axis. Cell, 184:2524-2524.e2521.
Xie B, Lin J, Chen X, Zhou X, Zhang Y, Fan M, et al.
(2023). CircXRN2 suppresses tumor progression driven
by histone lactylation through activating the Hippo
pathway in human bladder cancer. Mol Cancer, 22:151.
ZhouJ, Xu W, Wu Y, Wang M, Zhang N, Wang L, et al.
(2023). GPR37 promotes colorectal cancer liver
metastases by enhancing the glycolysis and histone
lactylation via Hippo pathway. Oncogene, 42:3319-
3330.

Aging and Disease * Volume 17, Number 5, October 2026

17



