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Abstract

Glycolysis and oxidative phosphorylation are the main pathways of cellular energy produc-
tion. Glucose is metabolized via glycolysis to generate pyruvate, which, under anaerobic
conditions, is converted into lactate, while, under aerobic conditions, pyruvate enters
mitochondria for oxidative phosphorylation to produce more energy. Accordingly, mi-
tochondrial dysfunction disrupts the energy balance. Lactate, historically perceived as
a harmful metabolic byproduct. However, emerging research indicates that lactate has
diverse biological functions, encompassing energy regulation, epigenetic remodeling, and
signaling activities. Notably, the 2019 study revealed the role of lactate in regulating gene
expression through histone and non-histone lactylation, thereby influencing critical biologi-
cal processes. Metabolic reprogramming is a key adaptive mechanism of cells responding
to stresses. The Warburg effect in tumor cells exemplifies this, with glucose preferentially
converted to lactate for rapid energy, accompanied by metabolic imbalances, characterized
by exacerbated aerobic glycolysis, lactate accumulation, suppressed mitochondrial oxida-
tive phosphorylation, and compromised mitochondrial function, ultimately resulting in a
vicious cycle of metabolic dysregulation. As molecular bridges connecting metabolism and
epigenetics, lactate and lactylation offer novel therapeutic targets for diseases like cancer
and neurodegenerative diseases. This review summarizes the interplay between metabolic
reprogramming and mitochondrial dysfunction, while discussing lactate and lactylation’s
mechanistic in the pathogenesis of related diseases.
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1. Introduction

Lactate has long been viewed simply as an end-product of glycolysis and a metabolic
waste product. However, there is growing evidence that lactate has a variety of bio-
logical functions, including the conversion into pyruvate and production of adenosine
triphosphate (ATP) via mitochondrial respiration, synergistic conversion into glucose in
the gluconeogenesis pathway, and signal transduction, while also being intricately linked
to pathological processes such as the inflammatory response, memory formation, neuro-
protection, tissue repair, ischemic injury, and tumorigenesis. In recent years, studies have
revealed a new mechanism through which lactate and lactylation regulate gene expression
through epigenetic modulation [1,2].
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Lactate production is not limited to anaerobic conditions, but also occurs via aerobic
glycolysis, which is called the Warburg effect. First observed in tumor cells and later named
by Efraim Racker in 1972, the Warburg effect describes aerobic glycolysis in cancer [3]. This
metabolic reprogramming enables tumors to secure an energy supply, enhance prolifera-
tion, mitigate oxidative stress from oxidative phosphorylation (OXPHOS), and establish an
acidic microenvironment to evade immune surveillance [3]. In addition to cancer, aerobic
glycolysis is found in sepsis, infections, inflammatory diseases, and autoimmune disor-
ders [4]. Recent research shows that histones are subjected to lysine lactylation in humans
and mice [5]. Thus, as a substrate for post-translational modification, lactate regulates
gene expression via lactylation at lysine residues on histones and non-histone proteins [6].
Histone lactylation alters the chromatin structure and transcription factor binding, while
non-histone lactylation modulates protein stability, activity, and localization [7]. This
novel epigenetic modification significantly influences glycolysis [8], macrophage polar-
ization [9], and tumor proliferation [10], underscoring its role in cellular homeostasis and
pathogenesis [11].

Metabolic reprogramming, a hallmark of adaptive responses to environmental or
pathological stress, includes the Warburg effect in cancer, where glycolysis-derived ATP
and lactate persist despite oxygen availability [12]. As the cellular “powerhouses,” mito-
chondria exhibit functional alterations characterized by either OXPHOS suppression or
enhancement during this process [13]. Mitochondrial dysfunction is a common feature of
aging and disease, during which it is increasingly correlated with metabolic reprogramming.
Under hypoxia, oxidative stress, or nutrient deprivation, cells shift from OXPHOS to glycol-
ysis, leading to lactate accumulation [13]. Crucially, lactate production and mitochondrial
dysfunction form a bidirectional “metabolic—-mitochondrial-epigenetic” loop, whereby
lactate targets mitochondrial complexes, metabolic enzymes, and epigenetic factors, driv-
ing disease progression. In tumors, lactate exported via monocarboxylate transporter 1
(MCT1) fosters an immunosuppressive microenvironment while activating oncogenic path-
ways [14,15]. Neuroendocrine tumors with defective Numb /Parkin signaling display
impaired mitophagy, exacerbating glycolytic dependency and lactylation to promote differ-
entiation [16]. In neurodegenerative diseases, lactate acts as a “double-edged sword”, both
physiologically supporting axonal regeneration and pathologically inducing mitochondrial
dysfunction and oxidative stress via Forkhead box O1/Peroxisome-proliferator-activated
receptor gamma coactivator 1 alpha (FOXO1/PGC-1«) [17]. Similarly, acute myocardial
infarction triggers a “metabolic collapse—cell death” cascade through H3K18la-mediated
apoptosis and an imbalance of mitophagy [18]. Elevated lactate in aging further accelerates
tissue degeneration via mitochondrial-lysosomal crosstalk [19].

The current research revolves around the mechanisms of lactate and lactylation in
disease, but there are few studies linking it to glycolytic reprogramming and mitochondrial
dysfunction. This article reviews the biological roles of lactate and lactylation, with an
emphasis on their dual regulatory mechanisms in disease progression mediated through
metabolic reprogramming and mitochondrial dysfunction. By integrating recent advances
in oncology, as well as the study of neurodegenerative diseases and other disorders, we
aim to suggest the intricate link of lactate and lactylation with glycolytic reprogramming
and mitochondrial dysfunction. This will deepen our understanding of the link between
epigenetics and metabolism, in particular, the ability of lactate and lactylation to synchro-
nize metabolic epigenetic crosstalk, laying the groundwork for the further exploration of
their roles in disease development and identification of new therapeutic strategies.
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2. Mechanisms of Lactate Generation and Lactylation

Glycolysis is recognized as the principal pathway for lactate production [20], but lactate
also can be produced via the glutamine pathway. In the classical glycolytic pathway, glucose
is activated by hexokinase as it enters the cell and converted by a series of enzymes to
produce pyruvate, which is reduced to lactate by lactate dehydrogenase (LDH). Glutamine
can be converted through transamination into a-ketoglutarate, which, in turn, enters the
tricarboxylic acid cycle, where it can be reduced to pyruvate and, finally, lactate. Glutamine
catabolism is mainly used as an alternative source of lactate in cancer cells [21].

The homeostasis of lactate is dependent on a dynamic regulatory network that bridges
the gap between glycolytic and aerobic metabolic pathways as both a glycolytic end-product
and a substrate for mitochondrial respiration. The regulation of lactate homeostasis can
be divided into two pathways, the first being the mitochondrial oxidative pathway, where
lactate enters the mitochondria via the monocarboxylate transporter (MCT) and is converted
into pyruvate by LDH. The second is the conversion of lactate into glucose via the Cori
cycle and the gluconeogenic pathway in hepatocytes and cardiomyocytes. The transcellular
transport of lactate is mediated by the MCT protein family, which critically maintains lactate
homeostasis through intercellular metabolic coordination. An imbalance of the above
mechanisms leads to excessive accumulation of lactate in the serum, ultimately resulting
in lactic acidosis, the characteristic metabolic changes of which have been established as
prognostic markers for diseases such as sepsis [22,23]. Lactate acts as both a signaling
molecule and metabolic substrate, participating in glucose metabolism, fatty acid synthesis,
redox homeostasis, and the post-translational modification (PTM) of proteins. It has
been demonstrated that lactate can regulate various biological processes such as muscle
contraction, wound healing, memory formation, and tumor development [24,25].

As it is a chiral molecule, there are L and D forms of lactate [26]. Mammalian glycolysis
predominantly generates L-lactate, including tumor cells subject to the Warburg effect.
Under physiological conditions, L-lactate levels significantly exceed those of D-lactate.
Therefore, the human body exhibits two distinct protein lactylation pathways, termed direct
and indirect lactylation, which arise from the differences in lactate substrates [27]. Histone
lysine lactylation (Kla) represents an enzyme-driven process involving three functional
components: “writers,” which catalyze the attachment of lactate groups to specific protein
sites; “erasers,” responsible for removing lactylation modifications [28], and “readers,”
which recognize and interpret lactylation marks through specialized domains. The histone
acetyltransferase p300 histone acetyltransferase (p300) directly facilitates lactylation. There
is experimental evidence that silencing p300 reduces histone lactylation in the HCT116
human colon cancer cell line (HCT116) and Human Embryonic Kidney 293T (HEK293T)
cells, while Sirtuin 1-3 (SIRT1-3) and Histone Deacetylase 1-3 (HDAC1-3) serve as primary
lactylation erasers, with HDAC1 and HDACS3 exhibiting robust activity in hydrolyzing both
L-lactate and D-lactate modifications [5,26]. The non-enzymatic pathway, first reported
by Gaffney et al. in 2020 [29], involves the spontaneous chemical transfer of D-lactate
from S-lactoylglutathione to lysine residues. Prevalent in hyperglycolytic tissues, this
modification downregulates glycolytic enzymes through feedback inhibition. Intriguingly,
L-lactate enhances the stability of S-lactoylglutathione, creating a bidirectional regulatory
loop between enzymatic and non-enzymatic lactylation mechanisms [29]. These findings
highlight the dual regulatory roles of lactylation in metabolic adaptation and epigenetic
modulation. Currently, L-lactate serves as the primary focus in lactylation studies due to
its physiological dominance, while the role of D-lactate remains very limited. Thus, the
subsequent discussion will center primarily on L-lactate [30].
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3. Metabolic Reprogramming and Mitochondrial Dysfunction

Metabolic reprogramming represents a cellular adaptation mechanism characterized
by the redistribution of metabolic fluxes, typically manifesting as enhanced glycolysis and
attenuated oxidative phosphorylation in response to inflammatory or hypoxic stress [31].
As a key biomarker of metabolic reprogramming, the imbalance of lactate homeostasis
not only reflects the metabolic state [5], but also triggers a series of biological responses
through the accumulation of its metabolic end-products. Mitochondrial dysfunction,
a primary driver of this metabolic shift, encompasses reduced biogenesis, impaired energy
metabolism, oxidative stress, mitochondrial DNA (mtDNA) abnormalities, and defective
mitophagy. Beyond their canonical role as the cellular powerhouse, mitochondria par-
ticipate in nuclear epigenetic regulation as the organelle that harbors the enzymes of the
tricarboxylic acid cycle (TCA) cycle, thereby influencing gene expression patterns. This
dual functionality establishes mitochondrial alterations as critical contributors to diseases
involving energetic deficits and oxidative damage [32,33].

In rapidly proliferating cells, glycolytic reprogramming maintains cellular homeostasis
through two mechanisms, including rapid ATP generation through substrate-level phos-
phorylation, as well as the maintenance of redox homeostasis through the regulation of the
Nicotinamide adenine dinucleotide (Oxidized state)/Nicotinamide adenine dinucleotide
(Reduced state) (NAD*/NADH) ratio [34]. The lactate produced by this process promotes
post-translational protein lactylation. The intricate interplay between glycolytic repro-
gramming and lactylation exerts significant biological effects, as the increased glycolytic
flux elevates lactate production, establishing a direct relationship between the glycolytic
flux and protein lactylation levels. This positions lactylation as a crucial nexus connecting
metabolic adaptation with mitochondrial function. Lactylation dynamics are bidirectionally
regulated by the metabolic balance, as evidenced by the effects of glycolytic inhibitors
that deplete lactate and mitochondprial inhibitors or hypoxic conditions that boost lactate
generation [5].

The above cascade of reactions present is connected to a variety of pathological
phenotypes in different diseases. In vascular calcification, lactate orchestrates mito-
chondrial fission and autophagy via Nuclear Receptor Subfamily 4 Group A Member
1/DNA-Dependent Protein Kinase Catalytic Subunit/ Tumor Protein p53 (NR4A1/DNA-
PKCs/p53) signaling, activating Dynamin-related protein 1 (Drp1)-mediated fission, dis-
rupting the membrane potential, and impairing respiratory complex activity, which cul-
minate in ATP depletion, reactive oxygen species (ROS) elevation, and the initiation of
the mitochondrial apoptotic pathway [35-37]. Altered cell membrane permeability is
a key trigger of apoptotic signaling [38]. Hypoxic conditions induce the accumulation
of mitochondrial alanyl-tRNAsynthetase2 (AARS2), which mediates the lactylation of
key OXPHOS enzymes such as pyruvate dehydrogenase E1 subunit alpha 1 (PDHA1)
and carnitine palmitoyl transferase 2 (CPT2). This process limits acetyl-CoA availabil-
ity, thereby suppressing OXPHOS and, ultimately, impairing mitochondrial functional
integrity [39]. In pulmonary arterial hypertension, hypoxic mitochondrial reactive oxy-
gen species (mtROS) inhibit the hydroxylation of hypoxia inducible factor-1« (HIF-1«),
activating the HIF-1oc/PDK1-2/p-PDH-Ela axis (hypoxia inducible factor-1oc/Pyruvate
dehydrogenase kinase isozymel-2/phosphorylated pyruvate dehydrogenase E1 alpha
subunit, HIF-1/PDK1-2/p-PDH-Elx) to enhance glycolysis, lactate accumulation, and
histone lactylation (H3K18/H4K5la), driving the proliferation of smooth muscle cells in
pulmonary artery walls [40]. Systemic lupus erythematosus patients exhibit mtDNA-
release-induced metabolic reprogramming, characterized by the glycolytic upregulation
of monocytes and macrophages, mitochondrial impairment, and lactate-driven cyclic
guanosine monophosphate-adenosine monophosphate synthase (cGAS) lactylation that ac-
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tivates cyclic guanosine monophosphate-adenosine monophosphate synthase stimulator of
interferon genes—Interferon alpha 1 (cGAS-STING-IFN1) signaling that aggravates inflam-
mation [41-43]. Myocardial ischemia-reperfusion injury features OXPHOS suppression
with compensatory glycolysis, whereby the K241 lactylation of malate dehydrogenase 2
(MDH2), a key enzyme of the TCA cycle, promotes ferroptosis and mitochondrial dysfunc-
tion [44]. Collectively, these findings suggest that lactate and post-translational protein
lactylation play a dual role in metabolic adaptation and mitochondrial damage [45]. A
schematic illustrating the relationship between metabolic changes and mitochondrial func-
tion is shown in Figure 1. Table 1 shows lactylation targets that have an important role in
mitochondrial function.
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Figure 1. Overview of the interaction between lactate accumulation and mitochondrial dysfunction.
(figure was created with Biorender.com).

In normal cells, glucose enters the cell via glucose transporters and undergoes glycoly-
sis to generate pyruvate, which is then transported into mitochondria to produce substantial
energy for cellular functions. In metabolically reprogrammed cells, glucose also enters
the cell through glucose transporters and is converted into L-lactate via glycolysis. In this
process, factors such as HIFa, c-Myc, and AMPK promote lactate production by enhancing
the expression of glycolytic enzymes and glucose transporters. Cells can indirectly generate
D-lactate through the glutaminolysis pathway. Lactate enters the nucleus to modify his-
tones under the action of ACSS2 enzyme, constituting a process of direct lactylation, which
enters the nucleus to modify histones, thereby regulating gene expression and inducing the
corresponding cellular phenotypic changes, while another portion of lactate leads to the
lactylation modification of non-histone proteins under the action of P300, which impairs the
mitochondrial function through the modification of the TCA cycle enzymes, exacerbating
metabolic reprogramming and mitochondrial inhibition. (GLUT: Glucose Transporter,
MCT4: Monocarboxylate transporter 4, GPR81: G protein—coupled receptor 81, SNAT2:
Sodium coupled neutral amino acid transporter 2, ASCT2: Alanine serine cysteine trans-
porter, ADP: Adenosine diphosphate, AMPK: Adenosine 5'-monophosphate-activated
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protein kinase, ACSS2: Acetyl-CoA synthetase 2, GLO1: Glyoxalase 1, GLO2: Glyox-
alase 2, SDH: Succinate dehydrogenase, IDH: Isocitrate dehydrogenase, ETC: Electron

transport chain).

Table 1. Lactylation targets with significant impact on mitochondrial function.

Target Proteins Function Effect of Lactylation References
Acute myocardial infarction via H3K18la
Histone H3K18 Regulation of gene transcription. mediated apoptosis and [18]
mitophagy imbalance.
Mitochondrial pyruvate dehydrogenase
inactivation shifts metabolism from
. Regulates gene transcription and OXPHOS to aerobic glycolysis, causing
Histone H3K36 participates in DNA damage repair. lactate accumulation that disrupts 461
OXPHOS and enhances
histone lactylation.
Regulatlon 2 £ glycolysis and Enhancing microglial glycolysis elevates
. inflammation-related gene . . .
Histone H4K12 S . . histone lactylation, thereby upregulating [47]
expression, involved in metabolic . ;
. pyruvate kinase M2 expression.
reprogramming.
Small G proteins involved in K73la of ADP-ribosylation factor 1
ARF1 vesicular trafficking and (ARF1) modulates mitochondrial release [48]
cytoskeletal dynamics. and mitigates stroke-induced injury.
Mitochondrial Malate Lactylation inhibits enzyme activity,
dehydrogenase catalyzes the redox of reduces NADH production, and
MDH2 malate and oxalacetic acid in the TCA improves [44]
cycle to produce NADH, which is mitochondrial function in myocardial
involved in ATP synthesis. ischemia—reperfusion injury.
Mitochondrial Adenylate kinase 2 Ka8la p1jomotes the prohferat1or.1 and
. metastasis of hepatocellular carcinoma
catalyzes the conversion of ADP to ATP .
AK2 N cells and affects tumor progression by [49]
and maintains the balance of . . . .
. . . regulating mitochondrial metabolic
mitochondrial energy metabolism.
pathways.
Mitochondrial voltage-dependent anion ~ Decreased lactylation levels at K20 and
channel 1, which controls K266 impair channel activity, thereby
VDAC1 metabolite transmembrane transport, participating in the regulation of [50]
regulates mitochondrial mitochondrial apoptosis and
apoptosis pathways. neuronal death.
Fis1 regulates mitochondrial fission by Elevatgd lactfa\te at KZO'p romotes
or S pathological mitochondrial excessive
. recruiting Drp1 to maintain . . . .
Fisl mitochondrial morpholo fission, triggering ATP depletion, [51]
orp &Y mitochondrial ROS overproduction, and
and function. L .
apoptotic signaling cascades.
Mitochondrial Acetaldehyde
mef:&i;g:sgz?;ii}:v Igg};n d Decreased lactylation at the K52 reduces
ALDH2 Y enzyme activity, leading to a decline in [52]

reactive aldehydes, is involved in
anti-oxidative stress and
nitroglycerin metabolism.

mitochondrial membrane potential.

4. Cancer

Lactate and lactylation serve as critical mediators bridging glycolytic reprogramming

with OXPHOS dysfunction in cancer. In general, tumors are characterized by the dysregu-
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lation of epigenetic modifications and metabolic activities [53]. Mitochondrial dysfunction
drives tumor metabolic reprogramming, with neoplastic mitochondria showing structural
and functional defects and a heterogeneous quantity and morphology compared to normal
counterparts [54,55]. At the same time, a bioenergetic crisis emerges during this process. To
address this, tumor cells activate metabolic reprogramming by initiating aerobic glycolysis,
a key component of the Warburg effect [56]. For example, the dysfunction of the mito-
chondrial ETC decreases the electron transfer efficiency and OXPHOS capacity, leading
to impaired ETC complex activity, reduced ATP synthesis, and compromised OXPHOS
output [57]. Key manifestations include impaired NAD™ regeneration and an imbalanced
NAD*/NADH ratio, which drive pyruvate conversion into lactate and increased glycolytic
flux [58]. Additionally, the inactivation of the mitochondrial pyruvate dehydrogenase com-
plex (PDC) drives the metabolic shift from OXPHOS toward aerobic glycolysis in cancer
cells, which is primarily attributed to reduced activity of TCA-cycle-associated enzymes.
As PDC is a central hub linking glycolysis with the TCA cycle, its dysfunction results in
intracellular lactate accumulation. The resulting blockade of pyruvate entry into the TCA
cycle further impairs OXPHOS and promotes histone lactylation (H3K56la) [46]. Mech-
anistically, p300 acetylates the mitochondrial protein pyruvate dehydrogenase complex
component X (PDHX) at the cytoplasmic K488 site, thereby destabilizing PDC assembly
and enhancing glycolytic flux. The resulting lactate surge promotes H3K56la-mediated
chromatin remodeling and pro-tumorigenic gene expression [59,60].

Glycolytic reprogramming is a key metabolic adaptation in tumor cells, driving de-
velopment through two main mechanisms: supplying energy for rapid proliferation and
enabling adaptation to hypoxia, thereby promoting survival and metastasis [56]. Fur-
thermore, glycolysis generates substantial amounts of lactate, which is transported via
monocarboxylate transporters (MCTs) in tumor cells, identifying the tumor microenviron-
ment (TME), impairing immune cell function, disrupting intracellular lactylation levels,
and, ultimately, destabilizing the transcriptional equilibrium to drive tumorigenesis [49].
Lactate also functions as a signaling molecule in tumor progression. For example, lactate
secreted into the TME by tumor cells acts on G-protein-coupled receptor 81 (GPR81) ex-
pressed on malignant cells, adjacent stromal components, and non-cancerous cells (T cells
and macrophages within the TME, promoting tumor growth and metastasis. It has been re-
ported that phosphoinositide 3-kinase/protein kinase B (PI3K/Akt) pathway activation can
suppress tumor development [61]. Moreover, the inhibition of GPR81 signaling suppressed
the pro-angiogenic mediator amphiregulin (AREG) via PI3K/Akt/cAMP-dependent path-
ways. GPR81 knockdown significantly inhibited cancer cell proliferation and metastasis,
accompanied by markedly reduced mitochondrial activity and increased apoptosis [62].

Disease-specific manifestations reveal the complexity of these mechanisms. Lactate
not only acts as a signaling molecule but also serves as a substrate for post-translational
modifications on histone lysine residues, disrupting transcriptional homeostasis and pro-
moting oncogenesis [63]. Specifically, histone lactylation (H3K56la) activates oncogenic
drivers such as Myelocytomatosis Oncogene (MYC) and Cyclin D1 gene (CCND1), forming a
synergistic metabolic—epigenetic network that drives malignant transformation [64]. Tu-
mor tissues exhibit elevated histone lactylation levels compared to normal tissues, and
higher levels are correlated with a poor patient prognosis. In clear cell renal cell carcinoma,
histone lactylation promotes a Platelet Derived Growth Factor Receptor Beta (PDGFR-
)-mediated positive feedback loop that drives aggressive disease progression [65]. The
N6-Methyladenosine (m6A) modification plays critical roles in cancer progression [66],
while histone lactylation enhances m6A site binding, leading to period1 Circadian Regula-
tor 1 (PER1) and Cellular tumor antigen p53 (I'P53) degradation ocular melanoma [10]. In
gliomas, H3K18la activates methyltransferase like protein 3 (METTL3) transcription and medi-
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ates RNA m6A modifications to foster immunosuppression in tumor-infiltrating myeloid
cells. H3K9la is strongly enriched in the LUC? like 2, pre-mRNA splicing factor (LUC7L2)
promoter region, stimulating its transcription [67]. Histone lactylation drives METTL3-
mediated RNA m6A modifications, which are pivotal in enhancing the immunosuppressive
capacity of tumor-infiltrating myeloid cells (TIMs).

Beyond histone modifications, the lactylation of non-histone proteins also significantly
promotes disease progression. In prostate cancer, lactate stabilizes HIF-o via lactylation
under normoxic conditions, regulating downstream pathways and highlighting the di-
verse mechanisms of lactylation in tumorigenesis [68]. In hepatocellular carcinoma (HCC),
the Kla protein predominantly affects enzymes involved in the TCA cycle and fatty acid
metabolism. Kla modification at site 28 promotes HCC proliferation and metastasis by
inhibiting adenylate kinase 2 (AK2). Hypoxic HCC models exhibited an upregulation of
glypican-3 (GPC3), which elevates c-Myc lactylation levels, enhancing its stability and
expression to drive HCC progression [69]. Recently, molecular-targeted therapy for hep-
atocellular carcinoma has expanded from single-kinase inhibitors to multidimensional
intervention strategies, covering targets such as anti-angiogenesis and immune microen-
vironment remodeling, as well as combination therapy and biomarker-guided precision
typing, which are driving breakthroughs in clinical efficacy [70]. Linking metabolism and
epigenetics will inform the discovery of new molecularly targeted therapies for liver cancer.

Lactate and lactylation are pivotal regulators of metabolism and mitochondrial func-
tion, promoting pathogenesis through epigenetic modulation. In non-small-cell lung cancer
cells, lactate attenuates glucose uptake and glycolysis to maintain mitochondrial homeosta-
sis. Glycolytic enzymes and TCA cycle enzymes exhibit downregulated and upregulated
mRNA levels, respectively, with increased histone lactylation at the Hexokinase 1 (HK-1) and
Isocitrate Dehydrogenase (NAD(+) 3 Non-Catalytic (IDH3G) promoters [71]. Lactate regulates
cellular metabolism via histone-lactylation-mediated gene expression. Studies have identi-
fied fragmented mitochondria with a low membrane potential in neuroendocrine prostate
or lung cancer cells, where Numb interacts with Parkin to promote Parkin-mediated mi-
tophagy. Defects in the Numb /Parkin pathway in prostate or lung adenocarcinoma drive
metabolic reprogramming, forcing cells to rely on aerobic glycolysis for energy production
and survival under mitochondrial dysfunction. Concurrent lactate overproduction in-
duces Pan-Kla and histone lactylation (H3K18). Pan-Kla signals activate transcription start
site (TSS)-proximal regions of MYCN; this is a key transcription factor that promotes the
neuroendocrine differentiation of PCa, and histone lactylation can activate the significant
enrichment of neuroendocrine genes, such as Neural Cell Adhesion Molecule 1 (NCAMI)
and Enolase 2 (ENO2). Numb /Parkin-directed mitochondrial adaptation acts as a critical
metabolic switch, in which mitochondrial dysfunction triggers metabolic reprogramming
and lactate accumulation. These processes not only alter tumor cell energy metabolism
and histone lactylation levels, but also promote neuroendocrine differentiation via TME
modulation [16]. Elevated histone lactylation increases neuroendocrine gene expression,
revealing novel mechanisms linking tumor metabolism with epigenetic regulation, poten-
tially leading to new therapeutic targets. The mechanisms underlying the roles of lactate
and lactylation in tumors are illustrated in Figure 2. These findings show the intricate
interplay between tumor cell metabolism and epigenetic regulation, providing innovative
strategies for targeted cancer therapy.
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Figure 2. The role of lactate accumulation and lactylation in tumors. (figure was created with
Biorender.com).

Tumor cell mitochondrial abnormalities are manifested by mitochondrial electron
transport chain ETC dysfunction, resulting in impaired NAD" regeneration and an im-
balance of the NAD*\NADH ratio, as well as mitochondrial autophagy disorders, etc.
The cell responds to the energy crisis by activating metabolic reprogramming through
the initiation of aerobic glycolysis, and the lactate produced during this process, in turn,
affects the activity of related enzymes in the mitochondria, exacerbating the mitochondrial
dysfunction and increasing glycolytic flux, and the resulting lactate enters the nucleus
to promote the expression of relevant genes through epigenetic modifications, such as
METTL3, TYHDF2, PDGFRB, LUC7L2, etc., which further contribute to the development
of the disease, or lactate affects the development of the disease in a way that activates
the signaling pathway. Lactate can also be secreted into the tumor microenvironment via
MCT4 causing immunosuppression. The interactions between tumor metabolism and
epigenetics are intricate, and there is relatively little evidence to suggest a link between
epigenetic regulation and mitochondrial dysfunction. (P300\CBP: CREB-Binding protein,
P300: E1A-binding protein).

5. Neurological Disorders

As a metabolic byproduct of glycolysis, lactate also serves as an energy substrate for
neurons, facilitating the protection and regeneration of damaged axons. It holds significant
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implications for neurological disorders, which are typically characterized by complex patho-
logical processes including neural cell damage and inflammation. However, the chronic
excessive accumulation of lactate disrupts intracellular acid—base homeostasis, leading to
an acidotic state. This acidic environment impairs mitochondrial function, leading to the
production of ROS, thereby exacerbating oxidative stress [72]. Moreover, lactate can also
modulate various intracellular signaling pathways, including those involved in inflamma-
tion and neurodegenerative pathologies, leading to overall neuronal damage. The concept
of glycolytic reprogramming, originally described as the Warburg effect in cancer, manifests
in neural systems through dynamic shifts between oxidative phosphorylation and aerobic
glycolysis [73]. This metabolic shift also exists in the nervous system, where ATP required
by neurons is produced from glucose via OXPHOS in the mitochondria [74]. Dysregulation
at any node of neuronal glucose metabolism compromises motor and cognitive functions,
including learning and memory consolidation. Mechanistically, lactate operates as both the
metabolic fuel and signaling mediator [75].

Lactate produced by glucose metabolism in neuronal cells has an important impact
on the course of neurological diseases. Some studies have shown that, in hypothalamic
pro-opiomelanocortin (POMC) neurons, lactate modulates feeding behavior and peripheral
glucose metabolism via mitochondrial uncoupling protein 2 (UCP2) dependent redox
signaling [76]. Hyperglycemia triggers metabolic inflexibility in neurons, shifting energy
production from OXPHOS to glycolysis. This pathological rewiring induces mitochondrial
dysfunction and lactate overproduction, particularly in microglia, where the accumulated
lactate drives Pan-Kla modifications. Studies have shown that the level of pan-histone lysine
lactylation is significantly increased in senescent microglia of naturally senescent mice and
AD mice; histone lactylation (H3K18), especially, can stimulate the nuclear factor kappa-B
(NF-«B) signaling pathway, thereby upregulating the aging-related secretory phenotypic
components IL-6 and IL-8 [77]. Another study showed that histone lactylation (H3K9la)
in microglia could activate the expression of Solute Carrier Family 7 Member (SLC7A) and
promote microglial activation [78]. Histone lactylation (H4K12) exacerbates microglial
dysfunction [47]. H4K12 lactylation stimulates FOXO1/PGC-1« signaling, ultimately
exacerbating mitochondrial oxidative stress and diabetic cognitive impairment [17]. As
the precursor for Kla, lactate critically regulates this post-translational modification [79].
Investigating the role of Kla in central nervous system (CNS) disorders will not only
elucidate fundamental neurophysiological mechanisms, but also open therapeutic avenues
targeting metabolic-epigenetic crosstalk.

5.1. Ischemia—Reperfusion Injury

Ischemia-reperfusion injury occurs when blood supply is suddenly restored to an
organ after a period of ischemia, resulting in a large Ca®* influx and the generation of a large
amount of oxygen free radicals after reperfusion, which is the main pathogenic mechanism
of widespread tissue injury [80]. Ischemia-induced metabolic acidosis is an important cause
of cellular dysfunction and metabolic disturbances, but the rapid correction of acidosis
in ischemic tissues during reperfusion actually exacerbates cellular injury [81]. Studies
have confirmed that acidosis in ischemic regions exacerbates metabolic failure by deplet-
ing the intracellular energy supply, causing acidosis due to massive lactate accumulation
and, consequently, cellular metabolic dysregulation, thereby disrupting protein synthesis,
while inducing neuronal excitotoxicity through the dysregulation of sodium channel kinet-
ics [50]. Voltage-dependent anion channel 1 (VDAC1), the most abundant mitochondrial
outer membrane porin, facilitates calcium influx and small-molecule transport across mi-
tochondrial membranes [50]. Notably, there is a close relationship between cytoplasmic
calcium concentration and mitochondrial function [82]. Mass spectrometry analyses in rat
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models of cerebral ischemia—reperfusion injury (CIRI) identified two lactylated adenine
nucleotide translocator (ANT) isoforms, whereby VDAC1 lactylation was also detected,
which suggests a critical role for lactylation in calcium-overload-associated CIRI. However,
reduced VDACT lactylation in CIRI rat brain endothelia impaired mitochondrial apoptotic
pathways, accelerating neuronal death [50]. Astrocytes, pivotal for cerebral homeostasis
and neuroprotection, transfer mitochondria to damaged neurons [83]. Mitochondrial dy-
namics play an important role in numerous diseases [84]. Notably, low-density lipoprotein
receptor-related protein 1 (LRP1) influences this process, as LRP1 knockdown suppressed
the transfer of mitochondria from astrocytes, diminished neuroprotection, and enhanced
glycolysis with concurrent lactate accumulation. The K73 delactylation of ARF1 enhances
mitochondrial export, while persistent lactylation inhibits transport [48]. LRP1 mitigates
astrocytic glycolysis and lactate production, thereby reducing ARF1K73 lactylation to pro-
mote mitochondrial transfer to injured neurons, revealing a novel lactylation-dependent
neuroprotective mechanism and therapeutic target for ischemic stroke. The role of lactate
and lactylation in neuronal cells is illustrated in Figure 3.
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Figure 3. The role of lactate and lactylation in nerve cells. (figure was created with Biorender.com).

The excessive accumulation of lactate in neuronal cells produces an acidic environ-
ment that impairs mitochondrial function and enhances reactive oxygen species production,
exacerbating oxidative stress, and also mediates calcium inward flow and mitochondrial
apoptotic pathways via voltage-dependent anion channel protein lactylation. Astrocytes
can support energy metabolism by shuttling lactate into neurons through the extracellular
fluid, and, in addition, LRP1 enhances mitochondrial translocation to support damaged
neurons by inhibiting glycolysis and lactate production in astrocytes to promote the delacty-
lation of ARF1. Oligodendrocytes rely on glycolysis to generate energy and form electrical
insulation around axons, resulting in facilitating the electrical conduction of action po-
tentials while providing metabolic and nutritional support to axons. (GLUT1: Glucose
transporter 1, LRP1: Low density lipoprotein receptor-related protein 1, PEP: Phospho-
enolpyruvate, PDH: Pyruvate dehydrogenase, MCT2: Monocarboxylate transporters 2,
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Rheb: Ras homolog enriched in brain, CypD: Cyclophilin D, MPCS: Membrane protein
complexes, UCP2: Uncoupling protein 2).

5.2. Neurodegenerative Diseases

Energy homeostasis serves as the fundamental basis for maintaining normal phys-
iological functions in brain tissues, while metabolic dysregulation is a primary driver
of neurodegenerative disorders, including Alzheimer’s (AD) and Parkinson’s disease
(PD) [85]. These disorders manifest distinct pathological alterations, including oxidative
stress, mitochondrial dysfunction, and autophagic impairment, which depend on the
specific affected neuronal populations and their anatomical localization [86]. Within the
neuron—glia metabolic coupling system of the brain, glycolytic astrocytes export lactate as
an energy substrate for adjacent neurons. Notably, astrocytes continue to generate substan-
tial amounts of lactate via aerobic glycolysis even under oxygen-replete conditions [87].
Research demonstrates that astrocyte-derived lactate can diffuse through the extracellu-
lar fluid into neurons [88]. Both astrocytes and neurons express MCTs that co-transport
lactate and hydrogen ions. Lactate released from astrocytes is transferred into neuronal
mitochondria, where it serves as a TCA cycle substrate [75], providing energy to neurons.
This lactate-derived energy supply meets the metabolic needs of neurons, directly sup-
porting synaptic transmission and neural activity while modulating glycolytic inhibition
and metabolic regulation. The experimental blockade of lactate transfer from astrocytes
to neurons induces neuronal lactate deficiency, leading to energy depletion that triggers
mitochondrial dysfunction and oxidative stress. These pathological cascades ultimately
exacerbate neuronal damage [89]. Oligodendrocytes are myelinating cells within the CNS
that wrap around axons to form electrically insulating structures, facilitating the efficient
propagation of neuronal action potentials while providing metabolic and trophic support
to axons. Similar to astrocytes, mature oligodendrocytes exhibit a strong reliance on gly-
colysis for energy production even under oxygen-replete conditions [90]. Furthermore,
glutamate released by neurons binds to glutamate receptors on glial cells, which modulate
the transport of lactate from both oligodendrocytes and astrocytes to neurons [91].

AD is intrinsically linked to neuronal metabolic states, with pathogenesis driven
by aberrant microglial activation and senescence. Microglia, responsible for phagocytos-
ing neurotoxic debris and releasing cytotoxic factors, initially protect the CNS through
antigen presentation and the secretion of pro-inflammatory cytokines [75,77,92]. Acti-
vated microglia secrete pro-inflammatory cytokines and chemokines to protect the central
nervous system from further damage [47]. However, during this process, microglia un-
dergo metabolic reprogramming from mitochondrial oxidative phosphorylation to aerobic
glycolysis in response to pathological stimuli [93]. This persistent stress induces aero-
bic glycolysis, which drives excessive lactate production and stimulates the production
of inflammatory mediators, disrupts mitochondrial metabolism, and impairs microglial
phagocytic as well as chemotactic functions. Paradoxically, these alterations exacerbate
neurotoxicity while promoting self-perpetuating cycles where damaged neurons trigger
the activation of neighboring microglia, ultimately accelerating amyloid- plaque depo-
sition [94,95]. Mechanistically, glycolytic reprogramming elevates the levels of lactate,
which serves as a critical mediator enhancing the release of pro-inflammatory factors
from microglia.

Increased lactate promotes histone lactylation and regulates the expression of specific
genes affecting disease processes. In AD patients, microglia surrounding amyloid plaques
demonstrate elevated histone lactylation (H4K12la), which upregulates the expression of
pyruvate kinase M2 (PKM2). This creates a self-reinforcing loop: PKM2-driven glycolysis
amplifies lactate synthesis, further increasing H4K12la levels, thereby intensifying mi-
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croglial inflammatory activation and neuroinflammation to drive disease progression [47].
Histone lactylation modulates specific gene networks in microglia, ultimately inducing neu-
ronal damage and cognitive decline. The experimental attenuation of microglial glycolysis
and histone lactylation ameliorated A pathology and cognitive deficits [47]. Notably, A3
deposition also disrupts aerobic glycolysis in astrocytes [96]. As primary glycolytic hubs,
astrocytes convert glucose into lactate for neuronal uptake and mitochondrial pyruvate
metabolism [97]. Remarkably, glucose hypometabolism and mitochondrial dysfunction
may be early biomarkers preceding A accumulation [98].

Additional studies reveal age-dependent and AD-associated increases in histone
lactylation (H3K18la) within glial cells and hippocampal neurons, modulating the NF-«B
signaling pathway to attenuate neuroinflammation [99]. H3K18la activates NF-«B signaling
to generate senescence-associated secretory phenotypes (SASPs), exacerbating brain aging
and AD pathophysiology [77]. Spatially distinct distributions of H4K12la and H3K18la in
AD brains play differential biological roles, suggesting that therapeutic strategies targeting
specific lactylation sites may intercept disease progression. As neuronal powerhouses,
mitochondria regulate energy homeostasis through ATP synthesis and ROS generation.
While physiological ROS levels are byproducts of aerobic metabolism, respiratory chain
dysfunction causes ROS overproduction, which is a key mechanism linking mitochondrial
impairment to AD pathogenesis [100]. Clinically, elevated lactate levels in the cerebrospinal
fluid of AD patients reflect a mitochondrial deficiency in the central nervous system [101].
Therapeutic interventions using glucagon-like peptide-1 (GLP-1) receptor agonists demon-
strate dual benefits, enhancing the expression of glycolytic enzymes to reduce the burden
of oxidative phosphorylation, thereby lowering ROS production while increasing ATP
synthesis to meet neuronal energy demands [102]. Elevating intracellular NADH levels
promote lactate production while restricting pyruvate entry into mitochondria to preserve
mitochondrial integrity, thereby alleviating oxidative stress and ameliorating AD symp-
toms [103]. Overall, attenuating oxidative damage and restoring mitochondrial function
may be promising therapeutic strategies for the management of AD.

During AD progression, neurons undergo metabolic reprogramming from oxidative
phosphorylation to glycolysis. This cell-type-specific metabolic shift together with mito-
chondrial dysfunction disrupts the metabolic coupling between neuronal cells and drives
AD pathology. Studies have shown that the inhibition of PKM2 can block the positive
feedback loop of glycolysis—-H4K12la-PKM?2, inhibit the expression of glycolysis-related
genes, reverse metabolic reprogramming, and reduce lactate levels, thereby alleviating
microglia activation and dysfunction [47]. Current research on the relationship between
glucose metabolic reprogramming and mitochondrial dysfunction remains incomplete,
with evidence primarily derived from in vitro experiments. Elucidating the causal relation-
ships underlying neural-cell-specific and brain-region-dependent alterations of glucose
metabolism is critical for deciphering disease mechanisms.

PD is the second most common neurodegenerative disorder. Its primary pathological
mechanism involves the degeneration of dopaminergic neurons projecting from the substan-
tia nigra pars compacta to the striatum, leading to impaired dopamine neurotransmission
and core motor symptoms such as resting tremor, bradykinesia, rigidity, and postural
instability [104]. Oxidative stress, lysosomal dysfunction, and mitochondrial impairment
are closely associated with the pathophysiology of PD [105].

It has been shown that the upregulation of HK2 and LDHA, as well as elevated levels
of lactate, promote apoptosis in PD, while the inhibition of HK2 expression attenuates
the apoptosis of dopaminergic neurons through decreased lactate production and the
downregulation of the AMP-activated protein kinase/Protein kinase B/mammalian target
of rapamycin (AMPK/Akt/mTOR) pathway in PD [106]. Another study indicated that
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AMPK activation exerts neuroprotective effects by restoring mitochondrial function and
suppressing glycolysis-dependent metabolic shifts, thereby reducing lactate accumulation.
Conversely, AMPK inhibition reduces the mitochondrial DNA content and energy supply
while decreasing astrocyte survival, indirectly exacerbating neuronal apoptosis [106-108].
Notably, under high-glucose conditions, AMPK activation irreversibly inhibits astrocyte
proliferation, enhances glycolysis, and elevates both lactate and ATP levels, suggesting a
potential link between AMPK signaling and metabolic reprogramming [107]. Furthermore,
AMPK activates the PINK1/Parkin pathway to ameliorate mitochondrial dysfunction in
PD models [109]. The dysregulation of lactate metabolism is emerging as a key mechanism
in PD. Excessive lactate production may serve as an indirect biomarker of mitochondrial
dysfunction, while lactate accumulation may influence disease progression through protein
lactylation. Intriguingly, the 14-3-3 protein family suppresses inflammatory responses
in cerebral tissues through lactylation-dependent binding to the pyrin domain of NOD-
like receptor thermal protein domain associated protein 3 (NLRP3), thereby inhibiting
NLRP3 inflammasome activation and the subsequent mitochondrial pyroptosis mediated
by gasdermin D (GSDMD)-NT fragments [110,111]. This process prevents mitochondrial
DNA leakage and mitigates neuroinflammation, highlighting the dual role of lactate as
both a metabolic marker and a regulator of inflammatory pathways [112]. The vicious
circle triggered by the metabolic imbalance in neurodegenerative diseases is illustrated in
Figure 4.
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Figure 4. A vicious cycle triggered by an imbalance in lactate metabolism in neurodegenerative
diseases. (figure was created with Biorender.com).
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The pathophysiology of PD is closely associated with oxidative stress, mitochon-
drial dysfunction, and lysosomal impairment. AMPK activation exerts neuroprotective
effects by restoring mitochondrial function, suppressing glycolysis-dependent metabolic
shifts, and reducing lactate accumulation. However, excessive AMPK inhibition has been
shown to result in mitochondrial DNA depletion, energy insufficiency, and reduced as-
trocyte survival, indirectly exacerbating neuronal apoptosis. Lactate not only serves as a
biomarker of mitochondrial dysfunction, but is also emerging as a novel therapeutic target
for modulating inflammatory and cell death pathways. PD research has expanded beyond
the sole focus on neuronal protection to exploring multidimensional metabolic-immune—
mitochondrial regulatory networks, paving the way for innovative therapies targeting
metabolic reprogramming and the modulation of inflammatory pathways.

Cellular senescence causes the production of amyloid plaques in nerve cells, and
the metabolic reprogramming of oxidative phosphorylation to glycolysis, affecting the
function of astrocytes; the metabolic homeostasis of cells is broken, and lactate cannot
be removed normally, and the abnormal accumulation of lactate directly damages mi-
tochondria, which reduces ATP production, releases a large amount of reactive oxygen
species, triggers oxidative stress, and further destroys the cell structure and causes diseases.
(Ap: amyloid-p).

6. Other Diseases

Lactate and lactylation play key roles in the development of various diseases, forming
critical bridges between metabolic reprogramming and epigenetic regulation.

During myocardial infarction, the sudden onset of hypoxia enforces anaerobic
metabolism in cardiomyocytes, resulting in pathological lactate accumulation. This
metabolic shift promotes histone lysine lactylation, which regulates gene expression. In
addition to glucose deficiency, the energy crisis is exacerbated by mitochondrial dysfunc-
tion due to the inability of mitochondria to synthesize ATP through OXPHOS, which
triggers cytochrome C release, activates caspase-9, and, ultimately, induces apoptosome
formation and cardiomyocyte death [18,38,113]. In cardiac tissues of acute myocardial
infarction (AMI) patients, mitochondrial fragmentation, diminished membrane potential,
and disrupted mitophagic homeostasis are observed. Notably, lactylation forms part of
a positive feedback mechanism, regulating gene networks to partially restore mitochon-
drial metabolic equilibrium. Mitochondrial dynamics, particularly fusion—fission balance,
critically influence macrophage functionality during inflammatory responses. Excessive
mitochondrial fission elevates intracellular lactate levels, upregulates arginase-1 expression,
promotes M2 macrophage polarization, enhances the phagocytic capacity, and mitigates
inflammatory damage [114]. Lactate-dehydrogenase-mediated metabolic reprogramming
alleviates ROS accumulation due to mitochondrial dysfunction, while inducing M2 po-
larization, collectively promoting cardiomyocyte proliferation. Disordered glycolysis and
dysregulated MCT1-mediated lactate transport induce histone lactylation (H3K18), which
modulates the anti-inflammatory responses of monocytes and macrophages to prevent the
functional deterioration of cardiac muscle [114].

Cellular senescence is characterized by irreversible growth arrest, which arises from
mitochondrial dysfunction and epigenetic alterations [19]. Metabolic derangement and
mitochondrial impairment force cells to shift from oxidative phosphorylation to glycolysis,
generating excessive lactate that exacerbates metabolic dysfunction [115]. TNF receptor-
associated protein 1 (TRAP1), a senescence-associated mitochondrial gene regulating cellu-
lar metabolism and lactate homeostasis, accelerates senescence in vascular smooth muscle
cells (VSMCs). VSMC senescence involves metabolic reprogramming with lactate accu-
mulation, whereby TRAP1 deficiency improves mitochondrial function while its overex-
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pression accelerates senescence. VSMC-specific TRAP1 knockout attenuated senescence
and atherosclerosis via metabolic reprogramming. TRAP1 overexpression enhanced aero-
bic glycolysis and lactate production, which, in turn, downregulated histone deacetylase
HDACS3 to promote histone lactylation (H4K12la). H4K12la enrichment at SASP pro-
moters activates SASP transcription, aggravating the aging of smooth muscle [116,117].
The crosstalk between mitochondria and the nucleus is important for maintaining cellu-
lar homeostasis, whereby the energy metabolism of the cell provides specific substrates
or cofactors for histone modifications that regulate gene transcription and contribute to
disease development.

In sepsis, pyruvate dehydrogenase alpha 1 (PDHA1) is predominantly upregulated in
renal tubular epithelial cells, where its acetylation-mediated inactivation drives excessive
lactate production. This lactate surge mechanistically induces the lysine 20 lactylation
(K20la) of mitochondrial fission 1 protein (Fis1). Elevated Fis1 K20la promotes pathological
mitochondprial hyper-fission, triggering ATP depletion, mitochondrial ROS overproduc-
tion, and apoptotic signaling cascades, ultimately exacerbating sepsis-associated acute
kidney injury (SAKI) [51]. There is experimental evidence that METTL15 deficiency in-
duces mitochondrial dysfunction characterized by increased ROS, diminished membrane
potential, and altered metabolic states. Crucially, METTL15 knockout models demon-
strate the concomitant elevation of lactate secretion and histone lactylation levels (H4K12la
and H3K91la), positioning METTL15 as a promising regulatory node for investigating
the crosstalk between mitochondrial metabolism and histone lactylation reprogramming
during sepsis [118].

Mitochondrial dysfunction is a central mechanism of drug-induced liver injury (DILI),
often accompanied by elevated lactate levels. Acetaminophen (APAP) treatment sup-
presses the SIRT1/PGC-1«/LDHB axis, which regulates mitochondrial quality control
and lactate metabolism. This suppression increases mitochondrial protein lactylation and
intramitochondrial lactate levels in APAP-induced hepatotoxicity. The overexpression of
peroxisome-proliferator-activated receptor y coactivator 1 alpha (PGC-1«) or the adminis-
tration of its activators ameliorates APAP-induced damage in hepatocytes and murine liver
tissues, enhances lactate dehydrogenase B (LDHB) synthesis, and reduces mitochondrial
protein lactylation and lactate accumulation [119].

In acute kidney injury (AKI), lactylation has been demonstrated to exacerbate mito-
chondrial dysfunction. The lactylation of aldehyde dehydrogenase 2 (ALDH2) at lysine
52 (K52la) exacerbates tubular injury and mitochondrial dysfunction. ALDH?2 lactylation
promotes the ubiquitination-induced proteasomal degradation of prohibitin2 (PHB2) to
inhibit mitophagy and worsen mitochondrial dysfunction [52,120]. The mechanisms related
to other diseases are shown in Table 2.

As an end-product of glycolysis, lactate accumulates in myocardial infarction, cellular
senescence, sepsis, and drug-induced liver injury through metabolic reprogramming, which
drives the lactylation of histones and mitochondrial proteins, thus forming a chain from
metabolic signaling to epigenetic regulation, while impaired oxidative phosphorylation
in mitochondria triggers an increase of compensatory glycolysis, resulting in an amplifi-
cation of pathological cascade effects. Therefore, targeting the lactate metabolic pathway
and related epigenetic modifications may become a new strategy to intervene in disease
progression [121].
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Table 2. Molecular mechanisms of diseases related to regulation of mitochondrial function by lactate.

Category Mechanism Detail Reference
Decreasing SIRT1/PGC-1a/LDHB expression leads to metabolism
reprogramming, and increased protein lactylation, mitochondrial
APAP-induced Inactivation of lactate levels, and pathological damage in liver mitochondria. [119]
liver injury SIRT1\PGC-1x\LDHB PGC-1o overexpression increased LDHB synthesis, reduced
lactylation, and induced a switch from lactate to pyruvate
production.
Lactate activates mitochondrial phosphoenolpyruvate
carboxykinase 2 (PCK2) through KAT8-mediated lactylation
Hepatic Inactivation of modification. This activation suppresses Parkin-mediated [122]
ferroptosis Parkin\OXSM ubiquitination degradation of 3-oxoacyl-ACP synthase (OXSM),
leading to metabolic reprogramming of mitochondrial fatty acid
synthesis (mtFAS).
Pathological stimulation leads to metabolism reprogramming,
Sepsis induced lactate accumulation mediates lysine 20 lactylation (K20la) of
. o . mitochonderial fission 1 protein (Fisl), and elevated Fis1 K20la
acute kidney Activation of Fis 1 . h e N [51]
injury prf)motes excessive m1toch9ndr1al flS.SIOH, re§ult1ng in ATP ‘
depletion, overproduction of mitochondrial reactive oxygen species
(ROS), and mitochondrial apoptosis.
Pulmonary Inactivation of Lac;ate p.roduc'ed by r.netabf)lic reprog'rarr'lm'ing cou'ld promote ‘lung
fibrosis ERK/DRP1 ibrosis by increasing mltochoncl.rlal f1.s510n—derlved ROS via [123]
ERK/DRP1 signaling.
I Mitochondrial-fragmentation-caused metabolic reprogramming
nflammatory leads to increase pan-histone lactylation, which caused an increase
responses in Overexpression of Arg 1 cads tond p . }2’ h ! a . [114]
macrophages in arginase 1 expression, whic promotes Inflammation
Resolution Responses.
Lactate induced the translocation of PARP1 from the nucleus to
Dysfunction of mitochondria, where it subsequently bound to DNA polymerase [124]
PARP1\POLG\UCP2 gamma catalytic subunit (POLG) and inhibited mitochondrial
DNA synthesis.
Va.so.:ula.r Lactate accelerates vascular smooth muscle cell (VSMC)
calcification calcification by suppressing BCL2-interacting protein 3
Activation of (BNIP3)-mediated [125]
NR4A\DNA-PKcs\p53 mitophagy. Lactate enhances mitochondrial fission through
activation of the nuclear receptor subfamily 4 group A member 1
(NR4A1) pathway.
Lactate activated autophagy by upregulating the ratio of LC3II/I,
and increased formation of LC3 puncta and autophagic vacuole.
Retinal Lactate-mediated Lactate prevented HyO;-induced mitochondrial fission and [126]
degeneration regulation maintained mitochondrial function by alleviating HyO,-induced
mitochondrial membrane potential disruption and intracellular
ROS generation.
Activation of MCT1 deficiency leads to lactate accumulation in the cytoplasm,
SIRT1\PGC-1ax which, in turn, activates the SIRT1\PGC-1« signaling pathway to [127]
Maintain regulate mitochondrial biogenesis.
skeletal r.nuscle ULK1-mediated metabolic reprogramming leads to lactate
function Activation of Vps34 accumulation and, in turn, lactated Vps34 increases lipid kinase [128]

activity to enhance mitochondrial autophagy and
endolysosomal degradation.

7. Discussion and Outlook

This article offers an overview of the roles of lactate as a key signaling molecule in-

volved in regulating post-translational modifications (PTMs) and influencing the epigenetic

landscape. Aberrant histone lactylation has been increasingly linked to the pathogenesis

of various diseases. Lactylation can alter the protein structure and function, impairing
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the activity of the mitochondrial respiratory chain and reducing energy production. It
may also disrupt mitochondrial dynamics, including fusion and fission, thereby affecting
mitochondrial quality and quantity.

Metabolic reprogramming is a hallmark of malignant transformation, primarily char-
acterized by markedly increased glucose uptake to meet the heightened energy demands of
tumor cells. This process is achieved through the tissue-specific overexpression of glucose
transporters (GLUT family) and sodium-dependent glucose transporters (SGLTs), which
facilitate glucose transport against concentration gradients and are closely associated with
tumor invasion and metastatic phenotypes [129]. Targeting glucose transporters is already
an established strategy for cancer therapy [130]. Therefore, future research should focus
on elucidating the regulatory mechanisms of glucose transporters, optimizing targeted
inhibitors, exploring combination therapies to effectively inhibit tumor metastasis.

The sustained activation of the glycolytic pathway leads to aberrant lactate overproduc-
tion. The underlying mechanisms involve not only the metabolic shift from mitochondrial
oxidative phosphorylation to glycolysis, but also include compensatory mitochondrial func-
tional adaptations. For instance, the p300-mediated acetylation of mitochondrial protein
PDHX at the K488 site destabilizes the PDC, suppressing pyruvate conversion to acetyl-
CoA and thereby exacerbating glycolysis-dependent lactate generation [131]. Notably,
lactate accumulation drives pro-oncogenic gene expression via the induction of histone
H3K56 lactylation, establishing a metabolic-epigenetic regulatory axis [132]. Concurrently,
the dysregulated activity of mitochondrial inner membrane lactate transporters further
disrupts the dynamic balance between glycolysis and OXPHOS, enhancing metabolic
plasticity, allowing tumor cells to flexibly switch between energy production modes to
evade therapeutic pressure. This metabolic heterogeneity poses therapeutic challenges,
as monotherapies targeting rate-limiting glycolytic enzymes or mitochondrial electron
transport chain inhibitors often induce drug resistance [133]. By contrast, combination
strategies (glycolysis inhibitors with metformin) synergistically block the energy supply
to improve efficacy. However, the causal relationship between metabolic reprogramming
and mitochondrial dysfunction remains debated. Further studies are needed to determine
whether mitochondrial OXPHOS abnormalities are primary drivers of carcinogenesis or
secondary consequences of metabolic adaptation. Future research should prioritize the clin-
ical translational potential of lactate metabolism inhibitors (LDHA inhibitors) and explore
precision therapeutic strategies targeting lactate transporters and lactylation-mediated
epigenetic regulatory networks.

As a byproduct of glycolytic metabolism, lactate has a dual role in the nervous system,
primarily as an energy source for neurons to support synaptic function and neuroprotection
through the mitochondrial TCA, especially in cerebral ischemia, where astrocytes attenuate
neuronal damage by regulating lactate metabolism. However, its chronic accumulation
disrupts the acid-base balance, inducing acidosis, mitochondrial oxidative stress, and
glycolytic reprogramming, which exacerbates neurodegenerative disease processes.

The treatment of neurological diseases can be approached from three perspectives,
including metabolic intervention, by targeting key enzymes of glycolysis or lactate trans-
porter proteins in order to block pathological metabolic reprogramming, or the amelioration
of mitochondrial oxidative stress by enhancing the expression of glycolytic enzymes. Next
is epigenetic modulation, developing small-molecule drugs that specifically inhibit histone
lactylation to reduce neuroinflammation. Alternatively, we can regulate related signal
cascades, such as the AMPK/PINK1-Parkin pathway, to restore mitochondrial function,
or LRP1 to regulate mitochondprial translocation from astrocytes to protect neuronal cells
by restoring mitochondrial function. In the future, it will be necessary to deeply analyze
the spatiotemporal dynamics of lactylation and its interactions with oxidative stress and
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the immune response, to develop site-specific inhibitors, as well as to explore the role of
the metabolic—epigenetic network in the early stage of the disease, in order to identify new
targets for the precision diagnosis and treatment of neurological diseases.

Existing studies on the relationship between metabolic reprogramming and mitochon-
drial dysfunction rely heavily on in vitro experiments—most commonly using cancer cell
lines, primary neurons, and glial cell cultures. Such models cannot fully recapitulate the
complex microenvironment observed in vivo; their high-glucose, hyperoxic, and hypoxic
switch conditions and avascular milieu differ markedly from authentic tissue and, conse-
quently, constrain the completeness of mechanistic insights. Thus, any therapeutic targets
are identified in vitro mandate validation before advancing to the clinic. Moreover, the
causal direction linking mitochondrial dysfunction and metabolic reprogramming remains
unresolved. In oncological contexts, constitutive HIF-1«x stabilization can initiate glycolytic
reprogramming first, with ROS overproduction then culminating in secondary mitochon-
drial injury—suggesting that respiratory impairment may be a consequence rather than a
trigger. Similarly, in neurodegenerative paradigms, microglial-glycolysis-derived lactate
promotes histone lactylation, thereby upregulating pro-inflammatory cytokines and exacer-
bating mitochondrial dysfunction and neuroinflammation. These observations indicate a
bidirectional or even cyclical causality between metabolic anomalies and mitochondrial
damage, an issue that warrants further rigorous investigation.

Lactate and lactylation redefine the functional boundaries of metabolites in disease, as
they are not merely byproducts of energy crises, but molecular switches that regulate the
cellular fate. From the metabolic plasticity of tumors to the oxidative damage of neurons,
from the apoptosis of cardiovascular cells to the functional decline in aging tissues, lac-
tate and lactylation operate through a “metabolism—epigenetics-mitochondria” regulatory
network, emerging as a potential therapeutic target across diseases. Future investigations
should prioritize in vivo integrated approaches to delineate the causal loci of the lactate—
mitochondria axis, while simultaneously exploring combinatorial intervention strategies
targeting this axis to overcome the current constraints of single-target therapeutics. Criti-
cally, extrapolation boundaries for any in vitro findings must be explicitly circumscribed
when translating to clinical contexts. Concurrently, elucidating the molecular mechanisms
underlying lactylation remains indispensable, including the identification of specific mod-
ification sites, characterization of modifying enzymes, and discovery of de-modifying
enzymes. These studies will enhance our understanding of lactate and lactylation in both
physiological and pathological processes. Furthermore, a comprehensive exploration of
how lactylation regulates mitochondrial functions, coupled with a comprehensive analysis
of how mitochondrial dysfunction reciprocally influences lactylation levels, should be
conducted to reveal the mechanisms underlying the interactions of lactate and lactylation
with mitochondrial impairment. This research direction may facilitate the identification of
novel therapeutic targets.
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