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Abstract: Lactate, once considered merely a metabolic byproduct, is now recognized as a cornerstone of central nervous system
(CNS) homeostasis, serving as both a vital energy substrate and signaling molecule. The identification of lysine lactylation (Kla) has
established this modification as a key epigenetic link between cellular metabolism and genomic regulation. This review examines the
molecular mechanisms underlying protein lactylation, including enzymatic regulation by writers, erasers, and readers as well as non-
enzymatic mechanisms. The multifaceted roles of Kla are explored in the context of CNS disorders, ranging from malignancies, acute
injuries, and neurodegenerative diseases. The review further examines Kla’s role in neuroinflammation, metabolic reprogramming, and
neuroplasticity, highlighting its potential as a sensitive biomarker. Potential therapeutic strategies are also considered, including
metabolic inhibitors and nanocarriers capable of crossing the blood-brain barrier (BBB) to restore metabolic and epigenetic balance.
Keywords: lactate, lactylation, central nervous system diseases, epigenetic regulation, therapeutic strategies

Introduction
Metabolites, as fundamental products of cellular life, serve functions that extend beyond energy provision and biosynthesis.
With the advancement and widespread acceptance of the metabolism-epigenetics axis concept, the direct involvement of
metabolites in transcriptional regulation has become increasingly evident. The study of lactate exemplifies a significant
paradigm shift in the understanding of metabolites. For nearly two centuries following its discovery, lactate was regarded
solely as a byproduct of anaerobic glycolysis. The emergence of the lactate shuttle hypothesis led to the recognition that lactate
serves as an intercellular carrier of both energy and information.' In the central nervous system (CNS), where metabolic
activity and energy demand are particularly high, astrocyte-neuron lactate coupling plays a critical role in supporting high-
order brain functions.” Recent discoveries have demonstrated that lactate imposes a distinct metabolic imprint on proteins and
can directly activate previously dormant genes by altering chromosomal conformation.

In 2019, Zhao et al identified lactylation, a novel lactate-mediated post-translational modification (PTM). This modification
of histone lysine residues acts as a crucial regulator of transcriptional activity and directly influences macrophage phenotypic

polarization. Subsequent studies have employed multi-omics integration technologies to investigate lactylation from new
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perspectives. These efforts have successfully identified numerous lactylation modification sites and elucidated their roles in the
development of various diseases.”® Moreover, lactylation is not restricted to histones; it also regulates a range of non-histone
proteins, thereby participating in the regulation of cellular processes at a deeper level.”® Physiologically, lactylation serves as
a key regulator of activities, such as embryonic development and neural plasticity. However, disruption of metabolic homeostasis
can trigger severe pathological responses. For example, in the tumor microenvironment (TME), lactate accumulation contributes
to the formation of an immunosuppressive barrier. The pathogenic role of lactylation in the CNS is increasingly recognized,
including its promotion of microglial inflammatory storms in Alzheimer’s disease (AD), facilitation of glioma cell immune
evasion, and contribution to psychological stress-related vascular damage.” ' Protein lactylation has thus emerged as a key
regulator linking metabolic states to pathological processes.

While several recent reviews have summarized the fundamental mechanisms of lactylation in general health and its emerging
roles in CNS disorders,' " these studies have predominantly focused on molecular pathways and cellular functions. In this
context, this review systematically examines the multifunctional roles of lactate in the CNS and provides a comprehensive
explanation of the molecular mechanisms and pathological implications of protein lactylation in various neurological disorders
(Figure 1).'*'* However, a critical gap remains in the systematic translation of these metabolic-epigenetic mechanisms into
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Figure | Beyond its status as a byproduct, lactate operates as a cornerstone bioenergetic fuel and signaling mediator in CNS homeostasis. Lysine lactylation (Kla) establishes
a critical metabolic-epigenetic bridge, orchestrating neuroinflammation and plasticity. The black arrows indicate the metabolic pathway of lactate production via glycolysis and
its subsequent utilization for lactylation modifications. This study delineates Kla’s multifaceted involvement in CNS pathologies and its biomarker potential, advocating for
tailored therapeutic frameworks utilizing metabolic inhibitors and nanodrug delivery systems to recalibrate the metabolic-epigenetic landscape.
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clinical interventions. Unlike previous reviews, this study bridges this gap by scrutinizing nascent targeted interventions,
specifically metabolic reprogramming and exosome-mediated nanodelivery systems engineered to surmount the blood-brain
barrier (BBB).'*!> By bridging the gap between metabolic-epigenetic mechanisms and therapeutic applications, this review
provides a theoretical foundation and practical insights for future diagnostic and therapeutic innovations.

Overview of Lactate and Lactylation

Three isomers of lactic acid are present in the human body: L-lactic acid, D-lactic acid, and DL-lactic acid.'® Under
hypoxic conditions or Adenosine triphosphate (ATP) deficiency, glycolytic flux converts carbohydrates and amino acids
(AAs) into substantial stores of L-lactate. In addition to serving as a metabolic byproduct, L-lactate serves as a primary
neuronal oxidative substrate and plays a role in protein synthesis, synaptic remodeling, and axonal excitability during
memory formation.'” In contrast, D-lactate is present at micromolar concentrations, approximately 1% of L-lactate, and
is derived from endogenous metabolism and the gastrointestinal (GI) microbiota.'® Lactate also functions in signaling; by
activating the G protein-coupled receptor HCA1 (GPRS81),'"?! lactate suppresses cyclic AMP (cAMP), thereby
regulating neuroprotection, angiogenesis, and immune responses.*” >*

Hypoxia inhibits the tricarboxylic acid cycle (TCA), redirecting pyruvate toward lactate synthesis via lactate
dehydrogenase (LDH) and bypassing oxidative phosphorylation (OXPHOS).>> Simultaneously, monocarboxylate trans-
porters (MCTs) and sodium-coupled monocarboxylate transporters facilitate lactate uptake, thereby enhancing endogen-
ous flux and contributing to elevated intracellular lactate concentrations.”® However, lactate metabolism in the CNS
exhibits several distinctive features. Although the CNS constitutes only 2% of total body weight, it consumes approxi-
mately 25% of the body’s glucose-derived energy. The astrocyte-neuron lactate shuttle (ANLS) hypothesis proposes that
neuronal activity stimulates astrocytic glucose uptake and its glycolytic conversion to lactate via LDH.>” MCT family
primarily mediates transmembrane lactate transport. MCT1 is present in astrocytes, microvascular endothelial cells
(MECs), ependymal cells, and oligodendrocytes,*® whereas MCT4 is predominantly localized to astrocytes and mediates
lactate efflux. In contrast, MCT2 is expressed in neurons and is essential for efficient lactate uptake.”® This lactate
transport mechanism ensures that glutamatergic neurotransmission is closely linked to cellular bioenergetics.*”

Excessive lactate accumulation can result from lactate metabolism, primarily due to the induction of a novel acylation
process called lactylation. In cellular environments, lactate metabolism occurs via two principal pathways. The first involves
lactate oxidation to produce pyruvate, which subsequently serves as a substrate for the mitochondrial TCA to produce ATP.
The second pathway involves the conversion of lactate to lactyl-CoA under specific conditions, which then serves as
a substrate for the lactylation of histone and non-histone proteins.®' The 2019 identification of Kla by Zhao et al established
lactate as a key metabolic substrate for histone epigenetic regulation.” Post-translational modifications (PTMs) are covalent
modifications that occur in proteins after translation. These modifications regulate protein activity, subcellular localization,
folding, and interactions with other biomacromolecules, including proteins, nucleic acids, and lipids.32 PTMs are mediated
through two pathways: an enzymatic reaction utilizing L-lactyl-CoA as a substrate and a non-enzymatic reaction involving
D-lactyl-GSH derived from methylglyoxal (MG) metabolism pathways.**~** During periods of heightened glycolytic activity,
lactate can be enzymatically converted into high-energy lactyl-CoA, which covalently attaches the lactyl group to the lysine
residues of proteins.®” In the non-enzymatic pathway, the glycolytic byproduct MG reacts with glutathione to form
Lactoylglutathione (LGSH). LGSH facilitates lactoyl modification by transferring its lactate moiety to lysine residues on
proteins.*® This modification neutralizes the inherent positive charge of lysine residues, altering the protein conformation and
interactions. This process is tightly regulated according to the cellular metabolic state. Under conditions such as hypoxia,
inflammation, or cancer, intracellular lactate levels rise significantly, leading to increased protein lactoylation (Figure 2).

Techniques Related to Lactylation
Recent advances in epigenetic research have outpaced conventional sequencing methods in resolving the heterogeneous
of the CNS microenvironment. As a result, current epigenomic studies increasingly focus on single-cell and spatial
resolution techniques to accurately map cell-specific lactylation landscapes.’’

In contrast to conventional chromatin immunoprecipitation sequencing (ChIP-seq), which is often limited by high input
requirements and background noise, cleavage under targets and tagmentation (CUT&Tag) uses TnS transposase-mediated in situ
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Figure 2 The astrocyte-neuron lactate shuttle (ANLS) regulates energy metabolism and protein lactylation in the CNS. In this mechanism, lactate produced by astrocytic
glycolysis is exported through monocarboxylate transporters 1/4 (MCT 1/4) transporters and subsequently taken up by neuronal MCT2. Imported lactate is oxidized to
pyruvate, which then enters the tricarboxylic acid cycle (TCA). Furthermore, lactate acts as a substrate for both histone and non-histone protein lactylation, a type of post-
translational modification (PTM), via either an enzymatic pathway involving lactyl-CoA-mediated lysine modification or a non-enzymatic pathway utilizing methylglyoxal-
derived D-lactyl-GSH. The solid arrows represent the lactate metabolism processes within central nervous system cells (neurons, astrocytes, and microglia), as well as the
export of lactate produced by astrocytic glycolysis via MCT /4 and its subsequent uptake by neuronal MCT2. The dotted arrows indicate the release of lactate produced by
microglial glycolysis through MCT1 and its subsequent uptake by neuronal MCT2.

cleavage to achieve higher signal-to-noise ratios with minimal input material. As a result, single-cell cleavage under targets and
tagmentation (scCUTandTag) and spatial epigenomics facilitate the precise resolution of epigenetic heterogeneity in ischemic
penumbrae, enabling the identification of microglia and progenitor cell types while preserving the original tissue architecture.*®

Liquid chromatography-tandem mass spectrometry is the primary method for identifying histone and non-histone
lactylation sites; however, isobaric interference remains a significant limitation.”® The small mass differences between
lactylation and other post-translational modifications often lead to false positives during fragmentation, highlighting the
need for more precise mass spectrometry techniques and more specific pan-lactylation antibodies.

Furthermore, the abundance of repetitive deoxyribonucleic acid (DNA) elements involved in epigenetic regulation
within the CNS poses a significant challenge for conventional short-read sequencing approaches, which often struggle to
map these regions accurately Long-read single-molecule sequencing is therefore crucial for uncovering lactylation

patterns in non-coding and repetitive sequences.*’
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Core Molecular Mechanisms of Lactylation

The process of protein lactylation is precisely regulated by a set of key enzymes that operate according to established
enzymatic principles. These enzymes include lactyltransferases, which catalyze the insertion of lactyl-CoA into proteins,
and delactylases, which remove lactyl-CoA from proteins. Additionally, enzymes capable of converting lactate into
lactyl-CoA have been proposed; however, they have not been accurately identified in mammals.*' In protein lactylation,
these regulatory enzymes are often metaphorically described as writers, erasers, and readers in epigenetics (Figure 3).

Writers

Lactyltransferases function as “writers” by catalyzing the addition of lactyl groups to lysine residues. Within the lysine
acetyltransferase (KAT) family, p300 was the first enzyme identified to mediate Kla.**** The p300/CBP complex plays
a central role in modifying histones, transcription factors (TFs), and other nuclear substrates. In response to lactyl-CoA
availability, p300 catalyzes histone lactylation at residues such as H3K18 and H4K 12, promoting chromatin relaxation
and transcriptional activation.** Other KATs, including GCN5, MOF, Tip60, HBOI1, and NAA10, also contribute to
histone Kla.*>*’

Preliminary evidence suggests that alanyl-tRNA synthetases 1 and 2 (AARS1/2) may function as lactyltransferases
through an unconventional enzymatic pathway. Unlike CoA-dependent KATs, it is proposed that these enzymes
synthesize L-lactyl-AMP directly from free lactate and ATP to mediate Kla; however, this specific mechanism requires
further validation.**>° Notably, certain enzymes exhibit context-dependent catalytic functions. For example, histone
deacetylase 6 (HDACH), typically recognized as a delactylase, can act as a lactyltransferase for a-tubulin, promoting
microtubule dynamics and supporting hippocampal neuron growth.>' Despite the identification of multiple lactyltrans-
ferases, the precise molecular mechanisms underlying their enzymatic activities remain incompletely understood
(Table 1).
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Figure 3 Core molecular mechanisms of protein lactylation.
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Table | Key Epigenetic Regulators of Lactylation in the CNS

Category Core Enzyme/ Primary Biological Function Ref
Protein
Writers p300/CBP p300 was the inaugural Kla-specific enzyme characterized, with p300/CBP crucially orchestrating the [4,42-44]

modification of histones, transcription factors, and other nuclear targets. Notably, p300 catalyzes site-specific
histone lactylation at residues such as H3K18 and H4K12 driven by lactyl-CoA fluctuations, promoting
chromatin relaxation and transcriptional initiation.

GCNS5, MOF, Tipé0, These lysine acetyltransferases likewise facilitate histone lactylation (Kla). [45-47]
HBOI, NAAIO
AARSI1/2 Function via an unconventional enzymatic pathway. Distinct from CoA-dependent KATs, these enzymes [48-50]

directly catalyze the synthesis of L-lactyl-AMP from free lactate and ATP, thereby mediating Kla.

HDAC6 Traditionally known as a delactylase, it is actually the major lactyltransferase responsible for the lactylation of [51]

a-tubulin. This protein modification is known to be responsible for the promotion of microtubule dynamics in
hippocampal neurons, thereby enhancing their growth.

Erasers HDACI, HDAC3 Class | isoforms HDAC| and HDACS3 function as site-specific de-lactylation “erasers” targeting H4K5la and [52]
H3K8la.
HDAC2 Displays limited catalytic activity toward these modifications. However, it is able to function by interacting as [52]

a member of a protein complex.
SIRTI Found to remove lactyl groups from a-myosin heavy chain, thus maintaining the functional integrity of myosin [53]
and exhibiting a protective effect against heart failure.
SIRT2 Functions as an efficient “eraser” to remove lactyl groups from various histones, such as purified histones, [54]
nucleosomes, and histones from neuroblastoma (NB) cells.
SIRT3 Due to its unique hydrophobic pocket structure that can specifically accommodate the hydrocarbon moiety of [55]
lysine lactate, SIRT3 shows different binding mechanisms compared to other deacetylases, thus exhibiting
a more efficient deacetylation activity of water-soluble hydroxyl modifications.
Readers BRD4 Selectively recognizes Kla on histone and non-histone substrates. In glioblastoma (GBM) and stroke [56]
pathogenesis, these proteins drive oncogenic and inflammatory gene expression. During subarachnoid

hemorrhage (SAH), BRD4 recognition of H4K8la induces pro-inflammatory gene expression.

Bromodomain Modulate target gene transcription via site-specific docking. Encompass histone acetyltransferases such as [52]
proteins CREBBP, p300, PCAF, and GCN5.
BRGI Specifically recognizes and binds H3K8la, acting as a histone lactylation reader. Once bound, it is enriched at [571

the promoters of pluripotency and epithelial junction-related genes, thereby activating these genes and
enhancing the reprogramming efficiency of induced pluripotent stem cells.

PHF14 Features a distinct PHD 1/Znk/PHD2 domain and can specifically recognize the flexible N-terminal tail (amino [52]

acids 1-34) of histone H3 and some distinct PTM marks.

Abbreviations: CNS, Central Nervous System; CBP, CREB-binding protein; Kla, Lysine lactylation; H3K 18, Histone 3 Lysine 18; H4K12, Histone 4 Lysine 12; CoA,
Coenzyme A; GCNS5, General control nonderepressible 5; MOF, Males absent on the first; Tip60, Tat-interactive protein 60kDa; HBO |, Histone acetyltransferase binding to
ORCI; NAAIO, N-alpha-acetyltransferase 10; AARSI/2, Alanyl-tRNA synthetases | and 2; KATs, Lysine acetyltransferases; AMP, Adenosine monophosphate; ATP,
Adenosine triphosphate; HDACS6, Histone deacetylase 6; HDACI, Histone deacetylase |; HDAC3, Histone deacetylase 3; H4K5la, Lactylation at Lysine 5 of Histone 4;
H3K18la, Lactylation at Lysine 18 of Histone 3; HDAC2, Histone deacetylase 2; SIRTI, Sirtuin I; SIRT2, Sirtuin 2; NB, Neuroblastoma; SIRT3, Sirtuin 3; BRD4,
Bromodomain-containing protein 4; GBM, Glioblastoma; SAH, Subarachnoid hemorrhage; H4K8la, Lactylation at Lysine 8 of Histone 4; CREBBP, CREB binding protein;
PCAF, CBP-associated factor; BRGI, Brahma-related gene |; PHF14, Plant homeodomain finger protein 14; PHDI, Plant homeodomain |; Znk, Zinc knuckle; PHD2, Plant
homeodomain 2; PTM, Post-translational modification.

Erasers

The eraser enzymes, specifically delactylases, remove lactyl groups from lysine residues. These enzymes are primarily composed
of histone deacetylases (HDACs), which are classified into four classes: I-IV. HDACs are further categorized into zinc-
dependent enzymes (classes I, II, and IV including HDACI1-11) and NAD-dependent enzymes (class III, comprising sirtuin
proteins [SIRT] 1-7).® Most class I enzymes, such as HDAC1-3 and HDACS, are believed to function as delactylases. Among
these, HDAC1 and HDACS3 act as site-specific de-lactylation “erasers” targeting H4K5la and H3K18la, whereas HDAC2
exhibits limited catalytic activity toward these modifications.”> However, HDAC2 can function through interactions within
protein complexes. In contrast, other HDAC family enzymes demonstrate variable catalytic activities and function as both
delactylases and deacetylases.6 Recent studies have identified SIRT1, SIRT2, and SIRT3, which are NAD-dependent enzymes, as
important erasers. SIRT1 removes lactyl groups from a-myosin heavy chain, thereby maintaining myosin functional integrity and
providing a protective effect against heart failure (HF).>> SIRT2 efficiently removes lactyl groups from purified histones,
nucleosomes, and histones from neuroblastoma (NB) cells.** SIRT3, owing to its unique hydrophobic pocket structure that
accommodates the hydrocarbon moiety of lysine lactate, exhibits distinct binding mechanisms compared to other deacetylases
and demonstrates more efficient deacetylation activity for water-soluble hydroxyl modifications (Table 1).”
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Readers

A reader protein can specifically recognize and bind lactylation sites, thereby enabling the recruitment of effector
proteins to transmit signals. Although research in this area is still in its early stages, several key proteins have been
identified as readers. Bromodomain-containing protein 4 (BRD4), a 110-residue protein module, selectively recognizes
Kla on both histone and non-histone substrates. Bromodomain (BRD)-containing proteins modulate target gene tran-
scription via site-specific docking. In the pathogenesis of glioblastoma (GBM) and stroke, these proteins promote the
expression of oncogenic and inflammatory genes. BRD proteins include histone acetyltransferases such as CREBBP,
p300, PCAF, and GCN5.%’

The chromatin-remodeling protein BRG1 specifically recognizes and binds H3K18la, thereby acting as a histone
lactylation reader. Upon binding to H3K18la, BRG] accumulates at the promoters of pluripotency and epithelial
junction-related genes, thereby activating these genes and inducing phenotypic changes in cells. This process enhances
the reprogramming efficiency of induced pluripotent stem cells.>® Another protein proposed to act as a lactylation reader
is plant homeodomain finger protein 14 (PHF14), which contains a distinct PHD1/Znk/PHD2 domain. PHF14 is
suggested to specifically recognize the flexible N-terminal tail (amino acids 1-34) of histone H3 and certain PTM
marks.>? Currently, BRG1 and PHF 14 are among the most prominent proteins identified as lactylation readers. Although
the molecular mechanisms underlying their roles in transmitting protein lactylation signals remain unclear, ongoing
research is advancing targeted therapeutic strategies (Table 1).

Lactylation of the CNS

The brain exhibits a high energy demand due to its complex activities within the CNS. Although the brain accounts for
only 2% of the total body weight, it consumes approximately 20% of the body’s oxygen and glucose at rest.° This
substantial energy consumption primarily supports the maintenance of membrane potential gradients, synaptic processes,
and neurotransmitter cycling. The CNS requires a continuous supply of ATP, with glucose accounting for 95% of cerebral
metabolic activity, mainly via OXPHOS and glycolysis.®’ Under normal physiological conditions, OXPHOS sufficiently
meets the brain’s energy requirement.®’ However, during acute stimulation, even with adequate oxygen availability, the
brain may metabolize glucose to lactate to rapidly generate energy. This process, known as aerobic glycolysis or the
Warburg effect, was initially described in cancer cells.®> During periods of elevated neuronal energy demand, such as
increased synaptic activity, astrocytes supply neurons with energy as lactate via the ANLS.

Lactate, the end product of glycolytic metabolism, serves as an energy substrate for neuronal activity in the brain and
functions as an intercellular signaling molecule. It acts as a link between metabolic reprogramming and epigenetic
regulation. Currently, lactate-induced lactylation is primarily observed in the cerebral cortex and hippocampus, whereas
Kla is mainly detected in glutamatergic neurons, GABAergic neurons, astrocytes, and other cell types.

Neuronal Lactylation
Neurons can stimulate glycolysis in astrocytes by releasing glutamate, which increases lactate production from glucose.
Lactate produced by astrocytes then serves as an energy source for neurons. Elevated lactate levels also promote
lactylation.®® Neuronal excitation, such as potassium stimulation and electroshock, has been shown to induce lactylation
in a time-dependent manner. Stress-induced neuronal excitation specifically stimulates histone H1 lactylation. The Kla
signal is detectable throughout the neuronal cytoplasm. Experimental evidence suggests that increased histone H1
lactylation is linked to reduced social behavior.** In addition, elevated lactate levels resulting from exercise or stress
can induce lactylation of synaptic proteins in the cortex, including synaptosomal-associated protein 91 (SNAPII1).
Lactylation of these proteins enhances neural network activity in cortical regions and plays a crucial role in suppressing
anxiety in mice exposed to chronic stress.®

Abnormal lactylation in neurons impairs lactate utilization, disrupting neuronal energy metabolism and contributing
to dysfunction. Evidence suggests a significant association between lactylation and neurodegenerative diseases.®® In AD,
aberrant neuronal lactylation has been observed. Specifically, lactylation of Tau protein at K331 promotes phosphoryla-
tion and cleavage while reducing ubiquitination-mediated degradation. Notably, Tau lactylation at K677 triggers Nuclear
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receptor coactivator 4 (NCOA4)-mediated ferritinophagy and ferroptosis, exacerbating AD pathology.®”®® In IS, K450
lactylation stabilizes NCOA4 in hippocampal neurons, thereby driving pathological ferritinophagy and glycolysis and
increasing infarct volume.** Similarly, downregulation of HDAC6 during ischemia-reperfusion (I/R) induces aberrant
lactylation, disrupts calcium homeostasis, and exacerbates neuronal injury.® Although MCT2 mediates neuronal lactate
uptake, its inhibition reduces pathological lactylation but also diminishes lactate-induced synaptic protein expression (eg,
PSD95, GAP43), ultimately impairing memory consolidation.”® Collectively, these findings position lactylation as
a pivotal regulator of neuronal survival and plasticity, rather than a mere metabolic byproduct, across various neurode-
generative conditions (Table 2).

Lactylation in Astrocytes

Astrocytes originate from neural precursor cells, which also give rise to neurons. These cells perform essential functions,
including neuronal support and protection, energy provision, clearance of environmental toxins, modulation of signaling,
and tissue repair. As the primary glycogen reservoirs in the CNS, astrocytes regulate lactate synthesis and secretion via

Table 2 Mechanisms and Outcomes of Lactylation in Specific CNS Cell Types

Cell Type Context/Disease Specific Target/Site Biological & Pathological Outcomes Ref
Model
Neurons Stress neuronal Histone HI Lactylation signals are detectable throughout the cytoplasm; this modification is [64]
excitation linked to decreased social behavior and emotional behavioral dysregulation.
Exercise or chronic Synaptic proteins (eg, Increases neural network activity in cortical regions and plays a crucial role in [65]
stress synaptosomal-associated suppressing anxiety in mice subjected to chronic stress.
protein 91)
Alzheimer’s disease Tau (K331) Leads to phosphorylation and cleavage of the Tau protein while reducing its [67,68]
(AD) degradation via ubiquitination.
Alzheimer’s disease Tau (K677) Strengthens Tau-NCOA4 binding, triggering NCOA4-mediated ferritinophagy and | [67,68]
(AD) ferroptosis, which exacerbates AD pathology and rapid cognitive decline.
Ischemic stroke NCOA4 (K450) Stabilizes NCOA#4 within hippocampal neurons, driving pathological ferritinophagy [8,45]
(oxygen and glucose and glycolysis to expand infarction volume.
deprivation)
Ischemia-reperfusion (I/ HDAC6 Aberrant lactylation induced by HDAC6 downregulation disrupts calcium [69]
R) injury homeostasis and aggravates neuronal injury.
Astrocytes Spinal cord injury Histone H4 (H4K8la) / Triggers a positive feedback loop where UCHLI upregulates glycolysis by stabilizing [71]
UCHLI PFKFB3; this results in a lack of energy supply for neurons and subsequent neuronal
ferroptosis.
Subarachnoid Histone H4 (H4K8la) BRD4 recognition of H4K8la induces pro-inflammatory gene expression and [56]
hemorrhage (SAH) promotes astrocyte polarization towards the Al phenotype, thereby increasing
neuronal death.
Cerebral ischemia- ARFI Lactylation of ARFI is modulated by a specific mechanism that results in the [72]
reperfusion (I/R) transfer of healthy mitochondria from astrocytes to damaged mitochondria-
models containing neurons.
Microglia Alzheimer’s disease Histone H4 (H4K12la) Upregulates the transcription of pyruvate kinase M2 (PKM2), driving a self- [9]
(AD) reinforcing feedback loop that fuels microglial hyperactivation and chronic
neuroinflammation.
Ischemic injury HMGBI promoter LDHA-mediated histone lactylation activates the HMGBI promoter, leading to [73,74]
NLRP3 inflammasome activation and pyroptosis.
Ischemic injury PLBDI (K155) Lactate induces PLBD | lactylation at the K155 site, which further promotes [73]
inflammation damage.
TBI recovery/Exercise/ Histone lactylation Transforms microglia from a pro-inflammatory (M1) phenotype to [75,76]
Exogenous lactate (General) a neuroprotective, anti-inflammatory (M2) phenotype, relieving cognitive
dysfunction and aiding in damaged cell clearance.
Sevoflurane-induced YTHDF3 promoter Upregulates YTHDF3 expression, which inhibits microglial pyroptosis and exerts [45]
cognitive impairment neuroprotective effects.

Abbreviations: CNS, Central nervous system; AD, Alzheimer’s disease; NCOA4, Nuclear receptor coactivator 4; I/R, Ischemia-reperfusion; HDACS6, Histone deacetylase
6; H4K8la, Lactylation at Lysine 8 of Histone 4; UCHLI, Ubiquitin C-terminal hydrolase L1; PFKFB3, 6-phosphofructo-2-kinase; SAH, Subarachnoid hemorrhage; BRD4,
Bromodomain-containing protein 4; ARFI, ADP-ribosylation factor |; H4K12la, Lactylation at Lysine 12 of Histone 4; PKM2, Pyruvate kinase M2; HMGBI, High mobility
group box |; LDHA, Lactate dehydrogenase A; NLRP3, NLR family pyrin domain containing 3; PLBD |, Phospholipase B domain containing |; TBI, Traumatic brain injury; M1,
Pro-inflammatory phenotype; M2, anti-inflammatory phenotype; YTHDF3, YTH Né-methyladenosine RNA binding protein F3.
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ANLS to maintain neuronal energy homeostasis. Consequently, even under resting conditions, astrocytes exhibit
significantly higher lactate concentrations than neurons.’’

Lactylation in astrocytes plays a crucial role in regulating neuronal activity and neuroinflammation.”> Under
pathological conditions, such as spinal cord injury, an astrocytic UCHL1/PFKFB3/H4K8la positive feedback loop
impairs neuronal energy supply and drives neuronal ferroptosis.”' Similarly, in subarachnoid hemorrhage (SAH),
BRD4 recognition of H4K8la directly activates inflammatory gene transcription.’® Conversely, astrocytic lactylation
can also be neuroprotective; for instance, in cerebral I/R models, ADP-ribosylation factor 1 (ARF1) lactylation facilitates
the transfer of healthy mitochondria from astrocytes to damaged neurons.”? Furthermore, fluoxetine-induced lactate
release from cortical astrocytes implicates lactylation in mood regulation.”® Thus, the impact of astrocytic lactylation is
defined by its specific downstream molecular targets rather than a generalized inflammatory response (Table 2).

Lactylation in Microglia

Microglia, the smallest glial cells in the CNS, function as resident phagocytes that maintain immune homeostasis and
mediate local responses.”” Under pathological conditions, microglia undergo metabolic reprogramming and shift their
primary energy metabolism from OXPHOS to aerobic glycolysis. This shift results in substantial lactate production in
microglial cells. Lactate plays a crucial role in the production of various inflammatory cytokines, including TNF-a, IL-6,
and IL-1p.°® Crucially, microglial lactylation functions as a potent epigenetic regulator, that precisely orchestrates gene
transcription to dictate cellular states. In Alzheimer’s disease, glycolytic lactate induces H4K 12la-mediated upregulation
of pyruvate kinase M2 (PKM2), which chronically sustains microglial hyperactivation.” Conversely, in ischemic injury,
LDHA-driven histone lactylation activates HMGB 1-mediated pyroptosis, whereas PLBD1 lactylation at K155 exacer-
bates inflammatory damage.” Despite these pro-inflammatory effects, lactate also exhibits a protective role. Exogenous
or exercise-induced lactate accumulation can shift microglia from a pro-inflammatory to an anti-inflammatory phenotype
via histone lactylation, thus relieving cognitive dysfunction.”” In sevoflurane-induced models, histone lactylation-
mediated YTHDF3 upregulation directly suppresses pyroptosis.*> These contrasting outcomes highlight that microglial
lactylation operates through distinct mechanistic axes, depending on the metabolic microenvironment (Table 2).

Lactylation in CNS Diseases

Lactylation in CNS Tumors
The Warburg effect refers to the neoplastic shift toward aerobic glycolysis under normoxic conditions, which enforces
glycolytic dependency and creates a lactate-rich microenvironment. This elevated-lactate microenvironment supports
rapid biosynthesis in tumor cells, providing the necessary substrates for tumor growth and proliferation.*® In normal
tissues, lactylation primarily maintains metabolic homeostasis; however, histone lactylation significantly contributes to
oncogene expression and tumor progression. Lactylation also regulates processes within the TME, including immune
state transitions and tumor malignancy.® Furthermore, lactylation coordinates glycolytic flux and macrophage polariza-
tion, modulating gene expression via epigenetic mechanisms to promote tumorigenesis and immune evasion. Given its
critical role, recent studies have proposed targeting lactylation-dependent glycolysis as a potential antitumor strategy.®!
GBM, the most prevalent primary CNS malignancy, is typically managed with postoperative chemoradiotherapy.
However, the therapeutic efficacy is significantly limited in aldehyde dehydrogenase 1 family member A3 (ALDH1A3)-
high variants, which are resistant to standard protocols. The interaction between ALDH1A3 and PKM2 promotes PKM2
tetramerization, thereby increasing lactate production and protein lactylation in GBM stem cells. Proteomic analysis has
shown that x-ray repair cross-complementing protein 1 (XRCC1) K247 lactylation enhances its binding affinity for
importin-o (also known as Karyopherin-a), facilitating nuclear translocation and promoting DNA damage repair in tumor
cells. Furthermore, disruption of the ALDHI1A3-PKM2 complex sensitizes high-ALDH1A3 GBM cells to
chemoradiotherapy.®? Additionally, studies have demonstrated that histone lactylation enhances the immunosuppressive
function of monocyte-derived macrophages (MDMSs). Notably, protein kinase RNA-like endoplasmic reticulum kinase
(PERK) deficiency in MDMs inhibits histone lactylation, leading to increased intratumoral T-cell infiltration and
significantly inhibiting tumor progression.®® Currently, chimeric antigen receptor T (CAR-T) cell therapy is being

International Journal of Nanomedicine 2026:21 https: 9



Cheng et al

explored as a novel treatment for GBM.** Recent findings indicate that intracellular lactate-induced H3K18la directly
increases the activity of CD39 (Figure 4), CD73, and CCR8 gene promoters. The inhibition of lactate production
alleviates immunosuppression in the TME and reduces the number of tumor-infiltrating CAR-Treg cells, thereby
supporting the improved application of CAR-T cell therapy.®

Lactylation in Acute Brain Injury (ABI)
ABI encompasses a heterogeneous group of complex disorders characterized by acute cerebral tissue damage or
dysfunction. This classification includes traumatic brain injury (TBI), cerebrovascular accidents (CVA), hypoxic-
ischemic injuries (HII), and inflammatory sequelae. At the onset of ABI, lactate becomes the brain’s primary energy
source. Lactate-induced lactylation then plays a crucial role in both the progression and recovery from the injury.
During I/R, eclevated lactate levels exacerbate BBB disruption and neuronal loss. Ischemic-hypoxic stress induces
upregulation of LDHA, thereby enhancing glycolytic flux and promoting the release of pro-inflammatory cytokines, including
TNF-0, IL-6, and IL-1. This process amplifies damage to inflammatory cells.®” In addition to promoting cytokine production,
accumulated lactate serves as a key substrate for protein lactylation. A comprehensive study of protein lactylation in cerebral
endothelial cells (ECs) from rats subjected to I/R identified 54 upregulated and 54 downregulated lactylation sites. These
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findings suggest that lactylation resulting from elevated lactate levels during the I/R phase is associated with key cellular
processes, including energy metabolism, neuronal injury, and repair.*® Lactylation is a process that involves multiple over-
lapping signaling pathways. First, LDHA-mediated lactylation of the HMGB1 promoter region activates the NLRP3
inflammasome and induces pyroptosis. The knockdown of LDHA significantly reduces infarct volume.” Second, oxygen
and glucose deprivation induce lactylation at the K450 site of NCOAA4, increasing protein stability and triggering ferritino-
phagy and glycolytic flux in hippocampal neurons, which contributes to brain injury.®

Lactylation exhibits a dual role in hemorrhagic stroke. In experimental intracerebral hemorrhage, methyltransferase-
like 3 (METTL3)-mediated lactylation is significantly increased, thereby enhancing protein stability and expression. This
process promotes N6-methyladenosine (m6A) modification of the transferrin receptor (TfR) messenger RNA (mRNA),
leading to ferroptosis and perihematomal neuronal injury.*’ In contrast, histone lactylation provides neuroprotection in
SAH by suppressing pro-inflammatory Al astrocyte polarization, thereby mitigating neuroinflammation and secondary
neuronal loss. This neuroprotective mechanism depends on BRD4 activity in astrocytes. Silencing BRD4 reduces
lactylation of H4K8la, which in turn increases the polarization of astrocytes towards the Al phenotype and exacerbates
neuronal death.>®

In TBI, trauma-induced ischemia and hypoxia lead to a surge in lactate levels. Lactate serves a dual function: it contributes
to energy metabolism and acts as a key immunoregulatory molecule in pathological repair processes through histone
lactylation. Lactylation regulates the metabolic transformation of macrophages and microglia. Microglia exhibit functional
duality, with the M1 phenotype responsible for pathogen clearance and the M2 phenotype providing neuroprotection. During
early brain hypoxia, glycolytic lactate catalyzes M1 polarization and subsequent pro-inflammatory signaling. However,
lactylation can also promote the anti-inflammatory M2 phenotype in macrophages via a positive feedback mechanism,
stimulating glycolysis and microglial activation. This process aids in resolving inflammation and clearing damaged cells,
thereby restoring microenvironmental homeostasis in the brain following injury.”®

In addition, lactate activates its receptor, GPR81, which contributes to neuroprotective effects. Following TBI,
GPR81 expression in brain tissue is significantly upregulated, initiating the cAMP-PKA signaling cascade and promoting
the transcription and translation of brain-derived neurotrophic factor (BDNF). This process suggests that increased lactate
concentration in the brain following TBI is associated with changes in histone lactylation levels and the regulation of
gene expression, such as BDNF (Figure 4), thereby exerting neuroprotective and regenerative effects.”

Lactylation in Neurodegenerative Diseases
AD, characterized by progressive cognitive decline,”’ is an age-related neurodegenerative disorder primarily driven by
amyloid-beta (AP) accumulation, tau hyperphosphorylation, and synaptic loss. AP plaques and neurofibrillary tangles are
the definitive diagnostic hallmarks of AD.”* Recent research has established a link between lactylation and AB plaque
accumulation. Elevated lactylation levels have been observed in tissues from both the 5 familial Alzheimer’s disease
mutations (5XxFAD) mice model and AD patients, with H4K 12 lactylation being particularly prominent. Increased lactylation
was correlated with AP plaque formation. H4K12 lactylation upregulates glycolytic gene transcription, promoting PKM2-
mediated conversion of pyruvate to lactate. This metabolic shift creates a self-reinforcing feedback loop via H4K12
lactylation, driving microglial hyperactivation and chronic neuroinflammation, which ultimately exacerbates AD
pathology.” Beyond its association with AB plaque formation, lactylation is also implicated in tau protein pathology.
Specifically, tau lactylation at K677 promotes ferritinophagy-mediated ferroptosis by enhancing Tau-NCOA4 binding,
thereby accelerating cognitive decline.’® In studies examining AD-associated genes, researchers used Gene Expression
Omnibus (GEO) datasets GSE85426 and GSE97760 to identify potential target genes by intersecting results from weighted
gene co-expression network analysis and the differentially expressed genes (DEGs) from AD controls. This analysis identified
ARIDS5B, SESNI, and XPA as histone lactylation-associated targets. SESN1 and XPA modulate AD progression through
cellular senescence, and XPA further mitigates proteopathy by facilitating lysosomal clearance of A and tau.”
Parkinson’s disease (PD), a common neurodegenerative disorder in older adults, results from the progressive loss of
dopaminergic neurons in the substantia nigra (SN) and striatum. Notably, recent evidence has linked late-onset PD with
increased cerebrospinal fluid (CSF) lactate levels.”* Elevated lactate promotes H3K9 lactylation (H3K9la) enrichment at
the SLC7A11 promoter, thereby enhancing its transcriptional activity. This process leads to increased microglial
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activation and heightened neuroinflammatory damage (Figure 4). Inhibition of this pathway has been shown to reduce
dopaminergic neuron apoptosis and attenuate the inflammatory microglial state.”>

Lactylation in Other CNS Disorders

Schizophrenia (SCZ) is a highly polygenic neuropsychiatric disorder characterized by pervasive cognitive impairments,
particularly in learning, attention, and executive control, with significant disruptions in working memory. Clinical
manifestations include negative symptoms, such as affective flattening, social disengagement, and avolition, as well as
positive symptoms, including hallucinations and delusions. Notably, cognitive dysfunction affects more than 80% of
individuals with SCZ.”® Pathologically, SCZ is associated with cellular hypermetabolism and elevated senescence-
associated secretory phenotypes. The aryl hydrocarbon receptor, a regulator of cellular senescence, has been shown to
inhibit premature senescence of neurons and glial cells, preventing excessive lactylation, particularly in neurons.
However, studies have indicated that senescent microglia exhibiting H3K 18 lactylation at histone sites can lead to the
clearance of normal synapses and neurons.’’

HMGBI, a highly conserved non-histone chromosomal protein, is involved in gene transcription and nucleosome
stability. Elevated HMGBI levels serve as a significant marker of SCZ.%® Hippocampal dysfunction is a major contributor
to SCZ, with increased HMGBI levels being associated with abnormal hippocampal neuron function.’” Research has
shown that in MK801-induced SCZ, HMGBI1 expression is upregulated in hippocampal neurons. Moreover, elevated
HMGBI can induce apoptosis in hippocampal neurons.'® Lactate accumulation and increased levels of histone H3K9la
and H3K 18la further promote HMGBI in hippocampal neurons. The administration of the glycolytic inhibitor 2-deoxy-D-
glucose reduces cerebral lactate and H3K9/18 lactylation, thereby ameliorating behavioral deficits in mice.'®"!

Similar to the metabolic disorders observed in SCZ, dysregulation of lactate metabolism is also significantly
implicated in the pathogenesis of post-traumatic stress disorder (PTSD). Metabolomic studies have identified lactate as
a key substrate in the development of PTSD. In stressful microenvironments, hyper-lactylation of HIF-1a and neuro-
protective proteins (notably membrane-associated transient spine proteins) triggers premature senescence, driving the
severe depressive and anxious symptomatology characteristic of PTSD. Lactylation modification is recognized as
a critical mechanism underlying the pathogenesis of PTSD.'**!% Additionally, abnormalities in glycolytic metabolic
pathways and the negative interaction between histone lactylation and dysregulated HIF-1a exacerbate glucose metabolic
disorders and neuroinflammation in microglia, thereby worsening PTSD symptoms.'"

In the context of depression, functional impairments, such as a marked reduction in both the quantity and density of
astrocytes within the prefrontal cortex, are recognized as major pathogenetic mechanisms of the disease.'® Lactate
demonstrates unique neuroprotective and antidepressant potential in mood regulation. Studies have shown that certain
antidepressants induce lactate release from cortical astrocytes, whereas lactate supplementation reverses depressive-like
behaviors, including behavioral despair.”®'%>'% The antidepressant effect of exogenously administered lactate is highly
dependent on adult neurogenesis in models of corticosterone-induced depression.'®” Biochemically, the conversion of
lactate into pyruvate, accompanied by NADH generation, provides critical neuroprotection by inhibiting the formation of
reactive oxygen species.'”” Compared to pyruvate alone, lactate exhibits irreplaceable antidepressant effects, highlighting
the essential role of NADH produced in LDH-catalyzed biochemical reactions in mediating these effects.'®”"'%®

Furthermore, external stimuli, such as chronic stress, significantly influence neural activity and the generation of
antidepressant effects. For example, chronic stress increases neural activity in the brain,'”® and leads to elevated levels of
protein Kla through metabolic reprogramming.''® In the prefrontal cortex of mice exposed to chronic stress, histone H1
lactylation is substantially increased, and Kla levels in this region are strongly correlated with anxiety-like behavior. These
findings further support the critical role of lactylation in promoting neuronal hyperexcitability and emotional behavioral
dysregulation.**

In ABI resulting from ischemia or hypoxia, the effects of the lactylation mechanism are dual and highly dependent on the
specific cell types involved. During the acute stage of neonatal hypoxic-ischemic encephalopathy (HIE), microglial cells
become hyperactivated and release large quantities of pro-inflammatory cytokines, exacerbating brain injury. However,
histone lactylation has been shown to exert a protective effect against HIE by precisely regulating microglial polarization.
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This regulation shifts microglial cells from a pro-inflammatory, destructive phenotype to an anti-inflammatory phenotype that
promotes tissue repair, thereby restoring the microenvironment of the damaged brain.'"!

In the microenvironment of high-altitude cerebral edema (HACE), lactylation modification predominantly contributes
to harmful pathological processes. High-resolution lactylome analysis has facilitated the identification of lactylated
proteins in HACE mouse models. Under severe hypoxia in HACE, proteins modified by Kla are overexpressed and play
critical roles in key functional pathways, including the nucleosome remodeling and deacetylase (NuRD) complex,
ribosome biogenesis complex, and DNA replication complex. Extensive abnormal lactylation does not confer protective
effects; rather, it significantly exacerbates hypoxia-induced neuroinflammatory storms, accelerating the pathological
progression of HACE. This study provides valuable molecular insights into the hypoxic pathological mechanisms
underlying HACE."'"?

In addition to the previously discussed diseases, the disruption of the lactate network plays a significant role in the
pathogenesis of chronic neurodegenerative diseases, such as multiple sclerosis (MS) and Huntington’s disease (HD). MS
is an incurable disorder characterized by inflammation of the CNS.''® Elevated CSF lactate concentrations have been
observed in individuals with MS compared to healthy controls.''* These findings suggest that lactate levels in CSF or
serum could serve as sensitive biomarkers for accurately assessing disease progression.''

In HD, an autosomal dominant disorder characterized by chorea, dystonia, incoordination, and dementia,116 mutant
cells undergo significant metabolic reprogramming, particularly regarding energy substrate preference. Research indi-
cates that inhibition of glucose transport leads to a compensatory increase in lactate uptake, whereas overexpression of
glucose transporter-3 (GLUT3) disrupts lactate homeostasis in HD cellular models.''” These findings enhance our
understanding of lactate’s role in CNS disorders and underscore the considerable clinical translational value of lactate
and its homeostatic alterations as potential biomarkers and therapeutic targets for these complex conditions.

In summary, lactate has evolved beyond its traditional role as a secondary product of energy metabolism to become
part of a highly complex metabolic-epigenetic regulatory axis within the CNS. Through the recently identified post-
translational regulatory mechanism of lactylation, lactate plays a central role in a wide range of physiological and
pathological processes, including synaptic reorganization during learning and memory, tissue repair, cytokine storms
following acute injury, chronic neurodegeneration, and cancer immune evasion (Figure 4).

Therapeutic Strategies Targeting Lactylation
Therapeutic Strategies Targeting Lactate and Metabolic Pathways

The microenvironment of malignancies and neuroinflammatory conditions is characterized by elevated glycolytic metabolism
and lactate production.''® Cancer cells employ metabolic adaptations, such as protein lactylation, to facilitate immune evasion
and promote the resolution of inflammation. Current therapeutic strategies to counteract these metabolic alterations focus on
two main strategies: inhibition of lactate production and blockade of lactate transport.''® Inhibition of lactate production
targets LDH; however, suppressing only one LDH subunit is insufficient to reduce lactate secretion due to compensatory
mechanisms. Therefore, simultaneous knockdown of both LDHA and LDHB is required for effective inhibition. Diclofenac
has demonstrated potential as a glycolysis inhibitor, independent of its cyclooxygenase (COX) inhibitory effect, and may
enhance the efficacy of anti-PD-1 therapy.'?’ The second strategy targets MCTs to block lactate efflux. AZD3956 has shown
promise as a clinical candidate for reducing lactate levels in the TME, thereby facilitating immune cell infiltration.
Additionally, diclofenac has shown potential as a physical antagonist of MCT4, further inhibiting lactate efflux.'?'

In addition to their teratogenic effects, immunomodulatory drugs exhibit significant anti-angiogenic and anti-invasive
properties.'** At the molecular level, these agents target the CD147-MCT1 interaction, which is essential for anaerobic
glycolysis. Binding to cereblon destabilizes this complex and impairs lactate efflux, a process that is particularly detrimental in
hypoxic microenvironments characteristic of myeloid malignancies. Moreover, inhibition of CD147 mitigates T-cell suppres-
sion and enhances antitumor immune responses.' >

Hyperactive glycolysis drives malignant cell proliferation and contributes to therapeutic resistance in multiple
myeloma (MM) and non-small cell lung cancer (NSCLC). Hypoxic and acidic microenvironments act as biochemical

barriers that impede therapeutic penetration.'?* These conditions induce overexpression of P-glycoprotein (P-gp), which
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promotes the efflux of chemotherapeutic agents, such as doxorubicin (DOX) and paclitaxel (PTX). In addition to
maintaining BBB integrity and modulating neuroinflammation, P-gp is a key mediator of multidrug resistance. To
address this challenge, various therapeutic approaches targeting anti-glycolytic pathways and lactate metabolism have
been explored. Clinically approved drugs, such as esketamine, have demonstrated significant neuroprotective potential in
ABI by modulating glycolysis.'*> Furthermore, inhibition of lactate metabolism has emerged as a promising approach for
developing low-toxicity therapeutics for CNS disorders and cancers.

Targeted Drug Delivery Systems

Targeting the CNS glycolysis-lactylation pathway with unencapsulated small molecules or nucleic acids faces significant
translational barriers due to the BBB. The BBB, composed of MECs with tight junctions (TJs), a basement membrane,
pericytes, and astrocyte end feet, serves as a selective filter that restricts the passage of hydrophilic and large lipophilic
agents (>400 Da), while maintaining neural homeostasis through efflux transporters such as P-gp.'*® Furthermore, non-
selective metabolic suppression poses risks to peripheral homeostasis and increases the likelihood of lactic acidosis. To
overcome these challenges, engineered nano-drug delivery systems that facilitate efficient BBB penetration and pathol-
ogy-responsive release are crucial for the clinical applicability of lactylation-targeted therapies.'?’

Overview of Nanocarriers

Nanodelivery platforms ranging from 30-200 are employed to encapsulate therapeutics for complex CNS diseases through
physical entrapment, covalent conjugation, or electrostatic adsorption. The precise engineering of the physiochemical
properties of these nano systems, combined with ligand conjugation, enhances their ability to cross the BBB via receptor-
mediated transport (RMT), adsorptive-mediated transport, and carrier-mediated transport pathways.'*” These nanodelivery
systems are classified by origin and structure into liposomes, synthetic nanoparticles, or exosomes.

Liposomes, prominent biomimetic nano-platforms, use phospholipid-cholesterol scaffolds to co-encapsulate both
hydrophilic and lipophilic therapeutic agents.'*® Polyethylene glycol (PEG) modification reduces immune clearance and
prolongs systemic circulation, while surface ligands attachment facilitates BBB traversal via RMT. However, liposomes
exhibit limited diffusion within dense neural parenchyma and may induce accelerated blood clearance or complement
activation upon repeated administration.'*> Synthetic nanoparticles, including polymeric materials such as poly(lactide-
co-glycolide) PLGA and polyethylenimine (PEI), as well as inorganic materials like silica and gold, offer significant
physicochemical tunability."*® This tunability arises from the ability to precisely control structural parameters, such as
molecular weight, cross-linking, and porosity, thereby optimizing cargo capacity. Furthermore, cationic surface engineer-
ing enhances adsorptive-mediated transcytosis through electrostatic interactions with the anionic BBB. Despite these
advantages, the clinical translation of synthetic nanoparticles is hindered by rapid clearance via the reticuloendothelial
system and concerns about their metabolism and potential chronic neurotoxicity from foreign substances.'>!

Exosomes are native extracellular vesicles (EVs), ranging in size from 30-150 nm, secreted via the fusion of
multivesicular bodies with the plasma membrane. They are considered the preferred nanocarriers for targeting the
CNS. Due to their intrinsic biocompatibility and permeability, exosomes offer significant advantages over artificial
nano systems for delivering complex metabolic and epigenetic regulators, while also supporting homeostatic intercellular
communication.'** The exosomal membrane is enriched with cholesterol, sphingomyelin, ceramide, and phosphatidyl-
serine, organized into lipid rafts that enhance structural stability and enzymatic protection. This unique composition
enables exosomes to efficiently fuse with substrates, including activated microglia, injured neurons, and brain MECs.
Consequently, exosomes can deliver lactylated therapeutic macromolecules, such as mRNA, microRNA (miRNA), and
proteins, directly into the cytoplasm of the targeted cells, bypassing the lysosomal compartment and preserving the
bioactivity of the delivered macromolecules.'** Exosomes also possess inherent properties that facilitate immune evasion
and penetration of the BBB. For example, tetraspanins such as CD9, CD63, and CD81 on the exosome surface facilitate
cell recognition and signal transduction.'** Notably, exosomes derived from Mesenchymal stem cells (MSCs) can
interact with CD47 and SIRPa on macrophages, enabling immune evasion through an innate mechanism of long-term
systemic circulation without the need for artificial PEGylation.'*> Exosomes cross the BBB via RMT, preserving TJs
integrity and minimizing neuroinflammation (Figure 5).
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Figure 5 Engineered exosomes for targeted drug delivery across the BBB.

Advanced bioengineering techniques harness the versatility of exosomes to develop precision platforms for regulating
CNS lactate metabolism. Both exogenous loading and endogenous assembly methods for exosomes have been estab-
lished. Exogenous methods utilize physicochemical stressors including electroporation, sonication, extrusion, and
thermal cycling to induce transient membrane poration, enabling the encapsulation of poorly soluble glycolysis inhibitors
such as shikonin and other large nucleic acids. In contrast, endogenous methods involve genetic engineering to program
exosomes. This is achieved by stable transfection of MSCs with plasmids encoding small interfering RNA (siRNA)
targeting LDH and PKM2, directing the cellular sorting machinery to load therapeutic cargo during exosomes
biogenesis.'*® Co-transfection with these plasmids enables the secretion of exosomes containing brain-penetrating
ligands, such as RVG, while preserving the integrity of nucleic acid-based cargo and ensuring high specificity for
distinct microglial populations. Due to their low immunogenicity and inherent ability to cross biological barriers,
engineered exosomes stand out as a leading platform for CNS-targeted metabolic and epigenetic therapies.'>” Recent
systematic reviews and longitudinal large animal studies have validated the safety, efficacy, and negligible neurotoxicity

of engineered exosomes, facilitating their translation toward CNS therapeutics.'**'*°

Therapeutic Applications of Nanodrug Delivery Systems Targeting Lactylation
Engineered exosomes and surface-modified liposomal platforms provide a multidimensional glycolysis-lactate-
epigenetics intervention framework for CNS disorders. Beyond overcoming anatomical delivery barriers, these systems
coordinate molecular and microenvironmental remodeling, enhancing the therapeutic efficacy of conventional free-drug
regimens.

The pathogenesis of complex CNS disorders involves integrated, multi-pathway networks rather than linear cascades.
In AD models, microglia exhibit a self-amplifying pathological circuit characterized by aberrant glycolysis, increased
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H4K12la histone lactylation, and upregulation of PKM2 or pro-inflammatory factors.'* Single-target interventions often
trigger compensatory mechanisms; in contrast, spatial compartmentalization offered by nanocarriers enables the simul-
taneous delivery of multifunctional metabolic modulators. Engineered amphiphilic architectures enable nanocarriers to
concurrently sequester hydrophobic glycolytic or lactate transport inhibitors while housing macromolecular payloads,

such as p300-silencing siRNA.'*!

Upon crossing the BBB and internalization by target cells, including microglia within
plaques, these nanocarriers achieve potent intracellular synergy: metabolic inhibitors disrupt lactate pools by blocking
efflux and conversion, while epigenetic regulators suppress nuclear histone lactylation.'** This spatiotemporally coordi-
nated dual-inhibition strategy simultaneously addresses the glycolysis-lactylation-inflammation axis, improves pharma-
cological efficacy at lower dosages, and promotes robust disease reversal.

Localized acidosis (pH 6.0-6.8), driven by increased anaerobic glycolysis and lactate accumulation, is a hallmark of
pathological microenvironments, such as the ischemic penumbra, neuroinflammatory amyloid deposits, and proliferative
regions of GBM.'*® This acidic milieu serves as an endogenous trigger for stimuli-responsive drug delivery. Recent advances
in materials engineering have enabled the integration of acid-labile groups such as hydrazones, acetals, and orthoesters into
polymer backbones, as well as the conjugation of lipid-based carriers with cationic polymers to exploit the proton sponge
effect.'** These nanovehicles remain structurally stable at physiological pH (7.4), minimizing premature leakage of ther-
apeutic agents. Upon ligand-mediated translocation across the BBB, the acidic lactate-rich environment triggers rapid
physicochemical transformations in the nanovehicles, releasing metabolites and epigenetic modulators. Simultaneously, the
proton sponge effect facilitates efficient endosomal escape of macromolecular therapeutics. This metabolite-responsive
release strategy enhances bioavailability and enables precise, spatially targeted intervention,'*’

Systemic interventions are limited by the essential role of glycolysis in both pathological hyperproliferative states and
normal physiological processes, such as neuronal function and muscular contraction. Widespread inhibition of glycolytic
enzymes or MCTs frequently induces severe adverse effects such as lactic acidosis or metabolic collapse, contributing to
low success rates in early clinical trials. Targeted nano-delivery systems, such as surface-engineered exosomes, utilize
receptor-ligand specificity to deliver metabolic or epigenetic modulators to define specific cell populations within the
CNS. In neuroinflammatory disorders, these platforms selectively target pro-inflammatory (M1) microglia in lesioned
regions. The released therapeutic agents suppresses glycolytic metabolism and epigenetic histone lactylation (eg,
H4K12la), leading to transcriptional silencing of pro-inflammatory cytokines (IL-1p, IL-6, TNF-a).'*® This coordinated
metabolic and epigenetic modulation shifts M1 microglia from glycolytic toward mitochondrial OXPHOS, reprogram-
ming them toward an anti-inflammatory M2 phenotype. By confining intervention to localized immune dysregulation,
such approaches minimize systemic toxicity and establish a novel paradigm for managing complex CNS metabolic and
immune dysfunction.

Perspectives

This article summarizes the production and utilization of lactate, as well as its roles and underlying mechanisms in the
CNS. The effects of lactate on brain function are multifaceted and complex. Kla represents a transformative paradigm for
understanding CNS pathophysiology. Although initial studies have begun to delineate its regulatory landscape and
interactions with PTM, systematic exploration of this modification remains in its early stages. Further basic and clinical
research is required to establish a robust theoretical framework for the treatment of CNS disorders. Future directions for
the clinical translation of lactylation mechanisms include the development of lactylation-based inflammatory biomarkers
and the application of targeted exosome-based therapies to facilitate delivery across the BBB.

Lactylation may represent a more sensitive diagnostic marker than conventional inflammatory indicators, such as
CRP or IL-6. Traditional markers are limited by their inability to capture complex metabolic changes in the brain. In
contrast, lactylation, as a direct product of immune cell metabolism, provides immediate insight into immune cell
activation. In clinical settings, neuroinflammation can increase BBB permeability, allowing lactylated protein fragments,
such as H4K12la, to enter the CSF or bloodstream. This enables minimally invasive liquid biopsy for quantitative
assessment of CNS inflammation. Importantly, changes in lactylation levels have been observed to precede structural
pathology in diseases such as AD and stroke, potentially allowing earlier diagnosis and timely therapeutic intervention.
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Therapeutically, the BBB limits the entry of conventional drugs into the CNS. Exosome-based delivery systems offer
a promising approach for lactylation-targeted therapy. As naturally derived nanovesicles with lower immunogenicity,
exosomes inherently traverse the BBB, making them an ideal platform for CNS interventions. Through bioengineering,
exosomes can be loaded with lactylation pathway modulators, such as p300 inhibitors or glycolysis inhibitors, and
surface-functionalized to selectively target pro-inflammatory microglia. This strategy enables precise peri-lesional
microglia targeting, disrupting the “glycolysis-lactylation-inflammation” axis, and preserves baseline neuronal metabo-
lism. Consequently, exosome-based therapeutics provide a versatile and effective solution for managing complex CNS

disorders while enabling precise regulation of brain micro-environmental metabolism.
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