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Lactylation links glycolytic reprogram-
ming to pulmonary fibrosis, redefining
lactate as both a metabolic and signaling
molecule. Lactate accumulation drives
epigenetic and transcriptional changes
that promote epithelial-mesenchymal
transition, macrophage polarization,
fibroblast activation, and extracellular
matrix deposition. Crosstalk with oth-
er regulatory mechanisms amplifies
profibrotic signaling. Targeting the lac-
tate-lactylation axis offers therapeutic
potential, though precise, cell-specific,
and stage-dependent modulation re-
mains challenging.

e Lactate is redefined from a metabolic byproduct to a signaling and epige-
netic regulator, with lactylation bridging metabolic reprogramming and
fibrotic gene expression in pulmonary fibrosis.

e Lactylation drives key pathogenic processes, including epithelial-mesen-
chymal transition, macrophage polarization, fibroblast activation, and exces-
sive extracellular matrix deposition.

e Crosstalk between lactylation and other modifications amplifies and stabi-
lizes profibrotic signaling networks.

¢ The lactate—lactylation axis forms a dynamic intercellular network and rep-
resents a promising but complex therapeutic target.
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Abstract

Pulmonary fibrosis (PF) is a progressive and irreversible interstitial lung disease that is characterized by
destruction of alveolar architecture, excessive proliferation of fibroblasts, and aberrant deposition of extra-
cellular matrix (ECM) but the precise pathogenesis has yet to be fully elucidated. Although traditionally
regarded as the terminal metabolite of glycolysis, lactate has been reappreciated, especially following the
rise of metabolic reprogramming concepts after the Warburg effect, as an important signaling molecule
capable of actively regulating diverse cellular functions. Among these cellular functions, the lactate-induced
post-translational modification (PTM), known as lactylation, offers a new perspective for understanding the
broad biological actions of lactate beyond metabolism. Notably, the pathologic microenvironment of PF is
characterized by widespread metabolic reprogramming and lactate accumulation, suggesting that lactate
and lactate-mediated lactylation may serve key roles in disease progression by regulating pro-fibrotic gene
expression and influencing fibroblast activation and differentiation. Therefore, this review focuses on how
lactylation functions as a bridge linking metabolic reprogramming to fibrotic phenotypes in PF and the trans-
lational potential as a novel therapeutic target is discussed.

Keywords

Eraser, lactate shuttle, lactic acid, lactylation, metabolic reprogramming, pulmonary fibrosis, reader, writer.

Introduction

Pulmonary fibrosis (PF) is a chronic, pro-
gressive lung disease that is characterized
by fibroblast proliferation and widespread
deposition of the extracellular matrix
(ECM) and collagen, accompanied by
inflammatory injury, and ultimately lead-
ing to death from respiratory failure [1, 2].
The pathogenesis underlying PF is highly
complex and widely believed to be driven
not by a single factor but by a multicellu-
lar network process. Repetitive injury to
alveolar epithelial cells is the key inciting
event, triggering persistent activation and
interactions among multiple cell types,
including immune and mesenchymal cells,
which together promote malignant pro-
gression of fibrosis [3-5].

Within this dynamic cellular network,
diverse cells orchestrate disease progres-
sion through complex signaling dialogues
[3]. Damaged type II alveolar epithelial
cells (AEC2s) not only secrete pro-fibrotic
factors, such as transforming growth fac-
tor-beta (TGF-B) and platelet-derived
growth factor (PDGF), but also participate
in the formation of fibrotic phenotypes

through epithelial-mesenchymal transi-
tion (EMT)-related processes [4, 6]. These
signals recruit and aberrantly activate pul-
monary fibroblasts, driving differentia-
tion into highly secretory myofibroblasts
that become the major source of exces-
sive ECM production [7]. Infiltration and
polarization of immune cells (e.g., mac-
rophages, neutrophils, and lymphocytes)
act as “amplifiers” within this network [8].
Among the amplifiers, M2 macrophages
are regarded as key pro-fibrotic immune
cells that further enhance fibroblast activa-
tion and proliferation by secreting pro-fi-
brotic cytokines and growth factors [9].

In recent years metabolic reprogram-
ming has been confirmed as a central
driver of this pathogenic cellular network
[10]. The fibrotic microenvironment in
PF features hypoxia and abnormal energy
metabolism. Notably, multiple core cell
types, including activated fibroblasts, M2
macrophages, and dysfunctional epithelial
cells, exhibit markedly enhanced glycoly-
sis. An inevitable consequence of glycoly-
sis is the production and abundant release
of lactate, resulting in significantly ele-
vated local lactate levels in PF lesions [11].
Once considered a metabolic waste, lactate
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has now been shown to have a crucial signaling role in fibro-
sis [12]. A high lactate level not only directly stimulates
collagen synthesis in fibroblasts and promotes macrophage
polarization toward the M2 phenotype but also suppresses
immune cell function, thereby forming a pro-fibrotic posi-
tive-feedback loop [13, 14].

Lactate has emerged as a molecule of growing interest
in disease biology as a metabolic intermediate and a direct
regulator of gene expression through epigenetic mechanisms
[15, 16]. The identification of histone lactylation in 2019 as
a novel lysine post-translational modification marked a con-
ceptual shift in our understanding of lactate from a meta-
bolic byproduct to an active epigenetic regulator. Lactylation
refers to the covalent addition of lactyl groups derived from
lactate to lysine residues on histone and non-histone proteins,
thereby modulating chromatin architecture, transcriptional
activity, and protein function [17-19]. Among these modi-
fications, H3K18la has been most extensively characterized
and is closely associated with transcriptional activation of
specific gene programs [17]. These findings suggested that
lactate accumulation is not merely a metabolic signature of
pathologic states but can be inscribed into stable epigenetic
marks, effectively converting transient metabolic perturba-
tions into sustained transcriptional reprogramming.

Lactylation represents a mechanistic interface between
cellular metabolism and epigenetic regulation. Lactylation
is inherently dependent on intracellular lactate availability
and acyl-donor pools, linking lactylation tightly to glyc-
olytic flux, redox homeostasis, and microenvironmental
metabolic stress. Conversely, the dynamic regulation of
lactylation likely involves dedicated enzymatic systems,
including acetyltransferase-like ‘“‘writers” and deacylase
“erasers” [20-22]. Although the full repertoire of lactylation
regulators, including specific writers, erasers, and readers,
remains incompletely defined, accumulating evidence indi-
cates that lactylation is a regulated and functionally selective
process rather than a passive chemical consequence [18, 23].
Notably, in contrast to classical epigenetic modifications,
such as acetylation and methylation, lactylation directly
encodes metabolic information, thereby providing a concep-
tual framework through which metabolic dysregulation can
be translated into stable transcriptional programs.

This framework is particularly pertinent in PF, a disease
that is characterized by persistent metabolic reprogramming
and a chronically lactate-enriched microenvironment. The
sustained elevation of lactate in fibrotic lesions provides a
biochemical substrate for lactylation, while key cellular
players, including injured epithelial cells, activated fibro-
blasts, and polarized macrophages, exhibit heightened glyc-
olytic activity and marked phenotypic plasticity. Within this
context, lactate is likely to function as a signaling metabolite
and an epigenetic substrate that drives histone and non-his-
tone lactylation, thereby fine-tuning core fibrotic processes,
such as TGF-B signaling, extracellular matrix production,
inflammatory amplification, and cell fate transitions [24].
Thus, lactylation may serve as a critical molecular node link-
ing metabolic rewiring to transcriptional reprogramming and
ultimately to the stabilization of pro-fibrotic phenotypes.

Despite the emerging importance of lactylation, the role of
lactylation in PF is incompletely understood. Current studies

are largely fragmented and tend to focus on lactate accumu-
lation or metabolic alterations in isolation with limited inte-
gration of lactylation-dependent mechanisms. Specifically,
how metabolic imbalance is translated into coordinated
intercellular communication through lactylation and how
this process amplifies fibrotic progression is poorly defined.
Key questions regarding the molecular circuitry of lactyla-
tion, the cell-type-specific functions, and the translational
potential in PF have not been resolved. This review aims to
address these gaps by providing a systematic and integrative
perspective on lactylation in PE. We propose that lactylation
functions as a central axis linking metabolic reprogramming
to fibrotic gene expression and further highlight the cell-
type-specific roles of lactylation and potential as a therapeu-
tic target, thereby offering a refined conceptual framework
for understanding the pathogenesis underlying fibrosis.

Lactate

Sources of lactate

Lactate is a key three-carbon metabolic intermediate with
broad origins that span biological activities from microbial
fermentation to cellular metabolism in higher organisms
[25]. The classic source of lactate is cellular glycolysis.
Under hypoxic conditions or when energy demand surges,
such as in exercising skeletal muscle or rapidly proliferating
tumor cells, glucose is converted to pyruvate through glyc-
olysis, then reduced to lactate by lactate dehydrogenase A
(LDHA), concomitantly regenerating nicotinamide adenine
dinucleotide (NAD") to sustain a high glycolytic flux [26,
27]. Figure 1 provides a detailed explanation of the sources
of lactic acid.

This metabolic mode, high dependence on glycolysis and
abundant lactate production even under aerobic conditions,
is termed aerobic glycolysis or the Warburg effect in tumor
cells, a hallmark of cancer metabolic reprogramming that
supplies energy and multiple biosynthetic precursors for
rapid growth [28-31]. Studies have shown that activation
of the PI3K/Akt/mTOR pathway markedly enhances glyc-
olytic throughput and leads to excessive lactate generation
in malignancies, such as leukemia [32, 33]. Upregulation of
pyruvate dehydrogenase kinase 4 (PDK4) in senescent cells
inhibits mitochondrial entry of pyruvate, similarly boosting
aerobic glycolysis and lactate production, a highly cata-
bolic state closely associated with the senescence-associated
secretory phenotype and age-related pathology [34].

Contrary to the traditional view that lactate arises mainly
from inadequate oxygen supply during skeletal muscle
contraction, extensive research has demonstrated that the
L-enantiomer of lactate is continuously generated and uti-
lized in many cell types even under fully aerobic conditions
[35]. As the terminal product of glycolysis and a downstream
substrate for mitochondrial aerobic metabolism, lactate can
be considered an important hub connecting glycolysis and
oxidative pathways [35]. Aerobic respiration is jointly exe-
cuted by cytosolic and mitochondrial compartments under

F. Wang et al.: DOI: 10.15212/bi0i-2026-0009

3

d

M3IAD




BIOI 2026

Academic Mechanism Diagram
Lactate Metabolism: From Glycolysis to Systemic Homeostasis and Signaling
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Multiple sources of lactic acid. Lactic acid primarily originates from cellular glycolysis. Under hypoxic conditions or when energy

demand surges (e.g., in skeletal muscle during exercise or proliferating tumor cells), glucose undergoes glycolysis to produce pyruvate, which
is subsequently reduced to lactic acid by lactate dehydrogenase A, while simultaneously regenerating NAD* to maintain high glycolytic flux.
Tumor cells exhibit high dependence on glycolysis and substantial lactic acid production even under aerobic conditions, a phenomenon
termed aerobic glycolysis or Warburg effect, which serves as a hallmark of cancer metabolic reprogramming and is regulated by pathways
such as PI3K/Akt/mTOR. Upregulation of pyruvate dehydrogenase kinase 4 inhibits pyruvate entry into mitochondria in senescent cells, simi-
larly promoting aerobic glycolysis and lactic acid production. Studies have confirmed that the sustained generation and utilization of lactic acid
in various aerobic cells act as a critical nexus linking glycolysis and oxidative metabolism. Lactic acid participates in inter-organ metabolic coor-
dination through the Cori cycle at the systemic level. Lactic acid produced by skeletal muscle is taken up by the liver via the bloodstream and
converted into glucose through gluconeogenesis to maintain blood glucose homeostasis and energy balance, a process validated by tech-
niques, such as isotope tracing. Thus, lactic acid is not only a metabolic product but also an important energy carrier and signaling molecule.

physiologic conditions. Although initially labeled a meta-
bolic waste and fatigue factor, lactate serves as a key sig-
naling molecule within the complex metabolic feedback
network. When ATP supply fluctuates transiently, lactate
production rapidly initiates immediate, short-term, and
long-term adaptive responses that help maintain ATP home-
ostasis [36].

Lactate metabolism mainly relies on oxidative utilization.
Thus, earlier studies focused on the role of lactate as an oxi-
dative substrate. From the perspective of “beneficial metab-
olism,” the earliest discovery revealing the advantage of lac-
tate metabolism is the Cori cycle, a classic model in which
lactate serves as the principal precursor for gluconeogenesis
to maintain systemic energy homeostasis. Lactate shuttling
in the Cori cycle interconnects intra- and inter-organ net-
works (muscle to liver). Specifically, skeletal muscle releases
lactate into the circulation when glycolysis intensifies, then
the liver takes up lactate and converts lactate back to glucose,

which is then redistributed to peripheral tissues. It has been
confirmed using modern isotope tracing and arteriovenous
difference measurements that under various physiologic
states, including fasting at rest and physical activity, lactate
contributes substantially to gluconeogenesis and helps main-
tain relatively stable blood glucose levels [37].

Core lactate catabolic pathways

Lactate degradation mainly proceeds through two core
routes: (1) reconversion to pyruvate followed by entry into
the tricarboxylic acid (TCA) cycle for complete oxidative
energy production; and (2) conversion to lactyl-CoA as the
direct donor for protein lactylation, thereby transducing
metabolic signals into regulation of protein function and
gene expression [17, 26]. These two pathways constitute
the central routes of lactate catabolism, coupling energy

4
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subsequent oxidative phosphorylation, achieving a dynamic

metabolism with epigenetic and signaling regulation, as
match between metabolic flux and oxygen supply [38].

illustrated in Figure 2.

M3IAD

Lactate—pyruvate-TCA pathway Lactyl-CoA and protein lactylation

The second route reveals the role of lactate as a signaling
molecule. Lactate can be converted into the high-energy
intermediate, lactyl-CoA, which under the catalysis of spe-
cific “writer” enzymes, covalently transfers lactyl groups
onto lysine residues of proteins to form lactylation [17,
26]. Lactyl-CoA has multiple sources. Lactyl-CoA may
be synthesized in situ from intracellular lactate generated
by glycolysis or arise from extracellular lactate imported
via monocarboxylate transporters (MCTs), then converted
intracellularly [17, 26]. In addition, lactylation mecha-
nisms independent of lactyl-CoA have been described

In the first route, lactate is reversibly oxidized to pyruvate by
lactate dehydrogenase, the central step of the “lactate shut-
tle” between cytosol and mitochondria [35, 36]. The result-
ing pyruvate then enters mitochondria and is converted to
acetyl-CoA by the pyruvate dehydrogenase complex (PDC),
feeding into the TCA cycle and producing ATP efficiently
via oxidative phosphorylation [26, 36]. Notably, this process
is subject to fine regulation by lactylation. Recent studies
have shown that under hypoxic conditions, lactylation of
PDHALI1 (the Ela subunit of PDC) directly inhibits the enzy-
matic activity, thereby limiting acetyl-CoA generation and
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Figure 2 Dual core pathways of lactic acid catabolism: Energy production and protein lactylation signaling. This figure elucidates the two
core metabolic pathways of lactic acid catabolism. Pathway 1 (Energy Production): Lactic acid is reversibly oxidized to pyruvate by lactate
dehydrogenase (LDH), which then enters the mitochondria. Under the action of the pyruvate dehydrogenase complex, pyruvate is converted
to acetyl-CoA, which subsequently enters the tricarboxylic acid (TCA) cycle and efficiently produces ATP through oxidative phosphorylation.
Studies have shown that the lactylation of the PDC subunit E1a. (PDHA1) can inhibit the activity under hypoxic conditions, thereby precisely
regulating metabolic flux. Pathway 2 (Signaling/Lactylation): Lactic acid is converted into the high-energy intermediate, lactoyl-CoA, which is
covalently modified onto the lysine residues of target proteins by specific “writer” enzymes, resulting in protein lactylation. Lactoyl-CoA can
originate from intracellular lactic acid produced by glycolysis or be derived from extracellular lactic acid transported by monocarboxylate trans-
porters. Lactylation modifications also include non-enzymatic mechanisms independent of lactoyl-CoA and reversible processes mediated by
histone deacetylases of class |, thereby translating fluctuations in intracellular lactic acid levels into regulation of protein function and gene
expression (e.g., epigenetic regulation). These two pathways collectively form the core framework of lactic acid catabolism, tightly coupling

energy metabolism with cellular signaling.
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(e.g., non-enzymatic lysine lactylation via the intermediate
lactoyl-glutathione and reversible lactylation/delactylation
involving class I histone deacetylases [HDACs]) [26, 39].
These mechanisms collectively ensure that lactylation is
highly sensitive to fluctuations in intracellular lactate, encod-
ing metabolic states into epigenetic and protein-functional
changes [17, 26, 40].

Lactate shuttle

The “lactate shuttle” theory systematically describes the
dynamic transport and exchange of lactate between different
cells, tissues, and even organs [41]. The core concept is that
lactate serves as an important energy substrate and gluconeo-
genesis precursor and as a signaling molecule with extensive
biological influence [35, 42].

The lactate shuttle is comprised of two principal
types: intercellular shuttling; and intracellular shuttling.
Intercellular shuttling denotes directed movement of lac-
tate between cells or tissues, a process dependent on plas-
ma-membrane monocarboxylate transporters, especially
MCT1 and MCT4 [43]. Under physiologic conditions, such
as exercise, “producer” skeletal muscle generates large
amounts of lactate via glycolysis. Lactate is then trans-
ported through the circulation to “consumer” cells (heart,
brain, and kidneys) and utilized as an important oxidative
substrate, forming a body-wide organ-to-organ lactate shut-
tle network [44]. Microcircuits also exist within organs. For
example, astrocytes take up glucose in the brain and metab-
olize glucose to lactate, which is then transported via MCTs
to neurons to fuel neuronal activity, the well-known astro-
cyte—neuron lactate shuttle [45]. Analogous shuttles have
been observed under pathologic conditions. Metabolically
reprogrammed, glycolytic-activated fibroblasts export lac-
tate via MCT1 to cardiomyocytes, which promotes cardiac
hypertrophy, a fibroblast—cardiomyocyte lactate shuttle [46].
Shuttling is even more active in the tumor microenviron-
ment. Highly glycolytic cancer cells or cancer-associated
fibroblasts export lactate via MCT4, while neighboring oxi-
dative cancer cells import lactate through MCT1, convert
lactate to pyruvate, and channel lactate into the TCA cycle, a
metabolic symbiosis that fosters tumor growth and immune
evasion [43].

Intracellular lactate shuttling focuses on the movement
and metabolism of lactate between subcellular compart-
ments, particularly transfer from the cytosol to mitochondria
[44]. Contrary to the traditional view that pyruvate is the
main mitochondrial input derived from glycolysis, current
studies have clearly shown that cytosolic lactate can also
directly enter mitochondria [44], which is likely mediated by
MCTs on the mitochondrial membrane. Once in the matrix,
lactate is re-oxidized to pyruvate by mitochondrial LDH,
then enters the TCA for energy production. This intracel-
lular shuttle bears important physiologic significance. For
example, anti-inflammatory M2 polarization coincides with
increased mitochondrial localization of MCT1, facilitat-
ing lactate influx to support reparative functions. Blocking
MCT1 disrupts mitochondrial function and drives a shift
toward pro-inflammatory M1 polarization [47]. In CD8*

T cells, MCT1-mediated lactate efflux is critical for main-
taining intracellular pH and glycolytic flux, which is essen-
tial for robust expansion and memory formation. MCT1
deficiency causes intracellular acidification and metabolic
collapse, culminating in T-cell exhaustion [48].

These two shuttles are tightly interconnected. Intercellular
shuttling supplies sources and sinks for intracellular shut-
tling. For example, lactate taken up by cancer cells from the
microenvironment can be directly oxidized in mitochon-
dria or reshape gene expression through epigenetic modifi-
cations, such as histone lactylation, thereby driving tumor
progression. Conversely, the internal metabolic status of a
cell determines whether the cell is a net lactate producer
or consumer, thus defining the role within the intercellu-
lar shuttle network [44]. A deeper understanding of lactate
shuttling offers new therapeutic targets. Inhibiting MCT1
or MCT4 can disrupt tumor metabolic symbiosis, reverse
the immunosuppressive microenvironment, and potentially
enhance immunotherapy [49, 50]. Such strategies may also
mitigate synovial hyperplasia in rheumatoid arthritis [51]
or suppress hypertensive cardiac remodeling [46]. Notably,
MCTT1 also has protective roles in the CNS energy supply
[45], peripheral nerve regeneration [52], and anti-infective
immunity [48]. Systemic inhibition of MCT1 could there-
fore have complex consequences. Precise, context- and cell
type—specific modulation of lactate shuttling is thus a key
direction for translational medicine.

System-level metabolic roles of
lactate

The importance of lactate metabolism is reflected at least
in three aspects at the system level: (1) a major recyclable
energy source; (2) a key carbon precursor for gluconeogen-
esis; and (3) a signaling molecule with autocrine, paracrine,
and endocrine-like effects, which is sometimes termed a
“lactormone” [35, 53]. Figure 3 illustrates the system-level
metabolic roles of lactate, highlighting how lactate shut-
tling, gluconeogenesis, and signaling pathways interconnect
across various tissues and cellular contexts.

Energy metabolism

As an efficient circulating metabolite and energy carrier, lac-
tate is produced and released in large amounts by glycolyt-
ically active cells (e.g., tumor cells, activated immune cells,
or exercising skeletal muscle) and is subsequently taken
up by neighboring or distant cells with different metabolic
demands to serve as a substrate for oxidative phosphoryl-
ation [26, 35]. This “lactate shuttle,” which is mediated by
MCTs, delivers lactate from “energy-donor” cells to “ener-
gy-consumer” cells, enabling metabolic cooperation and
energy redistribution across cells and tissues [35, 36]. For
example, the astrocyte—neuron lactate shuttle (ANLS) in the
central nervous system is thought to couple synaptic activity
with energy supply. Astrocytes enhance glycolysis and pro-
duce lactate in response to neurotransmitters, such as gluta-
mate. Lactate is then transported via MCTs to neurons and
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System-Level Metabolic Roles of Lactate
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Figure 3 Systemic metabolic functions of lactic acid. Lactic acid has three core roles in the body. 1. Energy carrier: Lactic acid is transported
between lactate-producing cells (e.g., tumor cells and skeletal muscles) and energy-consuming cells through the “lactate shuttle” mediated
by monocarboxylate transporters (e.g., astrocyte-neuron lactate shuttle), where lactic acid is oxidized for energy production. 2. Glycogenesis
precursor: Lactic acid produced in peripheral tissues is taken up by the liver via the bloodstream and converted into glucose through the Cori
cycle, which is crucial for maintaining blood glucose homeostasis. 3. Signaling molecule: Lactic acid can serve as a “lactate hormone.” Lactic
acid regulates lipolysis and inflammation by activating the GPR81 receptor. Lactic acid drives the lactylation modification of histones and
non-histone proteins as a lactoyl donor, thereby directly coupling metabolic state with epigenetic regulation and gene expression.

oxidized to meet the high energy demands [35, 54]. Cancer-
derived lactate not only contributes to local acidification and
immune suppression in tumor microenvironments but is also
utilized by cancer-associated fibroblasts or endothelial cells
(“metabolic collaborators”) to drive reprogramming and
angiogenesis, thereby indirectly supporting tumor growth
and metastasis [25]. In high-demand tissues, such as the
brain and retina, cells exhibit pronounced aerobic glycoly-
sis and continuous lactate production even under oxygenated
conditions [35, 54]. Rather than a mere waste, this lactate is
shuttled and oxidized after conversion to pyruvate to fuel the
TCA cycle and ATP generation in oxidative cells (e.g., neu-
rons), which meets sustained and fluctuating energy needs
[26, 35]

Gluconeogenesis

Lactate is a principal precursor for gluconeogenesis, par-
ticularly in the liver. Large amounts of lactate produced by
peripheral tissues during exercise or stress, such as skeletal
muscle, enter the circulation. The lactate is then taken up by
hepatocytes and reconverted to glucose via gluconeogenesis,

which is then released into the bloodstream to fuel the brain
and other organs [36, 37] in the classic Cori cycle, an essen-
tial metabolic loop for maintaining glucose homeostasis.
Isotope-tracing studies have further indicated that the car-
bon contribution of lactate to hepatic gluconeogenesis from
fasting rest to moderate exercise can match or even exceed
that of other traditional substrates [37]. Lactate may also be
converted in immune cells, such as macrophages, into stor-
age forms, like glycogen, which provides an energy reserve
for effector functions in glucose-deprived inflammatory
microenvironments [26].

Signaling molecule

In addition to the role of lactate as an energy substrate, lac-
tate functions as a multimodal signaling molecule. Lactate
activates Gi-protein—coupled downstream pathways to reg-
ulate lipolysis, inflammatory responses, and cell survival in
various physiologic and pathologic situations by binding to
a specific G-protein-coupled receptor GPR81 (also known
as HCARI1) [53, 55]. In contrast, once entering the nucleus,
lactate can be converted to lactyl-CoA and serve as an acyl
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donor for histone and non-histone protein lactylation. This
process establishes a metabolism-dependent epigenetic reg-
ulatory mode that directly couples cellular energetic state to
chromatin architecture and transcriptional programs [17, 26].

Lactate in PF

Fibroblasts

Extensive studies and pathologic observations indicate that
the abundance of pulmonary fibroblasts and the formation
of “fibroblastic foci” correlate closely with disease progres-
sion and poor outcomes, making fibroblasts the principal
effector cell population in PF [2, 56-58]. These fibroblasts
may originate from multiple lineages, including resident
interstitial fibroblasts, pericytes, epithelial-to-mesenchy-
mal transition, and circulating fibrocyte-like cells, exhib-
iting marked heterogeneity in origin and function [56, 57,
59]. Under stimuli, such as TGF-f, PDGF, and mechanical
tension, fibroblasts differentiate into alpha-smooth muscle

actin (a-SMA)—positive myofibroblasts that produce large
amounts of collagen and fibronectin, leading to irreversible
remodeling of the lung interstitium [56, 57, 60].

Recent studies have demonstrated that fibroblasts in
fibrotic diseases are not merely passive structural effector
cells. In fact, fibroblasts undergo a tumor-like metabolic
reprogramming that is characterized by a shift from mito-
chondrial oxidative phosphorylation to aerobic glycolysis
and is accompanied by increased lactate production [10, 60,
61]. Xie et al. reported that TGF-B-induced myofibroblast
differentiation is critically dependent on enhanced glycolytic
flux and upregulation of key glycolytic enzymes in murine
models of PF and human lung fibroblasts, whereas phar-
macologic inhibition of glycolysis using 2-deoxyglucose
markedly attenuates experimental fibrosis [10]. Kottmann et
al. also reported significantly elevated lactate levels in bron-
choalveolar lavage fluid and lung tissue from patients with
idiopathic PF with fibroblasts identified as a major source
and lactate concentrations positively correlating with disease
severity [11]. Together, these findings suggest that lactate is
not merely a metabolic byproduct of enhanced glycolysis,
but may function as an active pro-fibrotic signaling molecule
that directly contributes to disease progression (Figure 4).
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Figure 4 Fibroblasts in pulmonary fibrosis. Fibroblasts from multiple sources differentiate into a-SMA-expressing myofibroblasts under the
influence of TGF-B, PDGF, and mechanical traction. Concurrently, mitochondrial oxidative phosphorylation declines, glycolysis is enhanced,
and glycolytic enzymes, such as HK2, are upregulated. Lactate is excreted via MCT and accumulates extracellularly. The lactate-mediated
microenvironmental acidification activates latent TGF-f, forming a feedback loop that continuously drives myofibroblast activation and matrix
contraction, ultimately leading to excessive deposition of collagen and fibronectin, resulting in pulmonary fibrosis.
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Mechanistically, the pro-fibrotic effects of lactate on fibro-
blasts can be conceptualized as two partially independent
yet interconnected pathways. The first pathway is a pH-de-
pendent mechanism, in which lactate-driven acidification of
the microenvironment amplifies pro-fibrotic signaling. The
second pathway is a lactylation-dependent epigenetic mech-
anism, in which lactate serves as a substrate for histone lac-
tylation and related modifications, thereby reshaping tran-
scriptional programs.

Enhanced glycolysis in fibroblasts leads to sustained
lactate accumulation and a consequent reduction in local
extracellular pH in fibrotic lung tissue [11]. Importantly,
this acidification is not merely a metabolic byproduct but
rather a functionally relevant signaling event. Lactate-
induced acidification has been shown to promote the activa-
tion of latent TGF-, thereby establishing a self-amplifying
autocrine loop characterized by “lactate accumulation-mi-
croenvironment acidification-TGF-f3 activation,” which
continuously drives myofibroblast differentiation and col-
lagen synthesis [11]. In turn, TGF-B further upregulates
key glycolytic enzymes, including lactate dehydrogenase
A, thereby enhancing lactate production and reinforcing
this positive feedback circuit [11, 60, 61]. In support of this
model, Bernard et al. demonstrated that TGF-f stimulation
enhances glycolytic activity and lactate production in fibro-
blasts, while simultaneously promoting stress fiber forma-
tion and matrix contraction, which indicated that lactate
metabolism is closely linked not only to ECM synthesis but
also to the contractile and mechanical functions of myofi-
broblasts [61]. In addition, the hypoxic microenvironment
that is characteristic of fibrotic lung tissue stabilizes hypox-
ia-inducible factor-1alpha (HIF-1a.), further promoting gly-
colysis and lactate production, and synergizing with TGF-f3
signaling to exacerbate fibroblast activation and matrix dep-
osition [59, 62]. Thus, the defining feature of this pathway is
that lactate indirectly enhances TGF-f3 activation and down-
stream pro-fibrotic signaling by altering the local acid—base
environment.

In addition to a role in microenvironmental acidification,
lactate can also act as a metabolic substrate that directly
participates in epigenetic regulation. Emerging evidence
indicates that lactate promotes transcriptional activation of
inflammation- and fibrosis-related genes through mech-
anisms, such as histone lactylation [17]. In contrast to the
pH-dependent pathway, this mechanism does not primarily
rely on extracellular acidification but rather highlights lactate
as a signaling metabolite that directly regulates nuclear tran-
scriptional processes. From this perspective, lactate should
no longer be viewed solely as the end-product of glycoly-
sis but as a key mediator linking metabolic reprogramming
to gene expression remodeling. Functionally, this link may
enable fibroblasts to maintain a persistently activated pheno-
type, retaining high levels of collagen synthesis, inflamma-
tory amplification, and pro-fibrotic transcriptional activity
even after the initial stimuli have subsided [17]. Therefore,
lactylation-dependent epigenetic regulation underscores the
role of lactate in sustaining fibroblast activation and estab-
lishing a form of “transcriptional memory,” representing a
critical extension beyond the traditional view that lactate acts
primarily through acidification.

Taken together, these two mechanistic axes suggest that
targeting fibroblast glycolysis, lactate production, and
downstream signaling pathways may provide novel thera-
peutic opportunities for PF. Inhibition of glycolysis or lac-
tate dehydrogenase activity reduces lactate levels, attenuates
TGF-f signaling, suppresses myofibroblast differentiation,
and decreases collagen deposition and fibrotic remodeling
in multiple in vitro and in vivo models [11, 60, 61]. From
a metabolic perspective, targeting lactate-associated path-
ways may complement existing anti-fibrotic therapies, such
as nintedanib and pirfenidone, thereby offering additional
therapeutic strategies for PF [2, 60, 61, 63, 64]. However,
it is important to note that lactate also has essential physio-
logic roles in normal wound healing and immune regulation.
Therefore, excessive or non-specific inhibition of lactate
metabolism may impair tissue repair and disrupt immune
homeostasis. Future therapeutic strategies will thus require
precise modulation of lactate-related pathways with careful
consideration of timing, dosage, and cell-type specificity
[13, 17].

Epithelial cells

Within the multifactorial pathogenesis underlying PF, AECs
have a central, nodal role [65, 66]. AECs are not only the
initial targets of injury but also key drivers of disease pro-
gression [67]. Under normal conditions, AECs, especially
the regenerative AEC2 population, maintain alveolar struc-
tural integrity and microenvironmental homeostasis by
secreting surfactant and serving as epithelial progenitors.
Repetitive microinjury leads to severe epithelial dysfunction
in PF. Repair and regeneration are impaired, while a series
of pro-fibrotic programs are initiated and sustained, trans-
forming epithelial cells from “repairers” into “engines” of
fibrosis [68]. A core dysfunctional phenotype is metabolic
reprogramming. AEC2s shift from mitochondrial oxidative
phosphorylation to a high reliance on aerobic glycolysis,
accompanied by markedly increased lactate production and
local accumulation [12, 67].

Epithelial cell-derived lactate should not be regarded as
a simple metabolic “waste product” but rather as a critical
signaling molecule and pathologic mediator that contributes
to PF progression through multiple mechanisms.

Enhanced glycolysis in epithelial cells leads to sustained
lactate accumulation in fibrotic lung tissue with local
microenvironmental acidification as one of the most imme-
diate consequences [12]. Importantly, this acidification is
not a passive bystander effect but a biologically active pro-
cess that significantly influences epithelial cell fate and
intercellular signaling. Accumulating evidence suggests
that high lactate concentrations or an acidic microenviron-
ment can directly induce EMT in AECs, resulting in loss
of epithelial polarity, acquisition of mesenchymal features,
and upregulation of multiple fibrosis-associated markers,
thereby promoting PF progression [12, 69]. In this con-
text, the key role of lactate lies in an ability to destabilize
epithelial identity and enhance pro-fibrotic transcriptional
and secretory responses through modulation of the extra-
cellular pH.
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In addition to driving EMT, lactate accumulation is closely
associated with epithelial injury and loss. Mechanistically,
lactate has been shown to activate the endoplasmic reticu-
lum (ER) stress—associated ATF4A-CHOP signaling axis,
leading to activation of caspase-12 and induction of apop-
tosis in AECs [70]. Pharmacologic inhibition of ER stress
can effectively block this process and attenuate fibrosis in
murine models [69]. From a pathologic perspective, this
cascade contributes to alveolar structural disruption and
loss of epithelial barrier integrity, representing a key early
event in fibrogenesis. Although it remains to be fully clari-
fied whether these effects are primarily driven by lactate or
microenvironmental acidification, the effects are mechanisti-
cally aligned with a pH-dependent pathway, in which lactate
accumulation amplifies local cellular stress and tissue injury.

In contrast to these acidification-dependent effects, lac-
tate can also function as an epigenetic substrate that directly
regulates transcriptional programs within epithelial cells.
Recent studies have demonstrated that upon transport into
cells via monocarboxylate transporter 1, lactate can be con-
verted into lactyl-CoA and subsequently drive site-specific
histone lactylation, thereby activating gene expression pro-
grams associated with EMT, inflammation, and fibrosis [71].
This mechanism emphasizes lactate is a signaling metabolite
that modulates chromatin structure and transcriptional activ-
ity independent of extracellular pH changes.

Lactate accumulation has been shown to promote his-
tone H3K18 lactylation in in silica-induced models of PF,
leading to upregulation of the transcription factor, SIXI,
and subsequent induction of EMT in AECs, thereby accel-
erating fibrotic progression [72]. Similarly, lactate secreted
by myofibroblasts can be taken up by AECs via MCT]1 in
arsenic-induced fibrosis models, inducing intracellular
H3K18 lactylation and upregulating the m6A reader protein
YTHDF1. YTHDF1, in turn, enhances the translation of the
pro-fibrotic factor, NREP, and promotes TGF-f31 secretion,
which further drives fibroblast-to-myofibroblast differen-
tiation and ultimately establishes a positive feedback loop
between epithelial cells and fibroblasts [71]. These findings
indicated that lactylation-dependent mechanisms not only
regulate epithelial cell-intrinsic phenotypic remodeling but
also amplifies local pro-fibrotic signaling networks through
post-transcriptional and paracrine pathways.

Moreover, lactylation-driven epigenetic reprogramming
may also mediate aberrant crosstalk between epithelial cells
and the immune microenvironment. Stromal cells exposed
to stimuli in fibrotic and injury settings, such as TGF-B1,
exhibit enhanced glycolysis and lactate release. This lactate
can induce histone lactylation in macrophages, reprogram-
ming the phenotype and promoting expression of multiple
pro-fibrotic mediators, thereby further amplifying the local
inflammation—fibrosis signaling network [12, 73]. Thus, a
defining feature of the lactylation-dependent pathway is the
ability to establish a sustained pro-fibrotic “transcriptional
memory” or ‘“‘state maintenance” program across epithelial
and microenvironmental cell populations.

In addition to these two principal mechanisms, lactate
accumulation is also closely associated with broader meta-
bolic dysregulation in epithelial cells, forming an important
background for the persistent progression of PF. Elevated

lactate levels are frequently accompanied by lipid met-
abolic abnormalities, including increased lipid droplet
accumulation within epithelial cells [74]. The molecular
chaperone, CCT6A, has been shown to promote ubiqui-
tin-mediated degradation of HIF-1a, thereby suppressing
HIF-la—driven glycolysis and lactate production, and
ultimately reducing lipid accumulation and fibrosis sever-
ity [74]. Conversely, downregulation of ACSS3 impairs
fatty acid oxidation while enhancing glycolysis, leading
to increased lactate levels and subsequent mitochondrial
dysfunction, elevated reactive oxygen species (ROS) pro-
duction, impaired mitophagy, and apoptosis, collectively
exacerbating epithelial cell dysfunction and fibrotic pro-
gression [75]. These findings suggested that lactate meta-
bolic dysregulation is not an isolated event but rather part
of a broader pathologic reprogramming network involving
mitochondrial injury, lipid metabolic imbalance, and dis-
rupted cell fate regulation in epithelial cells.

In sum, metabolic reprogramming of AECs and conse-
quent lactate accumulation constitute key mechanistic links
driving PF onset and progression. Strategies ranging from
inhibiting aberrant glycolysis and blocking lactate produc-
tion/transport to targeting lactate-related epigenetic modifi-
cations (e.g., histone lactylation) hold promise for PF pre-
vention and therapy [12, 71]. Figure 5 provides a schematic
illustration of the mechanisms underlying AEC metabolic
reprogramming, lactate accumulation, and the contribution
to PF progression.

Macrophages

Macrophages also serve as central drivers in the complex
PF pathology [76]. In addition to acting as “sentinels” of
inflammation, macrophages connect tissue injury, met-
abolic reprogramming, and fibrotic progression [77, 78].
Shifts in the functional state of macrophages, particularly
a tilt toward glycolysis and the resultant lactate accumu-
lation, have been validated as important mechanisms pro-
moting PF development [24, 79, 80]. Macrophage roles in
PF are multilayered. Alveolar macrophages in the fibrotic
lung often exhibit a unique pro-fibrotic M2-like pheno-
type that does not fully overlap with classical M1/M2
categories [80]. Activated macrophages directly stimulate
fibroblast-to-myofibroblast transition and excessive ECM
deposition by secreting large amounts of TGF-1, PDGFA,
etc [81, 82].

Importantly, metabolic reprogramming in macrophages
and the major metabolic product (lactate) constitute a central
metabolic axis driving fibrosis. Macrophages consistently
exhibit enhanced glycolysis in PF across multiple contexts,
including idiopathic pulmonary fibrosis (IPF) patients and
animal models induced by bleomycin, silica nanoparti-
cles, or PM2.5 exposure [24, 80, 83]. This metabolic shift
is not merely an adaptive response but is required for the
acquisition of a pro-fibrotic phenotype. Indeed, alveolar
macrophages in fibrotic lungs rely on glycolysis rather than
fatty acid oxidation or glutaminolysis to sustain an M2-like
pro-fibrotic state. Inhibition of glycolysis correspondingly
attenuates the pro-fibrotic activity [80, 84].
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Mechanisms of Alveolar Epithelial Cell Metabolic Reprogramming and
Lactate-Driven Pulmonary Fibrosis Progression
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Figure 5 Schematic diagram of metabolic reprogramming in alveolar epithelial cells and the mechanism of lactate-driven pulmonary fibrosis.
In normal alveoli, type Il alveolar epithelial cells rely on mitochondrial oxidative phosphorylation for energy supply and secrete surfactants to
maintain structural integrity and homeostasis with minimal lactate production. Repeated microinjuries induce AEC2 to shift from OXPHOS to
high glycolysis during pulmonary fibrosis, leading to substantial lactate generation, accompanied by lipid metabolism disorders, lipid droplet
accumulation, and mitochondrial dysfunction. Accumulated lactate exerts dual effects. Lactate triggers endoplasmic reticulum stress, apop-

tosis, and epithelial-to-mesenchymal transition through transporters,

such as MCT1 and histone acylation, forming new fibroblasts (myofi-

broblasts). In contrast, lactate mediates the “lactate shuttle” between fibroblasts, amplifying fibrotic signals, such as TGF- and cytokine
expression, thereby promoting collagenous extracellular matrix deposition and advancing pulmonary fibrosis.

Mechanistically, the pro-fibrotic effects of lactate on
macrophages can be conceptualized along two partially
independent yet interconnected axes. The first pathway is a
pH-dependent pathway, in which lactate-induced acidifica-
tion modulates macrophage activation and intercellular com-
munication. The second pathway is a lactylation-depend-
ent epigenetic pathway, in which lactate directly reshapes
pro-fibrotic gene expression programs via histone lactylation
and related modifications. Notably, current evidence more
strongly supports the latter mechanism in macrophages,
whereas the former appears to act primarily through indirect
modulation of the fibrotic microenvironment.

Macrophages function both as a major source of lactate
and as key responders to lactate signaling within fibrotic
lesions. Activated macrophages produce substantial amounts
of lactate due to enhanced glycolysis, while activated fibro-
blasts and myofibroblasts further contribute to lactate accu-
mulation through increased glycolytic flux, collectively
elevating local lactate concentrations [82]. This accumula-
tion promotes microenvironmental acidification, thereby

influencing signaling interactions among macrophages,
fibroblasts, epithelial cells, and other immune populations.
From a pathologic perspective, such acidification favors the
persistence of chronic inflammation and dysregulated repair
within fibrotic niches. For example, macrophage-derived
TNF-a can activate PFKFB3 in lung fibroblasts, enhanc-
ing aerobic glycolysis and lactate production, thus ampli-
fying local lactate accumulation and fibrotic progression
[81]. Sustained secretion of chemokines, such as CCL2 and
CXCL10, by macrophages promotes continuous recruitment
of monocytes/macrophages and other inflammatory cells,
including neutrophils, lymphocytes (e.g., T cells), and den-
dritic cells, to the injured site [78, 85]. In this context, lactate
and the associated acidification act primarily as an amplifier,
enhancing immune cell recruitment, reinforcing metabolic
coupling between cell types, and maintaining a pathologic
repair niche. However, the evidence supporting a direct role
of low pH in dictating macrophage pro-fibrotic phenotypes
remains relatively limited compared to fibroblasts, in which
acidification directly activates latent TGF-f.
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In contrast, the lactylation-dependent pathway repre-
sents a more direct and well-defined mechanism through
which lactate drives macrophage pathogenicity. Lactate
can enter the nucleus and with the involvement of
enzymes, such as p300, promote histone lactylation at spe-
cific loci, particularly H3K18, thereby directly activating
transcription of multiple pro-fibrotic genes [82, 83]. This
mechanism highlights lactate as not merely a metabolic
indicator but as an epigenetic substrate that converts met-
abolic alterations into sustained activation of fibrotic gene
expression programs. Lactate-induced histone lactylation
has been shown to enrich at the promoters of genes, such
as ARGI, PDGFA, THBSI, and VEGFA, which enhances
the transcriptional output [82]. H3K18 lactylation directly
regulates key genes in silica nanoparticle-induced models
of PF, such as NOS2 in macrophages, promoting inflam-
matory responses and fibrotic progression [83]. Similarly,
enhanced glycolysis and subsequent increases in histone
lactylation in macrophages have been identified as key
metabolic—epigenetic drivers of the EMT and fibrosis
in PM2.5 exposure models [24]. These findings indicate
that lactylation is not a peripheral modification in mac-
rophages, but rather a central molecular mechanism under-
pinning their pro-fibrotic activation.

In addition to transcriptional regulation, lactylation may
also influence protein stability and degradation pathways,
thereby further amplifying pro-fibrotic signaling. For exam-
ple, elevated lactate levels in macrophages promote H3K18
lactylation at the promoter region of Stubl, leading to sup-
pression of the E3 ubiquitin ligase, CHIP, in PM2.5-induced
PF models. Given that CHIP mediates ubiquitination and
degradation of TGF-B1, downregulation of CHIP results
in increased stability and secretion of TGF-B1, ultimately
exacerbating fibrosis [79]. This finding suggests that lactyl-
ation-dependent mechanisms can regulate gene transcription
and proteostasis networks, thereby sustaining the presence
of key pro-fibrotic mediators.

Macrophage polarization is tightly coupled to lactate
metabolism and forms a self-reinforcing loop in PE. A lac-
tate-enriched microenvironment promotes macrophage
polarization toward an M2-like pro-fibrotic phenotype,
which in turn sustains glycolytic activation and continuous
lactate production through the secretion of growth factors
and inflammatory mediators [86]. For example, the m6A
reader protein, IGF2BP1, stabilizes THBS1 mRNA, acti-
vates Toll-like receptor 4-associated signaling, and promotes
macrophage glycolysis and M2 polarization, thereby accel-
erating fibrotic progression [86]. Conversely, inhibition of
glycolysis in macrophages reduces glycolytic flux, attenu-
ates the M2-like program, and ameliorates PF [84]. These
observations indicate that macrophages are not passive
responders to lactate signals but actively establish a closed-
loop system linking metabolic reprogramming, phenotypic
polarization, and paracrine signaling. In this sense, lactate
is both a product of macrophage activation and a driver of
a sustained pro-fibrotic phenotype. Accordingly, the mac-
rophage glycolysis—lactate axis is increasingly recognized
as a core pathologic pathway in PF with both driving and
maintenance functions [79, 82].

Based on these mechanisms, targeting the macrophage
glycolysis—lactate axis has emerged as a promising thera-
peutic strategy. For example, the GLP-1 receptor agonist,
liraglutide, has been shown to exert anti-fibrotic effects by
disrupting the interaction between NLRP3 inflammasome
activation and PFKFB3-driven glycolysis, thereby inhibit-
ing lactate-mediated histone lactylation [87]. Collectively,
strategies aimed at suppressing aberrant glycolysis in
macrophages, reducing lactate production, or blocking
lactate-driven histone lactylation and downstream tran-
scriptional programs may represent novel and effective
approaches for the treatment of PF.

In conclusion, macrophages occupy a dual metabol-
ic—immune hub in PF with functional abnormalities tightly
linked to metabolic reprogramming. The increase in lactate
arising from enhanced glycolysis is not a simple byprod-
uct but by inducing histone lactylation, stabilizing profi-
brotic factors, and modulating macrophage polarization, a
powerful pro-fibrotic signaling network is constructed [79,
82]. Figure 6 illustrates the glycolysis-lactate axis in mac-
rophages, highlighting the role of lactate in modulating
macrophage function, promoting fibrosis, and sustaining a
pro-fibrotic microenvironment in PF.

Lactylation

Lactylation is a recently discovered post-translational mod-
ification that directly links the metabolic product, lactate,
to protein functional regulation, marking a new stage in our
understanding of the interplay between cellular metabolism
and gene expression [17]. In essence, this modification cova-
lently attaches a lactyl group derived from lactate to lysine
residues of proteins, thereby altering protein structure, func-
tion, stability, and interaction networks [41, 88]. This section
systematically elaborates the molecular mechanisms and key
regulatory factors of lactylation, including the enzymes and
proteins that catalyze, remove, and recognize this modifica-
tion, as well as diverse functions in physiologic and patho-
logic processes.

Lactylation regulatory mechanisms

As a key post-translational modification, lactylation has an
increasingly important role in regulating cellular processes.
This modification can occur enzymatically or non-enzymat-
ically and impacts various proteins involved in metabolism,
gene expression, and cellular signaling [88]. A deeper under-
standing of these mechanisms can shed light on the dual
roles of lactate in both normal physiologic processes and
pathologic conditions, such as cancer and chronic inflam-
mation. Figure 7 provides a comprehensive overview of the
different lactylation mechanisms, distinguishing between the
enzyme-catalyzed processes and those processes driven by
metabolic intermediates. The figure illustrates how lactyla-
tion modifies proteins, regulates cellular functions, and con-
tributes to the development of diseases, like fibrosis.
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Macrophage Metabolic-immune Hub in Pulmonary Fibrosis:
The Glycolysis-Lactate Axis
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Figure 6 Schematic diagram of macrophage function in pulmonary fibrosis. Fibrosis-promoting M2-like macrophages exhibit enhanced
glycolysis, in which pyruvate is extensively converted to lactic acid under LDHA catalysis and accumulates. Lactic acid enters the nucleus
and undergoes p300-mediated histone H3K18 acetylation, activating fibrosis-promoting genes, such as ARG1, PDGFA, THBS1, VEGFA, and
NOS2, while suppressing Stub1/CHIP expression, thereby stabilizing and amplifying the TGF-B1 signaling pathway. Macrophages simultane-
ously secrete factors, including lactic acid, TGF-1, PDGFA, and TNF-a, driving fibroblast glycolysis and lactic acid production, fibroblast-to-my-
ofibroblast transdifferentiation, and excessive ECM deposition. Additionally, they recruit more inflammatory cells through chemokines such
as CCL2 and CXCL10, forming a lactic acid-enriched and fibrosis-promoting microenvironment that advances pulmonary fibrosis. The GLP-1
receptor agonist liraglutide demonstrates potential anti-fibrotic effects by inhibiting the NLRP3-PFKFB3 pathway and reducing lactic acid and

histone acetylation.
Enzymatic lactylation

Enzymatic lactylation is a newly recognized, enzyme-cata-
lyzed PTM that covalently links a lactyl group to lysine res-
idues of proteins, dynamically regulating protein function
and activity [89]. This process is orchestrated by a refined
enzymatic system.

Lactylation is dynamically controlled by “writers” and
“erasers.” Multiple classical acetyltransferases have been
shown to possess lactyltransferase activity, forming a diver-
sified writer family [90]. For example, the canonical his-
tone acetyltransferase, p300/EP300, catalyzes H3K18la and
H4K12la in sensory neurons, thereby regulating the expres-
sion of neuropathic pain-related genes [91]. p300 is also a
key enzyme for novel histone lactylation sites (H4K791a and
H4KO91la) in breast cancer [92]. Other acetyltransferases,
such as KAT2A, KAT5, KATS8, and HBOI1, exhibit sim-
ilar lactyltransferase functions [93-96]. Removal of lac-
tyl groups is carried out by specific deacetylases. Histone
deacetylases (TgHDAC2—4) were first identified to possess

delactylase activity and remove protein lactyl groups in
Toxoplasma gondii [97]. Class I HDACs (HDACI1-3) and
NAD*-dependent deacetylases (SIRT1-3) have also been
implicated in mammals [40, 98]. The dynamic balance
between writers and erasers precisely maintains intracellular
lactylation levels and functions [99, 100].

Enzymatic lactylation influences protein conformation,
catalytic activity, stability, and intermolecular interactions,
thereby impacting broad physiologic and pathologic pro-
cesses [101, 102]. Lactylation of RHOA at K118 and K162
impairs GTPase activity and competitively antagonizes
ubiquitination in tumorigenesis, constitutively activating
and stabilizing the protein to drive cancer progression [101].
p300-catalyzed lactylation of Tau at K331 in neurodegener-
ation enhances pathologic phosphorylation and cleavage, an
association that occurs with Alzheimer’s disease pathology
[103]. Lactylation of HADHA at K166 and K728 in sep-
tic cardiomyopathy suppresses HADHA enzymatic activ-
ity, which disturbs mitochondrial energy metabolism [102].
This modification also directly participates in transcriptional
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Figure 7 Schematic diagram of enzymatic and non-enzymatic mechanisms of lactic acidification and functional outcomes. The left panel
illustrates enzymatic lactylation: Lactyl-CoA generated from lactic acid is modified by protein lysines under the catalysis of “writing enzymes,”
such as p300/EP300, KAT2A, and KAT5, while “erasing enzymes,” like HDAC1-3 and SIRT1-3 remove the lactyl group, achieving dynamic and
reversible regulation. Histone H3 and H4 lactylation regulates gene transcription, whereas non-histone lactylation alters protein conformation,
stability, and enzymatic activity, participating in pathologic processes, such as inflammation, metabolic disorders, and tumors. The right panel
depicts non-enzymatic lactylation: Glycolytic byproduct methylmalonate reacts with glutathione to form lactylglutathione under GLO1 catalysis.
Abnormal accumulation occurs when GLO2 function is impaired, in which LGSH spontaneously modifies metabolic enzymes, histones, and
pathogen proteins through S-N acetyl transfer, thereby feedback-regulating glycolysis and remodeling chromatin. The lower panel summa-
rizes lactylation-mediated alterations in protein function and disease pathogenesis, as well as a pivotal role in the interplay between cellular

metabolism and gene expression.

control. For example, glycolytic reprogramming driven by
PFKFB3 increases lactate and enhances H4K12la, activating
NF-xB—pathway genes and promoting renal inflammation
and fibrosis [104]. Hence, insights into enzymatic lactyla-
tion not only illuminate metabolism—immunity crosstalk in
chronic diseases but also open new therapeutic avenues.

Non-enzymatic lactylation

Non-enzymatic lactylation refers to spontaneous chemical
modification of lysine residues in proteins driven by high
concentrations of reactive metabolic intermediates that occur
without specific writer enzymes [105]. The core driving
force for non-enzymatic lactylation is abnormal accumula-
tion of metabolites rather than enzymatic catalysis [39, 105].

The best characterized mechanism involves lactoylglu-
tathione (LGSH). LGSH is a key intermediate in the gly-
oxalase detoxification pathway. The glycolytic byproduct,

methylglyoxal, conjugates with glutathione and under gly-
oxalase 1 catalysis, forms LGSH [39, 106]. Normally, LGSH
is rapidly hydrolyzed by glyoxalase 2 to D-lactate, while
regenerating glutathione to complete the detoxification cycle
[39]. LGSH accumulates abnormally when glyoxalase 2 is
absent or inhibited [39, 106]. High concentrations of LGSH
are highly reactive and can spontaneously transfer the lac-
tyl group to neighboring lysine residues via S-to-N acyl
transfer, generating lactylation [39, 106, 107]. Reaction effi-
ciency is influenced by LGSH levels, local pH, and a redox
environment [107]. LGSH can also transfer lactyl groups
to coenzyme A via S-to-S acyl transfer to form lactyl-CoA,
highlighting the diversity of lactyl donors [106].
Non-enzymatic lactylation targets are widespread and
enriched among metabolic proteins. A prototypical regu-
latory outcome is reversible inhibition of key glycolytic
enzymes, forming a novel feedback loop. For example,
GAPDH can be modified in plants by LGSH, resulting in
lactylation at multiple lysine sites and cysteinylation at key
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cysteine residues, thereby reversibly inhibiting enzymatic
activity [107]. The physiologic logic is that excessive glycol-
ysis generates more methylglyoxal and LGSH. Accumulated
LGSH then suppresses rate-limiting glycolytic enzymes via
non-enzymatic lactylation, which negatively regulates glyc-
olytic flux to maintain metabolic homeostasis [39].

Non-enzymatic lactylation also occurs on histones and
affects gene expression. LGSH accumulation due to glyoxa-
lase 2 deficiency correlates with elevated histone lactylation
and heightened inflammatory responses in macrophages.
Interestingly, histone lactylation and acetylation may dif-
ferentially impact chromatin architecture. At rest lactylation
associates with more compact chromatin, whereas under
inflammatory stimulation, chromatin accessibility at these
regions increases, thereby regulating inflammatory gene
expression [106]. In addition to metabolism and epigenetics,
lactylation has important roles during pathogen infection.
Specifically, lactylation (enzymatic and non-enzymatic) par-
ticipates in epithelial invasion and is crucial for virulence in
Salmonella [105].

The relative contributions, kinetics, and functional speci-
ficity of non-enzymatic versus enzymatic lactylation under
physiologic and pathologic conditions remain frontiers of
debate. One view posits that highly conserved, function-
critical sites on core proteins, such as histones, may still
require precise enzymatic control, whereas non-enzymatic
modifications might occur more broadly on other proteins
as a widespread signal amplifier. Dissecting the interplay of
these mechanisms is essential for a comprehensive under-
standing of the dual roles of lactate in cellular signaling.

Lactate-oxidized write-erase-read system

Lactylation directly couples cellular metabolism to epige-
netic regulation and protein function. The dynamic control
of lactylation adheres to the classical “write—erase-read”
paradigm [108], forming a precise signaling system that
enables cells to sense microenvironmental changes, such as
hypoxia and high glycolysis, and to have key roles in tran-
scription, cell-fate decisions, and disease progression [109].

Writers: establishment of lactylation

Writers covalently attach lactyl groups to specific lysines on
target proteins, which initiates the lactylation signaling cas-
cade. Lactylation can arise via enzymatic and non-enzymatic
mechanisms with the enzymatic route being the current focus
[108]. In this route lactate is first activated into high-energy
lactyl-CoA, potentially by a lactyl-CoA synthetase (the
molecular identity of which in mammals has not been fully
defined), and specific acyltransferases subsequently transfer
lactyl groups to lysines.

Writers of histone lactylation are relatively well-studied.
p300 was the first identified histone lactylation writer within
the CBP/p300 HAT family [17, 108-110]. Overexpression
or knockdown of p300 increases or decreases histone lac-
tylation, respectively [17]. p300 is the principal writer cata-
lyzing H3K18la in pancreatic ductal adenocarcinoma and
is essential for malignant phenotypes [109]. p300 forms

complexes with the chromatin remodeler, BRGI1, and the
eraser, HDAC3, to co-regulate H3K18la and metastasis-
related gene expression in colorectal cancer liver metastasis
models [110]. Interestingly, HDAC1/2/3 (classically consid-
ered deacylases) can reverse-catalyze lactylation under spe-
cific conditions and act as intracellular drivers of lactylation
[40]. For example, HDAC3 has been reported to be a delac-
tylase for NBS1, suggesting bidirectional regulation at that
site [111].

Writers highlight the breadth and substrate specific-
ity of lactylation for non-histone proteins. AARS1 was
identified as the specific writer for K23 lactylation of the
RNA-processing factor, NUDT21, in esophageal squamous
cell carcinoma [112]. Acetyltransferase KATS8 functions
as a “pan-lactylation writer” in colorectal cancer, catalyz-
ing lactylation of multiple substrates, including eEF1A2.
Lactylation at K408 promotes translational elongation and
protein synthesis to meet rapid tumor growth demands [95].

In contrast, non-enzymatic routes involve direct chemical
reactions between active lactyl donors, such as lactoylglu-
tathione and protein lysines [108]. Such chemistry may oper-
ate under bacterial infection or metabolic stress. However,
the regulatory specificity and biological significance are
more complex compared to precise enzyme-mediated path-
ways and warrant further exploration.

Erasers: clearing the modification and maintaining
balance

Erasers remove lactyl groups from lysines, which terminates
lactylation signals, restores proteins, or frees sites for other
PTMs. This process is essential for the dynamic balance and
reversibility of lactylation. Erasers are mainly derived from
the following two families: zinc-dependent HDACs; and
NAD*-dependent sirtuins [21, 108].

Class I HDACs (HDAC1/2/3) are efficient delactylases
in mammalian cells with critical roles across contexts [113,
114]. For example, HDAC2 serves as a specific eraser of
H3K9la during angiogenesis and H3K9la suppresses HDAC2
expression in feedback, forming a sensitive loop controlling
neovascularization [115]. HDAC3 removes H4K12la in
macrophages to modulate downstream TGF-f3 signaling and
collagen synthesis in dermal fibroblasts [116]. HDAC2 has
likewise been identified as a potential histone delactylase in
pancreatic ductal adenocarcinoma [109]. Moreover, hypoxia
downregulates HDACS, a specific delactylase for PRMT1,
in breast cancer metastasis. The reduced HDACS elevates
PRMT1 lactylation, enhances methyltransferase activity,
and drives metastasis [117].

Sirtuins, particularly SIRT1-3 and SIRT6, also display
delactylase activity with varying catalytic efficiencies and
substrate selectivity [21, 114]. SIRT1 was the first reported
sirtuin to delactylate histone H3K18la [118]. Genetically
encoded probes further suggest potential activity on non-
histone substrates [119]. SIRT1 delactylates the o.-myosin
heavy chain at K1897 in the heart to dynamically regulate
the interaction with titin and thus cardiac function [120].
SIRT3 exhibits high selectivity for some histone sites.
SIRT3 is a principal binder and specific eraser of H3K9]la,
which suppresses transcription and cancer progression in
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esophageal squamous cell carcinoma [121]. SIRT3 also
exhibits strong activity toward H4K16la [114]. SIRT6, a key
nuclear deacylase, demonstrates remarkable plasticity and
can remove multiple metabolically related histone marks,
including lactylation and B-hydroxybutyrylation [122].
Together, these erasers form a multilayered, finely tuned
clearing system that ensures precision and dynamics of lac-
tylation in signaling.

Readers: decoding the signal and executing effects
Readers specifically recognize and bind lactylation, convert-
ing a chemical mark into downstream biological effects. By
sensing conformational or electrostatic changes introduced
by lactyl groups, readers remodel chromatin, recruit tran-
scriptional complexes, or regulate protein-interaction net-
works. Although nascent, several histone lactylation readers
have been identified.

In 2024 the catalytic subunit (Brgl) of the SWI/SNF
chromatin-remodeling complex was reported as a reader
of H3K18la. Dux-induced H3K18la recruits p300 during
induced pluripotent stem cell reprogramming and modulates
a metabolism—H3K18la-MET network to initiate a “meta-
bolic switch” and enhance reprogramming efficiency. Brgl is
specifically recruited by H3K18la, co-localizing at promoters
of pluripotency and epithelial-junction genes to promote the
mesenchymal-to-epithelial transition [123]. Another study
identified DPF2 as a specific binder of H3K14la in cervical
cancer cells, in which lactate-accumulation—driven H3K 14la
and DPF2 co-enrich at oncogenic promoters to drive tran-
scription and tumor growth. Disrupting this interaction sup-
presses oncogene expression and viability [124]. In addition,
the bromodomain protein, TRIM33, binds lactylated histone
peptides with sub-micromolar affinity. A unique glutamate
residue in the bromodomain confers specificity for lactyla-
tion. TRIM33 reads lactylation in macrophages to attenuate
late inflammatory genes and modulate polarization [125].

“Reading” can be more diverse for non-histone proteins
and may not always rely on separate reader proteins. The
mCA reader, YTHDCI, undergoes self-lactylation at K82
in renal cell carcinoma, which enhances phase separation
capacity rather than requiring an external reader. Lactylation
promotes YTHDCI1 condensate formation in the nucleus,
which protects oncogenic transcripts (BCL2 and E2F2) from
degradation by the PAXT—-exosome complex and thus drives
tumor progression [126]. This finding suggests that non-his-
tone lactylation can alter the physicochemical properties of
a protein (e.g., phase separation) or interactions to decode
the signal, offering a new perspective on lactylation readout
mechanisms.

In conclusion, the dynamic regulation of lactation mod-
ification constitutes a sophisticated signaling network
that relies on the synergistic action of multiple enzymes
and effector proteins. To systematically delineate the
currently identified key regulatory factors, we have sum-
marized the specific members of the aforementioned
“Writers,” “Erasers,” and “Readers,” the target molecules,
and functional mechanisms under various physiologic and
pathologic conditions in the table below for reference and
comparison (Table 1).

Histone lactylation

Histone lactylation was first reported in Nature in 2019 by
Zhang et al. as a novel lysine PTM that overturned the tra-
ditional notion of lactate as mere metabolic “waste” [17].
This modification directly encodes the metabolic signal of
intracellular lactate accumulation onto chromatin by cova-
lently attaching lactyl groups to histone lysines, thereby
finely coupling metabolic reprogramming with epigenetic
regulation [17, 127]. Like classical histone acetylation and
methylation, histone lactylation is reversible and dynamic,
engaging a modular “writer—eraser—reader” system across
diverse physiologic and pathologic contexts, and serves as a
crucial bridge linking cellular energetic state to remodeling
of gene expression programs [17, 127].

Molecular mechanism: dynamic balance of
“writing—erasing”

Histone lactylation levels depend on intracellular lactate that
are typically derived from glycolysis or the Warburg effect
[17, 128]. Formation relies on writers that catalyze transfer
of lactyl groups from lactyl-CoA to specific histone lysines
[128]. Studies have suggested that EP300 of the p300/CBP
family can act as a writer. A GTP-specific succinyl-CoA
synthetase may function as a nuclear lactyl-CoA synthase
that cooperates with p300 to promote histone lactylation
[129]. As with other dynamic PTMs, erasers exist (e.g.,
HDACI1-3 may remove lactylation) [130]. HDAC2 has been
further identified as a key eraser that downregulates sites,
such as H3K18la, in pancreatic cancer cells, thereby par-
tially suppressing oncogenic transcriptional programs [109].
The dynamic balance between writing and erasing precisely
controls lactylation levels and function. Chronic disequilib-
rium drives epigenetic reprogramming in cancer, and cardio-
vascular and inflammatory diseases.

Core sites

Twenty-eight lactylation sites have been identified on core
histones in human and murine cells [17]. Among the the lac-
tylation sites, H3K18la and H3K9la are the most thoroughly
studied. H3K18la is the best-characterized functional mark
and serves as a persistent epigenetic mark of innate immune
memory that can be detected up to 90 days post-vaccination
[131]. H3K18la primes transcription of key functional genes
in CD8* T cells [132]. H3K18la drives tumor growth, immune
evasion, and therapy resistance by activating oncogenes, such
as ACAT2 [133], TTK [109], BUBIB [109], and CD47 in
multiple cancers (e.g., pancreatic cancer and glioblastoma)
[134]. H3K9la also has a critical role in CD8* T-cell differen-
tiation [132]. H3K9la and H3K18la cooperate in epigenetic
reprogramming to maintain stemness in pancreatic cancer
stem cells [135]. H3K9la and H3K14la promote expression
of osteogenic genes (e.g., Runx2 and BMP2) in calcific aortic
valve disease, driving valvular calcification [136]. In addi-
tion, bacterially induced H3K9la promotes Argl, which is
linked to wound healing and tissue homeostasis, facilitating a
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shift from pro-inflammatory to reparative states in late-phase
M1 macrophage activation [17].

Biological functions

Lactate-driven histone lactylation (e.g., H3Kl18la and
H3K9la) is enriched at promoters and enhancers at the global
level, increasing chromatin accessibility, recruiting tran-
scription factors and coactivators, and directly promoting
target gene transcription [17, 131, 137]. The lactate-driven
histone lactylation functions are broad, as below.

Physiology (development and cell fate). Histone lac-
tylation in glycolytically active cells, such as neural crest,
and marks enhancers of key developmental genes and helps
deploy regulatory networks during embryogenesis [23].
Lactate-driven histone lactylation reprograms immune-cell
function in immunity and inflammation. Elevated H3K18la
directly activates Argl, Lrgl, VEGF-a, and IL-10 in late-
phase M1 macrophages or after myocardial infarction,
which promotes tissue repair, angiogenesis, and anti-inflam-
matory programs [17, 138]. Fluctuations in lactylation pat-
terns fine-tune immune transcriptomes, balancing pro- and
anti-inflammatory pathways in sepsis and other systemic
inflammatory states [139].

Pathology. Aberrant lactylation activates harmful gene
programs. Histone lactylation is a key epigenetic driver of
tumorigenesis, activating oncogenic transcription to promote
proliferation, migration, stemness, and therapy resistance.
H3K18la forms a positive feedback loop with glycolysis in
pancreatic ductal adenocarcinoma, activating mitotic check-
point regulators (TTK and BUBIB) to worsen malignancy
[109]. Hypoxia, via the HIF-1o/LDHA axis, drives lactate
accumulation and H3K18la in colorectal cancer, directly
activating promoters of stemness genes (OCT4 and CD44)
[140]. Histone lactylation also remodels the tumor immune
microenvironment by inducing M2 macrophage polarization
and upregulating immune checkpoints, which fosters immu-
nosuppression [128]. Pathologic cardiac hypertrophy and
pulmonary arterial hypertension correlate well with elevated
lactylation, particularly H3K18la, driving pathologic gene
programs and aberrant proliferation in the cardiovascular
system [141, 142]. Lactylation is implicated in Alzheimer’s
disease, depression, neuroinflammation, and glioblastoma
(e.g., via an H4K12la/PKM?2 feedback loop in AD) [143].
Elevated histone lactylation promotes resistance to ferropto-
sis via the HIFIA/HMOX1 pathway in endometriosis, which
fuels disease progression [144].

Overall, histone lactylation is a pivotal bridge between
cellular metabolism and the epigenome, spanning cancer,
immune regulation, metabolic reprogramming, tissue devel-
opment and repair, and neuro/cardiovascular diseases, which
offers fresh perspectives and targets to decode metabo-
lism—epigenetics crosstalk and to develop new therapies.

Non-histone lactylation

Non-histone lactylation is a newly recognized regulatory
mechanism whereby lactyl groups covalently modify lysine

residues on non-histone proteins, thereby influencing protein
function and activity [145]. Unlike histone lactylation that
primarily regulates gene transcription, non-histone lactyla-
tion directly affects cellular behavior by altering protein con-
formation, molecular interactions, enzymatic activity, and
subcellular localization [146]. High-throughput proteomics
has confirmed widespread non-histone lactylation, which
collectively indicate that non-histone lactylation is perva-
sive, as follows: 1090 sites across 469 proteins in Salmonella
[105]; 681 sites across 379 proteins in human prostate can-
cer cells [147]; and 724 sites across 451 proteins in normal
human lung tissue [148].

Dynamic control by enzymatic and non-en-
zymatic mechanisms

Non-histone lactylation arises via diverse mechanisms,
including enzyme catalysis and non-enzymatic reactions.
Two main precursors supply lactyl groups (L-lactyl-CoA
and S,D-lactoylglutathione) [105, 127]. The former precur-
sor typically donates lactyl groups in enzymatic reactions,
whereas the latter precursor directly transfers lactyl groups
to lysine non-enzymatically [127]. Lactate is converted into
active donors (e.g., L-lactyl-CoA) and specific writers, such
as p300/CBP or newly identified enzymes (e.g., AARS1/2,
YiaC), which catalyzes transfer to targets in enzymatic
routes [40, 127, 149]. Conversely, non-enzymatic modifica-
tion occurs via S—D-lactoylglutathione directly reacting with
lysines [105, 127]. Lactylation is reversible. Delactylases,
including deacetylases and sirtuins (e.g., CobB), remove lac-
tyl groups to dynamically control modification levels [149,
150].

Biological functions

Non-histone lactylation has central roles across physiology
and pathology. Non-histone lactylation modifies key meta-
bolic enzymes, transcription factors, and signaling proteins
in cancer to reshape metabolic reprogramming, prolifera-
tion, invasion, and the immune microenvironment [127, 146,
151-153]. Lactylation participates in macrophage polari-
zation toward anti-inflammatory phenotypes and is closely
associated with diseases, including diabetic nephropathy
[154], cardiovascular disorders [155], neuropsychiatric dis-
eases [156], and bacterial infections [105]. Future research
should delineate specific enzymatic networks, crosstalk with
other PTMs, and advance clinical translation as biomarkers
and therapeutic targets.

Functions of lactylation

Regulation of inflammation

Lactylation has central regulatory roles in the initiation,
amplification, and resolution of inflammation [157, 158].
Lactylation is a core mechanism in innate immunity that
shapes macrophage phenotype and inflammatory balance.
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Macrophages enhance glycolysis and accumulate lactate
in pro-inflammatory states, driving histone lactylation that
directly promotes transcription of anti-inflammatory and
reparative genes. For example, mitochondrial fragmenta-
tion elevates lactate and histone lactylation, upregulating
Argl and promoting a shift toward M2, which is crucial for
timely resolution and tissue repair [159]. Lactylation in mac-
rophages similarly induces VEGF-A and IL-10 early after
myocardial infarction, fostering cardiac repair. Conversely,
aberrant lactylation aggravates injury. Silica-induced glyco-
lytic reprogramming in silicosis models elevates lactate and
histone lactylation, activating the NLRP3 inflammasome,
triggering pyroptosis, and sustaining lung inflammation
[160]. High expression of lactylation-related genes corre-
lates with immune cell infiltration and pro-inflammatory
cytokine release in spinal cord injury [161].

Lactylation profoundly modulates adaptive immunity
in the tumor microenvironment, especially T-cell function.
Lactylation can bidirectionally tune T cells depending on
metabolic context. More often, lactylation favors regulatory
programs and contributes to multi-faceted immunosuppres-
sion aiding tumor escape [162]. Lactate-driven H3K18la
transcriptionally activates ACAT2 in pancreatic cancer,
forming a positive feedback loop that promotes release of
cholesterol-enriched small extracellular vesicles, polarizes
tumor-associated macrophages toward immunosuppressive
M2, and weakens antitumor immunity [133]. Lactylation
is also pivotal in antiviral innate immunity. Lactylation
of the RNA m°A demethylase, ALKBHS, is essential to
initiate effective responses during DNA herpesvirus and
monkeypox infection. Viruses enhance interaction of the
acetyltransferase, ESCO2, with ALKBHS to promote lactyl-
ation. Lactylated ALKBHS binds and demethylates IFN-f3
mRNA, boosting IFN-B mRNA production and inhibiting
viral replication [163].

Lactylation underlies neutrophil-driven inflammation in
myocardial ischemia—-reperfusion injury in cardiovascular
disease. S100a9 lactylation at K26 enables nuclear entry
and coactivator functions to drive transcription of migra-
tion genes and neutrophil recruitment. Lactylated S100a9
is released and disrupts mitochondrial function during
NETosis, causing cardiomyocyte death [164].

In sum, lactylation promotes inflammatory resolution and
tissue repair under physiologic conditions, yet in chronic
diseases (cancer, autoimmunity, fibrotic disorders, and neu-
rodegeneration) and acute injuries, aberrant lactylation sus-
tains pathologic inflammation by modulating immune-cell
function, pyroptosis, and fibrosis [158, 165].

Angiogenesis

In addition to inflammation, lactylation has important
roles in angiogenesis. Lactylation forms a self-amplifying
positive-feedback circuit in endothelial cells that directly
drives angiogenic programs. VEGF stimulation specifically
upregulates H3KO9la, which then accumulates at promot-
ers of pro-angiogenic genes and activates the transcription.
Notably, high H3K9la suppresses its eraser, HDAC2, form-
ing an H3K91a/HDAC?2 positive feedback loop that amplifies

VEGF signaling [115]. Similarly, the transmembrane pro-
tein, SEMAGA, undergoes liquid-liquid phase separation via
its C-terminal intrinsically disordered region to form con-
densates that recruit RHOA and p300. This finding promotes
p300 phosphorylation and lactyltransferase activity. The
process catalyzes histone lactylation, which in turn enhances
glycolysis and lactate generation, constituting a SEMAG6A-
centered loop that couples phase separation, metabolism,
and epigenetic modification to sustain pathologic angiogen-
esis [166]. DNMT3A facilitates nuclear entry of lactate and
catalyzes lactylation of HIF-1o under hypoxic conditions,
markedly upregulating VEGF-A to drive angiogenesis [167].

Lactylation also regulates angiogenesis in tumor and ret-
inal pathologies, often indirectly via RNA modification or
immune cell function. Lactate-mediated histone lactylation
promotes transcription of ST2 in tumor-associated endothe-
lial cells, enhancing responsiveness to the angiogenic
cytokine IL-33 in melanoma [ 168]. Histone lactylation upreg-
ulates the RNA methyltransferase, NSUN2, which increases
m’C on AKAP2 mRNA to activate the PKA-VEGFR2
pathway and drive disease in choroidal neovascularization
[169]. Enhanced monocyte glycolysis in hyperglycemia and
H4KS8la increase the content of the pro-angiogenic factor,
periostin, in exosomes. These exosomes stabilize HIF-1a
and promote retinal neovascularization [170]. Microglial
YY1 is lactylated by p300 in hypoxic retinas and directly
activates FGF2 transcription to stimulate angiogenesis [171].

Metabolic reprogramming

Metabolic reprogramming is a fundamental process by which
cells systematically reshape gene expression, signaling path-
ways, and enzyme activities in response to internal/external
stresses to actively adjust nutrient uptake/utilization and
energy production [172, 173]. Cells reprogram metabolism
with a predominant enhancement of glycolysis in tumors,
inflammation, and hypoxia, and even with sufficient oxygen,
cells favor rapid glycolytic ATP production and accumulate
lactate, which provides substrate for lactylation [174, 175].
Specifically, activation of HIF-1a. and c-Myc upregulates
key glycolytic enzymes (HK2, PKM2, and LDHA) in can-
cer, driving this process [174]. Accumulated lactate, which
is catalyzed by CBP/p300, modifies histone lysines to alter
chromatin and directly promote oncogenic transcription
[137, 174, 175]. Lactylation also targets non-histone pro-
teins, such as p53 and PD-L1, regulating stability or function
to support tumor growth, metastasis, and immune escape
[176]. This modification suppresses antitumor immunity by
upregulating oncogenic pathways, inducing M2 macrophage
polarization and causing T-cell dysfunction [174].
Lactylation is the core link between metabolic reprogram-
ming and immune cell function. Activated macrophages
generate lactate via glycolysis. Lactylation promotes tran-
scription of chemokines, such as CXCL16, recruiting cyto-
toxic T cells and exacerbating tissue damage in spinal cord
injury models [177]. Lactate accumulation and lactylation
can impair immune cell function (e.g., inducing M2 polar-
ization, T-cell dysfunction, and dampening antiviral signal-
ing) in tumor microenvironments or viral infections, thereby
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shaping immunosuppression and enabling tumor or viral
immune escape [178, 179].

Lactylation directly tunes metabolic pathways and cellular
homeostasis by modifying key metabolic enzymes and struc-
tural proteins at the level of organelle function and cell fate.
Dexmedetomidine modulates metabolic reprogramming to
lower lactate, thereby inhibiting lactylation of malate dehy-
drogenase 2, mitigating mitochondrial dysfunction and fer-
roptosis, and improving myocardial ischemia—reperfusion
injury [180], which illustrates the therapeutic potential of
correcting pathologic metabolic imbalance by targeting spe-
cific lactylation events. Another study showed that the auto-
phagy kinase, ULKI, phosphorylates and activates LDHA
under nutrient deprivation to boost lactate production.
Lactate then lactylates Vps34, enhancing the lipid kinase
activity, promoting autophagic flux and endosome-lys-
osome trafficking, and integrating two central processes
(autophagy and glycolysis) [181]. Dysfunction of DAPK2
induces lactylation of the inner-membrane protein Mic60 at
the mitochondrial level, altering cristae architecture, acti-
vating mitochondrial metabolism, and ultimately promoting
EGFR-TKI resistance and metastasis in lung cancer [182].
These findings indicated that lactylation can precisely target
intracellular nodes to reprogram energy metabolism, auto-
phagy, and cell death.

In summary, lactylation and metabolic reprogramming
are inseparably intertwined in a bidirectional relationship.
Metabolic reprogramming, especially a shift toward aerobic
glycolysis, is the fundamental driver of lactate accumula-
tion and lactylation [174, 175]. Transcription factors, such
as HIF-1a and c-Myec, upregulate HK2, PKM?2, and LDHA,
accelerating lactate production and supplying abundant
substrate for lactylation [174]. In contrast, lactylation pro-
foundly reshapes cellular metabolism by modifying meta-
bolic enzymes (e.g., ALDOA) or regulating transcription of
metabolism-related genes, lactylation sustains PI3K-AKT-
mTOR and Wnt/B-catenin survival pathways, consolidating
and amplifying the glycolytic phenotype and achieving per-
sistent metabolic reprogramming [183].

Other functions

In addition to established roles in inflammation regulation,
angiogenesis, and metabolic reprogramming, an increasing
body of evidence indicates that lactylation serves as a pivotal
“metabolic-epigenetic hub,” broadly linking cellular meta-
bolic states to cell fate determination, genomic stability, and
tissue remodeling [17, 184, 185].

Glycolysis-driven histone lactylation specifically marks
the chromatin of highly glycolytic embryonic tissues, such
as the neural crest and presomitic mesoderm, in embryonic
development and stem-cell biology, thereby opening critical
enhancers and activating the neural-crest gene-regulatory
network. This process effectively “writes” local metabolic
states into developmental programs [17, 23]. Recent devel-
opmental studies have further shown that inhibition of lactate
production or disruption of histone lactylation deposition
results in down-regulation of neural-crest genes, impaired
cell migration, and aberrant lineage specification, suggesting

that lactylation constitutes an essential epigenetic mark
required for early morphogenesis and organogenesis [23].
Enhanced glycolytic flux induces lactylation of the transcrip-
tion factor, Esrrb, in embryonic stem cells, which strength-
ens the promoter-binding affinity, maintains the pluripotency
transcriptional network, and promotes differentiation toward
extra-embryonic endoderm-like stem cells, which highlights
a fine regulatory role of non-histone lactylation in cell-fate
decisions [186]. Studies involving bone metabolism have
demonstrated that lactylation modulates gene expression
in osteoblasts and osteoclasts and influences bone-immune
crosstalk mediated by macrophages and T cells. Lactylation
thus has key roles in bone formation, resorption, and mass
maintenance with aberrant lactylation observed in disorders,
such as osteoporosis, rheumatoid arthritis, and periodontitis
[187]. Systematic analyses further revealed that the interplay
among lactylation, metabolism, and immunity within bone
tissue governs bone-remodeling homeostasis and provides
a conceptual framework for therapeutic strategies that tar-
get lactylation to enhance bone regeneration, repair skeletal
defects, and treat metabolic bone diseases [184, 187].

Lactylation directly participates in the DNA-damage
response and homologous-recombination repair at the
level of genomic stability. Chen et al. demonstrated that
lactylation of MREI1 at specific residues promotes stable
assembly of the MRN complex and accumulation at dou-
ble-strand-break sites, thereby enhancing homologous-re-
combination efficiency and cellular tolerance to genotoxic
stress [188]. Subsequent work by the same group showed
that NBS1 K388 lactylation is indispensable for MRN
complex functionality and for repairing chemotherapy-in-
duced DNA damage. MRN complex upregulation markedly
increases homologous-recombination capacity and contrib-
utes to chemoresistance in tumor cells [111]. Lactylation has
emerged as a crucial bridge connecting metabolism, neu-
ronal activity, and behavioral phenotypes within the nervous
system. Neuronal excitation, electroconvulsive stimulation,
or social defeat stress synchronously elevate brain lactate
levels and protein lactylation in the mouse prefrontal cor-
tex, accompanied by increased c-Fos expression, reduced
social interaction, and heightened anxiety-like behavior,
indicating that activity-induced lactylation participates in
the epigenetic regulation of emotion and stress responses
[189]. Moreover, metabolic-epigenetic studies in the brain
revealed that exogenous lactate under hypoxic conditions
induces H3K9 lactylation in neural stem cells, upregulates
the transcription factor, SnoN, promotes neuronal differen-
tiation, and thereby enhances adult neurogenesis and func-
tional recovery following ischemic injury [190]. In contrast,
lactate accumulation in senescent microglia causes marked
H3K18 lactylation in natural aging and Alzheimer’s disease
models, activating the NF-kB pathway and driving a pro-in-
flammatory senescence-associated secretory phenotype,
which accelerates brain aging and neurodegeneration [191].
Astrocytic LRP1 attenuates glycolysis and suppresses ARF1
lactylation in ischemic-stroke models, thereby facilitating
intercellular mitochondrial transfer to damaged neurons and
alleviating ischemia—reperfusion injury [192].

Taken together, these findings demonstrate that lactyla-
tion exerts multilayered and multifaceted functions across

20

F. Wang et al.: DOI: 10.15212/bioi-2026-0009



BIOI 2026

biological systems, including development, bone remod-
eling, genome maintenance, and neural homeostasis. This
reinforces the concept of lactylation as a central integrator
linking metabolic cues to cellular function and highlights the
need for future therapeutic designs to consider context-de-
pendent and organ-specific effects within the broader land-
scape of metabolism-epigenetics interactions.

Lactylation modification in PF

Pathologic localization of lactylation
in PF

Lactylation, as an emerging form of epigenetic regulation,
is increasingly recognized as a key molecular link between
glycolytic reprogramming and profibrotic phenotypes in the
complex progression of PF. Lactylation reflects the abnormal
accumulation of lactate in lesion-resident cells under condi-
tions, such as hypoxia, inflammation, and metabolic stress.
In contrast, lactate can mediate histone and non-histone lac-
tylation to finely regulate the expression of genes involved
in critical processes, including the EMT, macrophage polar-
ization, fibroblast activation, and endothelial-mesenchymal
transition (EndMT). In this way, lactate provides a unified
molecular framework for understanding PF as a multicellu-
lar pathologic process [17]. Therefore, lactylation is not an
isolated event but is embedded within a continuous patho-
logic axis of “metabolic reprogramming—epigenetic remode-
ling—cell fate transition.”

Notably, PF exhibits a marked age dependency. Senescent
cells are widely distributed in fibrotic lung tissues and are
considered an important pathologic basis driving disease
progression [193, 194]. Mechanistically, senescent cells are
characterized not only by irreversible growth arrest but also
by profound metabolic reprogramming. Previous studies
have shown that certain senescent cells can upregulate pyru-
vate dehydrogenase kinase 4, thereby inhibiting the entry of
pyruvate into mitochondrial oxidative metabolism. This shift
enhances aerobic glycolysis and promotes lactate produc-
tion, leading to a “hypercatabolic” state that is characterized
by elevated glycolytic activity, increased lactate accumula-
tion, and sustained oxidative metabolism. This metabolic
phenotype not only reshapes the local acidic microenviron-
ment but also amplifies the senescence-associated secretory
phenotype (SASP) and the paracrine pathogenic effects [34].

Accumulating evidence from multiple organ systems sug-
gests that the lactate/lactylation axis fundamentally acts as
a mediator that converts metabolic abnormalities in senes-
cent cells into persistent inflammatory responses and tis-
sue remodeling programs. By integrating findings from PF
research, it is reasonable to infer that a similar mechanism
exists in fibrotic lung tissue. First, significant abnormalities
in lactate metabolism have been demonstrated in lung tis-
sues and AEC2s from patients with idiopathic PF, indicating
a metabolic basis for sustained lactate accumulation within
lesions [11, 67]. Second, elevated lactate levels in fibrotic
lungs not only activate latent TGF-3 by lowering local pH,
thereby promoting myofibroblast differentiation, but also

serve as an epigenetic substrate to induce histone lactyla-
tion in macrophages and enhancing the pro-fibrotic secretory
phenotype [11, 82]. In addition, lactate accumulation medi-
ated by the Akt2-PDK1 signaling pathway has been shown
to contribute to the progression of PF [195].

Taken together, senescent epithelial cells, fibroblasts, and
immune cells in fibrotic lung tissue may collectively establish
a continuous regulatory axis in which senescence-associated
metabolic reprogramming drives lactate accumulation, which
in turn induces histone and non-histone lactylation, ultimately
amplifying SASP and the transcription of pro-fibrotic genes.
This coordinated process promotes aberrant tissue repair,
pathologic intercellular communication, and ultimately irre-
versible fibrotic progression.

Lactylation roles in different cell
types

To further elucidate the pathogenic significance of lactyla-
tion in PF, it is necessary to systematically examine lactyla-
tion functions across key effector cell types, including AECs,
macrophages, fibroblasts, and endothelial cells.

AECs

Environmental exposures, especially respirable particulate
matter, are important etiologies of PE. Evidence indicates that
the pathogenic effects critically depend on a signaling axis
that serially links inflammatory activation, glycolytic repro-
gramming, lactate accumulation, and histone lactylation,
culminating in EMT of alveolar/airway epithelial cells as the
core phenotypic output. Pathogenesis begins with activation
of the NLRP3 inflammasome and increased IL-1f3 secretion
in silica exposure models [72]. Subsequently, IL-1B/IL-1R
signaling markedly upregulates the key glycolytic regulator,
PFKFB3, elevating glycolytic flux and driving robust lactate
production [72]. Accumulated lactate then serves as substrate
to catalyze histone H3K18 lactylation. Mechanistically,
H3K18la is specifically enriched at the promoter of SIXI, a
core EMT transcription factor, thereby markedly enhancing
transcription and ultimately driving phenotypic conversion
of AECs, an early, critical event in PF formation [72].
PM2.5 induces glycolytic reprogramming and elevated
histone lactylation in macrophages, the inflammatory factors
of which further activate TGF-f3/Smad signaling and induce
EMT in AECs [24]. More mechanistically, macrophage
H3K18la upregulation driven by lactate accumulation sup-
presses transcription of the E3 ubiquitin ligase, CHIP [79].
Reduced CHIP expression weakens degradation of TGF-p1,
increasing stability and activity. Thus, PM2.5 establishes
a pathogenic positive-feedback loop (lactate-H3K18la—
CHIP-TGF-B1) that promotes fibrotic progression.

Macrophages

As central immune regulators in the PF microenviron-
ment, macrophages exhibit both cell-autonomous and
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non-autonomous regulation by lactylation. Stimuli, such as
silica, directly induce glycolytic reprogramming in alve-
olar macrophages, increasing lactate production and lac-
tylation in the cell-autonomous mode [160]. Lactate and
protein lactylation synergistically promote assembly of the
NLRP3 inflammasome and activation of caspase-1, ampli-
fying inflammation and promoting pyroptosis, with abundant
release of IL-1B and other mediators (e.g., IL-18, TNF-a,
IL-6, and chemokines)—Ilaying a chronic inflammatory foun-
dation in early fibrosis [160]. In the non-autonomous mode,
activated pulmonary myofibroblasts function as “metabolic
engines,” continuously exporting lactate to the microenvi-
ronment through enhanced glycolysis [82]. Surrounding
macrophages take up this exogenous lactate, further elevat-
ing intracellular lactate and histone lactylation. For example,
p300-mediated histone lactylation upregulates transcription of
a series of profibrotic genes, polarizing macrophages toward
profibrotic states and prompting secretion of factors that acti-
vate fibroblasts and drive ECM deposition, thus building a
metabolism—epigenetics circuit that sustains fibrosis [82].
Macrophages serve as a key hub linking immune inflamma-
tion in PM2.5 models to structural remodeling through the
H3K18la—CHIP-TGF-f1 axis and secretion of TGF-1 and
other factors (e.g., PDGF, CTGF, IL-6, and MCP-1) [24, 79].

Fibroblasts

Lactylation regulates activation through multilayered, net-
worked mechanisms in fibroblasts, the effector cells of PF.
At the transcription-factor level, TGF-f—induced glycoly-
sis and lactate accumulation can cause specific lactylation
of Snaill, potentially directly tuning the pro-fibrotic func-
tion. The natural compound, wogonoside, reduces lactate
generation and Snaill lactylation by modulating metabolic
enzymes, thereby suppressing fibroblast activation [196].

A more exquisite cascade has been delineated at the epi-
genetic crosstalk level. H3K9 lactylation enhances transcrip-
tion of the m°A methyltransferase METTL3 and METTL3
upregulation in turn installs m°A on specific long non-coding
RNAs via YTHDCI-mediated phase separation and nuclear
export. These RNAs ultimately stabilize translation of pro-fi-
brotic targets in the cytoplasm, fully activating fibroblasts
[197]. This signaling axis sequentially undergoes histone
lactylation regulation, RNA m°A modification reprogram-
ming, and enhanced RNA nuclear export, systematically
expanding our understanding of the complexity of epigenetic
regulatory networks.

Endothelial cells

The spectrum of lactylation also extends to the vasculature.
Multi-omics in IPF patients showed that globally elevated
lactylation in lung tissue correlates with disease sever-
ity and identified IGFBP7 and CCT2 as lactylation-driven
key molecules in endothelial cells [198]. Mechanistically,
TGF-B induces metabolic reprogramming in the endothe-
lium. The consequent high-lactate milieu drives expression
of these molecules and promotes EndMT, providing new

explanations for endothelial contributions and perivascular
fibrosis in PF [198]. Figure 8 provides a schematic overview
of lactylation-driven mechanisms in PF, illustrating how lac-
tate accumulation and lactylation influence key processes in
AECs, macrophages, fibroblasts, and endothelial cells, ulti-
mately contributing to the progression of PF.

Crosstalk of lactylation with other
modifications in PF

Lactylation is not isolated in the intricate pathologic network
of PE. Rather, lactylation is deeply embedded in a tightly
coupled regulatory system spanning epigenetics—epitran-
scriptomics—post-translational control. Lactylation shares
lysine sites and components of writer/eraser machineries
with canonical modifications, such as acetylation, methyl-
ation, and B-hydroxybutyrylation, and interlaces with the
canonical modifications along metabolic—signaling axes.
Thus, lactylation is best viewed in PF as a second signal-
ing layer superimposed on a pre-existing map of chromatin
marks, encoding the dynamics of glycolytic reprogramming,
rather than a simple replacement [17, 26]. Accordingly, PF
does not merely reflect elevated lactylation but a compos-
ite epigenetic state shaped by interactions among multiple
PTMs.

Histone-level interplay

Lactylation and classical marks (e.g., acetylation) exhibit
conspicuous site competition and functional synergy at the
histone level. For example, H3K18 can be acetylated, lac-
tylated, or B-hydroxybutyrylated [17, 113]. p300/CBP func-
tions as a shared writer for H3K18ac, and when lactyl-CoA
is abundant, H3K18la. HDAC1-3 are shared erasers with
deacetylase and delactylase activities [113]. Hence, in the
PF milieu of heightened glycolysis and lactate, lactylation
can partially displace acetylation/propionylation at specific
lysines, reshaping local chromatin “mark cocktails” and
rewriting enhancer/promoter states [17, 26]. While PF stud-
ies often focus on single marks (e.g., H3K18la and H3K9la),
cross-mark dynamics at the same site likely determine prior-
ity activation or silencing of specific genes during fibrosis,
an area ripe for investigation using quantitative proteomics
and multiplex ChIP-seq.

A cascade with RNA m®A modification

Crosstalk between lactylation and RNA m°A modifi-
cation has been increasingly delineated across disease
models and analogously observed in lung injury/fibrosis.
Lactate accumulation elevates H3K18la and upregulates
METTL3 transcription in tumor-infiltrating myeloid
cells. Concurrently, METTL3 undergoes lactylation at
a zinc-finger domain, enhancing recognition/catalysis
on JAK1 mRNA, thereby activating the JAKI1-STAT3
axis and driving immunosuppression [199]. Lactate
activates METTL3 via p300-mediated H3KI18la in
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Figure 8 Schematic diagram of lactic acidosis-driven mechanisms of pulmonary fibrosis initiation and progression. Various environmental
and inflammatory stimuli induce glycolytic reprogramming in alveolar epithelial cells, macrophages, fibroblasts, and endothelial cells, leading
to excessive lactate production. Local lactate accumulation further drives histone and non-histone acylation, remodeling the expression pro-
grams of key genes involved in EMT, macrophage polarization, fibroblast activation, and EndMT. Different cells amplify fibrotic signals through
lactate and multiple cytokines, forming a metabolic-epigenetic network centered on acylation, ultimately resulting in excessive matrix deposi-

tion and progression of pulmonary fibrosis.

sepsis-associated acute lung injury, which installs m°A on
ACSL4 mRNA to promote ferroptosis, suggesting a sim-
ilar H3K18la-METTL3-mCA axis in alveolar epithelium
[200]. H3K9la upregulates METTL3 in PF, which then
modifies specific IncRNAs with m°A through YTHDCI-
mediated phase separation and nuclear export. Multiple
pro-fibrotic translation pathways are stabilized, achieving
multistage amplification from “lactate—histone lactyla-
tion” to “RNA epigenetics” to “protein synthesis” [197].
Moreover, H3K18la elevates YTHDF1 in arsenic-related
PF models, modulating downstream NREP m°A and sus-
taining TGF-B1 signaling, which further supports the
generality of the lactylation-m°®A axis in fibrosis [71].
Collectively, these findings depict a representative cross-
mark cascade, as follows: intracellular lactate first drives
histone lactylation, which then upregulates METTL3 or
YTH-family readers (or directly lactylates them); the
modified/induced METTL3/YTH proteins remodel the
mCA landscape; and ultimately, stability and translational
efficiency of pro-fibrotic transcripts are enhanced, ampli-
fying fibrotic outputs [71, 197, 199].

Interplay with ubiquitination and protein
homeostasis

Interactions between lactylation and ubiquitination/
protein homeostasis are also noteworthy. Elevated mac-
rophage lactate and H3K18la do not merely activate
canonical TGF-B/Smad signaling in PM2.5-induced PF.
Rather, H3K18la enriched at the CHIP E3-ligase pro-
moter suppresses transcription [24, 79]. Because CHIP
governs TGF-B1 degradation, downregulation directly
impairs ubiquitin-mediated turnover, causing abnormal
extracellular accumulation of TGF-1 [79]. From a cross-
PTM perspective, this finding indicates that lactylation
can indirectly rewrite the ubiquitination—proteostasis net-
work by repressing specific E3 ligases and transforming
transient metabolic signals into persistent buildup of pro-
fibrotic factors. Similar lactylation—ubiquitination interac-
tions have been reported in DNA-damage repair and bone
remodeling [111], suggesting additional, yet-uncovered
nodes in PF that regulate turnover of ECM proteins, recep-
tors, and signaling molecules.
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Crosstalk with other modifications

More broadly, lactylation may form complex “combinatorial
codes” with methylation, phosphorylation, [-hydroxybu-
tyrylation, and other post-translational modifications (e.g.,
acetylation, ubiquitination, and sumoylation). Lactylation
often occurs at hotspot lysines enriched for other marks
(e.g., H3K9 and H3K18 that carry acetylation/methylation)
[17]. In contrast, lactylation-driven transcriptional changes
can secondarily alter expression of DNA methyltransferases,
histone methyltransferases/demethylases, and m°®A methyl-
transferases that potentially establish temporal cascades in
which “lactylation precedes methylation/demethylation”
[26, 199]. Systematic multi-omics to delineate spatiotempo-
ral dynamics of such crosstalk in PF are lacking, yet evi-
dence from cancer, cardiovascular, and neurodegenerative
fields strongly suggests lactylation acts as a network hub
rather than an isolated pathway [26, 39, 113].

These cross-modifications present both opportunities and
challenges in PF research. Axes, such as metabolism—lactyl-
ation—-m°A and metabolism-lactylation—ubiquitination, offer
multi-tiered targets. One axis could suppress lactate produc-
tion/transport (e.g., LDHA and MCT1/4), directly modulat-
ing writers, like p300, or erasers (HDACI1-3), or co-target
downstream effectors, such as METTL3/YTH family or
CHIP [17, 113, 199]. Conversely, the coexistence of multi-
ple axes implies that simple single-target interventions may
trigger compensatory pathways or even immunosuppression.
Thus, interventions must be designed with cell-type and dis-
ease-stage precision.

In sum, lactylation in PF is not an isolated “new mark,”
but a core nexus spanning metabolic reprogramming, epi-
genetic remodeling, and protein fate control. Dissecting
crosstalk with other epigenetic and post-translational modi-
fications will help re-understand PF at the network level and
lay the groundwork for developing metabolism-epigenetics
combination strategies with stronger specificity and more
controllable toxicity.

Dynamic lactate-lactylation network
in PF

Recent studies indicate that lactate metabolism and lactylation
are not confined to a single cell type during PF progression
but instead form a dynamic intercellular network. Activated
fibroblasts, dysfunctional epithelial cells, and polarized mac-
rophages all exhibit enhanced glycolytic activity within the
fibrotic microenvironment, leading to excessive lactate pro-
duction. Lactate, mediated by monocarboxylate transporters,
can be continuously exchanged among these cell populations,
thereby establishing a “lactate shuttle system” that integrates
metabolic activities within the tissue [81, 82, 201].
Importantly, lactate functions not only as a metabolic
substrate, but also as a signaling molecule and an epige-
netic regulator. Intracellular lactate accumulation promotes
protein lactylation, including histone modifications, such
as H3K18la [17]. This process enables metabolic signals to
be directly encoded into transcriptional programs, thereby

regulating key profibrotic pathways, including TGF-f signa-
ling, the EMT, and macrophage polarization [17, 24, 73, 82].

Notably, the lactate—lactylation axis establishes multiple
positive feedback loops within the fibrotic microenviron-
ment. Lactate-induced lactylation can enhance the expres-
sion of certain pro-fibrotic genes and may synergize with
glycolytic reprogramming, forming an amplification circuit
[11, 81, 82]. Similarly, lactate-mediated macrophage acti-
vation and epithelial-fibroblast interactions further amplify
cytokine release and ECM deposition, thereby reinforcing
the fibrotic niche [81, 82, 202].

Collectively, this dynamic network constitutes a mech-
anistic framework in which local metabolic stress is pro-
gressively amplified and stabilized through epigenetic
reprogramming. In this context, lactylation may serve as a
critical molecular bridge that converts transient metabolic
alterations into sustained transcriptional and phenotypic
changes, ultimately driving the irreversible progression of
organ fibrosis.

Research limitations, technical
perspectives, and therapeutic
translation

Research limitations and technical
perspectives

In recent years studies on lactate metabolism and lactylation
in PF have increased significantly. However, most existing
evidence remains largely correlative and true “site-specific
causal” evidence has yet to be established. Current studies
mainly rely on metabolomics, transcriptomics, lactylation
proteomics, ChIP-qPCR, CUT&Tag, immunoblotting, and
tissue colocalization analyses to demonstrate that lactate
accumulation and elevated global lactylation levels occur
in parallel with the EMT, fibroblast activation, pro-fibrotic
macrophage polarization, and ECM deposition [17, 35].

For example, increased lactate levels have been demon-
strated in lung tissues of IPF patients, promoting TGF-3
activation and myofibroblast differentiation [11]. Persistent
glycolytic reprogramming has been identified in lung fibro-
blasts/myofibroblasts [10]. Lactate derived from myofibro-
blasts can induce histone lactylation in macrophages and
enhance the pro-fibrotic secretory phenotype [82]. AECs
also exhibit abnormal lactate metabolism [67] and increased
H3KI18 lactylation (H3K18la). Activation of downstream
fibrotic transcriptional programs has been observed in arse-
nic or silica exposure models [71, 72]. In addition, GLP-1R
agonists or glycolysis inhibition strategies can reduce
fibrosis accompanied by decreased lactylation levels [87].
Macrophage H3K18la amplifies fibrosis by suppressing
CHIP expression and stabilizing TGF-B1 in PM2.5 exposure
models [79]. Taken together, these findings support the over-
all framework of a “lactate shuttle-lactylation-pro-fibrotic
transcription” axis, although most conclusions are still at the
level of an association.
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A major bottleneck lies in the fact that most interven-
tions target upstream metabolic or enzymatic nodes, such as
LDHA, MCT1/4, PFKFB3, p300, or HDAC1-3 [113]. While
these approaches alter lactylation levels, the approaches also
affect glycolytic flux, redox balance, intracellular pH, and
other lysine acylations (e.g., acetylation), making it diffi-
cult to determine whether specific lactylation sites directly
drive fibrotic phenotypes. Thus, the key question is no longer
whether lactylation is involved but rather which specific
sites, in which cell types, and at which disease stages, caus-
ally determine fibrosis initiation and irreversibility.

Notably, other research fields have already provided
site-resolved causal evidence. For example, lactylation of
MREL!1 at K673 promotes DNA end resection and homolo-
gous recombination repair [188], while lactylation of NBS1
at K388 directly regulates MRN complex assembly and
DNA repair efficiency [111]. These studies demonstrated
that lactylation is not merely a biomarker but a functional
regulatory event. In contrast, PF research still lacks similarly
robust “site-specific necessity” evidence, highlighting the
need to shift from global observations to precise, cell- and
stage-specific causal analyses.

From a methodologic perspective, gene-editing technolo-
gies represent a key breakthrough direction. Base editing can
be used to substitute lysine with non-lactylatable residues
(e.g., arginine) for lysine residues encoded by AAA/AAG
without introducing double-strand breaks, thereby gener-
ating endogenous site-blocking models [203, 204]. Prime
editing can achieve precise multi-base modifications for
more complex edits [205]. These strategies can be applied
in AECs, macrophages, fibroblasts, organoids, or condi-
tional knock-in mouse models to edit candidate sites (e.g.,
H3K18, H3K9, or key non-histone sites), combined with
transcriptomics, single-cell sequencing, CUT&Tag, ATAC-
seq, and phenotypic rescue experiments to establish direct
“site—mechanism—phenotype” causal links.

At the same time, advances in chemical biology provide
important complementary tools. Current studies rely heav-
ily on pan-lactylation antibodies and endpoint detection,
limiting dynamic and site-specific analyses. Bioorthogonal
chemical reporters (e.g., YnLac) enable labeling and enrich-
ment of lactylated substrates in live cells [206]. Protein
semi-synthesis and expressed protein ligation allow gener-
ation of site-specifically modified proteins or nucleosomes
[207, 208], while genetic code expansion offers potential for
precise incorporation of lactylation marks [209]. Integration
of these approaches with quantitative mass spectrometry,
live-cell imaging, and gene-editing models will help shift
research from correlation to mechanistic dissection.

Overall, future PF research on lactylation should move
beyond differential molecular screening toward building a
precise, cell-specific, and temporally resolved mechanistic
framework [205, 208]. Only when specific lactylation sites
are proven to be essential in fibrosis initiation, maintenance,
or irreversibility can lactylation truly transition from a
“potential biomarker” to a “therapeutic target”.

Despite these findings, clinical translation faces signifi-
cant challenges. Lactate metabolism and transport systems
are broadly involved in normal tissue repair, immune homeo-
stasis, and systemic energy metabolism. For example, lactate

promotes endothelial cell migration and angiogenesis and
regulates monocyte/macrophage function [210, 211], while
MCTs maintain transport of lactate, pyruvate, and ketone
bodies and acid-base balance across tissues [212]. Clinical
and genetic evidence further highlights the importance.
MCT1 deficiency can cause ketoacidosis and the MCT1
inhibitor, AZD3965, has been associated with severe hyper-
lactatemia [213, 214]. Similarly, targeting lactylation-related
enzymes carries off-target risks. CBP/p300 inhibitors may
impair platelet production and cause multi-system toxicity
[215]. HDAC inhibitors are associated with immunosup-
pression and thrombocytopenia [216, 217]; SIRT family pro-
teins are broadly involved in mitochondrial metabolism and
immune regulation; systemic inhibition may disrupt home-
ostasis [218, 219]. Therefore, more feasible strategies may
involve local delivery, short-term intervention, and cell-spe-
cific targeting, or prioritizing relatively specific downstream
effectors within fibrotic tissues to improve safety and effi-
cacy (Figure 9).

Therapeutic prospects and
translational pathways

Currently, pharmacologic treatment of IPF still relies on
approved anti-fibrotic drugs as the clinical cornerstone. The
ASCEND study demonstrated that pirfenidone slows dis-
ease progression, while the INPULSIS study showed that
nintedanib significantly reduces the annual decline in forced
vital capacity (FVC). The INBUILD and SENSCIS studies
further expanded the indications of nintedanib to progressive
fibrosing interstitial lung diseases and systemic sclerosis-as-
sociated interstitial lung disease [64, 220-222].

Thus, therapeutic strategies targeting the “lactate metab-
olism-lactylation axis” are more appropriately positioned as
add-on therapies rather than replacements for existing anti-fi-
brotic treatments. Studies also suggest that pirfenidone and
nintedanib can be safely combined under some conditions,
supporting a combination model of ‘“anti-fibrotic corner-
stone drugs + metabolic/epigenetic modulators™ [223-225].

Mechanistically, therapeutic development can be divided
into three levels: upstream lactate generation and transport
(LDHA and MCT1/4); lactylation-modifying enzymes
(p300/CBP and HDACI1-3); and downstream effector
nodes, including site-specific lactylation and the impact
on transcription, RNA modification, or protein homeosta-
sis. Evidence suggests that targeting downstream, cell- and
stage-specific nodes may be more effective for early transla-
tional breakthroughs.

Given safety concerns, future strategies should prioritize
localized, short-term, and reversible interventions. Inhalation-
based delivery systems, including inhaled nintedanib and
nanoparticle formulations, have demonstrated reduced sys-
temic exposure and improved lung retention, providing a
strong methodologic basis for future development.

Translational research may follow four steps: target iden-
tification; patient stratification; pharmacodynamic moni-
toring; and combination validation. Ultimately, successful
clinical translation will depend not only on identifying new
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Figure 9 Conceptual framework of lactate metabolism and lactylation in pulmonary fibrosis, from current limitations to therapeutic transla-
tion. The schematic is organized into three panels. (1) Current limitations: Existing studies largely rely on correlative evidence linking lactate
accumulation and global lactylation to key fibrotic processes, including epithelial-mesenchymal transition, fibroblast activation, pro-fibrotic
macrophage polarization, and extracellular matrix deposition. Interventions targeting upstream metabolic nodes (e.g., LDHA, MCT1/4,
PFKFB3, p300, and HDAC1-3) affect glycolytic flux, redox balance, and intracellular pH but site-specific causal mechanisms remain unclear.
(2) Future perspectives: Emphasis is placed on identifying cell type— and stage-specific mechanisms using gene-editing technologies (e.qg.,
base editing and prime editing) and chemical biology tools (e.g., bioorthogonal reporters and genetic code expansion) combined with live-cell

labeling and multi-omics approaches to establish direct links between

lactylation sites and fibrotic phenotypes. (3) Therapeutic translation:

Challenges include off-target effects and systemic toxicity of global inhibition. Proposed strategies highlight targeted, localized delivery (e.g.,
inhalation), and combination therapies integrating anti-fibrotic drugs (pirfenidone and nintedanib) with metabolic/epigenetic modulators. A
translational pathway involving target identification, patient stratification, pharmacodynamic monitoring, and validation is outlined to enable

safe and effective clinical application.

targets but also on building a complete and coherent transla-
tional framework (Figure 9).

Conclusion and perspectives

PF is a progressive disease that is characterized by destruc-
tion of alveolar architecture, aberrant fibroblast activation,
and persistent ECM deposition. The initiation and progres-
sion of PF involve multiple interconnected mechanisms,
including impaired epithelial injury repair, remodeling of
the immune microenvironment, metabolic abnormalities,
and epigenetic regulation. In recent years, with the deepen-
ing understanding of metabolic reprogramming, lactate is no
longer regarded merely as the end-product of glycolysis but
has been redefined as a key molecule with a triple role as a

metabolic substrate, an intercellular signaling molecule, and
an epigenetic regulatory mediator. In particular, the discov-
ery of lactylation has provided a new theoretical basis for
understanding how metabolic abnormalities are translated
into stable pathogenic transcriptional programs and has
made the “lactate metabolism—lactylation axis” an important
entry point for elucidating the pathogenesis of PF.

This review systematically summarizes the generation,
transport, and utilization of lactate, and further outlines
the molecular basis underlying lactylation and its potential
pathogenic significance in different cell types in PF. Current
evidence indicates that, AECs, fibroblasts, macrophages,
and endothelial cells all undergo varying degrees of glyco-
lytic reprogramming within the fibrotic microenvironment,
leading to sustained local lactate accumulation. Elevated lac-
tate can directly promote fibrosis progression by acidifying
the microenvironment, facilitating latent TGF-3 activation,

26

F. Wang et al.: DOI: 10.15212/bioi-2026-0009



BIOI 2026

aggravating endoplasmic reticulum stress, and inducing the
EMT. In contrast, lactate can serve as a substrate for lac-
tylation, altering the functional states of both histone and
non-histone proteins, thereby regulating gene expression
programs associated with inflammatory amplification, cell
fate transitions, collagen synthesis, ECM deposition, and
pathologic intercellular communication. These findings sug-
gest that lactate not only shapes the metabolic background
of PF but may also be deeply involved in maintaining and
amplifying pathologic phenotypes.

Furthermore, the significance of lactylation in PF is not lim-
ited to changes at a single site or within a single cell type but
more likely reflects a dynamic regulatory network spanning
multiple cells and multiple levels. Lactylation participates
in the activation of EMT-related transcriptional programs in
epithelial cells. Lactylation promotes pro-fibrotic polariza-
tion and enhances the secretion of factors, such as TGF-f1, in
macrophages. Lactylation is coupled with m6A modification,
transcription factor activity, and RNA nuclear export in fibro-
blasts, thereby sustaining fibroblast activation. Lactylation
may be involved in the EMT and perivascular fibrosis in
endothelial cells. More importantly, lactylation does not occur
in isolation but together with acetylation, methylation, ubiqg-
uitination, and RNA modifications constitutes a complex
network of crosstalk, through which metabolic changes are
progressively amplified into stable fibrotic phenotypes. For
this reason, lactylation may be regarded as a core bridge link-
ing metabolic reprogramming, epigenetic remodeling, and tis-
sue reconstruction.

Although this field has advanced rapidly, our understand-
ing of lactylation in PF remains at an early stage and several
key issues still need to be addressed. First, most current stud-
ies remain at the level of correlation, namely “increased lac-
tate—increased acetylation-aggravated fibrotic phenotype,’
and lack truly site- and cell-specific causal evidence. Second,
the global landscape of histone and non-histone lactylation
in PF is incomplete and the spatiotemporal heterogeneity of
lactylation across disease stages, cell types, and microenvi-
ronmental conditions has not been systematically character-
ized. Third, the network of lactylation “writers,” “erasers,”
and “readers” has not been fully elucidated and the substrate
selectivity, upstream—downstream coupling, as well as the
competition or cooperation with other post-translational
modifications, all require further investigation. In addition,
lactate and lactylation also have important physiologic roles
in normal tissue repair, maintenance of immune homeosta-
sis, and energy metabolism. This finding means that inter-
ventions targeting this pathway must take cell type, disease
stage, and tissue specificity fully into account. Otherwise,
lactate and lactylation may cause metabolic disturbances,
immune suppression, or impaired tissue repair.

Looking ahead, research on lactylation in PF should
move gradually from “phenomenon description” to “mecha-
nistic dissection” and “precision translation.” Technologies,
such as single-cell transcriptomics, spatial omics, quanti-
tative lactyl-proteomics, multiplex ChIP-seq, CUT&Tag,
and metabolic flux tracing, should be used to systemati-
cally construct dynamic maps of lactate metabolism and
lactylation across different cell types, thereby identifying
truly pathogenic key sites and core nodes. In contrast, base

editing, prime editing, conditional knock-in models, and
organoid systems should be combined to verify the func-
tional necessity of specific lactylation sites in the initiation,
maintenance, and irreversibility of fibrosis at the endoge-
nous level, thereby establishing a direct causal chain of
“site—cell-disease stage—phenotype.” Greater efforts are
needed to investigate the crosstalk between lactylation and
m6A modification, ubiquitination, phase separation, mito-
chondrial homeostasis, and immunometabolic remodeling
to reconstruct our understanding of PF pathogenesis from
a network perspective.

Targeting the “lactate metabolism—lactylation axis” holds
considerable promise At the level of clinical translation.
However, a more rational strategy may not be long-term,
systemic, broad-spectrum inhibition but rather precise inter-
vention centered on key nodes that are lesion-enriched,
cell-specific, and stage-dependent. For example, priority
could be given to screening lactylation sites, specific writ-
ers/erasers, MCT transport pathways, or downstream effec-
tor molecules that are abnormally enriched in fibrotic lung
tissue, combined with inhalational delivery, nanocarriers,
and local short-course interventions to maximize pulmonary
drug accessibility while minimizing systemic side effects. In
addition, lactate and lactylation-related molecules may serve
as dynamic biomarkers for disease stratification and thera-
peutic evaluation, helping to identify patient subgroups with
more prominent lactate metabolic abnormalities who may be
more suitable for metabolic intervention.

Overall, the emergence and expanding understanding of
lactylation are driving pulmonary fibrosis research beyond the
traditional framework of “inflammation—injury—repair” toward
an integrated new paradigm of “metabolism—epigenetics—cell
fate.” In the future, the lactate metabolism—lactylation axis is
expected not only to deepen our understanding of PF patho-
genesis with the continued development of multi-omics tech-
nologies, precise disease modeling, and targeted delivery
strategies but also provide a solid foundation for establish-
ing new disease stratification systems, identifying druggable
targets, and developing more precise combination therapies,
ultimately bringing new breakthroughs to the individualized
diagnosis and treatment of PF.
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