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Protein lactylation in kidney
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Post-translational modifications (PTMs) regulate protein function and structure
through covalent modifications, participating in various physiological and
pathological processes. Lysine lactylation is an emerging PTM discovered in
recent years, which regulates gene expression, metabolism, and cell signaling
by adding a lactyl group to lysine residues. As a by-product of glycolysis, lactate
not only influences cellular metabolism but also contributes to the development
and progression of kidney diseases through lactylation. This review focuses on
the discovery and regulatory mechanisms of lysine lactylation, particularly its
role in kidney diseases such as acute kidney injury, chronic kidney disease, and
diabetic kidney disease. Lactylation influences the metabolic state, inflammatory
response, and fibrosis of renal cells by modulating protein function and key
gene transcription. With continued research, lactylation is expected to become
a novel target for understanding the metabolic-epigenetic regulation of kidney
diseases and could offer new strategies for treatment.
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1 Introduction

Post-translational modifications (PTMs) are crucial regulatory mechanisms that affect
protein function, stability, localization, and interactions (Ramazi and Zahiri, 2021). They
play a significant role in numerous physiological and pathological processes, including
signal transduction, gene expression, and metabolic regulation. Kidney diseases (KD),
characterized by various forms of kidney dysfunction including acute kidney injury
(AKI) and chronic kidney disease (CKD), are complex conditions influenced by genetic,
environmental, and metabolic factors (Fontecha-Barriuso et al., 2018). Research has
found that PTMs play a significant role in the pathogenesis of various KD, including
renal cell carcinoma, AKI, DKD, renal fibrosis, and lupus nephritis. The histone
methyltransferase enhancer of zeste homolog 2 (EZH2) regulates ferroptosis through
histone methylation, thus promoting calcium oxalate-induced renal injury (Yan et al,
2024). Furthermore, EZH2 is also upregulated in sepsis-induced AKI (SA-AKI), increasing
apoptosis and inflammatory responses in renal tubular epithelial cells (TECs) and
aggravating renal tubular injury (LiB. et al, 2023). Autosomal dominant polycystic
kidney disease (ADPKD) is one of the most common hereditary kidney diseases
globally and a major cause of end-stage kidney disease (ESKD). Recent research has
discovered that aberrant methylation in ADPKD is associated with histone and non-
histone methylation, participating in the regulation of cell cycle, ciliogenesis, and cyst
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growth (Xu et al,, 2022). Moreover, histone deacetylase (HDAC)
modulates the expression of the polycystic kidney disease-1 gene
(Pkd1). HDAC inhibitors can reduce cyst formation in PkdI-
deficient mice (Van Bodegom et al., 2006) and delay the impairment
of renal function in Pkd2-deficient mice (Xia et al., 2010). The
impact of PTMs on kidney diseases may be protective or harmful,
and exploring its specific mechanisms could help find a new
therapeutic target for kidney diseases. Recently, novel PTMs,
such as lactylation, have gained attention for their potential
involvement in regulating protein function in kidney diseases,
offering new insights into disease mechanisms and potential
therapeutic targets (Liu et al., 2023).

Protein lactylation is a newly identified PTM characterized
by the covalent attachment of a lactyl group to lysine residues
in proteins (Izzo and Wellen, 2019). This modification is derived
from lactate, a by-product of glycolysis, and plays a key role
in regulating various biological processes,. Lactate serves not
only as a crucial end product of glycolysis but also as a
precursor for lactylation. In recent years, protein lactylation has
been linked to several diseases, including kidney disease, and
is emerging as a novel target for understanding the regulatory
mechanisms of metabolic epigenetics. The comparison of lactylation
with other common PTMs, such as methylation, acetylation,
SUMOylation, phosphorylation, crotonylation, and neddylation, is
presented in Table 1.

2 Metabolism of lactate

Lactate was once thought to be a metabolic waste product
of glycolysis during hypoxia with deleterious effects. However,
more and more studies have proved that lactate not only acts
as an energy supply for cells, but also participates in numerous
pathophysiological processes such as gluconeogenesis, cell signaling,
and immunomodulation (Li et al., 2024b).

In the process of glucose metabolism, glucose enters
the cell through transport proteins and produces pyruvate
under the catalysis of key enzymes, such as hexokinase (HK),
phosphofructokinase-1 (PFK-1), and pyruvate kinase (PK). Under
normoxia, pyruvate enters into the mitochondria and is catalyzed
by pyruvate dehydrogenase (PDH) into acetyl coenzyme A (Acetyl-
CoA) which participates in oxidative phosphorylation (OXPHOS)
to generate ATP for cellular process; while under hypoxic conditions,
the mitochondrial OXPHOS pathway is inhibited, and pyruvate
is catalyzed by lactate dehydrogenase (LDH) to generate lactate.
The clearance of lactate in cells occurs mainly through two
pathways. In one pathway, lactate participates in hepatic and
kidney gluconeogenesis as a substrate. In the other pathway,
lactate is oxidized to pyruvate, which shuttles into mitochondria
through monocarboxylate transporters (MCTs) to participate in the
tricarboxylic acid cycle and generate ATP for cellular metabolism
(Li et al., 2024b). At the beginning of the 20th century, Warburg
(Warburg, 1956) found that in the presence of sufficient oxygen,
tumor cells would still preferentially generate lactate via glycolysis
after uptaking glucose and meanwhile inhibit the metabolism of
pyruvate in mitochondria. This shift in metabolism contributes
to optimizing energy utilization of tumor tissues, promoting their
proliferation and invasion, which is the famous ‘Warburg’ effect. This
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phenomenon occurs not only in tumors but also in high proliferation
activity tissues such as angiogenesis, inflammatory response,
damage repair, and immune response (Vander Heiden et al., 2009).
It has been found in recent years that lactate also acts as a precursor
of lactylation and participates in regulating key cellular activities.

3 Protein lactylation

In 2019, Zhang et al. found that there exists lactylation of histone
lysine in tumor cells and macrophages. Lactylation is a novel form of
PTM deriving from lactyl-coenzyme A (Lactyl-CoA). It was further
validated that histone lactylation influences chromatin and gene
expression through epigenetic mechanisms. When an inflammatory
response is triggered (Zhang et al., 2019), pro-inflammatory M1
macrophages are rapidly activated and release pro-inflammatory
cytokines which induce the expression of inflammatory genes
such as Type 2 nitric oxide synthase. Excess lactate is produced
and accumulates as a result of metabolic reprogramming in M1
macrophages. In the late stage of the inflammatory response, excess
lactate promotes histone lactylation. H3K18la (lactylation of histone
3 lysine 18, K for lysine) is enriched at the promoter of M2-like
genes such as arginase 1, and promotes its transcription which
contributes to the shift of macrophage phenotype from M1 to
anti-inflammatory M2 and helps to repair the damage due to
the inflammatory response. Since then, this research has opened
a new chapter in the exploration of lactylation, offering a fresh
perspective on the relationship between metabolic reprogramming
and epigenetic modifications.

3.1 Histone lactylation

Histones are basic DNA-binding proteins found in
chromosomes. The nucleosome, the fundamental repeating unit
of chromatin, consists of 146 bp DNA wrapped around an octamer
of the core histones (H2A, H2B, H3, and H4), along with the linker
histone HI1 (Nitsch et al., 2021). Histone lactylation primarily
occurs on lysine residues. It modifies chromatin structure and
function by altering the net charge of histones and influencing the
binding affinity between histones and DNA. This leads to chromatin
relaxation and easier recognition and binding of transcription
factors, thereby activating gene expression (Luger et al., 2012).

the may

pathophysiological effects through downstream signaling on

Lactylation  on same  site exert diverse
anti-inflammation, angiogenesis, and tumor proliferation and
invasion. H3K18la can not only increase the level of YTH
N6-Methyladenosine RNA Binding Protein F2, the reader of
methylation to drive ocular melanomagenesis (Yu et al., 2021),
but also activate the transcription of platelet-derived growth
factor receptorf in von Hippel-Lindau-mutated clear cell renal
cell carcinomas which in turn increases lactylation levels and
forms an oncogenic positive feedback loop (Yang]. et al., 2022).
Moreover, H3K18la is also linked to the severity of septic shock
(Chu et al.,, 2021) and SA-AKI (Qiao et al., 2024), the promotion
of embryo implantation and its growth (LiJ. et al, 2024), and
the macrophage phenotype switch from M1 to M2 (Zhang et al.,

2019). Apart from H3K18la, more and more histone lactylation
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TABLE 1 Identification of various types of PTMs.
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Modification Group donor Tool enzyme Biochemical Involvement in
feature functions kidney diseases
Lactylation Addition of lactyl groups Lactate Histone Promoting gene AKI, CKD, DKD
to lysine residues acetyltransferase, expression, participating
Histone deacetylase in metabolic regulation
and cell signaling
Methylation Addition of methyl S- Adenosylmethionine, Histone Inhibiting or promoting AKI (Li B. et al., 2023),
groups to lysine or etc. methyltransferase, gene expression and kidney fibrosis
arginine residues Histone demethylases regulating protein (Zhou et al., 2023),
stability ADPKD? (Lv et al., 2024)
Acetylation Addition of acetyl Acetyl-CoA Histone Promoting gene AKI (Liang et al., 2024),
groups to lysine residues acetyltransferase, expression, regulating kidney fibrosis
Histone deacetylase chromatin tightness and (Zhang et al., 2021),
protein stability SA-AKI (An et al.,, 2023),
ADPKD (Fan et al.,
2012)
Palmitoylation Addition of palmitoyl Palmitoyl-CoA Palmitoyltransferas, Regulating signaling Kidney fibrosis
groups to cysteine Acyl-Protein pathways, cytoskeleton (Gu et al., 2023)
residues Thioesterase localization and protein
membrane localization
and stability
Phosphorylation Addition of phosphate ATP Protein kinase, Regulateing signaling DKD (Feng, 2020),
groups to serine, Phosphatase pathways, gene kidney fibrosis
threonine or tyrosine expression and (Yang et al., 2023)
residues promoting chromatin
remodeling
Ubiquitination Addition of ubiquitin Ubiquitin UBA1®, UBA2, E3 Promoting the AKI (Ma Y. et al., 2024),
molecules to lysine ubiquitin ligase, degradation of proteins DKD (Li S. et al., 2023),
residues deubiquitinating enzyme and regulating protein kidney fibrosis
homeostasis (Wei et al., 2024), HRD®
(Zhang et al., 2022),
PKD (Zhong et al., 2024)
SUMOylation Addition of SUMO SUMO proteins SAE1Y, SUMO E2 Regulating protein DKD (Lizotte et al.,
proteins to lysine enzyme, SUMO E3 ligase stability and cellular 2023), AKI (Zhu et al.,
residues stress response 2023)
Crotonylation Addition of crotonyl Crotonyl-CoA HAT, HDAC Activating gene Renal fibrosis (Li Y. et al.,
groups to lysine residues expression and 2024), ADPKD
regulating energy (Dang et al., 2022)
metabolism
#Autosomal Dominant Polycystic Kidney Disease.
bUbiquitin-activating enzyme.
“Hypertensive Renal Disease.
4SUMO-activating enzyme subunit1.
sites are found to be involved in diverse diseases. For example, steric  hindrance, conformational changes, and charge

glycolysis aggravates microglia dysfunction in Alzheimer’s disease
through the H4K12la/PKM2 positive feedback loop (Pan R. Y. et al.,
2022). Triterpenoid antitumor compound demethylzeylasteral
suppresses the proliferation of hepatocellular carcinoma (HCC)
stem cells and impedes HCC progression by reducing H3K9la
and H3K56la (Pan L. et al., 2022).

3.2 Non-histone lactylation

Non-histone  lactylation  mainly lysine
residues as well. It regulates protein function by affecting

occurs on
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neutralization (Yang et al., 2024). For example, it alters molecular
interactions, enzyme activity, and subcellular localization of
the proteins.

So far, the majority of the research conducted on lactylation has
focused on histone lactylation instead of non-histone lactylation.
Nonetheless, several studies have demonstrated the importance of
non-histone lactylation in regulating gene transcription and signal
transduction. Luo et al. found that (Luo et al., 2022) lactate imported
to cells by MCT1 helps to stabilize hypoxia inducible factor-
la (HIF-1a) via its lactylation which enhances the transcription
of cell migration-inducing protein to promote angiogenesis and
vasculogenic mimicry in prostate cancer. After cerebral infarction,
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lactate accumulates in ischemic and hypoxic tissues and induces
lymphocyte cytosolic protein 1 (LCP1) lactylation, which can
stabilize LCP1, thus aggravating neuron injuries and the progression
of cerebral infarction (Zhang W. et al., 2023).

3.3 Two pathways of lysine lactylation

There are 2 enantiomers of lactate in the human body, L-lactate
and D-lactate, the former of which is predominant. Meanwhile,
there are two pathways of lactylation: L-lactylation and D-lactylation
(Xu B. et al., 2024), also known as direct lactylation and indirect
lactylation (Figure 1). L-lactylation is an enzymatic reaction which is
mostly catalysed by non-specific acetyltransferases utilizing lactoyl
CoA as the donor of lactyl group; recently it has been found that
alanyl-tRNA synthetases 1 (AARSIL), a specific lactyltransferase,
binds to lactate and catalyzes the formation of lactate-AMP, followed
2024). On
the other hand, D-lactylation, also referred to as non-enzymatic
lactylation, utilizes S-D-lactoylglutathione (LGSH) as the donor
of lactyl group and indirectly delivers lactyl group through a

by transfer of lactate to the lysine residue (Zong et al.,

non-enzymatic process (Gaffney et al., 2020). L-lactylation is the
predominant pathway in cells (Zhang D. et al., 2024), which is also
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the main pathway influenced by glycolysis since it dynamically
regulates lactyl CoA.

3.4 Regulatory mechanisms of lactylation

The process of lactylation is influenced by lactate metabolism
and transport, acetyltransferases, deacetylases, and regulatory
proteins. Lactate and lactylation levels are decreased when
glycolysis inhibitors are used but increased when inhibitors of
mitochondrial electron-transport-chain are used (Qiao et al., 2024).
In addition, gene expression can in turn affect lactylation and
form a positive/negative feedback loop of epigenome-metabolome-
epigenome. Other factors that may influence lactylation include
neuronal excitability (Hagihara et al., 2021), crosstalk with other
PTMs and so on. Non-enzymatic lactylation is regulated by LGSH
and glyoxalase 2 (Gaffney et al., 2020). The regulatory functions of
enzymes in enzymatic lactylation are primarily summarized below.

There are 3 types of lactylation-related enzymes: writers are
transferases to add the lactyl group, erasers are deacetylases to
remove the lactyl group, both of which dynamically regulate
lactylation; the reader is a binding protein to recognize lactylation
and deliver transcriptional signals (Gao et al., 2024).

frontiersin.org


https://doi.org/10.3389/fcell.2025.1533175
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

Xu et al.

TABLE 2 Summary of enzymes involved in lactylation

10.3389/fcell.2025.1533175

Function | Enzyme Substrate(s) References
p300 H3K18 Li E et al. (2024)
H4K12 Zhang and Zhang (2024)
High mobility group box-1 Yang K. et al. (2022)
a-Myosin heavy chain Zhang N. et al. (2023)
GCN5 H3K18 Wang et al. (2022)
. HBO1 H3K9 Niu et al. (2024)
Writer
CBP H3K18 Li E etal. (2024)
High mobility group box-1 Yang J. et al. (2022)
Twistl Xu Y. et al. (2024)
AARS p53 Zong et al. (2024)
Yes-associated proteins Ju et al. (2024)
Cyclic GMP-AMP synthetase Li et al. (2024a)
HDACI-3 H3K18, H4K12 Zhang and Zhang (2024)
HDAC6 a-tubulin Sun et al. (2024)
SIRT1-3 H3K18 Tsukihara et al. (2024)
Eraser
H4K16 Fan et al. (2023)
a-Myosin heavy chain Zhang N. et al. (2023)
Pyruvate kinase M2 Du et al. (2024)
Polypyrimidine Tract Binding Protein 1 canopy FGF signaling Zhou Z. et al. (2024)
regulator Zhang X. W. et al. (2024)
Reader BRG1 H3K18 Hu et al. (2024)

Histone acetyltransferase (HAT) family functions as the writer,
among which research has demonstrated that p300 and CREB-
binding protein (CBP) (Yang K. et al,, 2022) participate in the
catalytic process of lysine lactylation, thus activating high mobility
group protein boxl (HMGBI1) gene expression. In contrast,
inhibition of p300/CBP significantly lowers the expression of
HMGBI in macrophage cytoplasm. HDAC acts as an eraser to
remove lactyl group, which can be categorized into two types.
The first type includes class I, II, and IV HDAC consisting of
HDACI-11 (Xu et al, 2021), among which HDACI1-3 have the
strongest activity of both de-L-lactylation and de-D-lactylation
(Moreno-Yruela et al, 2022); The other type includes class III
HDAC consisting of sirtuin 1-7 (SIRT), among which SIRT1-3
have strong activity of de-L-lactylation. It has been discovered
(Jin et al, 2023) that SIRT3 prevents HCC from spreading by
promoting the delactylation of non-histone cell cycle protein E2.
Different from the non-specific enzymes mentioned above, AARS1
and AARS?2 are specific lactyltransferases and sensors for lactate.
They have been recently reported to promote the lactylation of p53
(Zong et al., 2024), Yes-associated proteins (Ju et al., 2024), and
cyclic GMP-AMP synthetase (Li et al., 2024a), thus participating
in the proliferation and immune escape of tumor cells. Meanwhile,
B-alanine can bind to AARS1 competitively due to its structural
similarity with lactate, reverse the process of lactylation and enhance
the effect of cancer chemotherapy. Fewer studies have been done
on the reader of lactylation. Hu et al. found for the first time that
Brahma-related gene 1(BRG1) functions as a reader for H3K18la
and participates in mesenchymal-epithelial transition (Hu et al.,
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2024). The summary of enzymes involved in lactylation and part of
their substrate were listed in Table 2.

Lactylation-related enzymes are important regulators of
lactylation. Therapeutic strategies for associated diseases can be
further explored by altering enzyme activity to control lactylation
levels and directly regulate downstream signaling. However, the
study of enzymes in lactylation is still in its early stage and
more regulatory proteins need to be identified, especially the
reader. In addition, given that several different PTMs share
the same enzymes, whether there is any competition among
them and what the specific mechanism is still need to be
further explored.

4 Protein lactylation in kidney diseases

Protein lactylation participates in the development of kidney
diseases by affecting gene expression and activating or inhibiting
signaling pathways (Table 3; Figure 2).

4.1 Lactylation in AKI

AKI is a clinical syndrome characterized by a sudden
impairment of kidney function which poses a serious threat to
the patient’s life. It typically occurs during infection, trauma,
and surgery, tending to be caused by various injuries such as
kidney hypoperfusion, sepsis, major surgery, immune diseases,
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TABLE 3 Protein lactylation sites in various types of cells from patients with different kidney diseases.

Diseases

Cell types

Modified proteins

Modification sites

Effects References

AKI PTC? H3

K18 Activating transcription of Zhou Z. et al. (2024)
glycolysis key enzyme genes,

exacerbating IRI cell damage

PTC H3

Ezrin

K18
K263

Promoting the expression of Qiao et al. (2024)
inflammatory factor, oxidative

stress, and cell apoptosis

SA-AKI

PTC FIS1®

K20 Inducing excessive An et al. (2023)
mitochondrial fission, ATP
depletion, overproduction of

ROS and cell apoptosis

CKD PTC H4

K5, K12 Activating transcription of Wang Y. et al. (2024)
inflammatory genes and

exacerbating kidney fibrosis

MACE in CKD vsmc? H3

K18 Increasing transcription of Ma. et al. (2024)
soluble phosphatase gene to
release inorganic phosphorus
and aggravating arterial

calcification

PTC ACSF2¢

DKD

K182 Exacerbating overaccumulation Chen et al. (2024)
of ROS and mitochondrial

dysfunction

PTC H3

K14 Inhibiting expression of cadherin Zhang D. et al. (2024)

and aggravating EMT

“Proximal tubular epithelial cell.
"Mitochondrial fission protein 1
“Medial artery calcification.

4Vascular smooth muscle cell.
€Acyl-CoA, synthetase family member 2

and the use of radiocontrast or nephrotoxic drugs. Poor
regeneration (Hoste et al., 2018) following AKI also results in
continuous deterioration in kidney function and exacerbation of
kidney fibrosis, which is a risk factor for CKD and ESKD.

IRI is the primary cause of AKI (Xin et al., 2022), leading to
abnormal apoptosis and inflammatory responses in renal tubular
cells which is the key pathological mechanism of AKI. The low
perfusion during IRI results in hypoxia, high glycolysis activity,
and the accumulation of lactate and pyruvate in proximal tubular
epithelial cells (PTCs). High level of lactate is an independent
risk factor for the severity of SA-AKI (An et al,, 2023). AST-120
(Kremezin), an oral spherical carbon adsorbent approved for CKD
treatment, has been demonstrated that oral administration of it helps
to alleviate IRI (Shen et al., 2021) and mitigate AKI progression.
To explore whether it is related to histone lactylation, Zhou et al.
established an IRI mouse model and found that the level of HK2, the
key enzyme of glycolysis, increased in IRI mice while the knockout
of the Hk2 results in decreased biomarkers of PTC injury and cell
death compared to the wild type (Zhou J. etal., 2024). In the presence
of Hk2, AST-120 exerts the protective effect described above on the
kidney through inhibiting glycolysis in PTC. Further mechanistic
study revealed that it might be on the ground that HK2 promoted
glycolysis and the production of lactate, thus inducing a significant
increase in the pan-lactylation levels as well as the histone lactylation
levels, especially H3K18la. Moreover, H3K18la is enriched at the
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promoter of Hk2 and activates its overexpression which then
promotes glycolysis in turn and forms a positive feedback loop of
H3K18la-HK2-glycolysis. The loop consequently exacerbates IRI
and accelerates AKI progression.

SA-AKI is usually characterized by sepsis or septic shock which
is an organ dysfunction syndrome resulting from a dysregulated
host response to infection and leads to progressive deterioration of
kidney function (Poston and Koyner, 2019). It is strongly associated
with poor clinical outcomes compared to non-septic AKI. Serum
lactate is considered a prognostic biomarker of sepsis. TECs are
one of the most metabolically active cells in the kidney, sensitive
to sepsis-associated injury. EZR is a gene that encodes a protein
named Ezrin, which belongs to the ezrin-radixin-moesin family.
It is a crucial actin-binding protein that links membranes to
actin filaments during lamellipodia formation, cell polarization,
migration and signal transduction (Yin and Schnoor, 2022). Pan
et al. found that H3K18la and ezrin K263la levels are increased as
lactate accumulates in the cecal ligation and puncture mice and
in LPS-treated PTCs (Pan R. Y. et al., 2022). Mechanistic studies
have shown that H3K18la is enriched at the promoter of the
Ras homolog gene family member A (RhoA) and increases its
transcriptional activity, which aggravates inflammatory response,
oxidative stress, and cell apoptosis in PTCs through the RhoA/Rho-
associated kinase/Ezrin signaling axis. Moreover, increased levels
of Ezrin K263la activate the Nuclear Factor kappa B (NF-xB)
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FIGURE 2

Schematic diagram of protein lactylation involved in the progression of kidney diseases Lactate accumulates and increases levels of histone or
non-histone lactylation after undergoing metabolic reprogramming caused by various primary kidney injuries such as sepsis, ischemia-reperfusion
injury (IRI), and hyperglycemia. Three mechanisms mainly work in the progression of kidney inflammatory responses and fibrosis: in AKI, lactylation
exacerbates inflammatory responses, oxidative stress and apoptosis in renal tubular epithelial cells; in CKD, lactylation accelerates the development of
renal fibrosis by activating inflammatory gene expression through the NF-«B signalling pathway; in diabetic kidney disease, lactylation promotes renal

fibrosis by enhancing epithelial-mesenchymal transition.

signaling pathway while Ezrin K263R (lysine at position 263
mutated to arginine, K for lysine) attenuates PTC injury. This study
establishes a link between lactylation and SA-AKI, which may be a
potential therapeutic target for regulating epigenetic modifications
and metabolism in PTCs. An etal. found synergetic effects from
acetylation and lactylation of non-histone in SA-AKI, providing
a new idea about the role of crosstalks between multiple PTMs
in kidney diseases (An et al, 2023). They found that decreased
SIRT3 level in sepsis mice is accompanied by the hyperacetylation
and inactivation of PDH E1 component subunit alpha (PDHA1),
which leads to excessive lactate production in TECs and promotes
mitochondrial fission 1 (FIS1) K20la. Mitochondria in living cells
exist as a dynamic network that continuously cycle through fusion
and fission events (Fenton et al., 2021). Mitochondrial fission is
mainly controlled by FIS1 and the dynamin related protein 1
(DRP1), both of which exacerbates mitochondrial hyperfission, ATP
depletion, reactive oxygen species (ROS) overproduction, and cell
apoptosis (Egner et al., 2022). In contrast, treatment with PDHA1
activators or LDH inhibitors which increased SIRT3 levels could
reverse the exacerbation of SA-AKI. Therefore, decreasing lactate
production and FIS1 lactylation may be a new potential treatment
to amoeliorate TEC injury and alleviate SA-AKI.

In addition, it has been found (Kim et al., 2020) that allicinol
mitigates the oxidative stress, inflammatory response, and cell
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apoptosis in AKI induced by cisplatin at least partly through
inhibiting p300-mediated epigenetic mechanisms which decreases
lactylation levels of histone 3, non-histone p53 and NF-«B p65; and
Tang et al. found that class I HDAC played an important role in
promoting TEC protection and regeneration (Tang et al., 2014). As
shared enzymes of both acetylation and lactylation, the role p300
and HDAC play in the course above may link to lactylation as well,
which deserves to be further explored from the perspective of PTMs
crosstalks.

4.2 Lactylation in CKD

The of CKD has 10%
which is a serious public health problem and needs to be

global prevalence exceeded
solved urgently (Kovesdy, 2022). CKD is a long-term and slow-
progressing disease, usually caused by other chronic diseases such
as hypertension, diabetes mellitus, systemic lupus erythematosus,
chronic nephritis, kidney stones, and gradually progressing AKI
or usage of nephrotoxic drugs. With the fast-growing aging
population and a significant increase in the prevalence of diabetes
mellitus and hypertension, the incidence of CKD has been
rising annually. Therefore, it is crucial to push forward early
detection, management, and treatment of CKD to slow down
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the progression of the disease and protect kidney function at
an early age.

Renal fibrosis is a common pathological feature of CKD and
is characterized by renal tubular atrophy, chronic inflammation
of the interstitium, myofibroblast activation, and ECM deposition
(Huang et al., 2023). A significant accumulation of lactate and
metabolic reprogramming of glycolysis has been observed in
PTCs of CKD patients and animal models (Eymael et al., 2023),
and pharmacologically suppressing glycolysis helps to prevent
kidney fibrosis (Ding et al., 2017). This suggests a close correlation
between lactate accumulation and progressive fibrosis in the kidney.

To further reveal the role lactylation plays in kidney fibrosis,
Wang etal. explored the specific effect of 6-phosphofructo-2-
kinase/fructose-2,6-biphosphatase3 (PFKFB3) on kidney fibrosis,
which is a key enzyme of glycolysis (Wang Y. et al, 2024).
Researchers found that PFKFB3 level significantly increases in
the kidney tissues of CKD patients. Mainly localized in PTCs,
it negatively correlates with kidney function while positively
correlates with the degree of kidney fibrosis and levels of lactylation.
Combining in vitro experiments for mechanistic studies, they found
that PFKFB3 induces lactate accumulation and histone lactylation,
especially H4K12la, through mediating metabolic reprogramming
of glycolysis in PTCs. Furthermore, H4K12la is enriched at the
promoter of the NF-kB pathway-related genes such as IkB kinase
(Ixbkb), Rela, and Relb, and activates target gene transcription
and NF-«B signaling pathway which results in aggravating kidney
inflammatory response and fibrosis. In addition, knockout of Pfkfb3
or treatment with 3PO, which is a small-molecule inhibitor of
PFKFB3 can decrease levels of H4K12la and significantly suppresses
the activation of NF-«B signaling pathway, remarkably attenuating
kidney interstitial fibrosis and collagen deposition in IRI mice.
Furthermore, recent research has demonstrated that PFKFB3
inhibitors, such as 3PO, showed a great prospect of targeting
cancer cells (Kotowski et al., 2020) which is also expected to be a
potential treatment for kidney fibrosis.

CKD patients are prone to develop vascular calcification due
to internal imbalance of calcium and phosphorus metabolism,
increased oxidative stress, and loss of calcification inhibitors
(Cannata-Andia et al.,, 2021). Medial artery calcification (MAC)
is a systematic chronic vascular disease that is common in the
elderly, CKD, and diabetic patients. Different from the intimal
damage in atherosclerosis, osteogenic transdifferentiation takes
place in a pro-calcific CKD milieu in vascular smooth muscle
cells (VSMCs) and matrix vesicles are secreted to provide a
microenvironment for calcified crystals deposition, which is a key
event for MAC onset and progression (WangZ. et al, 2024).
MAC is a highly risky factor for high cardiovascular morbidity
and mortality in CKD patients. Ma et al. found that the level of
nuclear receptor subfamily 4 group A member 3 (NR4A3) increases
in CKD mice calcified aortic tissues (Ma W. et al., 2024), and
the deficiency of it reduces the glycolysis and histone lactylation
during calcification. Further mechanistic studies suggested that
NR4A3 promotes lactate production by directly binding to the
promoter of Aldolase A and Phosphofructokinase, liver type, and
activating their transcription, which then increases H3K18la levels.
Enriched at the promoter of Phosphoethanolamine/Phosphocholine
Phosphatase 1, H3K18la activates its transcription which releases
inorganic phosphorus doped into the mineral phase by hydrolyzing
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its substrates, thus promoting arterial calcification in CKD. Given
that histone lactylation is reversible and has a close relation with
kidney fibrosis and inflammation, decreasing its levels is expected
to be a new target for the prevention and treatment of CKD and its
complications.

4.3 Lactylation in diabetic kidney disease

Diabetic kidney disease (DKD) is a chronic kidney disease
caused by diabetes mellitus, which is the most common
microvascular complication of diabetes and can develop into ESKD
(Zhang X. etal., 2024) as well. Chronic hyperglycemia brings several
complex pathophysiological changes within kidney tissues, such as
foot process diffuse effacement, glomerular basement membrane
thickening, mesangial matrix proliferation, and glomerulosclerosis.
These changes ultimately result in proteinuria, hypertension, tubular
injury, decreased glomerular filtration rate, and progressive renal
failure (Reidy et al., 2014). The progression of DKD is largely
influenced by kidney metabolic dysregulation, mitochondrial
dysfunction, and increased glycolysis, which result in greater
lactate production (Lee et al., 2022). Chen et al. further explored
the role metabolic reprogramming played in DKD (Chen et al.,
2024). They found high levels of lysine lactylation in DKD patients
and mice kidneys, most of which occur in mitochondria. DKD
progression is aided by the lactylation of acyl-CoA synthetase family
member 2 K182 in PTC mitochondria which further aggravates ROS
hyperaccumulation and mitochondrial dysfunction.

A major factor contributing to DKD is commonly acknowledged
to be the epithelial-mesenchymal transition (EMT), which is
characterized by the acquisition of a mesenchymal phenotype and
the loss of the epithelial cell polarity and intercellular adhesion.
Zhang et al. found that glycolytic gene expression is upregulated in
DKD patients and mice kidneys, accompanied by mitochondrial
dysfunction and elevated lactate levels, which consequently
decreases the expression of epithelial cell markers and increases
the expression of mesenchymal cell markers (Zhang X. et al., 2024).
Further study in mechanisms revealed that as a precursor, lactate
significantly increases the pan-lactylation levels as well as H3K14la
levels in TECs, which is enriched at the promoter of Kriippel-like
factor 5 (KIf5) and facilitates its transcription. Excess KLF5 binds
to the promoter of Cadherins 1 and inhibits its expression, thus
promoting the progression of EMT (Li et al., 2021). Nephro-specific
knockdown or pharmacological inhibition of KLF5 can alleviate
EMT which is a potential strategy for DKD therapy.

5 Summary and prospects

Protein lactylation is increasingly recognized for its role in
regulating transcriptional activity and affecting protein structure
and function, with implications in diseases such as tumors,
cardiovascular diseases, neurodegenerative diseases, and kidney
diseases. Current treatments for kidney diseases, including
AKI, DKD, and CKD, remain insufﬁcient—using approaches
like diuretics, glucocorticoids, and renal replacement therapy
without fully preventing chronic kidney damage or reversing
kidney insufficiency. Limited understanding of the molecular
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mechanisms underlying kidney disease initiation and progression
has hindered the development of targeted therapies and early
diagnostic approaches. Notably, lactylation links metabolism to
gene regulation, providing new mechanisms and targets for treating
kidney disease at the genetic level.

This review systematically elucidates the mechanisms of protein
lactylation in diverse kidney diseases, including AKI, CKD, and
DKD. Lactylation represents a novel metabolite-epigenetic crosstalk,
regulating gene transcription through histones or non-histone
modifications, which alter chromatin structure or protein function.
In AKI, lactylation of FIS1 and H3K18 exacerbates mitochondrial
dysfunction and inflammatory responses. In CKD, the PFKFB3-
H4K12la-NF-«B axis drives renal fibrosis progression. The EMT
in DKD is regulated by the H3K14la-KLF5 pathway. Lactylation
could be inhibited by three strategies below: suppression of
lactate production (e.g., 3PO), targeting lactylation-related enzymes
(e.g., AARSI inhibitors, HDAC/SIRT activators) and inhibition of
downstream pathways (e.g., KIf5 knockdown). However, current
evidence remains confined to in vitro and animal experiments.

Key questions remain about protein lactylation in kidney
disease. For one thing, understanding of lactylation mechanism
is incomplete, including whether lactylation occurs beyond lysine
residues, if it is a direct outcome of lactate accumulation in the
kidney, the specific roles of lactylation-related enzymes, and how
lactylation interacts with other PTMs to influence disease prognosis.
For another, several barriers exist in clinical translation, including
possible toxic effects on other organs because of targeting lactylation
in TEC and low specificity of lactylation-related enzymes.

In conclusion, protein lactylation shows potential as a new
mechanism and therapeutic target for kidney disease. Further
mechanistic studies and preclinical research are essential to advance
treatments for lactylation-associated kidney diseases, including
exploring site-specific lactylation in kidney disease, developing
kidney-targeted lactylation inhibitors, and advancing translational
studies in animal models toward clinical applications.

Author contributions

YX: Visualization, Writing - original draft. XL: Visualization,
Writing - review and editing. ZM: Supervision, Writing - review and
editing. CX: Conceptualization, Writing — review and editing.

References

An, S, Yao, Y., Hu, H,, Wu, ], Li, ], Li, L., et al. (2023). PDHA1 hyperacetylation-
mediated lactate overproduction promotes sepsis-induced acute kidney injury via Fis1
lactylation. Cell Death Dis. 14, 457. d0i:10.1038/s41419-023-05952-4

Cannata-Andia, J. B., Martin-Carro, B., Martin-Virgala, J., Rodriguez-Carrio, J.,
Bande-Fernéndez, J. J., Alonso-Montes, C., et al. (2021). Chronic kidney disease-
mineral and bone disorders: pathogenesis and management. Calcif. Tissue Int. 108,
410-422. doi:10.1007/s00223-020-00777-1

Chen, J., Feng, Q, Qiao, Y., Pan, S,, Liang, L., Liu, Y., et al. (2024). ACSF2 and lysine
lactylation contribute to renal tubule injury in diabetes. Diabetologia 67, 1429-1443.
doi:10.1007/s00125-024-06156-x

Chu, X, Dj, C, Chang, P, Li, L., Feng, Z., Xiao, S., et al. (2021). Lactylated histone
H3K18 as a potential biomarker for the diagnosis and predicting the severity of septic
shock. Front. Immunol. 12, 786666. doi:10.3389/fimmu.2021.786666

Dang, L, Cao, X., Zhang, T, Sun, Y, Tian, S., Gong, T, et al. (2022).
Nuclear condensation of CDYL links histone crotonylation and cystogenesis in

Frontiers in Cell and Developmental Biology

09

10.3389/fcell.2025.1533175

Funding

The author(s) declare that financial support was received for
the research and/or publication of this article. This work was
supported by National Natural Science Foundation of China
(82200786, 82070705, 81770670, and 81873595), Oriental Talent
Plan Outstanding Program 2023, Shanghai Municipal Key Clinical
Specialty (shslczdzk02503), Shanghai Science and Technology
Talent Program (19YF1450300), Research Projects of Shanghai
Science and Technology Committee (17411972100), Shanghai
Shenkang Research Physician innovation and transformation ability
training program SHDC2022CRD024, Scientific and technological
innovation action plan of Shanghai medical innovation research
22Y11905500 special project, Shanghai Science and Technology
Innovation Action Plan of Scientific Instruments and Chemical
Reagents Project (24142201800), China Scholarship Council
(202408310237).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

autosomal dominant polycystic kidney disease. . Am. Soc. Nephrol. 33, 1708-1725.
doi:10.1681/asn.2021111425

Ding, H., Jiang, L., Xu, J., Bai, E, Zhou, Y., Yuan, Q, et al. (2017). Inhibiting
aerobic glycolysis suppresses renal interstitial fibroblast activation and renal
fibrosis. Am. J. Physiol. Ren. Physiol. 313, F561-f575. doi:10.1152/ajprenal.
00036.2017

Du, R, Gao, Y, Yan, C, Ren, X,, Qi, S., Liu, G., et al. (2024). Sirtuin 1/sirtuin 3
are robust lysine delactylases and sirtuin 1-mediated delactylation regulates glycolysis.
iScience 27, 110911. doi:10.1016/j.is¢i.2024.110911

Egner, J. M., Nolden, K. A., Harwig, M. C,, Bonate, R. P,, De Anda, J., Tessmer, M. H.,
et al. (2022). Structural studies of human fission protein FIS1 reveal a dynamic region

important for GTPase DRP1 recruitment and mitochondrial fission. J. Biol. Chem. 298,
102620. doi:10.1016/j.jbc.2022.102620

Eymael, ], van den Broek, M., Miesen, L., Monge, V. V,, van den Berge, B. T,
Mooren, E, et al. (2023). Human scattered tubular cells represent a heterogeneous

frontiersin.org


https://doi.org/10.3389/fcell.2025.1533175
https://doi.org/10.1038/s41419-023-05952-4
https://doi.org/10.1007/s00223-020-00777-1
https://doi.org/10.1007/s00125-024-06156-x
https://doi.org/10.3389/fimmu.2021.786666
https://doi.org/10.1681/asn.2021111425
https://doi.org/10.1152/ajprenal.00036.2017
https://doi.org/10.1152/ajprenal.00036.2017
https://doi.org/10.1016/j.isci.2024.110911
https://doi.org/10.1016/j.jbc.2022.102620
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

Xu et al.

population of glycolytic dedifferentiated proximal tubule cells. J. Pathol. 259, 149-162.
doi:10.1002/path.6029

Fan, L. X, Li, X., Magenheimer, B., Calvet, J. P, and Li, X. (2012). Inhibition of histone
deacetylases targets the transcription regulator Id2 to attenuate cystic epithelial cell
proliferation. Kidney Int. 81, 76-85. doi:10.1038/ki.2011.296

Fan, Z., Liu, Z., Zhang, N., Wei, W,, Cheng, K., Sun, H,, et al. (2023). Identification of
SIRT3 as an eraser of H4K16la. iScience 26, 107757. doi:10.1016/j4isci.20234107757

Feng, D. (2020). Phosphorylation of key podocyte proteins and the association
with proteinuric kidney disease. Am. J. Physiol. Ren. Physiol. 319, F284-f291.
doi:10.1152/ajprenal.00002.2020

Fenton, A. R., Jongens, T. A., and Holzbaur, E. L. E. (2021). Mitochondrial dynamics:
shaping and remodeling an organelle network. Curr. Opin. Cell Biol. 68, 28-36.
doi:10.1016/j.ceb.2020.08.014

Fontecha-Barriuso, M., Martin-Sanchez, D., Ruiz-Andres, O., Poveda, J., Sanchez-
Nifio, M. D., Valino-Rivas, L., et al. (2018). Targeting epigenetic DNA and
histone modifications to treat kidney disease. Nephrol. Dial. Transpl. 33, 1875-1886.
doi:10.1093/ndt/gfy009

Gaffney, D. O., Jennings, E. Q., Anderson, C. C., Marentette, J. O., Shi, T., Schou Oxvig,
A.M,, etal. (2020). Non-enzymatic lysine lactoylation of glycolytic enzymes. Cell Chem.
Biol. 27, 206-213.¢6. doi:10.1016/j.chembiol.2019.11.005

Gao, X., Pang, C., Fan, Z., Wang, Y., Duan, Y., and Zhan, H. (2024). Regulation
of newly identified lysine lactylation in cancer. Cancer Lett. 587, 216680.
doi:10.1016/j.canlet.2024.216680

Gu, M., Jiang, H., Tan, M., Yu, L., Xu, N,, Li, Y,, et al. (2023). Palmitoyltransferase
DHHC9 and acyl protein thioesterase APT1 modulate renal fibrosis through regulating
B-catenin palmitoylation. Nat. Commun. 14, 6682. doi:10.1038/s41467-023-42476-z

Hagihara, H., Shoji, H., Otabi, H., Toyoda, A., Katoh, K., Namihira, M., et al.
(2021). Protein lactylation induced by neural excitation. Cell Rep. 37, 109820.
doi:10.1016/j.celrep.2021.109820

Hoste, E. A. ], Kellum, J. A., Selby, N. M., Zarbock, A., Palevsky, P. M., Bagshaw, S.
M., et al. (2018). Global epidemiology and outcomes of acute kidney injury. Nat. Rev.
Nephrol. 14, 607-625. d0i:10.1038/s41581-018-0052-0

Hu, X., Huang, X,, Yang, Y., Sun, Y, Zhao, Y., Zhang, Z., et al. (2024). Dux
activates metabolism-lactylation-MET network during early iPSC reprogramming
with Brgl as the histone lactylation reader. Nucleic Acids Res. 52, 5529-5548.
doi:10.1093/nar/gkae183

Huang, R., Fu, P,,and Ma, L. (2023). Kidney fibrosis: from mechanisms to therapeutic
medicines. Signal Transduct. Target Ther. 8, 129. doi:10.1038/s41392-023-01379-7

Izzo, L. T., and Wellen, K. E. (2019). Histone lactylation links metabolism and gene
regulation. Nature 574, 492-493. doi:10.1038/d41586-019-03122-1

Jin, J., Bai, L., Wang, D., Ding, W,, Cao, Z., Yan, P, et al. (2023). SIRT3-dependent
delactylation of cyclin E2 prevents hepatocellular carcinoma growth. EMBO Rep. 24,
€56052. doi:10.15252/embr.202256052

Ju, J., Zhang, H., Lin, M., Yan, Z., An, L., Cao, Z,, et al. (2024). The alanyl-tRNA
synthetase AARS1 moonlights as a lactyltransferase to promote YAP signaling in gastric
cancer. J. Clin. Invest 134, e174587. doi:10.1172/jcil74587

Kim, J. Y., Jo, J., Leem, J., and Park, K. K. (2020). Inhibition of p300 by garcinol
protects against cisplatin-induced acute kidney injury through suppression of oxidative
stress, inflammation, and tubular cell death in mice. Antioxidants (Basel) 9, 1271.
doi:10.3390/antiox9121271

Kotowski, K., Supplitt, S., Wiczew, D., Przystupski, D., Bartosik, W., Saczko, J.,
et al. (2020). 3PO as a selective inhibitor of 6-phosphofructo-2-kinase/fructose-2,6-
biphosphatase 3 in A375 human melanoma cells. Anticancer Res. 40, 2613-2625.
doi:10.21873/anticanres.14232

Kovesdy, C. P. (2022). Epidemiology of chronic kidney disease: an update 2022.
Kidney Int. Suppl. 12, 7-11. d0i:10.1016/j.kisu.2021.11.003

Lee, D. Y, Kim, J. Y,, Ahn, E., Hyeon, J. S., Kim, G. H., Park, K. ], et al. (2022).
Associations between local acidosis induced by renal LDHA and renal fibrosis and

mitochondrial abnormalities in patients with diabetic kidney disease. Transl. Res. 249,
88-109. doi:10.1016/j.trs1.2022.06.015

Li, J., Liu, L., Zhou, W. Q,, Cai, L., Xu, Z. G., and Rane, M. J. (2021). Roles of Kriippel-
like factor 5 in kidney disease. J. Cell Mol. Med. 25, 2342-2355. doi:10.1111/jcmm.16332

Li, B, Xia, Y,, Mei, S., Ye, Z., Song, B., Yan, X,, et al. (2023). Histone H3K27
methyltransferase EZH2 regulates apoptotic and inflammatory responses in sepsis-
induced AKI. Theranostics 13, 1860-1875. doi:10.7150/thno.83353

Li, S, Lin, Z., Xiao, H., Xu, Z,, Li, C,, Zeng, J., et al. (2023). Fyn deficiency inhibits
oxidative stress by decreasing c-Cbl-mediated ubiquitination of Sirtl to attenuate
diabetic renal fibrosis. Metabolism 139, 155378. doi:10.1016/j.metabol.2022.155378

Li, E, Si, W, Xia, L., Yin, D., Wei, T., Tao, M., et al. (2024). Positive feedback
regulation between glycolysis and histone lactylation drives oncogenesis in pancreatic
ductal adenocarcinoma. Mol. Cancer 23, 90. doi:10.1186/s12943-024-02008-9

Li, H, Liu, C, Li, R, Zhou, L., Ran, Y., Yang, Q. et al. (2024a). AARS1 and
AARS2 sense L-lactate to regulate cGAS as global lysine lactyltransferases. Nature 634,
1229-1237. doi:10.1038/541586-024-07992-y

Frontiers in Cell and Developmental Biology

10

10.3389/fcell.2025.1533175

Li, H., Ren, Q., Shi, M., Ma, L., and Fu, P. (2024b). Lactate metabolism and acute
kidney injury. Chin. Med. J. Engl. 138, 916-924. d0i:10.1097/cm9.0000000000003142

LiJ, J., Hou, W, Zhao, Q., Han, W,, Cui, H,, Xiao, S., et al. (2024). Lactate regulates
major zygotic genome activation by H3K18 lactylation in mammals. Natl. Sci. Rev. 11,
nwad295. doi:10.1093/nsr/nwad295

Li, Y, Wang, Z., Xu, H,, Hong, Y., Shi, M., Hu, B, et al. (2024). Targeting the
transmembrane cytokine co-receptor neuropilin-1 in distal tubules improves renal
injury and fibrosis. Nat. Commun. 15, 5731. doi:10.1038/541467-024-50121-6

Liang, N. N., Guo, Y. Y, Zhang, X. Y, Ren, Y. H, He, Y. Z, Liu, Z. B, et al.
(2024). Mitochondrial dysfunction-evoked DHODH acetylation is involved in renal
cell ferroptosis during cisplatin-induced acute kidney injury. Adv. Sci. (Weinh) 11,
€2404753. doi:10.1002/advs.202404753

Liu, Z., Yang, J., Du, M., and Xin, W. (2023). Functioning and mechanisms of PTMs
in renal diseases. Front. Pharmacol. 14, 1238706. doi:10.3389/fphar.2023.1238706

Lizotte, E, Rousseau, M., Denhez, B., Lévesque, D., Guay, A., Liu, H., et al. (2023).
Deletion of protein tyrosine phosphatase SHP-1 restores SUMOylation of podocin
and reverses the progression of diabetic kidney disease. Kidney Int. 104, 787-802.
doi:10.1016/.kint.2023.06.038

Luger, K., Dechassa, M. L., and Tremethick, D. J. (2012). New insights into
nucleosome and chromatin structure: an ordered state or a disordered affair? Nat. Rev.
Mol. Cell Biol. 13, 436-447. d0i:10.1038/nrm3382

Luo, Y, Yang, Z., Yu, Y., and Zhang, P. (2022). HIF1a lactylation enhances KIAA1199
transcription to promote angiogenesis and vasculogenic mimicry in prostate cancer. Int.
J. Biol. Macromol. 222, 2225-2243. doi:10.1016/j.ijbiomac.2022.10.014

Lv, ], Lan, B, Fu, L., He, C., Zhou, W., Wang, X,, et al. (2024). EZH2 inhibition
or genetic ablation suppresses cyst growth in autosomal dominant polycystic kidney
disease. J. Transl. Med. 22, 979. d0i:10.1186/512967-024-05785-5

Ma, W, Jia, K., Cheng, H., Xu, H,, Li, Z., Zhang, H., et al. (2024). Orphan nuclear
receptor NR4A3 promotes vascular calcification via histone lactylation. Circ. Res. 134,
1427-1447. doi:10.1161/circresaha.123.323699

Ma, Y., Huang, L., Zhang, Z., Yang, P, Chen, Q., Zeng, X., et al. (2024). CD36 promotes
tubular ferroptosis by regulating the ubiquitination of FSP1 in acute kidney injury.
Genes Dis. 11, 449-463. doi:10.1016/j.gendis.2022.12.003

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

Nitsch, S., Zorro Shahidian, L., and Schneider, R. (2021). Histone acylations and
chromatin dynamics: concepts, challenges, and links to metabolism. EMBO Rep. 22,
€52774. doi:10.15252/embr.202152774

Niu, Z., Chen, C., Wang, S., Lu, C., Wu, Z., Wang, A,, et al. (2024). HBOI catalyzes
lysine lactylation and mediates histone H3K9la to regulate gene transcription. Nat.
Commun. 15, 3561. doi:10.1038/s41467-024-47900-6

Pan, L., Feng, F, Wu, J,, Fan, S., Han, J., Wang, S., et al. (2022). Demethylzeylasteral
targets lactate by inhibiting histone lactylation to suppress the tumorigenicity of liver
cancer stem cells. Pharmacol. Res. 181, 106270. doi:10.1016/j.phrs.2022.106270

Pan, R. Y, He, L., Zhang, J., Liu, X, Liao, Y., Gao, J., et al. (2022). Positive feedback
regulation of microglial glucose metabolism by histone H4 lysine 12 lactylation in
Alzheimer’s disease. Cell Metab. 34, 634-648.e6. doi:10.1016/j.cmet.2022.02.013

Poston, J. T., and Koyner, J. L. (2019). Sepsis associated acute kidney injury. Bmj 364,
k4891. doi:10.1136/bm;j.k4891

Qiao, J., Tan, Y., Liu, H,, Yang, B., Zhang, Q,, Liu, Q,, et al. (2024). Histone H3K18 and
ezrin lactylation promote renal dysfunction in sepsis-associated acute kidney injury.
Adv. Sci. (Weinh) 11, €2307216. doi:10.1002/advs.202307216

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

Reidy, K., Kang, H. M., Hostetter, T., and Susztak, K. (2014). Molecular mechanisms
of diabetic kidney disease. J. Clin. Invest 124, 2333-2340. doi:10.1172/jci72271

Shen, W. C., Chou, Y. H,, Shi, L. S, Chen, Z. W,, Tu, H. ], Lin, X. Y., et al. (2021).
AST-120 improves cardiac dysfunction in acute kidney injury mice via suppression of
apoptosis and proinflammatory NF-kB/ICAM-1 signaling. J. Inflamm. Res. 14,505-518.
doi:10.2147/ir.5283378

Sun, S., Xu, Z,, He, L., Shen, Y, Yan, Y., Lv, X, et al. (2024). Metabolic regulation of
cytoskeleton functions by HDAC6-catalyzed a-tubulin lactylation. Nat. Commun. 15,
8377. d0i:10.1038/541467-024-52729-0

Tang, ], Yan, Y., Zhao, T. C., Gong, R., Bayliss, G., Yan, H,, et al. (2014). Class THDAC
activity is required for renal protection and regeneration after acute kidney injury. Am.
J. Physiol. Ren. Physiol. 307, F303-F316. doi:10.1152/ajprenal.00102.2014

Tsukihara, S., Akiyama, Y., Shimada, S., Hatano, M., Igarashi, Y., Taniai, T,
et al. (2024). Delactylase effects of SIRT1 on a positive feedback loop involving
the H19-glycolysis-histone lactylation in gastric cancer. Oncogene 44, 724-738.
doi:10.1038/s41388-024-03243-6

Van Bodegom, D., Saifudeen, Z., Dipp, S., Puri, S., Magenheimer, B. S,
Calvet, J. P, et al. (2006). The polycystic kidney disease-1 gene is a target

frontiersin.org


https://doi.org/10.3389/fcell.2025.1533175
https://doi.org/10.1002/path.6029
https://doi.org/10.1038/ki.2011.296
https://doi.org/10.1016/j.isci.2023.107757
https://doi.org/10.1152/ajprenal.00002.2020
https://doi.org/10.1016/j.ceb.2020.08.014
https://doi.org/10.1093/ndt/gfy009
https://doi.org/10.1016/j.chembiol.2019.11.005
https://doi.org/10.1016/j.canlet.2024.216680
https://doi.org/10.1038/s41467-023-42476-z
https://doi.org/10.1016/j.celrep.2021.109820
https://doi.org/10.1038/s41581-018-0052-0
https://doi.org/10.1093/nar/gkae183
https://doi.org/10.1038/s41392-023-01379-7
https://doi.org/10.1038/d41586-019-03122-1
https://doi.org/10.15252/embr.202256052
https://doi.org/10.1172/jci174587
https://doi.org/10.3390/antiox9121271
https://doi.org/10.21873/anticanres.14232
https://doi.org/10.1016/j.kisu.2021.11.003
https://doi.org/10.1016/j.trsl.2022.06.015
https://doi.org/10.1111/jcmm.16332
https://doi.org/10.7150/thno.83353
https://doi.org/10.1016/j.metabol.2022.155378
https://doi.org/10.1186/s12943-024-02008-9
https://doi.org/10.1038/s41586-024-07992-y
https://doi.org/10.1097/cm9.0000000000003142
https://doi.org/10.1093/nsr/nwad295
https://doi.org/10.1038/s41467-024-50121-6
https://doi.org/10.1002/advs.202404753
https://doi.org/10.3389/fphar.2023.1238706
https://doi.org/10.1016/j.kint.2023.06.038
https://doi.org/10.1038/nrm3382
https://doi.org/10.1016/j.ijbiomac.2022.10.014
https://doi.org/10.1186/s12967-024-05785-5
https://doi.org/10.1161/circresaha.123.323699
https://doi.org/10.1016/j.gendis.2022.12.003
https://doi.org/10.1126/sciadv.abi6696
https://doi.org/10.15252/embr.202152774
https://doi.org/10.1038/s41467-024-47900-6
https://doi.org/10.1016/j.phrs.2022.106270
https://doi.org/10.1016/j.cmet.2022.02.013
https://doi.org/10.1136/bmj.k4891
https://doi.org/10.1002/advs.202307216
https://doi.org/10.1093/database/baab012
https://doi.org/10.1172/jci72271
https://doi.org/10.2147/jir.S283378
https://doi.org/10.1038/s41467-024-52729-0
https://doi.org/10.1152/ajprenal.00102.2014
https://doi.org/10.1038/s41388-024-03243-6
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

Xu et al.

for p53-mediated transcriptional repression. J. Biol. Chem. 281, 31234-31244.
doi:10.1074/jbc.M606510200

Vander Heiden, M. G., Cantley, L. C., and Thompson, C. B. (2009). Understanding
the Warburg effect: the metabolic requirements of cell proliferation. Science 324,
1029-1033. doi:10.1126/science.1160809

Wang, N., Wang, W., Wang, X., Mang, G., Chen, J., Yan, X,, et al. (2022). Histone
lactylation boosts reparative gene activation post-myocardial infarction. Circ. Res. 131,
893-908. doi:10.1161/circresaha.122.320488

Wang, Y, Li, H,, Jiang, S., Fu, D, Lu, X,, Lu, M., et al. (2024). The glycolytic enzyme
PFKFB3 drives kidney fibrosis through promoting histone lactylation-mediated NF-«xB
family activation. Kidney Int. 106, 226-240. doi:10.1016/j.kint.2024.04.016

Wang, Z., Gui, Z., Zhang, L., and Wang, Z. (2024). Advances in the mechanisms
of vascular calcification in chronic kidney disease. J. Cell Physiol. 240, e31464.
doi:10.1002/jcp.31464

Warburg, O. (1956). On the origin of cancer cells. Science 123, 309-314.
doi:10.1126/science.123.3191.309

Wei, S., Huang, X, Zhu, Q. Chen, T, Zhang, Y., Tian, J, et al. (2024).
TRIM65 deficiency alleviates renal fibrosis through NUDT21-mediated alternative
polyadenylation. Cell Death Differ. 31, 1422-1438. d0i:10.1038/s41418-024-01336-z

Xia, S., Li, X, Johnson, T., Seidel, C., Wallace, D. P, and Li, R. (2010). Polycystin-
dependent fluid flow sensing targets histone deacetylase 5 to prevent the development
of renal cysts. Development 137, 1075-1084. doi:10.1242/dev.049437

Xin, W, Qin, Y, Lei, P, Zhang, J., Yang, X., and Wang, Z. (2022). From cerebral
ischemia towards myocardial, renal, and hepatic ischemia: exosomal miRNAs as a
general concept of intercellular communication in ischemia-reperfusion injury. Mol.
Ther. Nucleic Acids 29, 900-922. doi:10.1016/j.omtn.2022.08.032

Xu, H., Wu, M., Ma, X,, Huang, W,, and Xu, Y. (2021). Function and mechanism of
novel histone posttranslational modifications in health and disease. Biomed. Res. Int.
2021, 6635225. doi:10.1155/2021/6635225

Xu, ], Xue, C., Wang, X., Zhang, L., Mei, C., and Mao, Z. (2022). Chromatin
methylation abnormalities in autosomal dominant polycystic kidney disease. Front.
Med. (Lausanne) 9, 921631. doi:10.3389/fmed.2022.921631

Xu, B, Liu, Y, Li, N, and Geng, Q. (2024). Lactate and lactylation in macrophage
metabolic reprogramming: current progress and outstanding issues. Front. Immunol.
15, 1395786. doi:10.3389/fimmu.2024.1395786

Xu, Y., Ma, X, Ni, W, Zheng, L., Lin, Z, Lai, Y, et al. (2024). PKM2-
Driven lactate overproduction triggers endothelial-to-mesenchymal transition in
ischemic flap via mediating TWIST1 lactylation. Adv. Sci. (Weinh) 11, 2406184.
doi:10.1002/advs.202406184

Yan, X, Xia, Y., Li, B,, Ye, Z., Li, L., Yuan, T., et al. (2024). The SOX4/EZH2/SLC7A11
signaling axis mediates ferroptosis in calcium oxalate crystal deposition-induced kidney
injury. J. Transl. Med. 22, 9. doi:10.1186/s12967-023-04793-1

Yang, J., Luo, L., Zhao, C., Li, X., Wang, Z., Zeng, Z., et al. (2022). A positive feedback
loop between inactive VHL-triggered histone lactylation and PDGFRp signaling

drives clear cell renal cell carcinoma progression. Int. J. Biol. Sci. 18, 3470-3483.
doi:10.7150/ijbs.73398

Yang, K., Fan, M., Wang, X,, Xu, J., Wang, Y., Tu, E, et al. (2022). Lactate promotes
macrophage HMGBI lactylation, acetylation, and exosomal release in polymicrobial
sepsis. Cell Death Differ. 29, 133-146. doi:10.1038/s41418-021-00841-9

Yang, Y., Liu, S., Wang, P,, Ouyang, J., Zhou, N., Zhang, Y., et al. (2023). DNA-
dependent protein kinase catalytic subunit (DNA-PKcs) drives chronic kidney disease
progression in male mice. Nat. Commun. 14, 1334. doi:10.1038/s41467-023-37043-5

Yang, Z., Zheng, Y., and Gao, Q. (2024). Lysine lactylation in the regulation of tumor
biology. Trends Endocrinol. Metab. 35, 720-731. doi:10.1016/j.tem.2024.01.011

Frontiers in Cell and Developmental Biology

11

10.3389/fcell.2025.1533175

Yin, L. M., and Schnoor, M. (2022). Modulation of membrane-
cytoskeleton interactions: ezrin as key player. Trends Cell Biol. 32, 94-97.
doi:10.1016/j.tcb.2021.09.005

Yu, J,, Chai, P, Xie, M., Ge, S., Ruan, ], Fan, X, et al. (2021). Histone lactylation
drives oncogenesis by facilitating m(6)A reader protein YTHDF2 expression in ocular
melanoma. Genome Biol. 22, 85. doi:10.1186/s13059-021-02308-z

Zhang, Y., and Zhang, X. (2024). Virus-induced histone lactylation promotes virus
infection in Crustacean. Adv. Sci. (Weinh) 11, €2401017. doi:10.1002/advs.202401017

Zhang, D., Tang, Z., Huang, H., Zhou, G., Cui, C., Weng, Y, et al. (2019).
Metabolic regulation of gene expression by histone lactylation. Nature 574, 575-580.
doi:10.1038/s41586-019-1678-1

Zhang, Y., Wen, P, Luo, ], Ding, H., Cao, H., He, W,, et al. (2021). Sirtuin 3 regulates
mitochondrial protein acetylation and metabolism in tubular epithelial cells during
renal fibrosis. Cell Death Dis. 12, 847. doi:10.1038/s41419-021-04134-4

Zhang, ., Cao, L., Wang, X,, Li, Q,, Zhang, M., Cheng, C., et al. (2022). The E3
ubiquitin ligase TRIM31 plays a critical role in hypertensive nephropathy by promoting
proteasomal degradation of MAP3K?7 in the TGF-P1 signaling pathway. Cell Death
Differ. 29, 556-567. doi:10.1038/s41418-021-00874-0

Zhang, N., Zhang, Y., Xu, J., Wang, P, Wu, B, Lu, S, et al. (2023). a-myosin
heavy chain lactylation maintains sarcomeric structure and function and alleviates the
development of heart failure. Cell Res. 33, 679-698. d0i:10.1038/s41422-023-00844-w

Zhang, W, Xu, L., Yu, Z., Zhang, M., Liu, J., and Zhou, J. (2023). Inhibition of
the glycolysis prevents the cerebral infarction progression through decreasing the
lactylation levels of LCP1. Mol. Biotechnol. 65, 1336-1345. doi:10.1007/s12033-022-
00643-5

Zhang, D., Gao, ], Zhu, Z., Mao, Q, Xu, Z., Singh, P. K,, et al. (2024). Lysine L-
lactylation is the dominant lactylation isomer induced by glycolysis. Nat. Chem. Biol.
21, 91-99. doi:10.1038/541589-024-01680-8

Zhang, X., Chen, J., Lin, R., Huang, Y., Wang, Z., Xu, S., et al. (2024). Lactate drives
epithelial-mesenchymal transition in diabetic kidney disease via the H3K14la/KLF5
pathway. Redox Biol. 75, 103246. doi:10.1016/j.redox.2024.103246

Zhang, X. W, Li, L, Liao, M., Liu, D, Rehman, A., Liu, Y., et al. (2024).
Thermal proteome profiling strategy identifies CNPY3 as a cellular target of gambogic
acid for inducing prostate cancer pyroptosis. J. Med. Chem. 67, 10005-10011.
doi:10.1021/acs.jmedchem.4c00140

Zhong, E, Li, W, Zhao, C, Jin, L, Lu, X,, Zhao, Y., et al. (2024). Basigin

deficiency induces spontaneous polycystic kidney in mice. Hypertension 81, 114-125.
doi:10.1161/hypertensionaha.123.21486

Zhou, X., Chen, H., Hu, Y., Ma, X,, Li, J., Shi, Y., et al. (2023). Enhancer of zeste
homolog 2 promotes renal fibrosis after acute kidney injury by inducing epithelial-
mesenchymal transition and activation of M2 macrophage polarization. Cell Death Dis.
14, 253. d0i:10.1038/s41419-023-05782-4

Zhou, ], Zhang, J., Xu, F, Gao, H., Wang, L., Zhao, Y., et al. (2024). AST-120 alleviates
renal ischemia-reperfusion injury by inhibiting HK2-mediated glycolysis. Mol. Med. 30,
133. doi:10.1186/s10020-024-00902-y

Zhou, Z., Yin, X,, Sun, H,, Lu, ], Li, Y,, Fan, Y,, et al. (2024). PTBP1 lactylation
promotes glioma stem cell maintenance through PFKFB4-driven glycolysis. Cancer Res.
85, 739-757. doi:10.1158/0008-5472.Can-24-1412

Zhu, M., He, J., Xu, Y., Zuo, Y., Zhou, W.,, Yue, Z., et al. (2023). AMPK activation
coupling SENP1-Sirt3 axis protects against acute kidney injury. Mol. Ther. 31,
3052-3066. doi:10.1016/j.ymthe.2023.08.014

Zong, Z., Xie, E, Wang, S., Wu, X, Zhang, Z., Yang, B., et al. (2024). Alanyl-tRNA
synthetase, AARSI, is a lactate sensor and lactyltransferase that lactylates p53 and
contributes to tumorigenesis. Cell 187, 2375-2392.e33. doi:10.1016/j.cell.2024.04.002

frontiersin.org


https://doi.org/10.3389/fcell.2025.1533175
https://doi.org/10.1074/jbc.M606510200
https://doi.org/10.1126/science.1160809
https://doi.org/10.1161/circresaha.122.320488
https://doi.org/10.1016/j.kint.2024.04.016
https://doi.org/10.1002/jcp.31464
https://doi.org/10.1126/science.123.3191.309
https://doi.org/10.1038/s41418-024-01336-z
https://doi.org/10.1242/dev.049437
https://doi.org/10.1016/j.omtn.2022.08.032
https://doi.org/10.1155/2021/6635225
https://doi.org/10.3389/fmed.2022.921631
https://doi.org/10.3389/fimmu.2024.1395786
https://doi.org/10.1002/advs.202406184
https://doi.org/10.1186/s12967-023-04793-1
https://doi.org/10.7150/ijbs.73398
https://doi.org/10.1038/s41418-021-00841-9
https://doi.org/10.1038/s41467-023-37043-5
https://doi.org/10.1016/j.tem.2024.01.011
https://doi.org/10.1016/j.tcb.2021.09.005
https://doi.org/10.1186/s13059-021-02308-z
https://doi.org/10.1002/advs.202401017
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.1038/s41419-021-04134-4
https://doi.org/10.1038/s41418-021-00874-0
https://doi.org/10.1038/s41422-023-00844-w
https://doi.org/10.1007/s12033-022-00643-5
https://doi.org/10.1007/s12033-022-00643-5
https://doi.org/10.1038/s41589-024-01680-8
https://doi.org/10.1016/j.redox.2024.103246
https://doi.org/10.1021/acs.jmedchem.4c00140
https://doi.org/10.1161/hypertensionaha.123.21486
https://doi.org/10.1038/s41419-023-05782-4
https://doi.org/10.1186/s10020-024-00902-y
https://doi.org/10.1158/0008-5472.Can-24-1412
https://doi.org/10.1016/j.ymthe.2023.08.014
https://doi.org/10.1016/j.cell.2024.04.002
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

	1 Introduction
	2 Metabolism of lactate
	3 Protein lactylation
	3.1 Histone lactylation
	3.2 Non-histone lactylation
	3.3 Two pathways of lysine lactylation
	3.4 Regulatory mechanisms of lactylation

	4 Protein lactylation in kidney diseases
	4.1 Lactylation in AKI
	4.2 Lactylation in CKD
	4.3 Lactylation in diabetic kidney disease

	5 Summary and prospects
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References

