RENAL FAILURE
2025, VOL. 47, NO. 1, 2469746
https://doi.org/10.1080/0886022X.2025.2469746

Taylor & Francis
Taylor & Francis Group

STATE OF THE ART REVIEW

B OPEN ACCESS ) Gheckorpastes

Lactate metabolism and lactylation in kidney diseases: insights into
mechanisms and therapeutic opportunities

Yuhua Cheng? and Linjuan Guo®

aDepartment of Nephrology, Affiliated Hospital of Jiujiang University, Jiujiang, Jiangxi, China; ®Department of Cardiology, Jiangxi
Provincial People’s Hospital, The First Affiliated Hospital of Nanchang Medical College, Nanchang, Jiangxi, China

ABSTRACT

The kidney is essential for lactate metabolism. Under normal conditions, the renal cortex mainly
absorbs and metabolizes lactate, with minimal amounts excreted in urine. This process is part of
a glucose-lactate recycling system between the cortex and medulla. In conditions such as acute
kidney injury (AKI) and diabetic kidney disease (DKD), the kidney’s ability to metabolize lactate is
impaired, leading to lactate accumulation and exacerbated renal dysfunction. Novel post-translational
modifications, such as lactylation, are critical in kidney disease pathophysiology by modulating
gene transcription, protein function, and cellular metabolism. Lactylation is involved in inflammatory
responses and tumor promotion in AKI, mitochondrial dysfunction in DKD, and tumor progression
in clear cell renal cell carcinoma (ccRCC). The lactate-lactylation axis is central to the Warburg
effect in ccRCC, where tumor cells preferentially rely on glycolysis rather than oxidative
phosphorylation. Understanding the mechanisms of lactate metabolism and lactylation in kidney
diseases may offer new therapeutic strategies. This review examines the role of lactate esters,
especially lactylation, in kidney diseases, with a focus on their regulatory mechanisms and potential
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as therapeutic targets.

1. Introduction

The kidney plays a crucial role in lactate metabolism, serving
as the main consumer of lactate after the liver [1,2]. Under
normal conditions, the renal cortex primarily absorbs and
metabolizes lactate, with urinary excretion representing a
minor fraction of total lactate elimination. This metabolic
activity is part of a glucose-lactate recycling system between
the cortex and medulla. The medulla generates lactate
through glycolysis, which is then absorbed by the cortex for
oxidation and gluconeogenesis. The cortex’s utilization of lac-
tate is closely linked to the glomerular filtration rate, urine
flow rate, and sodium reabsorption, highlighting the complex
interplay between lactate metabolism and renal function.

In pathological conditions like acute kidney injury (AKI)
and diabetic kidney disease (DKD), the kidney's ability to
metabolize lactate can be significantly impaired. In AKI, the
imbalance between glycolysis and gluconeogenesis leads to
lactate accumulation, further impairing renal function [3]. In
DKD, elevated urine lactate levels correlate with a rapid
decline in kidney function, suggesting lactate’s potential as a
biomarker for renal dysfunction. Hyperglycemia-induced

lactate overproduction is partly mediated by proximal tubu-
lar cells, which upregulate glycolytic genes as an adaptation
to mitochondrial dysfunction common in DKD. Lactate accu-
mulation may exacerbate mitochondrial dysfunction, creating
a feed-forward cycle that worsens renal injury. In clear cell
renal cell carcinoma (ccRCC), lactate accumulation in the
tumor microenvironment (TME) is linked to metabolic repro-
gramming and immune suppression, influencing tumor pro-
gression and immune evasion, independent of its role in
AKI or DKD.

Novel post-translational modifications (PTMs), such as lac-
tylation, are critical in the pathophysiology of kidney diseases
by modulating gene transcription, protein function, and cel-
lular metabolism [4]. These PTMs can alter enzyme activity,
affect protein stability and interactions, and even modify epi-
genetic gene regulation. Zhang et al. [5] first discovered a
novel modification in histone proteins, termed histone lysine
lactylation (Kla). This modification involves adding a lactate
derivative to the side chain of lysine residues in histones. In
addition to core histones, Kla modification sites have also
been observed in other nonhistone proteins within the cell.
Lactylation refers to the addition of a lactyl group to histone
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or nonhistone proteins. The lactyl group is thought to attach
to proteins via lactyl-coenzyme A (lactyl-CoA) or a nonenzy-
matic mechanism. Previous reviews [6-8] extensively discuss
the formation and regulation of lysine lactylation. The discov-
ery of protein lactylation represents a significant advance-
ment in the field of protein PTMs. It opens up new avenues
of research for understanding the role of lactate metabolism
in various biological contexts, including cancer, lung diseases,
liver conditions, brain disorders, heart diseases, and many
other fields [6-19].

In AKI, lactylation is implicated in inflammatory response
activation and tumor promotion, indicating its potential role
in disease progression. In DKD, lactate metabolism plays a
key role in disease etiology and progression, with
hyperglycemia-induced lactate production worsening mito-
chondrial dysfunction and contributing to renal injury. In
ccRCC, lactate supports tumor growth by enhancing onco-
gene expression and cell proliferation and contributes to
immune evasion by modulating the immune response within
the TME. The lactate-lactylation pathway is key to the
Warburg effect in ccRCC. In these tumor cells, glycolysis is
favored over oxidative phosphorylation, resulting in lactate
buildup that creates a supportive environment for tumor
growth. Our current review explores the role of lactate esters,
particularly lactylation, in kidney diseases, focusing on its
regulatory mechanisms and potential as a therapeutic target
(Table 1).

2, Lactate, lactylation, and AKI
2.1. Lactate metabolism in AKI

AKl is characterized by a rapid decline in renal function,
often accompanied by the accumulation of metabolic waste,
including lactate. Lactate, traditionally viewed as a byproduct
of anaerobic glycolysis, is now recognized as a key metabo-
lite in various physiological and pathological processes. In
AKI, lactate metabolism is significantly disrupted [3]. The kid-
ney, a major gluconeogenic organ, typically utilizes lactate
under normal conditions. However, during AKI, the balance
between glycolysis and gluconeogenesis is disturbed, leading
to lactate accumulation. This lactate buildup further exacer-
bates AKI severity and worsens its prognosis.

During AKI, lactate production increases due to a shift
toward aerobic glycolysis, even in the presence of oxygen,
known as the Warburg effect. This metabolic reprogramming
occurs in tubular epithelial cells, especially in the
energy-demanding proximal tubular cells. Impaired mito-
chondrial function in these cells during AKI contributes to
increased lactate production. Additionally, lactate clearance is
impaired in AKI due to dysregulation of renal gluconeogene-
sis. Under normal conditions, the kidneys convert lactate into
glucose via gluconeogenesis, involving enzymes such as
pyruvate carboxylase and phosphoenolpyruvate carboxyki-
nase. However, during AKI, renal function is compromised,
leading to decreased expression and/or activity of these key
gluconeogenic enzymes. This reduction in enzyme activity

impairs lactate conversion to glucose, hindering lactate clear-
ance and contributing to its accumulation in the kidney.

Lactate has immunomodulatory effects in AKI. It influences
both innate and adaptive immune responses, affecting the
function of immune cells such as macrophages and T lympho-
cytes. Lactate induces a shift in macrophage polarization
toward an M2 phenotype, associated with anti-inflammatory
and reparative functions. Lactate also modulates T-cell differ-
entiation, promoting a regulatory phenotype that may contrib-
ute to immunosuppression in severe AKI.

2.2. Lactylation modification in AKI

Lactylation involves attaching lactate to histone and nonhis-
tone proteins. This modification regulates gene transcription
of metabolic enzymes involved in glycolysis or the Warburg
effect. In AKI, Wang et al. [20] show that the glycolytic
enzyme PFKFB3 is significantly upregulated in renal proximal
tubular cells following ischemia-reperfusion injury and in
patients with chronic kidney disease, correlating with the
severity of kidney fibrosis. PFKFB3-mediated glycolysis leads
to lactate accumulation, promoting histone lactylation, par-
ticularly enhancing H4K12la. This histone modification is
enriched at the promoters of NF-kB signaling genes, such as
Ikbkb, Rela, and Relb, activating their transcription and con-
tributing to inflammation and kidney fibrosis. This study sug-
gests that targeting PFKFB3 to modulate lactate-mediated
histone lactylation could offer a novel therapeutic strategy
for kidney diseases by reducing renal inflammation and fibro-
sis through NF-kB signaling inhibition.

Prior research highlights the significant role of lactate
metabolism in sepsis-associated acute kidney injury (SA-AKI).
Lactate, identified as an independent risk factor, exacerbates
SA-AKI through the lactylation of mitochondrial proteins,
specifically Fis1 at lysine 20 (Fis1 K20la) [21]. This modifica-
tion triggers excessive mitochondrial fission, ATP depletion,
and reactive oxygen species overproduction, which are hall-
marks of cellular damage in SA-AKI. Additionally, lactate lev-
els correlate with the severity of septic shock [22,23], with
higher levels correlating with increased incidence of SA-AKI
and poor clinical outcomes. Histone H3 lysine 18 lactylation
(H3K18la) emerges as a potential biomarker, reflecting critical
illness severity and infection presence, and may mediate
inflammatory responses in sepsis [24]. These findings high-
light the interplay between lactate metabolism and protein
lactylation in SA-AKI pathophysiology, suggesting that target-
ing lactate reduction and lactylation inhibition could offer
promising therapeutic approaches.

2.3. Research gaps and future directions

Current research highlights the pivotal role of lactate as a
metabolic regulator in AKI. However, the precise mechanisms
by which lactate metabolism influences renal injury remain
unclear. Future studies should focus on elucidating the met-
abolic pathways that contribute to lactate accumulation in



Table 1. Summary of lactylation mechanisms and implications in renal diseases.
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Studies Diseases Key Research Contents Lactylation proteins Writers Erasers Mechanisms Implications
Wang et al. CKD Explored the role of PFKFB3 ~ H4K12 Not Not PFKFB3-induced Indicates the
2024 [20] in driving kidney fibrosis specified specified lactate potential of
through promoting histone accumulation targeting
lactylation and NF-kB promotes renal PFKFB3 to treat
activation inflammation and renal fibrosis
fibrosis via NF-kB by modulating
pathway histone
activation lactylation and
NF-kB signaling
An et al. 2023 SAKI PDHA1 Fis1 K20 PDHA1 SIRT3 Lactate mediates Reducing lactate
[21] hyperacetylation-mediated Fis1 lactylation, levels and Fis1
lactate overproduction leading to lactylation
promotes sepsis-induced mitochondrial attenuates SAKI
acute kidney injury via dysfunction and
Fis1 lactylation SAKI
Qiao et al. SAKI Histone H3K18 and Ezrin H3K18 and Ezrin K263  Not Not Lactate-induced Inhibition of
2024 [24] lactylation promote renal specified specified lactylation of lactate-induced
dysfunction in H3K18 and Ezrin lactylation may
sepsis-associated acute promotes RhoA/ improve renal
kidney injury ROCK/Ezrin function in
signaling, leading SAKI
to renal
dysfunction
Chen et al. DKD Lysine lactylation and ACSF2  ACSF2 K182 Not Not Lactate Targeting
2024 [26] contribute to specified specified accumulation mitochondrial
mitochondrial dysfunction drives lysine ACSF2 and
in diabetic nephropathy lactylation, lactylation may
affecting be a potential
mitochondrial strategy for
function diabetic
nephropathy
interventions
Zhang et al. DKD Lactate drives H3K14 Not Not Lactate-induced Inhibition of KLF5
2024 [27] epithelial-mesenchymal specified specified H3K14la could be a
transition in diabetic promotes KLF5 potential
kidney disease via the expression, therapeutic
H3K14la/KLF5 pathway driving EMT and strategy for
DKD progression DKD
Liu et al. ccRCC FKBP10 promotes ccRCC Histone lactylation Not Not FKBP10 binding to  FKBP10 may be a
2024 [28] progression and regulates linked to LDHA-Y10 specified specified LDHA enhances therapeutic
sensitivity to HIF2a phosphorylation its target for
blockade by facilitating phosphorylation, ccRCC by
LDHA phosphorylation promoting enhancing the
glycolysis and antitumor
ccRCC effect of HIF2a
progression inhibitors
Liu et al. ccRCC  Investigated lactylation 328 lactylation- Not Not Lactylation Identifies
2024 [29] modifications in ccRCC associated genes; specified specified modifications are lactylation’s role
using bioinformatics and 16 genes correlated linked to patient in ccRCC
machine learning with survival (specific prognosis and prognosis and
sites not detailed) may offer therapeutic
therapeutic opportunities
opportunities
Yang et al. ccRCC  Identifies a positive feedback H3K18 as the main Not Not Inactive VHL triggers Suggests targeting
2022 [30] loop between inactive VHL target (other sites specified specified histone histone

and histone lactylation
driving ccRCC progression

not specified)

lactylation which
activates PDGFR,
forming a
positive feedback
loop

lactylation and
PDGFRB
signaling as a
therapeutic
strategy for
ccRCC

DKD: Diabetic Kidney Disease; SAKI: Sepsis-Induced Acute Kidney Injury; ccRCC: Clear Cell Renal Cell Carcinoma; CKD: Chronic Kidney Disease; EMT:
Epithelial-Mesenchymal Transition; ACSF2: Acyl-CoA Synthetase Family Member 2; PDHA1: Pyruvate Dehydrogenase ET Component Subunit Alpha; SIRT3:
Sirtuin 3; Fis1: Mitochondrial Fission 1 Protein; KLF5: Kruppel-Like Factor 5; H4K12: Histone H4 Lysine 12; H3K14: Histone H3 Lysine 14; H3K18: Histone
H3 Lysine 18; LDHA: Lactate Dehydrogenase A; PDGFRp: Platelet-Derived Growth Factor Receptor Beta; VHL: von Hippel-Lindau; HIF: Hypoxia-Inducible
Factors; NF-kB: Nuclear Factor kappa B; PFKFB3: 6-Phosphofructo-2-Kinase/Fructose-2,6-Biphosphatase 3.

AKl and its impact on cellular respiration, the tricarboxylic

acid (TCA) cycle, and oxidative phosphorylation. This could
involve investigating pyruvate dehydrogenase (PDH) and its
regulation by Sirtuin 3 (SIRT3) in renal tubular epithelial cells.

Previous studies indicate that lactylation plays a signifi-
cant role in AKI pathogenesis [3,21,24]. However, the full
extent of lactylation’s effects on cellular processes and its
potential as a therapeutic target remain unexplored. Future
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Figure 1. Role of nonhistone (A) and histone (B) lysine lactylation in kidney diseases.
H3K18: Histone H3 Lysine 18; H3K14: Histone H3 Lysine 14; H4K12: Histone H4 Lysine 12; Kla: Lysine Lactylation.

research could focus on identifying additional lactylation tar- role of lactate in epigenetic regulation, especially through
gets, especially nonhistone proteins, and understanding how histone lactylation, is an emerging research field. Lactate
lactylation affects their function in the context of AKI. The modulates gene expression by altering histone modifications.



Future studies should explore how lactate alters the epigen-
etic landscape in renal cells and how these changes contrib-
ute to AKI development and progression.

Given lactate metabolism’s significant role in AKI, inter-
ventions targeting lactate production or lactylation pathways
offer potential therapeutic strategies. For example, glycolytic
inhibitors or activators of PDH have been proposed to reduce
lactate levels and alleviate AKI. Moreover, understanding the
lactylation process and its impact on gene expression could
reveal new targets for modulating the inflammatory response
and renal repair mechanisms in AKI. The intricate relationship
between lactate metabolism and AKI highlights the impor-
tance of considering metabolic pathways in developing ther-
apeutic strategies. Modulating lactate levels and inhibiting
detrimental lactylation modifications could provide novel
approaches to mitigate AKI severity and improve patient
outcomes.

While previous studies propose several therapeutic strate-
gies targeting lactate metabolism, such as PDH activators
and lactate dehydrogenase inhibitors, their feasibility and
efficacy in clinical settings are yet to be established. Future
research should focus on translating these findings into clin-
ical trials to evaluate the safety and effectiveness of such
interventions for treating AKI.

3. Lactate, lactylation, and DKD

3.1. Lactate metabolism in DKD

In DKD, glycolytic lactate is a critical factor in disease pro-
gression. Studies show that urine lactate levels are elevated
in patients with type 2 diabetes and kidney disease com-
pared to healthy controls [25]. Elevated urine lactate levels
correlate with a more rapid decline in estimated glomerular
filtration rate, suggesting a potential role in renal function
deterioration [25].

In hyperglycemia, glucose-stimulated lactate production
likely originates, in part, from proximal tubular cells. This is
evidenced by reduced lactate production with sodium-glucose
cotransporter-2 (SGLT2) inhibition in kidney sections and
SGLT2-deficient mice. The upregulation of glycolytic genes in
diabetic human proximal tubules suggests an enhanced gly-
colytic shift, potentially compensating for reduced mitochon-
drial function. Notably, lactate levels above 2.5mM inhibit
mitochondrial oxidative phosphorylation in human proximal
tubule cells [25]. This suggests that increased lactate produc-
tion in diabetic conditions contributes to mitochondrial dys-
function, potentially driving a feed-forward mechanism in
DKD pathogenesis.

These findings suggest that lactate, derived from altered
glycolysis due to mitochondrial dysfunction, plays a signifi-
cant role in DKD progression. Targeting this metabolic path-
way could provide novel therapeutic strategies for treating
DKD. These studies highlight the critical role of lactate
metabolism in DKD pathogenesis. Elevated urine and plasma
lactate levels in DKD patients indicate mitochondrial dysfunc-
tion. SGLT2 inhibition reduces lactate production, suggesting
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a potential therapeutic target. Increased glycolytic gene
expression and the inhibition of mitochondrial oxidative
phosphorylation by high lactate levels emphasize lactate’s
detrimental impact on renal cells in diabetes. These findings
suggest that lactate not only acts as a metabolic by-product
but also disrupts mitochondrial function, contributing to DKD
progression.

3.2. Lactylation modification in DKD

Lysine lactylation plays a key role in the progression of dia-
betic nephropathy. Chen et al. [26] show that lactate levels
are increased in the kidneys and serum of db/db mice, a dia-
betic nephropathy model, and in individuals with diabetic
nephropathy. Global lactylome profiling revealed increased
lactylation sites on proteins, particularly those in the mito-
chondria, linked to mitochondrial dysfunction. Lactylation of
acyl-CoA synthetase family member 2 (ACSF2), especially at
K182 (K182la), is linked to mitochondrial dysfunction in renal
tubular epithelial cells. The study suggests that lactylation
exacerbates reactive oxygen species accumulation in mito-
chondria, leading to cellular damage and contributing to dia-
betic nephropathy progression. Mechanistically, ACSF2
lactylation may affect its enzymatic activity or interactions
with other proteins, influencing mitochondrial function and
potentially promoting ferroptosis, a form of regulated cell
death linked to lipid peroxidation. These findings link
lactate-driven lysine lactylation (especially ACSF2 lactylation)
to mitochondrial dysfunction, suggesting that targeting this
lactylation event could offer a novel therapeutic strategy for
diabetic nephropathy.

Lactate-induced histone lactylation also plays a key role in
the epigenetic regulation of epithelial-mesenchymal transi-
tion (EMT) in DKD. Elevated lactate levels in diabetes increase
histone H3 lysine 14 lactylation (H3K14la), promoting the
transcription of Krippel-like factor 5 (KLF5) [27]. KLF5 binds
to the E-cadherin promoter and inhibits its transcription,
facilitating EMT and renal fibrosis. Both genetic knockdown
and pharmacological inhibition of KLF5 reduce EMT and
renal fibrosis, suggesting that targeting the lactate-driven
H3K14la/KLF5 pathway could be a novel therapeutic strategy
for DKD by disrupting the metabolic-epigenetic mechanisms
contributing to renal fibrosis and dysfunction [27]. These
findings highlight lactate’s role as a signaling molecule that
drives epigenetic modifications, regulating gene expression
and processes like EMT.

3.3. Research gaps and future directions

Recent studies have highlighted the importance of lactate
metabolism and lactylation in DKD, but several research gaps
remain. Current research has mainly focused on the correla-
tion between elevated lactate levels and renal function dete-
rioration. However, the exact mechanisms by which lactate
contributes to DKD pathogenesis remain unclear. For exam-
ple, it is unclear whether elevated lactate levels cause or
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result from mitochondrial dysfunction in renal cells. Moreover,
the specific cellular pathways and molecular targets affected
by lactate and lactylation in DKD are not well understood.

Lactylation is an emerging area of interest, but its role in
DKD remains largely unexplored. Some studies suggest that
lactylation could disrupt normal cellular functions, but the
specific proteins and pathways affected by this modification
in DKD remain unidentified. Comprehensive proteomic anal-
yses are needed to map lactylation sites and understand
how these modifications affect protein function and cellular
processes in diabetic kidneys. Furthermore, the temporal
dynamics of lactylation during DKD progression have not
been studied, creating a gap in understanding how these
modifications evolve and contribute to disease progression.

Understanding the mechanisms of lactate metabolism
and lactylation in DKD may lead to novel therapeutic strate-
gies. Potential interventions could include targeting glycolytic
pathways to reduce lactate production or developing inhibi-
tors that specifically block harmful lactylation modifications.
Investigating the effects of existing treatments, such as SGLT2
inhibitors, on lactate metabolism and lactylation could pro-
vide valuable insights into their therapeutic potential in DKD.
Addressing these research gaps could lead to the develop-
ment of more effective treatments that improve renal out-
comes for patients with diabetes.

4. Lactate, lactylation, and ccRCC

4.1. Lactate metabolism in ccRCC

Lactate metabolism plays a critical role in ccRCC progression
through the Warburg effect, where cancer cells preferentially
rely on aerobic glycolysis, resulting in lactate accumulation
even in the presence of oxygen. This metabolic reprogram-
ming supports rapid cell proliferation by supplying energy
and metabolic intermediates required for biosynthesis. The
high lactate levels are not just metabolic byproducts; they
actively modulate the tumor microenvironment (TME) and
influence various cellular processes. Lactate can inhibit the
function of immune cells, such as T cells and natural killer
cells, promoting immune evasion and creating an immuno-
suppressive environment that supports tumor growth.

Lactate also serves as a signaling molecule that activates
oncogenic pathways and promotes angiogenesis, further
driving tumor progression. Proteins such as lactate dehydro-
genase A (LDHA) are frequently upregulated in ccRCC, facili-
tating the conversion of pyruvate to lactate and maintaining
high glycolytic flux. This metabolic shift is closely linked to
the stabilization of hypoxia-inducible factors, particularly in
the context of von Hippel-Lindau (VHL) mutations, which are
prevalent in ccRCC [28]. The stabilization of hypoxia-inducible
factors induces the transcription of genes involved in glycol-
ysis, angiogenesis, and cell survival, thereby reinforcing the
Warburg effect and promoting the aggressive nature of
ccRCC. Understanding these mechanisms underscores the
potential of targeting lactate metabolism as a therapeutic
strategy to disrupt the metabolic and signaling pathways
that sustain ccRCC growth and progression.

4.2, Lactylation modification in ccRCC

Lactylation has emerged as a key player in the progression
of ccRCC. This modification serves as a critical link between
cellular metabolism and gene expression, translating the
cell's metabolic state into stable gene expression patterns
that drive tumorigenesis. In ccRCC, lactylation influences var-
ious oncogenic pathways, promoting tumor growth and pro-
gression [29].

A key mechanism by which lactylation exerts its effects in
ccRCC is through the modulation of gene expression. For
example, studies show that inactive VHL protein, a common
mutation in ccRCC, triggers histone lactylation. This modifica-
tion activates the transcription of genes like platelet-derived
growth factor receptor 3 (PDGFRB), creating a positive feed-
back loop that accelerates tumor progression [30]. This high-
lights the oncogenic potential of lactylation in ccRCC by
directly influencing the expression of genes involved in cell
proliferation and survival.

Lactylation also interacts with other epigenetic modifica-
tions, such as N6-methyladenosine (m6A) RNA methylation,
further influencing cancer progression. Current studies have
shown that lactylation can drive m6A modifications [31-33],
which are known to regulate RNA stability and translation.
The crosstalk between lactylation and m6A modifications
underscores a complex network of epigenetic regulation that
drives ccRCC development and resistance to therapies. By
modulating both DNA and RNA, lactylation provides a robust
and multifaceted approach to promoting tumor growth.

The immunosuppressive effects of lactate and lactylation
in the TME are also critical in facilitating tumor immune
escape and progression. High levels of lactate in the TME can
inhibit T cell function and promote the polarization of mac-
rophages toward an immunosuppressive phenotype. This cre-
ates an environment that promotes tumor growth and
resistance to immune checkpoint inhibitors. Proteins such as
FKBP10 [28], which enhance lactate production and histone
lactylation, further contribute to the immunosuppressive
milieu, highlighting the role of lactylation in shaping the TME
to support tumor survival.

In summary, lactylation plays a key role in ccRCC by mod-
ulating gene expression, interacting with other epigenetic
modifications, and shaping the immunosuppressive TME.
These processes collectively drive tumor progression and
resistance to conventional therapies. Understanding these
mechanisms offers valuable insights into potential therapeu-
tic targets, such as inhibiting key enzymes involved in lactate
production or lactylation, to improve treatment outcomes for
ccRCC patients. Future research should focus on developing
inhibitors that specifically target these pathways and assess
their efficacy in clinical trials.

4.3. Inmunosuppressive effects of lactate and lactylation
in the TME

Lactate and lactylation in the TME are crucial for tumor
immune evasion by inhibiting T-cell function and promoting
macrophage polarization toward an immunosuppressive



phenotype. Liu et al. [28] demonstrated that FKBP10, a pro-
tein involved in regulating LDHA phosphorylation, enhances
lactate production and histone lactylation, contributing to
the aggressive behavior of ccRCC. The immunosuppressive
environment created by lactate and lactylation modifications
supports tumor growth and resistance to immune check-
point inhibitors, making it a critical target for cancer therapy.

4.4. Research gaps and future directions

Despite significant progress in understanding the role of lac-
tate metabolism and lactylation in ccRCC, several research
gaps persist. One major limitation is the reliance on in vitro
studies and animal models, which may not fully reflect the
complexity of human ccRCC. While studies have demon-
strated the oncogenic potential of lactylation and its interac-
tion with other epigenetic modifications, these findings need
validation in clinical samples from diverse patient popula-
tions. Furthermore, the exact molecular mechanisms through
which lactylation influences gene expression and tumor pro-
gression remain unclear. These studies often focus on a lim-
ited set of genes and pathways, potentially overlooking other
critical factors in the lactylation landscape.

Future research should aim to provide a more compre-
hensive understanding of the molecular mechanisms under-
lying lactylation in ccRCC. This includes identifying all
potential substrates of lactylation and understanding how
these modifications affect their function. Advanced tech-
nigues, such as mass spectrometry-based proteomics, could
be employed to comprehensively map the lactylation land-
scape. Furthermore, integrating multi-omics approaches,
including genomics, transcriptomics, proteomics, and metab-
olomics, could provide a holistic view of how lactylation
interacts with other cellular processes. This approach would
help identify novel therapeutic targets and elucidate the
broader implications of lactylation in cancer biology.

Another critical area for future research is the clinical val-
idation of preclinical findings. This involves conducting
large-scale studies using clinical samples to confirm lactyla-
tion’s role in ccRCC progression and patient outcomes.
Additionally, there is a need to develop and test specific
inhibitors of lactylation-related enzymes, such as LDHA and
PDGFRB, in clinical trials. These inhibitors could disrupt the
metabolic and epigenetic support for tumor growth, offering
new therapeutic avenues. Furthermore, exploring combina-
tion therapies that target lactylation alongside other estab-
lished treatments, such as immune checkpoint inhibitors,
could enhance treatment efficacy and overcome resistance
mechanisms.

The interaction between lactylation and the TME rep-
resents another promising area for future research. High lac-
tate levels in the TME create an immunosuppressive
environment that facilitates tumor immune escape. However,
the specific mechanisms through which lactylation influences
immune cell function and the TME remain unclear. Future
studies should investigate how lactylation affects various
immune cell types, such as T cells and macrophages, and

RENAL FAILURE (&) 7

their roles in tumor progression. Additionally, understanding
how lactylation interacts with other metabolic pathways in
the TME could offer insights into developing more effective
immunotherapies. This could involve studying lactylation’s
effects on immune checkpoint molecules and exploring
potential synergies with existing immunotherapies.

5. Writers and erasers of protein lactylation

Most acylation reactions in cells, especially those involved in
gene regulation, are tightly controlled by specific epigenetic
enzymes called writers and erasers [34]. These enzymes act
as molecular switches, attaching or removing acyl groups—
such as acetyl, methyl, phospho, or lactyl groups—from
lysine residues on histone proteins. These modifications alter
chromatin structure, directly impacting gene expression.

Writers are enzymes that modify histones with specific
acyl groups, thereby determining the transcriptional activity
of associated genes. For instance, lactylation significantly
influences gene expression in various contexts. Current
research has identified several lactylation writers, including
alanyl-tRNA synthetase (AARS1), AARS2, HBO1, KAT8, a-tubulin
acetyltransferase 1 (ATAT1), CBP/p300, and GCN5 [35-44].
These writers play crucial roles in regulating gene expression
by modifying histones and altering chromatin accessibility.

Conversely, erasers are enzymes that remove these acyl
groups, enabling dynamic regulation of gene expression pat-
terns. This tight regulation by epigenetic enzymes creates a
complex system that governs histone acylation reactions,
including lactylation, contributing to the fine tuning of gene
expression in cellular processes. Currently identified erasers
of histone lactylation include HDAC1-3 and SIRT1-3 [43,45-
50]. These erasers ensure histone modifications are reversible,
enabling cells to respond to changing environmental and
metabolic conditions.

The interplay between lactylation and its regulatory
enzymes highlights the precision of epigenetic control mech-
anisms in kidney diseases. However, whether specific lactyla-
tion writers and erasers are present in the kidneys remains
unclear. Further research is needed to elucidate the roles of
these enzymes in renal tissues and their impact on kidney
function and disease. Understanding specific epigenetic
modifications and their regulatory mechanisms in the kid-
neys could provide new insights into kidney disease patho-
genesis and reveal novel therapeutic targets.

6. Conclusion

Lactate metabolism and its post-translational modifications,
particularly lactylation, play critical roles in the pathophysiol-
ogy of various kidney diseases, including AKI, DKD, and ccRCC
(Figure 1). The kidney’s ability to metabolize lactate is crucial
for maintaining renal function under normal conditions.
However, in pathological states, impaired lactate metabolism
leads to its accumulation, exacerbating renal dysfunction and
disease progression. For more details on lactate metabolism
and kidney diseases, refer to previous reviews [2,3,25].
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Lactylation influences gene transcription, protein function,
and cellular metabolism, contributing to inflammatory
responses, mitochondrial dysfunction, and tumor progression.

Understanding the mechanisms of lactate metabolism
and lactylation in kidney diseases opens new avenues for
therapeutic interventions. Targeting these metabolic path-
ways could mitigate renal injury and improve patient out-
comes. Future research should focus on elucidating the
specific pathways and molecular targets affected by lactate
and lactylation and developing inhibitors to modulate these
processes. Clinical trials are necessary to validate the efficacy
and safety of these therapies. Overall, the lactate-lactylation
axis is a promising target for novel therapeutic strategies
aimed at treating kidney diseases and improving renal health.

Acknowledgments

None.

Author contributions

Yuhua Cheng and Linjuan Guo finished all aspects of
the work.

Ethical approval

Not required.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

None.

Data availability statement

Data included in article/supp. material/referenced in article.

References

[11 Li X, Yang Y, Zhang B, et al. Lactate metabolism in hu-
man health and disease. Signal Transduct Target Ther.
2022;7(1):305. doi: 10.1038/s41392-022-01151-3.

[2] Bellomo R. Bench-to-bedside review: lactate and the
kidney. Crit Care. 2002;6(4):322-326. doi: 10.1186/
cc1518.

[3] Li H, Ren Q, Shi M, et al. Lactate metabolism and acute
kidney injury. Chin Med J (Engl). 2024; Online ahead of
print. doi: 10.1097/CM9.0000000000003142.

[4] Xiang T, Zhao S, Wu Y, et al. Novel post-translational
modifications in the kidneys for human health and dis-
eases. Life Sci. 2022;311(Pt B):121188. doi: 10.1016/j.
1fs.2022.121188.

[5] Zhang D, Tang Z, Huang H, et al. Metabolic regulation of
gene expression by histone lactylation. NATURE.
2019;574(7779):575-580. doi: 10.1038/s41586-019-1678-1.

[6]

[7]

(8l

[l

[10]

(11l

[12]

[13]

[14]

[15]

(16l

7]

(18]

(19l

[20]

[21]

[22]

[23]

Zhu W, Guo S, Sun J, et al. Lactate and lactylation in
cardiovascular diseases: current progress and future
perspectives.  Metabolism.  2024;158:155957.  doi:
10.1016/j.metabol.2024.155957.

Hu Y, He Z, Li Z, et al. Lactylation: the novel histone
modification influence on gene expression, protein
function, and disease. Clin Epigenetics. 2024;16(1):72.
doi: 10.1186/513148-024-01682-2.

Xin Q Wang H, Li Q, et al. Lactylation: a passing fad or the
future of posttranslational modification. Inflammation.
2022;45(4):1419-1429. doi: 10.1007/s10753-022-01637-w.
Lv X, Lv Y, Dai X. Lactate, histone lactylation and cancer
hallmarks. Expert Rev Mol Med. 2023;25:e7.

Li R, Yang Y, Wang H, et al. Lactate and lactylation in the
brain: current progress and perspectives. Cell Mol Neurobiol.
2023;43(6):2541-2555. doi: 10.1007/s10571-023-01335-7.
Xie Y, Hu H, Liu M, et al. The role and mechanism of
histone lactylation in health and diseases. Front Genet.
2022;13:949252. doi: 10.3389/fgene.2022.949252.

Chen A, Luo Y, Yang Y, et al. Lactylation, a novel meta-
bolic reprogramming code: current status and pros-
pects. Front Immunol. 2021;12:688910. doi: 10.3389/
fimmu.2021.688910.

Yang H, Mo N, Tong L, et al. Microglia lactylation in re-
lation to central nervous system diseases. Neural Regen
Res. 2025;20(1):29-40. doi: 10.4103/NRR.NRR-D-23-00805.
Yao S, Chai H, Tao T, et al. Role of lactate and lactate
metabolism in liver diseases (Review). Int J Mol Med.
2024;54(1):59. doi: 10.3892/ijmm.2024.5383.

Yang Z, Zheng Y, Gao Q. Lysine lactylation in the regu-
lation of tumor biology. Trends Endocrinol Metab.
2024;35(8):720-731. doi: 10.1016/j.tem.2024.01.011.

Sun Z, Gao Z, Xiang M, et al. Comprehensive analysis of
lactate-related gene profiles and immune characteristics
in lupus nephritis. Front Immunol. 2024;15:1329009. doi:
10.3389/fimmu.2024.1329009.

Rho H, Terry AR, Chronis C, et al. Hexokinase 2-mediated
gene expression via histone lactylation is required for he-
patic stellate cell activation and liver fibrosis. Cell Metab.
2023;35(8):1406-1423.e8. doi: 10.1016/j.cmet.2023.06.013.
Fan M, Yang K, Wang X, et al. Lactate promotes
endothelial-to-mesenchymal  transition via  Snaill
lactylation after myocardial infarction. Sci Adv. 2023;
9(5):eadc9465. doi: 10.1126/sciadv.adc9465.

Pan R, He L, Zhang J, et al. Positive feedback regulation
of microglial glucose metabolism by histone H4 lysine
12 lactylation in Alzheimer’s disease. Cell Metab.
2022;34(4):634-648.e6. doi: 10.1016/j.cmet.2022.02.013.
Wang Y, Li H, Jiang S, et al. The glycolytic enzyme PFKFB3
drives kidney fibrosis through promoting histone
lactylation-mediated NF-kB family activation. Kidney Int.
2024;106(2):226-240. doi: 10.1016/j.kint.2024.04.016.

An S,Yao Y, Hu H, et al. PDHA1 hyperacetylation-mediated
lactate overproduction promotes sepsis-induced acute
kidney injury via Fis1 lactylation. Cell Death Dis.
2023;14(7):457. doi: 10.1038/541419-023-05952-4.

Chu X, Di C, Chang P, et al. Lactylated histone H3K18 as
a potential biomarker for the diagnosis and predicting
the severity of septic shock. Front Immunol.
2021;12:786666. doi: 10.3389/fimmu.2021.786666.

Yang K, Fan M, Wang X, et al. Lactate promotes
macrophage HMGB1 lactylation, acetylation, and


https://doi.org/10.1038/s41392-022-01151-3
https://doi.org/10.1186/cc1518
https://doi.org/10.1186/cc1518
https://doi.org/10.1097/CM9.0000000000003142
https://doi.org/10.1016/j.lfs.2022.121188
https://doi.org/10.1016/j.lfs.2022.121188
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.1016/j.metabol.2024.155957
https://doi.org/10.1186/s13148-024-01682-2
https://doi.org/10.1007/s10753-022-01637-w
https://doi.org/10.1007/s10571-023-01335-7
https://doi.org/10.3389/fgene.2022.949252
https://doi.org/10.3389/fimmu.2021.688910
https://doi.org/10.3389/fimmu.2021.688910
https://doi.org/10.4103/NRR.NRR-D-23-00805
https://doi.org/10.3892/ijmm.2024.5383
https://doi.org/10.1016/j.tem.2024.01.011
https://doi.org/10.3389/fimmu.2024.1329009
https://doi.org/10.1016/j.cmet.2023.06.013
https://doi.org/10.1126/sciadv.adc9465
https://doi.org/10.1016/j.cmet.2022.02.013
https://doi.org/10.1016/j.kint.2024.04.016
https://doi.org/10.1038/s41419-023-05952-4
https://doi.org/10.3389/fimmu.2021.786666

[24]

[25]

[26]

[27]

[28]

[29]

(30]

[31]

(32]

[33]

(34]

[35]

(36]

exosomal release in polymicrobial sepsis. Cell Death
Differ. 2022;29(1):133-146. doi: 10.1038/s41418-021-
00841-9.

Qiao J, Tan Y, Liu H, et al. Histone H3K18 and Ezrin lactyl-
ation promote renal dysfunction in sepsis-associated acute
kidney injury. Adv Sci (Weinh). 2024;11(28):e2307216. doi:
10.1002/advs.202307216.

Darshi M, Kugathasan L, Maity S, et al. Glycolytic lactate
in diabetic kidney disease. JCl Insight. 2024;9(11):e168825.
doi: 10.1172/jci.insight.168825.

Chen J, Feng Q, Qiao Y, et al. ACSF2 and lysine lactyla-
tion contribute to renal tubule injury in diabetes.
DIABETOLOGIA. 2024;67(7):1429-1443. doi: 10.1007/
s00125-024-06156-x.

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

Liu R, Zou Z, Chen L, et al. FKBP10 promotes clear cell
renal cell carcinoma progression and regulates sensitiv-
ity to the HIF2a blockade by facilitating LDHA phos-
phorylation. Cell Death Dis. 2024;15(1):64. doi: 10.1038/
$41419-024-06450-x.

Liu J, Chen P, Zhou J, et al. Prognostic impact of
lactylation-associated gene modifications in clear cell
renal cell carcinoma: insights into molecular landscape
and therapeutic opportunities. Environ  Toxicol.
2024;39(3):1360-1373. doi: 10.1002/tox.24040.

Yang J, Luo L, Zhao C, et al. A positive feedback loop
between inactive VHL-triggered histone lactylation and
PDGFRp signaling drives clear cell renal cell carcinoma
progression. Int J Biol Sci. 2022;18(8):3470-3483. doi:
10.7150/ijbs.73398.

Yang L, Wang X, Liu J, et al. Prognostic and tumor mi-
croenvironmental feature of clear cell renal cell carcino-
ma revealed by m6A and lactylation modification-related
genes. Front Immunol. 2023;14:1225023. doi: 10.3389/
fimmu.2023.1225023.

Xiong J, He J, Zhu J, et al. Lactylation-driven
METTL3-mediated RNA m6A modification promotes im-
munosuppression of tumor-infiltrating myeloid cells.
Mol Cell. 2022;82(9):1660-1677.e10. doi: 10.1016/j.mol-
cel.2022.02.033.

Yu J, Chai P, Xie M, et al. Histone lactylation drives on-
cogenesis by facilitating m6A reader protein YTHDF2
expression in  ocular melanoma. Genome Biol.
2021;22(1):85. doi: 10.1186/513059-021-02308-z.

Zhao S, Zhang X, Li H. Beyond histone acetylation-writing
and erasing histone acylations. Curr Opin Struct Biol.
2018;53:169-177. doi: 10.1016/j.sbi.2018.10.001.

Ju J, Zhang H, Lin M, et al. The alanyl-tRNA synthetase
AARS1 moonlights as a lactyltransferase to promote
YAP signaling in gastric cancer. J Clin Invest.
2024;134(10):e174587. doi: 10.1172/JCI174587.

Zong Z, Xie F, Wang S, et al. Alanyl-tRNA synthetase,
AARS1, is a lactate sensor and lactyltransferase that

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

RENAL FAILURE (&) 9

lactylates p53 and contributes to tumorigenesis. CELL.
2024;187(10):2375-2392.e33. doi: 10.1016/j.cell.2024.04.002.
Niu Z, Chen C, Wang S, et al. HBO1 catalyzes lysine lac-
tylation and mediates histone H3K9la to regulate gene
transcription. Nat Commun. 2024;15(1):3561. doi:
10.1038/s41467-024-47900-6.

Xie B, Zhang M, Li J, et al. KAT8-catalyzed lactylation
promotes eEF1A2-mediated protein synthesis and col-
orectal carcinogenesis. Proc Natl Acad Sci U S A.
2024;121(8):e1980839175. doi: 10.1073/pnas.2314128121.
Mao Y, Zhang J, Zhou Q, et al. Hypoxia induces mito-
chondrial protein lactylation to limit oxidative phos-
phorylation. Cell Res. 2024;34(1):13-30. doi: 10.1038/
s41422-023-00864-6.

Yan Q, Zhou J, Gu Y, et al. Lactylation of NAT10 pro-
motes  N(4)-acetylcytidine  modification on  tR-
NA(Ser-CGA-1-1) to boost oncogenic DNA virus KSHV
reactivation. Cell Death Differ. 2024;31(10):1362-1374.
doi: 10.1038/541418-024-01327-0.

Chen Y, Wu J, Zhai L, et al. Metabolic regulation of homol-
ogous recombination repair by MRE11 lactylation. CELL.
2024;187(2):294-311.e21. doi: 10.1016/j.cell.2023.11.022.

Li Z, Gong T, Wu Q, et al. Lysine lactylation regulates
metabolic pathways and biofilm formation in
Streptococcus mutans. Sci Signal. 2023;16(801):eadg1849.
doi: 10.1126/scisignal.adg1849.

Zhang N, Zhang Y, Xu J, et al. alpha-myosin heavy chain
lactylation maintains sarcomeric structure and function
and alleviates the development of heart failure. Cell Res.
2023;33(9):679-698. doi: 10.1038/s41422-023-00844-w.
Wang N, Wang W, Wang X, et al. Histone lactylation
boosts reparative gene activation post-myocardial in-
farction. Circ Res. 2022;131(11):893-908. doi: 10.1161/
CIRCRESAHA.122.320488.

Moreno-Yruela C, Zhang D, Wei W, et al. Class | histone
deacetylases (HDAC1-3) are histone lysine delactylases.
Sci Adv. 2022;8(3):eabi6696. doi: 10.1126/sciadv.abi6696.
Sun L, Zhang Y, Yang B, et al. Lactylation of METTL16
promotes cuproptosis via m(6)A-modification on FDX1
mMRNA in gastric cancer. Nat Commun. 2023;14(1):6523.
doi: 10.1038/541467-023-42025-8.

Fan Z, Liu Z, Zhang N, et al. Identification of SIRT3 as
an eraser of H4K16la. iScience. 2023;26(10):107757. doi:
10.1016/j.isci.2023.107757.

Jin J, Bai L, Wang D, et al. SIRT3-dependent delactyla-
tion of cyclin E2 prevents hepatocellular carcinoma
growth. EMBO Rep. 2023;24(5):e56052. doi: 10.15252/
embr.202256052.

Dai SK, Liu PP, Li X, et al. Dynamic profiling and func-
tional interpretation of histone lysine crotonylation and
lactylation during neural development. Development.
2022;149(14):dev200049. doi: 10.1242/dev.200049.

Xu GE, Yu P, Hu Y, et al. Exercise training decreases lac-
tylation and prevents myocardial ischemia-reperfusion
injury by inhibiting YTHDF2. Basic Res Cardiol.
2024;119(4):651-671. doi: 10.1007/5s00395-024-01044-2.


https://doi.org/10.1038/s41418-021-00841-9
https://doi.org/10.1038/s41418-021-00841-9
https://doi.org/10.1002/advs.202307216
https://doi.org/10.1172/jci.insight.168825
https://doi.org/10.1007/s00125-024-06156-x
https://doi.org/10.1007/s00125-024-06156-x
https://doi.org/10.1016/j.redox.2024.103246
https://doi.org/10.1038/s41419-024-06450-x
https://doi.org/10.1038/s41419-024-06450-x
https://doi.org/10.1002/tox.24040
https://doi.org/10.7150/ijbs.73398
https://doi.org/10.3389/fimmu.2023.1225023
https://doi.org/10.3389/fimmu.2023.1225023
https://doi.org/10.1016/j.molcel.2022.02.033
https://doi.org/10.1016/j.molcel.2022.02.033
https://doi.org/10.1186/s13059-021-02308-z
https://doi.org/10.1016/j.sbi.2018.10.001
https://doi.org/10.1172/JCI174587
https://doi.org/10.1016/j.cell.2024.04.002
https://doi.org/10.1038/s41467-024-47900-6
https://doi.org/10.1073/pnas.2314128121
https://doi.org/10.1038/s41422-023-00864-6
https://doi.org/10.1038/s41422-023-00864-6
https://doi.org/10.1038/s41418-024-01327-0
https://doi.org/10.1016/j.cell.2023.11.022
https://doi.org/10.1126/scisignal.adg1849
https://doi.org/10.1038/s41422-023-00844-w
https://doi.org/10.1161/CIRCRESAHA.122.320488
https://doi.org/10.1161/CIRCRESAHA.122.320488
https://doi.org/10.1126/sciadv.abi6696
https://doi.org/10.1038/s41467-023-42025-8
https://doi.org/10.1016/j.isci.2023.107757
https://doi.org/10.15252/embr.202256052
https://doi.org/10.15252/embr.202256052
https://doi.org/10.1242/dev.200049
https://doi.org/10.1007/s00395-024-01044-2

	Lactate metabolism and lactylation in kidney diseases: insights into mechanisms and therapeutic opportunities
	ABSTRACT
	1. Introduction
	2. Lactate, lactylation, and AKI
	2.1. Lactate metabolism in AKI
	2.2. Lactylation modification in AKI
	2.3. Research gaps and future directions

	3. Lactate, lactylation, and DKD
	3.1. Lactate metabolism in DKD
	3.2. Lactylation modification in DKD
	3.3. Research gaps and future directions

	4. Lactate, lactylation, and ccRCC
	4.1. Lactate metabolism in ccRCC
	4.2. Lactylation modification in ccRCC
	4.3. Immunosuppressive effects of lactate and lactylation in the TME
	4.4. Research gaps and future directions

	5. Writers and erasers of protein lactylation
	6. Conclusion
	Acknowledgments
	Author contributions
	Ethical approval
	Disclosure statement
	Funding
	Data availability statement
	References


