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Abstract. Diabetic kidney disease (DKD) is the leading cause of 
chronic kidney disease and end‑stage renal disease, and is char‑
acterized by persistent proteinuria and decreased glomerular 
filtration rate. Despite extensive efforts, the increasing incidence 
highlights the urgent need for more effective treatments. Histone 
methylation is a crucial epigenetic modification, and its altera‑
tion can destabilize chromatin structure, thereby regulating the 
transcriptional activity of specific genes. Histone methylation 
serves a substantial role in the onset and progression of various 
diseases. In patients with DKD, changes in histone methylation 

are pivotal in mediating the interactions between genetic and 
environmental factors. Targeting these modifications shows 
promise in ameliorating renal histological manifestations, tissue 
fibrosis and proteinuria, and represents a novel therapeutic 
frontier with the potential to halt DKD progression. The present 
review focuses on the alterations in histone methylation during 
the development of DKD, systematically summarizes its impact 
on various renal parenchymal cells and underscores the poten‑
tial of targeted histone methylation modifications in improving 
DKD outcomes.
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1. Introduction

Diabetic kidney disease (DKD) is a prevalent microvascular 
complication, and the leading cause of mortality in individuals 
with diabetes  (1). Approximately 30‑40% of patients with 
diabetes develop DKD (2). It typically begins with microalbu‑
minuria and, if not managed effectively, can progress to end‑stage 
renal disease (3,4). Disease progression results in kidney failure, 
cardiovascular complications and premature mortality  (5). 
Angiotensin‑converting enzyme inhibitors, angiotensin receptor 
blockers, sodium‑glucose cotransporter 2 inhibitors and miner‑
alocorticoid receptor antagonists have been used to delay DKD 
progression (6‑8). However, these treatments are not universally 
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effective (9,10). A 2021 study indicated that ~537 million adults 
worldwide were living with diabetes, and this number is projected 
to rise to 738 million by 2045. Of these individuals, nearly 90‑95% 
have type 2 diabetes and approximately half are anticipated to 
develop DKD (11). Therefore, there is an urgent need to develop 
improved strategies for the prevention and treatment of DKD.

The pathogenesis of DKD is influenced by genetic and 
environmental factors. Specific genetic variants or predisposi‑
tions can affect the susceptibility of an individual to DKD, 
and risk factors such as a high‑sugar diet, high salt intake, 
obesity and physical inactivity contribute to the development 
of characteristic histological changes in the kidneys (12‑14). 
These changes include podocyte depletion, tubular epithe‑
lial‑mesenchymal transition (EMT), fibroblast activation, 
mesangial cell dysplasia and extracellular matrix (ECM) 
accumulation. Additionally, glomerular endothelial cells may 
undergo endothelial‑mesenchymal transformation (EndMT), 
ultimately leading to irreversible renal fibrosis  (15,16). 
Histone methylation of specific lysine or arginine residues is 
a critical post‑translational modification (PTM) involved in 
these processes (17). The synergistic action of histone meth‑
ylases and demethylases results in the addition or removal 
of methyl groups from specific sites on histones, leading to 
monomethylated (me1), dimethylated (me2) and trimethyl‑
ated (me3) modifications  (18,19). Although these changes 
only subtly alter the primary structure of histones, they can 
trigger chromatin remodeling, modify the accessibility of 
the underlying DNA sequences and regulate gene activation 
or silencing (20). Advanced glycation end products (AGEs) 
and various injury mediators produced by poor long‑term 
glycemic control in patients with DKD have persistent 
effects on renal function by altering the distribution pattern 
of histone methylation in the kidneys (21). This highlights the 
pivotal role of histone methylation in mediating interactions 
between genes and environmental factors. By targeting these 
methylation modifications, it is possible to effectively improve 
the renal histological manifestations and prevent or reverse the 
progression of renal fibrosis and proteinuria in DKD, thereby 
offering a promising novel therapeutic strategy for prevention 
and treatment. Numerous studies have focused on the unique 
role of histone methylation modifications in DKD, empha‑
sizing the importance of an improved understanding of the 
mechanisms underlying DKD and identifying novel treatment 
options (21‑23).

The present review elucidates the mechanisms of histone meth‑
ylation modifications and provides a comprehensive overview of 
the current understanding of histone methylation in patients with 
DKD. Furthermore, the present review systematically summa‑
rizes the alterations and impacts of histone methylases in various 
intrinsic renal cells of patients with DKD, including podocytes, 
renal tubule cells, fibroblasts, mesangial cells and glomerular 
endothelial cells, and discusses the therapeutic potential of inhibi‑
tors targeting histone methylation modifications as well as their 
prospective mechanistic implications.

2. Regulation of histone methylation constitutes 
a sophisticated, dynamic and precise network system

Histone methylation is a key epigenetic modification that influ‑
ences various cellular processes, including gene expression, 

DNA replication and repair, chromatin structure, and cell 
cycle control (24,25). Several histone residues are prone to 
methylation, notably at well‑known sites, such as histone H3 
lysine (H3K)4, H3K9, H3K27, H3K36, H3K79 and histone H4 
lysine (H4K)20. This methylation process is dynamic and 
reversible, facilitated by the interplay between histone lysine 
methyltransferases (HKMTs or ‘writers’) and demethylases 
(HKDMs or ‘erasers’) (26). The methylation balance at these 
sites is maintained using S‑adenosylmethionine (SAM) as the 
methyl donor (27,28).

HKMTs. Various types of HKMTs exist. All HKMTs 
except the DOT1 family possess conserved su(var)3‑9, 
enhancer‑of‑zeste and trithorax (SET) domains, making them 
broadly similar from single‑cell organisms to complex multi‑
cellular organisms (29). Each HKMT has a unique substrate 
specificity and catalytic function (Fig. 1). In humans, these 
classical HKMTs are categorized based on their catalytic sites: 
H3K4 methyltransferases, including mixed lineage leukemia 
(MLL) family complexes; H3K9 methyltransferases, including 
suppressor of variegation 3‑9 homolog 1 and 2, SET domain 
bifurcated 1 and euchromatic HKMT2 (G9a); H3K27 methyl‑
transferases, including enhancer of zeste homolog 2 (EZH2); 
H3K36 methyltransferases, including nuclear receptor binding 
SET domain protein 1‑3; H3K79 methyltransferases, including 
disruptor of telomeric silencing 1‑like; and H4K20 methyl‑
transferases, including SET domain‑containing protein 8 and 
suppressor of variegation 4‑20 homolog 2 (26). Despite the 
complex recognition and binding mechanisms of HKMTs, 
HKMTs can transfer one, two or three methyl groups from 
the donor SAM to the ε‑nitrogen of specific lysine side chains. 
While this enzymatic reaction induces only subtle changes in 
the primary structure of the modified polypeptide, it substan‑
tially affects the chromatin structure and DNA sequence 
accessibility, thereby influencing gene expression  (27). 
Specifically, methylation of H3K4, H3K36 and H3K79 serves 
a pivotal role in transcriptional activation, whereas methyla‑
tion of H3K9, H3K27 and H4K20 is typically associated with 
transcriptional inhibition (30). In addition, there are several 
non‑classical lysine methylation sites on core histones (such as 
H3K23, H3K37 and H4K5) whose biological significance and 
regulatory pathways remain incompletely understood (31‑33).

Histone lysine residues are not exclusive substrates of 
HKMTs. While numerous known histone methyltransferases 
are primarily involved in promoting lysine methylation on 
histones, they can also modify non‑histone substrates (34). It 
is well‑established that methylation of non‑histone substrates 
is prevalent in cells. Various proteins, including transcription 
factors, cyclins, metabolic enzymes and DNA repair proteins, 
can be methylated at lysine residues. These changes impact 
the function, stability, interaction and intracellular localiza‑
tion of proteins, and serve a crucial role in the development of 
cancer, neurodegenerative diseases, metabolic disorders and 
numerous other diseases (35,36). Disease‑specific methyla‑
tion of non‑histone substrates by a number of known histone 
methylases serves as a biomarker for these diseases and offers 
potential therapeutic targets (37,38).

HKDMs. Historically, histone methylation has been consid‑
ered a permanent and stable modification (39). However, the 
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identification of lysine‑specific demethylase (LSD)1 (also 
known as KDM1A) from the LSD family has revolutionized 
this perspective (40). HKDMs, including members of the LSD 
and jumonji C domain (JmjC) domain‑containing families, can 
reverse changes in histone methylation (18). Specifically, the 
LSD family, which includes LSD1 and LSD2, removes mono‑ 
and dimethyl groups from histones H3K4 and H4K20 (41). 
Additionally, JmjC domain‑containing families, which encom‑
pass subfamilies, such as lysine demethylase 2‑6 (KDM2‑6), 
serve substantial roles in histone demethylation (42). Although 
no H3K79 demethylases have been identified, studies have 
suggested that H3K79 methylation is reversible. Observations 
have indicated that H3K79 methylation levels changed 

dynamically during the cell cycle, with a notable decrease after 
S phase, specifically in mammalian cell lines such as HeLa 
cells and mouse embryonic fibroblasts (43,44). These findings 
suggested the presence of histone demethylases in these cells.

Intricate regulatory network of histone methylation. The 
balance of histone methylation within cells is particularly 
vulnerable to external disruption. This can affect the function 
of essential proteins that add or remove methylation markers 
and can also change the levels of SAM, which influences 
the overall pattern of methylation modifications (18). SAM 
availability is critical as it is a vital methyl donor and a key 
intermediate in several metabolic pathways (45). Disturbances 

Figure 1. Histone methylase and histone demethylase are involved in the modification of classical histone lysine sites. ASH1L, absent, small, or homeotic 
discs 1‑like; COMPASS, complex of proteins associated with Set1; DI, dimethylation; DOT1L, disruptor of telomeric silencing 1‑like; EZH1/2, enhancer of 
zeste homolog 1/2; G9a, euchromatic histone lysine methyltransferase 2; GLP, G9a‑like protein; H3K4, histone H3 lysine 4; H3K9, histone H3 lysine 9; H3K27, 
histone H3 lysine 27; H3K36, histone H3 lysine 36; H3K79, histone H3 lysine 79; H4K20, histone H4 lysine 20; JHDM, jumonji domain‑containing histone 
demethylase; JMJD3, jumonji domain‑containing protein‑3; KDM1A/B, lysine‑specific demethylase 1A/1B; KDM2A/B, lysine‑specific demethylase 2A/2B; 
KDM5A‑5D, lysine‑specific demethylase 5A‑5D; KDM6A/B, lysine‑specific demethylase 6A/6B; KDM7B, lysine‑specific demethylase 7B, KMT, lysine meth‑
yltransferase; KMT5A, lysine methyltransferase 5A; KMT6A/B, lysine methyltransferase 6A/B; LSD 1, lysine‑specific demethylase 1; MLL1‑4, mixed‑lineage 
leukemia protein 1‑4; MONO, monomethylation; NSD1‑3, nuclear receptor‑binding SET domain protein 1‑3; PHD, plant homeodomain; PHF 2/8, plant home‑
odomain finger protein 2/8; SET, suppressor of variegation, enhancer of zeste, trithorax domain; SETDB1, SET domain bifurcated 1; SUV39H1/2, suppressor 
of variegation 3‑9 homolog 1/2; SUV4‑20H2, suppressor of variegation 4‑20 homolog 2; TRI, trimethylation; UTX, ubiquitously transcribed tetratricopeptide 
repeat, X chromosome.
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in metabolic processes can impair SAM synthesis and avail‑
ability, substantially affecting the expression and maintenance 
of histone methylation markers  (46,47). Several proteins, 
known as co‑factors, influence histone methylation by inter‑
acting with HKMTs or HKDMs. These interactions affect 
the localization, stability and enzymatic functions of HKMTs 
and HKDMs (48,49). For example, WD repeat domain 5 and 
ASH2 like histone lysine methyltransferase complex subunit 
(ASH2L), key components of the MLL complex, enhance 
H3K4 methylation by facilitating the recruitment of other 
MLL complex proteins to target sites, thereby affecting the 
progression of breast cancer and glioblastoma  (50,51). In 
addition to proteins, non‑coding RNAs serve a vital role in 
controlling histone methylation and substantially affect gene 
transcription by recruiting histone methyltransferases (52). 
The interplay among histone modifications has been the focus 
of epigenetic research. Histone modification crosstalk refers 
to the phenomenon in which the recognition or deposition of 
one epigenetic marker on a histone influences the distribu‑
tion of another marker. This intricate crosstalk enhances the 
complexity and specificity of histone modification combina‑
tions, thereby enabling precise regulation of various biological 
processes, such as cell fate determination, development and 
disease states (53). A prime example of this cross‑talk is the 
interaction between histone methylation and ubiquitination. 
Specifically, ubiquitination of lysine 14 on histone H3 is 
crucial for the initiation of H3K9 methylation (54). Similarly, 
existing histone acetylation and phosphorylation in gene 
promoter regions subtly influence the further development of 
histone methylation. For example, the dynamic interchange of 
acetylation and methylation of H3K27 regulates gene expres‑
sion, with acetylation promoting transcriptional activation and 
methylation, leading to silencing (55). In cancer cells, deacety‑
lated H3K27 can be specifically targeted for methylation by 
KDM6A (also known as ubiquitously transcribed tetratrico‑
peptide repeat, X chromosome) after treatment with inhibitory 
drugs, resulting in the transcriptional suppression of MYC, 
BCL2, CCND1 and other oncogenes (56). Additionally, a study 
showed that phosphorylation at threonine 11 on histone H3 
hinders DOT1‑catalyzed methylation at H3K79me3, thereby 
affecting the chromatin state and gene transcription activities 
vital for autophagy regulation and telomere silencing (57).

3. Distinct function of histone methylation in the 
pathogenesis and progression of DKD

Substantial advancements in molecular biology and genomics 
have transformed medical research, moving beyond macro‑
scopic phenotypic observations to explore changes in key 
epigenetic markers, such as histone methylation (58,59). These 
changes serve a critical role in disease pathogenesis and exert 
intricate molecular effects. Dysregulation of histone meth‑
ylation has been linked to various diseases, including cancer, 
neurodegenerative disorders and developmental anoma‑
lies (60,61). Rapid and dynamic changes in histone methylation 
have been observed in patients with DKD. Research has 
shown an association between DKD severity and the levels 
of the active marker H3K4me2 and the inhibitory marker 
H3K27me3 (23,62). Further investigations have indicated that 
these methylation changes can trigger pathological processes 

in DKD, such as cell dedifferentiation, inflammation, oxida‑
tive stress and fibrosis  (63‑66). Additionally, the response 
of different kidney cell types to histone methylation varies, 
leading to nonuniform pathological changes. This variability 
results from the diverse functions and microenvironmental 
differences between these cells (Fig. 2). In this section, the 
altered distribution patterns of histone methylation (Table I) 
and functional disparities in histone methylation in specific 
intrinsic renal cells under diabetic conditions are discussed.

Podocytes. Podocytes are specialized epithelial cells that form 
intricate networks of foot processes, essential for the glomer‑
ular filtration barrier. However, their proliferative capacity is 
limited, and once damaged, they cannot be repaired, making 
them particularly susceptible to DKD (67). These cells face 
multiple stressors, including mechanical, oxidative and 
immune challenges. Although normally adaptive to stress to 
maintain homeostasis, excessive stress may lead to substan‑
tial biological changes, such as structural disintegration and 
metabolic dysfunction, ultimately causing podocyte loss (68). 
In patients with DKD, podocytes disappear in response to 
hyperglycemia. Subsequently, surviving podocytes undergo 
changes in size and shape to compensate for the exposed base‑
ment membrane caused by podocyte loss. This morphological 
transition is accompanied by the activation of signaling path‑
ways associated with podocyte dedifferentiation, leading to 
the transformation of the cell phenotype, such as diminished 
expression of cell‑specific markers, aberrant organization of 
foot processes and impairment of cell‑specific functionalities. 
Although these compensatory changes may temporarily delay 
the progression of proteinuria, they ultimately compromise 
podocyte damage resistance and structural integrity, thereby 
exacerbating the progression of DKD (69,70).

Podocyte dedifferentiation is regulated by a complex array 
of molecular mechanisms, primarily involving signaling 
pathways, such as the Wnt/β‑catenin, Notch and TGF‑β/Smad 
signaling pathways (71). These pathways collectively govern 
cell fate (72). Histone methylation changes the transcriptional 
status of key factors in these signaling pathways, affecting 
podocyte differentiation and the occurrence of glomerular 
disease. In the promoter region of the podocyte‑specific 
marker Wilms tumor 1 (WT1), jumonji domain‑containing 
protein (JMDJ)3 (KDM6B), a demethylase from the JmjC 
family, mediates a reduction in transcriptional inhibitory 
marker H3K27me3 to maintain the normal expression of 
podocyte‑specific markers  (73). WT1 has an antagonistic 
effect on histone methyltransferase EZH2, which ameliorates 
podocytic injuries mediated by β‑catenin in diabetic models, 
such as apoptosis and oxidative stress. This gene transcrip‑
tional de‑inhibition occurs through reducing the enrichment 
of H3K27me3 in the promoter of the Wnt antagonist, secreted 
frizzled related protein 1, suggesting that podocytes possess 
compensatory mechanisms to adapt to epigenetic modifica‑
tions caused by environmental changes (74). Elevated levels 
of AGEs, which are key mediators of metabolic memory, 
are associated with the epigenetic reactivation of the 
long‑silenced Notch pathway in DKD (75). AGEs decrease 
the expression of nuclear inhibitor of protein phosphatase 1 
(NIPP1), which is an upstream regulator of EZH2, disrupting 
the interaction between NIPP1 and EZH2, and reducing 
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Figure 2. Mechanisms of injury induced by histone methylation disorders in diabetic nephropathy affect the major effector cells of the kidney. ADAM17, 
a disintegrin and metalloproteinase 17; AGEs, advanced glycation end products; ASH2L, ASH2 like histone lysine methyltransferase complex subunit; 
CCL2, C‑C motif chemokine ligand 2; COMPASS, complex of proteins associated with Set1; CTGF, connective tissue growth factor; CTNNBIP1, catenin β 
interacting protein 1; DACH1, dachshund family transcription factor 1; DKK1, dickkopf WNT signaling pathway inhibitor 1; Dnmt1, DNA (cytosine‑5)‑meth‑
yltransferase 1; EMT, epithelial‑mesenchymal transition; EndMT, endothelial‑mesenchymal transformation; EZH1/2, enhancer of zeste homolog 1/2; G9a, 
euchromatic histone lysine methyltransferase 2; HIPK2, homeodomain interacting protein kinase 2; H3K4, histone H3 lysine 4; H3K9, histone H3 lysine 9; 
H3K27, histone H3 lysine 27; JMJD1A, jumonji domain containing 1A; KDM6A, lysine‑specific demethylase 6A; KLF10, Kruppel like factor 10; KLF2, 
Kruppel like factor 2; lnc, long non‑coding RNA; lnc Dlx6os1, long non‑coding RNA Dlx6 opposite strand transcript 1; LINC00355, long intergenic non‑protein 
coding RNA 355; Jagged1, jagged canonical Notch ligand 1; me3, trimethylated; miR‑101b, microRNA 101b; MLL, mixed lineage leukemia protein; NIPP1, 
nuclear inhibitor of protein phosphatase 1; NR4A1, nuclear receptor subfamily 4 group A member 1; NTRK3, neurotrophic receptor tyrosine kinase 3; PAX6, 
paired box 6; PTIP, PAX transactivation domain interacting protein; Serpine1, serpin family E member 1; SFRP‑1, secreted frizzled related protein 1; TxnIP, 
thioredoxin interacting protein; WT1, Wilms tumor protein 1; WDR82, WD repeat domain 82; ZEB, zinc finger E‑box binding homeobox; ZEB1‑AS1, zinc 
finger E‑box binding homeobox 1 antisense RNA 1.
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H3K27me3 levels in podocytes (76). Majumder et al  (64) 
observed that decreased H3K27me3, due to downregulation 
of methylase EZH2 or upregulation of demethylase KDM6A, 
leads to the de‑repression of Jagged1, thereby activating the 
Notch1 pathway. This promotes podocyte dedifferentiation 
and susceptibility to damage, and contributes to renal func‑
tion deterioration (64). However, RNA sequencing analysis in 
another study revealed no substantial alterations in Jagged1 
and other Notch receptor mRNA levels in podocytes over‑
expressing KDM6A. KDM6A expression was upregulated 
under high‑glucose conditions, but not under hypertensive 
conditions. Loss of H3K27me3 led to transcriptional 
de‑repression of Kruppel like factor 10 (KLF10), enhancing 
the feedback loop between KDM6A and KLF10, and main‑
taining high expression levels of KLF10 under diabetic 
conditions. Increased KLF10 expression recruited DNMT1 
to the nephrin promoter, inhibited nephrin expression 

and contributed to podocyte dysfunction. Upregulation 
of KLF10 expression also suppressed the expression of 
other podocyte‑specific genes, such as WT1, Podocin and 
Synaptopodin (77).

In patients with diabetic nephropathy, alterations in H3K4 
methylation in podocytes are also observed. Paired box 
transactivation domain interacting protein (PTIP)‑dependent 
H3K4 methylation is crucial for maintaining differentiation 
and cell type‑specific transcriptional programs in mature 
podocytes. In normal podocytes, PTIP is recruited to target 
gene promoters by PAX or dachshund family transcription 
factor 1 (DACH1), with each binding mode exerting opposing 
effects on methylase activity. Specifically, when PTIP is 
recruited by PAX, it promotes methylase activity, while 
recruitment by DACH1 inhibits methylase activity (78‑80). 
This balance shapes the H3K4 methylation landscape in the 
podocytes. In DKD mice, reduced DACH1 expression leads 

Table I. Alterations in histone methylation profiles across diverse cell types in experimental models of diabetic nephropathy.

	 Histone				  
First author/s, year	 methylation	 DKD	 Model	 Sample	 (Refs.)

	 Activating
	 marks
Zhang et al, 2023	 H3K4me3	 Increased in CTNNBIP1 promoter	 db/db mice	 Podocytes	 (81)
Cao et al, 2021		  Increased in NELL2/NTRK3/	 STZ mice	 Podocytes	 (80)
		  PAMP1/MYCL1 promoter			 
Wang et al, 2018		  Decreased in ZEB promoter	 STZ mice and	 Renal tubular	 (95)
			   db/db mice	 epithelial cells	
Zhong et al, 2024		  Increased in HIPK2 promoter	 db/db mice	 Glomerular 	 (117)
				    mesangial cells	
Pandya Thakkar		  Increased in Jagged1 and Jagged2	 ob/ob mice	 Glomerular 	 (130)
et al, 2022		  promoter		  endothelial cells	
Takizawa et al, 2013		  Increased in Serpine1 promoter	 STZ mice	 Primary mouse	 (126)
				    endothelial cells	
	 Repressive
	 marks
Irifuku et al, 2016	 H3K9me1	 Increased in Klotho promoter	 UUO mice	 Renal tubular	 (96)
				    epithelial cells	
An et al, 2023	 H3K27me2  	 Increased in EMT‑associated genes	 UUO mice	 Fibroblasts and	 (106)
				    macrophages	
Lin et al, 2019	 H3K27me3  	 Decreased in KLF10 promoter	 Mouse podocytes	 Podocytes	 (77)
			   under high glucose		
			   conditions		
Siddiqi et al, 2016		  Decreased in PAX6 promoter	 STZ mice	 Podocytes	 (66)
					   
Majumder et al,		  Decreased in Jagged1 promoter	 db/db mice and	 Podocytes	 (64)
2018			   adriamycin mice		
Chen et al, 2022		  Increased in SOX6 promoter	 db/db mice	 Glomerular 	 (118)
				    mesangial cells	
Chen et al, 2019		  Decreased in inflammatory genes	 db/db mice	 Glomerular 	 (120)
				    mesangial cells	

DKD, diabetic kidney disease; EMT, epithelial‑mesenchymal transition; H3K4, histone H3 lysine 4; H3K9, histone H3 lysine 9; H3K27, 
histone H3 lysine 27; me1, monomethylated; me2, dimethylated; me3, trimethylated; STZ, streptozocin; UUO, unilateral ureteral obstruction.
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to transcriptional de‑repression of multiple downstream target 
genes (80). Abnormal expression of the H3K4me3 downstream 
gene NTRK3 results in an aberrant foot process arrangement 
and impaired podocyte function (22).

In addition to inducing cellular dedifferentiation, histone 
methylation also induces oxidative stress in podocytes. Low 
EZH2 expression decreases H3K27me3 levels and triggers 
PAX6 expression in podocytes with high glucose levels. 
The enrichment of PAX6 in the gene promoter promotes the 
expression of the antioxidant inhibitor, thioredoxin interacting 
protein, thereby enhancing oxidative stress in podocytes (66). 
Additionally, non‑coding RNA LINC00355 elevates H3K4me3 
levels by recruiting histone methylase EZH1 to the catenin β 
interacting protein 1 promoter, activating the β‑catenin 
signaling pathway, and promoting endoplasmic reticulum 
stress‑induced podocellular injury (81).

Renal tubular epithelial cells and fibroblasts. Tubular epithe‑
lial cells and the tubular interstitium constitute >90% of the 
renal cortex and serve pivotal roles in maintaining fluid and 
electrolyte balance, excretion of metabolic waste and regula‑
tion of blood pressure (82). Given their high energy demand 
and reliance on aerobic metabolism, tubular epithelial cells are 
particularly susceptible to diabetes‑related metabolic disor‑
ders (83,84). Structural alterations in the diabetic renal tubules, 
including atrophy, interstitial fibrosis and peritubular capillary 
thinning, are closely linked to decreased renal function (85). 
Tubular atrophy and interstitial fibrosis form the basis of DKD 
renal fibrosis and contribute substantially to the decline in 
renal function (86). TGF‑β1 is a well‑established pathogenic 
factor in fibrotic diseases affecting multiple organs and serves 
a pivotal role in the onset and progression of DKD (87‑90). 
In progressive renal fibrosis associated with DKD, there is 
substantial upregulation of TGF‑β1 synthesis and secretion, 
along with Smad3 phosphorylation. This triggers a cascade 
of core responses, including EMT, fibroblast activation and 
abnormal ECM deposition (37,91). Modification of histone 
methylation serves as a key epigenetic regulatory mechanism 
in this process by modulating the expression of genes related 
to fibrosis (92).

H3K4 methylation and gene transcription activation medi‑
ated by histone methylase MLL1 are essential for the activation 
of TGF‑β/Smad3 and AKT signaling pathways, upregulation 
of Snail and downregulation of E‑cadherin (93). Tao et al (63) 
reported that epigenetic inhibitors targeting methylase EZH2 
effectively attenuated kidney injury and fibrosis by modu‑
lating the TGF‑β/Smad3 signaling pathway via regulation of 
Smad7. Smad7 is an essential inhibitory factor for fibrosis, 
which suppresses the activation of the TGF‑β1/Smad3 
pathway by inhibiting Smad3 phosphorylation (94). In diabetic 
nephropathy, elevated p53 levels inhibit the expression of 
the zinc finger E‑box binding homeobox 1 antisense RNA 1 
(ZEB1‑AS1) long non‑coding RNA (lncRNA), thereby regu‑
lating the binding of methylase MLL1 to the ZEB promoter. 
This leads to the downregulation of H3K4me3 and the inhi‑
bition of ZEB expression, contributing to the development 
of renal fibrosis (95). Furthermore, various methylation and 
demethylation events in renal tubules can serve as downstream 
targets of fibrosis‑related signaling pathways. Irifuku et al (96) 
demonstrated that TGF‑β1/Smad3 upregulates G9a, leading to 

H3K9 methylation, which facilitates the induction of fibrosis 
markers and suppresses Klotho expression. Another study on 
chronic kidney disease revealed that hypoxia‑inducible factor 
(HIF)1α/HIF1β‑induced activation of JMJD1A, a histone 
demethylase opposing G9a, exerts a negative regulatory 
effect on the expression of renal fibrosis‑related factors (97). 
However, whether the upregulation of HIF1α/HIF1β in DKD 
results in similar methylation changes remains unclear. 
Additionally, elevated levels of AGEs in a mouse of diabetic 
nephropathy can upregulate the expression of JMJD1A, 
leading to an increase in nuclear receptor subfamily 4 group A 
member 1 levels and ultimately inhibiting the fibrotic process 
of renal tubular epithelial cells  (98). Notably, H3K9 has 
garnered attention as a mediator linking the TGF‑β1/Smad3 
signaling pathway to Klotho (96). However, another study 
indicated that the age‑related decreased expression of Klotho 
results from the transcriptional suppression of key factors in 
the serum/glucocorticoid regulated kinase 1/FOXO3 signaling 
pathway driven by H3K27me3 (99). Further exploration is 
warranted to determine whether H3K9 methylation upstream 
of Klotho specifically promotes fibrosis in DKD.

Fibroblasts serve a pivotal role in ECM protein synthesis 
in fibrotic kidneys (100,101). Fibroblasts are multifaceted and 
include resident fibroblasts, mesenchymal stem cell‑like cells, 
epithelial cells, endothelial cells and myeloid fibroblasts (102). 
During the progression of renal fibrosis progression, injured 
renal tubule cells and infiltrating inflammatory cells release 
diverse profibrotic mediators that target fibroblast precursors 
and induce fibroblast activation  (103). The TGF‑β/Smad3 
signaling pathway regulates fibroblast activation in patients 
with DKD  (91). TGF‑β1 induces the redistribution of 
H3K9me3 within fibroblast nuclei, leading to increased 
α‑smooth muscle actin expression  (104). Additionally, 
increased methylase EZH2 expression has been identified in 
damaged kidneys and renal interstitial fibroblasts, and serves 
as a crucial regulatory factor in the progression of renal 
fibrosis. EZH2‑mediated histone hypermethylation facilitates 
the activation of the TGF‑β/Smad3, EGFR and platelet derived 
growth factor receptor pathways, resulting in the upregulation 
of pro‑fibrotic genes, such as collagen I and the deposition 
of ECM proteins. The activation of renal fibroblasts and the 
subsequent development of renal interstitial fibrosis are critical 
events in the pathogenesis of chronic kidney disease (105). 
JMJD3‑mediated histone demethylation activates genes 
by removing inhibitory H3K27me3 from the target gene 
promoter, thereby promoting myeloid fibroblast activation and 
accumulation in the kidney (106). Notably, the specific loss of 
JMJD3 in myeloid fibroblasts exerts an inhibitory effect on 
fibrosis similar to that of overall JMJD3 deficiency (106).

Mesangial cells. Mesangial cells exert multiple functions in 
maintaining glomerular function and structure (107). Within 
the glomeruli, mesangial cells, along with their associated 
mesangial matrix, form a stalk that holds together multiple 
capillary loops. Mesangial cells serve a crucial role in regu‑
lating the contraction and expansion of the capillaries to 
ensure a normal glomerular filtration rate. Outside the glom‑
eruli, mesangial cells are integral to regulating blood pressure 
and fluid volume through their secretion of renin (108,109). 
Additionally, these cells serve as the primary producers 
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of glomerular matrix  (110). In DKD, mesangial cells are 
primarily responsible for glomerular hypertrophy and scle‑
rosis. Heightened activation of mesangial cells is observed in 
the kidneys of patients with DKD, which is characterized by 
increased proliferative activity and excessive production of 
type IV collagen and fibronectin, both of which are pivotal 
components that contribute to fibrosis and sclerosis (111‑113). 
In addition, mesangial cells exhibit reduced responsiveness to 
angiotensin II (114). At the molecular level, mesangial cells 
undergo epigenetic and transcriptional changes, leading to 
the expression of various growth factors, fibrotic elements, 
complement components and other pro‑inflammatory media‑
tors, which collectively drive the progression of glomerular 
fibrosis and sclerosis (115).

Similar to podocytes, abnormal histone methylation has 
been demonstrated to mediate aberrant activation of the Notch1 
signaling pathway in mesangial cells in a diabetic nephrotic 
model. Zhong et al  (116,117) identified ASH2L, a crucial 
component of the MLL methyltransferase complex, as a pivotal 
‘transcriptional igniter’. The enrichment of ASH2L‑mediated 
H3K4me3 in the promoter region of the gene substantially 
enhanced the expression of a disintegrin and metallopro‑
teinase 17 (ADAM17) and homeodomain interacting protein 
kinase 2 (HIPK2) as co‑factors. Subsequently, ADAM17 and 
HIPK2 facilitate the expression and nuclear translocation of 
Notch intracellular domain 1 in the mesangial cells of diabetic 
mice, ultimately leading to the activation of the Notch1 
signaling pathway, which is implicated in the pathogenesis 
of DKD fibrosis and inflammation (116,117). Furthermore, 
high expression levels of the Dlx6 opposite strand transcript 1 
(Dlx6os1) lncRNA are observed in diabetic mesangial cells. 
Dlx6os1 recruits methylase EZH2 to inhibit gene expression 
via EZH2‑mediated H3K27 methylation within the SOX6 
promoter region, thereby accelerating hyperglycemic mesan‑
gial cell proliferation, fibrosis and the release of inflammatory 
cytokines (118). KDM6A, a histone H3K27 demethylase, serves 
a crucial role in regulating inflammation in cultured mesangial 
cells and db/db mouse kidneys. Dickkopf WNT signaling 
pathway inhibitor 1 expression is modulated by H3K27me3, 
and its upregulation effectively mitigates TGF‑β1‑induced 
fibrosis (119). Furthermore, KDM6A interacts with p53, leading 
to DNA damage (120). Notably, H3K27me3 is also influenced 
by TGF‑β, and the increased TGF‑β levels in diabetic condi‑
tions result in decreased methylase EZH2 expression, and 
increased demethylase KDM6A and demethylase JMJD3 
expression. This promotes profibrotic and inflammatory gene 
activation in rat mesangial cells through H3K27me3 depletion 
of genes such as connective tissue growth factor, Serpine1 and 
C‑C motif chemokine ligand 2 (121).

Glomerular endothelial cells. Glomerular endothelial cells 
are specialized vascular cells that form the glomerular filtra‑
tion membrane and act as primary barriers to circulating 
substances in the blood (122). Glomerular endothelial cells are 
particularly susceptible to hyperglycemia‑induced damage, 
leading to endothelial cell dysfunction in DKD, which is a 
critical pathological change in the early stages (123). This 
dysfunction results in increased permeability, apoptosis and 
loss of glomerular endothelial cell fenestration, resulting in 
substantial plasma protein wastage (124).

Although the mechanisms underlying glomerular endo‑
thelial cell dysfunction are not fully understood, histone 
methylation modifications are involved in processes such as 
cellular inflammation and EndMT. For instance, elevated blood 
glucose levels induce increased H3K27me3 levels in endothelial 
cells by promoting the nuclear localization of methylase EZH2 
and assembly of the H3K27 methylase complex 2, leading 
to endothelial inflammation through the downregulation of 
Kruppel like factor 2 (125). Furthermore, high glucose‑induced 
H3K4me3 triggers the transcriptional activity of Serpine1, a 
downstream NF‑κB gene, resulting in increased expression of 
plasminogen activator inhibitor‑1, a crucial protein encoded by 
Serpine1, ultimately leading to endothelial dysfunction (126). 
Huang et al (127) revealed that methylase lysine methyltrans‑
ferase (KMT)5A interacts with its co‑factor, cAMP response 
element‑binding protein, to cooperatively regulate protein 
tyrosine phosphatase 1B expression, influencing P65 phosphor‑
ylation and inflammatory factor levels, thereby contributing 
to the development of DKD. These findings underscore the 
substantial role of high glucose‑driven histone methylation in 
DKD. Additionally, various histone methylases have been iden‑
tified as crucial epigenetic regulators of EndMT in endothelial 
cells (128). For example, inflammatory stimuli and hypoxia 
induce endothelial identity and functional disorders, which are 
tightly controlled by the histone demethylase JMJD2B through 
the modulation of H3K9me3 levels (129). Further studies are 
required to determine whether similar effects occur in renal 
endothelial cells under high‑glucose conditions.

Histone methylation serves a role in regulating the differ‑
entiation and plasticity of endothelial cells in DKD. Similar 
to that in podocytes, histone methylation contributes to the 
reactivation of the Notch1 signaling pathway in endothelial 
cells. This regulatory mechanism involves the deposition of 
H3K4me3, rather than the ablation of H3K27me3 markers. 
High glucose exposure results in the accumulation of 
H3K4me3 in endothelial cells, driven by increased expres‑
sion of MLL2 and WD repeat domain 82, two crucial protein 
subunits of H3K4 methyltransferase complex. Aberrant eleva‑
tion of H3K4me3 in the promoters of Jagged1 and Jagged2 
leads to the acquisition of mesenchymal properties in endo‑
thelial cells through hyperactivation of the Notch signaling 
pathway (130). Studies have elucidated the unique role of biva‑
lent chromosomes composed of H3K27 and H3K4 linkages 
in ontogeny and cell phenotype maintenance, suggesting that 
the phenotype of terminally differentiated cells is partially 
sustained through interactions between active H3K4me3 and 
inhibitory H3K27me3 markers (131,132). H3K27 methylation 
is a well‑established marker of transcriptional silencing and is 
crucial for maintaining stable differentiated states (133,134). 
The abundant deposition of H3K4 in gene promoters often leads 
to the activation of gene transcription. H3K4me3 histone meth‑
ylation co‑mediated by the methylase MLL3/4 and its co‑factor 
PTIP is necessary for the maintenance or re‑establishment of 
cell epithelial phenotypes (135). H3K4me3, a marker of gene 
activation, and inhibitory H3K27me3, a marker of gene repres‑
sion, together form bivalent chromatin in the kidney (136). 
However, their influence on the occurrence and progression of 
DKD via crosstalk remains debatable. Therefore, it is prudent 
to consider the roles of H3K27, H3K4 and bivalent chromatin 
when studying histone methylation during phenotypic changes 
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and functional transformations, particularly those associated 
with the Notch1 signaling pathway.

4. Therapeutic approaches aimed at modulating histone 
methylation in the context of DKD

Histone methylation affects gene expression, which is critical 
for the progression of DKD, marking a key event in the patho‑
logical timeline (38). Most of these modifications are reversible 

and regulated by intricate networks, indicating the potential 
of histone methylation as a reliable biomarker and effective 
therapeutic target for the treatment of DKD (137,138). However, 
compared with that of classical PTMs such as acetylation, drug 
development targeting histone methylation is still in its early 
stages, particularly for DKD treatment (139,140). Therefore, the 
present review provides a comprehensive overview of existing 
histone methylase inhibitors and the potential therapeutic 
approaches investigated in experimental studies (Table II).

Table II. Targets and impacts of inhibitors associated with histone methylation modification.

First author/s,					   
year	 Inhibitor	 Target	 Histone	 Action	 (Refs.)

	 Small
	 molecule
	 inhibitors
Majumder et al,	 GSK‑J4	 UTX/KDM6A	 H3K27	 GSK‑J4 mitigates the progression of adriamycin	 (64)
2018				    or diabetes‑induced glomerular disease and	
				    accompanied by safeguarding against podocyte	
				    differentiation.	
Hung et al, 2022				    GSK‑J4 ameliorates glomerular morphological	 (119)
				    abnormalities, mesangial matrix accumulation,	
				    inflammation and fibrosis in diabetic mice.	
An et al, 2023		  JMJD3/KDM6B	 H3K27	 GSK‑J4 effectively mitigates renal fibrosis,	 (106)
				    suppresses bone marrow fibroblast activation	
				    and impedes M2 macrophage polarization in	
				    obstructed kidneys.	
Majumder et al,	 EPZ‑6438/	 EZH2	 H3K27	 EPZ‑6438 facilitates postmitotic podocyte	 (64)
2018	 tazemetostat			   dedifferentiation and expedites glomerular	
				    disease progression.	
Siddiqi et al, 2016	 DZNep	 EZH2	 H3K27	 DZNep induces the suppression of PAX6	 (66)
				    expression, instigates intracellular oxidative	
				    stress and impairs podocyte function.	
Irifuku et al, 2016	 BIX 01294	 G9a	 H3K9	 BIX 01294 effectively hinders TGF‑β1‑induced	 (96)
				    fibrotic alterations and mitigates the	
				    downregulation of Klotho.	
Zou et al, 2023	 MI‑503	 MLL1-menin 	 H3K4	 MI‑503 exerts antifibrotic effects through the	 (93)
		  interaction		  downregulation of TGF‑β1, Snail and Twist	
				    expression, dephosphorylation of Smad3 and	
				    AKT, inhibition of epithelial‑mesenchymal	
				    transition, and inactivation of interstitial	
				    fibroblasts.	
	 Natural
	 products
Tao et al, 2022	 GNA	 EZH2	 H3K27	 GNA modulates the TGF‑β/Smad3 signaling	 (63)
				    pathway, thereby ameliorating renal fibrosis	
				    mediated by Smad7.	
Sasaki et al, 2016	 Sinefugin	 SET7/9	 H3K4	 Sinefugin can effectively ameliorate renal fibrosis	 (158)
				    by suppressing the expression of intermediate	
				    mesenchymal markers and extracellular matrix	
				    proteins in the kidney.	

DZNep, 3‑deazaneplanocin A; GNA, gambogenic acid; H3K4, histone H3 lysine 4; H3K9, histone H3 lysine 9; H3K27, histone H3 lysine 27; 
PAX6, paired box 6.
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A series of small‑molecule inhibitors targeting histone 
methylation have emerged, and show promise for managing 
various pathological processes in DKD. Specific HKMTs and 
HKDMs, including EZH2, KDM6A and G9a, are abnormally 
expressed in several intrinsic renal cells in DKD (138,141). The 
strategic use of targeted therapies, particularly histone meth‑
yltransferase inhibitors, has effectively reduced sugar‑induced 
renal cell damage in animal models and in vitro, substantially 
slowing DKD progression (141). In 2020, The Food and Drug 
Administration first approved the KMT inhibitor tazemetostat 
for clinical use, although its application is currently limited 
to the treatment of hematological malignancies and solid 
tumors (142). This approval prompted researchers to explore the 
potential of histone methyltransferase inhibitors in the treatment 
of other diseases, including DKD, malignant rhabdoid tumors 
and ovarian cancer, highlighting their promise as novel thera‑
peutic strategies (64,143,144). 3‑Deazaneplanocin A (DZNep) 
is a well‑known inhibitor of histone methyltransferase, initially 
identified for its potential in antiviral research. Its primary 
mechanism involves the reduction of H3K27me3 modification 
by inhibiting methylase EZH2 activity, leading to the activa‑
tion of gene expression (66). DZNep has been widely utilized to 
explore its potential as an antitumor agent, as EZH2 expression 
is upregulated in a variety of cancer types, including lung cancer, 
breast cancer and glioblastoma, and is closely associated with 
the development and progression of tumors (145‑148). However, 
due to the indirect inhibition of EZH2, primarily by increasing 
S‑adenosyl‑L‑homocysteine levels, DZNep lacks specificity 
as a drug candidate (149). EPZ‑6438/tazemetostat is a potent 
and highly selective inhibitor of EZH2 methyltransferase, 
which is currently undergoing advanced stage testing (150). 
In a study on DKD, EPZ‑6438 effectively inhibited podo‑
cyte dedifferentiation and mitigated podocyte damage under 
adverse conditions (64). GSK‑J4, a leading H3K27 demethylase 
inhibitor, exerts a potent dual inhibitory effect on JMJD3 and 
KDM6A (151). GSK‑J4 effectively mitigates the pathological 
changes in various intrinsic renal cells associated with DKD, 
thereby attenuating the progression of glomerular disease, 
mesangial matrix accumulation, kidney inflammation and 
fibrosis (64,106,119). A range of inhibitors targeting the histone 
H3K9 methylase G9a have been developed, with BIX‑01294 
being a particularly potent and well‑tolerated inhibitor of G9a. 
This compound has been widely used in relevant research 
because of its superior efficacy and reduced toxicity compared 
with earlier small‑molecule inhibitors (152‑154). During the 
process of renal fibrosis, BIX‑01294 effectively suppresses the 
EMT of tubule cells and attenuates the TGF‑β1‑induced down‑
regulation of Klotho (96). The aforementioned series of small 
molecule drugs primarily function as inhibitors by suppressing 
the activity of key enzymes involved in histone methylation. 
Disruption of the interactions between core enzymes and other 
co‑factors within the histone methylase complex also affects 
the distribution and extent of histone methylation in cells (18). 
Menin serves as a crucial scaffold protein in the methylase 
MLL1 complex of proteins associated with Set1, and the inter‑
actions between MLL and menin are essential for maintaining 
H3K4 methylation levels and the expression of MLL target 
genes under specific pathological conditions (155,156). MI‑503 
exerts a substantial anti‑fibrotic effect through targeted inhibi‑
tion of the MLL‑menin interaction (93).

Compared with small‑molecule inhibitors, natural products 
exhibit greater selectivity, fewer side effects and enhanced 
biological activity in drug development, making them a 
preferred source for the identification and development of novel 
therapeutic agents (157). A limited number of natural products 
are available for treating histone methylation in DKD, with a 
primary focus on addressing renal fibrosis (158). Gambogenic 
acid, an active constituent derived from the traditional medicinal 
plant garcinia, has been extensively investigated for its anti‑
tumor, anti‑inflammatory and anti‑fibrotic properties (159‑161). 
Tao et al (63) demonstrated that gambogenic acid modulates the 
TGF‑β/Smad 3 signaling pathway through Smad 7 mediation, 
leading to amelioration of renal fibrosis. Sinefungin, a naturally 
occurring nucleoside analog, was initially recognized for its 
antiparasitic efficacy (63). Subsequent research has revealed its 
potential as a methylase SET7/9 inhibitor, leading to improved 
renal fibrosis through the inhibition of H3K4me1 (158).

The application of histone methylation inhibitors has 
shown promising results in experimental studies. However, 
their therapeutic efficacies have certain limitations: i) Histone 
methylation is prevalent in vivo (27), and the lack of precise 
therapeutic targets may affect normal cell function during 
treatment; ii) the regulatory mechanism of histone methyla‑
tion is not entirely independent, and its establishment process 
is influenced by metabolic mediators, co‑factors and existing 
epigenetic modifications (18), which implies that targeting a 
histone methyl residue or related enzyme may lead to unpre‑
dictable effects, and the aggressive use of histone methylation 
modification inhibitors could potentially pose unintended 
risks because of a lack of understanding of the protein; and 
iii) discrepancies in histone methylation in patients with DKD 
and experimental models may be attributed to variations in 
genome structure and gene expression patterns across different 
species (62). This implies that animal models inadequately 
replicate the histone methylation process in patients with 
DKD. Therefore, it is crucial to expand the currently limited 
histone methylation database of human kidney samples to 
develop effective therapeutic strategies for DKD.

5. Conclusions

The present review provides a comprehensive overview of 
the pathological effects of histone methylation modification 
disorders in various intrinsic renal cells during the onset and 
progression of DKD, as well as potential therapeutic strategies 
involving related inhibitors. Aberrant histone methylation, 
particularly altered H3K27 and H3K4 methylation levels in 
podocytes, renal tubular epithelial cells, interstitial cells and 
glomerular cells in patients with DKD, is closely associated 
with proteinuria and decreased glomerular filtration rate. 
Conversely, research on H3K36, H3K79 and H4K20 has 
been limited, highlighting a substantial gap in the epigenetic 
theory of DKD. Studies have demonstrated the efficacy of 
histone methylation modification inhibitors in ameliorating 
glomerular injury and mitigating renal fibrosis in the manage‑
ment of DKD, while reducing proteinuria and preserving renal 
function. These findings have attracted considerable attention 
from the scientific community. However, further research is 
needed to determine how to effectively utilize these drugs 
while minimizing their adverse effects. In conclusion, 
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additional mechanistic studies are required to refine the profile 
of histone methylation in specific intrinsic renal cells in DKD 
and develop inhibitors with higher specificity and favorable 
pharmacokinetics.
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