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Abstract. Atherosclerosis (AS) is the principal pathological 
basis of cardiovascular disease and develops through the 
coordinated progression of endothelial dysfunction, lipid 
accumulation, macrophage foam‑cell formation, vascular 
smooth muscle cell remodeling, chronic inflammation and 
plaque destabilization. Protein post‑translational modifica‑
tions (PTMs) provide a reversible regulatory layer through 
which metabolic, oxidative, inflammatory and mechanical 
cues are translated into changes in protein activity, stability, 
localization and molecular interactions. In this review, the 
roles of major PTMs in AS were summarized, including 
lysine modifications, cysteine modifications, phosphoryla‑
tion, glycosylation, nitration and ADP‑ribosylation. Rather 
than treating these modifications as isolated events, their 
integration into disease‑related regulatory networks is 
emphasized. In particular, lysine lactylation is discussed as 
a metabolic‑epigenetic mechanism linking lactate accumu‑
lation to endothelial dysfunction, macrophage polarization, 
vascular smooth muscle cell senescence and vascular calci‑
fication. PTM crosstalk is also highlighted, including 
SUMOylation‑ubiquitination and ubiquitination‑phos‑
phorylation interactions, as a mechanism that coordinates 
inflammasome activation, oxidative stress and vascular cell 
phenotypic switching. Finally, the therapeutic potential of 
targeting PTM‑related enzymes and pathways, such as histone 
deacetylases, poly(ADP‑ribose) polymerases, kinases and 
palmitoylation regulators was evaluated, while addressing key 
challenges including context‑dependent PTM effects, limited 
site‑specific validation, insufficient human plaque evidence 

and the translational gap between experimental findings 
and clinical application. This review provides an integrated 
framework for understanding PTM‑mediated regulation in 
AS and for developing more precise PTM‑based therapeutic 
strategies.

Contents

1.	 Introduction
2.	 Role of key PTMs in AS pathogenesis
3.	 Interactions and crosstalk of PTMs in AS pathogenesis
4.	 Therapeutic targeting of PTMs in AS
5.	C onclusions and future prospects

1. Introduction

Cardiovascular disease (CVD) remains the leading cause 
of death globally (1,2). Atherosclerosis (AS), a pathological 
process characterized by dysregulated lipid metabolism 
within the arterial wall and chronic inflammatory responses, 
constitutes the most common and critical pathological basis 
of CVD (3). Its progression involves intricate interactions 
among multiple cellular and molecular mechanisms (Fig. 1). 
Typically, AS is initiated by endothelial injury induced by 
haemodynamic abnormalities, oxidative stress or metabolic 
disorders  (4,5). Following endothelial injury, low‑density 
lipoprotein (LDL) permeates the endothelium into the intima, 
undergoes oxidation to form oxidised LDL (ox‑LDL) and is 
subsequently phagocytosed by macrophages. Macrophages 
then transform into lipid‑laden foam cells, contributing to 
the formation of lipid cores (6,7). These foam cells release 
inflammatory cytokines to amplify inflammation, whilst 
macrophages further escalate the inflammatory cascade 
by secreting additional cytokines during ox‑LDL phagocy‑
tosis (8). Concurrently, abnormal proliferation, migration and 
phenotypic transformation of vascular smooth muscle cells 
(VSMCs) contribute to fibrous cap formation  (9,10). This 
fibrous cap encapsulates the lipid core, forming a mature 
atherosclerotic plaque. Plaque stability determines disease 
progression, as thinning of the fibrous cap destabilizes 
plaques and increases the risk of rupture (11). Plaque rupture 
triggers thrombosis, leading to acute cardiovascular events 
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such as myocardial infarction and stroke (12). Furthermore, 
oxidative stress accelerates lipid peroxidation and inflamma‑
tion by stimulating the production of reactive oxygen species 
(ROS) (13). Vascular calcification, a late‑stage feature of AS, 
exacerbates arterial stiffening and luminal narrowing via 
calcium deposition (14). Therefore, elucidating the molecular 
regulatory mechanisms underlying these cellular events is 
essential for understanding AS progression and identifying 
new therapeutic opportunities.

Although lipid‑lowering, antithrombotic and anti‑inflam‑
matory therapies have substantially improved the prevention 
and treatment of AS‑related cardiovascular events, residual 
cardiovascular risk remains common. This limitation partly 
reflects the fact that AS progression is not driven by a single 
upstream pathway, but by intertwined metabolic stress, 
oxidative injury, inflammatory activation, vascular cell‑state 
transitions and plaque microenvironmental remodelling. 
Therefore, mechanisms that integrate these signals at the 
protein‑function level may provide additional therapeutic 
opportunities beyond conventional risk‑factor control. PTMs 
are particularly relevant in this context because they rapidly 
and reversibly regulate protein activity, localization, stability 
and interactions in response to pathological stimuli. Targeting 
PTM writers, erasers, readers or specific modified substrates 
may therefore enable more precise intervention in AS, although 
substrate specificity, cell‑type dependence and long‑term 
safety remain major translational challenges.

Against this background, post‑translational modifica‑
tions (PTMs) serve as key molecular regulatory mechanisms 
throughout AS progression. PTMs dynamically regulate 
protein activity, localization, stability and molecular interac‑
tions by enzymatically adding or removing specific chemical 
groups on defined amino acid residues (15,16). In recent years, 
PTMs have garnered significant attention for their role in AS 
as key mechanisms regulating cellular signaling and patho‑
physiological processes, including fine‑tuned control over 
endothelial function (17), inflammatory responses (18), lipid 
metabolism (19) and cell fate determination (20). Common 
modification types include lysine residue modifications, 
such as the emerging lactylation, alongside SUMOylation [a 
modification in which small ubiquitin‑like modifier (SUMO) 
proteins are covalently attached to specific lysine residues on 
target proteins], ubiquitination, acetylation and methylation; 
cysteine residue modifications, including S‑palmitoylation, 
S‑nitrosylation and S‑glutathionylation; classical serine/threo‑
nine/tyrosine modifications termed phosphorylation; and 
other modifications including glycosylation, nitration and 
ADP‑ribosylation. Notably, these PTMs do not operate in isola‑
tion but interact through competitive, synergistic and causal 
crosstalk to collectively shape protein function and cellular 
fate. Understanding how this network integrates environ‑
mental signals, coordinates cellular responses and ultimately 
determines plaque fate is crucial for elucidating AS pathogen‑
esis and developing novel therapeutic strategies. Accordingly, 
this paper systematically reviews recent advances in studies 
on these PTMs in AS, focusing on the mechanisms of various 
modifications at key pathological stages. It also summarizes 
current PTM‑targeted drug development strategies, aiming to 
provide theoretical foundations and innovative insights for the 
precise treatment of AS.

2. Role of key PTMs in AS pathogenesis

PTMs serve as vital intracellular regulatory signals. By adding 
specific chemical groups (such as phosphate, acetyl and methyl 
groups) to or removing them from designated amino acid 
residues, PTMs alter protein structure, activity and function, 
thereby participating in numerous physiological and patho‑
logical processes  (16,21). Different PTMs possess distinct 
modification mechanisms and target specific sites, as detailed 
in Table I. Building upon this foundation, the following section 
systematically elaborates on the specific roles and underlying 
mechanisms of these PTMs during AS progression and 
explores their potential as therapeutic intervention targets. 
Accordingly, for each major mechanism discussed below, 
distinct evidence derived from ox‑LDL‑ or agonist‑stimulated 
cell systems, ApoE‑/‑ or LDLR‑/‑ atherosclerosis models, other 
non‑AS vascular or metabolic disease models, and human 
plaque tissue or clinical cohorts is discussed. Human tissue 
associations are described separately from clinical cohort 
evidence and are not interpreted as establishing mechanistic 
causality.

Lysine modification in the pathogenesis of AS
Lactylation. Lysine lactylation (Kla), first identified by 
the Zhao Yingming group at the University of Chicago in 
2019 (22), has rapidly emerged as a novel PTM, garnering 
significant attention in studies of metabolic regulation and 
disease pathogenesis. Notably, this epigenetic modification 
uniquely links cellular metabolism to chromatin remodelling 
through distinct biochemical pathways  (23). Catalysed by 
lactyl transferases, the modification process attaches lactate 
molecules to lysine residues on proteins, thereby altering 
protein function or chromatin architecture to regulate gene 
expression and cellular activity (24,25). Lysine lactylation is 
an emerging post‑translational modification that provides a 
mechanistic link between cellular metabolism and epigenetic 
regulation. Although its role in AS has not yet been fully eluci‑
dated, current evidence indicates that lactylation participates 
in AS pathogenesis by modulating gene transcription, cellular 
reprogramming and disease‑related functional responses 
through multiple regulatory pathways. These include cellular 
reprogramming and the induction of irreversible cellular 
damage (Fig. 2).

One of the most fundamental roles of lactylation is its 
direct remodelling of chromatin through histone modifica‑
tion, thereby regulating the transcriptional activity of specific 
genes. This mechanism is particularly prominent under AS 
pathological conditions. In ox‑LDL‑stimulated endothelial 
cells, high‑fat diet (HFD)‑fed apolipoprotein (Apo)E‑/‑ mice 
and arteries from patients with atherosclerosis, Dong et al (26) 
reported that ox‑LDL enhanced glycolysis, increased intra‑
cellular lactate accumulation and promoted histone H3 
lysine 18 lactylation (H3K18la). In that study, anti‑silencing 
function 1A histone chaperone‑dependent recruitment of 
p300 increased H3K18la enrichment at the snail family tran‑
scriptional repressor 1 (SNAI1) promoter and activated the 
endothelial‑to‑mesenchymal transition (EndMT) programme; 
the human vascular observations support disease relevance but 
do not independently establish site‑specific causality (26‑28). 
The macrophage solute carrier family 16, member 3 
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Figure 1. The process of AS: Monocyte recruitment, adhesion, migration and differentiation; LDL penetrates the endothelium and is oxidized under the influ‑
ence of ROS. The resulting ox‑LDL is taken up by macrophages, which become foam cells and form a lipid core; VSMC migration and proliferation; AS plaque 
formation and plaque rupture result in the formation of a thrombus, which ultimately causes myocardial infarction or ischaemic stroke. AS, atherosclerosis; 
ICAM‑1, intercellular adhesion molecule‑1; IL‑1β, interleukin‑1β; LDL, low‑density lipoprotein; MCP‑1, monocyte chemoattractant protein 1; ox‑LDL, 
oxidized LDL; TNF‑α, tumor necrosis factor α; VCAM‑1, vascular cell adhesion molecule 1; VSMC, vascular smooth muscle cell.

Table I. Modified amino acid residues affected by PTMs, modification mechanisms and year of discovery.

Modified amino			 
acid residues	 PTM	 Modification mechanism	 Year (Refs.)

Lys	 Lactylation	 Lys + Lactyl‑CoA → Lactyl‑Lys	 2019 (22)
	 SUMOylation	 Lys + SUMO + ATP → ADP + SUMO‑Lys	 1996 (46)
	 Ubiquitination	 Lys + Ub + ATP → ADP + Ub‑Lys	 1977 (64)
	 Acetylation	 Lys + Ac‑CoA → CoA + Ac‑Lys	 1964 (71)
	 Methylation	 SAM → SAH + CH3‑Lys/Arg	 1959 (88)
Cys	 S‑Palmitoylation	 Palmitoyl‑CoA + Cys → CoA + S‑palmitoyl‑Cys	 1979 (109)
	 S‑Nitrosylation	C ys + NO → SNO	 1992 (110)
	 S‑Glutathionylation	C ys + GSH → Cys‑GSH	 1983 (111)
Ser/Thr/Tyr	 Phosphorylation	 Ser/Thr/Tyr + ATP → ADP + PO3‑Ser/Thr/Tyr	 1906 (136)
Asn/Ser/Thr	 Glycosylation	 Asn‑X‑Ser/Thr + UDP‑GlcNAc + UDP‑Man + UDP‑Glc → Asn‑	 1981 (157)
		  X‑Ser/Thr‑GlcNAcnManmGlck + UDP Ser/Thr + UDP‑GalNAc →	
		  Ser/Thr‑GalNAc + UDP	
Tyr/Trp	 Nitration	 Tyr + ONOO‑ → Tyr‑NO2	 1992 (164)
Arg/Glu	 ADP‑Ribosylation	 Arg/Glu + NAD+ → Arg/Glu‑ADP‑Ribose + nicotinamide	 1963 (170)

Ac, acetyl; Ac‑CoA, acetyl coenzyme A; ADP, adenosine diphosphate; Arg, arginine; Asn, asparagine; ATP, adenosine triphosphate; CoA, 
coenzyme A; Cys, cysteine; GalNAc, N‑acetylgalactosamine; GlcNAc, N‑acetylglucosamine; Glu, glutamate; GSH, reduced glutathione; Lys, 
lysine; Man, mannose; NAD+, oxidized nicotinamide adenine dinucleotide; NO, nitric oxide; ONOO‑, peroxynitrite; PTM, post‑translational 
modification; SAH, S‑adenosylhomocysteine; SAM, S‑adenosylmethionine; Ser, serine; SNO, S‑nitrosothiol; SUMO, small ubiquitin‑like 
modifier; Thr, threonine; Trp, tryptophan; Tyr, tyrosine; Ub, ubiquitin; UDP, uridine diphosphate; UDP‑GalNAc, uridine diphosphate 
N‑acetylgalactosamine; UDP‑GlcNAc, uridine diphosphate N‑acetylglucosamine; UDP‑Man, uridine diphosphate mannose.
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[SLC16A3, also known as monocarboxylic acid transporter 4 
(MCT4)]‑H3K18la pathway is supported by macrophage 
manipulation experiments and ApoE‑/‑ mouse atherosclerosis: 
MCT4 inhibition or deficiency increased lactate‑dependent 
H3K18la, upregulated IL‑10 and pyruvate dehydrogenase E1 
subunit alpha 1, promoted M1‑to‑M2 polarization and reduced 
lesion burden, whereas direct validation in human plaques 
remains unavailable (29). By contrast, the nuclear receptor 
subfamily 4 group A member 3 (NR4A3)‑H3K18la axis is 
supported by VSMC calcification cultures, experimental 
medial‑arterial‑calcification models and calcified vascular 
specimens rather than by conventional ApoE‑/‑ or LDL receptor 
(LDLR)‑/‑ plaque models; it should therefore be interpreted as 
a vascular‑calcification mechanism with potential relevance 
to advanced AS (30). Collectively, these findings demonstrate 
that histone lactylation serves as a dynamic epigenetic marker 
that directly regulates gene transcription.

Beyond direct transcriptional regulation, lactylation also 
modifies non‑histone proteins to modulate key signaling 
molecules, thereby reprogramming cellular functional states. 
This process exhibits a distinctive duality in the inflammatory 
regulation of AS. In ApoE‑/‑ mouse exercise models together 
with endothelial mechanistic assays, Wang et al (31) found that 
exercise‑induced lactylation of methyl‑CpG binding protein 2 
(MeCP2) at the K271 site in endothelial cells enhances its 
interaction with histone H3K36me3, leading to downregula‑
tion of epiregulin expression. This in turn inhibits EGFR 
phosphorylation and the downstream mitogen‑activated 
protein kinase (MAPK) signaling pathway, reduces the expres‑
sion of adhesion molecules and pro‑inflammatory factors, 
and suppresses monocyte adhesion, a critical early event in 
AS (31,32). A related but cell‑type‑distinct mechanism has 
been described in macrophages: In exercise‑treated ApoE‑/‑ 
mice and macrophage assays, increased lactate promoted 

Figure 2. Mechanisms of lactylation and its roles in AS. (A) Mechanisms of intracellular lactate metabolism and lactylation. Lactate is transported into the 
cytoplasm via MCT or produced via glycolysis. In the cytoplasm, lactate catabolism occurs via two pathways. In one pathway, lactate is oxidized to pyruvate, 
which then enters the mitochondria and is metabolized via the TCA cycle. In the other metabolic pathway, lactate is converted into lactyl coenzyme A, which is 
involved in the lactylation of histones and non‑histone proteins. (B) The accumulation of lactic acid drives lactylation modifications, which exert multifaceted 
effects during AS. Lactylation regulates the expression of the EndMT transcription factor SNAI1, thereby promoting monocyte adhesion via the Ereg/MAPK 
pathway. Simultaneously, it modulates Arg1 expression through the MeCP2/H3K36me3/RUNX1 complex and H3K18la modification, influencing macrophage 
polarization. Furthermore, H4K12la modification governs the expression of SASP factors, contributing to VSMC senescence. Additionally, H3K18la modifica‑
tion upregulates Phospho1 expression, exacerbating vascular calcification. Arg‑1, arginase 1; ASF1A, anti‑silencing function 1A histone chaperone; CBP, 
CREB‑binding protein; CoA, coenzyme A; EGFR‑P, phosphorylated epidermal growth factor receptor; EndMT, endothelial‑to‑mesenchymal transition; EREG, 
epiregulin; GLUT4, glucose transporter 4; ICAM‑1, intercellular adhesion molecule 1; IDH2, isocitrate dehydrogenase 2; IL‑1β, interleukin‑1β; Kla, lysine 
lactylation; LDHA, lactate dehydrogenase A; MAPK, mitogen‑activated protein kinase; MCT, monocarboxylate transporter; MeCP2, methyl‑CpG‑binding 
protein 2; NR4A3, nuclear receptor subfamily 4 group A member 3; ox‑LDL, oxidized low‑density lipoprotein; p300, E1A‑binding protein p300; PDHA1, 
pyruvate dehydrogenase E1 subunit α1; RUNX1, runt‑related transcription factor 1; SASP, senescence‑associated secretory phenotype; SNAI1, snail family 
transcriptional repressor 1; TCA, tricarboxylic acid; TGF‑β, transforming growth factor‑β; TNF‑α, tumour necrosis factor‑α; TRAP1, TNF receptor‑associated 
protein 1; VCAM‑1, vascular cell adhesion molecule 1; VSMC, vascular smooth muscle cell.
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MeCP2 K271 lactylation, suppressed the transcription factor 
RUNX family transcription factor 1 (RUNX1), favored 
anti‑inflammatory M2 polarization and reduced plaque lipid 
deposition  (33). In MCT4‑deficient macrophage models, 
lactate accumulation similarly upregulated H3K18la through 
a p300‑dependent pathway, boosted IL‑10 expression and 
promoted anti‑inflammatory M2 macrophage polarization, 
with protective effects in experimental AS (29). Nevertheless, 
lactylation exerts bidirectional effects in macrophages. Other 
agonist‑ or stress‑stimulated cell models have demonstrated 
that lactylation can also promote the expression of pro‑inflam‑
matory cytokines under specific conditions (34). Such divergent 
outcomes may stem from differences in lactate concentration, 
disease stage, cell type and substrate availability: Moderate 
lactylation may initiate adaptive anti‑inflammatory programs, 
whereas sustained high‑level lactylation can trigger severe 
pathological alterations. Seemingly contradictory findings 
regarding lactylation in AS therefore reflect strong cell‑type 
specificity and microenvironment sensitivity rather than a 
single uniform pro‑ or anti‑atherosclerotic role.

Whether involving histone or non‑histone lactylation, 
these regulatory processes remain reversible, but sustained 
signals may contribute to persistent VSMC dysfunction. 
The TNF receptor associated protein 1 (TRAP1)‑histone 
deacetylase (HDAC)3‑H4K12la axis is supported by VSMC 
senescence assays, VSMC‑specific Trap1 deletion in ApoE‑/‑ 
mice and expression analyses in human atherosclerotic 
aortic tissue: TRAP1 enhances aerobic glycolysis and lactate 
production, reduces HDAC3 abundance and increases 
H4K12la at senescence‑associated secretory phenotype gene 
promoters (35,36). The human data are tissue‑level associa‑
tions rather than residue‑mutant causal evidence. In parallel, 
the NR4A3‑H3K18la mechanism was established mainly in 
induced vascular‑calcification systems rather than longitudinal 
human AS cohorts  (30). Accordingly, these pathways may 
contribute to cap weakening or calcification, but they should 
not yet be described as proven drivers of irreversible plaque 
damage in humans (37).

In summary, lactylation participates in AS progression 
through a multilayered regulatory framework (38). Histone 
lactylation directly reshapes chromatin accessibility and 
transcriptional programs, whereas non‑histone lactylation 
modulates key signaling cascades and cellular functional 
states. Together, these mechanisms link metabolic stress to 
endothelial dysfunction, macrophage polarization, VSMC 
senescence, osteogenic differentiation and plaque instability. 
When lactylation‑mediated adaptive responses fail to restore 
cellular homeostasis, sustained lactate accumulation and 
persistent lactylation signals may further promote persistent 
pathological outcomes, including cellular senescence and 
vascular calcification. These findings suggest that lactylation 
may represent a promising regulatory node for AS interven‑
tion, particularly through modulation of lactate metabolism, 
inhibition of lactylation‑related enzymes or blockade of 
pathogenic lactylation events that promote terminal cell‑state 
transitions.

However, the therapeutic translation of lactylation‑targeted 
strategies remains limited by several unresolved issues. 
First, the specificity of current detection methods remains a 
major concern, as pan‑lactylation antibodies and site‑specific 

antibodies such as anti‑H3K18la may cross‑react with other 
acyl modifications (39,40). Second, most studies do not distin‑
guish among different lactylation‑related isoforms, including 
L‑lactylation, D‑lactylation and N‑ε‑(carboxyethyl)lysine, 
which may lead to inaccurate conclusions regarding the meta‑
bolic origin and biological function of lactylation (41). Third, 
many AS‑related studies primarily demonstrate correlations 
between lactate accumulation and lactylation levels, whereas 
robust in vivo causal evidence remains insufficient (42,43). 
In addition, although p300 is widely regarded as a major 
lactyltransferase, emerging evidence suggests that other acet‑
yltransferases, such as lysine acetyltransferase 7 (KAT7, also 
known as HBO1) and histone acetyltransferase 1, may also 
catalyze lactylation with distinct substrate preferences (44,45). 
Therefore, future studies should combine high‑resolution 
mass spectrometry, isoform‑specific detection strategies and 
cell‑type‑specific genetic models to define the writer enzymes, 
substrate sites and downstream effector pathways of lactylation 
in AS. Such efforts will be essential for determining whether 
lactylation can be reliably translated into a precise therapeutic 
target for AS.

SUMOylation. SUMOylation is a dynamic and reversible 
post‑translational modification that has been increasingly 
linked to cardiovascular diseases (46), particularly AS. It plays 
a pivotal role throughout multiple stages of AS progression 
by regulating endothelial function, inflammatory responses 
and vascular smooth muscle cell phenotypic switching 
(Fig. 3A). This reversible process is tightly modulated by the 
sentrin/SUMO‑specific protease (SENP) family (47). Similar 
to lactylation, the regulatory effects of SUMOylation in AS 
cannot be explained by a single mechanism; instead, it influ‑
ences disease progression via multiple pathways: Acting as a 
molecular switch in response to environmental cues, stabilizing 
target proteins and modulating diverse cellular functions.

One of the most distinctive regulatory mechanisms of 
SUMOylation is its role as a haemodynamic sensor, exerting 
opposing biological effects under different shear stress condi‑
tions to determine the activation state of endothelial cells. 
This mechanism converts mechanical signals into molecular 
events, thereby regulating the initiation sites of atherosclerotic 
lesions. Flow‑chamber endothelial studies and disturbed‑flow 
mouse models indicate that turbulent f low activates 
p90RSK‑mediated phosphorylation of SENP2 at Thr368, 
inhibits SENP2 de‑SUMOylation activity and increases 
SUMOylation of ERK5 and p53, thereby promoting vascular 
cell adhesion molecule 1/intercellular adhesion molecule 
(ICAM)‑1 expression, monocyte infiltration and endothelial 
inflammation (48). Laminar‑flow endothelial models show 
that checkpoint kinase‑dependent phosphorylation of SENP2 
at Ser344 enhances de‑SUMOylation and supports endothelial 
barrier integrity  (48). A transplant‑arteriosclerosis model, 
rather than a conventional lipid‑driven AS model, further 
implicates SENP1‑mediated de‑SUMOylation of GATA 
binding protein 2 in endothelial activation  (49). Protein 
inhibitor of activated signal transducer and activator of tran‑
scription (STAT) (PIAS)1‑mediated endothelial nitric oxide 
synthase (eNOS) SUMOylation is supported by endothelial 
genetic and vascular‑homeostasis experiments, without direct 
human plaque validation (47,50). PIAS3‑mediated vimentin 
SUMOylation has stronger AS‑specific support from VSMC 
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assays and ApoE‑/‑/Pias3‑deficient mouse experiments, in which 
it promotes ubiquitin‑dependent vimentin degradation and 

limits VSMC phenotypic switching (51). The SUMO‑pathway 
inhibitor 2‑D08 was used as an in vitro mechanistic probe 

Figure 3. Roles of other PTMs on lysine residues in atherosclerosis. (A) SUMOylation affects endothelial dysfunction (SENP2‑p53/ERK5‑eNOS, 
PI3K‑AKT‑eNOS), inflammation (IκBα‑NF‑κB), plaque stability (NLRP3) and VSMC phenotypic switching (SUMO1‑SERCA2A, PIAS3‑vimentin). 
(B) Ubiquitination affects endothelial oxidative stress (SYVN1‑Keap1‑Nrf2/Smurf2‑PARP1‑ROS) and lipid deposition (USP18‑ABCG1). (C) Acetylation. 
HDAC3 affects inflammation and cholesterol efflux by influencing H3K9, HDAC9 affects inflammation by influencing IKKα/β, SIRT6 limits excessive 
H3K9 acetylation at telomeric regions and thereby restrains VSMC senescence. (D) Methylation. PRMTs cause cholesterol efflux, endothelial oxidative 
stress, VSMC proliferation and phenotypic switching through histones and non‑histones. The SET7 and EZH2 of KMTs affect inflammation, the polarization 
state of macrophages, immune response and lipid deposition. ABCG1, ATP binding cassette transporter; ADMA, asymmetric dimethylarginine; aDMA, 
asymmetric dimethylarginine modification AGO2, Argonaute RISC catalytic subunit 2; Akt, protein kinase B; ASC, apoptosis‑associated speck‑like protein; 
eNOS, endothelial nitric oxide synthase; ERK5, extracellular signal‑regulating kinase 5; EZH2, enhancer of zeste homolog 2; IKK, inhibitory κB kinase; 
IL‑1β, interleukin‑1β; IL‑6, interleukin‑6; IκBα, inhibitor of nuclear factor‑κB α; Keap1, kelch‑like ECH‑associated protein 1; KMTs, lysine methyltransfer‑
ases; LXR, liver X receptor; Lys, lysine residue; MDA, malondialdehyde; NF‑κB, nuclear factor κB; NLRP3, NLR family pyrin domain containing 3; NO, 
nitric oxide; Nrf2, nuclear factor erythroid 2‑related factor 2; p53, tumor protein p53; PARP1, poly(ADP‑ribose) polymerase‑1; PDCD4, programmed cell 
death 4; PI3K, phosphatidylinositol 3‑kinase; PIAS1, protein inhibitor of activated STAT1; PPARγ, peroxisome proliferator‑activated receptor γ; PRMTs, 
protein arginine methyltransferases; PTMs, post‑translational modifications; Rb1, ginsenoside Rb1; ROS, reactive oxygen species; SENP2, SUMO‑specific 
protease 2; SERCA2A, sarco/endoplasmic reticulum Ca2+‑ATPase 2a; SET7, SET domain‑containing lysine methyltransferase 7; SIRT6, sirtuin 6; Smurf2, 
SMAD‑specific E3 ubiquitin protein ligase 2; SUMO, small ubiquitin‑like modifier; SUMO‑1, small ubiquitin‑like modifier 1; SYVN1, synoviolin 1; TNF‑α, 
tumor necrosis factor‑α; TRIM28, tripartite motif containing 28; USP, ubiquitin‑specific protease; VCAM‑1, vascular cell adhesion molecule 1; VSMC, 
vascular smooth muscle cell.
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in this study and should not be presented as having demon‑
strated anti‑AS efficacy in animals. SUMOylation of serum 
response factor has instead been described in vascular‑remod‑
elling models  (52). Sarco/endoplasmic reticulum (ER) 
Ca2+‑ATPase 2a (SERCA2a) SUMOylation is supported by 
diabetic vascular‑injury/atherosclerosis and VSMC experi‑
ments, but its site‑specific status in human plaques and clinical 
cohorts remains elusive (9).

Another core function of SUMOylation is regulation of 
target‑protein stability, particularly within inflammasome 
signaling. Tripartite motif containing 28‑mediated SUMO1/2/3 
conjugation, mitochondrial E3 ubiquitin ligase 1‑mediated 
SUMO2/3 modification and SENP3‑dependent removal of 
SUMO1 at NLR family pyrin domain containing 3 (NLRP3) 
Lys204 have been defined mainly in macrophage or inflamma‑
some‑focused cell systems (53‑55). These experiments support 
isoform‑ and site‑dependent regulation of NLRP3 activity, but 
the individual mechanisms have not been directly validated by 
residue‑specific perturbation in ApoE‑/‑ or LDLR‑/‑ plaques or 
in human atherosclerotic tissue. Consequently, the apparently 
opposing effects of SUMO1 and SUMO2/3 should be inter‑
preted as context‑dependent cellular mechanisms rather than 
as a fully resolved in vivo AS model (56). Liver X receptor 
(LXR)‑related endothelial and inflammatory‑cell studies also 
suggest that SUMO‑related regulation of inhibitor of NF‑κB 
(IκB)α can restrain NF‑κB signaling, although AS‑specific 
in vivo and human plaque validation remains limited (57,58).

SUMOylation also influences plaque‑related cell states 
through VSMC calcium handling and macrophage lysosomal 
function. In diabetic VSMC and vascular‑disease models, 
high glucose and palmitate reduce SUMO1 and SERCA2a 
SUMOylation, whereas SUMO1 restoration improves 
calcium homeostasis and limits pathological proliferation 
and migration (9). In macrophages, the disease relevance of 
transcription factor EB (TFEB) SUMOylation is supported 
by ox‑LDL‑stimulated cell experiments and TFEB‑KR (a 
SUMOylation‑deficient TFEB K316R mutant) expression 
in LDLR‑/‑ mice, in which reduced TFEB SUMOylation 
enhanced lysosomal activity and cholesterol efflux and limited 
foam‑cell formation  (59,60). Direct confirmation of the 
responsible TFEB site and modification occupancy in human 
plaques is still lacking.

These three mechanisms collectively form the network 
foundation for SUMOylation‑mediated regulation of AS. As 
a molecular switch in environmental responses, SUMOylation 
converts haemodynamic signals into adaptive changes in endo‑
thelial function; modulates the stability of target proteins to 
finely control inflammatory thresholds; and maintains VSMC 
differentiation while regulating macrophage lipid metabolism. 
These mechanisms exhibit spatiotemporal synergy: During 
the early stage of AS, the switching function of SUMOylation 
determines the initiation sites of lesions; during disease 
progression, its steady‑state regulation controls inflammatory 
amplification; and during plaque formation, its effects influ‑
ence plaque cellular composition and stability.

However, pan‑SUMO antibodies widely used in current 
SUMOylation research cannot distinguish SUMO1 from 
SUMO2/3 and are prone to interference from non‑specific 
binding (61). In addition, SUMOylation undergoes rapid turn‑
over, which may lead to signal loss during standard experimental 

procedures. Several NLRP3‑ and enzyme‑specific mecha‑
nisms remain confined to cell systems, whereas others have 
been tested only in short‑term or non‑classical vascular 
animal models. Because AS is chronic and progressive, 
these mechanisms require confirmation in long‑term disease 
models (62). Future studies should characterize the spatiotem‑
poral landscape of SUMOylation in chronic AS and develop 
isoform‑selective probes to define E3 ligase/SENP‑substrate 
pairs across disease stages (63).

Ubiquitination. Protein ubiquitination is mediated by a 
multi‑step enzymatic cascade involving E1 activating enzymes, 
E2 conjugating enzymes and E3 ligases  (64). Through the 
selective attachment of ubiquitin to substrate proteins, this 
modification regulates protein stability, signaling activity 
and cellular stress responses. In cardiovascular diseases, 
particularly AS, ubiquitination participates in multiple patho‑
logical processes by modulating oxidative stress, antioxidant 
defense, inflammatory signaling and cholesterol metabolism 
(Fig. 3B) (65).

The most classical function of ubiquitination is 
targeted substrate degradation through the proteasome. In 
oxidative‑stress‑stimulated endothelial cells, the E3 ligase 
SMAD specific E3 ubiquitin protein ligase 2 interacts with 
poly(ADP‑ribose) polymerase (PARP)1 and promotes its 
ubiquitination‑dependent degradation, thereby reducing ROS 
production and endothelial apoptosis (66). This mechanism is 
currently supported only by stimulated endothelial cell experi‑
ments and has not been validated in ApoE‑/‑ or LDLR‑/‑ mice or 
in human atherosclerotic plaques.

Ubiquitination can also enhance endogenous antioxidant 
defense by removing inhibitory regulators of protective 
signaling pathways. The Nrf2/kelch like ECH associated 
protein 1 (Keap1) axis provides a representative example. 
Keap1 is a negative regulator of Nrf2; its ubiquitination‑medi‑
ated proteasomal degradation releases Nrf2, promotes 
Nrf2 nuclear translocation and induces the transcription of 
antioxidant genes (67). In high glucose/ox‑LDL‑stimulated 
endothelial cells and streptozotocin (STZ)‑induced ApoE‑/‑ 
mice fed an HFD, ginsenoside Rb1 directly binds to Keap1 and 
promotes synoviolin 1‑dependent Keap1 ubiquitination and 
proteasomal degradation, with K108, K323 and K551 identi‑
fied as key ubiquitination‑related lysine residues. This process 
activates the Nrf2/PPARG coactivator‑1α antioxidant pathway. 
In parallel, Rb1 reduces p47^phox phosphorylation and 
membrane translocation, thereby suppressing of the NADPH 
oxidase 2 (NOX2; cytochrome b‑245 β chain) complex 
assembly and ROS production. Thus, Rb1 alleviates endothe‑
lial oxidative injury by coordinating Keap1 ubiquitination with 
p47^phox phosphorylation, highlighting functional crosstalk 
between ubiquitination and phosphorylation in AS‑related 
oxidative stress (68).

Beyond E3‑ligase‑mediated ubiquitination, the balance 
between ubiquitination and deubiquitination constitutes 
another regulatory layer in AS. Ubiquitin specific peptidase 18 
(USP18) expression is increased in human coronary atheroscle‑
rotic plaques and macrophage experiments indicate that USP18 
interacts with ATP binding cassette subfamily G member 1 
(ABCG1) and reduces its ubiquitination, thereby stabilizing 
ABCG1 and promoting cholesterol efflux. In ApoE‑/‑ mice, 
USP18 knockdown aggravates lesion formation and decreases 
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plaque ABCG1 expression (69). Thus, this mechanism has 
cell, ApoE‑/‑ mouse and human plaque‑expression support; 
however, the human evidence remains associative and does 
not establish that USP18‑dependent ABCG1 deubiquitination 
is causally required in patients. ABC transporters, including 
ABCA1 and ABCG1, are essential for macrophage cholesterol 
homeostasis, and their dysfunction promotes cholesterol 
accumulation and inflammatory signaling (69,70). Therefore, 
ubiquitin‑dependent regulation of ABCG1 stability provides a 
rapid and reversible mechanism by which macrophages adapt 
to intracellular cholesterol burden and inflammatory stress 
during AS progression. Collectively, ubiquitination contributes 
to AS regulation through multiple interconnected mecha‑
nisms. As a protein degradation signal, it mediates the timely 
clearance of damaged or pro‑oxidative proteins; as a regulator 
of antioxidant signaling, it relieves transcriptional repression 
of Nrf2‑dependent protective pathways; and through crosstalk 
with deubiquitination, it fine‑tunes the stability of cholesterol 
transporters such as ABCG1. These mechanisms indicate 
that ubiquitination is not merely a general protein degrada‑
tion process, but a dynamic regulatory system that integrates 
oxidative stress, inflammatory signaling and lipid metabolic 
homeostasis. However, most current evidence remains centered 
on individual ubiquitination events, whereas the temporal hier‑
archy among E3 ligases, deubiquitinating enzymes, oxidative 
stress and cholesterol overload during AS progression remains 
insufficiently defined.

Acetylation. Protein acetylation is a core epigenetic 
modification that profoundly governs pathophysiological 
processes including gene expression, inflammatory responses 
and oxidative stress (71). These biological events are dynami‑
cally regulated through alterations in histone and non‑histone 
acetylation levels (72). Accumulating evidence indicates that 
disrupted acetylation homeostasis is closely correlated with 
atherosclerotic progression  (73), highlighting the critical 
involvement of histone deacetylases (HDACs) (Fig. 3C). Based 
on structural and functional heterogeneity, HDACs are clas‑
sified into five subfamilies: Class I (HDAC1/2/3/8), Class IIa 
(HDAC4/5/7/9), Class IIb (HDAC6/10), Class III [the sirtuin 
(SIRT) family] and Class IV (HDAC11) (74). These subtypes 
form a multilayered regulatory network during AS pathogen‑
esis, specifically modulating key pathological processes such 
as endothelial injury, foam cell formation and plaque stability.

Class I HDACs (HDAC1/2/3/8) are extensively involved 
in inflammatory and metabolic regulation, among which 
HDAC3 plays a particularly prominent role in diabetes‑asso‑
ciated AS (75). Human plaque studies indicate that HDAC3 
expression is elevated in plaque macrophages from patients 
with diabetes and correlates with circulating lipid measures, 
whereas macrophage/endothelial experiments and mouse AS 
models provide mechanistic support for effects on inflam‑
mation, endothelial dysfunction and lesion formation (76). 
Pro‑inflammatory cytokines increase endothelial HDAC3 and 
promote EndMT in cell models, and the HDAC3 inhibitor 
RGFP966 suppresses EndMT and improves plaque features 
in ApoE‑/‑ mice  (77,78). Sodium butyrate provides a less 
selective example: Dietary treatment reduced atherosclerotic 
inflammation in HFD‑fed ApoE‑/‑ mice and was linked to 
macrophage polarization through a free fatty acid receptor 
2/HDAC‑microRNAs (miRNAs) axis (79). Related non‑AS 

macrophage and nutritional studies also illustrate its broader 
effects on NF‑κB/NLRP3 signaling, histone acetylation and 
receptor‑mediated pathways (80,81). Because butyrate acti‑
vates G‑protein‑coupled receptors and affects multiple HDAC 
isoforms and metabolic pathways, this evidence should not be 
interpreted as selective validation of HDAC3 or of a single 
acetylated substrate.

As a class IIa histone deacetylase, HDAC9 has compara‑
tively strong translational support. HDAC9 is increased in 
human carotid and aortic plaques and represses macrophage 
cholesterol‑efflux regulators ABCA1 and ABCG1  (82). 
Mechanistic cellular studies, ApoE‑/‑ mouse experiments and 
ex vivo monocytes from patients with established atheroscle‑
rosis indicate that HDAC9 binds component of inhibitor of 
NF‑κB kinase complex (IKK)α/β, promotes their deacety‑
lation and increases IKK‑NF‑κB signaling; class IIa inhibition 
with TMP195 reduces plaque inflammation and improves 
stability in the mouse model (83). Indole‑3‑carboxaldehyde 
also alters HDAC9‑related macrophage cholesterol handling 
and polarization in experimental systems  (84). TMP195 
nevertheless inhibits several class IIa HDACs, and its 
broad macrophage‑reprogramming effects have also been 
demonstrated in nonvascular tumour models  (83,85); 
these observations do not constitute clinical evidence of 
HDAC9‑selective efficacy in AS.

Class III HDACs (the SIRT family) maintain plaque 
stability via multiple cellular regulatory mechanisms. As 
a core member of this subfamily, SIRT6 confers protec‑
tion against AS by modulating endothelial cell survival and 
death. Both HFD‑fed ApoE‑/‑ mice and ox‑LDL‑stimulated 
endothelial cells exhibit significant downregulation of SIRT6 
expression (86). Conversely, SIRT6 overexpression reduces 
atherosclerotic plaque size, ameliorates dyslipidemia and 
suppresses the secretion of pro‑inflammatory cytokines such 
as IL‑1β and IL‑18. Mechanistically, SIRT6 deacetylates the 
apoptosis‑associated speck‑like protein, thereby blocking its 
interaction with the NLRP3 inflammasome and inhibiting 
caspase‑1 activation. This cascade reduces endothelial cell 
injury and prevents plaque destabilization. These findings 
demonstrate that SIRT6 regulates endothelial cell fate through 
deacetylation‑dependent modulation of cell death signaling. 
Furthermore, SIRT6 exerts analogous protective effects in 
VSMCs. It preserves VSMC homeostasis by restricting exces‑
sive H3K9 acetylation at telomeric regions, thereby alleviating 
cellular senescence (87). VSMC‑specific SIRT6 overexpres‑
sion thickens the fibrous cap and shrinks the necrotic core; 
by contrast, catalytically inactive SIRT6 mutants exacerbate 
plaque instability, validating the therapeutic potential of 
SIRT6 deacetylase activity against AS. Collectively, these data 
confirm that SIRT6 maintains plaque stability by sustaining 
VSMC functional homeostasis, with its deacetylase activity 
directly linked to the progression of atherosclerotic lesions.

Protein acetylation and HDACs regulate inflammatory 
transcription, lipid handling, endothelial injury and VSMC 
homeostasis through mechanisms that differ by isoform 
and cell type. Class I and IIa HDAC pathways have cell 
and atherosclerosis‑prone mouse support, and selected 
HDAC3/HDAC9 observations have also been made in human 
plaques or patient‑derived monocytes. SIRT6‑related protec‑
tion is supported by ox‑LDL‑stimulated cells and ApoE‑/‑ or 
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cell‑specific mouse experiments (86,87). Nevertheless, human 
data are predominantly expression or ex vivo associations, 
and no individual acetylation site has yet been validated as a 
causal therapeutic target in a clinical AS cohort. Accordingly, 
statements that a specific HDAC class predominantly controls 
a defined disease stage should be regarded as a conceptual 
synthesis rather than an established temporal hierarchy.

Methylation. Protein methylation is a dynamic PTM 
coordinated by methyltransferases and demethylases, playing 
a pivotal role in vascular pathophysiology, particularly in the 
progression of AS (88). This process involves the transfer 
of methyl groups from S‑adenosylmethionine to lysine or 
arginine residues on target proteins (89). Methyltransferases 
are classified into two major families: Protein arginine meth‑
yltransferases (PRMTs) and lysine methyltransferases. Both 
families drive atherosclerotic development through distinct yet 
interconnected molecular mechanisms (Fig. 3D).

The most classical function of methyltransferases is the 
direct regulation of chromatin state and gene transcription 
through histone methylation. PRMT1 supports smooth‑muscle 
contractile gene expression through H4R3 asymmetric dimeth‑
ylation, but this conclusion is derived mainly from VSMC and 
non‑AS aortic‑disease models, including inducible Prmt1 abla‑
tion causing contractile dysfunction and aortic dissection (90). 
VSMC mechanistic studies indicate that PRMT5‑mediated 
H3R8/H4R3 symmetric dimethylation suppresses contractile 
transcription and promotes pathological remodeling  (20). 
SET domain containing 7, histone lysine methyltransferase 
(SET7)/9 can also methylate non‑histone substrates, although 
those broader functions are not themselves AS‑specific 
evidence  (91). SET7/9 has stronger AS‑specific support 
from its increased expression in human carotid plaques and 
ApoE‑/‑ mouse arteries and its effects on NADPH‑oxidase 
and NLRP3‑related inflammatory transcription (92). EZH2 
is elevated in advanced human plaques, particularly in T‑cell 
nuclei, and CD4+ T‑cell‑specific Ezh2 deletion in ApoE‑/‑ 
mice promotes anti‑inflammatory immune remodelling and 
limits AS (93‑95). The human observations for SET7/9 and 
EZH2 establish disease association, whereas causal evidence 
is provided primarily by the mouse and cellular experiments.

Beyond histone modifications, PRMT1 also participates 
in endothelial dysfunction through non‑histone methyla‑
tion‑related mechanisms. In a lipopolysaccharide‑induced 
endothelial injury model, inflammatory stimulation increased 
PRMT1 expression, global arginine methylation and intracel‑
lular asymmetric dimethylarginine (ADMA) levels, while 
reducing SIRT1 expression, NAD+ availability and nitric 
oxide production. Combined treatment with cholecalciferol 
and metformin reversed these changes, suggesting that 
modulation of the SIRT1‑PRMT1‑ADMA axis may help 
restore NAD+/NO bioavailability and alleviate endothelial 
senescence and dysfunction (96). However, this conclusion 
is mainly based on an agonist‑stimulated endothelial injury 
model rather than direct AS plaque validation. Furthermore, 
PRMT1 methylates the class II transactivator, promoting 
its degradation and inhibiting IFN‑γ‑induced major histo‑
compatibility complex II transcriptional activation in 
macrophage‑related immune models (97). PRMT5 has also 
been implicated in ox‑LDL‑induced endothelial dysfunction 
through programmed cell death 4‑related mechanisms, but 

this evidence remains mainly cell‑model based (98). These 
findings reveal that non‑histone methylation governs cellular 
responses to pathological stimuli by regulating the stability or 
interactions of key functional proteins, further expanding the 
regulatory role of protein methylation in AS pathogenesis.

Furthermore, methylation directly shapes the cellular and 
immune microenvironment during AS progression by modu‑
lating cell proliferation, polarization and immune cell function. 
Experimental neointimal and adipose‑related models indicate 
that PRMT8 mediates asymmetric dimethylation of argonaute 
RISC catalytic component 2 (AGO2), enhances AGO2‑ heat 
shock protein family A (Hsp70) member 8 binding and triggers 
AGO2 degradation through chaperone‑mediated autophagy, 
thereby suppressing miR‑17 family maturation, VSMC prolif‑
eration and neointimal formation (99). This mechanism directly 
links methylation to the miRNA processing pathway, revealing 
a unique post‑transcriptional regulatory mode for controlling 
cell proliferation. SET7/9 sustains pro‑inflammatory M1 
macrophage polarization by elevating H3K4 monomethylation 
(H3K4me1), and its AS relevance is supported by human carotid 
lesion and ApoE‑/‑ mouse data (92). EZH2 within CD4+ T cells 
reshapes systemic immune responses, which is supported by 
human plaque correlation data and gene knockout experi‑
ments in ApoE‑/‑ mice: Inhibition of EZH2 or T‑cell‑specific 
deletion of the Ezh2 gene promotes anti‑inflammatory macro‑
phage polarization, favors type 2 T‑helper cell (Th2) immune 
deviation and enriches protective immune populations [type 2 
invariant natural killer T cells (iNKT2), Th2 cells, memory T 
cells and anti‑inflammatory macrophages], thereby restricting 
AS progression (95). Experiments in ApoE‑deficient mice 
demonstrated that USP7 knockout reduces EZH2 levels, 
downregulates pro‑inflammatory cytokines (IL‑6, TNF‑α) and 
oxidative stress markers (malondialdehyde), alleviates lipid 
deposition and ultimately attenuates plaque formation (100). 
By contrast, PRMT2 regulation of macrophage lipid metabo‑
lism remains cell‑model based: PRMT2 overexpression 
inhibits ox‑LDL‑induced foam cell formation in RAW264.7 
macrophages by promoting ABCA1‑mediated cholesterol 
efflux (101). This finding broadens the regulatory spectrum of 
methylation from inflammatory control to macrophage choles‑
terol homeostasis.

Collectively, methyltransferases regulate AS‑related tran‑
scription, vascular‑cell phenotypes and immune responses 
through both histone and non‑histone methylation. However, 
evidence maturity varies considerably, ranging from human 
plaque and ApoE‑/‑ mouse support for SET7/9 and EZH2 
to predominantly cell‑based evidence for several PRMT 
pathways.

Emerging lysine acylations with potential relevance to 
AS: Succinylation, crotonylation and malonylation. In addi‑
tion to the lysine modifications discussed above, emerging 
lysine acylations, including succinylation, crotonylation 
and malonylation, may also have potential relevance to AS, 
although direct evidence remains limited. These modifications 
are metabolically sensitive because their acyl donors, such as 
succinyl‑CoA, crotonyl‑CoA and malonyl‑CoA, are closely 
connected to intermediary metabolism (102,103). Studies in 
related cardiovascular and metabolic contexts have shown that 
lysine succinylation is regulated by SIRT5 and can affect mito‑
chondrial metabolism, fatty acid oxidation, ATP production 
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and cardiac function (104,105). Lysine crotonylation has been 
reported in VSMC phenotypic remodeling, where crotonylome 
changes may interact with ubiquitination and glycolytic remod‑
eling (106). Lysine malonylation, also regulated by SIRT5, has 
been linked to glycolytic flux, mitochondrial metabolism and 
fatty acid oxidation (107,108).

However, whether these acylations directly regulate AS 
initiation, plaque progression or plaque instability remains 
largely unresolved. Based on their known links to mito‑
chondrial metabolism, inflammatory signaling and vascular 
cell remodeling, it can be hypothesized that succinylation, 
crotonylation and malonylation may influence endothelial 
dysfunction, macrophage lipid handling or VSMC phenotypic 
switching during AS. Nevertheless, these possibilities should 
currently be regarded as hypothesis‑generating rather than 
established mechanisms. Future studies should combine 
high‑resolution mass spectrometry‑based acylome profiling, 
enrichment of low‑abundance acylated peptides, isotope 
tracing of acyl‑CoA donors, site‑specific functional validation 
and cell‑type‑specific AS models to determine whether these 
emerging acylations are functionally involved in AS rather 
than merely reflecting metabolic disturbance.

Cysteine modifications in AS: Impact on key cellular events. 
Modifications of cysteine residues in PTMs primarily involve 

the covalent attachment of chemical groups via thiol or 
thioester bonds, thereby regulating protein function, structure, 
stability and molecular interactions. Accumulating evidence 
indicates that cysteine residues undergo diverse PTMs, 
including palmitoylation (109), nitrosylation (110) and gluta‑
thionylation (111), as well as a broader range of oxidative and 
sulfur‑related modifications (112). These modifications exert 
critical regulatory roles in the pathophysiology of AS, particu‑
larly within vascular endothelial cells and macrophages (113). 
Importantly, cysteine‑based PTMs should not be interpreted as 
uniformly pro‑atherogenic or atheroprotective modifications. 
Their biological consequences are highly context‑dependent 
and are shaped by the modified substrate, the functional role 
of the targeted cysteine residue, the cellular or extracellular 
compartment in which the modification occurs, the local redox 
and nitric oxide donor environment, substrate abundance and 
the stage of AS progression. Therefore, the same PTM may 
produce opposite effects in different biological settings.

Cysteine modifications in endothelial dysfunction. In 
vascular endothelial cells (Fig.  4A), HFD‑triggered lipid 
droplet accumulation consumes cytoplasmic palmitate via 
esterification. In male mouse atherosclerosis models supported 
by endothelial mechanistic experiments, such palmitate deple‑
tion suppresses palmitoylation of ciliary proteins, including 
ARF like GTPase 13B (ARL13B) and RAB8A, member RAS 

Figure 4. The roles of PTMs on cysteine residues ‑ S‑palmitoylation, S‑nitrosylation and S‑glutathionylation ‑ in AS. (A) In endothelial cells, loss of 
ciliary‑protein palmitoylation promotes ciliary dysfunction, whereas PGPC‑induced FABP3 upregulation promotes lipid peroxidation and ferroptosis. 
S‑nitrosylation mediated by iNOS induces inflammation via the NF‑κB pathway, while increased glutathionylation levels lead to endothelial dysfunction. 
(B) In macrophages, palmitoylation regulates CD36 expression through the PI3K‑Akt‑mTOR and JNK signaling pathways, affecting macrophage phagocy‑
tosis of oxHDL and foam cell formation. Nitrosylation of PON1 leads to LDL penetration into macrophages and increased glutathionylation levels promote 
monocyte recruitment. AHA1, activator of Hsp90 ATPase activity 1; ARL13B, ADP‑ribosylation factor‑like GTPase 13B; CDC37, cell division cycle 37; 
CD36, cluster of differentiation 36; CXCR5, C‑X‑C motif chemokine receptor 5; DHHC6, zinc finger DHHC‑type palmitoyltransferase 6; eNOS, endothelial 
nitric oxide synthase; FABP3, fatty acid‑binding protein 3; GNAI2, G protein subunit αi2; Grx1, glutaredoxin 1; GST‑π, glutathione‑S‑transferase π; HCD, 
high‑calorie diet; HFD, high‑fat diet; iNOS, inducible nitric oxide synthase; JNK, c‑Jun N‑terminal kinase; LATS1, large tumor suppressor kinase 1; Lyn/Fyn, 
Src‑family tyrosine kinases Lyn and Fyn; MKP‑1, MAPK phosphatase 1; mTOR, mechanistic target of rapamycin; ox‑HDL, oxidized high‑density lipoprotein; 
mTOR, mammalian target of rapamycin; PA, palmitic acid; PGPC, 1‑palmitoyl‑2‑glutamyl‑sn‑glycero‑3‑phosphocholine; PON1, paraoxonase 1; p‑SSG, 
protein glutathionylation; RAB8A, RAB8A small GTPase; SelK, selenoprotein K; SNO, S‑nitrosylation; YAP, Yes‑associated protein; ZDHHC1, zinc finger 
DHHC‑type palmitoyltransferase 1.
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oncogene family (RAB8A), inducing ciliary loss and endothe‑
lial dysfunction (114). Independent ApoE‑/‑ studies showing 
that endothelial primary‑cilium loss accelerates atherosclerosis 
support the broader importance of cilia, but do not specifically 
validate the ARL13B/RAB8A palmitoylation axis (114,115). 
Direct confirmation of this site‑specific mechanism in human 
plaques remains unavailable.

Oxidized lipid metabolites further link lipid stress 
to endothelial dysfunction. 1‑palmitoyl‑2-glutamoyl-sn-
glycero‑3-phosphocholine (PGPC), an oxidized phospholipid, 
is internalized by endothelial cells via the cluster of differen‑
tiation 36 (CD36) receptor (116). In oxidized lipid‑stimulated 
endothelial cell models, PGPC upregulates fatty acid‑binding 
protein 3 (FABP3), drives iron‑dependent lipid peroxida‑
tion and glutathione depletion and ultimately triggers 
endothelial ferroptosis  (117). These changes disrupt the 
mitochondrial membrane potential, increase ROS and impair 
endothelium‑dependent vasodilation, but the PGPC‑FABP3 
ferroptosis mechanism is currently supported mainly by endo‑
thelial functional assays rather than direct human plaque‑level 
validation.

Beyond palmitoylation and its associated oxidized 
lipid metabolites, specific S‑nitrosylation events have 
emerged as critical regulators of endothelial dysfunction 
and atherosclerotic progression. Endothelial functional 
assays and relevant studies in HFD‑fed ApoE‑/‑ mice with 
endothelial‑specific expression of Cys521‑mutant Hsp90 
confirm that S‑nitrosylation of the heat shock protein Hsp90 
at Cys521 acts as a conformational switch: It disrupts the 
interaction between Hsp90 and its activator Hsp90 ATPase 
activity 1, while enhancing Hsp90 binding to CDC37 (118). 
This molecular rearrangement suppresses eNOS activity and 
activates NF‑κB signaling, thereby exacerbating endothelial 
oxidative stress, upregulating pro‑inflammatory cytokines, 
promoting monocyte adhesion and ultimately accelerating 
atherosclerotic plaque formation  (119). This pathway has 
cell and animal support, but direct evidence that the same 
site‑specific Hsp90 S‑nitrosylation event operates in human 
plaques remains limited. Similarly, S‑nitrosylation at Cys66 
of guanine nucleotide‑binding protein G(i) subunit alpha‑2 
(GNAI2) promotes coupling of the C‑X‑C motif chemokine 
receptor (CXCR)5 receptor. The GNAI2‑Cys66 pathway has 
evidence across all three major experimental levels. High 
glucose plus ox‑LDL increased GNAI2 S‑nitrosylation in 
human umbilical vein endothelial cells and human aortic 
endothelial cells; increased aortic S‑nitrosated (SNO)‑GNAI2 
was detected in STZ/HFD‑treated LDLR‑/‑ mice, in which 
endothelial expression of the non‑nitrosylatable GNAI2‑C66A 
mutant reduced lesion formation; and elevated SNO‑GNAI2 
was also observed in coronary artery samples from patients 
with diabetes and coronary artery disease (120,121). Notably, 
pharmacological targeting of these pathways confers prom‑
ising therapeutic potential. For example, melatonin exerts 
endothelial protective effects by inhibiting inducible (i)NOS 
expression and the subsequent S‑nitrosylation of downstream 
substrates (122).

S‑glutathionylation further accelerates atherosclerotic 
progression by impairing the activity of endothelial functional 
proteins such as eNOS. Specifically, S‑glutathionylation of 
eNOS induces enzymatic uncoupling, redirecting its catalytic 

activity from nitric oxide production toward superoxide 
generation; this shift exacerbates vascular oxidative stress 
and inflammatory responses  (123). Chronic binge‑alcohol 
exposure in ApoE‑/‑ mice also increased aortic protein 
S‑glutathionylation, reduced glutaredoxin 1 activity and altered 
glutathione‑S‑transferase π activity (124). These molecular 
alterations promote endothelial dysfunction and oxidative 
vascular injury, thereby contributing to AS progression.

Cysteine modifications in macrophage activation. 
During macrophage foam cell formation (Fig.  4B), 
oxidized high‑density lipoprotein (oxHDL) activates the 
Asp‑His‑His‑Cys (DHHC6) acyltransferase 6/selenoprotein K 
(SelK) complex, thereby enhancing CD36 palmitoylation. 
This modification promotes CD36 incorporation into plasma 
membrane lipid rafts, strengthens its interaction with cave‑
olin‑1 and facilitates CD36 membrane targeting. These events 
subsequently activate Lyn/Fyn kinases and downstream c‑Jun 
N‑terminal kinase (JNK) signaling, thereby increasing oxHDL 
uptake and driving macrophage foam cell formation (125). 
The DHHC6/SelK‑CD36 mechanism is currently supported 
mainly by macrophage cellular and biochemical experiments, 
without direct validation in ApoE‑/‑ or LDLR‑/‑ plaques or 
in human plaque tissue. The palmitoyltransferase zDHHC1 
also modulates macrophage function via the PI3K pathway. 
Accumulating evidence  (126) demonstrates that zDHHC1 
knockout reduces palmitoylation of the p110α subunit, 
promotes its nuclear translocation and suppresses activation 
of the PI3K‑Akt‑mTOR signaling axis. These alterations 
downregulate CD36 expression and oxLDL internalization, 
effectively restraining foam cell generation. Notably, thera‑
peutic potential extends beyond palmitoyltransferases to the 
regulation of depalmitoylases (127). Targeted modulation of 
acylprotein thioesterase 2 (APT2) provides novel interven‑
tion opportunities: Sulforaphane (SFN) binds specifically to 
the C56 site of APT2 (128). This interaction inhibits APT2 
palmitoylation and membrane localization, thereby potentially 
disrupting the depalmitoylation of downstream substrates such 
as Scribble. Although the effects of SFN on canonical APT2 
substrates (e.g., H‑Ras) require further validation, its ability to 
modulate APT2‑mediated palmitoylation highlights a prom‑
ising metabolic strategy against atherosclerotic progression.

S‑nitrosylation also confers atheroprotective effects 
through distinct mechanistic pathways. Biochemical and 
macrophage‑based experiments indicate that trans‑nitro‑
sylation of paraoxonase 1 (PON1) at Cys284 enhances its 
enzymatic and antioxidant activities  (129). Human serum 
albumin‑released nitric oxide, acting as a trans‑nitrosylating 
donor, modifies PON1 at the Cys284 residue via S‑S 
trans‑nitrosylation (130). This PTM markedly enhances PON1 
hydrolase activity, including its lactonase and esterase func‑
tions, and strengthens its antioxidant capacity. Compared with 
native PON1, S‑nitrosylated PON1 more effectively suppresses 
Cu²+‑induced LDL oxidation and shows increased penetration 
into macrophage cells (131). Together with the pro‑atherogenic 
effect of Hsp90 S‑nitrosylation in endothelial cells, this 
example highlights that the net effect of S‑nitrosylation is 
determined by substrate identity, affected cellular process and 
biological context rather than by the modification itself.

Furthermore, HCD animal models show that oxidative stress 
triggered by a HCD further enhances the S‑glutathionylation 
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of key macrophage proteins, leading to the inactivation and 
degradation of critical regulatory molecules such as MAPK 
phosphatase 1 (MKP‑1) (132). Notably, macrophage‑specific 
overexpression of glutaredoxin (Grx) effectively reverses 
excessive HCD‑driven protein S‑glutathionylation, restores 
endogenous MKP‑1 activity and attenuates monocyte recruit‑
ment as well as macrophage infiltration within atherosclerotic 
plaques ‑ thereby halting atherosclerotic progression (133,134). 
Myeloid HDAC2 inhibition has also been shown in HCD/exper‑
imental AS settings to upregulate Grx1, normalize monocyte 
function, limit macrophage migration into plaques and reduce 
atherosclerotic progression (135). These S‑glutathionylation 
mechanisms have relatively strong animal‑model support, but 
human plaque confirmation remains limited.

Collectively, these findings highlight the strong substrate 
dependence of cysteine‑based PTMs. The same modification 
may exert opposing effects on different proteins, as illustrated 
by the pro‑atherogenic effect of Hsp90 S‑nitrosylation and the 
anti‑atherogenic effect of PON1 S‑nitrosylation. Therefore, 
therapeutic interventions should target specific proteins and 
modification sites rather than globally modulating cysteine 
PTMs.

Kinase‑mediated (Ser/Thr/Tyr) phosphorylation in the patho-
genesis of AS. Protein phosphorylation modulates protein 
function and subcellular localization through kinase‑catalyzed 
transfer of the ATP γ‑phosphate group to specific amino acid 
residues of substrate proteins, thereby governing core cellular 
signaling and pathological processes (136). In AS, serine/thre‑
onine (Ser/Thr) and tyrosine (Tyr) phosphorylation participate 
in plaque initiation, progression and destabilization by regu‑
lating endothelial inflammation, macrophage lipid handling, 
VSMC proliferation and phenotypic switching, oxidative stress, 

autophagy, ferroptosis and thrombosis‑related signaling (137). 
Rather than acting through isolated linear pathways, these 
kinases form interconnected signaling modules. Therefore, 
this section discusses representative kinase‑mediated phos‑
phorylation events according to their predominant functional 
contexts, including MAPK‑dependent inflammatory and stress 
responses, AMP‑activated protein kinase (AMPK)‑mediated 
metabolic homeostasis, Rho‑associated coiled‑coil kinase 
(ROCK)/protein kinase R‑like ER kinase (PERK)/protein 
kinase C (PKC)δ‑related cytoskeletal remodeling and cellular 
stress responses, non‑receptor tyrosine kinase signaling 
mediated by Janus kinase 2 (JAK2) and SRC proto‑onco‑
gene, non‑receptor tyrosine kinase (Src), and additional 
kinase‑linked pathways involved in endothelial pyroptosis and 
atherothrombosis (Table II).

First, the MAPK family serves as core regulators 
of cellular stress and inflammatory responses. As key 
serine/threonine (Ser/Thr) kinases, MAPKs govern funda‑
mental signal transduction cascades, with major subfamilies 
including p38α MAPK, ERK and JNK. These kinases are 
activated by multiple pathological stimuli, such as oxidative 
stress, proinflammatory cytokines and altered shear stress. 
In AS, the MAPK axis profoundly modulates inflammation, 
cell proliferation, apoptosis and lipid metabolism throughout 
disease progression (21). In atherosclerotic rat models, aerobic 
exercise alleviates dyslipidemia and vascular calcification by 
elevating aortic 5‑methoxytryptophan levels and suppressing 
the p38 MAPK/IL‑6 pathway (138). Under hyperglycemic 
VSMC conditions, enhanced ERK1/2 phosphorylation 
upregulates TGF‑β and MMP9 expression and promotes 
VSMC proliferation, indicating a mainly cell‑model‑based 
mechanism relevant to diabetic vascular remodeling (139). 
In contrast, the ERK1/STAT1 Ser727 axis has stronger 

Table II. Representative kinase‑mediated phosphorylation modules involved in AS pathogenesis.

Kinase module	 Representative phosphorylation‑related axis	 Main AS‑related process	 Overall effect

MAPK family	 p38 MAPK‑IL‑6; ERK1/2‑STAT1 Ser727	 Inflammation, VSMC proliferation,	 Mainly pro‑atherogenic
		  macrophage lipid accumulation	
AMPK	 AMPK‑ULK1 Ser317/Ser777; AMPK‑	 Autophagy, lipid handling,	 Mainly protective
	 mTORC1	 metabolic homeostasis	
ROCK/PERK	 ROCK‑MLCP‑TβR1/Smad2C; PERK‑	 LDL retention, ER stress,	 Mainly pro‑atherogenic
	 eIF2α/Drp1 Ser616	 endothelial apoptosis,
		  mitochondrial injury	
JAK2/Src	 JAK2‑STAT2/STAT3; Src Tyr416; Src‑STAT3	 VSMC phenotypic switching,	 Mainly pro‑atherogenic
	 Tyr705	 macrophage inflammation,	
		  endothelial activation	
IKKε	 IKKε‑STAT1‑NLRP3	 Low‑shear‑stress‑induced	 Pro‑inflammatory/pro‑
		  endothelial pyroptosis	 atherogenic

AMPK, AMP‑activated protein kinase; AS, atherosclerosis; Drp1, dynamin‑related protein 1; eIF2α, eukaryotic translation initiation factor 2α; 
ER, endoplasmic reticulum; ERK1/2, extracellular signal‑regulated kinases 1 and 2; IKKε, inhibitor of nuclear factor‑κB kinase subunit epsilon; 
IL‑6, interleukin‑6; JAK2, Janus kinase 2; LDL, low‑density lipoprotein; MAPK, mitogen‑activated protein kinase; MLCP, myosin light‑chain 
phosphatase; mTORC1, mechanistic target of rapamycin complex 1; NLRP3, NLR family pyrin domain containing 3; PERK, protein kinase 
R‑like endoplasmic reticulum kinase; ROCK, Rho‑associated coiled‑coil‑containing protein kinase; Smad2C, C‑terminally phosphorylated 
Smad2; Src, proto‑oncogene tyrosine‑protein kinase Src; STAT, signal transducer and activator of transcription; TβR1, transforming growth 
factor‑β receptor type 1; ULK1, Unc‑51‑like autophagy‑activating kinase 1; VSMC, vascular smooth muscle cell.
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in vivo support: In LDLR‑deficient mice fed an HFD, ERK1 
deficiency and STAT1 S727A modification reduced plaque 
lipid content and modulated plaque inflammatory responses, 
while accompanying macrophage experiments helped define 
the effects on migration, proliferation, phagocytosis and 
oxLDL handling (140,141). Toll‑like receptor (TLR)4 is an 
important regulator of VSMC‑derived foam cell formation. 
In ox‑LDL‑stimulated VSMCs, 1,25(OH)2D3 reduces lipid 
uptake and enhances cholesterol efflux by downregulating 
TLR4, CD36 and scavenger receptor class A while upregu‑
lating ABCA1, ABCG1 and LXR‑α; therefore, the proposed 
vitamin D‑JNK‑TLR4 pathway should be interpreted primarily 
as a VSMC foam‑cell mechanism unless further human plaque 
validation is available (142).

AMPK serves as a core regulator of metabolic homeo‑
stasis and exerts comprehensive protective effects against 
atherosclerotic pathogenesis. As a highly conserved 
serine/threonine (Ser/Thr) kinase, AMPK functions as a 
central energy sensor governing cellular metabolism, with 
well‑documented anti‑atherosclerotic and vasoprotective 
properties. Mechanistically, AMPK mitigates oxidative 
stress (143), suppresses proinflammatory cascades (144), and 
inhibits aberrant proliferation of VSMCs (145). Macrophage 
and vascular‑cell models suggest that AMPK reduces intracel‑
lular lipid accumulation by initiating autophagic flux through 
phosphorylation of unc‑51 like autophagy activating kinase 1 
at Ser317/Ser777  (146), whereas experimental AS models 
suggest that AMPK/mTOR‑dependent autophagy contributes 
to plaque stabilization (147). In macrophage ferroptosis and 
lipid‑handling models, Fer‑1 enhances cholesterol efflux by 
upregulating scavenger receptor class B member 1 through 
AMPK activation and alleviates lipid deposition and iron 
overload  (148). Thus, AMPK signaling is well supported 
in experimental AS models, although direct human plaque 
validation of specific AMPK substrate phosphorylation events 
remains limited.

Beyond the MAPK and AMPK families, multiple kinases 
contribute to AS progression by regulating cytoskeletal 
dynamics, ER stress (ERS) and cell migration. These include 
ROCK, PERK, IKK and Akt, as well as PKC isoforms. Among 
them, PKCδ exerts a unique regulatory role in vascular injury 
repair.

ROCK drives AS progression by phosphorylating and 
inhibiting myosin light chain phosphatase, thereby potenti‑
ating endothelin‑1‑mediated transforming growth factor β 
receptor 1 activation  (149,150). This signaling cascade 
ultimately promotes Smad2C phosphorylation, chondroitin 
4‑sulfotransferase 1 upregulation and LDL retention in the 
vascular wall, directly exacerbating atherosclerotic plaque 
formation. As a core regulatory kinase of ERS, PERK induces 
endothelial cell apoptosis by phosphorylating its downstream 
target eukaryotic initiation factor 2α (151). Additionally, PERK 
activates the calcium/calmodulin dependent protein kinase 
IIβ/dynamin‑related protein 1 (Drp1) signaling pathway, 
driving mitochondrial hyperfragmentation and increasing ROS 
production by enhancing phosphorylation of Drp1 at Ser616 
(p‑Drp1 Ser616). In vascular injury models, PKCδ promotes the 
expression of CXCR2 ligands in VSMCs, modulates chemo‑
kine secretion, supports endothelial repair after arterial injury 
and reduces thrombosis‑related complications (152). Direct 

human plaque evidence for ROCK‑, PERK‑ or PKCδ‑specific 
phosphorylation events remains limited.

Non‑receptor tyrosine kinases play a pivotal role in 
regulating vascular cell function and the inflammatory 
microenvironment by phosphorylating STAT family tran‑
scription factors. The non‑receptor tyrosine kinase JAK2 
phosphorylates STAT3, driving the transition of VSMCs from 
a contractile to a synthetic phenotype and accelerating vascular 
remodeling (153). In homocysteine‑stimulated macrophage 
models and ApoE‑/‑ mouse atherosclerosis, FABP4 activates 
RAP1A, member of RAS oncogene family‑dependent 
JAK2/STAT2 signaling, promotes STAT2 nuclear transloca‑
tion, and increases IL‑1β, IL‑6 and TNF‑α secretion, giving 
this JAK2/STAT2 pathway both macrophage mechanistic 
and in vivo support (154). Src signaling has also been vali‑
dated beyond cell culture: Autophosphorylation of Src at 
Tyr416 mediates membrane translocation and amplifies 
homocysteine‑induced macrophage inflammation, while 
endothelial‑specific Src knockout in a carotid ligation 
mouse model markedly attenuated plaque formation. c‑Src 
also phosphorylates STAT3 at Tyr705, promoting nuclear 
translocation and endothelial inflammatory responses (17). 
These data support Src as an experimentally validated in vivo 
target, although direct human plaque validation of the specific 
Src‑STAT phosphorylation events remains limited.

Furthermore, the non‑canonical IKK family member 
IKKε mediates low shear stress‑induced endothelial 
pyroptosis through the STAT1/NLRP3 axis, providing 
mechanistic insight into how disturbed flow links endothe‑
lial inflammation to AS progression  (155). In addition to 
inflammatory regulation, kinase signaling also participates 
in atherothrombotic processes. Junctional cadherin 5 asso‑
ciated (JCAD) has comparatively stronger translational 
support: Human vascular/thrombotic association data and 
experimental pathway validation indicate that JCAD promotes 
arterial thrombosis by enhancing endothelial expression of 
procoagulant and anti‑fibrinolytic factors, including tissue 
factor (TF) and plasminogen activator inhibitor‑1 (PAI‑1). 
Mechanistically, JCAD appears to restrain PI3K/Akt signaling 
under this context, as JCAD silencing increases PI3K/Akt 
activation and thereby downregulates TF and PAI‑1 expres‑
sion. The causal involvement of PI3K/Akt is supported by the 
observation that wortmannin, a PI3K/Akt pathway inhibitor, 
abolishes the inhibitory effects of JCAD silencing on TF and 
PAI‑1. Thus, the JCAD‑PI3K/Akt axis links endothelial kinase 
signaling to coagulation and fibrinolytic balance, providing a 
potential mechanism by which JCAD contributes to athero‑
thrombosis (156).

Protein phosphorylation exerts fine‑tuned regulation across 
multiple dimensions of AS through four major kinase catego‑
ries: Stress and inflammatory response kinases, metabolic 
and homeostasis regulatory kinases, cytoskeletal remodelling 
kinases and tyrosine kinase signal‑initiating kinases. These 
kinases not only execute specific functions independently but 
also intersect through intricate signaling networks, collectively 
determining vascular cell fate and plaque stability.

Other PTMs in the pathogenesis of AS. Beyond the primary 
PTMs outlined above, glycosylation/glycation, tyrosine nitra‑
tion and ADP‑ribosylation contribute to vascular pathology 

https://www.spandidos-publications.com/10.3892/ijmm.2026.5943
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through distinct mechanisms and with markedly different 
evidence maturity. Their effects should not be treated as 
uniformly pro‑atherogenic: Certain pathways have been tested 
in ApoE‑/‑ mice or human plaque tissue, whereas others remain 
limited to stimulated vascular cells or non‑AS disease models.

Protein glycosylation in AS involves enzymatically 
regulated N‑glycosylation and non‑enzymatic glycation; 
canonical N‑glycosylation commonly occurs at Asn‑X‑Ser/Thr 
motifs (157). Hypoglycosylated ICAM‑1 has been identified 
in mouse and human models of endothelial dysfunction and 
displays enhanced monocyte adhesion; its enrichment in 
lesion‑associated regions provides tissue‑level association 
rather than direct proof that a defined glycan causes plaque 
progression  (158). CD36 contributes substantially to 
ox‑LDL uptake in mouse and human macrophages  (159). 
Neuraminidase 1 (NEU1) was identified as a membrane inter‑
action partner of CD36, and cell‑based experiments indicate 
that NEU1‑mediated desialylation increases CD36‑dependent 
ox‑LDL uptake  (160). However, the NEU1‑CD36 glycan 
mechanism has not been directly validated by site‑specific 
manipulation in ApoE‑/‑ or LDLR‑/‑ plaques or human tissue.

At the non‑enzymatic glycation level, circulating and tissue 
advanced glycation end products are increased in diabetes, 
but biomarker elevation alone does not establish a causal AS 
mechanism. The RAGE‑NF‑κB‑Caveolin‑1 pathway has been 
supported by endothelial experiments and ApoE‑/‑ mice, where 
it increases LDL transcytosis (161). By contrast, AGE‑induced 
NADPH‑oxidase‑derived oxidative stress and foam‑cell 
formation are supported mainly by macrophage assays (162), 
and AGE‑RAGE‑PI3K/AKT‑dependent proliferation and 
migration were demonstrated in cultured human aortic 
smooth‑muscle cells  (163). The use of human cells should 
not be equated with evidence from human plaques or clinical 
cohorts.

Nitration is a PTM of proteins mediated by reactive 
nitrogen species, particularly the nitration of tyrosine residues 
induced by peroxynitrite (ONOO‑), which alters protein struc‑
ture and function (164). Evidence from stimulated vascular cell 
and ex vivo vascular models indicates that angiotensin II acti‑
vates the angiotensin II type 1 receptor (AT1 receptor)‑iNOS 
pathway, increases NO and superoxide production, and 
promotes ONOO‑ formation and protein tyrosine nitration, 
thereby impairing NO‑dependent endothelial function (165). 
However, this mechanism has not been directly validated as a 
site‑specific causal pathway in ApoE‑/‑ or LDLR‑/‑ AS models.

Myeloperoxidase (MPO) further contributes to oxidative 
and nitrative stress by generating reactive oxidants, promoting 
LDL oxidation and reducing vascular NO bioavailability. 
These processes facilitate endothelial inflammation, macro‑
phage activation and foam‑cell formation, although the 
contribution of individual MPO‑dependent nitration events 
to plaque progression remains incompletely defined (166). 
Human tissue studies provide associative evidence: Increased 
3‑nitrotyrosine has been detected in advanced carotid and 
coronary atherosclerotic lesions, with higher levels reported 
in unstable than in stable carotid plaques, and site‑specific 
nitration of ApoA‑I has been identified in human coronary 
tissue (167,168). Nevertheless, these human observations do 
not establish that a specific nitration site causally drives AS 
progression.

ADP‑ribosylation regulates DNA‑damage responses, 
transcription, chromatin organization and cell fate through 
the covalent attachment of mono‑ADP‑ribose (MAR) or PAR 
to diverse amino acid residues, including serine, glutamate, 
aspartate and lysine, in an enzyme‑ and context‑dependent 
manner (169,170). Its vascular effects should not be regarded 
as uniformly pro‑atherogenic, because PARP family members 
differ in catalytic activity, substrates and biological func‑
tions. Nevertheless, sustained PARP1‑mediated PARylation 
has generally been associated with vascular oxidative stress, 
inflammation and cellular injury  (171). Transient PARP1 
activation facilitates the recruitment of DNA‑repair factors 
following oxidative DNA damage, whereas persistent 
activation consumes intracellular NAD+ and may impair 
NAD+‑dependent metabolic and stress‑response pathways, 
thereby promoting vascular‑cell dysfunction or death (172,173). 
More direct mechanistic evidence indicates that PARP1 also 
regulates VSMC phenotypic switching. Increased PARP1 
activity has been detected in VSMCs within human coronary 
atherosclerotic plaques and in experimental vascular‑injury 
models. In VSMC and non‑AS vascular‑injury experiments, 
PARP1‑mediated PARylation of myocardin and serum 
response factor impaired myocardin‑SRF‑dependent contrac‑
tile gene transcription, while PARylation‑dependent disruption 
of the myocardin‑c‑Jun interaction promoted VSMC prolif‑
eration and migration (174). However, this substrate‑specific 
mechanism has not yet been directly validated in ApoE‑/‑ or 
LDLR‑/‑ atherosclerosis models. Evidence from other vascular 
disease models further supports a relationship between exces‑
sive PARylation and VSMC loss. In patient‑derived VSMCs 
and LmnaG609G/G609G mice modelling Hutchinson‑Gilford 
progeria syndrome, trifluridine reduced PARP1 activity 
and restored NAD+ levels, while the trifluridine/tipiracil 
combination TAS‑102 alleviated aortic VSMC loss and 
structural abnormalities  (175). Because this evidence was 
obtained from a premature vascular‑ageing model rather 
than a conventional ApoE‑/‑ or LDLR‑/‑ model, its relevance 
to common AS requires further validation. PARP inhibi‑
tion has also shown anti‑inflammatory effects in AS‑related 
cell models. In ox‑LDL‑stimulated THP‑1 monocytes and 
related monocyte‑endothelial adhesion and foam‑cell assays, 
olaparib reduced mitochondrial ROS production, NF‑κB 
and NLRP3 inflammasome activation, monocyte adhesion 
and foam‑cell formation  (176,177). These findings remain 
limited to in vitro experiments and have not been validated 
in ApoE‑/‑ or LDLR‑/‑ mice or in human plaques. Compared 
with PARP1‑mediated PARylation, the role of MARylation in 
AS remains less established. In cytokine‑stimulated macro‑
phages, PARP14‑mediated MARylation of STAT1 at Glu657 
and Glu705 suppressed STAT1 Tyr701 phosphorylation 
and pro‑inflammatory gene expression, and PARP14 defi‑
ciency aggravated arterial lesion formation in non‑classical 
mouse models of acute and chronic vascular disease (178). 
Nevertheless, direct validation of this pathway in AS‑prone 
mice and human plaques is lacking. Overall, although PARP1 
activity and PAR accumulation have been observed in human 
AS tissue, site‑specific causal evidence for ADP‑ribosylation 
substrates in naturally progressing human AS remains limited.

Taken together, these modifications occupy different posi‑
tions on the translational spectrum. Glycosylation/glycation 
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includes cell, ApoE‑/‑ and human tissue/clinical‑association 
evidence, but many glycan‑specific mechanisms remain unre‑
solved. Protein nitration has substantial human plaque 
association, whereas causal validation of individual nitrated 
sites is scarce. ADP‑ribosylation is supported mainly by cell 
and non‑AS vascular models, with selected human plaque 
observations but little site‑specific human causality. Proposed 
interactions among AGE‑RAGE signaling, oxidative stress, 
nitration and PARP activation remain mechanistically plau‑
sible but should be treated as hypothesis‑generating until 
matched PTM measurements and perturbation experiments 
are performed in the same AS model.

3. Interactions and crosstalk of PTMs in AS pathogenesis

Protein PTM crosstalk refers to the functional interaction 
between two or more modifications that jointly regulate protein 
conformation, activity, stability, subcellular localization, 
molecular interactions and turnover. Such interactions may 
occur on the same amino acid residue, between neighboring 

residues within a short peptide region, between spatially 
separated sites connected by conformational changes or 
through sequential modification cascades involving different 
proteins and modifying enzymes (179). In AS, PTM crosstalk 
provides a molecular mechanism through which metabolic 
stress, disturbed blood flow, oxidative stress, inflammatory 
stimulation and cell‑state transitions can be integrated into 
coordinated pathological responses.

In the present framework, PTM crosstalk is discussed 
at three interconnected levels: Competitive, synergistic and 
causal crosstalk (Fig. 5). However, these categories should not 
be interpreted as completely mutually exclusive. Competitive 
and synergistic crosstalk primarily describe the direction of 
the functional interaction, whereas causal crosstalk describes 
the dependency and temporal order between modifications. 
Accordingly, a phosphorylation event that induces substrate 
ubiquitination is both causal, because phosphorylation is 
required for ubiquitination, and synergistic, because the two 
modifications cooperate to promote degradation. The same 
PTM pair may also shift between competitive and synergistic 

Figure 5. Context‑dependent post‑translational modification crosstalk in atherosclerosis. (A) Competitive crosstalk. Lactylation and acetylation may compete for 
the same lysine residue. Temporally alternating ubiquitination and SUMOylation regulate RhoGDI stability in VSMCs, whereas reciprocal O‑GlcNAcylation 
and phosphorylation of eNOS influence endothelial nitric oxide production. (B) Synergistic crosstalk. SUMOylation promotes vimentin ubiquitination and 
degradation, while NFATc1 acetylation and phosphorylation cooperate to enhance nuclear localization, VSMC osteogenic differentiation and vascular calci‑
fication. (C) Causal or sequential crosstalk. IκBα phosphorylation triggers its ubiquitination and degradation, leading to NF‑κB activation. Phosphorylation 
of SENP2 alters its de‑SUMOylase activity and downstream ERK5 and p53 SUMOylation. (D) PTM crosstalk outcomes are determined by modification 
stoichiometry, site topology, temporal order, PTM‑regulatory enzymes, cell type and disease stage. eNOS, endothelial nitric oxide synthase; ERK5, extracel‑
lular signal‑regulated kinase 5; IκBα, inhibitor of nuclear factor κBα; NFATc1, nuclear factor of activated T cells 1; NF‑κB, nuclear factor κB; NO, nitric oxide; 
O‑GlcNAc, O‑linked β‑N‑acetylglucosamine; p50, NF‑κB p50 subunit; p53, tumor protein p53; p65, NF‑κB p65 subunit; PTM, post‑translational modification; 
RhoGDI, Rho GDP‑dissociation inhibitor; SENP2, SUMO‑specific protease 2; SUMO, small ubiquitin‑like modifier; VSMC, vascular smooth muscle cell.
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relationships depending on the substrate, modified residue, 
modifying enzyme, cell type and disease stage.

To avoid overinterpreting co‑occurring modifications as 
direct crosstalk, at least four levels of experimental evidence 
should be distinguished. Level I evidence is the co‑detection 
of two PTMs in the same tissue, cell population, protein, 
peptide or intact proteoform. Level II evidence is a regula‑
tory association in which manipulation of a writer, eraser, 
reader, metabolic pathway or upstream stimulus alters both 
PTMs. Level III evidence requires substrate‑ and site‑resolved 
demonstration that changing the first modification alters the 
second modification and the corresponding molecular func‑
tion. Level IV evidence additionally demonstrates that the 
site‑specific crosstalk contributes to AS‑related phenotypes 
in vivo. This evidence hierarchy is particularly important 
because large‑scale proteomic datasets are powerful for iden‑
tifying candidate crosstalk networks but generally do not, by 
themselves, establish causal relationships.

Conceptual framework and evidence hierarchy of PTM 
crosstalk. Recent mass spectrometry‑based approaches have 
expanded PTM crosstalk research from individual substrates 
to proteome‑wide networks. An enrichment‑free workflow 
combining liquid chromatography with high‑field asymmetric 
waveform ion mobility spectrometry substantially increased 
the identification of peptides containing multiple modifications. 
Searching simultaneously for phosphorylation, acetylation and 
methylation identified ~6‑fold more candidate PTM crosstalk 
sites than a conventional workflow, providing a publicly avail‑
able resource for discovering modification combinations that 
may occur on the same peptide (180). Because multiple PTMs 
are detected within the same peptide sequence, this approach 
provides stronger evidence for local coexistence than sepa‑
rately identifying modified peptides from the same protein. 
Nevertheless, coexistence still does not demonstrate that one 
PTM functionally regulates another.

Site‑resolved protein turnover profiling (SPOT) further 
linked PTM states to protein dynamics. By combining 
stable‑isotope labeling with phosphopeptide, acetyl‑peptide 
and ubiquitin‑remnant enrichment, SPOT quantified >120,000 
peptidoforms, including >33,000 phosphorylated, acetylated 
or ubiquitinated peptides derived from >9,000 proteins (181). 
Modified and unmodified forms of the same protein frequently 
displayed different apparent turnover behavior. Importantly, 
the direction of the association was site‑dependent: Different 
modified forms of the same protein could show accelerated, 
delayed or unchanged turnover. This result argues against 
assigning a universal functional consequence to an entire PTM 
class. For example, ubiquitination is not invariably equivalent 
to rapid degradation and acetylation is not invariably equiva‑
lent to protein stabilization.

Phosphoproteomic analysis using DeltaSILAC (delta 
determination of turnover rate for modified proteins by stable 
isotope labeling with amino acids in cell culture) similarly 
demonstrated that individual phosphorylation sites may be 
associated with either accelerated or delayed protein turn‑
over  (182). However, subsequent protein‑peptide turnover 
profiling showed that differences between modified and 
unmodified peptide‑labeling kinetics do not necessarily indi‑
cate that the PTM directly alters protein degradation. Because 

modified and unmodified proteoforms interconvert during 
the lifetime of a protein, such differences can instead reveal 
whether a PTM is added early or late during protein matura‑
tion and whether it is subsequently removed (183). Therefore, 
turnover‑based datasets should be considered resources for 
prioritizing candidate sequential crosstalk rather than defini‑
tive evidence that a specific PTM controls protein stability.

Direct multi‑PTM profiling in human AS plaques remains 
limited. Nevertheless, available disease‑focused datasets 
provide an important basis for constructing AS‑related PTM 
networks. Phosphoproteomic analysis of VSMCs showed that 
P2RY12 signaling regulated the PI3K‑AKT‑mTOR‑autophagy 
pathway and promoted VSMC‑derived foam‑cell formation 
in advanced AS (184). Phosphoproteomic analysis of cells 
deficient in the cytoplasmic protein tyrosine kinase FES (FES 
proto‑oncogene, tyrosine kinase) identified migration‑asso‑
ciated phosphorylation networks, while genetic and in vivo 
analyses supported an atheroprotective function of FES (185). 
These datasets do not directly demonstrate crosstalk between 
phosphorylation and a second PTM, but they identify 
disease‑relevant phosphoproteins that can be prioritized for 
matched ubiquitinomic, acetylomic, SUMOylomic or glyco‑
proteomic analysis.

Human plaque total‑proteome resources are equally 
important for interpreting PTM changes. A proteomic atlas 
comprising 219 carotid plaque samples from 120 patients 
identified distinct regional protein signatures associated 
with plaque inflammation, calcification, SMC content and 
extracellular matrix organization (186). Such total‑proteome 
datasets can be integrated with PTM‑enrichment datasets to 
determine whether an apparent change in a modified peptide 
reflects altered PTM occupancy or merely altered abundance 
of the corresponding protein. They can also help identify 
cell‑composition confounding, because an apparent increase 
in a macrophage‑associated PTM may result from greater 
macrophage abundance rather than increased modification 
within each macrophage.

These datasets collectively establish a practical discovery 
pipeline for AS PTM crosstalk: Disease‑relevant proteins are 
first identified by plaque proteomics or cell‑specific phospho‑
proteomics; candidate modification combinations are then 
prioritized using multi‑PTM datasets; and the interactions are 
subsequently tested using site‑specific perturbation, temporal 
analysis and in vivo disease models. Thus, proteomics should 
be viewed as a hypothesis‑generating platform that transforms 
isolated PTM observations into testable modification networks.

Three mechanistic modes of PTM crosstalk in AS
Competitive crosstalk. Competitive crosstalk occurs when the 
formation or function of one PTM limits another PTM. At least 
three mechanistically distinct forms of competition should be 
distinguished. First, site‑exclusive competition occurs when 
two modifications target the same amino acid residue and 
are therefore chemically mutually exclusive. Second, steric 
or conformational competition occurs when modifications at 
neighboring or structurally coupled residues alter the accessi‑
bility, recognition or functional effect of another modification. 
Third, resource competition occurs when multiple PTMs share 
a limited writer, eraser, reader, cofactor or metabolic donor. 
Only the first mechanism constitutes strict same‑residue 
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competition; the other two represent indirect but biologically 
relevant forms of competition.

The proposed relationship between lysine lactylation and 
acetylation illustrates these distinctions. Both modifications 
can occur on lysine residues, and hypoxic and inflammatory 
regions within atherosclerotic plaques exhibit metabolic 
conditions that may favor glycolysis and lactate accumulation. 
Increased lactate availability can promote lysine lactylation, 
whereas acetyl‑CoA availability contributes to protein acety‑
lation  (187‑189). Consequently, lactylation and acetylation 
have the potential to compete when they target the same lysine. 
However, reciprocal changes in global lactylation and acetyla‑
tion are not sufficient to demonstrate direct mutual exclusion 
at an individual residue.

The relative abundance of lactylation and acetylation 
should also not be interpreted simply as a direct quantita‑
tive indicator of pyruvate partitioning between lactate 
production and mitochondrial oxidation. It instead integrates 
several variables, including lactate and acetyl‑CoA avail‑
ability, formation of activated acyl donors, writer and eraser 
activities, substrate accessibility, protein turnover and the 
abundance of the underlying protein. Therefore, metabolic 
flux can bias the modification equilibrium without being its 
sole determinant.

The enzymatic basis of lysine lactylation has also become 
increasingly complex. p300 was initially implicated as a 
histone lactylation writer in the original description of histone 
lactylation (22). More recent studies identified alanyl‑tRNA 
synthetase as a lactate sensor and lactyltransferase and 
HBO1/KAT7 as a lysine lactyltransferase in specific biological 
contexts  (44,190). In parallel, class I histone deacetylases 
HDAC1‑3 were shown to possess delactylase activity  (43). 
Because some of these enzymes also regulate acetyla‑
tion, lactylation‑acetylation crosstalk may involve not only 
same‑site competition but also competition for multifunctional 
enzymes. Nevertheless, the substrate range and relative contri‑
bution of each writer or eraser are cell‑ and context‑dependent, 
and their roles in endothelial cells, macrophages and VSMCs 
in AS remain to be defined.

Competition between ubiquitination and SUMOylation 
represents a more established lysine‑centered mechanism. 
Rho‑specific guanine nucleotide dissociation inhibitor 
(RhoGDI), a regulator of Rho GTPase signaling, participates 
in Ang II‑induced phenotypic modulation of VSMCs (191,192). 
During the early and late phases of Ang II stimulation, 
enhanced ubiquitination is associated with proteasome‑depen‑
dent RhoGDI degradation. By contrast, SUMOylation 
predominates during an intermediate time window and limits 
ubiquitin‑chain formation, thereby maintaining RhoGDI 
stability and promoting VSMC proliferation (193). This regu‑
lation is dependent on AT1‑receptor signaling but displays 
marked temporal specificity.

The RhoGDI example demonstrates that competitive 
crosstalk is not a static molecular property. The dominant 
PTM state depends on the relative kinetics of SUMO and 
ubiquitin conjugation, the abundance and localization of their 
respective enzymes, the accessibility of substrate lysines and 
the duration of upstream stimulation. It also indicates that a 
single endpoint measurement may obscure sequential changes 
in the modification equilibrium.

Reciprocal O‑GlcNAcylation‑phosphorylation provides 
an additional vascular example. In endothelial cells exposed 
to hyperglycemia, increased O‑GlcNAc modification of eNOS 
was accompanied by decreased activating phosphoryla‑
tion at Ser1177 and reduced eNOS activity. Similar changes 
were observed in arteries from diabetic animals  (194). 
Because eNOS‑derived nitric oxide restrains leukocyte adhe‑
sion, platelet activation, vascular permeability and VSMC 
proliferation, this reciprocal PTM regulation provides a mech‑
anistic connection between metabolic stress and endothelial 
dysfunction.

Nevertheless, reciprocal O‑GlcNAcylation and phos‑
phorylation should not automatically be interpreted as 
direct competition at the same residue unless both sites are 
structurally resolved. Competition may also arise because 
O‑GlcNAcylation alters local conformation, inhibits kinase 
access, recruits different binding proteins or changes upstream 
AKT signaling. Thus, this example illustrates both the strength 
and the limitation of modification‑specific immunochemical 
evidence: It demonstrates a functionally important reciprocal 
relationship but does not necessarily define the complete 
molecular configuration of the modified proteoform.

Collectively, competitive crosstalk allows vascular cells to 
choose between alternative protein states. Same‑site compe‑
tition produces mutually exclusive proteoforms; structural 
competition changes the accessibility or consequence of neigh‑
boring sites; and resource competition links PTM patterns to 
metabolic and enzymatic capacity. These mechanisms enable 
metabolic and inflammatory signals to be integrated at the 
level of a single substrate.

Synergistic crosstalk. Synergistic crosstalk occurs when 
two PTMs cooperate to generate a functional output that is 
greater, more persistent, or more specific than that produced 
by either modification alone. One PTM may expose a second 
site through conformational remodeling, create a docking site 
for another writer or reader, promote substrate localization to 
a particular cellular compartment or stabilize an interaction 
complex required for the second modification. Synergy may 
therefore occur without the two PTMs occupying adjacent 
residues.

The cooperation between SUMOylation and ubiquitination 
in the regulation of vimentin provides an instructive example. 
PIAS3, acting as a SUMO E3 ligase, enhances vimentin 
SUMOylation and is associated with increased vimentin 
ubiquitination and degradation. This process suppresses the 
transition of VSMCs from a contractile to a synthetic pheno‑
type  (51). In contrast to RhoGDI, in which SUMOylation 
protects the substrate from ubiquitination, vimentin 
SUMOylation facilitates ubiquitin‑dependent degradation.

The opposite outcomes of SUMOylation‑ubiquitination 
crosstalk on RhoGDI and vimentin reveal an important 
principle: Functional direction cannot be predicted solely 
from the identities of the two PTMs. It depends on whether 
the PTMs occupy the same or different lysines, the distance 
and three‑dimensional relationship between modified sites, 
the type of SUMO chain, the recruitment of SUMO‑targeted 
ubiquitin ligases and the temporal sequence of modification. 
Accordingly, the substrate‑centered proteoform, rather than 
the PTM pair in isolation, should be considered the funda‑
mental unit of crosstalk.
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Acetylation‑phosphorylation cooperation also contributes 
to VSMC dysfunction. In diabetic vascular calcification, 
carboxymethyl‑lysine suppresses SIRT3 and promotes nuclear 
factor of activated T cells 1 (NFATc1) acetylation at K549, 
while focal adhesion kinase‑related signaling regulates 
NFATc1 phosphorylation at Y270 (195). These modifications 
jointly enhance NFATc1 nuclear accumulation and transcrip‑
tional activity, thereby promoting osteogenic differentiation 
of VSMCs and vascular calcification. Because the two modi‑
fications occur on different residues, their synergy is likely 
mediated through changes in conformation, nuclear traf‑
ficking, transcriptional‑complex assembly or resistance to 
nuclear export rather than direct competition.

Synergistic crosstalk may introduces threshold behavior 
into pathological signaling. A single modification may be 
insufficient to produce a phenotype, whereas the combined 
presence of two PTMs shifts a sufficiently large fraction of the 
substrate into an active, stable, nuclear or degradation‑prone 
state (15,179,195,196). This may explain why modest changes 
in two PTMs can produce a substantial functional effect even 
when neither change is individually dominant.

Synergy can also occur at the pathway level rather than 
on a single protein molecule. For example, phosphorylation 
may activate a transcription factor while acetylation stabi‑
lizes its transcriptional coactivator (195). Although the two 
PTMs occur on different proteins, their effects converge on 
the same pathological output. Such pathway‑level crosstalk is 
biologically relevant but should be distinguished from direct 
intramolecular crosstalk. The former can be supported by 
integrated pathway perturbation, whereas the latter requires 
evidence that both modifications occur on the same substrate 
or proteoform (180,197).

Causal and sequential crosstalk. Causal crosstalk occurs 
when one modification is mechanistically required for the 
formation, removal, recognition or functional consequence of 
another. It is therefore defined by dependency and temporal 
order rather than simply by whether the final effects are 
antagonistic or synergistic. Causal crosstalk may involve a 
substrate modification that creates a recognition motif, modifi‑
cation of a writer or eraser that alters its enzymatic activity, or 
modification‑dependent changes in substrate localization and 
accessibility (181‑183).

Phosphorylation‑directed ubiquitination is a prototypical 
causal mechanism. In the NF‑κB pathway, phosphorylation 
of IκBα creates a phosphodegron that is recognized by the 
ubiquitination machinery, resulting in polyubiquitination and 
proteasomal degradation of IκBα (57,198). The loss of IκBα 
releases NF‑κB and permits its nuclear translocation and 
inflammatory transcriptional activity. Phosphorylation is 
therefore not merely associated with IκBα ubiquitination but 
provides the recognition signal required for the subsequent 
event.

This sequential mechanism increases signaling specificity 
by ensuring that degradation occurs only after sufficient kinase 
activation. However, the process should not be described as 
universally irreversible. IκBα is resynthesized as part of 
NF‑κB negative feedback, and the duration of inflammatory 
signaling is determined by the balance between degrada‑
tion, transcriptional induction and protein resynthesis (199). 
Therefore, PTM cascades may convert transient signals into 

sustained responses without necessarily producing permanent 
molecular states.

Modification of PTM‑regulating enzymes represents 
another form of causal crosstalk. The phosphorylation state 
of SENP2 regulates its de‑SUMOylase activity and conse‑
quently alters the SUMOylation levels of substrates including 
ERK5 and p53, thereby influencing endothelial inflam‑
matory responses under disturbed flow (48). In this case, 
phosphorylation does not directly compete with substrate 
SUMOylation. Instead, phosphorylation acts at the enzyme 
level and propagates its effect to multiple downstream 
SUMOylated proteins. Such enzyme‑centered crosstalk can 
amplify an upstream signal but also complicates causal attri‑
bution because manipulating SENP2 may simultaneously 
affect numerous substrates.

Glycosylation‑dependent regulation of CD36 stability 
represents a plausible but less completely established causal 
pathway. NEU1‑mediated desialylation reduces CD36 
glycosylation and enhances macrophage uptake of oxidized 
LDL  (160). Changes in glycosylation may alter CD36 
conformation, membrane residence, endocytosis, exposure 
of cytoplasmic lysines or accessibility to ubiquitin ligases. 
However, direct causal crosstalk would require demonstra‑
tion that manipulation of a defined CD36 glycosylation 
site changes its ubiquitination independently of total CD36 
expression, trafficking and endocytosis. Until such evidence is 
available, this relationship should be presented as a candidate 
glycosylation‑ubiquitination pathway rather than an estab‑
lished sequential cascade.

Temporal resolution is essential for identifying causal PTM 
interactions. A modification that precedes another may repre‑
sent an upstream trigger, but both PTMs may alternatively 
be induced in parallel by a shared stimulus. Time‑resolved 
perturbation, pulse‑chase labeling, kinase or ligase inhibition 
and analysis of modification‑deficient mutants are required 
to distinguish sequential dependency from coincident regula‑
tion (200). Furthermore, the effect of inhibiting the first PTM 
on the second PTM should be normalized to total substrate 
abundance, because loss of the protein itself may produce an 
apparent reduction in all associated modifications (201).

Context‑dependent determinants of PTM crosstalk outcomes
PTM stoichiometry as a determinant of crosstalk direction 
and biological effect. PTM stoichiometry, also described as 
site occupancy, is a central but frequently overlooked determi‑
nant of crosstalk. For a single lysine that can exist in mutually 
exclusive unmodified, acetylated, lactylated, ubiquitinated or 
SUMOylated states, an increase in one state necessarily limits 
the fraction available for the others. The functional importance 
of this competition depends not only on the fold change in 
PTM abundance but also on the absolute fraction of substrate 
molecules carrying each modification.

Proteomic measurement of 6,829 acetylation sites in human 
cells found that most acetylation sites occurred at very low 
stoichiometry, with a median occupancy of ~0.02%, whereas 
higher‑occupancy sites were enriched in nuclear proteins and 
transcriptional regulators (196). This finding demonstrates 
why PTM fold changes cannot be interpreted independently of 
occupancy. A 10‑fold increase from 0.001 to 0.01% occupancy 
may affect only a small fraction of the total protein pool, 
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whereas a 20% change at a highly occupied regulatory site 
may alter a substantial proportion of substrate molecules.

Low global occupancy does not necessarily imply 
biological irrelevance. A PTM may be restricted to a small 
but functionally critical subcellular compartment, protein 
complex, plaque region or cell population. A low‑abundance 
modified proteoform may also exert a disproportionate func‑
tional effect, for example by initiating a signaling cascade or 
nucleating a multiprotein complex (15). Therefore, occupancy 
should be interpreted together with localization, effect size per 
modified molecule, substrate abundance and the amplification 
properties of the downstream pathway.

This issue is particularly relevant to AS plaques, in which 
bulk tissue measurements average signals across heterogeneous 
cell populations. A large change in a macrophage‑specific 
PTM may appear quantitatively small after dilution by extra‑
cellular matrix and other cell types (202,203). Conversely, an 
apparent increase in PTM abundance may reflect expansion of 
the cell population expressing the modified protein. Matched 
measurement of the modified peptide, corresponding unmodi‑
fied peptide, total protein and cell‑type abundance is therefore 
required.

Stoichiometry also helps explain why the same PTM pair 
can produce different effects on different substrates (196). 
If SUMOylation occupies a major fraction of a ubiquitina‑
tion‑prone lysine on RhoGDI, it can effectively protect the 
substrate from degradation (191). If vimentin SUMOylation 
occurs at a separate site that recruits a ubiquitin ligase, even rela‑
tively low SUMO occupancy may facilitate degradation (51). 
Thus, site occupancy interacts with site topology and reader 
recruitment to determine whether SUMOylation‑ubiquitination 
crosstalk is competitive or synergistic.

Cell type, disease stage and spatial context of PTM 
crosstalk in AS. PTM crosstalk should be mapped onto the 
cellular and temporal architecture of AS. In endothelial 
cells, disturbed flow, hyperglycemia and oxidative stress 
can alter phosphorylation, SUMOylation, ubiquitination 
and O‑GlcNAcylation networks that regulate nitric oxide 
production, inflammatory activation and barrier integrity. The 
reciprocal O‑GlcNAcylation‑phosphorylation of eNOS and 
phosphorylation‑dependent regulation of SENP2 are represen‑
tative examples (49,50,194).

In macrophages, metabolic reprogramming, lipid 
loading, hypoxia and inflammatory activation can change 
the availability of acyl donors and the activities of PTM 
enzymes  (22,25,29,43). These changes make macrophages 
a likely context for lactylation‑acetylation crosstalk and 
glycosylation‑dependent regulation of lipid receptors such 
as CD36  (160,187‑189). Nevertheless, direct site‑resolved 
lactylation‑acetylation competition in plaque macrophages 
remains to be demonstrated. In VSMCs, PTM crosstalk 
regulates protein stability, migration, proliferation, foam‑cell 
formation, osteogenic differentiation and phenotypic 
switching  (35). RhoGDI SUMOylation‑ubiquitination, 
vimentin SUMOylation‑ubiquitination, NFATc1 acetyla‑
tion‑phosphorylation and P2RY12‑associated phosphorylation 
networks represent distinct mechanisms through which PTMs 
influence VSMC fate (51,184,191,195).

Disease stage may alter both the direction and consequence 
of crosstalk. During early endothelial activation  (17,48), 

phosphorylation‑dependent signaling may dominate rapid 
responses. During chronic plaque inflammation and hypoxia, 
metabolic PTMs may become more prominent  (29,33,36). 
In advanced lesions, PTM regulation of VSMC survival, 
extracellular matrix production, calcification, macro‑
phage lipid handling and cell death may influence plaque 
stability (11,35,186). Therefore, the same PTM pair should not 
be assumed to exert identical effects in early lesions, advanced 
stable plaques and rupture‑prone plaques.

Challenges and strategies for defining PTM crosstalk in vivo. 
A major obstacle is the cellular and spatial heterogeneity 
of atherosclerotic plaques. Endothelial cells, macrophages, 
lymphocytes, multiple VSMC‑derived states, fibroblast‑like 
cells and extracellular material coexist within the same lesion. 
The fibrous cap, shoulder region, necrotic core, calcified 
regions and adjacent arterial tissue also differ substantially 
in molecular composition  (6,7,202,203). Bulk‑tissue PTM 
changes may therefore reflect altered cell composition or 
plaque architecture rather than altered PTM occupancy in 
a specific cell type. This limitation can be addressed by 
combining PTM proteomics with cell sorting, lineage tracing, 
laser‑capture microdissection, spatially resolved sampling 
and single‑cell or spatial transcriptomic information. Parallel 
measurement of cell‑type markers and total protein abundance 
can further determine whether a PTM change results from cell 
enrichment or intracellular regulation (180,186).

A second challenge is the low and dynamic stoichiom‑
etry of many PTMs  (196). Enrichment‑based proteomics 
improves detection but introduces differences in antibody 
affinity, peptide recovery, ionization efficiency and sequence 
coverage. A modified peptide may therefore change even when 
the underlying occupancy does not. Matched total‑proteome 
analysis, quantification of the corresponding unmodified 
peptide, isotope‑labeled internal standards and targeted 
parallel reaction monitoring can improve interpretation (204). 
Where technically possible, absolute or fractional occupancy 
should be measured rather than relying only on relative PTM 
intensity.

A third challenge is the loss of intact proteoform infor‑
mation in conventional bottom‑up proteomics. Proteolytic 
digestion makes it difficult to determine whether modifica‑
tions detected on separate peptides coexist on the same 
protein molecule. This is particularly problematic for 
long‑distance crosstalk mediated by protein conforma‑
tion. Middle‑down, top‑down and native top‑down mass 
spectrometry can preserve more information about intact 
combinations of PTMs and protein complexes  (197). 
However, these technologies currently have lower throughput 
and sensitivity for complex plaque samples than conventional 
bottom‑up proteomics.

A fourth challenge is temporal resolution. Human 
endarterectomy samples provide only a cross‑sectional 
endpoint, making it difficult to establish whether one modi‑
fication precedes another. Time‑resolved cell experiments, 
pulse‑labeling approaches, inducible animal models and 
sampling across defined disease stages can help reconstruct 
PTM order. Because pulse‑labeling kinetics can reflect both 
protein turnover and proteoform interconversion, these data 
should be interpreted with explicit kinetic models (181‑183).
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A fifth challenge is the pleiotropy of PTM enzymes. 
Writers, erasers and readers usually regulate multiple 
substrates, and their inhibition may alter metabolism, tran‑
scription or signaling independently of the proposed crosstalk 
event. Similarly, substitution of a modified lysine, serine, threo‑
nine or tyrosine may change local charge, folding or molecular 
interactions independently of preventing the PTM (15,21,179). 
Robust causal analysis therefore requires complementary 
approaches, including endogenous site‑specific genome editing, 
modification‑deficient and appropriate control mutants, rescue 
experiments, direct measurement of both PTMs on the same 
substrate and restoration of the downstream phenotype.

Finally, conventional animal models do not completely 
reproduce human plaque rupture, thrombosis and long‑term 
lesion evolution  (205). Candidate crosstalk mechanisms 
identified in cultured cells or mouse aortas should therefore 
be validated in defined cell populations and regions of human 
plaques whenever possible. Conversely, associations observed 
in human plaques require mechanistic testing in experimen‑
tally tractable models.

Therapeutic and conceptual implications. The competitive, 
synergistic and causal modes of PTM crosstalk collectively 
form a context‑dependent regulatory network rather than three 
isolated pathways (57,179). Competitive crosstalk integrates 
metabolic and enzymatic constraints by allocating substrates 
among alternative proteoforms. Synergistic crosstalk produces 
cooperative or threshold‑dependent functional outputs. Causal 
crosstalk transmits information through ordered modification 
cascades and enzyme‑centered networks.

This framework suggests that globally inhibiting an entire 
PTM class is unlikely to provide sufficient specificity. A writer 
or eraser may exert protective effects on one substrate while 
promoting pathology through another  (21). More selective 
approaches may include targeting substrate‑enzyme inter‑
faces, PTM‑reader interactions, disease‑enriched proteoforms 
or specific temporal windows of modification. Such strategies 
remain conceptual until substrate selectivity, delivery and 
systemic effects are established in vivo (206).

Overall, PTM crosstalk in AS is determined by at least 
six variables: Residue identity and spatial topology, modi‑
fication stoichiometry, order of PTM addition and removal, 
writer/eraser/reader availability, cell type and subcellular 
localization and disease stage. Future studies integrating 
matched total proteomics and multiple PTM‑omics with 
spatial sampling, temporal perturbation and intact‑proteoform 
analysis will be essential for converting candidate PTM 
correlations into causal AS networks. This transition from 
cataloging individual modifications to defining dynamic 
proteoform networks may provide a more precise framework 
for understanding and eventually modulating AS pathogenesis.

4. Therapeutic targeting of PTMs in AS

The regulatory network formed by protein PTMs provides 
multiple potential targets for the treatment of AS. Current 
strategies include modulation of PTM‑modifying enzymes, 
protection of modified substrates and regulation of upstream 
metabolic or redox pathways. However, most reported agents 
remain at the in vitro or animal stage, and several clinically 

available drugs influence PTMs only indirectly and were 
approved for indications other than AS. To facilitate transla‑
tional evaluation, Table III classifies each agent according to 
its AS‑specific evidence stage, regulatory status, selectivity 
and major safety limitations. To date, no drug has been 
approved specifically for AS through a defined PTM‑targeting 
mechanism.

Targeting PTM‑modifying enzymes. Lactylation links 
glycolytic metabolism to transcriptional regulation in 
AS. Endothelial p300‑mediated H3K18 lactylation and 
SLC22A6‑associated H3K9 lactylation promote endothelial 
dysfunction and lesion development, whereas narciclasine 
reduces endothelial H3K18 lactylation and early atherogen‑
esis (26,207,208). By contrast, macrophage MCT4 inhibition 
increases H3K18 lactylation at reparative genes and attenuates 
AS (29). These opposing effects indicate that the therapeutic 
consequences of lactylation depend on the modified locus and 
vascular cell type. Because current interventions primarily 
alter glycolysis, lactate transport or p300 activity rather than 
an individual lactylated residue, cell‑targeted modulation is 
likely to be more feasible than systemic suppression of lactate 
metabolism. All of these lactylation‑directed interventions 
remain preclinical; human vascular observations do not estab‑
lish therapeutic target engagement or clinical efficacy.

SUMOylation‑directed interventions further illustrate the 
substrate dependence of PTM regulation. The SUMO E2 inhib‑
itor 2‑D08 has been used as an in vitro mechanistic probe of 
PIAS3‑dependent vimentin regulation and VSMC phenotypic 
switching, but has not demonstrated efficacy in an AS animal 
model  (51). Conversely, Polygonatum odoratum‑derived 
flavones enhanced SUMO‑activating enzyme subunit 1 
expression and hepatocyte nuclear factor 1β SUMOylation, 
reduced sortilin‑mediated lipid accumulation and attenuated 
plaque formation in LDLR‑deficient mice (209). The opposing 
directions of these findings suggest that indiscriminate activa‑
tion or inhibition of the SUMO pathway is unlikely to produce 
consistent benefit.

Ubiquitination‑directed strategies have focused mainly on 
E3 ligases. The F‑box protein 3 inhibitor BC‑1215 reduced 
inflammatory signaling in cellular and experimental AS 
systems (210), whereas the MDM2 inhibitor JNJ‑165 reduced 
retinoid X receptor β ubiquitination, mitochondrial dysfunc‑
tion and vascular inflammation in experimental AS (211). 
Neither agent has human plaque target‑engagement or clinical 
outcome evidence. Because MDM2 also regulates p53 and 
other DNA‑damage and survival pathways, its vascular 
effects must be distinguished from the broad consequences of 
sustained systemic inhibition.

Acetylation‑directed interventions have primarily targeted 
HDACs and sirtuins. The pan‑HDAC inhibitor trichostatin A 
(TSA) produced context‑dependent effects: HDAC inhibition 
reduced foam‑cell formation in one ApoE‑/‑ study (212), whereas 
TSA increased macrophage CD36, ox‑LDL uptake and lesions 
in LDLR‑/‑ mice (213). Toxicities observed with broad HDAC 
inhibitors in oncology restrict their suitability for chronic 
AS prevention  (214). MC1568 restored acetylation‑related 
endothelial responses under nitric‑oxide stress in vitro (215), 
while TMP195 reduced plaque inflammation in ApoE‑/‑ mice 
and suppressed inflammatory activation in patient‑derived 
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monocytes (83). These ex vivo human data do not represent 
a clinical trial. Resveratrol influences SIRT1‑associated 
deacetylation but remains a pleiotropic, low‑bioavailability 
compound rather than a selective SIRT1 therapy (74).

Among methylation‑directed interventions, pharmaco‑
logical EZH2 inhibition and T‑cell‑specific Ezh2 deletion 
reduced inflammatory remodeling and lesion development in 
ApoE‑/‑ models (95). Although compounds such as GSK126 
are biochemically selective for EZH2, they alter broad 
transcriptional programmes across immune and vascular 
cells; lesion reduction therefore does not establish a single 
H3K27me3 site as the therapeutic mechanism, and human 
plaque target‑engagement or clinical efficacy has not been 
shown.

Available S‑palmitoylation modulators remain predomi‑
nantly mechanistic tools. The commonly used inhibitor 
2‑bromopalmitate alters CD36 S‑palmitoylation and modi‑
fied‑lipoprotein uptake but lacks sufficient selectivity to be 
considered a therapeutic candidate (125,216). Sulforaphane 
can interact with APT2 (128), although its vascular effects 
also involve NRF2‑dependent and other antioxidant pathways. 
Disulfiram inhibits gasdermin D Cys192 palmitoylation (217), 
but the principal cardiovascular evidence was obtained in 
acute myocardial infarction rather than AS.

S‑nitrosylation can be influenced by reducing nitric‑oxide 
production or nitrosative stress, but available interven‑
tions generally act upstream of the modified substrate. In 
diabetes‑accelerated AS, melatonin reduced GNAI2‑Cys66 
S‑nitrosylation and suppressed CXCR5‑Hippo‑Yes‑associated 
protein signaling in cells and LDLR‑/‑ mice (121). Melatonin 
also modulates endothelial NLRP3‑related pyroptotic 
pathways in separate cell models  (218), underscoring its 
pleiotropy. Endothelial expression of non‑nitrosylatable 
Hsp90‑Cys521 reduced lesions in ApoE‑/‑ mice  (119), but 
no pharmacological strategy has selectively protected this 
residue in humans.

S‑glutathionylation represents another redox‑sensitive 
mechanism. Liraglutide reduces eNOS S‑glutathionylation 
and improves nitric‑oxide bioavailability in vascular 
experimental systems, and it reduces lesion progression in 
ApoE‑/‑ mice (123,219). Cardiovascular outcome benefit has 
been demonstrated in patients with type 2 diabetes (220), but 
neither that trial nor the animal study established eNOS deglu‑
tathionylation as the causal clinical mechanism. Liraglutide 
should therefore be described as an approved metabolic drug 
with a PTM‑related vascular mechanism, not as a validated 
PTM‑directed AS therapy.

Phosphorylation‑directed interventions mainly target 
kinase pathways. Oral rapamycin attenuated plaque 
progression in ApoE‑/‑ mice  (221), but its effects reflect 
broad mTOR inhibition rather than validation of a single 
substrate‑phosphorylation event; systemic exposure may cause 
immunosuppression, dyslipidaemia and impaired wound 
healing. Tofacitinib alters macrophage cholesterol handling 
through JAK inhibition in  vitro  (19), but cardiovascular 
and malignancy risks in susceptible patients make it more 
useful as mechanistic evidence than as an AS‑repurposing 
candidate (222).

Among glycosylation‑related strategies, inhibition of 
pathological desialylation has received particular attention. 

The sialidase inhibitor DANA reduced NEU1‑dependent 
CD36 desialylation and macrophage ox‑LDL uptake, while 
inhibition of the NEU1/NEU3 pathway limited LDL desi‑
alylation and early lesion formation in AS models  (223). 
Because parent DANA has limited neuraminidase isoform 
selectivity, the development of isoform‑restricted derivatives 
will be important for determining whether this mechanism is 
therapeutically tractable.

Protein nitration is less amenable to direct pharmaco‑
logical intervention because it is generated mainly by reactive 
nitrogen species rather than by a single substrate‑selective 
enzyme. Ebselen, M‑hydroxy ebselen and the NOX inhibitor 
GKT137831 reduced nitrative stress and lesion formation in 
diabetic AS models (224‑226), but acted through broad redox 
regulation rather than selective prevention of a defined nitrated 
residue. Protein nitration may therefore currently be more 
useful as an indicator of pathological redox stress than as an 
independently druggable PTM.

Finally, PARP1‑dependent ADP‑ribosylation is therapeuti‑
cally tractable but incompletely validated in AS. Olaparib 
reduced NF‑κB/NLRP3 activity, monocyte adhesion and 
foam‑cell formation only in vitro (176). TAS‑102 improved 
VSMC survival and aortic pathology in a progeria model (175), 
not in ApoE‑/‑ or LDLR‑/‑ AS. Geniposide reduced lesions and 
altered PARP1/PI3K/AKT‑associated lipophagy in an experi‑
mental AS model (227), but site‑specific PARylation target 
engagement was not demonstrated. Prolonged PARP inhibi‑
tion may also compromise DNA repair and haematopoietic 
homeostasis.

Collectively, these studies demonstrate that PTM pathways 
can be manipulated at the levels of modifying enzymes, 
upstream metabolic or redox signals, and individual modi‑
fied substrates. However, the therapeutic meaning of such 
manipulation varies substantially according to the substrate, 
modification site, vascular cell population and disease context. 
These differences necessitate a cross‑cutting assessment of 
target selectivity, mechanistic attribution, safety and transla‑
tional evidence, as discussed below.

Drug development potential and barriers to clinical 
translation across PTMs. PTM‑directed therapies can 
theoretically intervene at several levels, including catalytic 
enzymes, enzyme‑substrate recognition, individual modi‑
fication sites and upstream metabolic or redox pathways. 
Enzyme‑regulated PTMs, such as ubiquitination, acetylation, 
methylation, phosphorylation and ADP‑ribosylation, are 
particularly attractive because their writers and erasers often 
contain pharmacologically accessible catalytic or regulatory 
domains. Nevertheless, the tractability of a PTM enzyme 
does not by itself establish the therapeutic selectivity of its 
inhibition (15,21).

A central challenge is the distinction between enzyme 
selectivity and substrate selectivity. Most PTM‑modifying 
enzymes act on numerous proteins; consequently, even a 
compound with high biochemical selectivity for one enzyme 
may alter multiple physiological substrates across different 
tissues. This problem is exemplified by HDAC and PARP 
inhibitors, which can suppress vascular inflammatory path‑
ways while simultaneously disturbing lipid handling, DNA 
repair or haematopoietic homeostasis (74,175,212). Evaluation 
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of PTM‑directed drugs must therefore extend beyond conven‑
tional enzyme selectivity to include substrate‑, site‑, cell‑ and 
tissue‑level effects.

The consequences of a PTM are also highly context 
dependent. The same modification may be pathogenic in one 
vascular cell population but protective in another, as illustrated 
by the opposing effects of endothelial and macrophage lacty‑
lation (26,29,31). Disease stage may introduce an additional 
layer of complexity: Suppression of inflammatory signaling 
during early lesion development may not produce the same 
outcome in advanced plaques, where VSMC survival, extra‑
cellular‑matrix production and fibrous‑cap stability become 
critical (35,186). Global activation or inhibition of an entire 
PTM pathway may therefore eliminate beneficial responses 
together with pathogenic ones.

Mechanistic attribution represents a further limitation. 
Several clinically available or experimentally effective 
compounds ‑ including resveratrol (74), melatonin (121,218), 
sulforaphane (128) and liraglutide (123,219) ‑ affect multiple 
metabolic, inflammatory and redox pathways. A change in 
global PTM abundance after treatment does not establish that 
regulation of the reported PTM is responsible for the thera‑
peutic phenotype. Stronger evidence requires demonstration 
of the relevant substrate and residue, confirmation that the 
compound changes this modification in the disease‑relevant 
cell population, and genetic or pharmacological rescue 
showing that the site is necessary for the observed benefit.

Translation is additionally constrained by the chronic 
nature of AS. Many PTM‑modulating agents were originally 
developed for cancer, transplantation or severe inflammatory 
disorders, in which a relatively narrow therapeutic window 
may be acceptable. In patients with stable or subclinical AS, 
prolonged immunosuppression, impaired wound healing, 
haematological toxicity, metabolic disturbance or increased 
cardiovascular risk may outweigh a moderate reduction 
in plaque burden (214,222). Current cellular and ApoE‑ or 
LDLR‑deficient mouse models also incompletely reproduce 
human plaque ageing, rupture, thrombosis, comorbidities and 
polypharmacy, further limiting direct extrapolation (205).

These limitations suggest an important hierarchy of thera‑
peutic strategies. Conventional catalytic‑site inhibitors are 
often more straightforward to develop, but they usually affect 
most substrates processed by the targeted enzyme. By contrast, 
disruption of a disease‑relevant enzyme‑substrate interac‑
tion could, in principle, prevent modification of a pathogenic 
substrate while preserving other physiological functions of the 
same enzyme. Interface‑directed small molecules, peptides, 
molecular glues or engineered biologics may therefore provide 
greater substrate discrimination than broad catalytic inhibi‑
tion (228). This approach should not, however, be regarded as 
universally superior, because many enzyme‑substrate inter‑
faces are shallow, dynamic or transient and may be difficult to 
target intracellularly. Structural definition of the interaction, 
direct target‑engagement assays and cell‑specific delivery will 
be required to establish its practical advantage.

Future development should consequently integrate inter‑
face‑directed or allosteric modulation with plaque‑, cell‑ or 
organelle‑targeted delivery. Site‑specific PTM proteomics, 
chemoproteomic target‑engagement methods, single‑cell 
profiling and spatial analysis could be used to determine 

whether a candidate drug reaches the relevant plaque cell popu‑
lation and changes the intended substrate residue (202,203). 
These approaches may also identify patient subgroups in 
which a particular PTM pathway is dominant and provide 
pharmacodynamic biomarkers for early clinical studies.

Overall, the field remains weighted toward demonstra‑
tion of animal efficacy but comparatively weak in molecular 
specificity. Many studies report changes in lesion area, inflam‑
matory markers or global PTM abundance without confirming 
site‑specific target engagement in the relevant plaque cell 
population. This phenotype‑centred approach makes it 
difficult to distinguish direct PTM‑mediated efficacy from 
secondary effects of altered metabolism, inflammation or 
redox balance. Future research should therefore move from 
general phenotypic observation toward mechanism‑anchored, 
site‑resolved validation by combining PTM proteomics with 
single‑cell and spatial analyses, residue‑mutant rescue experi‑
ments and direct pharmacodynamic assessment (181,197). To 
date, no PTM‑directed agent has demonstrated AS‑specific 
clinical efficacy through a defined modification mechanism.

5. Conclusions and future prospects

AS is not driven by a single pathological stimulus, but emerges 
from the long‑term interaction of lipid metabolic disorder, 
oxidative stress, inflammation, haemodynamic disturbance, 
vascular cell remodeling and plaque microenvironmental 
changes. Within this complex setting, PTMs provide a rapid 
and reversible regulatory layer that connects extracellular and 
metabolic cues to protein function. The evidence summarized 
in this review indicates that PTMs are not merely downstream 
biochemical markers of AS, but participate in shaping endo‑
thelial dysfunction, macrophage lipid handling, inflammatory 
activation, VSMC phenotypic switching, vascular calcification 
and plaque instability (6,137).

A major insight from recent studies is that the biological 
meaning of a PTM depends strongly on context. The same 
modification may lead to different, or even opposite, outcomes 
depending on the modified substrate, residue site, cell type, 
subcellular localization, disease stage and local metabolic or 
redox environment. Lysine lactylation provides a representa‑
tive example. By linking lactate accumulation to histone and 
non‑histone protein regulation, lactylation may influence 
endothelial activation, macrophage polarization, VSMC senes‑
cence and osteogenic differentiation. However, its net effect 
cannot be simply defined as protective or detrimental, because 
adaptive metabolic reprogramming and pathological cell‑state 
transition may occur under different conditions. Similar 
context dependence is also evident in cysteine modifications, 
SUMOylation, ubiquitination and phosphorylation, empha‑
sizing that PTM‑based interpretation requires substrate‑ and 
cell‑specific resolution (26,29,30,33,36).

Another important conclusion is that PTMs rarely function 
as isolated events. Instead, they form interconnected regula‑
tory networks through competitive, synergistic and sequential 
crosstalk. For example, SUMOylation and ubiquitination may 
jointly regulate substrate stability, phosphorylation can create 
docking or degradation signals for subsequent modifications, 
and metabolic acylations may compete for lysine residues 
or share common regulatory enzymes (51,57,191,195). Such 
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crosstalk provides a mechanism by which metabolic stress, 
inflammatory signaling, oxidative injury and mechanical 
forces are integrated into coordinated vascular responses. 
This network view helps explain why modulation of a single 
PTM enzyme may produce divergent effects across substrates, 
vascular cell types and disease stages. From a therapeutic 
perspective, PTM‑related enzymes and pathways offer prom‑
ising but still incompletely validated opportunities for AS 
intervention. 

Pharmacological modulation of HDACs, PARPs, 
k inases, methylt ransferases, palmitoylation‑related 
enzymes and other PTM regulators has shown experi‑
mental anti‑atherosclerotic potential in cellular or animal 
models (21,74). Nevertheless, most current strategies remain 
limited by insufficient substrate specificity, incomplete 
target‑engagement validation, potential systemic effects and 
limited evidence from human plaques. Therefore, global 
inhibition or activation of an entire PTM class is unlikely 
to be an ideal long‑term strategy for a chronic disease such 
as AS. More precise approaches may require targeting 
disease‑relevant enzyme‑substrate interactions, specific 
modified residues, pathological proteoforms or defined 
vascular cell populations (186,213,228).

Future studies should move beyond cataloging changes 
in global PTM abundance and focus on determining which 
PTM events are causal, cell‑type specific and therapeutically 
actionable in AS. Site‑resolved PTM proteomics, single‑cell 
and spatial omics, isotope tracing, residue‑mutant rescue 
experiments, cell‑specific animal models and validation in 
human plaque specimens will be essential for this transi‑
tion  (186). In particular, emerging modifications such as 
succinylation, crotonylation, malonylation and MARylation 
should be investigated with caution, as their relevance to AS 
remains largely hypothesis‑generating rather than established. 
Integrating these approaches may help convert PTM research 
from descriptive association into mechanism‑based interven‑
tion, ultimately providing a more precise framework for 
understanding and targeting AS progression (229).

Acknowledgements

The figures of this manuscript were all created with BioRender.
com.

Funding

No funding was received.

Availability of data and materials

Not applicable.

Authors' contributions

XX was involved in the literature search, visualization and 
writing‑original draft. FM revised and polished the manu‑
script. WY designed the framework of this article and revised 
the manuscript. Data authentication is not applicable. All 
authors have read and agreed to the published version of the 
manuscript.

Ethics approval and consent to participate

Not applicable.

Patient consent for publication

Not applicable.

Competing interests

The authors declare that they have no competing interests.

References

  1.	 Wojtasińska A, Frąk W, Lisińska W, Sapeda N, Młynarska E, 
Rysz  J and Franczyk  B: Novel Insights into the Molecular 
Mechanisms of Atherosclerosis. Int J Mol Sci 24: 13434, 2023.

  2.	Zhang H, Zhan Q, Huang B, Wang Y and Wang X: AAV‑mediated 
gene therapy: Advancing cardiovascular disease treatment. Front 
Cardiovasc Med 9: 952755, 2022.

  3.	Yang X, Li Y, Li Y, Ren X, Zhang X, Hu D, Gao Y, Xing Y and 
Shang H: Oxidative stress‑mediated atherosclerosis: Mechanisms 
and therapies. Front Physiol 8: 600, 2017.

  4.	Marchio P, Guerra‑Ojeda S, Vila JM, Aldasoro M, Victor VM 
and Mauricio MD: Targeting early atherosclerosis: A focus on 
oxidative stress and inflammation. Oxid Med Cell Longev 2019: 
8563845, 2019.

  5.	Libby P: Inflammation in atherosclerosis. Arterioscler Thromb 
Vasc Biol 32: 2045‑2051, 2012.

  6.	Libby P: The changing landscape of atherosclerosis. Nature 592: 
524‑533, 2021.

  7.	 Schelemei P, Wagner E, Picard FSR and Winkels H: Macrophage 
mediators and mechanisms in cardiovascular disease. FASEB 
J 38: e23424, 2024.

  8.	Munteanu C, Galaction AI, Poștaru M, Rotariu M, Turnea M 
and Blendea CD: Hydrogen sulfide modulation of matrix metal‑
loproteinases and CD147/EMMPRIN: Mechanistic pathways and 
impact on atherosclerosis progression. Biomedicines 12: 1951, 
2024.

  9.	 Liu J, Xu S, Gao B, Yuan M, Zhong L and Guo R: Protective effect 
of SERCA2a‑SUMOylation by SUMO‑1 on diabetes‑induced 
atherosclerosis and aortic vascular injury. Mol Cell Biochem 480: 
279‑293, 2025.

10.	 Lin C, Liu F, Chen G, Bai X, Ding Y, Chung SM, Lee IS, Bai H 
and Chen C: Apatite nanosheets inhibit initial smooth muscle cell 
proliferation by damaging cell membrane. Biomater Adv 137: 
212852, 2022.

11.	 Bentzon JF, Otsuka F, Virmani R and Falk E: Mechanisms of 
plaque formation and rupture. Circ Res 114: 1852‑1866, 2014.

12.	Hansson  GK, Robertson  AK and Söderberg‑Nauclér C : 
Inflammation and atherosclerosis. Annu Rev Pathol 1: 297‑329, 
2006.

13.	 Sule RO, Rivera GDT, Vaidya T, Gartrell E and Gomes AV: 
Environmental toxins and oxidative stress: The link to cardio‑
vascular diseases. Antioxidants (Basel) 14: 604, 2025.

14.	 Kajuluri  LP, Guo  YY, Lee  S, Christof  M and Malhotra  R: 
Epigenetic regulation of human vascular calcification. Genes 
(Basel) 16: 506, 2025.

15.	 Duan G and Walther D: The roles of post‑translational modi‑
fications in the context of protein interaction networks. PLoS 
Comput Biol 11: e1004049, 2015.

16.	 Li  Y, Zhang  R and Hei  H: Advances in post‑translational 
modifications of proteins and cancer immunotherapy. Front 
Immunol 14: 1229397, 2023.

17.	 Ding H, Jiang M, Chan AM, Xia Y, Ma RCW, Yao X, Wang L 
and Huang Y: Targeting the tyrosine kinase Src in endothelium 
attenuates inflammation and atherogenesis induced by disturbed 
flow. Br J Pharmacol 182: 4861‑4875, 2025.

18.	 Qin Y and Zhao W: Posttranslational modifications of NLRP3 
and their regulatory roles in inflammasome activation. Eur 
J Immunol 53: e2350382, 2023.

19.	 Adorni  MP, Papotti  B, Borghi  MO, Raschi  E, Zimetti  F, 
Bernini F, Meroni PL and Ronda N: Effect of the JAK/STAT 
inhibitor tofacitinib on macrophage cholesterol metabolism. Int 
J Mol Sci 24: 12571, 2023.



INTERNATIONAL JOURNAL OF MOlecular medicine  58:  272,  2026 27

20.	Zhu N, Guo ZF, Kazama K, Yi B, Tongmuang N, Yao H, Yang R, 
Zhang C, Qin Y, Han L and Sun J: Epigenetic regulation of 
vascular smooth muscle cell phenotypic switch and neointimal 
formation by PRMT5. Cardiovasc Res 119: 2244‑2255, 2023.

21.	 Wu X, Xu M, Geng M, Chen S, Little PJ, Xu S and Weng J: 
Targeting protein modifications in metabolic diseases: Molecular 
mechanisms and targeted therapies. Signal Transduct Target 
Ther 8: 220, 2023.

22.	Zhang D, Tang Z, Huang H, Zhou G, Cui C, Weng Y, Liu W, 
Kim S, Lee S, Perez‑Neut M, et al: Metabolic regulation of gene 
expression by histone lactylation. Nature 574: 575‑580, 2019.

23.	Ouyang J, Wang H and Huang J: The role of lactate in cardiovas‑
cular diseases. Cell Commun Signal 21: 317, 2023.

24.	Li X, Cai P, Tang X, Wu Y, Zhang Y and Rong X: Lactylation 
modification in cardiometabolic disorders: Function and mecha‑
nism. Metabolites 14: 217, 2024.

25.	Xu R, Yuan W and Wang Z: Advances in glycolysis metabolism 
of atherosclerosis. J Cardiovasc Transl Res 16: 476‑490, 2023.

26.	Dong M, Zhang Y, Chen M, Tan Y, Min J, He X, Liu F, Gu J, 
Jiang  H, Zheng  L,  et  al: ASF1A‑dependent P300‑mediated 
histone H3 lysine 18 lactylation promotes atherosclerosis by 
regulating EndMT. Acta Pharm Sin B 14: 3027‑3048, 2024.

27.	 Das C , Roy  S, Namjoshi  S, Malarkey C S, Jones D N, 
Kutateladze TG, Churchill ME and Tyler JK: Binding of the 
histone chaperone ASF1 to the CBP bromodomain promotes 
histone acetylation. Proc Natl Acad Sci USA 111: E1072‑E1081, 
2014.

28.	Piera‑Velazquez S and Jimenez SA: Endothelial to mesenchymal 
transition: Role in physiology and in the pathogenesis of human 
diseases. Physiol Rev 99: 1281‑1324, 2019.

29.	 Zhang Y, Jiang H, Dong M, Min J, He X, Tan Y, Liu F, Chen M, 
Chen X, Yin Q, et al: Macrophage MCT4 inhibition activates 
reparative genes and protects from atherosclerosis by histone H3 
lysine 18 lactylation. Cell Rep 43: 114180, 2024.

30.	Ma W, Jia K, Cheng H, Xu H, Li Z, Zhang H, Xie H, Sun H, 
Yi L, Chen Z, et al: Orphan nuclear receptor NR4A3 promotes 
vascular calcification via histone lactylation. Circ Res  134: 
1427‑1447, 2024.

31.	 Wang Y, Chen L, Zhang M, Li X, Yang X, Huang T, Ban Y, Li Y, 
Li Q, Zheng Y, et al: Exercise‑induced endothelial Mecp2 lacty‑
lation suppresses atherosclerosis via the Ereg/MAPK signalling 
pathway. Atherosclerosis 375: 45‑58, 2023.

32.	Mayer  SC, Gilsbach  R, Preissl  S, Monroy  Ordonez  EB, 
Schnick T, Beetz N, Lother A, Rommel C, Ihle H, Bugger H, et al: 
Adrenergic repression of the epigenetic reader MeCP2 facili‑
tates cardiac adaptation in chronic heart failure. Circ Res 117: 
622‑633, 2015.

33.	 Chen L, Zhang M, Yang X, Wang Y, Huang T, Li X, Ban Y, 
Li Q, Yang Q, Zhang Y, et al: Methyl‑CpG‑binding 2 K271 
lactylation‑mediated M2 macrophage polarization inhibits 
atherosclerosis. Theranostics 14: 4256‑4277, 2024.

34.	Xiong Y, Zhou J, Wang J and Huang H: How lactate and lacty‑
lation shape the immunity system in atherosclerosis (Review). Int 
J Mol Med 56: 163, 2025.

35.	 Yin Z, Zhang J, Shen Z, Qin JJ, Wan J and Wang M: Regulated 
vascular smooth muscle cell death in vascular diseases. Cell 
Prolif 57: e13688, 2024.

36.	Li X, Chen M, Chen X, He X, Li X, Wei H, Tan Y, Min J, Azam T, 
Xue M, et al: TRAP1 drives smooth muscle cell senescence and 
promotes atherosclerosis via HDAC3‑primed histone H4 lysine 
12 lactylation. Eur Heart J 45: 4219‑4235, 2024.

37.	 Liang ZQ, Luo WS, Tang CC, Zhong YL, Xu CQ, Ma C, Jia CL, 
Cai TK, Cao YB, Li J and Chen J: Macrophage histone lactylation 
in atherosclerosis progression: mechanisms, predictive models, 
and therapeutic potential of Ruan Jian Qing Mai formula. Life 
Sci 377: 123777, 2025.

38.	 Izzo LT and Wellen KE: Histone lactylation links metabolism 
and gene regulation. Nature 574: 492‑493, 2019.

39.	 Shi P, Ma Y and Zhang S: Non‑histone lactylation: Unveiling its 
functional significance. Front Cell Dev Biol 13: 1535611, 2025.

40.	Liu Y, Guo X, Hu X, Zhou S, Yang Q, Feng P and Zeng L: Lysine 
lactylation in diseases: Beyond histone lactylation. Cell Death 
Dis 17: 55, 2025.

41.	 Zhang D, Gao J, Zhu Z, Mao Q, Xu Z, Singh PK, Rimayi CC, 
Moreno‑Yruela C, Xu S, Li G, et al: Lysine L‑lactylation is the 
dominant lactylation isomer induced by glycolysis. Nat Chem 
Biol 21: 91‑99, 2025.

42.	Lu Z, Zheng X, Shi M, Yin Y, Liang Y, Zou Z, Ding C, He Y, 
Zhou  Y and Li  X: Lactylation: The emerging frontier in 
post‑translational modification. Front Genet 15: 1423213, 2024.

43.	 Moreno‑Yruela C, Zhang D, Wei W, Bæk M, Liu W, Gao  J, 
Danková D, Nielsen AL, Bolding  JE, Yang L, et al: Class I 
histone deacetylases (HDAC1‑3) are histone lysine delactylases. 
Sci Adv 8: eabi6696, 2022.

44.	Niu Z, Chen C, Wang S, Lu C, Wu Z, Wang A, Mo J, Zhang J, 
Han Y, Yuan Y, et al: HBO1 catalyzes lysine lactylation and 
mediates histone H3K9la to regulate gene transcription. Nat 
Commun 15: 3561, 2024.

45.	 He J, Lai T, Zhao Y, Zhou Z, Zhou L, Tao D, Yang H, Li N, He Y, 
Yang S, et al: HAT1 functions as a lactyltransferase and mediates 
RPA1 lactylation to promote DNA repair and radioresistance in 
lung adenocarcinoma. Cell Death Dis 16: 851, 2025.

46.	Matunis  MJ, Coutavas  E and Blobel  G: A novel ubiq‑
uitin‑like modification modulates the partitioning of the 
Ran‑GTPase‑activating protein RanGAP1 between the cytosol 
and the nuclear pore complex. J Cell Biol 135 (6 Pt 1): 1457‑1470, 
1996.

47.	 Liu Y, Ge X, Dou X, Guo L, Liu Y, Zhou SR, Wei XB, Qian SW, 
Huang HY, Xu CJ, et al: Protein inhibitor of activated STAT 1 
(PIAS1) protects against obesity‑induced insulin resistance by 
inhibiting inflammation cascade in adipose tissue. Diabetes 64: 
4061‑4074, 2015.

48.	Nguyen  MTH, Imanishi  M, Li  S, Chau  K, Banerjee  P, 
Velatooru LR, Ko KA, Samanthapudi VSK, Gi YJ, Lee LL, et al: 
Endothelial activation and fibrotic changes are impeded by 
laminar flow‑induced CHK1‑SENP2 activity through mecha‑
nisms distinct from endothelial‑to‑mesenchymal cell transition. 
Front Cardiovasc Med 10: 1187490, 2023.

49.	 Qiu C, Wang Y, Zhao H, Qin L, Shi Y, Zhu X, Song L, Zhou X, 
Chen J, Zhou H, et al: The critical role of SENP1‑mediated 
GATA2 deSUMOylation in promoting endothelial activation in 
graft arteriosclerosis. Nat Commun 8: 15426, 2017.

50.	Wang L, Zeng W, Wang C, Lu Y, Xiong X, Chen S, Huang Q, 
Yan  F and Huang  Q: SUMOylation and coupling of eNOS 
mediated by PIAS1 contribute to maintenance of vascular 
homeostasis. FASEB J 38: e23362, 2024.

51.	 Liu H, Zhang J, Xue Z, Chang M, Feng X, Cai Y, Bai L, Wang W, 
Liu E, Zhao S and Wang R: Deficiency of protein inhibitor of 
activated STAT3 exacerbates atherosclerosis by modulating 
VSMC phenotypic switching. Atherosclerosis  380: 117195, 
2023.

52.	Xu Y, Zhang H, Chen Y, Pober JS, Zhou M, Zhou JH and Min W: 
SRF SUMOylation modulates smooth muscle phenotypic switch 
and vascular remodeling. Nat Commun 15: 6919, 2024.

53.	 Qin Y, Li Q, Liang W, Yan R, Tong L, Jia M, Zhao C and Zhao W: 
TRIM28 SUMOylates and stabilizes NLRP3 to facilitate inflam‑
masome activation. Nat Commun 12: 4794, 2021.

54.	 Calle X, Garrido‑Moreno V, Lopez‑Gallardo E, Norambuena-
Soto  I, Martínez D , Peñaloza‑Otárola  A, Troncossi  A, 
Guerrero-Moncayo A, Ortega A, Maracaja-Coutinho V, et al: 
Mitochondrial E3 ubiquitin ligase 1 (MUL1) as a novel therapeutic 
target for diseases associated with mitochondrial dysfunction. 
IUBMB Life 74: 850‑865, 2022.

55.	 Shao L, Liu Y, Wang W, Li A, Wan P, Liu W, Shereen MA, Liu F, 
Zhang W, Tan Q, et al: SUMO1 SUMOylates and SENP3 deSU‑
MOylates NLRP3 to orchestrate the inflammasome activation. 
FASEB J 34: 1497‑1515, 2020.

56.	Wang W and Matunis MJ: Paralogue‑specific roles of SUMO1 
and SUMO2/3 in protein quality control and associated diseases. 
Cells 13: 8, 2023.

57.	 Aillet F, Lopitz‑Otsoa F, Egaña I, Hjerpe R, Fraser P, Hay RT, 
Rodriguez MS and Lang V: Heterologous SUMO‑2/3‑ubiquitin 
chains optimize IκBα degradation and NF‑κB activity. PLoS 
One 7: e51672, 2012.

58.	Bi  X, Song  J, Gao  J, Zhao  J, Wang  M, Scipione C A, 
Koschinsky ML, Wang ZV, Xu S and Fu G: Activation of liver 
X receptor attenuates lysophosphatidylcholine‑induced IL‑8 
expression in endothelial cells via the NF‑κB pathway and 
SUMOylation. J Cell Mol Med 20: 2249‑2258, 2016.

59.	 Wang K, Zhou W, Hu G, Wang L, Cai R and Tian T: TFEB 
SUMOylation in macrophages accelerates atherosclerosis by 
promoting the formation of foam cells through inhibiting lyso‑
somal activity. Cell Mol Life Sci 80: 358, 2023.

60.	Robichaud S, Fairman G, Vijithakumar V, Mak E, Cook DP, 
Pelletier AR, Huard S, Vanderhyden BC, Figeys D, Lavallée-
Adam M, et al: Identification of novel lipid droplet factors that 
regulate lipophagy and cholesterol efflux in macrophage foam 
cells. Autophagy 17: 3671‑3689, 2021.

61.	 Vertegaal ACO: Signalling mechanisms and cellular functions of 
SUMO. Nat Rev Mol Cell Biol 23: 715‑731, 2022.

https://www.spandidos-publications.com/10.3892/ijmm.2026.5943


XU et al:  POST‑TRANSLATIONAL MODIFICATIONS IN ATHEROSCLEROSIS28

62.	Du C, Chen X, Su Q, Lu W, Wang Q, Yuan H, Zhang Z, Wang X, 
Wu H and Qi Y: The function of SUMOylation and its critical 
roles in cardiovascular diseases and potential clinical implica‑
tions. Int J Mol Sci 22: 10618, 2021.

63.	 Claessens  LA and Vertegaal  ACO: SUMO proteases: From 
cellular functions to disease. Trends Cell Biol 34: 901‑912, 2024.

64.	Goldknopf  IL and Busch  H: Isopeptide linkage between 
nonhistone and histone 2A polypeptides of chromosomal conju‑
gate‑protein A24. Proc Natl Acad Sci USA 74: 864‑868, 1977.

65.	 Huang  J, Zhu  Z, Schlüter D , Lambertsen  KL, Song  W and 
Wang X: Ubiquitous regulation of cerebrovascular diseases by 
ubiquitin‑modifying enzymes. Clin Transl Med 14: e1719, 2024.

66.	Qian H, Zhang N, Wu B, Wu S, You S, Zhang Y and Sun Y: The 
E3 ubiquitin ligase Smurf2 regulates PARP1 stability to alleviate 
oxidative stress‑induced injury in human umbilical vein endothe‑
lial cells. J Cell Mol Med 24: 4600‑4611, 2020.

67.	 Espinosa‑Diez C , Miguel  V, Mennerich D , Kietzmann  T, 
Sánchez‑Pérez P, Cadenas S and Lamas S: Antioxidant responses 
and cellular adjustments to oxidative stress. Redox Biol  6: 
183‑197, 2015.

68.	Wang  ZC, Niu  KM, Wu  YJ, Du  KR, Qi  LW, Zhou  YB and 
Sun HJ: A dual Keap1 and p47(phox) inhibitor Ginsenoside Rb1 
ameliorates high glucose/ox‑LDL‑induced endothelial cell injury 
and atherosclerosis. Cell Death Dis 13: 824, 2022.

69.	 An Y, Guo C, Wang X, Liu J, Li Z, Ding J, Zhang Q, Zhou H, 
Xia B, Wang J, et al: USP18 promotes cholesterol efflux and 
mitigates atherosclerosis by deubiquitinating ABCG1. J Cell Mol 
Med 29: e70320, 2025.

70.	Yvan‑Charvet L, Welch C, Pagler TA, Ranalletta M, Lamkanfi M, 
Han  S, Ishibashi  M, Li  R, Wang  N and Tall  AR: Increased 
inflammatory gene expression in ABC transporter‑deficient 
macrophages: Free cholesterol accumulation, increased signaling 
via toll‑like receptors, and neutrophil infiltration of atheroscle‑
rotic lesions. Circulation 118: 1837‑1847, 2008.

71.	 Allfrey VG, Faulkner R and Mirsky AE: Acetylation and meth‑
ylation of histones and their possible role in the regulation of rna 
synthesis. Proc Natl Acad Sci USA 51: 786‑794, 1964.

72.	Liu R, Li L, Wang Z, Zhu J and Ji Y: Acetylated histone modifica‑
tions: Intersection of diabetes and atherosclerosis. J Cardiovasc 
Pharmacol 83: 207‑219, 2024.

73.	 Kulthinee  S, Yano  N, Zhuang  S, Wang  L and Zhao  TC: 
Critical functions of histone deacetylases (HDACs) in modu‑
lating inflammation associated with cardiovascular diseases. 
Pathophysiology 29: 471‑485, 2022.

74.	 Luan Y, Liu H, Luan Y, Yang Y, Yang J and Ren KD: New insight 
in HDACs: Potential therapeutic targets for the treatment of 
atherosclerosis. Front Pharmacol 13: 863677, 2022.

75.	 Jiang  LP, Yu  XH, Chen  JZ, Hu  M, Zhang  YK, Lin  HL, 
Tang WY, He PP and Ouyang XP: Histone deacetylase 3: A 
potential therapeutic target for atherosclerosis. Aging Dis 13: 
773‑786, 2022.

76.	Huang D, Gao W, Zhong X, Wu H, Zhou Y, Ma Y, Qian J and 
Ge  J: Epigenetically altered macrophages promote develop‑
ment of diabetes‑associated atherosclerosis. Front Immunol 14: 
1196704, 2023.

77.	 Chen L, Shang C, Wang B, Wang G, Jin Z, Yao F, Yue Z, Bai L, 
Wang R, Zhao S, et al: HDAC3 inhibitor suppresses endothe‑
lial‑to‑mesenchymal transition via modulating inflammatory 
response in atherosclerosis. Biochem Pharmacol 192: 114716, 
2021.

78.	Zhang J, Xu Z, Gu J, Jiang S, Liu Q, Zheng Y, Freedman JH, 
Sun J and Cai L: HDAC3 inhibition in diabetic mice may acti‑
vate Nrf2 preventing diabetes‑induced liver damage and FGF21 
synthesis and secretion leading to aortic protection. Am J Physiol 
Endocrinol Metab 315: E150‑E162, 2018.

79.	 Ma H, Yang L, Liu Y, Yan R, Wang R, Zhang P, Bai Z, Liu Y, 
Ren Y, Li Y, et al: Butyrate suppresses atherosclerotic inflam‑
mation by regulating macrophages and polarization via 
GPR43/HDAC‑miRNAs axis in ApoE‑/‑ mice. PLoS One 18: 
e0282685, 2023.

80.	Hou Y, Moreau F and Chadee K: PPARγ is an E3 ligase that 
induces the degradation of NFκB/p65. Nat Commun 3: 1300, 
2012.

81.	 Zhao J, Hu J and Ma X: Sodium caprylate improves intestinal 
mucosal barrier function and antioxidant capacity by altering gut 
microbial metabolism. Food Funct 12: 9750‑9762, 2021.

82.	Cao Q, Rong S, Repa JJ, St Clair R, Parks JS and Mishra N: 
Histone deacetylase 9 represses cholesterol efflux and alterna‑
tively activated macrophages in atherosclerosis development. 
Arterioscler Thromb Vasc Biol 34: 1871‑1879, 2014.

  83.	Asare Y, Campbell‑James TA, Bokov Y, Yu LL, Prestel M, 
El Bounkari O, Roth S, Megens RTA, Straub T, Thomas K, et al: 
Histone deacetylase 9 Activates IKK to regulate atherosclerotic 
plaque vulnerability. Circ Res 127: 811‑823, 2020.

  84.	Luo  W, Meng  J, Yu  XH, Zhang  ZZ, Wang  G and He  J: 
Indole‑3‑Carboxaldehyde inhibits inflammatory response 
and lipid accumulation in macrophages through the 
miR‑1271‑5p/HDAC9 pathway. J Cell Mol Med 28: e70263, 
2024.

  85.	Guerriero  JL, Sotayo  A, Ponichtera  HE, Castrillon  JA, 
Pourzia  AL, Schad  S, Johnson  SF, Carrasco  RD, Lazo  S, 
Bronson RT, et al: Class IIa HDAC inhibition reduces breast 
tumours and metastases through anti‑tumour macrophages. 
Nature 543: 428‑432, 2017.

  86.	Huang J, Dong S, Wu Y, Yi H, Zhang W and Ai X: Sirtuin 6 
deacetylates apoptosis‑associated speck‑like protein (ASC) to 
inhibit endothelial cell pyroptosis in atherosclerosis. Int Heart 
J 65: 466‑474, 2024.

  87.	Grootaert MOJ, Finigan A, Figg NL, Uryga AK and Bennett MR: 
SIRT6 protects smooth muscle cells from senescence and 
reduces atherosclerosis. Circ Res 128: 474‑491, 2021.

  88.	Ambler RP and Rees MW: Epsilon‑N‑Methyl‑lysine in bacterial 
flagellar protein. Nature 184: 56‑57, 1959.

  89.	Zhang L, Xia C, Yang Y, Sun F, Zhang Y, Wang H, Liu R and 
Yuan M: DNA methylation and histone post‑translational modi‑
fications in atherosclerosis and a novel perspective for epigenetic 
therapy. Cell Commun Signal 21: 344, 2023.

  90.	Pyun JH, Ahn BY, Vuong TA, Kim SW, Jo Y, Jeon J, Baek SH, 
Kim J, Park S, Bae GU, et al: Inducible Prmt1 ablation in adult 
vascular smooth muscle leads to contractile dysfunction and 
aortic dissection. Exp Mol Med 53: 1569‑1579, 2021.

  91.	Gao L, Yu W, Song P and Li Q: Non‑histone methylation of 
SET7/9 and its biological functions. Recent Pat Anticancer Drug 
Discov 17: 231‑243, 2022.

  92.	Manea SA, Vlad ML, Lazar AG, Muresian H, Simionescu M 
and Manea A: SET7 lysine methyltransferase mediates the 
up‑regulation of NADPH oxidase expression, oxidative stress, 
and NLRP3 inflammasome priming in atherosclerosis. J Transl 
Med 23: 339, 2025.

  93.	Rodriguez  RM, Lopez‑Larrea C  and Suarez‑Alvarez  B: 
Epigenetic dynamics during CD4+ T cells lineage commitment. 
Int J Biochem Cell Biol 67: 75‑85, 2015.

  94.	Wei G, Wei L, Zhu J, Zang C, Hu‑Li J, Yao Z, Cui K, Kanno Y, 
Roh TY, Watford WT, et al: Global mapping of H3K4me3 and 
H3K27me3 reveals specificity and plasticity in lineage fate 
determination of differentiating CD4+ T cells. Immunity 30: 
155‑167, 2009.

  95.	Bonfiglio C A, Lacy  M, Triantafyllidou  V, Farina  FM, 
Janjic  A, Nitz  K, Wu  Y, Bazioti  V, Avcilar‑Kücükgöze  I, 
Marques YFS, et al: Ezh2 shapes T cell plasticity to drive 
atherosclerosis. Circulation 151: 1391‑1408, 2025.

  96.	Raj  V, Natarajan  S, C  M, Chatterjee  S, Ramasamy  M, 
Ramanujam  GM, Arasu  MV, Al‑Dhabi  NA, Choi  KC, 
Arockiaraj J and Karuppiah K: Cholecalciferol and metformin 
protect against lipopolysaccharide‑induced endothelial dysfunc‑
tion and senescence by modulating sirtuin‑1 and protein arginine 
methyltransferase‑1. Eur J Pharmacol 912: 174531, 2021.

  97.	Fan Z, Li J, Li P, Ye Q, Xu H, Wu X and Xu Y: Protein arginine 
methyltransferase 1 (PRMT1) represses MHC II transcription 
in macrophages by methylating CIITA. Sci Rep 7: 40531, 2017.

  98.	Fei X, Cen X, Zhao R, Wang J and Cui H: PRMT5 knock‑
down enhances cell viability and suppresses cell apoptosis, 
oxidative stress, inflammation and endothelial dysfunction in 
ox‑LDL‑induced vascular endothelial cells via interacting with 
PDCD4. Int Immunopharmacol 122: 110529, 2023.

  99.	Li J, Yao H, Zhao F, An J, Wang Q, Mu J, Liu Z, Zou MH and 
Xie Z: Pycard deficiency inhibits microRNA maturation and 
prevents neointima formation by promoting chaperone‑mediated 
autophagic degradation of AGO2/argonaute 2 in adipose tissue. 
Autophagy 20: 629‑644, 2024.

100.	Zhang Y and Zhang Y: Knockdown of USP7 alleviates athero‑
sclerosis in ApoE‑deficient mice by regulating EZH2 expression. 
Open Life Sci 19: 20220929, 2024.

101.	Li YY, Zhou SH, Chen SS, Zhong J and Wen GB: PRMT2 
inhibits the formation of foam cell induced by ox‑LDL in RAW 
264.7 macrophage involving ABCA1 mediated cholesterol 
efflux. Biochem Biophys Res Commun 524: 77‑82, 2020.

102.	Sun X, Zhang Y, Chen XF and Tang X: Acylations in cardio‑
vascular biology and diseases, what's beyond acetylation. 
EBioMedicine 87: 104418, 2023.



INTERNATIONAL JOURNAL OF MOlecular medicine  58:  272,  2026 29

103.	Hirschey  MD and Zhao  Y: Metabolic regulation by lysine 
malonylation, succinylation, and glutarylation. Mol Cell 
Proteomics 14: 2308‑2315, 2015.

104.	Rardin  MJ, He  W, Nishida  Y, Newman  JC, Carrico C , 
Danielson SR, Guo A, Gut P, Sahu AK, Li B, et al: SIRT5 
regulates the mitochondrial lysine succinylome and metabolic 
networks. Cell Metab 18: 920‑933, 2013.

105.	Sadhukhan  S, Liu  X, Ryu D , Nelson  OD, Stupinski  JA, 
Li  Z, Chen  W, Zhang  S, Weiss  RS, Locasale  JW,  et  al: 
Metabolomics‑assisted proteomics identifies succinylation and 
SIRT5 as important regulators of cardiac function. Proc Natl 
Acad Sci USA 113: 4320‑4325, 2016.

106.	Cao SH, Chen ZH, Ma RY, Yue L, Jiang HM and Dong LH: 
Dynamics and functional interplay of nonhistone lysine 
crotonylome and ubiquitylome in vascular smooth muscle 
cell phenotypic remodeling. Front Cardiovasc Med 9: 783739, 
2022.

107.	Zou L, Yang Y, Wang Z, Fu X, He X, Song J, Li T, Ma H and 
Yu T: Lysine malonylation and its links to metabolism and 
diseases. Aging Dis 14: 84‑98, 2023.

108.	Nishida  Y, Rardin  MJ, Carrico C , He  W, Sahu  AK, Gut  P, 
Najjar R, Fitch M, Hellerstein M, Gibson BW and Verdin E: 
SIRT5 regulates both cytosolic and mitochondrial protein malo‑
nylation with glycolysis as a major target. Mol Cell 59: 321‑332, 
2015.

109.	Schmidt MF and Schlesinger MJ: Fatty acid binding to vesicular 
stomatitis virus glycoprotein: A new type of post‑translational 
modification of the viral glycoprotein. Cell 17: 813‑819, 1979.

110.	Stamler JS, Simon DI, Osborne JA, Mullins ME, Jaraki O, 
Michel T, Singel DJ and Loscalzo J: S‑nitrosylation of proteins 
with nitric oxide: Synthesis and characterization of biologi‑
cally active compounds. Proc Natl Acad Sci USA 89: 444‑448, 
1992.

111.	Brigelius R, Muckel C, Akerboom TP and Sies H: Identification 
and quantitation of glutathione in hepatic protein mixed disul‑
fides and its relationship to glutathione disulfide. Biochem 
Pharmacol 32: 2529‑2534, 1983.

112.	Boutin C, Clément C and Rivoal J: Post‑translational modifica‑
tions to cysteine residues in plant proteins and their impact on 
the regulation of metabolism and signal transduction. Int J Mol 
Sci 25: 9845, 2024.

113.	Salah A, Li Y, Wang H, Qi N and Wu Y: Macrophages as a 
Double‑Edged Weapon: The use of macrophages in cancer 
immunotherapy and understanding the cross‑talk between 
macrophages and cancer. DNA Cell Biol 40: 429‑440, 2021.

114.	Tan Y, Huang Z, Jin Y, Wang J, Fan H, Liu Y, Zhang L, Wu Y, 
Liu P, Li T, et al: Lipid droplets sequester palmitic acid to 
disrupt endothelial ciliation and exacerbate atherosclerosis in 
male mice. Nat Commun 15: 8273, 2024.

115.	Lien EC, Westermark AM, Zhang Y, Yuan C, Li Z, Lau AN, 
Sapp KM, Wolpin BM and Vander Heiden MG: Low glycaemic 
diets alter lipid metabolism to influence tumour growth. 
Nature 599: 302‑307, 2021.

116.	Birukova AA, Starosta V, Tian X, Higginbotham K, Koroniak L, 
Berliner JA and Birukov KG: Fragmented oxidation products 
define barrier disruptive endothelial cell response to OxPAPC. 
Transl Res 161: 495‑504, 2013.

117.	Chen S, Gao JJ, Liu YJ, Mo ZW, Wu FY, Hu ZJ, Peng YM, 
Zhang XQ, Ma ZS, Liu ZL, et al: The oxidized phospholipid 
PGPC impairs endothelial function by promoting endothelial 
cell ferroptosis via FABP3. J Lipid Res 65: 100499, 2024.

118.	Schulze  A, Beliu  G, Helmerich D A, Schubert  J, Pearl  LH, 
Prodromou C and Neuweiler H: Cooperation of local motions in 
the Hsp90 molecular chaperone ATPase mechanism. Nat Chem 
Biol 12: 628‑635, 2016.

119.	Zhao S, Tang X, Miao Z, Chen Y, Cao J, Song T, You D, Zhong Y, 
Lin Z, Wang D, et al: Hsp90 S‑nitrosylation at Cys521, as a confor‑
mational switch, modulates cycling of Hsp90‑AHA1‑CDC37 
chaperone machine to aggravate atherosclerosis. Redox Biol 52: 
102290, 2022.

120.	Li C , Jin  Y, Wei  S, Sun  Y, Jiang  L, Zhu  Q, Farmer D G, 
Busuttil RW, Kupiec‑Weglinski JW and Ke B: Hippo signaling 
controls NLR family pyrin domain containing 3 activation and 
governs immunoregulation of mesenchymal stem cells in mouse 
liver injury. Hepatology 70: 1714‑1731, 2019.

121.	Chao ML, Luo S, Zhang C, Zhou X, Zhou M, Wang J, Kong C, 
Chen J, Lin Z, Tang X, et al: S‑nitrosylation‑mediated coupling of 
G‑protein alpha‑2 with CXCR5 induces Hippo/YAP‑dependent 
diabetes‑accelerated atherosclerosis. Nat Commun 12: 4452, 
2021.

122.	Gao Y, Xiao X, Zhang C, Yu W, Guo W, Zhang Z, Li Z, Feng X, 
Hao J, Zhang K, et al: Melatonin synergizes the chemothera‑
peutic effect of 5‑fluorouracil in colon cancer by suppressing 
PI3K/AKT and NF‑κB/iNOS signaling pathways. J Pineal Res 
62: 2017.

123.	Helmstädter J, Frenis K, Filippou K, Grill A, Dib M, Kalinovic S, 
Pawelke F, Kus K, Kröller‑Schön S, Oelze M, et al: Endothelial 
GLP‑1 (Glucagon‑Like Peptide‑1) Receptor mediates cardiovas‑
cular protection by liraglutide in mice with experimental arterial 
hypertension. Arterioscler Thromb Vasc Biol 40: 145‑158, 2020.

124.	Seidel  K, Wan  X, Zhang  M, Zhou  Y, Zang  M and Han  J: 
Alcohol Binge Drinking Selectively Stimulates Protein 
S‑Glutathionylation in Aorta and Liver of ApoE (‑/‑) Mice. Front 
Cardiovasc Med 8: 649813, 2021.

125.	Zhang Y, Dong D, Xu X, He H, Zhu Y, Lei T and Ou H: Oxidized 
high‑density lipoprotein promotes CD36 palmitoylation and 
increases lipid uptake in macrophages. J  Biol Chem  298: 
102000, 2022.

126.	Zhou B, Liu Y, Ma H, Zhang B, Lu B, Li S, Liu T, Qi Y, Wang Y, 
Zhang M, et al: Zdhhc1 deficiency mitigates foam cell formation 
and atherosclerosis by inhibiting PI3K‑Akt‑mTOR signaling 
pathway through facilitating the nuclear translocation of p110α. 
Biochim Biophys Acta Mol Basis Dis 1871: 167577, 2025.

127.	Zaballa ME and van der Goot FG: The molecular era of protein 
S‑acylation: Spotlight on structure, mechanisms, and dynamics. 
Crit Rev Biochem Mol Biol 53: 420‑451, 2018.

128.	Kodaka M, Kikuchi A, Kawahira K, Kamada H, Katsuta R, 
Ishigami K, Suzuki T, Yamamoto Y and Inoue J: Identification 
of a novel target of sulforaphane: Sulforaphane binds to 
acyl‑protein thioesterase 2 (APT2) and attenuates its palmi‑
toylation. Biochem Biophys Res Commun 726: 150244, 2024.

129.	Barter  P, Gotto  AM, LaRosa  JC, Maroni  J, Szarek  M, 
Grundy SM, Kastelein JJ, Bittner V and Fruchart JC; Treating to 
New Targets Investigators: HDL cholesterol, very low levels of 
LDL cholesterol, and cardiovascular events. N Engl J Med 357: 
1301‑1310, 2007.

130.	Khatib S, Artoul F, Gershko M, Markman G and Vaya J: The 
synthesis and analysis of S‑nitorsylated paraoxonase 1. Biochem 
Biophys Res Commun 444: 354‑359, 2014.

131.	Hajouj H, Khattib A, Atrahimovich D, Musa S and Khatib S: 
S‑Nitrosylation of Paraxonase 1 (PON1) elevates its hydrolytic 
and antioxidant activities. Biomolecules 12: 414, 2022.

132.	Kim HS and Asmis R: Mitogen‑activated protein kinase phos‑
phatase 1 (MKP‑1) in macrophage biology and cardiovascular 
disease. A redox‑regulated master controller of monocyte 
function and macrophage phenotype. Free Radic Biol Med 109: 
75‑83, 2017.

133.	Ahn YJ, Wang L, Kim S, Eber MR, Salerno AG and Asmis R: 
Macrophage‑restricted overexpression of glutaredoxin 
1 protects against atherosclerosis by preventing nutrient 
stress‑induced macrophage dysfunction and reprogramming. 
Atherosclerosis 387: 117383, 2023.

134.	Kim HS, Ullevig SL, Zamora D, Lee CF and Asmis R: Redox 
regulation of MAPK phosphatase 1 controls monocyte migra‑
tion and macrophage recruitment. Proc Natl Acad Sci USA 109: 
E2803‑E2812, 2012.

135.	Wang L, Ahn YJ and Asmis R: Inhibition of myeloid HDAC2 
upregulates glutaredoxin 1 expression, improves protein thiol 
redox state and protects against high‑calorie diet‑induced 
monocyte dysfunction and atherosclerosis. Atherosclerosis 328: 
23‑32, 2021.

136.	Levene PA and Alsberg CL: The Cleavage Products of Vitellin. 
J Biol Chem 2: 127‑133, 1906.

137.	Cheng X, Wang K, Zhao Y and Wang K: Research progress on 
post‑translational modification of proteins and cardiovascular 
diseases. Cell Death Discov 9: 275, 2023.

138.	You LL, Luo XB, Zhou WQ, Zhang RC, Li ZH, Xu JX, Ran J 
and Xu J: Aerobic exercise modulates aortic chondrogenesis 
and calcification via 5‑methoxytryptophan and P38MAPK in 
atherosclerotic rats. Exp Gerontol 202: 112722, 2025.

139.	Ajay AK, Zhu LJ, Zhao L, Liu Q, Ding Y, Chang YC, Shah SI 
and Hsiao LL: Local vascular Klotho mediates diabetes‑induced 
atherosclerosis via ERK1/2 and PI3‑kinase‑dependent signaling 
pathways. Atherosclerosis 396: 118531, 2024.

140.	Al‑Ahmadi W, Webberley TS, Joseph A, Harris F, Chan YH, 
Alotibi R, Williams JO, Alahmadi A, Decker T, Hughes TR 
and Ramji DP: Pro‑atherogenic actions of signal transducer and 
activator of transcription 1 serine 727 phosphorylation in LDL 
receptor deficient mice via modulation of plaque inflammation. 
FASEB J 35: e21892, 2021.

https://www.spandidos-publications.com/10.3892/ijmm.2026.5943


XU et al:  POST‑TRANSLATIONAL MODIFICATIONS IN ATHEROSCLEROSIS30

141.	Ma B, Chen K, Liu P, Li M, Liu J, Sideras K, Sprengers D, 
Biermann K, Wang W, IJzermans JNM, et al: Dichotomal 
functions of phosphorylated and unphosphorylated STAT1 
in hepatocellular carcinoma. J Mol Med (Berl) 97: 77‑88, 
2019.

142.	Zhang X, Liu J, Han L, Luo G, Jiang P, Jing J and Quan J: 
Vitamin D reduces VSMC foam cell formation and protects 
against AS progression. J Endocrinol 265: e240056, 2025.

143.	Dong Y, Zhang M, Liang B, Xie Z, Zhao Z, Asfa S, Choi HC and 
Zou MH: Reduction of AMP‑activated protein kinase alpha2 
increases endoplasmic reticulum stress and atherosclerosis 
in vivo. Circulation 121: 792‑803, 2010.

144.	Zhang Y, Qiu J, Wang X, Zhang Y and Xia M: AMP‑activated 
protein kinase suppresses endothelial cell inflammation through 
phosphorylation of transcriptional coactivator p300. Arterioscler 
Thromb Vasc Biol 31: 2897‑2908, 2011.

145.	Li Y, Xu S, Mihaylova MM, Zheng B, Hou X, Jiang B, Park O, 
Luo Z, Lefai E, Shyy JY, et al: AMPK phosphorylates and 
inhibits SREBP activity to attenuate hepatic steatosis and 
atherosclerosis in diet‑induced insulin‑resistant mice. Cell 
Metab 13: 376‑388, 2011.

146.	A l ‑Ku r a i shy   H M,  Su l a i m a n   GM,  Mo h s i n   M H, 
Moh a m m e d   H A,  D awo o d   R A,  A lbu h a d i ly   A K, 
Al‑Gareeb AI, Albukhaty S and Abomughaid MM: Targeting 
of AMPK/MTOR signaling in the management of athero‑
sclerosis: Outmost leveraging. Int J  Biol Macromol  309 
(Pt 2): 142933, 2025.

147.	Xia B, Liang J, Lu Y, Ding J, Peng J, Li F, Dai  J, Liu Y, 
Wang  J, Wan C  and Luo  P: Lactofer r in inf luences 
atherosclerotic progression by modulating macrophagic 
AMPK/mTOR signaling‑dependent autophagy. Sci Rep 15: 
10585, 2025.

148.	Yang  Y, Chen  Z, Song D , Wu  J, Wang  J and YouyouYan: 
Inhibition of ferroptosis alleviates atherosclerosis and foam cell 
formation by regulating lipid metabolism via AMPK activation. 
Int Immunopharmacol 153: 114553, 2025.

149.	Rezaei M, Mehta JL, Zadeh GM, Khedri A and Rezaei HB: 
Myosin light chain phosphatase is a downstream target 
of Rho‑kinase in endothelin‑1‑induced transactivation of 
the TGF‑β receptor. Cell Biochem Biophys 82: 1109‑1120, 
2024.

150.	Ke M, Ji M, Wang H, Yao Y, Wu Y and Qi N: Inhibition of 
Rho‑associated protein kinase improves the survival of human 
induced pluripotent stem cell‑derived cardiomyocytes after 
dissociation. Exp Ther Med 19: 1701‑1710, 2020.

151.	Guo C L, Liu  HM, Li  B and Lu  ZY: Angiotensin‑(1‑9) 
prevents angiotensin II‑induced endothelial apoptosis through 
CNPY2/PERK pathway. Apoptosis 28: 379‑396, 2023.

152.	Ren J, Zhou T, Pilli VSS, Phan N, Wang Q, Gupta K, Liu Z, 
Sheibani N and Liu B: Novel paracrine functions of smooth 
muscle cells in supporting endothelial regeneration following 
arterial injury. Circ Res 124: 1253‑1265, 2019.

153.	Han JH, Heo KS and Myung CS: Cytokine‑induced apoptosis 
inhibitor 1 (CIAPIN1) accelerates vascular remodelling via p53 
and JAK2‑STAT3 regulation in vascular smooth muscle cells. 
Br J Pharmacol 178: 4533‑4551, 2021.

154.	Xu L, Zhang H, Wang Y, Yang A, Dong X, Gu L, Liu D, Ding N 
and Jiang Y: FABP4 activates the JAK2/STAT2 pathway via 
Rap1a in the homocysteine‑induced macrophage inflammatory 
response in ApoE(‑/‑) mice atherosclerosis. Lab Invest 102: 
25‑37, 2022.

155.	Lv Y, Jiang Z, Zhou W, Yang H, Jin G, Wang D, Kong C, Qian Z, 
Gu Y, Chen S and Zhu L: Low‑Shear stress promotes athero‑
sclerosis via inducing endothelial cell pyroptosis mediated by 
IKKε/STAT1/NLRP3 pathway. Inflammation 47: 1053‑1066, 
2024.

156.	Liberale  L, Puspitasari  YM, Ministrini  S, Akhmedov  A, 
Kraler  S, Bonetti  NR, Beer  G, Vukolic  A, Bongiovanni D , 
Han  J,  et  al: JCAD promotes arterial thrombosis through 
PI3K/Akt modulation: A translational study. Eur Heart J 44: 
1818‑1833, 2023.

157.	Bause E and Legler G: The role of the hydroxy amino acid in 
the triplet sequence Asn‑Xaa‑Thr(Ser) for the N‑glycosylation 
step during glycoprotein biosynthesis. Biochem J 195: 639‑644, 
1981.

158.	Regal‑McDonald  K, Somarathna  M, Lee  T, Litovsky  SH, 
Barnes J, Peretik  JM, Traylor  JG Jr, Orr AW and Patel RP: 
Assessment of ICAM‑1 N‑glycoforms in mouse and human 
models of endothelial dysfunction. PLoS One 15: e0230358, 
2020.

159.	Kunjathoor  VV, Febbraio  M, Podrez  EA, Moore  KJ, 
Andersson L, Koehn S, Rhee JS, Silverstein R, Hoff HF and 
Freeman MW: Scavenger receptors class A‑I/II and CD36 are 
the principal receptors responsible for the uptake of modified 
low density lipoprotein leading to lipid loading in macrophages. 
J Biol Chem 277: 49982‑49988, 2002.

160.	Kawecki C, Bocquet O, Schmelzer CEH, Heinz A, Ihling C, 
Wahart A, Romier B, Bennasroune A, Blaise S, Terryn C, et al: 
Identification of CD36 as a new interaction partner of membrane 
NEU1: potential implication in the pro‑atherogenic effects of 
the elastin receptor complex. Cell Mol Life Sci 76: 791‑807, 
2019.

161.	Shu  M, Cheng  W, Jia  X, Bai  X, Zhao  Y, Lu  Y, Zhu  L, 
Zhu Y, Wang L, Shu Y, et al: AGEs promote atheroscle‑
rosis by increasing LDL transcytosis across endothelial 
cells via RAGE/NF‑κB/Caveolin‑1 pathway. Mol Med 29: 
113, 2023.

162.	Terasaki  M, Yashima  H, Mori  Y, Saito  T, Inoue  N, 
Matsui T, Osaka N, Fujikawa T, Ohara M and Yamagishi SI: 
Glucose‑Dependent insulinotropic polypeptide inhibits 
AGE‑Induced NADPH oxidase‑derived oxidative stress genera‑
tion and foam cell formation in macrophages partly via AMPK 
activation. Int J Mol Sci 25: 9724, 2024.

163.	Yuan G, Si G, Hou Q, Li Z, Xu K, Wang Y, Wang W, Xu X, 
Zhang L, Sun X, et al: Advanced glycation end products induce 
proliferation and migration of human aortic smooth muscle cells 
through PI3K/AKT pathway. Biomed Res Int 2020: 8607418, 
2020.

164.	Ischiropoulos H, Zhu L, Chen J, Tsai M, Martin JC, Smith CD 
and Beckman  JS: Peroxynitrite‑mediated tyrosine nitration 
catalyzed by superoxide dismutase. Arch Biochem Biophys 298: 
431‑437, 1992.

165.	Lopes  PDD, de  Assis  N, de  Araújo  NF, Moreno  OLM, 
Jorge  KTOS, E C astor  MGM, Teixeira  MM, Soriani  FM, 
Capettini LDSA, Bonaventura D and Cau SBA: COX/iNOS 
dependence for angiotensin‑II‑induced endothelial dysfunction. 
Peptides 157: 170863, 2022.

166.	Tangeten C, Zouaoui Boudjeltia K, Delporte C, Van Antwerpen P 
and Korpak K: Unexpected role of MPO‑Oxidized LDLs in 
atherosclerosis: In between inflammation and its resolution. 
Antioxidants (Basel) 11: 874, 2022.

167.	Fu X, Kassim SY, Parks WC and Heinecke JW: Hypochlorous 
acid oxygenates the cysteine switch domain of pro‑matrilysin 
(MMP‑7). A mechanism for matrix metalloproteinase activation 
and atherosclerotic plaque rupture by myeloperoxidase. J Biol 
Chem 276: 41279‑41287, 2001.

168.	Senderovic A and Galijasevic S: The role of inducible nitric 
oxide synthase in assessing the functional level of coronary 
artery lesions in chronic coronary syndrome. Cardiol Res 15: 
330‑339, 2024.

169.	Guan X, Liu Y, An Y, Wang X, Wei L and Qi X: FAK family 
kinases: A potential therapeutic target for atherosclerosis. 
Diabetes Metab Syndr Obes 17: 3151‑3161, 2024.

170.	Chambon  P, Weill  JD and Mandel  P: Nicotinamide mono‑
nucleotide activation of new DNA‑dependent polyadenylic 
acid synthesizing nuclear enzyme. Biochem Biophys Res 
Commun 11: 39‑43, 1963.

171.	Gogulamudi  VR, Islam  MT, Durrant  JR, Adeyemo  AO, 
Trott DW, Hyuhn MH, Zhu W, Donato AJ, Walker AE and 
Lesniewski LA: Heterozygosity for ADP‑ribosylation factor 
6 suppresses the burden and severity of atherosclerosis. PLoS 
One 18: e0285253, 2023.

172.	Papaconstantinou J: The role of signaling pathways of inflam‑
mation and oxidative stress in development of senescence and 
aging phenotypes in cardiovascular disease. Cells 8: 1383, 
2019.

173.	Huangfu H, Huang Z, Liao W, Zou T, Shang X and Yu H: M1 
linear ubiquitination of LKB1 inhibits vascular endothelial cell 
injury in atherosclerosis through activation of AMPK. Hum 
Cell 36: 1901‑1914, 2023.

174.	Xu  W, Wu  Y, Mao  R, Jia  Y, Jiang  H, Zhang  F, Huang D , 
He X, Wang C and Huang K: Poly(ADP‑ribose) polymerase 1 
orchestrates vascular smooth muscle cell homeostasis in arterial 
disease. Exp Mol Med 57: 1686‑1699, 2025.

175.	Cardoso D, Guilbert S, Guigue P, Carabalona A, Harhouri K, 
Peccate C, Tournois J, Guesmia Z, Ferreira L, Bartoli C, et al: 
Inhibition of poly(ADP‑Ribosyl)ation reduced vascular smooth 
muscle cells loss and improves aortic disease in a mouse model 
of human accelerated aging syndrome. Cell Death Dis 15: 723, 
2024.



INTERNATIONAL JOURNAL OF MOlecular medicine  58:  272,  2026 31

176.	Mustafa K, Han Y, He D, Wang Y, Niu N, Jose PA, Jiang Y, 
Kopp JB, Lee H and Qu P: Poly‑(ADP‑ribose) polymerases 
inhibition by olaparib attenuates activities of the NLRP3 inflam‑
masome and of NF‑κB in THP‑1 monocytes. PLoS One 19: 
e0295837, 2024.

177.	Fu J, Lu ZT, Wu G, Yang ZC, Wu X, Wang D, Nie ZM and 
Sheng Q: Gastrodia elata specific miRNA attenuates neuro‑
inflammation via modulating NF‑κB signaling pathway. Int 
J Neurosci 134: 1652‑1662, 2024.

178.	Berkholz J and Karle W: Unravelling the molecular interplay: 
SUMOylation, PML nuclear bodies and vascular cell activity in 
health and disease. Cell Signal 119: 111156, 2024.

179.	Pan  S and Chen  R: Pathological implication of protein 
post‑translational modifications in cancer. Mol Aspects Med 86: 
101097, 2022.

180.	Adoni KR, Cunningham DL, Heath JK and Leney AC: FAIMS 
enhances the detection of PTM crosstalk sites. J Proteome 
Res 21: 930‑939, 2022.

181.	Zecha  J, Gabriel  W, Spallek  R, Chang  YC, Mergner  J, 
Wilhelm  M, Bassermann  F and Kuster  B: Link ing 
post‑translational modifications and protein turnover by 
site‑resolved protein turnover profiling. Nat Commun 13: 
165, 2022.

182.	Wu C , Ba  Q, Lu D , Li  W, Salovska  B, Hou  P, Mueller  T, 
Rosenberger G, Gao E, Di Y, et al: Global and site‑specific 
effect of phosphorylation on protein turnover. Dev Cell 56: 
111‑124.e6, 2021.

183.	Hammarén  HM, Geissen  EM, Potel C M, Beck  M and 
Savitski MM: Protein‑peptide turnover profiling reveals the 
order of PTM addition and removal during protein maturation. 
Nat Commun 13: 7431, 2022.

184.	Pi S, Mao L, Chen J, Shi H, Liu Y, Guo X, Li Y, Zhou L, He H, 
Yu C, et al: The P2RY12 receptor promotes VSMC‑derived 
foam cell formation by inhibiting autophagy in advanced 
atherosclerosis. Autophagy 17: 980‑1000, 2021.

185.	Karamanavi E, McVey DG, van der Laan SW, Stanczyk PJ, 
Morris GE, Wang Y, Yang W, Chan K, Poston RN, Luo J, et al: 
The FES gene at the 15q26 coronary‑artery‑disease locus 
inhibits atherosclerosis. Circ Res 131: 1004‑1017, 2022.

186.	Theofilatos  K, Stojkovic  S, Hasman  M, van  der  Laan  SW, 
Baig  F, Barallobre‑Barreiro  J, Schmidt  LE, Yin  S, Yin  X, 
Burnap S, et al: Proteomic atlas of atherosclerosis: The contri‑
bution of proteoglycans to sex differences, plaque phenotypes, 
and outcomes. Circ Res 133: 542‑558, 2023.

187.	Dai X, Lv X, Thompson EW and Ostrikov KK: Histone lacty‑
lation: Epigenetic mark of glycolytic switch. Trends Genet 38: 
124‑127, 2022.

188.	Wang T, Ye Z, Li Z, Jing DS, Fan GX, Liu MQ, Zhuo QF, Ji SR, 
Yu XJ, Xu XW and Qin Y: Lactate‑induced protein lactylation: 
A bridge between epigenetics and metabolic reprogramming in 
cancer. Cell Prolif 56: e13478, 2023.

189.	Ren H, Tang Y and Zhang D: The emerging role of protein 
l‑lactylation in metabolic regulation and cell signalling. Nat 
Metab 7: 647‑664, 2025.

190.	Zong Z, Xie F, Wang S, Wu X, Zhang Z, Yang B and Zhou F: 
Alanyl‑tRNA synthetase, AARS1, is a lactate sensor and lactyl‑
transferase that lactylates p53 and contributes to tumorigenesis. 
Cell 187: 2375‑2392.e33, 2024.

191.	Dai F, Qi Y, Guan W, Meng G, Liu Z, Zhang T and Yao W: 
RhoGDI stability is regulated by SUMOylation and ubiquitina‑
tion via the AT1 receptor and participates in Ang II‑induced 
smooth muscle proliferation and vascular remodeling. 
Atherosclerosis 288: 124‑136, 2019.

192.	Boulter  E, Garcia‑Mata  R, Guilluy C , Dubash  A, Rossi  G, 
Brennwald  PJ and Burridge  K: Regulation of Rho GTPase 
crosstalk, degradation and activity by RhoGDI1. Nat Cell 
Biol 12: 477‑483, 2010.

193.	Bian YL, Qi YX, Yan ZQ, Long DK, Shen BR and Jiang ZL: 
A proteomic analysis of aorta from spontaneously hypertensive 
rat: RhoGDI alpha upregulation by angiotensin II via AT(1) 
receptor. Eur J Cell Biol 87: 101‑110, 2008.

194.	Du XL, Edelstein D, Dimmeler S, Ju Q, Sui C and Brownlee M: 
Hyperglycemia inhibits endothelial nitric oxide synthase 
activity by posttranslational modification at the Akt site. J Clin 
Invest 108: 1341‑1348, 2001.

195.	Sun Z, Zhang L, Yin K, Zang G, Qian Y, Mao X, Li L, Jing Q and 
Wang Z: SIRT3‑and FAK‑mediated acetylation‑phosphorylation 
crosstalk of NFATc1 regulates Nε‑carboxymethyl‑lysine‑induced 
vascular calcification in diabetes mellitus. Atherosclerosis 377: 
43‑59, 2023.

196.	Hansen BK, Gupta R, Baldus L, Lyon D, Narita T, Lammers M, 
Choudhary C and Weinert BT: Analysis of human acetylation 
stoichiometry defines mechanistic constraints on protein regula‑
tion. Nat Commun 10: 1055, 2019.

197.	Bennett  JL, El‑Baba  TJ, Zouboulis  KC, Kirschbaum C , 
Song  H, Butroid  FI, Benesch  JLP, Lutomski C A and 
Robinson C V: Uncovering hidden protein modifications 
with native top‑down mass spectrometry. Nat Methods 22: 
2127‑2137, 2025.

198.	Chen  Z, Hagler  J, Palombella  VJ, Melandri  F, Scherer D , 
Ballard D and Maniatis T: Signal‑induced site‑specific phos‑
phorylation targets I kappa B alpha to the ubiquitin‑proteasome 
pathway. Genes Dev 9: 1586‑1597, 1995.

199.	Hoffmann A, Levchenko A, Scott ML and Baltimore D: The 
IkappaB‑NF‑kappaB signaling module: temporal control 
and selective gene activation. Science  298: 1241‑1245, 
2002.

200.	Zittlau KI, Lechado‑Terradas A, Nalpas N, Geisler S, Kahle PJ 
and Macek B: Temporal analysis of protein ubiquitylation and 
phosphorylation during parkin‑dependent mitophagy. Mol Cell 
Proteomics 21: 100191, 2022.

201.	Kohler D, Tsai TH, Verschueren E, Huang T, Hinkle T, Phu L, 
Choi M and Vitek O: MSstatsPTM: Statistical relative quanti‑
fication of posttranslational modifications in bottom‑up mass 
spectrometry‑based proteomics. Mol Cell Proteomics  22: 
100477, 2023.

202.	Depuydt MAC, Prange KHM, Slenders L, Örd T, Elbersen D, 
Boltjes  A, de  Jager  SCA, Asselbergs  FW, de  Borst  GJ, 
Aavik E, et al: Microanatomy of the human atherosclerotic 
plaque by single‑cell transcriptomics. Circ Res 127: 1437‑1455, 
2020.

203.	Sun  J, Singh  P, Shami  A, Kluza  E, Pan  M, Djordjevic D , 
Michaelsen  N B, Kennbäck C ,  van  der   Wel  N N, 
Orho‑Melander M, et al: Spatial transcriptional mapping reveals 
site‑specific pathways underlying human atherosclerotic plaque 
rupture. J Am Coll Cardiol 81: 2213‑2227, 2023.

204.	Meyer JG, D'Souza AK, Sorensen DJ, Rardin MJ, Wolfe AJ, 
Gibson BW and Schilling B: Quantification of lysine acetylation 
and succinylation stoichiometry in proteins using mass spectro‑
metric data‑independent acquisitions (SWATH). J Am Soc Mass 
Spectrom 27: 1758‑1771, 2016.

205.	Emini  Veseli  B, Perrotta  P, De  Meyer  GRA, Roth  L, 
Van der Donckt C, Martinet W and De Meyer GRY: Animal 
models of atherosclerosis. Eur J Pharmacol 816: 3‑13, 2017.

206.	Sameshima  T, Yamamoto  T, Sano  O, Sogabe  S, Igaki  S, 
Sakamoto  K, Ida  K, Gotou  M, Imaeda  Y, Sakamoto  J and 
Miyahisa I: Discovery of an irreversible and cell‑active BCL6 
inhibitor selectively targeting Cys53 located at the protein‑protein 
interaction interface. Biochemistry 57: 1369‑1379, 2018.

207.	Ma Y, Feng S, Jiang Y, Jiang J, Liu R, Ma Y, Yin X, Bian H and 
Zhu R: SLC22A6‑dependent lactylation of H3K9 aggravates 
endothelial dysfunction and atherosclerosis. Metabolism 175: 
156426, 2026.

208.	Wang Z, Zhang Z, Xin R, Ma M, Sun Z, Li Z, Zhang C, Liu L, 
Wu Z, Zhang Y and Chen Y: Narciclasine alleviates endothelial 
inflammation and atherosclerosis initiation by inhibiting histone 
lactylation‑mediated NF‑κB activation. Inflammation 49: 49, 
2026.

209.	Liu F, Chen S, Ming X, Li H, Zeng Z and Lv Y: Sortilin‑induced 
lipid accumulation and atherogenesis are suppressed by 
HNF1b SUMOylation promoted by flavone of Polygonatum 
odoratum. J  Zhejiang Univ Sci B  24: 998‑1013, 2023 (In 
English, Chinese).

210.	Chandra D, Londino J, Alexander S, Bednash JS, Zhang Y, 
Friedlander RM, Daskivich G, Carlisle DL, Lariviere WR, 
Nakassa ACI, et al: The SCFFBXO3 ubiquitin E3 ligase regu‑
lates inflammation in atherosclerosis. J Mol Cell Cardiol 126: 
50‑59, 2019.

211.	Zeng  Y, Cao  J, Li C X, Wang C Y, Wu  RM and Xu  XL: 
MDM2‑Mediated ubiquitination of RXRβ contributes to mito‑
chondrial damage and related inflammation in atherosclerosis. 
Int J Mol Sci 23: 5766, 2022.

212.	Gao Q, Wei A, Chen F, Chen X, Ding W, Ding Z, Wu Z, Du R 
and Cao W: Enhancing PPARγ by HDAC inhibition reduces 
foam cell formation and atherosclerosis in ApoE deficient mice. 
Pharmacol Res 160: 105059, 2020.

213.	Choi JH, Nam KH, Kim J, Baek MW, Park JE, Park HY, Kwon HJ, 
Kwon OS, Kim DY and Oh GT: Trichostatin A exacerbates 
atherosclerosis in low density lipoprotein receptor‑deficient 
mice. Arterioscler Thromb Vasc Biol 25: 2404‑2409, 2005.

https://www.spandidos-publications.com/10.3892/ijmm.2026.5943


XU et al:  POST‑TRANSLATIONAL MODIFICATIONS IN ATHEROSCLEROSIS32

214.	Olsen  EA, Kim  YH, Kuzel  TM, Pacheco  TR, Foss  FM, 
Parker S, Frankel SR, Chen C, Ricker  JL, Arduino JM and 
Duvic M: Phase IIb multicenter trial of vorinostat in patients 
with persistent, progressive, or treatment refractory cutaneous 
T‑cell lymphoma. J Clin Oncol 25: 3109‑3115, 2007.

215.	Illi  B, Dello  Russo C , Colussi C , Rosati  J, Pallaoro  M, 
Spallotta F, Rotili D, Valente S, Ragone G, Martelli F, et al: 
Nitric oxide modulates chromatin folding in human endothelial 
cells via protein phosphatase 2A activation and class II histone 
deacetylases nuclear shuttling. Circ Res 102: 51‑58, 2008.

216.	Davda D , El  Azzouny  MA, Tom C T, Hernandez  JL, 
Majmudar JD, Kennedy RT and Martin BR: Profiling targets of 
the irreversible palmitoylation inhibitor 2‑bromopalmitate. ACS 
Chem Biol 8: 1912‑1917, 2013.

217.	Zhuang Z, Gu J, Li BO and Yang L: Inhibition of gasdermin D 
palmitoylation by disulfiram is crucial for the treatment of 
myocardial infarction. Transl Res 264: 66‑75, 2024.

218.	Zhang Y, Liu X, Bai X, Lin Y, Li Z, Fu J, Li M, Zhao T, Yang H, 
Xu R, et al: Melatonin prevents endothelial cell pyroptosis via 
regulation of long noncoding RNA MEG3/miR‑223/NLRP3 
axis. J Pineal Res 64: 2018.

219.	Gaspari T, Welungoda I, Widdop RE, Simpson RW and Dear AE: 
The GLP‑1 receptor agonist liraglutide inhibits progression of 
vascular disease via effects on atherogenesis, plaque stability 
and endothelial function in an ApoE(‑/‑) mouse model. Diab 
Vasc Dis Res 10: 353‑360, 2013.

220.	Liu S, Jia QJ, Peng YQ, Feng TH, Hu ST, Dong JE and Liang ZS: 
Advances in mechanism research on polygonatum in prevention 
and treatment of diabetes. Front Pharmacol 13: 758501, 2022.

221.	Ma J, Yang S, Ma A, Pan X, Wang H, Li N, Liu S and Wu M: 
Expression of miRNA‑155 in carotid atherosclerotic plaques of 
apolipoprotein E knockout (ApoE(‑/‑)) mice and the interven‑
tional effect of rapamycin. Int Immunopharmacol 46: 70‑74, 
2017.

222.	Ytterberg SR, Bhatt DL, Mikuls TR, Koch GG, Fleischmann R, 
Rivas  JL, Germino  R, Menon  S, Sun  Y, Wang C ,  et  al: 
Cardiovascular and cancer risk with tofacitinib in rheumatoid 
arthritis. N Engl J Med 386: 316‑326, 2022.

223.	Demina  EP, Smutova  V, Pan  X, Fougerat  A, Guo  T, 
Zou C , Chakraberty  R, Snarr  BD, Shiao  TC, Roy  R,  et  al: 
Neuraminidases 1 and 3 trigger atherosclerosis by desialylating 
low‑density lipoproteins and increasing their uptake by macro‑
phages. J Am Heart Assoc 10: e018756, 2021.

224.	Tan  SM, Sharma  A, Yuen D Y, Stefanovic  N, Krippner  G, 
Mugesh G, Chai Z and de Haan JB: The modified selenenyl 
amide, M‑hydroxy ebselen, attenuates diabetic nephropathy 
and diabetes‑associated atherosclerosis in ApoE/GPx1 double 
knockout mice. PLoS One 8: e69193, 2013.

225.	Chew  P, Yuen D Y, Stefanovic  N, Pete  J, Coughlan  MT, 
Jandeleit‑Dahm KA, Thomas MC, Rosenfeldt F, Cooper ME and 
de Haan JB: Antiatherosclerotic and renoprotective effects of 
ebselen in the diabetic apolipoprotein E/GPx1‑double knockout 
mouse. Diabetes 59: 3198‑3207, 2010.

226.	Di  Marco  E, Gray  SP, Chew  P, Koulis C , Ziegler  A, 
Szyndralewiez C , Touyz  RM, Schmidt  HH, Cooper  ME, 
Slattery R and Jandeleit‑Dahm KA: Pharmacological inhibi‑
tion of NOX reduces atherosclerotic lesions, vascular ROS and 
immune‑inflammatory responses in diabetic Apoe(‑/‑) mice. 
Diabetologia 57: 633‑642, 2014.

227.	Lin J, Wang X, Gu M, Chen Y, Xu J, Chau NV, Li J, Ji X, Chu Q, 
Qing L and Wu W: Geniposide ameliorates atherosclerosis 
by restoring lipophagy via suppressing PARP1/PI3K/AKT 
signaling pathway. Phytomedicine 129: 155617, 2024.

228.	Arkin MR, Tang Y and Wells JA: Small‑molecule inhibitors 
of protein‑protein interactions: Progressing toward the reality. 
Chem Biol 21: 1102‑1114, 2014.

229.	Chang X, Zhang T, Wang J, Liu Y, Yan P, Meng Q, Yin Y and 
Wang S: SIRT5‑Related desuccinylation modification contrib‑
utes to quercetin‑induced protection against heart failure and 
high‑glucose‑prompted cardiomyocytes injured through regu‑
lation of mitochondrial quality surveillance. Oxid Med Cell 
Longev 2021: 5876841, 2021.

Copyright © 2026 Xu et al. This work is licensed under 
a Creative Commons Attribution-NonCommercial-
NoDerivatives 4.0 International (CC BY-NC-ND 4.0) 
License.


