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Ne-carboxyethyl-lysin influences
atherosclerotic plaque stability through
ZKSCANS3 acetylation-regulated macrophage
autophagy via the RAGE/LKB1/AMPK1/SIRT1

pathway
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Abstract

Atherosclerosis, a chronic inflammatory condition characterized by plaque formation, often leads to instability,
particularly under Type 2 diabetes mellitus (T2DM) conditions, which exacerbate cardiovascular risks. However, the
molecular mechanisms underlying this process remain incompletely understood. In this study, we investigated the
correlation between acute coronary syndrome (ACS) and serum levels of Ne-carboxyethyl-lysin (CEL), a prominent
advanced glycation end product (AGE) elevated in T2DM, in a cohort of 225 patients with coronary artery disease.
Using a murine model of atherosclerosis complicated by T2DM, we examined the effects of CEL on plaque stability
and macrophage autophagy. Our findings revealed that elevated serum CEL levels are independently associated
with increased ACS incidence. Metabolomic profiling identified CEL as a key AGE contributing to plaque instability
in diabetic conditions. Mechanistically, CEL disrupted macrophage autophagy and plaque stability by perturbing
the Receptor for Advanced Glycation End products (RAGE)/Liver Kinase B1 (LKB1)/AMP-activated Protein Kinase

1 (AMPKT1)/Sirtuin 1 (SIRT1) signaling cascade. This pathway further regulated autophagic activity through SIRT1-
mediated acetylation of Zinc Finger with KRAB and SCAN Domains 3 (ZKSCAN3). These findings highlight CELs
critical role in promoting plaque instability in T2DM by impairing key molecular pathways that regulate autophagy,
offering potential therapeutic targets for managing atherosclerosis in diabetic patients.
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Introduction

Atherosclerosis, a progressive inflammatory disease, is
characterized by the accumulation of lipids and fibrous
elements in the arterial walls, leading to plaque forma-
tion, arterial narrowing, and potential cardiovascular
events [1]. This pathological process is exacerbated in the
presence of type 2 diabetes mellitus (T2DM), a metabolic
disorder marked by insulin resistance and hyperglycemia.
Cardiovascular disease, primarily driven by atherosclero-
sis, is a leading cause of morbidity and mortality among
individuals with T2DM [2]. The intricate relationship
between atherosclerosis and T2DM is multifaceted. For
instance, accelerated progression of atherosclerosis mak-
ing T2DM patients more susceptible to its complications
[3]. Moreover, impaired glucose tolerance, a precursor to
T2DM, has been independently associated with carotid
atherosclerosis, further underscoring the intertwined
nature of these conditions [4].

Macrophages, as integral components of the innate
immune system, play a pivotal role in the pathogenesis of
atherosclerosis, particularly in the context of plaque sta-
bility [5]. The functional heterogeneity of macrophages
within the atherosclerotic plaque is noteworthy. Different
macrophage phenotypes contribute variably to plaque
progression and instability. Pro-inflammatory macro-
phages, for example, secrete matrix metalloproteinases
(MMPs) and pro-inflammatory factors compromising
the fibrous cap and rendering the plaque vulnerable to
rupture [6]. Furthermore, the autophagy activity of mac-
rophages, while essential for the clearance of apoptotic
cells and debris, is critical for maintaining plaque stabil-
ity. Impairment or exhaustion of macrophage autophagy
leads to necrotic core expansion and increases the risk of
plaque rupture [7].

Advanced Glycation End Products (AGEs) represent a
diverse group of bioactive molecules formed through the
non-enzymatic glycation of proteins, lipids, and nucleic
acids. The formation and accumulation of AGEs are par-
ticularly pronounced under hyperglycemic conditions,
making them highly relevant in the context of diabetes
[8]. AGEs exert their pathophysiological effects primarily
through interaction with their receptor, RAGE (Receptor
for Advanced Glycation End Products). This interaction
has been implicated in various inflammatory and oxi-
dative stress pathways, contributing to the progression
of numerous diabetic complications, including athero-
sclerosis [9]. The RAGE-AGE interaction amplifies the
inflammatory response, fostering an environment condu-
cive to atherosclerotic plaque formation and progression
[10]. Moreover, AGEs have been associated with vascular

inflammation, a key player in the acceleration of athero-
sclerosis, especially in diabetic individuals [11].

Ne-carboxyethyl-lysine (CEL) is one of the typical AGEs
that has garnered attention in the context of diabetes and
its associated complications, particularly atherosclero-
sis [12]. Upon formation, CEL can interact with specific
receptors, notably the RAGE [13]. This interaction trig-
gers a cascade of intracellular signaling events, leading to
oxidative stress, inflammation, and endothelial dysfunc-
tion [14], all of which may be potentially involved in the
pathogenesis of atherosclerosis. Furthermore, activation
of RAGE has been shown to modulate various pathways
related with cellular autophagy [15].

Given the association between macrophage autophagy
and plaque stability, our hypothesis posits that in the
diabetic environment, CEL may contribute to athero-
sclerotic plaque instability, potentially mediated through
RAGE activation, which might indirectly influence the
autophagy signaling pathways, leading to increased
plaque vulnerability. In this study, metabolomics investi-
gation was used to identify major AGEs including CEL,
Ne®-carboxymethyl-lysine (CML), pentosidine, pyrraline
and methylglyoxal-derived hydroimidazolone (MG-H1)
in diabetic atherosclerotic animals. Effects of candidate
AGEs on macrophage autophagy were also investigated.
Furthermore, animal models were employed to assess the
impact of CEL on plaque stability.

Materials and methods

Cohort study

Between May 2017 and May 2019, 240 patients diagnosed
with coronary artery disease (CAD) affecting the left
anterior descending artery (LAD) were initially recruited
from Shaanxi Provincial People’s Hospital. After apply-
ing exclusion criteria, the final cohort consisted of 225
participants. Exclusions were made for the following rea-
sons: four patients had a diagnosis of malignant cancer;
one patient had systemic lupus erythematosus; and ten
patients developed acute heart failure requiring support
with extracorporeal membrane oxygenation (ECMO) or
left ventricular assist devices (LVADs). CAD and iden-
tification of the culprit vessel were confirmed via coro-
nary angiography. Acute coronary syndrome (ACS) was
diagnosed based on current guidelines [16]. T2DM was
also diagnosed according to prevailing guidelines [17].
The exclusion criteria included: age under 18 or over 80
years; pregnancy; history of myocardial infarction; prior
percutaneous coronary intervention or coronary artery
bypass grafting (PCI/CABG); New York Heart Associa-
tion (NYHA) functional class III or IV heart failure; renal
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Fig. 1 Assessment of diabetes-exacerbated atherosclerosis in ApoF~~ mice. Eight-week-old male C57BL/6J ApoE ™~ mice, some of which received strep-
tozotocin (STZ) injections, were maintained on a high-fat diet (HFD) for 20 weeks to develop models of atherosclerosis (AS) and diabetes-aggravated
atherosclerosis (AS+DM). A, Flowchart depicting the protocol for establishing the mouse models. B, Quantification of plasma fasting blood glucose
concentrations in AS versus AS+DM mice. C, Measurement of plasma glycated haemoglobin (HbA1c) levels as a percentage in both groups. D, Oil Red
O (ORO) staining of aortic root plaques to visualize lipid accumulation; scale bars, 200 um. E, Quantitative analysis of plaque area relative to the intra-
external elastic membrane (EEM) area. F, Representative Masson’s trichrome-stained sections of aortic root plaques, highlighting fibrous content; scale
bar, 200 um. G, Collagen volume fraction in plaques measured in both models. H, Sirius Red staining of aortic plaques for collagen content visualization;
scale bar, 200 um. I, Quantification of positive collagen area within plaques. Data represent mean +SD for n=6 mice per group; ***P<0.001, **P<0.01,

indicating significant differences between AS and AS + DM groups.

or hepatic dysfunction; malignant cancers; immune-
mediated disorders; or mental health disorders. Periph-
eral venous blood samples were collected from fasting
patients. The study protocol was approved by the eth-
ics committee of the Shaanxi Provincial People’s Hospi-
tal, and all participants provided informed consent for
the use of their medical records and blood samples for
research purposes.

Preparation and detection of CEL

CEL-BSA (Cell Biolabs) was used for in vitro experi-
ments. For in vivo experiments, CEL was synthesized
through a glycation reaction between sodium casein, a
milk-derived protein, and lactose, a disaccharide carbo-
hydrate. In the synthesis protocol, lactose was first solu-
bilized in a 50 mmol/L sodium phosphate buffer (pH 8.5)
to achieve a concentration of 0.25 mmol/L. Subsequently,
sodium casein was introduced at a ratio of 1:7 (casein to
lactose) and the mixture was subjected to a reaction at
140°C for a duration of 140 min. Post-reaction, the resul-
tant mixture was concentrated using a vacuum rotary
evaporator. To quantitatively assess CEL concentrations,
high-performance liquid chromatography (HPLC) was
performed using the 1260 Infinity II LC system equipped
with a fluorescence detector (Agilent Technologies).The
samples are prepared by adding 6% perchloric acid to
precipitate proteins, followed by centrifugation to clear
the supernatant. This supernatant is then derivatized
with o-phthaldialdehyde to enhance fluorescence detec-
tion of CEL. Analysis is conducted on a C18 column
(250 mm x 4.6 mm, 5 um particle size; Agilent Tech-
nologies), using a mobile phase of acetonitrile and water
(40:60 v/v) at a flow rate of 1.0 mL/min, and the fluores-
cence detector set to 230 nm for excitation and 450 nm
for emission. CEL concentrations are determined by
HPLC, comparing the sample’s peak areas to those of a
standard CEL calibration curve.

Establishment of animal models and treatments

At the onset of the study, 8-week-old ApoE™'~ mice (B6/
JGpt-Apoeem1Cd82/Gpt, Strain NO.T001458, ApoE™'~
mice, GemPharmatech) were subjected to intraperito-
neal injections of streptozotocin (STZ, Sigma-Aldrich)
at a concentration of 50 mg/kg/day for a continuous
span of five days. Post-treatment, mice exhibiting blood

glucose concentrations surpassing 300 mg/dL were delin-
eated as diabetic. Following this classification, these mice
were transitioned to a high-fat diet (HFD, D12079B,
Research Diets Inc.) for a duration of 20 weeks (Fig. 1A).
The specified diet derived its caloric distribution as 42%
from fats (equivalent to 21 g/100 g of the diet, primar-
ily sourced from lard), 43% from carbohydrates, and 15%
from proteins, supplemented with 0.15% cholesterol.
As demonstrated in Fig. 4A, several ApoE™'~ mice were
administered with CEL orally at a dosage of 2 mg/kg/d
for 20w alongside either a SIRT1 inhibitor EX527 or a
SIRT1 agonist SRT1720. EX527 (Millipore Sigma) was
administrated at a dosage of 0.5 mg/kg/d, while SRT1720
(Millipore Sigma) was given at a dosage of 1 mg/kg/d
orally for the same duration [18]. A one-week acclimati-
zation phase was instituted to ensure optimal adaptation
of the mice to the experimental conditions.

Metabolomics profiling

For metabolomics analysis, blood samples were meticu-
lously procured from ApoE™'~ mice immediately upon
euthanasia, ensuring a standardized approach to sample
collection. The analytical framework employed liquid
chromatography coupled with mass spectrometry (LC/
MS) to scrutinize the metabolic extracts derived from
a methanol-facilitated protein precipitation technique.
Specifically, the Acquity I-Class PLUS ultra-high-perfor-
mance liquid chromatograph (Waters) in tandem with
the Xevo G2-XS QTOF high-resolution mass spectrome-
ter (Waters) was utilized, incorporating an Acquity UPLC
HSS T3 column (Waters). The chromatographic condi-
tions were defined by a mobile phase consisting of a 0.1%
formic acid in both water and acetonitrile, with a consis-
tent injection volume set at 1uL. The Xevo G2-XS QTOF
was adeptly calibrated to acquire both precursor and
product ion spectra in MSe mode, governed by the Mass-
Lynx V4.2 software (Waters). This configuration permit-
ted concurrent data acquisition at both low (set at 2 V)
and gradient high collision energies (ranging from 10 to
40 V) within each analytical cycle. The instrument was
set to a scan frequency of 0.2 s per spectrum. The ESI ion
source parameters were meticulously adjusted to: capil-
lary voltage of 2000 V (in positive ion mode) or — 1500 V
(in negative ion mode); cone voltage at 30 V; ion source
temperature at 150 °C; desolvation gas temperature at
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500 °C; backflush gas flow rate at 50 L/h; and a desolva-
tion gas flow rate of 800 L/h. Raw data acquisition was
facilitated by the MassLynx software (V4.2, Waters), post
which the Progenesis QI software (V2.0, Waters) was
employed for tasks such as peak extraction, alignment,
and normalization. Compound elucidation was profi-
ciently achieved using the integrated Progenesis QI soft-
ware’s METLIN database, complemented by a bespoke
library (Biomark). This ensured that the theoretical frag-
ment identification and mass deviation remained strin-
gently within a 100ppm threshold. MassLynx software
(V4.2, Waters) was used to capture raw data, which was
then processed by Progenesis QI software (V2.0, Waters)
for peak extraction, peak alignment, and other data
operations. Compound identification was aided by the
Progenesis QI software online METLIN database and a
self-constructed library (Biomark), ensuring that the the-
oretical fragment identification and mass deviation were
within the defined 100ppm limit.

Histology

Aortic root samples extracted from the mice were sub-
jected to a comprehensive histological analysis. Initially,
the specimens underwent fixation in a 10% neutral buff-
ered formalin solution (Sigma-Aldrich). Following fixa-
tion, they were embedded in optimal cutting temperature
(OCT) compound (Sakura Finetek). Aortic root sec-
tions, precisely sectioned to a thickness of 10 pm using
a cryostat, were stained with Oil Red O (Sigma-Aldrich)
to delineate lipid accumulation. Hematoxylin (Sigma-
Aldrich) was employed as a counterstain, accentuating
the nuclei. For the evaluation of collagen distribution,
the aortic root sections were subjected to both Masson’s
Trichrome and Sirius Red staining procedures. In the
Masson’s Trichrome protocol, sections were sequentially
exposed to Weigert’s iron hematoxylin (Sigma-Aldrich),
Biebrich scarlet-acid fuchsin (Sigma-Aldrich), phospho-
molybdic-phosphotungstic acid (Sigma-Aldrich), and
culminated with aniline blue (Sigma-Aldrich) applica-
tion. The Sirius Red staining regimen encompassed an
hour-long incubation in Sirius Red solution (comprising
Direct Red 80 in saturated picric acid, Sigma-Aldrich),
succeeded by a brief rinse in acidified water. Upon com-
pletion of the staining processes, sections were methodi-
cally dehydrated, cleared, and sealed with a mounting
medium (Sigma-Aldrich). The meticulously stained sec-
tions were then examined under a light microscope, with
representative images captured to facilitate subsequent
quantitative assessments.

Immunofluorescent stains

Aortic root specimens were sectioned to a precise thick-
ness of 10 um after embedding in OCT compound
(Sakura Finetek). Following sectioning, the samples
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underwent permeabilization with a 0.3% Triton X-100
solution (Sigma-Aldrich) in phosphate-buffered saline
(PBS) for a duration of 15 min. To minimize non-specific
binding, sections were blocked using 5% (BSA, Sigma-
Aldrich) in PBS and incubated for 1 h at ambient tem-
perature. Subsequently, the sections were treated with
primary antibodies: anti-F4/80 (1:200, Abcam) and anti-
LC3B (1:200, Abcam), and incubated in a 4 °C environ-
ment overnight. Post-primary antibody incubation,
sections were rinsed and exposed to secondary antibod-
ies: Alexa Fluor 488-conjugated anti-rat IgG (1:500, Invi-
trogen) and Alexa Fluor 594-conjugated anti-rabbit IgG
(1:500, Invitrogen), with an incubation period of 1 h at
room temperature. Following secondary antibody appli-
cation, sections were washed and mounted using Vecta-
shield Antifade Mounting Medium integrated with DAPI
(Vector Laboratories) to accentuate the nuclei. Fluores-
cent imaging was conducted using a confocal microscope
(Leica Microsystems), with subsequent analysis focus-
ing on the colocalization and expression dynamics of the
proteins of interest.

Macrophages and treatments

Primary mice peritoneal macrophages were isolated
through peritoneal lavage. Mice received an intraperi-
toneal injection of 3 ml sterile 3% Brewer thioglycolate
medium (Sigma-Aldrich). Four days subsequent to the
injection, mice were euthanized, and the peritoneal cav-
ity was lavaged with 8 ml of ice-cold phosphate-buffered
saline (PBS, Gibco). The retrieved peritoneal exudates
were subjected to centrifugation at 300xg for 5 min.
The resultant cell pellet was resuspended in Dulbecco’s
Modified Eagle Medium (DMEM, Gibco) fortified with
10% fetal bovine serum (FBS, Gibco), 100 U/ml penicil-
lin, and 100 pg/ml streptomycin (Gibco). Cells were then
allocated to tissue culture plates and incubated at 37 °C
in a 5% CO, atmosphere for 2 h to facilitate macrophage
adherence. Post-incubation, non-adherent cells were
meticulously discarded, leaving behind a monolayer of
adherent macrophages ready for subsequent experimen-
tal procedures. THP-1 cells were obtained from ATCC
and cultured in DMEM medium supplemented with 10%
FBS. CEL was dissolved in DMSO and added to cell cul-
ture media at final concentrations of 0, 125, 250, 500, 750,
1000, 1250, and 1500 pg/L. Mouse primary macrophages
and THP-1 cells were treated with CEL for 48 h before
further analyses. Several macrophages were pre-treated
with EX527 (10 pmol/L) and/or SRT1720 (1 umol/L) for
24 h, as supported by previous studies demonstrating
effective modulation of SIRT1 activity within this time-
frame [19-21]. To ensure the selected concentrations
were appropriate, a concentration-response analysis was
performed, and the results are provided in Fig. S1.



Liu et al. Cardiovascular Diabetology (2025) 24:36

Cell viability assay

Cell viability was determined using the Cell Counting
Kit-8 (CCK-8, Beyotime). Mouse primary macrophages
and human THP-1 cells were seeded in 96-well plates at
a density of 1x10” cells per well. After treatment, 10 pL of
CCK-8 solution was added to each well and the plates were
incubated at 37 °C for 2 h. The absorbance was measured
at 450 nm using a microplate reader (BioTek). Relative cell
viability was calculated using the following formula: cell
viability (%)=0Dy,eated/ ODcontro1x100. The results, pre-
sented in Fig. S2, demonstrate the dose-dependent effects
of CEL and indicate that concentrations below 1000 pg/L
preserve cell viability while modulating SIRT1 activity.

Gene silencing and overexpression

To evaluate the role of RAGE, LKBI1, and AMPKI1 in
CEL-mediated effects, genetic manipulation was per-
formed in mouse macrophages. RAGE knockdown was
achieved using specific siRNA (Santa Cruz), while LKB1
and AMPKI1 were overexpressed using plasmids (Add-
gene). Scrambled siRNA (Santa Cruz) was used as a neg-
ative control. Lipofectamine reagents (Thermo Fisher)
were used for transfections, following manufacturer pro-
tocols. Cells were incubated for 48 h for gene silencing
or overexpression. Efficiency was confirmed via qRT-
PCR and Western blotting, showing significant changes
in mRNA and protein levels. Macrophages were divided
into experimental groups, including control, CEL treat-
ment, RAGE knockdown, LKB1 overexpression, AMPK1
overexpression, and combinations thereof. CEL treat-
ment was administered at a concentration of 250 ug/L for
48 h following genetic manipulation to assess its effects
under different conditions.

Transmission electron microscopy (TEM) autophagy
detection

Cultured macrophages were fixed in 2.5% glutaraldehyde
(Sigma-Aldrich) prepared in 0.1mmol/L cacodylate buf-
fer for 1 h at room temperature. After three washes in
0.lmmol/L cacodylate buffer, cells underwent a 1-hour
post-fixation in 1% osmium tetroxide (Sigma-Aldrich).
Subsequent staining was performed with 2% uranyl ace-
tate (Sigma-Aldrich) for 30 min in the dark. Dehydration
was achieved through sequential 10-minute immersions
in increasing ethanol concentrations (50%, 70%, 90%, and
100%) followed by two 10-minute incubations in propyl-
ene oxide (Sigma-Aldrich). Cells were then embedded in
epoxy resin (Sigma-Aldrich) and allowed to polymerize
at 60 °C for 48 h. Sections of 60—90 nm thickness were
generated using an ultramicrotome (Leica Microsystems)
and collected on copper grids. For enhanced contrast,
sections were treated with lead citrate (Sigma-Aldrich)
for 5 min, then visualized under a transmission electron
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microscope (Leica Microsystems) to identify and quan-
tify characteristic autophagic structures.

Autophagic flux assessment

Macrophages were transduced with the mCherry-GFP-
LC3B fusion protein using the Ad-mCherry-GFP-LC3B
recombinant adenovirus (Beyotime) at a multiplicity of
infection (MOI) of 20. After a 24-hour incubation period,
cells were subjected to CEL, EX527 and SRT1720 treat-
ments. Fluorescence microscopy (Leica Microsystems)
was then employed to visualize the mCherry (red) and
GFP (green) fluorescence signals. The emergence of yel-
low puncta (co-localization of red and green signals)
indicated the presence of autophagosomes, while iso-
lated red puncta were indicative of autolysosomes. In this
study, we employed a dual approach to assess autophagic
flux by counting yellow puncta and measuring the ratio
of mCherry to GFP fluorescence intensity.

Quantitative real-time PCR (qRT-PCR)

Total RNA was meticulously extracted from cultured
macrophages employing the RNeasy Mini Kit (Qiagen),
adhering strictly to the manufacturer’s protocol. RNA
integrity and concentration were ascertained using a
NanoDrop spectrophotometer (Thermo Fisher Sci-
entific). From the isolated RNA, 1 pg was reverse tran-
scribed to c¢cDNA utilizing the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems). Quanti-
tative real-time PCR assays were executed using the Pow-
erUp SYBR Green Master Mix (Applied Biosystems) and
conducted on the QuantStudio 5 Real-Time PCR Sys-
tem (Thermo Fisher Scientific). Primers specific for both
mice and human rage, sirtl, and the housekeeping gene
actin were employed, with sequences detailed in Table
S1. Amplification parameters were set as follows: an ini-
tial 95 °C for 10 min, succeeded by 40 cycles of 95 °C for
15 s and 60 °C for 1 min. Expression quantification of the
target genes was achieved using the 2724 method, with
GAPDH serving as the normalization control.

Immunoprecipitation and Western blots

To evaluate the acetylation status of Zinc Finger with
KRAB and SCAN Domains 3 (ZKSCAN3), an immu-
noprecipitation protocol was adopted. Cell lysates were
generated using a lysis buffer fortified with protease
and phosphatase inhibitors. The BCA protein assay was
employed to assess protein concentrations. Equal protein
aliquots (500 pg) underwent pre-clearance with protein
A/G agarose beads (Santa Cruz Biotechnology) for 1 h
at 4 °C. Subsequently, the pre-cleared lysates were incu-
bated overnight at 4 °C with an anti-ZKSCAN3 anti-
body (1:1000, Abcam). Protein A/G agarose beads were
introduced to the mixture for an additional 2-hour incu-
bation at 4 °C. Following three washes with lysis buffer,
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the proteins bound to the beads were eluted by boiling
in 2xLaemmli sample buffer. For the western blot proce-
dure, the eluted proteins and total cell lysates intended
for RAGE, SIRT1, LKB1, and AMPK evaluations were
resolved on 10-12% SDS-PAGE gels and subsequently
transferred onto PVDF membranes (Millipore). Mem-
branes were blocked using 5% non-fat milk in TBST for
1 h at room temperature. They were then incubated over-
night at 4 °C with primary antibodies: anti-ZKSCAN3
(1:1000, Abcam), anti-acetylated lysine (1:1000, Cell Sig-
naling Technology), anti-RAGE (1:800, Sigma-Aldrich),
anti-SIRT1 (1:1000, Cell Signaling Technology), anti-
phospho-LKB1 (1:1000, Cell Signaling Technology), and
anti-phospho-AMPK (1:1000, Cell Signaling Technol-
ogy). Post-primary antibody incubation, membranes
were washed and exposed to horseradish peroxidase-
conjugated secondary antibodies (1:5000, Abcam) for 1 h
at room temperature. Visualization of protein bands was
achieved using an enhanced chemiluminescence detec-
tion system (Thermo Fisher Scientific), and densitometric
analysis facilitated the quantification of relative protein
expression and phosphorylation levels.

Chromatin immunoprecipitation (ChIP)

To determine the binding affinity of ZKSCAN3 to the
mapllc3b promoter, a ChIP assay was performed. Cells
were cross-linked using 1% formaldehyde for 10 min at
room temperature, ensuring the preservation of protein-
DNA interactions. This reaction was terminated using
0.125 M glycine. Following cell lysis, chromatin was
sheared into fragments of approximately 200-500 bp

Table 1 Baseline characteristics of the patients with T2DM and
Non-T2DM

Characteristics Non-T2DM T2DM P
(n=150) (n=75) value

Age (years) 54.86+3.84 5345+4.39 0014
Male (%) 92 (61.3) 45 (60) 0.847
BMI (kg/mz) 24184158 24111147 0.745
Smoking (%) 48 (32) 39(52) 0.004
Fasting blood glucose 5.57+0.72 1224+379  <0.001
(mmol/L)

HbATc (%) 514073 7.88+1.58 <0.001
ALT (U/L) 2728178 2662+7.29 0.545
AST (U/L) 50.15+£29.08 51.48+30.83 0.752
Triglyceride (mmol/L) 1.38+0.44 1.25+£049 0.053
Total cholesterol (mmol/L) 3.51+0.59 349+0.64 0.827
LDL-cholesterol (mmol/L) 2.04+0.67 1.91+0.71 0.198
Troponin | (ug/L) 2344326 2.59+3.81 0610
BNP (ng/L) 62.16+£22, 21 65.37+£19.69 0.289
Free CEL (nmol/L) 48.04+10.67 62.16+10.67 <0.001
ACS (%) 34 (22.67) 37 (49.33) <0.001

BMI, body mass index; ALT, alanine aminotransferase; AST, glutamic oxalacetic
transaminase; LDL, low-density lipoprotein; BNP, B-type natriuretic peptide;
ACS, acute coronary syndrome; Values are percent or means+SD

Page 7 of 17

through sonication. The sheared chromatin, amount-
ing to 500 pg, underwent a pre-clearance step with pro-
tein A/G agarose beads (Santa Cruz Biotechnology) to
diminish non-specific interactions. From this, 50 ug was
reserved as an input control. The remaining 450 pg of
chromatin was incubated with 5 pg of anti-ZKSCAN3
antibody (Abcam) overnight at 4 °C. To capture the anti-
body-chromatin complexes, protein A/G agarose beads
were added and the mixture was incubated for an addi-
tional 2 h. After thorough washing to remove unbound
chromatin, the protein-DNA complexes were decross-
linked by heating at 65 °C overnight. The DNA was then
extracted, purified, and subjected to PCR using prim-
ers specific for the mapllc3b promoter region (Table
S2). The amplified products were visualized on agarose
gels to confirm the specific binding of ZKSCANS3 to the
map1lc3b promoter.

SIRT1 activity and NAD+ level assay

The catalytic activity of SIRT1 and NAD +level were
detected by using a SIRT1 Activity Assay kit (Abcam)
and NAD/NADH Assay kit (Abcam) in macrophage cell
lysates respectively. The detection protocols were carried
out by following the instruction of the manufacturer.

Statistics

All data are represented as the mean + standard deviation
(SD), unless stated otherwise. The Shapiro-Wilk test was
applied to confirm the normality of data distribution. For
pairwise comparisons, the Student’s t-test was utilized.
In instances where multiple groups were compared, a
one-way analysis of variance (ANOVA) was conducted,
followed by a post hoc Tukey’s test. Pearson’s correlation
analysis was employed to determine linear relationships
between variables. The association between serum CEL
and ACS was estimated with univariate and multivariate
logistic regression models. All statistical testing was two-
sided. A P-value less than 0.05 was deemed statistically
significant. All statistical evaluations were executed using
SPSS software (version 26.0, IBM Statistics).

Results

Serum CEL concentration elevation in T2DM was correlated
with ACS

Data were successfully collected from 225 patients diag-
nosed with CAD. The baseline characteristics are sum-
marized in Table 1, where patients were categorized
into T2DM and non-T2DM groups. The T2DM group
exhibited significantly higher fasting blood glucose lev-
els, serum HbAlc concentrations, and incidence of
ACS compared to the non-T2DM group. To explore the
relationship between ACS and serum free CEL concen-
trations, both univariate and multivariate logistic regres-
sion analyses were conducted. As shown in Table 2, the
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univariate Cox regression model (Model 1) revealed that
higher serum free CEL concentrations were significantly
associated with the presence of ACS, with an odds ratio
(OR) of 2.44 (95% confidence interval [CI]: 1.36-4.38,
P=0.003). Further multivariate analysis adjusted for age
and sex (Model 2) confirmed that serum free CEL con-
centration independently predicted ACS occurrence
(adjusted OR=2.32, 95% CI: 1.23-4.05, P=0.008). The
association remained robust in Model 3, which addi-
tionally adjusted for age, sex, body mass index, cigarette
smoking, serum low-density lipoprotein levels, serum
creatinine levels, and serum uric acid levels, yielding an
adjusted OR of 3.06 (95% CI: 1.55-6.04, P=0.001).

Plaque instability is augmented in atherosclerotic mice
with T2DM

In our murine model, atherosclerosis complicated with
T2DM manifested heightened plaque instability. The suc-
cessful induction of diabetes in the model was validated
by a marked elevation in both fasting blood glucose and
glycosylated hemoglobin Alc (HbAlc) levels (Fig. 1B-C).
Atherosclerotic plaque formation was evident in both the
atherosclerotic (AS) and the atherosclerotic with T2DM
(AS+DM) animals, as delineated by Oil Red O (ORO)
staining. Notably, the AS+DM group exhibited a pro-
nounced plaque burden compared to their AS counter-
parts (Fig. 1D-E). Further histological assessments using
Masson’s trichrome and Sirius red stains (Fig. 1F-G and
H-I) revealed a significant diminution in plaque colla-
gen content within the AS + DM group, underscoring the
heightened vulnerability of these plaques.

Distinct metabolic signatures in atherosclerotic mice with
T2DM were revealed by metabolomic profiling

To ensure the precision and reliability of our metabo-
lomic data, rigorous quality control (QC) was imple-
mented, with Pearson correlation analysis validating the
consistency and dependability of the results. Both nega-
tive and positive electrospray ionization modes (ESI- and
ESI+, respectively) consistently exhibited a high Pearson
correlation, underscoring the reproducibility and robust-
ness of our analytical approach (Figure S3). The simulta-
neous use of ESI +and ESI- ionization modes is critical for
comprehensive metabolic profiling, as each mode offers
complementary coverage of metabolite classes. Anno-
tation identified 2,125 metabolites in ESI+and 5,899
in ESI-. Distinct metabolic profiles between AS+DM
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and AS mice were evident in orthogonal partial least
squares discriminant analysis (OPLS-DA) score plots for
both ESI+ (Fig. 2A) and ESI- modes (Figure S4A). Vali-
dation metrics, R2 and Q2, reinforced the credibility of
the OPLS-DA models in ESI+ (Fig. 3B) and ESI- (Fig-
ure S4B), ensuring both model fit and predictive accu-
racy. Differential metabolites between AS+DM and AS
groups were highlighted in volcano plots for both ESI+
(Fig. 2C) and ESI- modes (Figure S4C). Pathway analysis
using the HMDB revealed that the altered metabolites
were primarily enriched in carboxylic acids and deriva-
tives, fatty acyls, and prenol lipids. These categories indi-
cate disruptions in lipid metabolism, which are closely
linked to atherosclerosis progression. Similarly, KEGG
pathway enrichment analysis showed significant enrich-
ment in tyrosine metabolism and biosynthesis of unsatu-
rated fatty acids. These pathways highlight the interplay
between amino acid metabolism, lipid biosynthesis, and
inflammatory responses in the context of T2DM-asso-
ciated atherosclerosis. Among the significantly altered
AGEs, CEL and pyrraline were identified, whereas other
AGEs such as CML, pentosidine, and MG-H1 were not
detected. (Fig. 2F).

Serum CEL was associated with plaque vulnerability

and macrophage autophagy in atherosclerotic mice
complicated with T2DM

In our murine model of atherosclerosis with T2DM, we
delineated the interrelationships between serum CEL
concentrations, atherosclerotic plaque stability, and mac-
rophage autophagy within the plaques. Serum concentra-
tions of CEL and pyrraline in AS and AS+DM mice are
depicted in Fig. 3A and B. Notably, the AS+DM group
exhibited a pronounced elevation in serum CEL levels
compared to the AS group, whereas the rise in serum
pyrraline was not statistically significant between the two
cohorts. Pearson’s correlation analysis, as presented in
Fig. 3C and D, revealed a significant inverse relationship
between serum CEL concentrations and both the colla-
gen volume fraction (as indicated by Masson’s trichrome
stain) and the positive collagen area (as determined
by Sirius red stain), suggesting an inverse association
between CEL levels and plaque stability. Immunofluo-
rescence staining, showcased in Fig. 3E and F, revealed
a discernible co-localization of F4/80 and LC3B within
the atherosclerotic plaques of both AS and AS+DM
mice. A reduction in autophagic activity, as suggested

Table 2 Univariate and multivariate logistic analysis as a continuous variable of serum CEL concentration

Model 1” Model 2* Model 3*
OR (95% Cl) p Value OR (95% Cl) p Value OR (95% CI) p Value
CAD (n=225) 244 (1.36-4.38) 0.003 2.32(1.23-1.45) 0.008 3.06 (1.55-6.04) 0.001

BMI, body mass index; LDL, low-density lipoprotein; UA, Uric Acid. Model 1 indicates the univariate regression analysis; Model 2 is adjusted for age and sex; Model 3
is further adjusted for age, sex, BMI, LDL, cigarette smoking, serum creatinine and UA
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by decreased colocalization of LC3B with macrophages,
was observed in the plaques of AS + DM mice compared
to the AS group. Further, Pearson’s correlation analysis,
as illustrated in Fig. 4G, established a significant negative
correlation between serum CEL levels and macrophage
autophagic activity within the plaques. Additionally,
as evidenced in Fig. 3H and I, macrophage autophagic
activity within the plaques exhibited a significant inverse
correlation with both the collagen volume fraction and
the positive collagen area, reinforcing the notion that
reduced macrophage autophagic activity is associated
with compromised plaque stability.

CEL exposure exacerbated atherosclerotic plaque
vulnerability via suppressing macrophage autophagy

In our investigations, as depicted in Fig. 4B—C, AS mice
exposed to CEL exhibited a pronounced plaque burden
compared to their non-exposed counterparts. Notably,
neither EX527 nor SRT1720 treatments significantly
altered the plaque burden in CEL-administered AS
mice. EX527, a selective SIRT1 inhibitor, and SRT1720,
a potent SIRT1 agonist, were utilized to explore the role
of SIRT1 in the regulation of macrophage autophagy and

plaque stability. These compounds allowed us to modu-
late SIRT1 activity pharmacologically and investigate
its contribution to the effects of CEL on macrophage
function and atherosclerotic plaques. Detailed histo-
logical analyses, presented in Fig. 4D and G, revealed
that SRT1720 treatment led to a marked preservation in
plaque collagen volume fraction (as indicated by Mas-
son’s trichrome stain) and the positive collagen area (as
evidenced by Sirius red stain), which was impaired by
co-treatment of EX527. Further, immunofluorescence
analyses, showcased in Fig. 4H and K and Figure S5, indi-
cated that SRT1720 treatment substantially preserved
macrophage autophagic activity within the plaques, as
evidenced by LC3B staining. TEM provided additional
evidence, demonstrating that CEL treatment significantly
reduced the number of autophagosomes in macrophages,
which was effectively reversed by SRT1720 treatment.
Conversely, co-treatment of EX527 effectively impaired
SRT1720’s retaining ability on macrophage autophagic
activity in the atherosclerotic plaques of CEL-exposed AS
mice.
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CEL exposure altered RAGE/LKB1/AMPK1/SIRT1 signaling interpreting the modulatory effects of these compounds
in both mice primary macrophages and THP-1 cells in subsequent experiments. Figure 5A and Figure S7 dem-
To establish a baseline understanding of the effects of onstrate that CEL exposure induces a significant, concen-
CEL, SRT1720, and EX527 on SIRT1 activity, we con- tration-dependent reduction in the NAD+/NADH ratio
ducted control experiments as shown in Figure S6. These  in both mouse primary macrophages and THP-1 cells.
experiments revealed that CEL significantly reduced The NAD+/NADH ratio directly influences the activity
SIRT1 activity, while SRT1720 enhanced it and EX527 of NAD+-dependent enzymes such as SIRT1. Measur-
inhibited it. These findings provided critical context for  ing this ratio helps to evaluate whether CEL affects the
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availability of NAD+, a crucial cofactor for SIRT1 activity.
Notably, neither SRT1720 nor co-treatment with EX527
influenced the NAD+/NADH ratio in CEL-treated cells.
As shown in Fig. 5B and C and Figure S7, CEL exposure
markedly increased rage mRNA expression while con-
currently decreasing sirtl mRNA expression in a dose-
dependent manner. Neither SRT1720 nor co-treatment
with EX527 significantly altered the mRNA expression
levels of rage and sirtl. Protein analyses, depicted in
Fig. 5D and H and Figure S7, revealed that CEL exposure
substantially elevated RAGE protein levels while reduc-
ing the phosphorylation states of LKB1 and AMPK, as
well as the overall expression of SIRT1, in a concentra-
tion-dependent manner. Similarly, neither SRT1720 nor
co-treatment with EX527 influenced the expression or
phosphorylation levels of these proteins. Finally, Fig. 51
and Figure S7 show that CEL exposure led to a pro-
nounced, dose-dependent reduction in SIRT1 catalytic
activity. While SRT1720 effectively preserved SIRT1 cata-
lytic activity in CEL-treated cells, this effect was impaired
by co-treatment with EX527. To further validate the role
of RAGE, LKB1, and AMPK1 in mediating the effects of
CEL on SIRT1 activity, we employed genetic manipula-
tion strategies. Specifically, siRNA-mediated silencing of
RAGE significantly attenuated CEL-induced inhibition
of SIRT1 catalytic activity. Similarly, overexpression of
LKB1 or AMPK1 using plasmids mitigated the inhibitory
effects of CEL on SIRT1 activity. These results, presented
in Figure S8, provide strong evidence that CEL exerts its
effects on SIRT1 through the RAGE/LKB1/AMPK1 sig-
naling pathway.

CEL exposure modulated macrophage autophagy via
SIRT1-dependent ZKSCANS3 acetylation

In our studies, Fig. 6A-B and Figure S9 illustrate that
exposure to CEL decreases the nuclear translocation
of ZKSCAN3 compared to controls, while subsequent
higher concentrations of CEL enhance ZKSCAN3’s
nuclear localization in a concentration-dependent man-
ner. This nuclear localization of ZKSCAN3 plays a critical
role in repressing autophagic gene expression, includ-
ing MAP1LC3B. CEL exposure modulates this process
through SIRT1-dependent acetylation: lower concentra-
tions reduce ZKSCANS3 acetylation and nuclear local-
ization, potentially relieving repression on autophagic
genes, while higher concentrations increase ZKSCAN3
acetylation, promoting its nuclear localization and sup-
pressing autophagic activity. Notably, SRT1720 admin-
istration significantly reduces, and EX527 co-treatment
further impairs, this nuclear translocation. Co-immuno-
precipitation (Co-IP) analyses (Fig. 6C and E) reveal that
CEL exposure initially reduces ZKSCAN3 acetylation
levels, whereas increasing CEL concentrations elevate
these levels; however, SRT1720 markedly decreases, and
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EX527 co-treatment significantly increases ZKSCAN3
acetylation. Chromatin immunoprecipitation (ChIP)
assays (Fig. 6F and G) demonstrate that CEL exposure
diminishes, and higher concentrations of CEL enhance,
ZKSCAN3’s binding affinity to the mapllc3b promoter,
with SRT1720 weakening and EX527 co-treatment
intensifying this interaction. Furthermore, evaluation of
the autophagic response through the LC3II expression
and autophagic flux (Fig. 6H and L) indicates that CEL
exposure stimulates autophagy compared to controls,
but higher concentrations of CEL impair autophagy in
a concentration-dependent manner in primary macro-
phages. Remarkably, while SRT1720 alleviates this inhibi-
tion, EX527 exacerbates it in CEL-exposed macrophages.
Similar results were observed in human THP-1 cells (Fig-
ure S10).

Discussion

Atherosclerosis, a chronic inflammatory disease marked
by the accumulation of lipids and fibrous elements in
the arteries, significantly worsens under T2DM, height-
ening cardiovascular risks significantly [22]. The inter-
play between diabetes-induced metabolic disorders and
atherosclerosis escalates not only the complexity of the
disease but also the severity of potential cardiovascular
events [23]. This study delved into this interplay by exam-
ining the impact of CEL, a typical AGEs, on the stability
of atherosclerotic plaques and macrophage autophagy,
offering insights into the pathological contributions of
AGEs in diabetic atherosclerosis.

Our findings indicated that diabetic conditions
(AS+DM group) exacerbate plaque instability com-
pared to non-diabetic conditions (AS group). This was
evidenced by increased plaque burden and decreased
collagen content, which are critical indicators of plaque
vulnerability to rupture [24]. The degradation of colla-
gen, essential for maintaining the structural integrity of
the arterial wall, points towards the increased fragility of
blood vessels typically observed in diabetic patients [25,
26]. Elevated levels of CEL in individuals with T2DM
were closely correlated with the incidence of acute coro-
nary syndrome (ACS) [27]. This association underscores
the critical impact of glycation products like CEL in
promoting endothelial dysfunction and inflammatory
responses, which contribute to the progressive destabili-
zation of atherosclerotic plaques.

The inverse relationship between serum CEL con-
centrations and plaque collagen content suggests that
increased CEL levels may contribute to reduced plaque
stability. Interestingly, initial exposure to lower con-
centrations of CEL appeared to stimulate macrophage
autophagic activity compared to controls, which may
serve as a protective mechanism against cellular stress.
However, as CEL concentrations increase, the initial
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Fig. 6 Evaluation of SIRT1 activity modulation on ZKSCAN3- regulated autophagy in CEL-treated macrophages. A, Representative merged images of
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sess ZKSCANS3 acetylation levels in macrophages under various treatment conditions. E, Relative acetylation levels of ZKSCAN3 as influenced by CEL and
co-treatments. F, Chromatin immunoprecipitation (ChIP) assays evaluating the binding affinity of ZKSCAN3 to the map1/c3b promoter. G, Quantitative
analysis of the relative binding affinity of ZKSCAN3 to the map1/c3b promoter in macrophages treated as specified. H, Western blot analysis of LC3 protein
expression to assess autophagy. I, Relative expression levels of LC3Ilin the treated macrophage groups. J, Ad-mCherry-GFP-LC3B recombinant adenovirus
transfection for autophagy detection; representative images of mCherry, GFP, DAPI, and their merged visualization are displayed. K, Autophagy quantifica-
tion through intracellular mCherry/GFP ratio. L, Average number of yellow puncta per cell indicating autophagic vesicles in treated macrophages. Data
are presented as mean +SD for n=6 independent replicates per experiment; significance indicated by *P<0.05, **P<0.01, **P<0.001.

autophagic activation transitions into inhibition, high-  lower concentrations, indicating that CEL may modulate

lighting a concentration-dependent biphasic effect on  autophagy in a dose-dependent manner.

this cellular process. While the inhibition of autophagy We hypothesize that at lower concentrations, CEL

at higher concentrations does not reach levels lower might promote autophagy as an adaptive response to

than the control condition, the observed trend still sug-  stress, whereas at higher concentrations, CEL’s inhibi-

gests a reduction in autophagic activity relative to the tion of SIRT1 activity leads to a suppression of autoph-
agy. This shift from autophagy promotion to inhibition
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is likely driven by the increasing SIRT1 inhibition as
CEL concentration rises, which overwhelms the initial
autophagic activation. The SIRT1-dependent mechanism
explains this biphasic response, where low levels of CEL
may initiate protective autophagic activity, but high levels
of CEL ultimately suppress autophagy as SIRT1’s inhibi-
tory effect becomes dominant. The ability of pharmaco-
logical agents, such as SIRT1 activators (e.g., SRT1720),
to restore autophagy levels even in the presence of CEL
underscores the therapeutic potential of targeting the
SIRT1-dependent pathway.

The diminished macrophage autophagic activity
observed in the AS+DM group, in conjunction with
the negative correlation between serum CEL levels and
macrophage autophagic activity, points to a potential
regulatory role of CEL in macrophage autophagy within
atherosclerotic plaques. We interpret this finding with
the understanding that at higher concentrations, CEL
suppresses autophagy through SIRT1 inhibition, which is
more pronounced at elevated CEL levels, leading to the
reduction of autophagic activity. Given that macrophage
autophagy is crucial for maintaining plaque stability [28],
the findings suggest that abnormal accumulation of CEL
in T2DM conditions might exacerbate atherosclerosis by
impairing macrophage autophagy and subsequently com-
promising plaque stability.

RAGE, as a receptor for AGEs, has been previously
implicated in various pathophysiological processes,
including inflammation and oxidative stress, both of
which can influence autophagy [29]. A previous inves-
tigation suggested that the V domain of RAGE made
molecular contacts with CEL moiety and the peptide
backbone in the immediate vicinity of CEL, providing
specific and stable binding which further activate RAGE
signaling [13]. Once activated, RAGE can influence the
LKB1/AMPK axis, a central regulator of cellular energy
homeostasis [30]. LKB1 acts as an upstream kinase for
AMPK]1, and any perturbation in its activity can directly
impact AMPK1’s role in maintaining cellular energy bal-
ance and promoting autophagy under stress conditions
[31]. SIRT1, a NAD*-dependent deacetylase, is another
crucial player in this pathway. AMPK1 can enhance the
activity of SIRT1 by increasing cellular NAD* levels. The
observed downregulation of SIRT1 in the presence of
elevated CEL levels leading to impaired SIRT1-depen-
dent autophagy. Our experiments using RAGE silenc-
ing (siRNA) further demonstrated that CELs effects
on autophagy and SIRT1 activity are mediated, at least
in part, through RAGE signaling. Silencing RAGE sig-
nificantly alleviated the CEL-induced suppression of
SIRT1 activity and autophagy, supporting the critical
role of RAGE in this pathological process. These find-
ings suggest that targeting RAGE could provide a novel
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therapeutic approach to mitigating plaque instability in
diabetic atherosclerosis.

ZKSCANS3, a zinc-finger transcriptional repressor, has
been previously implicated in the negative regulation
of autophagy [32]. Its nuclear localization suppresses
autophagic gene expression, while its cytoplasmic reten-
tion relieves this repression. CEL exposure modulates
ZKSCAN3 nuclear localization in a dose-dependent
manner through SIRT1-dependent acetylation. Our find-
ings suggest that CEL exposure promotes the nuclear
localization of ZKSCANS3, potentially suppressing
autophagic gene MAP1LC3B expression. The pivotal role
of SIRT1, a NAD+-dependent deacetylase, in this pro-
cess is evident from its ability to deacetylate ZKSCANS3,
thereby modulating its nuclear translocation [33]. The
observed increase in ZKSCANS3 acetylation upon CEL
exposure, coupled with its reduced or increased acety-
lation following SIRT1720 or EX527 treatment, under-
scores the significance of SIRT1 in this regulatory
cascade. Furthermore, the enhanced binding affinity
of ZKSCAN3 to the MAP1LC3B promoter in the pres-
ence of CEL suggests a direct transcriptional repression
of autophagy-related genes. SIRT1 plays a central role
in this biphasic response. In the presence of lower CEL
concentrations, SIRT1 suppression is less pronounced,
allowing autophagy to be activated via other pathways,
leading to a protective autophagic response. However,
as the CEL concentration increases, the suppression of
SIRT1 becomes more pronounced. This stronger inhi-
bition of SIRT1 leads to a reversal of the autophagic
response, causing the process to shift from activation to
inhibition. At higher concentrations of CEL, SIRT1 sup-
pression becomes the dominant mechanism, leading to
autophagic inhibition.

Our study highlights the biphasic effects of CEL, which
appear to stem from its dose-dependent modulation of
distinct signaling pathways. At lower concentrations,
CEL may enhance protective mechanisms such as SIRT1
activation, promoting metabolic homeostasis and cell
survival. This effect is likely mediated through the acti-
vation of LKB1/AMPKI1 signaling and the suppression
of RAGE-driven oxidative stress, as supported by stud-
ies linking SIRT1 to improved cellular resilience [34].
Conversely, at higher concentrations, CEL induces stress
responses, characterized by increased RAGE activation
and impaired phosphorylation of LKB1 and AMPKI,
leading to the inhibition of SIRT1 activity and subse-
quent cellular dysfunction. This dual action aligns with
the concept of hormesis, where compounds exert oppos-
ing effects depending on dose [35]. The observed biphasic
effects also suggest potential secondary targets of CEL at
higher concentrations, which could exacerbate oxidative
stress or autophagic dysregulation. Autophagy modula-
tion has been implicated in similar biphasic phenomena,
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where low-level activation is cytoprotective, but exces-
sive activation leads to autophagic cell death [36].

In summary, our study elucidates the mechanisms by
which CEL affects plaque stability through regulating
macrophage autophagy in T2DM via modulating the
RAGE/LKB1/AMPK1/SIRT1 pathway and SIRT1-depen-
dent ZKSCANS3 acetylation. The evidence from RAGE
silencing experiments further emphasizes RAGE’s role
as a central mediator in this pathway. These findings sug-
gest that targeting the RAGE/SIRT1 axis could mitigate
plaque instability in diabetic atherosclerosis, providing a
basis for developing novel therapeutic strategies. Further
clinical studies are warranted to validate these therapeu-
tic potentials.

Limitations and perspectives

While our study provides valuable insights into the role
of CEL in plaque stability and macrophage autophagy,
there are inherent limitations. The murine model, though
widely accepted, may not fully replicate the complexi-
ties of human T2DM and its cardiovascular implications.
Additionally, the study primarily focused on specific sig-
naling pathways, potentially overlooking other concur-
rent mechanisms influenced by CEL. While we observed
dose-dependent biphasic effects of CEL in vitro, the
precise molecular mechanisms remain unclear, par-
ticularly at higher concentrations where secondary tar-
gets may play a role. Future research should consider a
broader spectrum of molecular interactions and employ
diverse models, including human samples, to validate and
expand upon our findings. The therapeutic potential of
targeting these pathways in clinical settings remains an
exciting avenue for exploration.
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