
Vol.:(0123456789)1 3

Journal of Cardiovascular Translational Research (2024) 17:133–152 
https://doi.org/10.1007/s12265-023-10470-x

REVIEW

Diabetes Mellitus to Accelerated Atherosclerosis: Shared Cellular 
and Molecular Mechanisms in Glucose and Lipid Metabolism

Nan Zhao1 · Xiaoting Yu1 · Xinxin Zhu1 · Yanting Song2 · Fei Gao3 · Baoqi Yu1,4 · Aijuan Qu1,4 

Received: 27 July 2023 / Accepted: 23 November 2023 / Published online: 13 December 2023 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2023

Abstract
Diabetes is one of the critical independent risk factors for the progression of cardiovascular disease, and the underlying 
mechanism regarding this association remains poorly understood. Hence, it is urgent to decipher the fundamental patho-
physiology and consequently provide new insights into the identification of innovative therapeutic targets for diabetic 
atherosclerosis. It is now appreciated that different cell types are heavily involved in the progress of diabetic atherosclero-
sis, including endothelial cells, macrophages, vascular smooth muscle cells, dependence on altered metabolic pathways, 
intracellular lipids, and high glucose. Additionally, extensive studies have elucidated that diabetes accelerates the odds of 
atherosclerosis with the explanation that these two chronic disorders share some common mechanisms, such as endothelial 
dysfunction and inflammation. In this review, we initially summarize the current research and proposed mechanisms and 
then highlight the role of these three cell types in diabetes-accelerated atherosclerosis and finally establish the mechanism 
pinpointing the relationship between diabetes and atherosclerosis.

Keywords  Diabetes · Atherosclerosis · Endothelial cells · Macrophages · Vascular smooth muscle cells

Abbreviations
ABCA1	� ATP binding cassette subfamily A 

member 1
ABCG1	� ATP binding cassette subfamily G 

member 1
ADA	� American Diabetes Association
AGEs	� Advanced glycation end products

AMPK	� AMP-activated protein kinase
ASCVD	� Atherosclerotic cardiovascular disease
ATP	� Adenosine triphosphate
α-SMA/ACTA2	� Alpha-smooth muscle actin
BAX	� Bcl-2-associated X protein
Bhlhe40	� Basic helix-loop-helix family member 

e40
circRNAs	� Circular RNAs
COX	� Cyclooxygenase
CTRP9	� C1q/tumor necrosis factor-related  

protein 9
CVD	� Cardiovascular disease
DCs	� Dendritic cells
DM	� Diabetes mellitus
DPP-4	� Dipeptidyl peptidase-4
Drp1	� Dynamin-related protein 1
ECM	� Extracellular matrix
EGR-1	� Early growth response protein 1
EndMT	� Endothelial-to-mesenchymal transition
eNOS	� Endothelial NO synthase
EPCs	� Endothelial progenitor cells
ER	� Endoplasmic reticulum
ERK1/2	� Extracellular signal-regulated kinase 

1/2
ETC	� Electron transport chain

Associate Editor Yihua Bei oversaw the review of this article

Nan Zhao and Xiaoting Yu contributed equally to this work.

 *	 Baoqi Yu 
	 baoqiyu@ccmu.edu.cn

 *	 Aijuan Qu 
	 aijuanqu@ccmu.edu.cn

1	 Department of Physiology and Pathophysiology, School 
of Basic Medical Sciences, Capital Medical University, 10 
You’anmen Outer West 1st Street, Beijing 100069, China

2	 Department of Pathology, Beijing Anzhen Hospital Affiliated 
to Capital Medical University, Beijing 100029, China

3	 Department of Cardiology, Beijing Anzhen Hospital 
Affiliated to Capital Medical University, Beijing 100029, 
China

4	 Key Laboratory of Remodeling-Related Cardiovascular 
Diseases, Ministry of Education, Beijing 100069, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s12265-023-10470-x&domain=pdf
http://orcid.org/0000-0001-6661-1953


134	 Journal of Cardiovascular Translational Research (2024) 17:133–152

1 3

ET-1	� Endothelin-1
FGF21	� Fibroblast growth factor 21
FFA	� Free fatty acids
FPG	� Fasting plasma glucose
GLP-1	� Glucagon-like peptide-1
GLP-1R	� Glucagon-like peptide 1 receptor
GLUT1	� Glucose transporter 1
GPRC5B	� G-protein coupled receptor 5B of  

family C
GSDMD	� Gasdermin D
GSK3β	� Glycogen synthase kinase 3β
HAECs	� Human aortic endothelial cells
HbA1c	� Glycated hemoglobin
HCAECs	� Human coronary artery endothelial 

cells
HDAC6	� Histone deacetylase 6
HIF-1α	� Hypoxia inducible factor 1α
HG	� High glucose
HUVECs	� Human umbilical vein endothelial cells
H2O2	� Hydrogen peroxide
H2S	� Hydrogen sulfide
ICAM-1	� Intercellular adhesion molecule-1
IFN-γ	� Interferon-γ
IL	� Interleukin
KLF4	� Krüppel-like factor 4
LDL	� Low-density lipoprotein
LGALS3	� Galectin-3
lncRNAs	� Long non-coding RNAs
LPS	� Lipopolysaccharide
MCP-1	� Monocyte chemotactic protein-1
MMP	� Matrix metalloproteinase
mtDNA	� Mitochondrial DNA
mtDNA-CN	� Mitochondrial DNA copy number
MYH11	� Myosin heavy chain 11
NADPH	� Nicotinamide-adenine dinucleotide 

phosphate
NICD 	� Notch intracellular domain
NOX	� NADPH oxidases
NLRP3	� NLR family pyrin domain containing 3
ox-LDL	� Oxidized low-density lipoprotein
OXPHOS	� Oxidative phosphorylation
PA	� Palmitic acid
PKC	� Protein kinase C
PKCβII	� Protein kinase C βII
PPARδ	� Peroxisome proliferator-activated 

receptor δ
PPB	� Pyrogallol-phloroglucinol-6,6-bieckol
P38 MAPK	� P38 mitogen-activated protein kinase
RAGE	� Receptor for advanced glycation end 

products
RCN2	� Reticulocalbin 2
ROCK1	� Rho-associated kinase 1
ROS	� Reactive oxygen species

RUNX2	� Runt-related transcription factor 2
SGLT2i	� Sodium-glucose cotransporter 2 

inhibitors
SM22α/TAGLN	� Smooth muscle 22 α
SNO-GNAI2	� S-nitrosylation of G-protein α-2
SOD	� Superoxide dismutase
STZ	� Streptozotocin
TERT	� Telomerase reverse transcriptase
TNF-α	� Tumor necrosis factor-α
TRAF6	� Tumor necrosis factor-associated factor 

6
T2DM	� Type 2 diabetes mellitus
UPR	� Unfolded protein response
VCAM-1	� Vascular cell adhesion molecule-1
VSMCs	� Vascular smooth muscle cells

Introduction

The last several decades have observed an unanticipated 
global increase in the prevalence of diabetes mellitus (DM). 
Diabetes, a chronic endocrine disease stemming from insu-
lin insufficiency with the symptom of hyperglycemia, is a 
dominant independent risk factor for a global epidemic of 
cardiovascular disease (CVD). Additionally, it remains the 
principal cause of premature deaths. The American Diabetes 
Association (ADA) recommends cutoffs for prediabetes and 
diabetes, the glycemic parameters that diagnose diabetes are 
glycated hemoglobin (HbA1c) ≥ 6.5%, fasting plasma glu-
cose (FPG) ≥ 126 mg/dl, and 2-h postprandial glucose (2-h 
PG) ≥ 200 mg/dl[1]. According to the latest diabetes atlas 
demonstrated by the International Diabetes Federation, up 
to 537 million patients suffered from diabetes worldwide in 
2021, which accounts for one-tenth of adults. Diabetics hold 
a growing risk for vascular diseases, containing the micro-
vascular and macrovascular complications. Macrovascular 
complications include atherosclerosis that can ultimately 
manifest as stroke, myocardial infarction, and peripheral 
artery disease[2]. So, it is important to explore the underly-
ing mechanisms linked between diabetes and atherosclerosis 
in order to attenuate the diabetic atherosclerosis.

It has been reported that there existed the solid relation-
ship between diabetes mellitus and atherosclerosis in the 
literatures. In 2007, a study confirmed some genetic links 
between atherosclerosis and diabetes; for example, the 
genetic variation at the CALPN10, FABP4, PPARA, and 
PPARG loci may induce higher cardiovascular disease 
risk in patients with type 2 diabetes mellitus (T2DM) [3]. 
Another multi-ethnic genome-wide association study iden-
tified several new loci, such as TCF7L2, HNF1A, CTRB1, 
MRAS, and CCDC92 that are linked with both diabetes and 
atherothrombotic CVD [4]. These findings suggested that 
between atherosclerosis and diabetes, genetic variations may 
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increase individuals’ susceptibility of patients with one dis-
ease to the other, making them more prone to developing 
both diabetes and atherosclerosis at the same time. Besides, 
previous work also established that diabetes mellitus and 
atherosclerosis shared some common pathological pathways, 
such as chronic inflammation and endothelial activation 
caused by disrupted blood flow, subsequent mitochondrial 
oxidative stress, extracellular matrix component changes, 
and cellular defense systems disruption [5]. Insulin resist-
ance with hyperinsulinemia, hyperglycemia, and impair-
ment of insulin signaling result in endothelial dysfunction 
and inflammation, vascular smooth muscle cells (VSMCs) 
phenotypic switch (proliferation, migration, and dedifferen-
tiation), and monocyte/macrophage-derived foam cell for-
mation due to the advanced glycation end product (AGE) 
production, elevated free fatty acids (FFA), protein kinase 
C (PKC) activation, oxidative stress, mitochondrial dysfunc-
tion, and epigenetic modifications, which demonstrates that 
all three cell types collectively facilitate the development of 
atherosclerosis [6].

In addition to genetic and pathologic mechanisms, the 
clinical relationship between atherosclerosis and diabetes 
also has been well established. New oral drugs including 
the sodium-glucose cotransporter 2 inhibitors (SGLT2i) are 
utilized for the treatment of T2DM. SGLT2i, such as dapa-
gliflozin, empagliflozin, and canagliflozin, demonstrates 
pleiotropic effects in protecting from cardiovascular dis-
eases beyond their impact on hyperglycemia by landmark 
cardiovascular outcome trials recently. Of clinical relevance, 
it has been recently reported that major adverse cardiovas-
cular events and cardiovascular death in T2DM patients 
with cardiovascular diseases were reduced by SGLT2i [7]. 
In addition, dulaglutide, a glucagon-like peptide 1 receptor 
(GLP-1R) agonist, has been investigated to prevent against 
atherosclerosis, indicating that these effects on cardiovascu-
lar disease are the result of lowering glucose [8]. The com-
monly used antidiabetic drugs in the clinic include SGLT2i, 
GLP-1R agonist, dipeptidyl peptidase-4 (DPP-4) inhibitors, 
and metformin. They are applied for anti-diabetic reduce 
glucose by decreasing glucose absorption from intestines 
or reabsorption from renal tubules and stimulating insulin 
secretions. At the same time, these agents also inhibit vas-
cular inflammation [9, 10] endothelial dysfunction [11], 
modulate lipid profile (such as LDL-C reduction and HDL-C 
improvement) [12], and increase plaque stabilization [13], 
to alleviate atherogenesis.

In this review, we mainly summarize the existing patho-
logical changes found in three key cell types that contribute 
to atherosclerosis in diabetes mellitus: endothelial cells, 
VSMCs, and macrophages. We finally aim to mechanisti-
cally integrate diabetes mellitus and atherosclerosis and 
list some attractive possibilities for modifying diabetic 
atherosclerosis which contains targeting glucotoxicity and 

lipotoxicity, inhibiting cellular dysfunction, and promoting 
pro-resolution mechanisms.

Endothelial Cells in Diabetic Atherosclerosis

The endothelium is a monolayer of endothelial cells resid-
ing in the inner surface of arteries, veins, and capillaries. 
Endothelial cells serve a pivotal role in maintaining vas-
cular homeostasis via regulating vascular tone, permeabil-
ity, angiogenesis, and the target of anti-inflammatory and 
antithrombotic factors [14, 15].

Diabetes is a chronic endocrine disease, manifested by 
abnormally high blood glucose levels [16]. A progressive 
link between enhanced blood glucose levels and CVD 
existed, with higher HbA1c levels related to an increase in 
subclinical atherosclerosis risk with a particular elevated 
risk of mortality in elderly individuals [17, 18]. Under 
hyperglycemia conditions, dysfunction of the endothelium is 
presented with impairment of endothelium-dependent vaso-
dilation, increased inflammatory adhesion molecules, hyper-
permeability, and low-density lipoprotein (LDL) oxidation 
[19] (Fig. 1). Diabetes mellitus mainly affects endothelial 
homeostasis through glucotoxicity, although the definite 
mechanisms of high blood glucose-induced endothelial 
damage are complex and not fully elucidated. Notably, high 
blood glucose promotes the production of reactive oxygen 
species (ROS), which consequently interferes with a series 
of downstream pathways including AGE formation, PKC 
activation, and polyol pathway flux [20].

Intracellular high glucose induces the formation of AGEs, 
activates the PKC pathway, and facilitates mitochondrial 
dysfunction to produce excessive ROS, and the subsequent 
oxidative stress induces inflammation, which further pro-
motes the production of ROS. The permeability of endothe-
lial cell increases, which increases glucose uptake, LDL 
transcytosis, and monocyte/macrophage infiltration. Even-
tually, endothelial cells become dysfunctional and die.

Advanced Glycation End Products (AGEs)

Glycation reaction is a spontaneous non-enzymatic reac-
tion of free-reducing sugars with amino groups of proteins, 
lipids, and nucleic acids, ultimately facilitating the formation 
of AGEs. Previous work has denoted that AGEs can be iden-
tified by tracing receptors on the cytomembrane, which con-
tains receptor for advanced glycation end products (RAGE) 
and scavenger receptors (SR-A and SR-B) that influence the 
pathogenesis of diabetic complications [21, 22]. High lev-
els of plasma AGEs in diabetic patients damage endothelial 
cells, and then the detrimental effect lasts after normal blood 
glucose levels are reached [23]. Of note, under hyperglyce-
mic conditions, aging and erythrocyte glycation contributes 
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to their engulfment by endothelial cells and leads to endothe-
lial dysfunction [24]. An AGP-PPARγ axis was found to 
mediate the production of NO and ROS, which promoted the 
generation of AGEs in diabetic endothelial cell [25]. Expo-
sure of human umbilical vein endothelial cells (HUVECs) to 
AGEs in vitro induced the diminishment of eNOS and NO 
production [26]. Similar results were observed in human 
coronary artery endothelial cells (HCAECs), where AGEs 
caused endothelial dysfunction by decreasing eNOS and 
increasing oxidative stress after the activation of p38 and 
ERK1/2 [27]. Mechanistically, hyperglycemia may also 
induce inflammation through an AGEs/PKCβII/ERK1/2 /
EGR-1 pathway in HUVECs isolated from gestational dia-
betes mellitus patient umbilical cords [28].

Since AGEs matter in vascular complications in diabetes, 
the risk of subclinical atherosclerosis is assessed by detect-
ing the scale of collected AGEs in the skin, skin autofluo-
rescence was related to flow-mediated vasodilation indepen-
dently, which acts as a sign of endothelial disorders [29].

Several treatment strategies with the involvement of 
AGEs and RAGE have been investigated. Specifically, 

isosamidin is a preventive agent for methylglyoxal-medi-
ated endothelial dysfunction, owing to the breakdown of the 
crosslinks of methylglyoxal-derived AGEs [30]. An anti-
RAGE leads to the reduced vascular RAGE expression and 
increased collaterals for the clinical treatment of diabetic 
peripheral artery disease [31]. microRNA (miR)-21-3p was 
found to elevate the levels of soluble RAGE and compete 
with RAGE for binding AGE, which results in decreases 
in the production of ROS and inflammatory cytokines in 
HUVECs induced by high glucose concentrations [32]. As 
RAGE is a vital mediator of endothelial dysfunction, target-
ing of RAGE and intervention with the AGEs/RAGE signal-
ing pathway are a promising therapeutic tool to alleviate the 
progression of diabetes-associated comorbidities.

Inflammation

Chronic inflammation is a common feature of diabetes and 
is known to increase the incidence of atherothrombotic 
events [33]. Excess saturated fatty acids, ceramides, and 
glucose in the blood of diabetics trigger the link between 

Fig. 1   Endothelial cell in diabetic atherosclerosis. Diabetic athero-
sclerosis initiates by endothelial cell dysfunction, increases endothe-
lial cell permeability, promotes the expression of pro-inflammatory 
cytokines and adhesion factors, increases glucose uptake, LDL 
transcytosis, and monocyte/macrophage infiltration. eNOS uncou-
pling impairs the ability of endothelial cell-mediated vasorelaxation 
function and oxidative stress induced by excessive ROS produc-
tion. Eventually, endothelial cells become dysfunctional and die. 
AGE, advanced glycation end product; AMPK, AMP-activated pro-
tein kinase; BAX, Bcl-2-associated X protein; EGR-1, early growth 
response protein 1; eNOS, endothelial NO synthase; ER, endoplasmic 

reticulum; ERK1/2, extracellular signal-regulated kinase 1/2; ET-1, 
endothelin-1; GLUT1, glucose transporter 1; ICAM-1, intercellular 
adhesion molecule-1; IL-1β, interleukin-1β; IL-18, interleukin-18; 
KLF4, Krüppel-like factor 4; mtDNA-CN, mitochondrial DNA copy 
number; NADPH, nicotinamide-adenine dinucleotide phosphate; 
NOX1, NADPH oxidase 1; P38 MAPK, p38 mitogen-activated pro-
tein kinase; PKCβII, protein kinase C βII; PPARδ, peroxisome pro-
liferator-activated receptor δ; RAGE, receptor for advanced glycation 
end product; ROS, reactive oxygen species; UPR, unfolded protein 
response; VCAM-1, vascular cell adhesion molecule-1
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the thioredoxin-interacting protein and the NLR family 
pyrin domain containing 3 (NLRP3) inflammasome [34]. 
The NLRP3 inflammasome is the major mediator of IL 
(interleukin)-1β and IL-18 cytokine secretion activating 
pro-inflammatory pathways [35]. High blood glucose pro-
motes the production of IL-1β by pancreatic islets β cells, 
which leads to glucotoxicity and the functional damage of β 
cells [36]. Despite advances in glucose and lipid-lowering 
therapies, a significant proportion of diabetics suffers from 
several complications and eventually results in end-organ 
damage [37]. Indeed, plasma LDL-lowering treatments are 
highly effective in preventing atherosclerosis; however, they 
incur a significant burden of atherosclerotic cardiovascular 
disease (ASCVD), and extensive studies suggested that it 
is probably the outcome of residual inflammatory risk [35, 
38]. One study revealed that NLRP3 knockdown inhibited 
NLRP3 inflammasome activation, vascular cell adhesion 
molecule-1 (VCAM-1), and intercellular adhesion mol-
ecule-1 (ICAM-1) expression in intima in diabetes-accel-
erated atherosclerosis mouse models [39]. Endothelial 
cells were exposed to high glucose inducing an increase 
of G-protein coupled receptor 5B of family C (GPRC5B), 
leading to a pro-atherogenic GPRC5B-dependent positive 
feedback loop through tyrosine kinase Fyn and NF-κB acti-
vation [40]. Mechanistically, elevated levels of S-nitrosyla-
tion of G-protein alpha-2 (SNO-GNAI2) act with CXCR5 
to induce Hippo/YAP-dependent endothelial inflammation. 
The treatment with melatonin reduces SNO-GNAI2, which 
was revealed as an efficient strategy for mitigating diabetic 
atherosclerosis[41]. Moreover, treatment with trelagliptin, 
a DPP-4 inhibitor, suppressed the level of pro-inflamma-
tory chemokines and adhesion of monocytes via inhibiting 
NF-κB signaling in human aortic endothelial cells (HAECs) 
[42]. Canagliflozin, an SGLT2 inhibitor, also ameliorates 
acetylcholine-induced vasodilation and reduces the expres-
sions of VCAM-1 and ICAM-1 via an anti-inflammatory 
mechanism in experimental diabetic mice [43]. Together, 
these studies show that inflammation in endothelial cells 
facilitates the atherogenic process, indicating that targeting 
vascular inflammation can be an effective approach to miti-
gate diabetic atherosclerosis.

Oxidative Stress

Diabetes promotes atherosclerosis via increased oxidative 
stress which is attributed to an imbalance between the exces-
sive ROS production and antioxidative factors, in favor of 
ROS [44]. ROS encompasses an array of derivatives derived 
from molecular oxygen produced by various ROS-gener-
ating enzymes, such as nicotinamide-adenine dinucleotide 
phosphate (NADPH) oxidases (NOX), the mitochondrial 
electron transport chain (ETC), uncoupled endothelial 
NO synthase (eNOS), and cyclooxygenase (COX). ROS 

consists of non-radical species and free radical species, 
such as hydrogen peroxide (H2O2) and superoxide anion 
radical (O2

−) [45]. Endothelial cells are exposed to sev-
eral factors that induce oxidative stress, including oxidized 
low-density lipoprotein (ox-LDL) [46], high blood glucose 
[47], and free fatty acids [48]. Notably, pancreatic islets β 
cells are extremely sensitive to ROS damage induced by 
high glucose and FFA owing to the subnormal expression 
of superoxide dismutase (SOD) and catalase, resulting in 
β cells dysfunction [49]. High blood glucose and insulin 
concentrations also stimulate aberrant NOX activation and 
lead to endothelial malfunction and overstimulation of NOX 
in diabetes, creating a cytotoxic microenvironment, where 
eNOS uncoupling impairs the ability of the endothelium to 
perform vasorelaxation and glucose transport [50]. Similar 
results were obtained with endothelium-restricted human 
endothelin (ET)-1 overexpression that caused perivascu-
lar oxidative stress, enhanced monocyte/macrophage infil-
tration, and aggravated atherosclerosis in T1DM through 
NOX1 [51]. Fibroblast growth factor 21 (FGF21) has an 
anti-oxidative capacity relevant to metabolic disorders and 
prevents high glucose (HG)-induced endothelial dysfunction 
and enhanced eNOS activity that leads to dilation of the 
aorta through activation of the CaMKK2-AMPKα signaling 
pathway in both type 1 and type 2 diabetes [52]. A study 
showed that endogenous gasotransmitter hydrogen sulfide 
(H2S) against HG-induced damage of endothelial cells and 
reversed endothelial cell viability via activation of PI3K/
Akt/eNOS signaling [53]. Therefore, HG-induced oxida-
tive stress contributes to endothelial dysfunction, promot-
ing the initiation and development of diabetes-associated 
atherosclerosis by damaging endothelia-dependent vascular 
relaxation and increasing permeability.

Endoplasmic Reticulum Stress

Endoplasmic reticulum (ER), a cellular organelle with 
multifunctional roles in transmembrane protein synthesis, 
folding, and translocation, participates in the production of 
cellular lipids and regulation of cellular Ca2+ uptake. Sev-
eral pathophysiology conditions disrupt ER homeostasis, 
followed by the alternation of protein-folding which results 
in irreversible unfolded protein response (UPR) activation 
and is referred to as ER stress [54]. Moreover, ER plays a 
vital role in the regulation of endothelial function. Lipo-
protein-cholesterol, inflammation, and oxidative stress incur 
endothelial dysfunction and ER stress [55, 56]. ER stress is 
also activated by insulin resistance and vascular endothelial 
dysfunction in diabetics [57]. Several studies indicated that 
the downregulation of AMPK/PPARδ signaling in vascular 
endothelial cells was considerable in relation to the activa-
tion of hyperglycemia-induced ER stress[58–60], which is 
inhibited by the improvement of endothelial cell function. 
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The finding that anti-hyperglycemic drugs (metformin, 
SGLT2 inhibitors, and GLP-1 receptor agonists) attenuate 
tunicamycin or HG (27.5 mM dextrose)-induced dysfunction 
in HCAECs in vitro indicates a major role of cardiovas-
cular protective effects [61]. Recent research revealed that 
treatment with stanniocalcin 1 secreted from mesenchymal 
stem cells (MSCs), which restored cell viability, decreased 
the inflammatory response and lipid deposition and amelio-
rated palmitic acid (PA)-triggered impairment in HUVECs 
through inhibiting ER stress and endothelial-to-mesenchy-
mal transition (EndMT) [62].

Mitochondrial Dysfunction

Since the mitochondrial is the principal organelle for adeno-
sine triphosphate (ATP) generation, it is considered to be the 
cell “power plant,” where more than 90% of total cellular 
production of ATP is carried out by oxidative phosphoryla-
tion (OXPHOS) in the mitochondrial ETC [63]. Mitochon-
drial is not only an important organelle in cellular energy 
metabolism, but also the primary source of ROS which 
damages ETC proteins and mitochondrial DNA (mtDNA) 
[64]. T2DM and atherosclerosis are characterized by mito-
chondrial dysfunction and oxidative stress [65]. A follow-up 
study found that mitochondrial DNA copy number (mtDNA-
CN), a substitute biomarker of mitochondrial dysfunction, 
is lower and related to cardiovascular complications in 
T2DM [66]. Moreover, an in vitro hyperglycemia model 
in HUVECs induced mitochondrial ROS and increased 
SIRT1-mediated PINK1/Parkin-dependent mitophagy; these 
effects can be attenuated by the treatment with liraglutide (a 
GLP-1 receptor agonists) [67]. Consistent with this finding, 
treatment with metformin significantly suppressed the pro-
gression of diabetic atherosclerosis via inhibition of mito-
chondrial fission in endothelial cells in streptozotocin (STZ)-
induced diabetic mice, which was associated with activated 
AMPK-mediated blockage of dynamin-related protein 1 
(Drp1) expression and translocation to the mitochondrial 
[68]. All findings above indicate that lowering mitochondrial 
dysfunction is a potential therapeutic target to limit athero-
sclerosis in diabetes.

Senescence

Senescence, a vital risk factor for endothelial dysfunction, is 
an elementary step in a series of events associated with the 
initiation and progression of ASCVD and other endothelial 
dysfunction-related diseases. Endothelial cell senescence 
can impair the vascular endothelium which is induced by 
HG and ox-LDL [14]. HUVEC overexpression of C1q/tumor 
necrosis factor-related protein 9 (CTRP9) significantly 
decreased the expression of Krüppel-like factor 4 (KLF4) 
and cyclin-dependent kinase inhibitor p21 and increased 

the expression of telomerase reverse transcriptase (TERT) 
which prevented HG-induced endothelial senescence [69]. A 
study found that MSC-derived extracellular vesicles attenu-
ated endothelial cell senescence through miR-126a/Src in 
natural aging and T2DM mouse models [70]. Moreover, 
in vitro studies showed that the DPP-4 inhibitor anagliptin 
protected against oxidative and glucolipotoxicity stresses 
induced cellular senescence in HUVECs [71].

Autophagy

Autophagy is an endogenous protective system for main-
taining cellular homeostasis. Emerging studies unraveled an 
important autophagy function of endothelial cells, includ-
ing modulating the response of endothelial cell to metabolic 
stresses and endothelial plasticity [72]. Autophagy is emerg-
ing as a crucial modulator of diabetes. For example, LDL 
has activity similar to insulin and inhibits endothelial cell 
autophagy via activation of the PI3K/Akt/mTOR signaling 
and enhancing glucose uptake by translocating the glucose 
transporter 1 (GLUT1) that increases the incidence of dia-
betes [73]. Moreover, endothelial-specific mTORC1 dele-
tion alleviates hindlimb ischemia in diabetic mice partly 
via activation of autophagy [74]. Forearm vein endothe-
lial cells isolated from diabetic patients have been shown 
to have impaired NO signaling and inadequate autophagy 
[75]. Furthermore, high glucose inhibits CAV1-CAVIN1-
LC3B signaling-mediated autophagic degradation, pro-
motes the LDL transcytosis across endothelial cells, and 
the development of atherosclerosis [76]. Consistent with 
these findings, endothelial-specific Sirt6 overexpression in 
diabetic ApoE−/− mice ameliorates atherosclerotic plaque 
formation, through not only SIRT6-mediated acetylation 
of caveolin-1 that triggers its autophagic degradation but 
also suppression of high glucose-induced LDL transcyto-
sis [77]. Recently, GLP-1 therapy was found to attenuate 
H2O2-stimulated endothelial dysfunction and overly stimu-
late autophagy and restore histone deacetylase 6 (HDAC6) in 
a GLP-1R-ERK1/2-dependent manner [78]. Suppression of 
the glycogen synthase kinase 3β (GSK3β) might be impor-
tant for restoring endothelial cell homeostasis and reducing 
atherogenesis through increasing basal autophagy and recov-
ering impaired lysosome acidification in HAECs [79]. In 
addition, regular exercise protects the arteries from vascular 
disease by stimulating endothelial cell autophagy through 
decreased interleukin-1 receptor antagonist [80].

Apoptosis, Necroptosis, Pyroptosis, Ferroptosis

Cell death maintaining homeostasis and preventing the 
development of diseases contains two forms, programmed 
and non-programmed. Programmed cell death mostly 
refers to apoptosis, necroptosis, and pyroptosis, while 
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non-programmed cell death refers to necrosis. Ferroptosis 
was revealed as a new type of cell death [81]. First and fore-
most, endothelial apoptosis is significantly enhanced in dia-
betic endothelial cells and high glucose cultured HUVECs, 
which contributes to vascular remodeling during develop-
ment [82, 83]. Recent research revealed that high glucose 
might induce HUVECs apoptosis via reduced H2S levels 
and impaired the downstream PI3K/Akt/eNOS signaling, 
which links to hyperglycemia-caused vascular injuries [53]. 
Moreover, inflammatory factor tumor necrosis factor-asso-
ciated factor 6 (TRAF6) also has a major contribution to 
hyperglycemia-induced endothelial cell dysfunction, such 
as apoptosis and endothelial-monocyte adhesion [84]. A 
recent study revealed that supra-nutritional selenium intake 
was related to augmented diabetes risk through induced 
endothelial cell apoptosis, ER stress, and increased ROS 
production [85]. Treatment with vitexin, a polyphenolic fla-
vonoid, decreased apoptosis in HG-induced HUVECs via 
disrupted Wnt/β-catenin and Nrf2 signaling [86]. Further-
more, notoginsenoside Fc (Fc) protects against HG-induced 
rat aortic endothelial cell dysfunction by inhibiting apoptosis 
and reducing the production of pro-inflammatory cytokines 
through a PPARγ-mediated pathway [87].

Furthermore, there is an evidence for a negative interac-
tion between apoptosis and necroptosis, while exogenous 
H2S alleviates high glucose-induced HUVEC injury through 
inhibiting necroptosis [88]. Other evidence consolidates the 
vital contribution of pyroptosis in endothelial dysfunction; 
for example, under hyperglycemic conditions, pyroptosis in 
endothelial cells causes the initial atherosclerosis through 
the TLR4/NF-κB pathway [89]. In addition, renal glomeru-
lar endothelial cells exposed to HG undergo pyroptosis 
through the caspase-1-gasdermin D (GSDMD) canonical 
pathway [90]. Moreover, long noncoding RNA KCNQ1OT1/
miR-214/caspase-1 signaling mediated pyroptosis induced 
by HG in diabetic human and rat corneal endothelium [91]. 
These findings reveal a potential therapeutic benefit in tar-
geting endothelial cell death and delaying the progression 
of atherosclerosis during diabetes.

Consequently, the chain of events that results in diabetic 
atherosclerosis is attributed to vascular local endothelial 
dysfunction, which is caused by disturbed flow in areas of 
arterial curvature or branching. This flow pattern acts on 
endothelial cells to stimulate multiple inflammatory path-
ways, derange vascular permeability, and increase expres-
sion of proinflammatory cytokines and adhesion molecules, 
such as monocyte chemotactic protein-1 (MCP-1), VCAM-
1, ICAM-1, and E-selectin, which recruit circulating mono-
cytes and T cells [92]. Of note, hyperglycemia and lipo-
protein abnormalities further trigger monocyte adhesion to 
endothelial cells [93]. Meanwhile, high glucose and CD36 
deficiency facilitate the LDL transcytosis across the arte-
rial wall, where they are easily modified by oxidation, and 

macrophages internalize ox-LDL that lead to the devel-
opment of lipid-engorged macrophage, called foam cells, 
which make a contribution to early fatty streak formation in 
the artery wall [76, 94].

Overall, a lot of current studies demonstrate that diabetic 
atherosclerosis is triggered by endothelial dysfunction, 
which increase inflammation and ROS production. Amelio-
rating endothelial cell dysfunction may inhibit the onset of 
diabetic atherosclerosis.

Macrophages in Diabetic Atherosclerosis

Under normal homeostasis, macrophages reside in the 
adventitia where they interact with VSMCs to regulate 
blood vessel diameter and contribute to steady-state func-
tions. In atherosclerotic lesions, macrophages are the most 
abundant immune cell subset localizing under the endothe-
lium and contribute to lipid retention (Fig. 2). In response to 
endothelial activation, classical monocytes are recruited to 
the intima and differentiated into macrophages [95]. Then, 
the NLRP3 inflammasome in macrophage is activated in the 
context of diabetes and induces pro-inflammatory (M1) mac-
rophage formation with mitochondrial dysfunction, which 
impairs lysosome function. The phagocytic efficiency of 
macrophage increases and leads to the foam cell formation. 
At the same time, NLRP3 inflammasome is activated, and 
cholesterol outflow decreases. Finally, increasing pyropto-
sis and necrosis and decreasing apoptosis of macrophages 
inhibit macrophage removal from plaque and form to 
necrotic core.

Macrophage Polarization

Most studies in the field of macrophage phenotypes in ath-
erosclerosis focus on proinflammatory (M1) and anti-inflam-
matory (M2) [96]. M1 macrophages response to interferon-γ 
(IFN-γ) and the Toll-like receptor ligand lipopolysaccha-
ride (LPS), while M2 macrophages response to IL-4 [97]. 
Hyperglycemia potentiates atherosclerosis progression and 
retards plaque regression by increasing the expression of 
proinflammatory genes, such as those encoding IL-1β, IL-6, 
and tumor necrosis factor-α (TNF-α), while causing a resist-
ance to M2-associated gene expression [98, 99]. In addition, 
macrophages uptake ox-LDL to form foam cells leading to 
atherosclerosis. Indeed, AGEs are localized in foam cells 
within the atherosclerotic lesions, contributing to endothelial 
dysfunction and arterial stiffness [100, 101]. Macrophages 
have heterogeneity at the single-cell level, and different mac-
rophage subsets can coexist within a tissue. Although single-
cell data from atherosclerotic plaques have become avail-
able [102], a detailed analysis of the macrophage alignment 
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and compartment with data from diabetic atherosclerosis 
is lacking.

Mitochondria Dysfunction

Mitochondria that play central roles in ATP production 
are exquisitely sensitive to their environs and can be eas-
ily damaged. Macrophages with functioning mitochondria 
maintain an appropriate balance between energy storage and 
consumption, while abnormal lipid and glucose metabolism 
caused by insulin resistance impairs mitochondrial function 
[103]. Generally, the metabolism of M1 macrophage depends 
on glycolysis, while M2 macrophage relies on the oxida-
tive phosphorylation pathway [104, 105]. It was recently 
reported that hypoxia-inducible factor-1 activation shifted 
cellular energy metabolism from oxidative phosphorylation 
to glycolysis and promoted polarization of M1 macrophage 
in a state of insulin resistance induced by obesity [106, 107]. 
Besides, the activated NOTCH1 pathway also leads to mito-
chondrial metabolism reprogramming for M1 macrophage 
polarization. In M1 macrophages, activated NOTCH1 liber-
ates its intracellular domain which increases mitochondrial 

glucose oxidation [108] and promotes mtDNA transcription. 
mtDNA expression enhances mtROS levels that in turn aug-
ment M1 gene expression. These lines of evidence show that 
insulin resistance reprograms macrophage polarization into 
M1 macrophages, and mitochondrial dysfunction shifts the 
energy supply from oxidative phosphorylation to glycolysis.

Lysosomal Defects

Under hyperglycemic conditions, mitochondrial dysfunction 
also impairs lysosome function, which leads to an increase in 
ROS production and blocks autophagic flux in macrophages 
[109]. This agrees with a recent study that phagocytosis of 
apoptotic pancreatic β cells caused lysosomal permeabili-
zation and subsequently generated ROS that activated M1 
macrophage inflammasome [110]. Lipid toxicity caused by 
insulin resistance can also lead to lysosomal dysfunction in 
macrophage [111]. Obesity causes immune cell infiltration, 
including macrophage, into adipose tissue that increases 
insulin resistance. Lysosomal stress/dysfunction occurs in 
adipose tissue macrophages in obesity-associated insulin 
resistance [112]. In conclusion, mitochondrial dysfunction 

Fig. 2   Macrophage in diabetic atherosclerosis. Under the condition 
of hyperglycemia, the M1 polarization of macrophages increases and 
more ox-LDL is phagocytic to form foam cells. In addition, mac-
rophage mitochondrial and lysosome dysfunction increases. At the 
same time, NLRP3 inflammasome is activated, and cholesterol out-
flow decreases. Eventually, the increase of pyroptosis and necrosis 
of macrophages and the decrease of apoptosis promote atheroscle-

rosis progression. ABCA1, ATP binding cassette subfamily A mem-
ber 1; ABCG1, ATP binding cassette subfamily G member 1; ASC, 
apoptosis-associated speck-like protein containing a C-terminal 
caspase recruitment domain; FFA, free fatty acid; HIF-1α, hypoxia-
inducible factor 1α; IL-1β, interleukin-1β; IL-6, interleukin-6; NICD, 
Notch  intracellular domain; ox-LDL, oxidized low-density lipopro-
tein; TNF-α, tumor necrosis factor-α
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of macrophage in the context of diabetes also leads to lyso-
somal stress/injury.

Increased Phagocytic Activity

The accumulation of glycation and AGEs occurs during nor-
mal aging or in the development of several diseases, such 
as diabetes and atherosclerosis [113]. Glycation modulates 
cytokine expression and alters the phagocytic efficiency 
of macrophage [113]. Scavenger receptors can recognize 
modified low-density lipoproteins, such as ox-LDL and 
acetylated LDL [114]. In atherosclerotic plaque, ox-LDL is 
mainly known as the important source of intracellular lipid 
accumulation. Moreover, modified LDL including ox-LDL, 
has a lower affinity to LDL receptor. It is internalized mainly 
through unspecific phagocytosis, which results in cholesterol 
accumulation. These processes lead to the foam cell for-
mation and accelerate the process of atherosclerosis [115]. 
In addition to ox-LDL, in the case of T2DM, raising glu-
cose and FFA levels, insulin resistance, and lowering HDL 
cholesterol all result in increasing expression of scavenger 
receptor on macrophages, thereby contributing to T2DM and 
related atherosclerosis [116].

Inhibited Reverse Cholesterol Transport

Hyperglycemia can lead to lipoprotein clearance and cho-
lesterol excretion disorders. Glycemic control by SGLT2i 
treatment can improve plasma lipoprotein profiles by heparin 
sulfate proteoglycan-dependent clearance mechanisms. Fur-
ther research suggests that the bile acid transporters ABCG5 
and ABCG8 in the conversion of cholesterol to bile acids 
reduce the risk of atherosclerosis [117]. These are consistent 
with the role of reverse cholesterol transport transporters, 
such as ABCA1 and ABCG1. A recent study found that the 
application of reconstituted HDL-polarized macrophages to 
the M2-type, increased ABCA1 and ABCG1 expression, and 
improved the characteristics of diabetes-related atheroscle-
rosis [118]. Another study found that a miR-325 inhibitor 
decreased the lipid content and facilitated the cholesterol 
efflux in RAW264.7 cells by the PPARγ-LXR-ABCA1 path-
way [119]. In conclusion, dysregulation of lipid metabolism 
in diabetic atherosclerosis leads to high plasma TG levels, 
impairs cholesterol efflux, and M2-type polarization of mac-
rophages, resulting in foam cell formation and proathero-
genic lipid profile, which is closely related to the onset and 
progression of atherosclerosis.

NLRP3

Chronic sterile inflammation significantly drives diabetes-
associated atherosclerosis [6, 120]. Sterile inflammation 
and downstream activation of the inflammasome have been 

involved in complications associated with diabetes [121]. 
In diabetes and atherosclerosis, the NLRP3 inflammasome 
is the prominent inflammasome family member [35, 122]. 
A recent study confirmed that neutrophil extracellular traps 
(NETs) persisted in diabetes and impaired atherosclerosis 
resolution by increasing inflammasome in macrophage 
[123]. In addition, treatment of bone marrow–derived mac-
rophages with MCC950, a NLRP3 selective inhibitor, sig-
nificantly dampened pro-inflammatory cytokine secretion 
in response to diabetogenic mediators. MCC950 treatment 
reduced mononuclear macrophage contents, inflammatory 
gene expression, cell adhesion, and fibrous cap thickness in 
experimental atherosclerosis [124]. Metformin, one of the 
most widely used first-line medications for type 2 diabetes 
therapy, inhibited NLRP3 inflammasome activation in mac-
rophage [125]. These results are consistent with a protective 
role for SGLT2i-modulated NLRP3 inflammasome activ-
ity in human macrophage [126, 127]. Other studies have 
found that in type 1 diabetes, the macrophage inflammatory 
state was triggered by the NLRP3/iNOS pathway [128]. The 
NLRP3 inflammasome in macrophage is activated in the 
context of diabetes, induces pro-inflammatory macrophage 
formation, and promotes the progression of diabetic athero-
sclerosis. Thus, inhibition of inflammation is a promising 
therapeutic target for diabetic atherosclerosis.

Epigenetic Mechanisms of Macrophage Activation

Recently, the field of epigenetics affords new insights into 
the pathogenesis of T2DM, while also providing potential 
new opportunities for therapy. Epigenetic mechanisms are 
known as crucial controllers of macrophage phenotype. Epi-
genetic enzymes can regulate macrophages and alter gene 
expression by adding or removing acetyl or methyl groups 
[129]. A review summarized the epigenetics-mediated mac-
rophage activation mechanisms in T2DM into the follow-
ing aspects: (1) hyperlipidemia increased DNA methylation 
and inhibition of anti-inflammatory gene expression, (2) 
hyperglycemia-promoted macrophage activation depends 
on NF-κB pathway by increasing activating methylation 
marks, (3) hypoxia-activated macrophage via histone acet-
ylation, (4) inflammatory macrophage activation impaired 
wound healing [130]. A recent study revealed that epigenetic 
regulation of S100A9 and S100A12 affected the monocyte-
macrophage system under hyperglycemic conditions [131]. 
Circular RNAs (circRNAs) are involved in various disease 
processes as a novel class of endogenous RNAs. A study 
showed that circPPM1F modulated M1 macrophage activa-
tion in type 1 diabetes mellitus through the circPPM1F/HuR/
PPM1F/NF-κB axis [132]. In addition, hsa_circ_0060450, 
the sponge of miR-199a-5p, can suppress the JAK-STAT 
signaling pathway to inhibit macrophage-mediated inflam-
mation in type 1 diabetes mellitus [133]. It was found that 
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another type of non-coding RNA, long non-coding RNA 
(lncRNAs), was increasingly implicated in the pathological 
process of diabetes complications. Under normal conditions, 
lncRNA DRAIR decreased the enrichment of repressive his-
tone modifications by inhibiting the recruitment of histone 
methyltransferase G9a, which allowed anti-inflammatory 
gene expression. However, under diabetic conditions, down-
regulation of DRAIR and subsequently upregulation of G9a 
reversed these events, resulting in anti-inflammatory gene 
repression, monocyte activation, and chronic inflammation 
[134].

Hyperglycemia Induces Trained Immunity 
in Macrophages

Hyperglycemia is a major feature of T1DM and T2DM, 
and treatment mainly focuses on lowering blood glucose. 
Although hypoglycemic therapy, while effective in reducing 
vascular risk in type 1 diabetes patients, was not associ-
ated with glycemic control [135, 136]. However, in T2DM, 
lowering glucose had no or moderate effect on atheroscle-
rosis-related vascular outcomes [137, 138]. Persistent risk 
of cardiovascular complications after glycemic control is 
associated with metabolic memory [137]. Hyperglycemia 
can induce trained innate immunity of bone marrow–derived 
macrophages, thereby increasing aortic root atherosclerosis 
[139]. In addition, hyperglycemia-induced trained phenotype 
also occurs in human monocytes [140].

Macrophage Apoptosis

Dyslipidemia accompanying type 2 diabetes is a major risk 
factor for atherosclerosis. The cholesterol accumulation and 
oxidized products in the arterial wall recruit monocyte into 
the subendothelial layer. Monocyte can differentiate into mac-
rophage and subsequently become foam cells to participate 
in plaque formation. Studies also demonstrated that apoptosis 
was the mainly method for macrophage removal from plaque, 
which significantly reduced foam cell formation [141]. Poten-
tiation of atherosclerosis by hyperglycemia is mainly through 
increasing macrophage proliferation and decreasing apoptosis 
as revealed by feeding mice with atherogenesis high-fat diet 
[142]. A review systematically summarized the pathways by 
which insulin resistance promoted ER stress–induced mac-
rophage apoptosis and plaque progression. First, ER stress acti-
vated the MEK-ERK-SERCA pathway to lower cytoplasmic 
calcium, leading to enhanced activation of calcium-mediated 
apoptotic pathways. Then, pattern recognition receptors, such 
as scavenger receptors, which are synergistic with ER stress-
inducing apoptosis, increased in insulin-resistant macrophage. 
Finally, increased nuclear FoxO induced IκBε, suppressing a 

compensatory NF-κB cell-survival pathway in insulin-resistant 
macrophage [143].

Pyroptosis, Ferroptosis, Necroptosis

Previous studies demonstrated that macrophages under-
went an apoptotic phenotype transformation in diabetes. 
Recent studies found other types of macrophage death in 
addition to apoptosis, such as pyroptosis, ferroptosis, and 
necroptosis. Pyroptosis has been associated with inflamma-
tory diseases as a type of programmed cell death, includ-
ing diabetic atherosclerosis. One study found that sinapic 
acid abated the pyroptosis of macrophage by downregula-
tion of lncRNA-MALAT1 by using a rat model of diabetic 
atherosclerosis [144]. A recent study reached the same 
conclusion that hyperglycemia could induce macrophage 
pyroptosis, thereby contributing to periodontal pathogen-
esis in diabetes [145]. Interestingly, macrophage pyroptosis 
and subsequently triggered macrophage function impair-
ments could be reversed by metformin [146]. Another study 
revealed a novel lipid-regulated pathway associated with 
SIRT1-p53-ASC signaling and pyroptosis in macrophage 
[147]. The NLRP3 inflammasome relates to various human 
diseases by regulating pyroptosis [148]. Thus, compounds 
inhibiting NLRP3 inflammasome activation can be poten-
tial treatments for these diseases. Another study discov-
ered a novel potent pyroptosis inhibitor against NLRP3-
dependent pyroptosis in macrophage [149]. Necroptosis is 
a programmed cell death pathway dependent on RIP1 and 
distinct from apoptosis [150, 151]. Previous work estab-
lished that RIP1-dependent necroptosis in Jurkat and U937 
cells is enhanced under conditions of hyperglycemia [152]. 
One question that needs to be asked, however, is whether 
macrophage necrosis has a role in diabetes. Most studies 
in macrophage ferroptosis have only been carried out in 
a small number of areas, including atherosclerosis associ-
ated with hyperuricemia [153]. Thus, detailed studies are 
required to determine the role of macrophage-programmed 
cell death in diabetes.

Macrophages are widely regarded as therapeutic targets 
because they are involved in all stages of atherosclerosis. 
The chain of pathological events that results in atheroscle-
rosis development is known to be triggered by endothelial 
dysfunction. In response to endothelial activation, classical 
monocytes adhere to the arterial wall, migrate to the intima, 
and then differentiate into macrophage that actively uptake 
lipids through phagocytosis and become lipid-laden mac-
rophage foam cells [95]. One possibility is that hyperglyce-
mia plays an important role in atherosclerosis through extra-
cellular mechanisms. AGEs accumulate in diabetic patients 
and affect endothelium activation and adhesion molecule 
expression on the surface which promotes monocytes/mac-
rophage adhesion and entrance into the subendothelial space 
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during the initial stages of atherosclerosis. Moreover, these 
molecules increase cytokine release by macrophage, main-
taining a pro-inflammatory environment within the devel-
oping plaque [115]. Macrophage apoptosis in atheroscle-
rotic lesions has been studied in the last few years. Reduced 
apoptosis in macrophage accelerates atherosclerosis likely 
through lipid core formation and plaque rupture [154].

In conclusion, M1 macrophages increase and M2 mac-
rophages decrease in diabetic atherosclerosis, but the hetero-
geneity of macrophages needs further study at the single-cell 
level. Repairing mitochondrial dysfunction and lysosomal 
dysfunction may be a therapeutic strategy. Effective ways 
for increasing apoptosis of macrophages may reduce the 
necrotic core, thereby stabilizing atherosclerotic plaques 
and reducing acute coronary syndrome.

Smooth Muscle Cells in Diabetic 
Atherosclerosis

VSMC participants in both early and late-stage atherosclero-
sis. In the early atherosclerosis lesion, migration of VSMCs 
from the media into the intima promotes plaque formation, 
while VSMCs in advanced plaque form a protective fibrous 

cap to cover the necrotic core [155]. Worse blood glucose 
control in diabetics significantly alters VSMC phenotypes, 
such as α-SMA + VSMCs, macrophage-like VSMCs, smooth 
muscle foam cells, VSMC-derived osteochondrogenic cells, 
senescent VSMCs, and synthetic vascular smooth muscle 
cells, owing to loss of mitochondrial homeostasis. At the 
same time, intracellular mitochondrial dysfunction and 
autophagic flux blockade, ROS production and pro-inflam-
matory (IL-1β, IL-6, and TNF-α) expression increase, 
leading to an increased pro-inflammatory cell response. 
The apoptosis of VSMCs decreases, and the proliferation 
and migration increase, which promotes the migration of 
VSMCs into the subendothelial layer (Fig. 3), which relates 
to the development of macrovascular and microvascular dis-
eases [156].

α‑SMA+VSMCs

Under stress stimuli, VSMCs switch from a pro-con-
tractile to a pro-synthetic state, which is called a pheno-
typic switch or cell dedifferentiation [157]. Phenotypic 
switching is defined by the loss of classical contractile 
markers (such as alpha-smooth muscle actin (α-SMA/
ACTA2), smooth muscle 22 alpha (SM22α/TAGLN), and 

Fig. 3   VSMC in diabetic atherosclerosis. Under diabetic conditions, 
VSMCs undergo a phenotypic switch with decreasing expression of 
the contraction phenotypic markers, such as α-SMA, SM22α, and 
MYH11. VSMCs are transformed into macrophage-like, osteogenic-
like, and senescent VSMCs. At the same time, intracellular mitochon-
drial dysfunction and autophagic flux blockade, ROS production, 
and pro-inflammatory (IL-1β, IL-6, and TNF-α) expression increase, 
leading to an increased pro-inflammatory cell response. At the same 
time, the apoptosis of VSMCs decreases, and the proliferation and 

migration increase, which promotes the migration of VSMCs into the 
subendothelial layer. The solid line is the proven signal pathway, and 
the dashed line is the signal pathway yet to be proved. α-SMA, alpha-
smooth muscle actin; LGALS3, galectin-3; MMP, matrix metallopro-
teinase; MYH11, myosin heavy chain 11; RCN2, reticulocalbin 2; 
ROCK1, Rho-associated kinases 1; RUNX2, Runt-related transcrip-
tion factor 2; SM22α, smooth muscle 22 alpha; TNF-α, tumor necro-
sis factor-α
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smooth muscle cell myosin heavy chain 11 (MYH11)) and 
acquire of synthetic organelles, proliferation and migration 
properties, secretion of various cytokines and extracel-
lular matrix (ECM) proteins, which plays a pivotal role 
in intimal hyperplasia and atherogenesis [155, 158]. For 
instance, excessive AGEs facilitate a switch of VSMCs 
from a contractile to a synthetic phenotype and increase 
production and secretion of collagen I through activation 
of the NF-κB pathway [159].

Macrophage‑Like VSMCs

VSMC-derived macrophage-like cells exist in both human 
[160] and mouse [161] atherosclerotic plaques. Macrophage-
like VSMCs upregulate typical macrophage markers, such 
as CD68, galectin-3 (LGALS3), and MCP-1, and improve 
efferocytosis function which stimulates lipid accumulation 
and foam cell expansion [162].

Smooth Muscle Foam Cells

Lipid-overladen foam cells are traditionally viewed as mono-
cyte-differentiated macrophage, while recent studies have 
revealed that VSMCs also transform into foam cells and 
make up at least half of the foam cell population [102]. Lipid 
transport occurs through scavenger receptors (such as CD36, 
SRA, LOX-1) and cholesterol efflux transporter (such as 
ABCA1 and ABCG1). Excessive lipid uptake and decreased 
efflux in cells can cause foam cell formation [163]. Recently, 
the major AGEs, Nε-(carboxymethyl) lysine, was found to 
promote VSMC-derived foam cell formation and induce 
VSMCs transdifferentiate to a macrophage-like phenotype 
in the arterial plaque of diabetic patients through activation 
of RAGE [162].

VSMC‑Derived Osteochondrogenic Cells

Vascular calcification is not only a consequence of a high 
calcium and phosphorous milieu, but also a result of an 
imbalance between osteochondrogenic signaling and anti-
calcific events. The transform of VSMCs to an osteochon-
drogenic state is a central step during vascular calcification 
[164]. Indeed, vascular calcification depends on AGEs/
RAGE in diabetic VSMCs [165]. Moreover, consider-
able evidence revealed that excessive ROS accelerated the 
osteochondrogenic transdifferentiation of VSMCs [166] 
and salusin-β regulated VSMC calcification via activation 
of NADPH/ROS-mediated Klotho downregulation [167]. 
Reticulocalbin 2 (RCN2) and Runt-related transcription 
factor 2 (RUNX2) were also positively correlated with the 

calcification process of VSMCs under diabetic conditions 
[168].

Senescent VSMCs

In atherosclerotic plaques, senescent VSMCs are attributed 
to the replicative senescence (with telomere shorting) and 
stress-induced premature senescence in reply to DNA dam-
age and oxidative stress-induced stimuli, which can promote 
atherosclerosis progression [169]. In VSMCs cultured from 
T2DM patients, markers of DNA damage and subsequent 
cellular senescence were significantly elevated and associ-
ated with increased miR-145 [170]. Additionally, lncRNA-
ES3 was also related to the high glucose-treated calcifica-
tion/senescence of HASMCs by directly binding to the basic 
helix-loop-helix family member e40 (Bhlhe40) [171].

Proliferation and Migration

VSMC proliferation and migration play an important role in 
the pathologic process of vascular disease, including athero-
sclerosis and restenosis. A study indicated that suppressing 
the proliferation and migration of VSMCs through restraint 
of the Pin1/BRD4 pathway could possibly mitigate diabetic 
atherosclerosis [172]. Other studies showed that hyperlipi-
demia elevated VSMC proliferation and intima-media thick-
ness of the aortas via a CCL5/CCR5-mediated phenotypic 
switching, which can be reversed by pyrogallol-phloroglu-
cinol-6,6-bieckol (PPB) [173]. Not surprisingly, AGEs, as 
an important inducing factor in diabetic atherosclerosis, may 
activate PI3K/Akt signaling through RAGE and thus acceler-
ate the proliferation and migration of HASCMs [174]. Mech-
anistically, poly (ADP-ribose) polymerase 1 induced diabetic 
neointimal hyperplasia by promoting VSMC proliferation 
and migration, through downregulating tissue factor path-
way inhibitor (TFPI2) [175]. Epigenetics and transcription 
are involved in the regulation of VSMC phenotypic switch 
in arterial remodeling [176]. For example, differing from 
VSMC senescence, miR-145 occurs a protective role in HG-
induced excessive proliferation and migration of VSMCs by 
suppressing Rho-associated kinase 1 (ROCK1) [177]. Treat-
ment with miR-127 drastically induced VSMC cycle arrest, 
reduction of proliferation and migration, and increasing of 
apoptosis by targeting ROCK1 [178]. Moreover, miR-19a 
promotes VSMC proliferation and invasion via increasing 
level of matrix metalloproteinase (MMP)-2, MMP9, α-SMA, 
and SM22α by inhibiting the RAS homolog family member B 
[179]. Under diabetic conditions, acarbose, an α-glucosidase 
inhibitor, increased the expression of miR-143 and decreased 
the phosphorylation of PI3K/Akt and focal adhesion kinase, 
resulting in reduced VSMC migration and proliferation [180]. 
Of note, these data provide a potential therapeutic benefit 
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in targeting epigenetic factor miRNAs in regulating VSMC 
function and atherogenesis.

Mitochondria Dysfunction, Defective Autophagy, 
and Lysosomal Impairment (Apoptosis, Pyroptosis, 
and Ferroptosis)

Retaining mitochondrial homeostasis is essential for main-
taining the contractile phenotype of VSMCs to protect 
against calcification [181]. Mitochondrial superoxide dis-
mutase 2 acts as a crucial gateway within VSMCs through 
counteracting ROS to block the progression of subsequent 
vascular calcification [182]. In another study, hyperinsu-
linemia induced the migration and proliferation of VSMCs 
accompanied by oxidative stress and alterations in mitochon-
drial physiology, therefore, providing a crosstalk between 
mitochondrial dysfunction and oxidative stress [183]. Coun-
teracting mitochondrial dysfunction in VSMCs is an innova-
tive therapeutic strategy for diabetic-associated atherosclero-
sis. Autophagy is an adaptive stress response and degrades 
cells by lysosomal phagocytosis that is closely linked to the 
pathogenesis of diabetic vascular calcification. Mechanisti-
cally, upregulation of extracellular matrix protein periostin 
impairs the fusion of autophagosomes and lysosome that 
results in the blockade of autophagic flux in AGE-treated 
VSMCs [184]. Moreover, treatment with alpha-lipoic acid 
has a protective function on VSMCs in T2DM, significantly 
elevated H2S levels, and downregulated autophagy through 
activation of the AMPK/mTOR pathway [185]. Further-
more, H2S also inhibits the proliferation and promotes 
apoptosis of VSMCs. Current evidence suggests that hyper-
glycemia-caused VSMC apoptosis is linked to decreased 
expression of dopamine D1 receptor and cystathionine-γ-
lyase, a major enzyme for endogenous H2S formation in 
diabetic mice [186].

Inhibition of VSMC apoptosis through administration of 
sitagliptin, a DPP-4 inhibitor, reduced atherosclerotic lesions 
in diabetic ApoE−/− mice through the reduction of oxidative 
stress, increased expression of β-catenin and suppressed pro-
duction of proinflammatory cytokines [187]. Both pyropto-
sis and iron overload of VSMCs decreased the thickness of 
the fibrous cap by triggering the loss of collagen and matrix, 
which promote plaque instability and rupture [188, 189]. 
A recent study showed that Ecklonia cava extract and PPB 
decreased pyroptosis in palmitate-treated endothelial cells 
and VSMCs, which alleviated cellular dysfunction, includ-
ing downregulating the expression of caspase-1, IL-1β, 
and IL-18 via inhibiting the TLR4/NF-κB pathway [89]. 
Moreover, studies revealed that treatment with metformin 
attenuated PA-stimulated ferroptosis and enhanced the anti-
oxidative capacity of VSMCs via NRF2 signaling activation 
[190]. These findings indicate a crucial role of VSMCs in 
the pathogenesis of diabetic atherosclerosis.

As described above, by adapting different phenotypes, 
VSMCs might have beneficial or maladaptive effects on 
atherogenesis and plaque stability. Hyperglycemia and 
hyperlipidemia stimulate abnormal proliferation, migra-
tion, and invasion of VSMCs from the middle layer to the 
lining layer of the artery and is a crucial process of accel-
erating cardiovascular complication in diabetes, which is 
characterized by pathological intimal thickening and for-
mation of extracellular lipid pools [172]. Additionally, in 
diabetic patients, increased NLRP3 inflammasome activ-
ity combined with elevated levels of pro-inflammatory 
cytokines (such as IL-1β, IL-18, and IL-1β) act on VSMCs, 
which increases monocyte-VSMC interactions and pro-
motes cell proliferation [124]. Of note, pathological intimal 
thickening can progress to fibroatheromas, form fibrous 
cap, and enlarge the necrotic core, which led to foam cell 
accumulation and insufficient efferocytosis of senescence 
and apoptotic VSMCs [191].

To sum up, the role of VSMCs in diabetic atherosclerosis 
remains to be studied. Which phenotype VSMCs transform 
into and how to affect the thickness of the fiber cap to influ-
ence plaque stability remain to be further investigated.

Conclusion and Perspectives

The above studies indicate that diabetes and atherosclerosis 
are closely correlated, including pathophysiological mecha-
nism and clinical relevance. In detail, insulin resistance, dys-
lipidemia, and hyperglycemia in diabetes lead to endothe-
lial dysfunction, promote proinflammatory M1 macrophage 
polarization, and induce VSMC proliferation, migration, and 
foam cell formation, which accelerate the progression of 
atherosclerosis and plaque rupture. However, the cellular 
heterogeneity in diabetic atherosclerotic plaques remains to 
be further explored. The different diabetes-associated ath-
erogenic factors are relevant to the different phases (initia-
tion, development, and thrombogenesis of atherosclerosis 
lesions). Therefore, the way to control the insulin resistance, 
dyslipidemia, and hyperglycemia is conducive to improv-
ing the subsequent cell pathological changes and further to 
inhibit atherosclerosis progression.

In the clinic, in addition to plaque formation, hyperglyce-
mia also has an impact on plaque stability, leading to acute 
coronary syndrome with high mortality of patients. Exten-
sive studies have indicated that hypoglycemic drugs play an 
anti-atherosclerotic role in improving lipid profiles, endothe-
lial disorders, and vascular inflammation. Randomized clini-
cal trials and many clinical studies have demonstrated the 
cardiovascular benefits of SGLT2i, GLP-1R agonist, DPP-4 
inhibitor, pioglitazone, acarbose, and metformin applied in 
diabetes mellitus patients. Besides, studies have confirmed 
that hypoglycemia drugs can stabilize atherosclerotic 
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plaques. Hence, it is suggested that appropriate glycemic 
control and reduction of risk factors are the most useful strat-
egies to protect against clinically diabetic atherosclerosis. 
However, some hypoglycemic agents have no significant 
cardiovascular protective effect, such as sulphonylureas 
and insulin. Thus, it should be stressed how to select drugs 
for diabetics’ patients with or without cardiovascular dis-
eases. In addition, since the concept of hyperglycemia was 
profoundly changed, the glycemic control should focus not 
only on reaching and maintaining optimal blood glucose as 
early as possible, but also on reducing transient intermittent 
hyperglycemia and glucose variability to extend time in the 
normal glucose range [192].

Besides existing researches, the mechanisms of anti-ath-
erosclerosis effects of hypoglycemic agents still need further 
elucidation. Furthermore, it is essential to reveal the signal-
ing pathways, identify specific potential drug targets, and 
ultimately decipher novel therapeutic approaches.

Author Contribution  All authors contributed to the study’s concep-
tion and design. NZ, XY, and AQ had the idea for the article. XZ, YS, 
and FG performed the literature search. NZ, XY, BY, and AQ drafted 
and critically revised the work. All authors commented on previous 
versions of the manuscript. All authors read and approved the final 
manuscript.

Funding  This study was funded by the National Key R&D Program of 
China (2021YFA0805100), the National Natural Science Foundation of 
China (82070474), The Key Science and Technology Project of Beijing 
Municipal Institutions (KZ202010025032).

Data Availability  Not applicable.

Declarations 

Ethics Approval and Consent to Participate  Not applicable.

Consent for Publication  Not applicable.

Competing Interests  The authors declare no competing interests.

References

	 1.	 American Diabetes A. 2. Classification and diagnosis of diabe-
tes: standards of medical care in diabetes-2021. Diabetes Care. 
2021;44(Suppl 1):S15-S33.https://​doi.​org/​10.​2337/​dc21-​S002.

	 2.	 Group TS, Bjornstad P, Drews KL, Caprio S, Gubitosi-Klug R, 
Nathan DM, et al. Long-term complications in youth-onset type 
2 diabetes. N Engl J Med. 2021;385(5):416–26. https://​doi.​org/​
10.​1056/​NEJMo​a2100​165.

	 3.	 Ordovas JM. Genetic links between diabetes mellitus and coro-
nary atherosclerosis. Curr Atheroscler Rep. 2007;9(3):204–10. 
https://​doi.​org/​10.​1007/​s11883-​007-​0020-9.

	 4.	 Ross S, Gerstein H, Pare G. The genetic link between diabetes 
and atherosclerosis. Can J Cardiol. 2018;34(5):565–74. https://​
doi.​org/​10.​1016/j.​cjca.​2018.​01.​016.

	 5.	 La Sala L, Prattichizzo F, Ceriello A. The link between diabetes 
and atherosclerosis. Eur J Prev Cardiol. 2019;26(2 suppl):15–24. 
https://​doi.​org/​10.​1177/​20474​87319​878373.

	 6.	 Low Wang CC, Hess CN, Hiatt WR, Goldfine AB. Clinical 
update: cardiovascular disease in diabetes mellitus: atheroscle-
rotic cardiovascular disease and heart failure in type 2 diabetes 
mellitus - mechanisms, management, and clinical considera-
tions. Circulation. 2016;133(24):2459–502. https://​doi.​org/​10.​
1161/​CIRCU​LATIO​NAHA.​116.​022194.

	 7.	 Liu Z, Ma X, Ilyas I, Zheng X, Luo S, Little PJ, et al. Impact 
of sodium glucose cotransporter 2 (SGLT2) inhibitors on ath-
erosclerosis: from pharmacology to pre-clinical and clinical 
therapeutics. Theranostics. 2021;11(9):4502–15. https://​doi.​
org/​10.​7150/​thno.​54498.

	 8.	 Chang W, Zhu F, Zheng H, Zhou Z, Miao P, Zhao L, et al. 
Glucagon-like peptide-1 receptor agonist dulaglutide prevents 
ox-LDL-induced adhesion of monocytes to human endothelial 
cells: an implication in the treatment of atherosclerosis. Mol 
Immunol. 2019;116:73–9. https://​doi.​org/​10.​1016/j.​molimm.​
2019.​09.​021.

	 9.	 D’Onofrio N, Sardu C, Trotta MC, Scisciola L, Turriziani F, 
Ferraraccio F, et al. Sodium-glucose co-transporter2 expres-
sion and inflammatory activity in diabetic atherosclerotic 
plaques: effects of sodium-glucose co-transporter2 inhibitor 
treatment. Mol Metab. 2021;54:101337. https://​doi.​org/​10.​
1016/j.​molmet.​2021.​101337.

	 10.	 Kang Y, Zhan F, He M, Liu Z, Song X. Anti-inflammatory 
effects of sodium-glucose co-transporter 2 inhibitors on ath-
erosclerosis. Vascul Pharmacol. 2020;133–134:106779. https://​
doi.​org/​10.​1016/j.​vph.​2020.​106779.

	 11.	 Ganbaatar B, Fukuda D, Shinohara M, Yagi S, Kusunose K, 
Yamada H, et al. Empagliflozin ameliorates endothelial dys-
function and suppresses atherogenesis in diabetic apolipopro-
tein E-deficient mice. Eur J Pharmacol. 2020;875:173040. 
https://​doi.​org/​10.​1016/j.​ejphar.​2020.​173040.

	 12.	 Liu Y, Xu J, Wu M, Xu B, Kang L. Empagliflozin protects 
against atherosclerosis progression by modulating lipid pro-
files and sympathetic activity. Lipids Health Dis. 2021;20(1):5. 
https://​doi.​org/​10.​1186/​s12944-​021-​01430-y.

	 13.	 Chen YC, Jandeleit-Dahm K, Peter K. Sodium-glucose co-
transporter 2 (SGLT2) inhibitor dapagliflozin stabilizes diabetes-
induced atherosclerotic plaque instability. J Am Heart Assoc. 
2022;11(1):e022761. https://​doi.​org/​10.​1161/​JAHA.​121.​022761.

	 14.	 Xu S, Ilyas I, Little PJ, Li H, Kamato D, Zheng X, et al. Endothe-
lial dysfunction in atherosclerotic cardiovascular diseases and 
beyond: from mechanism to pharmacotherapies. Pharmacol Rev. 
2021;73(3):924–67. https://​doi.​org/​10.​1124/​pharm​rev.​120.​000096.

	 15.	 Kruger-Genge A, Blocki A, Franke RP, Jung F. Vascular endothe-
lial cell biology: an update. Int J Mol Sci. 2019;20(18).https://​
doi.​org/​10.​3390/​ijms2​01844​11

	 16	 Bebu I, Braffett BH, Orchard TJ, Lorenzi GM, Lachin JM, Group 
DER. Mediation of the effect of glycemia on the risk of CVD 
outcomes in type 1 diabetes: the DCCT/EDIC study. Diabetes 
Care. 2019;42(7):1284–9. https://​doi.​org/​10.​2337/​dc18-​1613.

	 17.	 Rossello X, Raposeiras-Roubin S, Oliva B, Sanchez-Cabo F, Gar-
cia-Ruiz JM, Caimari F, et al. Glycated hemoglobin and subclini-
cal atherosclerosis in people without diabetes. J Am Coll Cardiol. 
2021;77(22):2777–91. https://​doi.​org/​10.​1016/j.​jacc.​2021.​03.​335.

	 18.	 Rooney MR, Tang O, Pankow JS, Selvin E. Glycaemic mark-
ers and all-cause mortality in older adults with and without 
diabetes: the atherosclerosis risk in communities (ARIC) study. 
Diabetologia. 2021;64(2):339–48. https://​doi.​org/​10.​1007/​
s00125-​020-​05285-3.

https://doi.org/10.2337/dc21-S002
https://doi.org/10.1056/NEJMoa2100165
https://doi.org/10.1056/NEJMoa2100165
https://doi.org/10.1007/s11883-007-0020-9
https://doi.org/10.1016/j.cjca.2018.01.016
https://doi.org/10.1016/j.cjca.2018.01.016
https://doi.org/10.1177/2047487319878373
https://doi.org/10.1161/CIRCULATIONAHA.116.022194
https://doi.org/10.1161/CIRCULATIONAHA.116.022194
https://doi.org/10.7150/thno.54498
https://doi.org/10.7150/thno.54498
https://doi.org/10.1016/j.molimm.2019.09.021
https://doi.org/10.1016/j.molimm.2019.09.021
https://doi.org/10.1016/j.molmet.2021.101337
https://doi.org/10.1016/j.molmet.2021.101337
https://doi.org/10.1016/j.vph.2020.106779
https://doi.org/10.1016/j.vph.2020.106779
https://doi.org/10.1016/j.ejphar.2020.173040
https://doi.org/10.1186/s12944-021-01430-y
https://doi.org/10.1161/JAHA.121.022761
https://doi.org/10.1124/pharmrev.120.000096
https://doi.org/10.3390/ijms20184411
https://doi.org/10.3390/ijms20184411
https://doi.org/10.2337/dc18-1613
https://doi.org/10.1016/j.jacc.2021.03.335
https://doi.org/10.1007/s00125-020-05285-3
https://doi.org/10.1007/s00125-020-05285-3


147Journal of Cardiovascular Translational Research (2024) 17:133–152	

1 3

	 19.	 Clyne AM. Endothelial response to glucose: dysfunction, metab-
olism, and transport. Biochem Soc Trans. 2021;49(1):313–25. 
https://​doi.​org/​10.​1042/​BST20​200611.

	 20.	 Cole JB, Florez JC. Genetics of diabetes mellitus and diabetes 
complications. Nat Rev Nephrol. 2020;16(7):377–90. https://​doi.​
org/​10.​1038/​s41581-​020-​0278-5.

	 21.	 Khalid M, Petroianu G, Adem A. Advanced glycation end prod-
ucts and diabetes mellitus: mechanisms and perspectives. Bio-
molecules. 2022;12(4).https://​doi.​org/​10.​3390/​biom1​20405​42.

	 22.	 Indyk D, Bronowicka-Szydelko A, Gamian A, Kuzan A. 
Advanced glycation end products and their receptors in serum of 
patients with type 2 diabetes. Sci Rep. 2021;11(1):13264. https://​
doi.​org/​10.​1038/​s41598-​021-​92630-0.

	 23.	 Banarjee R, Sharma A, Bai S, Deshmukh A, Kulkarni M. Prot-
eomic study of endothelial dysfunction induced by AGEs and its 
possible role in diabetic cardiovascular complications. J Proteom-
ics. 2018;187:69–79. https://​doi.​org/​10.​1016/j.​jprot.​2018.​06.​009.

	 24.	 Catan A, Turpin C, Diotel N, Patche J, Guerin-Dubourg A, Debussche 
X, et al. Aging and glycation promote erythrocyte phagocytosis by 
human endothelial cells: potential impact in atherothrombosis under 
diabetic conditions. Atherosclerosis. 2019;291:87–98. https://​doi.​org/​
10.​1016/j.​ather​oscle​rosis.​2019.​10.​015.

	 25.	 Tsukahara R, Haniu H, Matsuda Y, Tsukahara T. The 
AGP-PPARgamma axis promotes oxidative stress and dia-
betic endothelial cell dysfunction. Mol Cell Endocrinol. 
2018;473:100–13. https://​doi.​org/​10.​1016/j.​mce.​2018.​01.​008.

	 26.	 Deng X, Huang W, Peng J, Zhu TT, Sun XL, Zhou XY, et al. 
Irisin alleviates advanced glycation end products-induced inflam-
mation and endothelial dysfunction via inhibiting ROS-NLRP3 
inflammasome signaling. Inflammation. 2018;41(1):260–75. 
https://​doi.​org/​10.​1007/​s10753-​017-​0685-3.

	 27.	 Ren X, Ren L, Wei Q, Shao H, Chen L, Liu N. Advanced gly-
cation end-products decreases expression of endothelial nitric 
oxide synthase through oxidative stress in human coronary artery 
endothelial cells. Cardiovasc Diabetol. 2017;16(1):52. https://​
doi.​org/​10.​1186/​s12933-​017-​0531-9.

	 28.	 Rajaraman B, Ramadas N, Krishnasamy S, Ravi V, Pathak A, Deva-
sena CS, et al. Hyperglycaemia cause vascular inflammation through 
advanced glycation end products/early growth response-1 axis in ges-
tational diabetes mellitus. Mol Cell Biochem. 2019;456(1–2):179–
90. https://​doi.​org/​10.​1007/​s11010-​019-​03503-0.

	 29.	 Ninomiya H, Katakami N, Sato I, Osawa S, Yamamoto Y, 
Takahara M, et al. Association between subclinical atheroscle-
rosis markers and the level of accumulated advanced glycation 
end-products in the skin of patients with diabetes. J Atheroscler 
Thromb. 2018;25(12):1274–84. https://​doi.​org/​10.​5551/​jat.​44859.

	 30.	 Do MH, Lee JH, Ahn J, Hong MJ, Kim J, Kim SY. Isosamidin 
from Peucedanum japonicum roots prevents methylglyoxal-
induced glucotoxicity in human umbilical vein endothelial cells 
via suppression of ROS-mediated Bax/Bcl-2. Antioxidants 
(Basel). 2020;9(6).https://​doi.​org/​10.​3390/​antio​x9060​531.

	 31.	 Johnson LL, Johnson J, Ober R, Holland A, Zhang G, Backer 
M, et al. Novel receptor for advanced glycation end products-
blocking antibody to treat diabetic peripheral artery disease. J 
Am Heart Assoc. 2021;10(1):e016696. https://​doi.​org/​10.​1161/​
JAHA.​120.​016696.

	 32.	 Shao M, Yu M, Zhao J, Mei J, Pan Y, Zhang J, et al. miR-21-3p 
regulates AGE/RAGE signalling and improves diabetic athero-
sclerosis. Cell Biochem Funct. 2020;38(7):965–75. https://​doi.​
org/​10.​1002/​cbf.​3523.

	 33.	 Barbu E, Popescu MR, Popescu AC, Balanescu SM. Inflamma-
tion as a precursor of atherothrombosis, diabetes and early vas-
cular aging. Int J Mol Sci. 2022;23(2).https://​doi.​org/​10.​3390/​
ijms2​30209​63.

	 34.	 Tanti JF, Ceppo F, Jager J, Berthou F. Implication of inflamma-
tory signaling pathways in obesity-induced insulin resistance. 
Front Endocrinol (Lausanne). 2012;3:181. https://​doi.​org/​10.​
3389/​fendo.​2012.​00181.

	 35.	 Grebe A, Hoss F, Latz E. NLRP3 inflammasome and the IL-1 
pathway in atherosclerosis. Circ Res. 2018;122(12):1722–40. 
https://​doi.​org/​10.​1161/​CIRCR​ESAHA.​118.​311362.

	 36.	 Boni-Schnetzler M, Meier DT. Islet inflammation in type 2 dia-
betes. Semin Immunopathol. 2019;41(4):501–13. https://​doi.​org/​
10.​1007/​s00281-​019-​00745-4.

	 37.	 Hasheminasabgorji E, Jha JC. Dyslipidemia, diabetes and athero-
sclerosis: role of inflammation and ROS-redox-sensitive factors. 
Biomedicines. 2021;9(11).https://​doi.​org/​10.​3390/​biome​dicin​
es911​1602.

	 38.	 Sabatine MS, Giugliano RP, Keech AC, Honarpour N, Wiviott SD, 
Murphy SA, et al. Evolocumab and clinical outcomes in patients 
with cardiovascular disease. N Engl J Med. 2017;376(18):1713–22. 
https://​doi.​org/​10.​1056/​NEJMo​a1615​664.

	 39.	 Wan Z, Fan Y, Liu X, Xue J, Han Z, Zhu C, et al. NLRP3 inflam-
masome promotes diabetes-induced endothelial inflammation 
and atherosclerosis. Diabetes Metab Syndr Obes. 2019;12:1931–
42. https://​doi.​org/​10.​2147/​DMSO.​S2220​53.

	 40.	 Freundt GV, von Samson-Himmelstjerna FA, Nitz JT, Luedde M, 
Waltenberger J, Wieland T, et al. The orphan receptor GPRC5B 
activates pro-inflammatory signaling in the vascular wall via Fyn 
and NFkappaB. Biochem Biophys Res Commun. 2022;592:60–6. 
https://​doi.​org/​10.​1016/j.​bbrc.​2022.​01.​009.

	 41.	 Chao ML, Luo S, Zhang C, Zhou X, Zhou M, Wang J, et al. 
S-nitrosylation-mediated coupling of G-protein alpha-2 with 
CXCR5 induces Hippo/YAP-dependent diabetes-accelerated 
atherosclerosis. Nat Commun. 2021;12(1):4452. https://​doi.​org/​
10.​1038/​s41467-​021-​24736-y.

	 42.	 Meng J, Zhang W, Wang C, Xiong S, Wang Q, Li H, et al. 
The dipeptidyl peptidase (DPP)-4 inhibitor trelagliptin inhib-
its IL-1beta-induced endothelial inflammation and monocytes 
attachment. Int Immunopharmacol. 2020;89(Pt B):106996. 
https://​doi.​org/​10.​1016/j.​intimp.​2020.​106996.

	 43.	 Rahadian A, Fukuda D, Salim HM, Yagi S, Kusunose K, Yam-
ada H, et al. Canagliflozin prevents diabetes-induced vascular 
dysfunction in ApoE-deficient mice. J Atheroscler Thromb. 
2020;27(11):1141–51. https://​doi.​org/​10.​5551/​jat.​52100.

	 44.	 Forman HJ, Zhang H. Targeting oxidative stress in disease: 
promise and limitations of antioxidant therapy. Nat Rev 
Drug Discov. 2021;20(9):689–709. https://​doi.​org/​10.​1038/​
s41573-​021-​00233-1.

	 45.	 Sies H, Jones DP. Reactive oxygen species (ROS) as pleio-
tropic physiological signalling agents. Nat Rev Mol Cell Biol. 
2020;21(7):363–83. https://​doi.​org/​10.​1038/​s41580-​020-​0230-3.

	 46.	 Qian W, Cai X, Qian Q, Zhuang Q, Yang W, Zhang X, et al. 
Astragaloside IV protects endothelial progenitor cells from the 
damage of ox-LDL via the LOX-1/NLRP3 inflammasome path-
way. Drug Des Devel Ther. 2019;13:2579–89. https://​doi.​org/​10.​
2147/​DDDT.​S2077​74.

	 47.	 Papachristoforou E, Lambadiari V, Maratou E, Makrilakis K. 
Association of glycemic indices (hyperglycemia, glucose vari-
ability, and hypoglycemia) with oxidative stress and diabetic 
complications. J Diabetes Res. 2020;2020:7489795. https://​doi.​
org/​10.​1155/​2020/​74897​95.

	 48.	 Ghosh A, Gao L, Thakur A, Siu PM, Lai CWK. Role of free fatty 
acids in endothelial dysfunction. J Biomed Sci. 2017;24(1):50. 
https://​doi.​org/​10.​1186/​s12929-​017-​0357-5.

	 49.	 Drews G, Krippeit-Drews P, Dufer M. Oxidative stress and beta-
cell dysfunction. Pflugers Arch. 2010;460(4):703–18. https://​doi.​
org/​10.​1007/​s00424-​010-​0862-9.

https://doi.org/10.1042/BST20200611
https://doi.org/10.1038/s41581-020-0278-5
https://doi.org/10.1038/s41581-020-0278-5
https://doi.org/10.3390/biom12040542
https://doi.org/10.1038/s41598-021-92630-0
https://doi.org/10.1038/s41598-021-92630-0
https://doi.org/10.1016/j.jprot.2018.06.009
https://doi.org/10.1016/j.atherosclerosis.2019.10.015
https://doi.org/10.1016/j.atherosclerosis.2019.10.015
https://doi.org/10.1016/j.mce.2018.01.008
https://doi.org/10.1007/s10753-017-0685-3
https://doi.org/10.1186/s12933-017-0531-9
https://doi.org/10.1186/s12933-017-0531-9
https://doi.org/10.1007/s11010-019-03503-0
https://doi.org/10.5551/jat.44859
https://doi.org/10.3390/antiox9060531
https://doi.org/10.1161/JAHA.120.016696
https://doi.org/10.1161/JAHA.120.016696
https://doi.org/10.1002/cbf.3523
https://doi.org/10.1002/cbf.3523
https://doi.org/10.3390/ijms23020963
https://doi.org/10.3390/ijms23020963
https://doi.org/10.3389/fendo.2012.00181
https://doi.org/10.3389/fendo.2012.00181
https://doi.org/10.1161/CIRCRESAHA.118.311362
https://doi.org/10.1007/s00281-019-00745-4
https://doi.org/10.1007/s00281-019-00745-4
https://doi.org/10.3390/biomedicines9111602
https://doi.org/10.3390/biomedicines9111602
https://doi.org/10.1056/NEJMoa1615664
https://doi.org/10.2147/DMSO.S222053
https://doi.org/10.1016/j.bbrc.2022.01.009
https://doi.org/10.1038/s41467-021-24736-y
https://doi.org/10.1038/s41467-021-24736-y
https://doi.org/10.1016/j.intimp.2020.106996
https://doi.org/10.5551/jat.52100
https://doi.org/10.1038/s41573-021-00233-1
https://doi.org/10.1038/s41573-021-00233-1
https://doi.org/10.1038/s41580-020-0230-3
https://doi.org/10.2147/DDDT.S207774
https://doi.org/10.2147/DDDT.S207774
https://doi.org/10.1155/2020/7489795
https://doi.org/10.1155/2020/7489795
https://doi.org/10.1186/s12929-017-0357-5
https://doi.org/10.1007/s00424-010-0862-9
https://doi.org/10.1007/s00424-010-0862-9


148	 Journal of Cardiovascular Translational Research (2024) 17:133–152

1 3

	 50.	 Meza CA, La Favor JD, Kim DH, Hickner RC. Endothelial 
dysfunction: is there a hyperglycemia-induced imbalance of 
NOX and NOS? Int J Mol Sci. 2019;20(15).https://​doi.​org/​10.​
3390/​ijms2​01537​75.

	 51.	 Ouerd S, Idris-Khodja N, Trindade M, Ferreira NS, Berillo 
O, Coelho SC, et  al. Endothelium-restricted endothelin-1 
overexpression in type 1 diabetes worsens atherosclero-
sis and immune cell infiltration via NOX1. Cardiovasc Res. 
2021;117(4):1144–53. https://​doi.​org/​10.​1093/​cvr/​cvaa1​68.

	 52.	 Ying L, Li N, He Z, Zeng X, Nan Y, Chen J, et al. Fibroblast 
growth factor 21 ameliorates diabetes-induced endothelial dys-
function in mouse aorta via activation of the CaMKK2/AMP-
Kalpha signaling pathway. Cell Death Dis. 2019;10(9):665. 
https://​doi.​org/​10.​1038/​s41419-​019-​1893-6.

	 53.	 Lin F, Yang Y, Wei S, Huang X, Peng Z, Ke X, et al. Hydrogen 
sulfide protects against high glucose-induced human umbilical 
vein endothelial cell injury through activating PI3K/Akt/eNOS 
pathway. Drug Des Devel Ther. 2020;14:621–33. https://​doi.​
org/​10.​2147/​DDDT.​S2425​21.

	 54.	 Ren J, Bi Y, Sowers JR, Hetz C, Zhang Y. Endoplasmic reticu-
lum stress and unfolded protein response in cardiovascular 
diseases. Nat Rev Cardiol. 2021;18(7):499–521. https://​doi.​
org/​10.​1038/​s41569-​021-​00511-w.

	 55.	 Hang L, Peng Y, Xiang R, Li X, Li Z. Ox-LDL Causes endothe-
lial cell injury through ASK1/NLRP3-mediated inflammasome 
activation via endoplasmic reticulum stress. Drug Des Devel 
Ther. 2020;14:731–44. https://​doi.​org/​10.​2147/​DDDT.​S2319​16.

	 56.	 Jiang M, Wang H, Liu Z, Lin L, Wang L, Xie M, et al. Endo-
plasmic reticulum stress-dependent activation of iNOS/NO-
NF-kappaB signaling and NLRP3 inflammasome contributes 
to endothelial inflammation and apoptosis associated with 
microgravity. FASEB J. 2020;34(8):10835–49. https://​doi.​org/​
10.​1096/​fj.​20200​0734R.

	 57.	 Breton-Romero R, Weisbrod RM, Feng B, Holbrook M, Ko D, 
Stathos MM, et al. Liraglutide treatment reduces endothelial 
endoplasmic reticulum stress and insulin resistance in patients 
with diabetes mellitus. J Am Heart Assoc. 2018;7(18):e009379. 
https://​doi.​org/​10.​1161/​JAHA.​118.​009379.

	 58.	 Luo H, Lan C, Fan C, Gong X, Chen C, Yu C, et al. Down-
regulation of AMPK/PPARdelta signalling promotes endoplas-
mic reticulum stress-induced endothelial dysfunction in adult 
rat offspring exposed to maternal diabetes. Cardiovasc Res. 
2022;118(10):2304–16. https://​doi.​org/​10.​1093/​cvr/​cvab2​80.

	 59.	 Liu F, Fang S, Liu X, Li J, Wang X, Cui J, et al. Omentin-1 pro-
tects against high glucose-induced endothelial dysfunction via 
the AMPK/PPARdelta signaling pathway. Biochem Pharmacol. 
2020;174:113830. https://​doi.​org/​10.​1016/j.​bcp.​2020.​113830.

	 60.	 Nie X, Tang W, Zhang Z, Yang C, Qian L, Xie X, et al. Pro-
cyanidin B2 mitigates endothelial endoplasmic reticulum stress 
through a PPARdelta-dependent mechanism. Redox Biol. 
2020;37:101728. https://​doi.​org/​10.​1016/j.​redox.​2020.​101728.

	 61.	 Kapadia P, Bikkina P, Landicho MA, Parekh S, Haas MJ, Moo-
radian AD. Effect of anti-hyperglycemic drugs on endoplasmic 
reticulum (ER) stress in human coronary artery endothelial cells. 
Eur J Pharmacol. 2021;907:174249. https://​doi.​org/​10.​1016/j.​
ejphar.​2021.​174249.

	 62.	 Luo R, Li L, Liu X, Yuan Y, Zhu W, Li L, et al. Mesenchymal 
stem cells alleviate palmitic acid-induced endothelial-to-mesen-
chymal transition by suppressing endoplasmic reticulum stress. 
Am J Physiol Endocrinol Metab. 2020;319(6):E961–80. https://​
doi.​org/​10.​1152/​ajpen​do.​00155.​2020.

	 63.	 Prasun P. Mitochondrial dysfunction in metabolic syndrome. 
Biochim Biophys Acta Mol Basis Dis. 2020;1866(10):165838. 
https://​doi.​org/​10.​1016/j.​bbadis.​2020.​165838.

	 64.	 Supinski GS, Schroder EA, Callahan LA. Mitochondria and criti-
cal illness. Chest. 2020;157(2):310–22. https://​doi.​org/​10.​1016/j.​
chest.​2019.​08.​2182.

	 65.	 Apostolova N, Iannantuoni F, Gruevska A, Muntane J, Rocha 
M, Victor VM. Mechanisms of action of metformin in type 2 
diabetes: effects on mitochondria and leukocyte-endothelium 
interactions. Redox Biol. 2020;34:101517. https://​doi.​org/​10.​
1016/j.​redox.​2020.​101517.

	 66.	 Sundquist K, Sundquist J, Palmer K, Memon AA. Role of mito-
chondrial DNA copy number in incident cardiovascular diseases 
and the association between cardiovascular disease and type 2 
diabetes: a follow-up study on middle-aged women. Atheroscle-
rosis. 2022;341:58–62. https://​doi.​org/​10.​1016/j.​ather​oscle​rosis.​
2021.​11.​020.

	 67.	 Zhang Y, Wang S, Chen X, Wang Z, Wang X, Zhou Q, et al. 
Liraglutide prevents high glucose induced HUVECs dysfunction 
via inhibition of PINK1/Parkin-dependent mitophagy. Mol Cell 
Endocrinol. 2022;545:111560. https://​doi.​org/​10.​1016/j.​mce.​
2022.​111560.

	 68.	 Wang Q, Zhang M, Torres G, Wu S, Ouyang C, Xie Z, et al. 
Metformin suppresses diabetes-accelerated atherosclerosis via 
the inhibition of Drp1-mediated mitochondrial fission. Diabetes. 
2017;66(1):193–205. https://​doi.​org/​10.​2337/​db16-​0915.

	 69.	 Wang G, Han B, Zhang R, Liu Q, Wang X, Huang X, et al. C1q/
TNF-related protein 9 attenuates atherosclerosis by inhibiting 
hyperglycemia-induced endothelial cell senescence through 
the AMPKalpha/KLF4 signaling pathway. Front Pharmacol. 
2021;12:758792. https://​doi.​org/​10.​3389/​fphar.​2021.​758792.

	 70.	 Xiao X, Xu M, Yu H, Wang L, Li X, Rak J, et al. Mesenchymal 
stem cell-derived small extracellular vesicles mitigate oxidative 
stress-induced senescence in endothelial cells via regulation of 
miR-146a/Src. Signal Transduct Target Ther. 2021;6(1):354. 
https://​doi.​org/​10.​1038/​s41392-​021-​00765-3.

	 71.	 Kang SM, Jung HS, Kwon MJ, Lee SH, Park JH. Effects of ana-
gliptin on the stress induced accelerated senescence of human 
umbilical vein endothelial cells. Ann Transl Med. 2021;9(9):750. 
https://​doi.​org/​10.​21037/​atm-​21-​393.

	 72.	 Schaaf MB, Houbaert D, Mece O, Agostinis P. Autophagy in 
endothelial cells and tumor angiogenesis. Cell Death Differ. 
2019;26(4):665–79. https://​doi.​org/​10.​1038/​s41418-​019-​0287-8.

	 73.	 Zhu L, Wu G, Yang X, Jia X, Li J, Bai X, et al. Low density lipo-
protein mimics insulin action on autophagy and glucose uptake 
in endothelial cells. Sci Rep. 2019;9(1):3020. https://​doi.​org/​10.​
1038/​s41598-​019-​39559-7.

	 74.	 Fan W, Han D, Sun Z, Ma S, Gao L, Chen J, et al. Endothelial deletion 
of mTORC1 protects against hindlimb ischemia in diabetic mice 
via activation of autophagy, attenuation of oxidative stress and alle-
viation of inflammation. Free Radic Biol Med. 2017;108:725–40. 
https://​doi.​org/​10.​1016/j.​freer​adbio​med.​2017.​05.​001.

	 75.	 Fetterman JL, Holbrook M, Flint N, Feng B, Breton-Romero R, 
Linder EA, et al. Restoration of autophagy in endothelial cells 
from patients with diabetes mellitus improves nitric oxide signal-
ing. Atherosclerosis. 2016;247:207–17. https://​doi.​org/​10.​1016/j.​
ather​oscle​rosis.​2016.​01.​043.

	 76	 Bai X, Yang X, Jia X, Rong Y, Chen L, Zeng T, et al. CAV1-
CAVIN1-LC3B-mediated autophagy regulates high glucose-
stimulated LDL transcytosis. Autophagy. 2020;16(6):1111–29. 
https://​doi.​org/​10.​1080/​15548​627.​2019.​16596​13.

	 77.	 Zhao Y, Jia X, Yang X, Bai X, Lu Y, Zhu L, et al. Deacetyla-
tion of Caveolin-1 by Sirt6 induces autophagy and retards high 
glucose-stimulated LDL transcytosis and atherosclerosis forma-
tion. Metabolism. 2022;131:155162. https://​doi.​org/​10.​1016/j.​
metab​ol.​2022.​155162.

	 78.	 Cai X, She M, Xu M, Chen H, Li J, Chen X, et al. GLP-1 treat-
ment protects endothelial cells from oxidative stress-induced 

https://doi.org/10.3390/ijms20153775
https://doi.org/10.3390/ijms20153775
https://doi.org/10.1093/cvr/cvaa168
https://doi.org/10.1038/s41419-019-1893-6
https://doi.org/10.2147/DDDT.S242521
https://doi.org/10.2147/DDDT.S242521
https://doi.org/10.1038/s41569-021-00511-w
https://doi.org/10.1038/s41569-021-00511-w
https://doi.org/10.2147/DDDT.S231916
https://doi.org/10.1096/fj.202000734R
https://doi.org/10.1096/fj.202000734R
https://doi.org/10.1161/JAHA.118.009379
https://doi.org/10.1093/cvr/cvab280
https://doi.org/10.1016/j.bcp.2020.113830
https://doi.org/10.1016/j.redox.2020.101728
https://doi.org/10.1016/j.ejphar.2021.174249
https://doi.org/10.1016/j.ejphar.2021.174249
https://doi.org/10.1152/ajpendo.00155.2020
https://doi.org/10.1152/ajpendo.00155.2020
https://doi.org/10.1016/j.bbadis.2020.165838
https://doi.org/10.1016/j.chest.2019.08.2182
https://doi.org/10.1016/j.chest.2019.08.2182
https://doi.org/10.1016/j.redox.2020.101517
https://doi.org/10.1016/j.redox.2020.101517
https://doi.org/10.1016/j.atherosclerosis.2021.11.020
https://doi.org/10.1016/j.atherosclerosis.2021.11.020
https://doi.org/10.1016/j.mce.2022.111560
https://doi.org/10.1016/j.mce.2022.111560
https://doi.org/10.2337/db16-0915
https://doi.org/10.3389/fphar.2021.758792
https://doi.org/10.1038/s41392-021-00765-3
https://doi.org/10.21037/atm-21-393
https://doi.org/10.1038/s41418-019-0287-8
https://doi.org/10.1038/s41598-019-39559-7
https://doi.org/10.1038/s41598-019-39559-7
https://doi.org/10.1016/j.freeradbiomed.2017.05.001
https://doi.org/10.1016/j.atherosclerosis.2016.01.043
https://doi.org/10.1016/j.atherosclerosis.2016.01.043
https://doi.org/10.1080/15548627.2019.1659613
https://doi.org/10.1016/j.metabol.2022.155162
https://doi.org/10.1016/j.metabol.2022.155162


149Journal of Cardiovascular Translational Research (2024) 17:133–152	

1 3

autophagy and endothelial dysfunction. Int J Biol Sci. 
2018;14(12):1696–708. https://​doi.​org/​10.​7150/​ijbs.​27774.

	 79.	 Weikel KA, Cacicedo JM, Ruderman NB, Ido Y. Knockdown 
of GSK3beta increases basal autophagy and AMPK signalling 
in nutrient-laden human aortic endothelial cells. Biosci Rep. 
2016;36(5). 10.1042/BSR20160174.

	 80.	 Okutsu M, Yamada M, Tokizawa K, Marui S, Suzuki K, Lira VA, 
et al. Regular exercise stimulates endothelium autophagy via IL-1 
signaling in ApoE deficient mice. FASEB J. 2021;35(7):e21698. 
https://​doi.​org/​10.​1096/​fj.​20200​2790RR.

	 81.	 Yang J, Hu S, Bian Y, Yao J, Wang D, Liu X, et al. Targeting 
cell death: pyroptosis, ferroptosis, apoptosis and necroptosis in 
osteoarthritis. Front Cell Dev Biol. 2021;9:789948. https://​doi.​
org/​10.​3389/​fcell.​2021.​789948.

	 82.	 Liu J, Meng Z, Gan L, Guo R, Gao J, Liu C, et al. C1q/TNF-
related protein 5 contributes to diabetic vascular endothelium 
dysfunction through promoting Nox-1 signaling. Redox Biol. 
2020;34:101476. https://​doi.​org/​10.​1016/j.​redox.​2020.​101476.

	 83.	 Watson EC, Grant ZL, Coultas L. Endothelial cell apop-
tosis in angiogenesis and vessel regression. Cell Mol 
Life Sci. 2017;74(24):4387–403. https://​doi.​org/​10.​1007/​
s00018-​017-​2577-y.

	 84.	 Liu R, Shen H, Wang T, Ma J, Yuan M, Huang J, et al. TRAF6 medi-
ates high glucose-induced endothelial dysfunction. Exp Cell Res. 
2018;370(2):490–7. https://​doi.​org/​10.​1016/j.​yexcr.​2018.​07.​014.

	 85.	 Zachariah M, Maamoun H, Milano L, Rayman MP, Meira LB, 
Agouni A. Endoplasmic reticulum stress and oxidative stress 
drive endothelial dysfunction induced by high selenium. J Cell 
Physiol. 2021;236(6):4348–59. https://​doi.​org/​10.​1002/​jcp.​
30175.

	 86.	 Zhang S, Jin S, Zhang S, Li YY, Wang H, Chen Y, et al. Vitexin 
protects against high glucose-induced endothelial cell apoptosis 
and oxidative stress via Wnt/beta-catenin and Nrf2 signalling 
pathway. Arch Physiol Biochem. 2022:1–10. https://​doi.​org/​10.​
1080/​13813​455.​2022.​20288​45.

	 87.	 Liu J, Jiang C, Ma X, Wang J. Notoginsenoside Fc attenuates 
high glucose-induced vascular endothelial cell injury via upregu-
lation of PPAR-gamma in diabetic Sprague-Dawley rats. Vascul 
Pharmacol. 2018;109:27–35. https://​doi.​org/​10.​1016/j.​vph.​2018.​
05.​009.

	 88.	 Lin J, Chen M, Liu D, Guo R, Lin K, Deng H, et al. Exogenous 
hydrogen sulfide protects human umbilical vein endothelial cells 
against high glucoseinduced injury by inhibiting the necroptosis 
pathway. Int J Mol Med. 2018;41(3):1477–86. https://​doi.​org/​10.​
3892/​ijmm.​2017.​3330.

	 89.	 Oh S, Son M, Park CH, Jang JT, Son KH, Byun K. The reducing 
effects of pyrogallol-phloroglucinol-6,6-bieckol on high-fat diet-
induced pyroptosis in endothelial and vascular smooth muscle 
cells of mice aortas. Mar Drugs. 2020;18(12). https://​doi.​org/​10.​
3390/​md181​20648.

	 90.	 Gu J, Huang W, Zhang W, Zhao T, Gao C, Gan W, et al. Sodium 
butyrate alleviates high-glucose-induced renal glomerular 
endothelial cells damage via inhibiting pyroptosis. Int Immu-
nopharmacol. 2019;75:105832. https://​doi.​org/​10.​1016/j.​intimp.​
2019.​105832.

	 91.	 Zhang Y, Song Z, Li X, Xu S, Zhou S, Jin X, et al. Long non-
coding RNA KCNQ1OT1 induces pyroptosis in diabetic 
corneal endothelial keratopathy. Am J Physiol Cell Physiol. 
2020;318(2):C346–59. https://​doi.​org/​10.​1152/​ajpce​ll.​00053.​
2019.

	 92.	 Yuan T, Yang T, Chen H, Fu D, Hu Y, Wang J, et al. New insights 
into oxidative stress and inflammation during diabetes mellitus-
accelerated atherosclerosis. Redox Biol. 2019;20:247–60. https://​
doi.​org/​10.​1016/j.​redox.​2018.​09.​025.

	 93.	 Sundararajan S, Jayachandran I, Balasubramanyam M, Mohan 
V, Venkatesan B, Manickam N. Sestrin2 regulates monocyte 
activation through AMPK-mTOR nexus under high-glucose and 
dyslipidemic conditions. J Cell Biochem. 2018. https://​doi.​org/​
10.​1002/​jcb.​28102.

	 94.	 Samovski D, Dhule P, Pietka T, Jacome-Sosa M, Penrose E, Son 
NH, et al. Regulation of insulin receptor pathway and glucose 
metabolism by CD36 signaling. Diabetes. 2018;67(7):1272–84. 
https://​doi.​org/​10.​2337/​db17-​1226.

	 95.	 Soehnlein O, Libby P. Targeting inflammation in athero-
sclerosis - from experimental insights to the clinic. Nat Rev 
Drug Discov. 2021;20(8):589–610. https://​doi.​org/​10.​1038/​
s41573-​021-​00198-1.

	 96.	 Zhang B, Yang Y, Yi J, Zhao Z, Ye R. Hyperglycemia modulates 
M1/M2 macrophage polarization via reactive oxygen species 
overproduction in ligature-induced periodontitis. J Periodontal 
Res. 2021;56(5):991–1005. https://​doi.​org/​10.​1111/​jre.​12912.

	 97.	 Locati M, Curtale G, Mantovani A. Diversity, mechanisms, 
and significance of macrophage plasticity. Annu Rev Pathol. 
2020;15:123–47. https://​doi.​org/​10.​1146/​annur​ev-​pathm​
echdis-​012418-​012718.

	 98.	 Shanmugam N, Reddy MA, Guha M, Natarajan R. High glucose-
induced expression of proinflammatory cytokine and chemokine 
genes in monocytic cells. Diabetes. 2003;52(5):1256–64. https://​
doi.​org/​10.​2337/​diabe​tes.​52.5.​1256.

	 99.	 Parathath S, Grauer L, Huang LS, Sanson M, Distel E, Goldberg 
IJ, et al. Diabetes adversely affects macrophages during athero-
sclerotic plaque regression in mice. Diabetes. 2011;60(6):1759–
69. https://​doi.​org/​10.​2337/​db10-​0778.

	100.	 Kajikawa M, Nakashima A, Fujimura N, Maruhashi T, Iwamoto 
Y, Iwamoto A, et al. Ratio of serum levels of AGEs to soluble 
form of RAGE is a predictor of endothelial function. Diabetes 
Care. 2015;38(1):119–25. https://​doi.​org/​10.​2337/​dc14-​1435.

	101.	 Hanssen NM, Beulens JW, van Dieren S, Scheijen JL, van der 
AD, Spijkerman AM, et al. Plasma advanced glycation end prod-
ucts are associated with incident cardiovascular events in indi-
viduals with type 2 diabetes: a case-cohort study with a median 
follow-up of 10 years (EPIC-NL). Diabetes. 2015;64(1):257–65. 
https://​doi.​org/​10.​2337/​db13-​1864.

	102.	 Zernecke A, Winkels H, Cochain C, Williams JW, Wolf D, 
Soehnlein O, et al. Meta-analysis of leukocyte diversity in ath-
erosclerotic mouse aortas. Circ Res. 2020;127(3):402–26. https://​
doi.​org/​10.​1161/​CIRCR​ESAHA.​120.​316903.

	103.	 Wang L, Hu J, Zhou H. Macrophage and adipocyte mitochon-
drial dysfunction in obesity-induced metabolic diseases. World J 
Mens Health. 2021;39(4):606–14. https://​doi.​org/​10.​5534/​wjmh.​
200163.

	104.	 Bosca L, Gonzalez-Ramos S, Prieto P, Fernandez-Velasco M, 
Mojena M, Martin-Sanz P, et al. Metabolic signatures linked to 
macrophage polarization: from glucose metabolism to oxidative 
phosphorylation. Biochem Soc Trans. 2015;43(4):740–4. https://​
doi.​org/​10.​1042/​BST20​150107.

	105.	 O’Neill LA, Pearce EJ. Immunometabolism governs dendritic 
cell and macrophage function. J Exp Med. 2016;213(1):15–23. 
https://​doi.​org/​10.​1084/​jem.​20151​570.

	106.	 Catrysse L, van Loo G. Adipose tissue macrophages and their 
polarization in health and obesity. Cell Immunol. 2018;330:114–
9. https://​doi.​org/​10.​1016/j.​celli​mm.​2018.​03.​001.

	107.	 Mouton AJ, Li X, Hall ME, Hall JE. Obesity, Hyperten-
sion, and cardiac dysfunction: novel roles of immunometabo-
lism in macrophage activation and inflammation. Circ Res. 
2020;126(6):789–806. https://​doi.​org/​10.​1161/​CIRCR​ESAHA.​
119.​312321.

	108.	 Xu J, Chi F, Guo T, Punj V, Lee WN, French SW, et al. NOTCH 
reprograms mitochondrial metabolism for proinflammatory 

https://doi.org/10.7150/ijbs.27774
https://doi.org/10.1096/fj.202002790RR
https://doi.org/10.3389/fcell.2021.789948
https://doi.org/10.3389/fcell.2021.789948
https://doi.org/10.1016/j.redox.2020.101476
https://doi.org/10.1007/s00018-017-2577-y
https://doi.org/10.1007/s00018-017-2577-y
https://doi.org/10.1016/j.yexcr.2018.07.014
https://doi.org/10.1002/jcp.30175
https://doi.org/10.1002/jcp.30175
https://doi.org/10.1080/13813455.2022.2028845
https://doi.org/10.1080/13813455.2022.2028845
https://doi.org/10.1016/j.vph.2018.05.009
https://doi.org/10.1016/j.vph.2018.05.009
https://doi.org/10.3892/ijmm.2017.3330
https://doi.org/10.3892/ijmm.2017.3330
https://doi.org/10.3390/md18120648
https://doi.org/10.3390/md18120648
https://doi.org/10.1016/j.intimp.2019.105832
https://doi.org/10.1016/j.intimp.2019.105832
https://doi.org/10.1152/ajpcell.00053.2019
https://doi.org/10.1152/ajpcell.00053.2019
https://doi.org/10.1016/j.redox.2018.09.025
https://doi.org/10.1016/j.redox.2018.09.025
https://doi.org/10.1002/jcb.28102
https://doi.org/10.1002/jcb.28102
https://doi.org/10.2337/db17-1226
https://doi.org/10.1038/s41573-021-00198-1
https://doi.org/10.1038/s41573-021-00198-1
https://doi.org/10.1111/jre.12912
https://doi.org/10.1146/annurev-pathmechdis-012418-012718
https://doi.org/10.1146/annurev-pathmechdis-012418-012718
https://doi.org/10.2337/diabetes.52.5.1256
https://doi.org/10.2337/diabetes.52.5.1256
https://doi.org/10.2337/db10-0778
https://doi.org/10.2337/dc14-1435
https://doi.org/10.2337/db13-1864
https://doi.org/10.1161/CIRCRESAHA.120.316903
https://doi.org/10.1161/CIRCRESAHA.120.316903
https://doi.org/10.5534/wjmh.200163
https://doi.org/10.5534/wjmh.200163
https://doi.org/10.1042/BST20150107
https://doi.org/10.1042/BST20150107
https://doi.org/10.1084/jem.20151570
https://doi.org/10.1016/j.cellimm.2018.03.001
https://doi.org/10.1161/CIRCRESAHA.119.312321
https://doi.org/10.1161/CIRCRESAHA.119.312321


150	 Journal of Cardiovascular Translational Research (2024) 17:133–152

1 3

macrophage activation. J Clin Invest. 2015;125(4):1579–90. 
https://​doi.​org/​10.​1172/​JCI76​468.

	109.	 Yuan Y, Chen Y, Peng T, Li L, Zhu W, Liu F, et al. Mitochondrial 
ROS-induced lysosomal dysfunction impairs autophagic flux and 
contributes to M1 macrophage polarization in a diabetic condi-
tion. Clin Sci (Lond). 2019;133(15):1759–77. https://​doi.​org/​10.​
1042/​CS201​90672.

	110.	 Ward MG, Li G, Hao M. Apoptotic beta-cells induce mac-
rophage reprogramming under diabetic conditions. J Biol Chem. 
2018;293(42):16160–73. https://​doi.​org/​10.​1074/​jbc.​RA118.​
004565.

	111.	 Kalugotla G, He L, Weber KJ, Daemen S, Reller A, Razani 
B, et al. Frontline science: acyl-CoA synthetase 1 exacerbates 
lipotoxic inflammasome activation in primary macrophages. J 
Leukoc Biol. 2019;106(4):803–14. https://​doi.​org/​10.​1002/​JLB.​
3HI02​19-​045RR.

	112.	 Kim J, Kim SH, Kang H, Lee S, Park SY, Cho Y, et al. TFEB-
GDF15 axis protects against obesity and insulin resistance as a 
lysosomal stress response. Nat Metab. 2021;3(3):410–27. https://​
doi.​org/​10.​1038/​s42255-​021-​00368-w.

	113	 Bezold V, Rosenstock P, Scheffler J, Geyer H, Horstkorte R, 
Bork K. Glycation of macrophages induces expression of pro-
inflammatory cytokines and reduces phagocytic efficiency. Aging 
(Albany NY). 2019;11(14):5258–75. https://​doi.​org/​10.​18632/​
aging.​102123.

	114.	 Miyazaki A, Nakayama H, Horiuchi S. Scavenger receptors 
that recognize advanced glycation end products. Trends Cardio-
vasc Med. 2002;12(6):258–62. https://​doi.​org/​10.​1016/​s1050-​
1738(02)​00171-8.

	115.	 Poznyak A, Grechko AV, Poggio P, Myasoedova VA, Alfieri V, 
Orekhov AN. The diabetes mellitus-atherosclerosis connection: 
the role of lipid and glucose metabolism and chronic inflam-
mation. Int J Mol Sci. 2020;21(5). https://​doi.​org/​10.​3390/​ijms2​
10518​35.

	116.	 Gautam S, Banerjee M. The macrophage Ox-LDL receptor, 
CD36 and its association with type II diabetes mellitus. Mol 
Genet Metab. 2011;102(4):389–98. https://​doi.​org/​10.​1016/j.​
ymgme.​2010.​12.​012.

	117.	 Al-Sharea A, Murphy AJ, Huggins LA, Hu Y, Goldberg IJ, 
Nagareddy PR. SGLT2 inhibition reduces atherosclerosis by 
enhancing lipoprotein clearance in Ldlr(-/-) type 1 diabetic mice. 
Atherosclerosis. 2018;271:166–76. https://​doi.​org/​10.​1016/j.​
ather​oscle​rosis.​2018.​02.​028.

	118.	 Di Bartolo BA, Cartland SP, Genner S, Manuneedhi Cholan 
P, Vellozzi M, Rye KA, et al. HDL improves cholesterol and 
glucose homeostasis and reduces atherosclerosis in diabetes-
associated atherosclerosis. J Diabetes Res. 2021;2021:6668506. 
https://​doi.​org/​10.​1155/​2021/​66685​06.

	119.	 Pu Y, Zhao Q, Men X, Jin W, Yang M. MicroRNA-325 facili-
tates atherosclerosis progression by mediating the SREBF1/LXR 
axis via KDM1A. Life Sci. 2021;277:119464. https://​doi.​org/​10.​
1016/j.​lfs.​2021.​119464.

	120.	 Libby P. Interleukin-1 beta as a target for atherosclerosis therapy: 
biological basis of CANTOS and beyond. J Am Coll Cardiol. 
2017;70(18):2278–89. https://​doi.​org/​10.​1016/j.​jacc.​2017.​09.​028.

	121.	 Sharma A, Tate M, Mathew G, Vince JE, Ritchie RH, de Haan 
JB. Oxidative stress and NLRP3-inflammasome activity as sig-
nificant drivers of diabetic cardiovascular complications: thera-
peutic implications. Front Physiol. 2018;9:114. https://​doi.​org/​
10.​3389/​fphys.​2018.​00114.

	122	 Masters SL, Latz E, O’Neill LA. The inflammasome in athero-
sclerosis and type 2 diabetes. Sci Transl Med. 2011;3(81):81ps17. 
https://​doi.​org/​10.​1126/​scitr​anslm​ed.​30019​02.

	123.	 Josefs T, Barrett TJ, Brown EJ, Quezada A, Wu X, Voisin 
M, et al. Neutrophil extracellular traps promote macrophage 

inflammation and impair atherosclerosis resolution in diabetic 
mice. JCI Insight. 2020;5(7). https://​doi.​org/​10.​1172/​jci.​insig​ht.​
134796.

	124.	 Sharma A, Choi JSY, Stefanovic N, Al-Sharea A, Simpson 
DS, Mukhamedova N, et al. Specific NLRP3 inhibition pro-
tects against diabetes-associated atherosclerosis. Diabetes. 
2021;70(3):772–87. https://​doi.​org/​10.​2337/​db20-​0357.

	125.	 Qing L, Fu J, Wu P, Zhou Z, Yu F, Tang J. Metformin induces 
the M2 macrophage polarization to accelerate the wound heal-
ing via regulating AMPK/mTOR/NLRP3 inflammasome singling 
pathway. Am J Transl Res. 2019;11(2):655–68.

	126.	 Kim SR, Lee SG, Kim SH, Kim JH, Choi E, Cho W, et al. SGLT2 
inhibition modulates NLRP3 inflammasome activity via ketones 
and insulin in diabetes with cardiovascular disease. Nat Commun. 
2020;11(1):2127. https://​doi.​org/​10.​1038/​s41467-​020-​15983-6.

	127.	 Pawlos A, Broncel M, Wozniak E, Gorzelak-Pabis P. Neuro-
protective effect of SGLT2 inhibitors. Molecules. 2021;26(23). 
https://​doi.​org/​10.​3390/​molec​ules2​62372​13

	128	 Davanso MR, Crisma AR, Braga TT, Masi LN, do Amaral CL, 
Leal VNC, et al. Macrophage inflammatory state in type 1 diabe-
tes: triggered by NLRP3/iNOS pathway and attenuated by doco-
sahexaenoic acid. Clin Sci (Lond). 2021;135(1):19–34. https://​
doi.​org/​10.​1042/​CS202​01348.

	129.	 Van den Bossche J, Neele AE, Hoeksema MA, de Winther MP. 
Macrophage polarization: the epigenetic point of view. Curr Opin 
Lipidol. 2014;25(5):367–73. https://​doi.​org/​10.​1097/​MOL.​00000​
00000​000109.

	130.	 Ahmed M, de Winther MPJ, Van den Bossche J. Epigenetic 
mechanisms of macrophage activation in type 2 diabetes. Immu-
nobiology. 2017;222(10):937–43. https://​doi.​org/​10.​1016/j.​
imbio.​2016.​08.​011.

	131.	 Mossel DM, Moganti K, Riabov V, Weiss C, Kopf S, Cordero J, 
et al. Epigenetic regulation of S100A9 and S100A12 expression 
in monocyte-macrophage system in hyperglycemic conditions. 
Front Immunol. 2020;11:1071. https://​doi.​org/​10.​3389/​fimmu.​
2020.​01071.

	132.	 Zhang C, Han X, Yang L, Fu J, Sun C, Huang S, et al. Circular 
RNA circPPM1F modulates M1 macrophage activation and pan-
creatic islet inflammation in type 1 diabetes mellitus. Theranos-
tics. 2020;10(24):10908–24. https://​doi.​org/​10.​7150/​thno.​48264.

	133.	 Yang L, Han X, Zhang C, Sun C, Huang S, Xiao W, et al. Hsa_
circ_0060450 negatively regulates type i interferon-induced 
inflammation by serving as miR-199a-5p sponge in type 1 dia-
betes mellitus. Front Immunol. 2020;11:576903. https://​doi.​org/​
10.​3389/​fimmu.​2020.​576903.

	134.	 Reddy MA, Amaram V, Das S, Tanwar VS, Ganguly R, Wang 
M, et al. lncRNA DRAIR is downregulated in diabetic mono-
cytes and modulates the inflammatory phenotype via epigenetic 
mechanisms. JCI Insight. 2021;6(11). https://​doi.​org/​10.​1172/​jci.​
insig​ht.​143289.

	135.	 Nathan DM, Cleary PA, Backlund JY, Genuth SM, Lachin JM, 
Orchard TJ, et al. Intensive diabetes treatment and cardiovas-
cular disease in patients with type 1 diabetes. N Engl J Med. 
2005;353(25):2643–53. https://​doi.​org/​10.​1056/​NEJMo​a0521​87.

	136.	 Diabetes C, Complications Trial Research G, Nathan DM, 
Genuth S, Lachin J, Cleary P, et al. The effect of intensive treat-
ment of diabetes on the development and progression of long-
term complications in insulin-dependent diabetes mellitus. N 
Engl J Med. 1993;329(14):977–86. https://​doi.​org/​10.​1056/​
NEJM1​99309​30329​1401.

	137.	 Group AS, Gerstein HC, Miller ME, Genuth S, Ismail-Beigi F, 
Buse JB, et al. Long-term effects of intensive glucose lowering 
on cardiovascular outcomes. N Engl J Med. 2011;364(9):818–28. 
https://​doi.​org/​10.​1056/​NEJMo​a1006​524.

	138.	 Newman JD, Vani AK, Aleman JO, Weintraub HS, Berger JS, 
Schwartzbard AZ. The changing landscape of diabetes therapy 

https://doi.org/10.1172/JCI76468
https://doi.org/10.1042/CS20190672
https://doi.org/10.1042/CS20190672
https://doi.org/10.1074/jbc.RA118.004565
https://doi.org/10.1074/jbc.RA118.004565
https://doi.org/10.1002/JLB.3HI0219-045RR
https://doi.org/10.1002/JLB.3HI0219-045RR
https://doi.org/10.1038/s42255-021-00368-w
https://doi.org/10.1038/s42255-021-00368-w
https://doi.org/10.18632/aging.102123
https://doi.org/10.18632/aging.102123
https://doi.org/10.1016/s1050-1738(02)00171-8
https://doi.org/10.1016/s1050-1738(02)00171-8
https://doi.org/10.3390/ijms21051835
https://doi.org/10.3390/ijms21051835
https://doi.org/10.1016/j.ymgme.2010.12.012
https://doi.org/10.1016/j.ymgme.2010.12.012
https://doi.org/10.1016/j.atherosclerosis.2018.02.028
https://doi.org/10.1016/j.atherosclerosis.2018.02.028
https://doi.org/10.1155/2021/6668506
https://doi.org/10.1016/j.lfs.2021.119464
https://doi.org/10.1016/j.lfs.2021.119464
https://doi.org/10.1016/j.jacc.2017.09.028
https://doi.org/10.3389/fphys.2018.00114
https://doi.org/10.3389/fphys.2018.00114
https://doi.org/10.1126/scitranslmed.3001902
https://doi.org/10.1172/jci.insight.134796
https://doi.org/10.1172/jci.insight.134796
https://doi.org/10.2337/db20-0357
https://doi.org/10.1038/s41467-020-15983-6
https://doi.org/10.3390/molecules26237213
https://doi.org/10.1042/CS20201348
https://doi.org/10.1042/CS20201348
https://doi.org/10.1097/MOL.0000000000000109
https://doi.org/10.1097/MOL.0000000000000109
https://doi.org/10.1016/j.imbio.2016.08.011
https://doi.org/10.1016/j.imbio.2016.08.011
https://doi.org/10.3389/fimmu.2020.01071
https://doi.org/10.3389/fimmu.2020.01071
https://doi.org/10.7150/thno.48264
https://doi.org/10.3389/fimmu.2020.576903
https://doi.org/10.3389/fimmu.2020.576903
https://doi.org/10.1172/jci.insight.143289
https://doi.org/10.1172/jci.insight.143289
https://doi.org/10.1056/NEJMoa052187
https://doi.org/10.1056/NEJM199309303291401
https://doi.org/10.1056/NEJM199309303291401
https://doi.org/10.1056/NEJMoa1006524


151Journal of Cardiovascular Translational Research (2024) 17:133–152	

1 3

for cardiovascular risk reduction: JACC state-of-the-art review. 
J Am Coll Cardiol. 2018;72(15):1856–69. https://​doi.​org/​10.​
1016/j.​jacc.​2018.​07.​071.

	139.	 Edgar L, Akbar N, Braithwaite AT, Krausgruber T, Gallart-Ayala 
H, Bailey J, et al. Hyperglycemia induces trained immunity in 
macrophages and their precursors and promotes atherosclero-
sis. Circulation. 2021;144(12):961–82. https://​doi.​org/​10.​1161/​
CIRCU​LATIO​NAHA.​120.​046464.

	140.	 Thiem K, Keating ST, Netea MG, Riksen NP, Tack CJ, van 
Diepen J, et al. Hyperglycemic memory of innate immune cells 
promotes in vitro proinflammatory responses of human mono-
cytes and murine macrophages. J Immunol. 2021;206(4):807–13. 
https://​doi.​org/​10.​4049/​jimmu​nol.​19013​48.

	141.	 Potteaux S, Gautier EL, Hutchison SB, van Rooijen N, Rader DJ, 
Thomas MJ, et al. Suppressed monocyte recruitment drives mac-
rophage removal from atherosclerotic plaques of Apoe-/- mice 
during disease regression. J Clin Invest. 2011;121(5):2025–36. 
https://​doi.​org/​10.​1172/​JCI43​802.

	142.	 Li Q, Park K, Xia Y, Matsumoto M, Qi W, Fu J, et al. Regulation 
of macrophage apoptosis and atherosclerosis by lipid-induced 
PKCdelta isoform activation. Circ Res. 2017;121(10):1153–67. 
https://​doi.​org/​10.​1161/​CIRCR​ESAHA.​117.​311606.

	143.	 Tabas I, Tall A, Accili D. The impact of macrophage insulin 
resistance on advanced atherosclerotic plaque progression. 
Circ Res. 2010;106(1):58–67. https://​doi.​org/​10.​1161/​CIRCR​
ESAHA.​109.​208488.

	144.	 Han Y, Qiu H, Pei X, Fan Y, Tian H, Geng J. Low-dose sinapic 
acid abates the pyroptosis of macrophages by downregulation of 
lncRNA-MALAT1 in rats with diabetic atherosclerosis. J Car-
diovasc Pharmacol. 2018;71(2):104–12. https://​doi.​org/​10.​1097/​
FJC.​00000​00000​000550.

	145.	 Zhao P, Yue Z, Nie L, Zhao Z, Wang Q, Chen J, et al. Hyper-
glycaemia-associated macrophage pyroptosis accelerates peri-
odontal inflammaging. J Clin Periodontol. 2021;48(10):1379–92. 
https://​doi.​org/​10.​1111/​jcpe.​13517.

	146.	 Nie L, Zhao P, Yue Z, Zhang P, Ji N, Chen Q, et al. Diabetes 
induces macrophage dysfunction through cytoplasmic dsDNA/
AIM2 associated pyroptosis. J Leukoc Biol. 2021;110(3):497–
510. https://​doi.​org/​10.​1002/​JLB.​3MA03​21-​745R.

	147.	 Huang Y, Yong P, Dickey D, Vora SM, Wu H, Bernlohr DA. 
Inflammasome activation and pyroptosis via a lipid-regulated 
SIRT1-p53-ASC axis in macrophages from male mice and 
humans. Endocrinology. 2022;163(4). https://​doi.​org/​10.​1210/​
endocr/​bqac0​14

	148.	 Csak T, Pillai A, Ganz M, Lippai D, Petrasek J, Park JK, et al. 
Both bone marrow-derived and non-bone marrow-derived cells 
contribute to AIM2 and NLRP3 inflammasome activation in a 
MyD88-dependent manner in dietary steatohepatitis. Liver Int. 
2014;34(9):1402–13. https://​doi.​org/​10.​1111/​liv.​12537.

	149.	 Jiao Y, Nan J, Mu B, Zhang Y, Zhou N, Yang S, et al. Discovery 
of a novel and potent inhibitor with differential species-specific 
effects against NLRP3 and AIM2 inflammasome-dependent 
pyroptosis. Eur J Med Chem. 2022;232:114194. https://​doi.​org/​
10.​1016/j.​ejmech.​2022.​114194.

	150.	 Vandenabeele P, Galluzzi L, Vanden Berghe T, Kroemer G. 
Molecular mechanisms of necroptosis: an ordered cellular explo-
sion. Nat Rev Mol Cell Biol. 2010;11(10):700–14. https://​doi.​
org/​10.​1038/​nrm29​70.

	151.	 Linkermann A, Green DR. Necroptosis. N Engl J Med. 
2014;370(5):455–65. https://​doi.​org/​10.​1056/​NEJMr​a1310​050.

	152.	 LaRocca TJ, Sosunov SA, Shakerley NL, Ten VS, Ratner AJ. 
Hyperglycemic conditions prime cells for RIP1-dependent 
necroptosis. J Biol Chem. 2016;291(26):13753–61. https://​doi.​
org/​10.​1074/​jbc.​M116.​716027.

	153	 Yu W, Liu W, Xie D, Wang Q, Xu C, Zhao H, et al. High 
level of uric acid promotes atherosclerosis by targeting 

NRF2-mediated autophagy dysfunction and ferroptosis. Oxid 
Med Cell Longev. 2022;2022:9304383. https://​doi.​org/​10.​
1155/​2022/​93043​83.

	154.	 Liu J, Thewke DP, Su YR, Linton MF, Fazio S, Sinensky MS. 
Reduced macrophage apoptosis is associated with accelerated 
atherosclerosis in low-density lipoprotein receptor-null mice. 
Arterioscler Thromb Vasc Biol. 2005;25(1):174–9. https://​doi.​
org/​10.​1161/​01.​ATV.​00001​48548.​47755.​22.

	155.	 Grootaert MOJ, Bennett MR. Vascular smooth muscle cells 
in atherosclerosis: time for a re-assessment. Cardiovasc Res. 
2021;117(11):2326–39. https://​doi.​org/​10.​1093/​cvr/​cvab0​46.

	156.	 Shi J, Yang Y, Cheng A, Xu G, He F. Metabolism of vascular 
smooth muscle cells in vascular diseases. Am J Physiol Heart 
Circ Physiol. 2020;319(3):H613–31. https://​doi.​org/​10.​1152/​
ajphe​art.​00220.​2020.

	157.	 Bennett MR, Sinha S, Owens GK. Vascular smooth muscle cells 
in atherosclerosis. Circ Res. 2016;118(4):692–702. https://​doi.​
org/​10.​1161/​CIRCR​ESAHA.​115.​306361.

	158.	 Yap C, Mieremet A, de Vries CJM, Micha D, de Waard V. Six shades 
of vascular smooth muscle cells illuminated by KLF4 (Kruppel-like 
factor 4). Arterioscler Thromb Vasc Biol. 2021;41(11):2693–707. 
https://​doi.​org/​10.​1161/​ATVBA​HA.​121.​316600.

	159.	 Di B, Li HW, Li W, Hua B. Liraglutide inhibited AGEs induced 
coronary smooth muscle cell phenotypic transition through inhib-
iting the NF-kappaB signal pathway. Peptides. 2019;112:125–32. 
https://​doi.​org/​10.​1016/j.​pepti​des.​2018.​11.​008.

	160.	 Li Y, Guo X, Xue G, Wang H, Wang Y, Wang W, et al. RNA 
splicing of the Abi1 gene by MBNL1 contributes to macrophage-
like phenotype modulation of vascular smooth muscle cell during 
atherogenesis. Cell Prolif. 2021;54(5):e13023. https://​doi.​org/​10.​
1111/​cpr.​13023.

	161.	 Zhang Z, Huang J, Wang Y, Shen W. Transcriptome analysis 
revealed a two-step transformation of vascular smooth muscle 
cells to macrophage-like cells. Atherosclerosis. 2022;346:26–35. 
https://​doi.​org/​10.​1016/j.​ather​oscle​rosis.​2022.​02.​021.

	162.	 Bao Z, Li L, Geng Y, Yan J, Dai Z, Shao C, et al. Advanced gly-
cation end products induce vascular smooth muscle cell-derived 
foam cell formation and transdifferentiate to a macrophage-like 
state. Mediators Inflamm. 2020;2020:6850187. https://​doi.​org/​
10.​1155/​2020/​68501​87.

	163.	 Ma C, Xia R, Yang S, Liu L, Zhang J, Feng K, et  al. For-
mononetin attenuates atherosclerosis via regulating interac-
tion between KLF4 and SRA in apoE(-/-) mice. Theranostics. 
2020;10(3):1090–106. https://​doi.​org/​10.​7150/​thno.​38115.

	164.	 Lee SJ, Lee IK, Jeon JH. Vascular calcification-new insights 
into its mechanism. Int J Mol Sci. 2020;21(8). https://​doi.​org/​
10.​3390/​ijms2​10826​85.

	165.	 Kennon AM, Stewart JA Jr. RAGE differentially altered in vitro 
responses in vascular smooth muscle cells and adventitial fibro-
blasts in diabetes-induced vascular calcification. Front Physiol. 
2021;12:676727. https://​doi.​org/​10.​3389/​fphys.​2021.​676727.

	166.	 Toth A, Balogh E, Jeney V. Regulation of vascular calcification 
by reactive oxygen species. Antioxidants (Basel). 2020;9(10). 
https://​doi.​org/​10.​3390/​antio​x9100​963.

	167.	 Sun H, Zhang F, Xu Y, Sun S, Wang H, Du Q, et al. Salusin-
beta promotes vascular calcification via nicotinamide adenine 
dinucleotide phosphate/reactive oxygen species-mediated Klotho 
downregulation. Antioxid Redox Signal. 2019;31(18):1352–70. 
https://​doi.​org/​10.​1089/​ars.​2019.​7723.

	168.	 Chang Z, Yan G, Yan H, Zheng J, Liu Z. Reticulocalbin 2 
enhances osteogenic differentiation of human vascular smooth 
muscle cells in diabetic conditions. Life Sci. 2019;233:116746. 
https://​doi.​org/​10.​1016/j.​lfs.​2019.​116746.

	169.	 Grootaert MOJ, Moulis M, Roth L, Martinet W, Vindis C, Ben-
nett MR, et al. Vascular smooth muscle cell death, autophagy and 

https://doi.org/10.1016/j.jacc.2018.07.071
https://doi.org/10.1016/j.jacc.2018.07.071
https://doi.org/10.1161/CIRCULATIONAHA.120.046464
https://doi.org/10.1161/CIRCULATIONAHA.120.046464
https://doi.org/10.4049/jimmunol.1901348
https://doi.org/10.1172/JCI43802
https://doi.org/10.1161/CIRCRESAHA.117.311606
https://doi.org/10.1161/CIRCRESAHA.109.208488
https://doi.org/10.1161/CIRCRESAHA.109.208488
https://doi.org/10.1097/FJC.0000000000000550
https://doi.org/10.1097/FJC.0000000000000550
https://doi.org/10.1111/jcpe.13517
https://doi.org/10.1002/JLB.3MA0321-745R
https://doi.org/10.1210/endocr/bqac014
https://doi.org/10.1210/endocr/bqac014
https://doi.org/10.1111/liv.12537
https://doi.org/10.1016/j.ejmech.2022.114194
https://doi.org/10.1016/j.ejmech.2022.114194
https://doi.org/10.1038/nrm2970
https://doi.org/10.1038/nrm2970
https://doi.org/10.1056/NEJMra1310050
https://doi.org/10.1074/jbc.M116.716027
https://doi.org/10.1074/jbc.M116.716027
https://doi.org/10.1155/2022/9304383
https://doi.org/10.1155/2022/9304383
https://doi.org/10.1161/01.ATV.0000148548.47755.22
https://doi.org/10.1161/01.ATV.0000148548.47755.22
https://doi.org/10.1093/cvr/cvab046
https://doi.org/10.1152/ajpheart.00220.2020
https://doi.org/10.1152/ajpheart.00220.2020
https://doi.org/10.1161/CIRCRESAHA.115.306361
https://doi.org/10.1161/CIRCRESAHA.115.306361
https://doi.org/10.1161/ATVBAHA.121.316600
https://doi.org/10.1016/j.peptides.2018.11.008
https://doi.org/10.1111/cpr.13023
https://doi.org/10.1111/cpr.13023
https://doi.org/10.1016/j.atherosclerosis.2022.02.021
https://doi.org/10.1155/2020/6850187
https://doi.org/10.1155/2020/6850187
https://doi.org/10.7150/thno.38115
https://doi.org/10.3390/ijms21082685
https://doi.org/10.3390/ijms21082685
https://doi.org/10.3389/fphys.2021.676727
https://doi.org/10.3390/antiox9100963
https://doi.org/10.1089/ars.2019.7723
https://doi.org/10.1016/j.lfs.2019.116746


152	 Journal of Cardiovascular Translational Research (2024) 17:133–152

1 3

senescence in atherosclerosis. Cardiovasc Res. 2018;114(4):622–
34. https://​doi.​org/​10.​1093/​cvr/​cvy007.

	170.	 Hemmings KE, Riches-Suman K, Bailey MA, O'Regan DJ, 
Turner NA, Porter KE. Role of microRNA-145 in DNA dam-
age signalling and senescence in vascular smooth muscle cells 
of type 2 diabetic patients. Cells. 2021;10(4). https://​doi.​org/​10.​
3390/​cells​10040​919

	171.	 Zhong JY, Cui XJ, Zhan JK, Wang YJ, Li S, Lin X, et  al. 
LncRNA-ES3 inhibition by Bhlhe40 is involved in high glucose-
induced calcification/senescence of vascular smooth muscle 
cells. Ann N Y Acad Sci. 2020;1474(1):61–72. https://​doi.​org/​
10.​1111/​nyas.​14381.

	172.	 Wu Y, Zhang M, Xu C, Chai D, Peng F, Lin J. Anti-diabetic athero-
sclerosis by inhibiting high glucose-induced vascular smooth muscle 
cell proliferation via Pin1/BRD4 pathway. Oxid Med Cell Longev. 
2020;2020:4196482. https://​doi.​org/​10.​1155/​2020/​41964​82.

	173.	 Oh S, Son M, Park CH, Jang JT, Son KH, Byun K. Pyrogallol-
phloroglucinol-6,6-bieckolon attenuates vascular smooth mus-
cle cell proliferation and phenotype switching in hyperlipidemia 
through modulation of chemokine receptor 5. Mar Drugs. 
2020;18(8). https://​doi.​org/​10.​3390/​md180​80393.

	174.	 Yuan G, Si G, Hou Q, Li Z, Xu K, Wang Y, et al. Advanced glyca-
tion end products induce proliferation and migration of human aortic 
smooth muscle cells through PI3K/AKT pathway. Biomed Res Int. 
2020;2020:8607418. https://​doi.​org/​10.​1155/​2020/​86074​18.

	175.	 Wang ZY, Guo MQ, Cui QK, Yuan H, Shan-Ji F, Liu B, et al. 
PARP1 deficiency protects against hyperglycemia-induced neoin-
timal hyperplasia by upregulating TFPI2 activity in diabetic 
mice. Redox Biol. 2021;46:102084. https://​doi.​org/​10.​1016/j.​
redox.​2021.​102084.

	176.	 Zurek M, Aavik E, Mallick R, Yla-Herttuala S. Epigenetic regu-
lation of vascular smooth muscle cell phenotype switching in 
atherosclerotic artery remodeling: a mini-review. Front Genet. 
2021;12:719456. https://​doi.​org/​10.​3389/​fgene.​2021.​719456.

	177.	 Chen M, Zhang Y, Li W, Yang J. MicroRNA-145 alleviates high 
glucose-induced proliferation and migration of vascular smooth 
muscle cells through targeting ROCK1. Biomed Pharmacother. 
2018;99:81–6. https://​doi.​org/​10.​1016/j.​biopha.​2018.​01.​014.

	178.	 Zhou W, Ye S, Wang W. miR-217 alleviates high-glucose-
induced vascular smooth muscle cell dysfunction via regulating 
ROCK1. J Biochem Mol Toxicol. 2021;35(3):e22668. https://​
doi.​org/​10.​1002/​jbt.​22668.

	179.	 Sun G, Song H, Wu S. miR19a promotes vascular smooth 
muscle cell proliferation, migration and invasion through 
regulation of Ras homolog family member B. Int J Mol Med. 
2019;44(6):1991–2002. https://​doi.​org/​10.​3892/​ijmm.​2019.​4357.

	180	 Chuang WY, Yu MH, Yang TY, Chan KC, Wang CJ. Acarbose atten-
uates migration/proliferation via targeting microRNA-143 in vascular 
smooth muscle cells under diabetic conditions. J Food Drug Anal. 
2020;28(3):461–74. https://​doi.​org/​10.​38212/​2224-​6614.​1241.

	181.	 Phadwal K, Vrahnas C, Ganley IG, MacRae VE. Mitochondrial 
dysfunction: cause or consequence of vascular calcification? Front 
Cell Dev Biol. 2021;9:611922. https://​doi.​org/​10.​3389/​fcell.​2021.​
611922.

	182.	 Tsai YT, Yeh HY, Chao CT, Chiang CK. Superoxide dis-
mutase 2 (SOD2) in vascular calcification: a focus on vascular 
smooth muscle cells, calcification pathogenesis, and therapeutic 

strategies. Oxid Med Cell Longev. 2021;2021:6675548. https://​
doi.​org/​10.​1155/​2021/​66755​48.

	183.	 Abhijit S, Bhaskaran R, Narayanasamy A, Chakroborty A, Man-
ickam N, Dixit M, et al. Hyperinsulinemia-induced vascular 
smooth muscle cell (VSMC) migration and proliferation is medi-
ated by converging mechanisms of mitochondrial dysfunction 
and oxidative stress. Mol Cell Biochem. 2013;373(1–2):95–105. 
https://​doi.​org/​10.​1007/​s11010-​012-​1478-5.

	184.	 Sun XJ, Ma WQ, Zhu Y, Liu NF. POSTN promotes diabetic 
vascular calcification by interfering with autophagic flux. Cell 
Signal. 2021;83:109983. https://​doi.​org/​10.​1016/j.​cells​ig.​2021.​
109983.

	185.	 Qiu X, Liu K, Xiao L, Jin S, Dong J, Teng X, et al. Alpha-lipoic 
acid regulates the autophagy of vascular smooth muscle cells in 
diabetes by elevating hydrogen sulfide level. Biochim Biophys 
Acta Mol Basis Dis. 2018;1864(11):3723–38. https://​doi.​org/​10.​
1016/j.​bbadis.​2018.​09.​005.

	186.	 Wen X, Xi Y, Zhang Y, Jiao L, Shi S, Bai S, et al. DR1 acti-
vation promotes vascular smooth muscle cell apoptosis via up-
regulation of CSE/H2 S pathway in diabetic mice. FASEB J. 
2022;36(1):e22070. https://​doi.​org/​10.​1096/​fj.​20210​1455R.

	187.	 Li B, Luo YR, Zhang Q, Fu SH, Chen YD, Tian JW, et al. 
Sitagliptin, a dipeptidyl peptidase-4 inhibitor, attenuates 
apoptosis of vascular smooth muscle cells and reduces athero-
sclerosis in diabetic apolipoprotein E-deficient mice. Vascul 
Pharmacol. 2021;140:106854. https://​doi.​org/​10.​1016/j.​vph.​
2021.​106854.

	188.	 Qian Z, Zhao Y, Wan C, Deng Y, Zhuang Y, Xu Y, et al. Pyrop-
tosis in the initiation and progression of atherosclerosis. Front 
Pharmacol. 2021;12:652963. https://​doi.​org/​10.​3389/​fphar.​2021.​
652963.

	189.	 Yang Z, Shi J, Chen L, Fu C, Shi D, Qu H. Role of pyroptosis and 
ferroptosis in the progression of atherosclerotic plaques. Front 
Cell Dev Biol. 2022;10:811196. https://​doi.​org/​10.​3389/​fcell.​
2022.​811196.

	190.	 Ma WQ, Sun XJ, Zhu Y, Liu NF. Metformin attenuates hyperlip-
idaemia-associated vascular calcification through anti-ferroptotic 
effects. Free Radic Biol Med. 2021;165:229–42. https://​doi.​org/​
10.​1016/j.​freer​adbio​med.​2021.​01.​033.

	191.	 Basatemur GL, Jorgensen HF, Clarke MCH, Bennett MR, Mal-
lat Z. Vascular smooth muscle cells in atherosclerosis. Nat 
Rev Cardiol. 2019;16(12):727–44. https://​doi.​org/​10.​1038/​
s41569-​019-​0227-9.

	192.	 Ceriello A, Prattichizzo F, Phillip M, Hirsch IB, Mathieu C, 
Battelino T. Glycaemic management in diabetes: old and new 
approaches. Lancet Diabetes Endocrinol. 2022;10(1):75–84. 
https://​doi.​org/​10.​1016/​S2213-​8587(21)​00245-X.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1093/cvr/cvy007
https://doi.org/10.3390/cells10040919
https://doi.org/10.3390/cells10040919
https://doi.org/10.1111/nyas.14381
https://doi.org/10.1111/nyas.14381
https://doi.org/10.1155/2020/4196482
https://doi.org/10.3390/md18080393
https://doi.org/10.1155/2020/8607418
https://doi.org/10.1016/j.redox.2021.102084
https://doi.org/10.1016/j.redox.2021.102084
https://doi.org/10.3389/fgene.2021.719456
https://doi.org/10.1016/j.biopha.2018.01.014
https://doi.org/10.1002/jbt.22668
https://doi.org/10.1002/jbt.22668
https://doi.org/10.3892/ijmm.2019.4357
https://doi.org/10.38212/2224-6614.1241
https://doi.org/10.3389/fcell.2021.611922
https://doi.org/10.3389/fcell.2021.611922
https://doi.org/10.1155/2021/6675548
https://doi.org/10.1155/2021/6675548
https://doi.org/10.1007/s11010-012-1478-5
https://doi.org/10.1016/j.cellsig.2021.109983
https://doi.org/10.1016/j.cellsig.2021.109983
https://doi.org/10.1016/j.bbadis.2018.09.005
https://doi.org/10.1016/j.bbadis.2018.09.005
https://doi.org/10.1096/fj.202101455R
https://doi.org/10.1016/j.vph.2021.106854
https://doi.org/10.1016/j.vph.2021.106854
https://doi.org/10.3389/fphar.2021.652963
https://doi.org/10.3389/fphar.2021.652963
https://doi.org/10.3389/fcell.2022.811196
https://doi.org/10.3389/fcell.2022.811196
https://doi.org/10.1016/j.freeradbiomed.2021.01.033
https://doi.org/10.1016/j.freeradbiomed.2021.01.033
https://doi.org/10.1038/s41569-019-0227-9
https://doi.org/10.1038/s41569-019-0227-9
https://doi.org/10.1016/S2213-8587(21)00245-X

	Diabetes Mellitus to Accelerated Atherosclerosis: Shared Cellular and Molecular Mechanisms in Glucose and Lipid Metabolism
	Abstract
	Introduction
	Endothelial Cells in Diabetic Atherosclerosis
	Advanced Glycation End Products (AGEs)
	Inflammation
	Oxidative Stress
	Endoplasmic Reticulum Stress
	Mitochondrial Dysfunction
	Senescence
	Autophagy
	Apoptosis, Necroptosis, Pyroptosis, Ferroptosis

	Macrophages in Diabetic Atherosclerosis
	Macrophage Polarization
	Mitochondria Dysfunction
	Lysosomal Defects
	Increased Phagocytic Activity
	Inhibited Reverse Cholesterol Transport
	NLRP3
	Epigenetic Mechanisms of Macrophage Activation
	Hyperglycemia Induces Trained Immunity in Macrophages
	Macrophage Apoptosis
	Pyroptosis, Ferroptosis, Necroptosis

	Smooth Muscle Cells in Diabetic Atherosclerosis
	α-SMA+VSMCs
	Macrophage-Like VSMCs
	Smooth Muscle Foam Cells
	VSMC-Derived Osteochondrogenic Cells
	Senescent VSMCs
	Proliferation and Migration
	Mitochondria Dysfunction, Defective Autophagy, and Lysosomal Impairment (Apoptosis, Pyroptosis, and Ferroptosis)

	Conclusion and Perspectives
	References


