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Abstract

The formation of advanced glycation end-products(AGEs) is an important cause of metabolic memory in diabetic patients and a key
factor in the formation of atherosclerosis(AS) plaques in patients with diabetes mellitus. Related studies showed that AGEs could
disrupt hemodynamic steady-state and destroy vascular wall integrity through the endothelial barrier damage, foam cell(FC)
formation, apoptosis, calcium deposition and other aspects. At the same time, AGEs could initiate oxidative stress and inflammatory
response cascade via receptor-depended and non-receptor-dependent pathways, promoting plaques to develop from a steady state to
a vulnerable state and eventually tend to rupture and thrombosis. Numerous studies have confirmed that these pathological
processes mentioned above could lead to acute coronary heart disease(CHD) and other acute cardiovascular and cerebrovascular
events. However, the specific role of AGEs in the progression and regression of AS plaques has not yet been fully elucidated. In this
paper, the formation, source, metabolism, physical and chemical properties of AGEs and their role in the migration of FCs and
plaque calcification are briefly described, we hope to provide new ideas for the researchers that struggling in this field.
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Abbreviations Introduction

AGEs  advanced glycation end-products

AS atherosclerosis Advanced glycation end-products(AGEs), the most important
FC foam cell metabolite of diabetic glycotoxin, are involved in the forma-
CHD coronary heart disease tion and evolution of cardiovascular complications of diabe-
VC vascular calcification tes. More and more studies indicated that AGEs had multiple
VSMC  vascular smooth muscle cell pathological effects in a receptor-depended or non-receptor-
AB apoptotic body depended manner, such as disrupting hemodynamic steady-
CML  Ne-Carboxymethyllysine state, destroying vascular wall integrity, etc. These effects

eventually promoted the vicious progression to vulnerable
plaques,thrombosis formation and the occurrence of acute cor-
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Considering that AGEs have important clinical significance,
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AS is the main cause of coronary heart disease(CHD), cerebral
infarction, peripheral vascular disease. Lipid metabolic disor-
ders are the basis of AS lesions. Involved arterial lesions be-
gan from the intima, generally first presented the lipid and
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complex carbohydrate accumulation, bleeding and thrombosis
formation. Then fibrous tissue hypertrophied and calcium de-
posited, accompanied by the gradual transformation of and
calcification in the middle of the arteries, leading to arterial
wall thickening and hardening, vascular stenosis. The lesions
often involved large and medium muscle arteries. The tissue
or organ supplied by these arteries would be ischemic or ne-
crotic once the lesions progressed enough to block the arterial
cavity. It was named as AS, which was due to the lipid accu-
mulated in the arterial intima presented as a yellow porridge.
AS is caused by a combination of multiple factors and the
pathogenesis of which is complex, which has not been fully
elucidated yet. Previous studies showed that the AS calcifica-
tion in large and middle arteries, especially in the coronary
artery, may lead to acute myocardial infarction, congestive
heart failure, arterial dissection, limb ischemic gangrene and
percutaneous coronary intervention failure. These clinical
events are all due to mechanical changes in the blood vessel
wall which are caused by the abnormal calcium deposition in
plaques [2]. At present, some studies have found that plaque
calcification is one of the advanced manifestations of AS,
while the migration of FCs is closely related to the regression
of AS plaque. Therefore, relationship between calcification of
plaque, the outward migration of FCs and progression and
regression of plaque were explored in this part.

Plaque progression and intimal calcification
Vascular calcification concept and classification

We have gradually clarified that vascular calcification(VC) is
similar to the process of bone development and is a cell-me-
diated, highly regulative and reversible pro-active process. It
is a common adverse event in the progression of AS disease
and is an important predictor for death from cardiovascular
and cerebrovascular diseases [3]. According to pathological
anatomy, VC is divided into: (1) venous calcification; (2) ar-
terial calcification, including endometrial calcification, calci-
fication of the media, valve calcification and calcification de-
fenses and many other types. According to calcification diam-
eter, VC can be divided into micro-calcification, spotted cal-
cification, fragmented calcification and diffuse calcification.
The first two can be collectively referred to as micro-calcifi-
cation, the latter two can be collectively referred to as macro-
calcification [4, 5].

Pathological mechanism of VC

VC was a pathological process that bone-specific hy-
droxyapatite crystals actively deposited in the vascular wall,
which is caused by high calcium and phosphorus environment
and local or systemic mineralization inducer up-regulation,
suppressor down-regulation. During this process, vessel wall
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mineralization defense mechanisms was exhausted. Vascular
smooth muscle cells(VSMCs) and other mesenchymal cells
lost the original phenotype and obtained osteoblastic pheno-
type and released mineralized lipid vesicles (there are at least
two forms of matrix vesicles and apoptotic bodies in the arte-
rial wall). The vesicles provided a suitable nucleation micro-
environment for calcification crystallization, while the vascu-
lar wall elastin provided a stent structure for the hydroxyapa-
tite deposition. Matrix vesicles released from macrophages
and VSMCs during apoptosis played a pivotal role in forma-
tion of micro-calcification, while osteogenic differentiation of
VSMCs contributed to progression of advanced calcification.
Thus, after the balance between osteoblast-like cell-mediated
calcium deposition and osteoclast-like cell-mediated calcium
uptake was broken, vascular wall intima, medial membrane or
aortic valve may form ectopic calcification [6].

Role of VC in AS

Recent studies have shown that at the early stages of AS such
as grease period, it appears that bone-associated proteins had
been expressed. And histological evidence of calcification
could be detected once the lipid core is formed [7]. AS plaque
calcification is the endometrial calcification. The macro-
calcification will reduce the mechanical stress of adjacent
plaques, leading to the formation of stable plaques. Therefore,
it is related to stable angina. While the micro-calcification will
increase the stress at the edge of the plaque, leading to the
formation of unstable plaque. Unstable plaque refers to those
plaques that are more prone to rupture under the mechanical
stress caused by vasoconstriction and “wheel effect” caused by
micro-calcification in the plaque. Previous studies confirmed
that micro-calcification is related to unstable angina or myocar-
dial infarction [8].

It is proved that there is close relationship between coro-
nary calcification exists and the presence of AS lesions in the
coronary arterial system [9], and AS plaque calcification is a
risk sign for cardiovascular events. Therefore, the study of AS
calcification is of great significance on the study of plaque
stability and prevention and treatment of AS.

Plaque regression and FCs migration
FCs migration concept

FCs are those monocytes or tissue cells that have phagocy-
tosed lipids and contain many lipid droplets in their cyto-
plasm. They are characteristic pathological cells that appear
in AS plaques and are mainly derived from macrophages and
VSMCs. FCs formation is an early event in the formation of
AS. In the state of dyslipidemia, there exists a positive feed-
back mechanism of phagocytosis of ox-LDL by CD36, the
scavenger receptor of macrophage. At the same time,
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Fig. 1 The diagram of role of AGEs in progression and regression of AS
plaques. CML inhibited the outward migration of FCs via receptor CD36
pathway, further increased the apoptosis of FCs in plaque. Produced ABs
provided a suitable microenvironment for calcification in plaque. CML
promoted calcification formation through receptor RAGE pathway. The

cholesterol reverse transport mechanism is impaired in diabet-
ic condition. Both of the mechanisms mentioned above result
in the accumulation of large amounts of lipid in macrophages
and eventually forming FCs. With the in-depth understanding
of the pathogenesis of AS, researchers gradually cleared
that the inward migration of macrophages and the outward
migration of FCs in arterial wall lesions are always a dynamic
process [10, 11].

Role of FCs migration in plaque regression

Assuming that AS lesions are placed in a suitable internal and
external environment, it is possible to reverse the course of the
disease, change the plaque structure and even make it
completely subsided. This is confirmed by the available basic
research and clinical evidence [12]. In the early stages of AS
plaque regression, the number of FCs significantly decreased or
even disappeared. FCs were replaced by many non-foamed
mononuclear macrophages around the necrotic nucleus, and
then the necrotic nucleus volume was significantly reduced.
Williams KJ had transplanted experimental AS plaque to
wild-type mice, the results showed that the rapidly disappearing
FCs mainly flowed to the lymph nodes and still retain the
foamy shape. It is considered that outward migration dysfunc-
tion of FCs is one of the key factors in the formation of AS
plaque, but this dysfunction is reversible [ 13, 14]. In addition to
the outward migration of FCs within the plaque, the improve-
ment of the internal and external environment of the plaque, the
reduction of the lipid core in the plaque, and the elimination of
ox-LDL to inhibit oxidative stress are all beneficial to the re-
gression of AS plaque [10].
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progression of AS is facilitated by both pathways above. Targeted
blocking the correlation signals on these two signal cascades to design
optimization of intervention strategies, which may promote AS plaque
regression. It may bring new breakthroughs in the prevention and
treatment of AS cardiovascular and cerebrovascular diseases

Although great advances have been made in experimental
studies of AS plaque regression, the actual clinical interven-
tions are limited in terms of effectiveness, safety and viability.
Therefore, the study of the role of FCs migration in the regres-
sion of AS plaques is of great significance.

AGEs
Source of AGEs

AGE:s are a class of heterogeneous biological macromole-
cules. They are produced by glucose, protein, lipid and even
nucleic acid through a series of non-enzymatic glycosylation
reactions (known as Maillard reaction) [15, 16]. AGEs pool in
human body is formed by two major sources, including en-
dogenous and exogenous. Exogenous AGEs are from the dai-
ly diet, especially after high temperature treatment of food
(such as fried, baked, roasted, etc.). Endogenous AGEs are
mainly derived from Maillard reaction in body, people with
hyperglycemia in diabetes are particularly likely to form en-
dogenous AGEs. Previous article showed that after intaking of
high AGE:s diet, diabetes animal model is more likely to form
AS, diabetic nephropathy and other vascular complications.
The study by lkeda T [17] confirmed that serum pentosidine
levels were associated with branch atheromatous disease.

Metabolism of the AGEs

AGEs are irreversible after formation, and these deposited
proteins are not easily decomposed by proteases. AGEs have
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the ability to further produce reactive oxygen and react with
cell surface specific structures. It is by kidney that AGEs are
removed through binding with the macrophage-specific re-
ceptor, then being degraded by macrophage into a small sol-
uble peptide and released [18]. Therefore, the effective clear-
ance of AGEs relies on normal renal function, reducing renal
function will result in the accumulation of AGEs in the body.
AGE:s content is very low under physiological conditions, but
the body’s aging or diabetes hyperglycemia will accelerate the
process of glycosylation, followed by human body continuing
to spontaneously generate AGEs. Although most of the pep-
tides can undergo post-transcriptional glycosylation/oxidative
modification, but the formation of AGEs mainly depends on
three factors: the degree of hyperglycemia, the rate of
regeneration of the glycosylated/oxidized substrate, and
the oxidative properties of the tissue micro-environment.
In patients with diabetes,the formation of AGEs speeded up
under these three factors, increasing the risk to cardiovascular
system [1].

Classification and characteristics of AGEs

So far, more than 20 kinds of AGEs have been identified,
including carboxymethyl-lysine (CML), carboxyethyl-lysine
(CEL), pentosidine and so on. They are involved in atheroscle-
rosis, normal aging process, arthritis, cancer and progression of
age-related neurodegenerative diseases like Alzheimer’s dis-
ease [19]. CML is the product of fructose lysine oxidative
cleavage, which is the most widely used marker for food
AGEs analysis and animal related research [20]. Studies have
shown that CML is the main structure that AGEs antibody
recognize.

Most of AGEs has unique physical and chemical proper-
ties: (Mbrown; (Qhave a unique fluorescent properties; (Shave
cross-linking properties; @are not easy to be degraded
by enzymes. But not all of AGEs have such attributes, such as
CML is no color, no fluorescence and no cross-linking
properties [21].

Relationship between AGEs and plaque
calcification

AGEs exert their biological functions through receptor and
non-receptor pathways, the former is the main pathogenesis.
Wang and his group [2] successfully induced AS calcification
model of apoE ™~ mice with STZ-CML-HFD triple treatment,
the experimental results showed that: AGEs mediated AS
plaque calcification by affecting osteoblastic differentiation
of VSMCs.

Previous studies [22—24] have shown that AGEs activate a
series of signal transduction pathways to participate in calci-
fication in AS plaques. The relationship between AGEs and
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their receptors and plaque calcification was described through
4 aspects in this section.

Role of AGEs and their receptors in inflammatory
and oxidative stress-mediated plaque calcification

Inflammation plays a major role in plaque calcification. It is
associated with endothelial cells dysfunction, VSMCs migra-
tion, increased metalloprotease activity, extracellular matrix
degradation, oxidative stress, elastin and collagen degrada-
tion. Various studies have shown that, there was a significant
correlation between arterial stiffness and inflammatory
markers such as leukocyte count, adhesion molecules, fibrin-
ogen, C-reactive protein, etc. in patients with metabolic syn-
drome, diabetes, coronary heart disease and other diseases.
Studies have shown that induction of vascular inflammation
can promote plaque rupture, while inhibition of pro-
inflammatory response can promote the transition from
micro-calcification to macro-calcification, which can stabilize
the plaque [25]. There is strong evidence that inflammation
plays an important, at least partially reversible role in the de-
velopment of AS [26].

Plaque calcification is associated with inflammation and
plaque instability in a dual fashion. The micro-calcified area
is characterized by abundant inflammatory cells, high expres-
sion of RAGE, CML and S100 calcium binding protein A12,
less expression of Galectin-3 by VSMCs. In contrast, most of
the VSMCs in the macro-calcified region highly expressed
Galectin-3, x-SMA and osteoblast differentiation marker al-
kaline phosphatase, whereas inflammatory cells expressed
less RAGE and inflammatory markers. It has been confirmed
[25] that in addition to the opposite effect on inflammation,
Galectin-3 and RAGE regulated plaque calcification in differ-
ent ways. They dominated the formation of macro-
calcification and micro-calcification, which in turn regulate
the development of plaques towards stable or unstable pheno-
types, respectively.

Oxidative stress is associated with various organ dysfunc-
tions, especially with cardiovascular disease. It has been dem-
onstrated [27] that plaque calcification proceeds in a time-
dependent manner, parallel to osteogenic differentiation of
VSMCs. Accumulation of oxidative stress is also identified
in calcified areas. AGE/RAGE signaling has been implicated
in oxidative stress associated with diabetes-mediated vascular
calcification [28]. Time-course studies showed that oxidative
stress was associated with plaque calcification.

Previous experimental studies have also confirmed the cor-
relation between oxidative stress and the occurrence of
plaque calcification [29-33], Liberman M found ROS
production and increased NAD (P) H oxidase expression
around plaque calcification. These data suggested that ROS,
especially hydrogen peroxide, enhanced the progression of
plaque calcification [31].
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Effect of AGEs and their receptors on plaque
calcification in osteogenesis and osteoclast balance

In all vertebrates, bone tissue is continuously regenerated
through osteoclasts reabsorbing bone tissue and osteoblasts
reconstituting it. This process is regulated by several chemical
signals and involves multiple types of cells [34]. AGEs have
been shown to induce osteogenic trans-differentiation of
VSMCs. The vitro experiments by Molinuevo MS [35]
showed that AGEs and SR (anti-osteoporosis agents), alone
or in combination, stimulate L-type calcium channels,
resulting in reactive oxygen increasing and activation of
ERK and NFkB, ultimately contributing to osteogenic metas-
tasis of VSMCs.

AGE:s did not increase the number of newly formed osteo-
clasts, but AGEs-modified (32-microglobulin and BSA both
increased the number of absorbed pits produced by osteo-
clasts, which was observed in vivo and vitro experiments by
Miyata T [36]. This suggested that AGE enhanced osteoclast-
induced bone resorption. Moreover, calcitonin and
ipriflavone, both of which are inhibitors of bone resorption,
effectively inhibited the enhanced bone resorption by
AGEs. These results suggested that AGEs are beneficial
to osteoclastic bone resorption via activating osteoclasts
or altering the microenvironment. Studies by Menini [25] and
Li G [37] found that RAGE and galectin-3 played different
roles in VSMCs trans-differentiation into osteoblasts,
respectively.

In summary, AGEs and their receptors promote plaque cal-
cification and pathological bone remodeling by breaking the
osteogenesis and osteoclastic balance.

Effect of AGEs and their receptors on plaque
calcification by elastin and collagen

Previous studies have shown that with the remodeling of the
arterial wall, the significant change in the composition
of the extracellular matrix and the vascular cell pheno-
type, especially the production of elastin fragments, in-
creased protease activity and activated transforming
growth factor-3 signaling. In addition, the deposition of col-
lagen and proteoglycan provided the suitable conditions for
plaque calcification.

Takino J [38] treated mice with RAGE inhibitor FPS-ZM1,
exercise training reduced aortic stiffness, decreased collagen
levels, increased elastin levels, and reduced pulse wave veloc-
ity (PWV). And it was able to prevent related endothelial
dysfunction, such as plaque calcification. Above evidence in-
dicated that AGEs and their receptors may alter the
structure of extracellular matrix proteins such as colla-
gen and elastin by activating intracellular signal transduction
[39], leading to the change of cell phenotype and thus accel-
erate plaque calcification.

AGEs and their receptors affect plaque calcification
by fetuin

Fetal globulin-A is a negative acute phase inhibitor that in-
hibits Ca-P precipitation and VC and plays a biomarker role in
calcification prediction [40]. Marcus Baumann [39] found a
positive correlation between CML and fetuin A, suggesting
that CML may reflect the state of vascular inflammation. This
result is further enhanced by the observation of CML in AS
human subcutaneous carotid arteries. The study by Janda K
[41] showed that serum levels of AGEs were positively cor-
related with BMI, serum C-reactive protein (hsCRP), fetuin A,
plasminogen activator inhibitor-1 (PAI-1) and 2,2-diphenyl-1-
picrylhydrazyl (DPPH) scavenging, but only fetuin A was an
independent predictor of multiple regression. These results
suggested that AGEs and their receptors may affect plaque
calcification by fetuin.

There is growing evidence that apoptosis plays an impor-
tant role in VC. Proudfoot D confirmed that inhibition of
apoptosis by caspase inhibitor ZVAD.fmk could reduce about
40% of calcification in nodules, while the promotion of apo-
ptosis could increase the chance of calcification by ten times.
Studies by Duan XH demonstrated that endoplasmic reticu-
lum stress (ERS) -mediated apoptosis was activated during
VC [42]. More in-depth studies had shown that FC apoptotic
bodies(ABs) and VSMC necrotic debris could be locally
enriched in concentrated calcium and phosphate ions, which
could provide a suitable nucleation microenvironment for the
formation and rearrangement of hydroxyapatite calcium crys-
tals. Consistent with these existing studies, Wang [43] showed
that CML may first induce intracellular glucose and lipid me-
tabolism disorders, then initiated the apoptotic cascade of
macrophage-derived FCs at the key multi-signal site of endo-
plasmic reticulum. Annexin V-FITC/PI double staining
fluorescence qualitative and quantitative analysis of flow
cytometry showed that CML could induce RAW?264.7 mac-
rophage apoptosis through a dose-dependent approach in high
fat environment.

So, how does CML start diabetes AS? Wang showed that
CML can significantly promote RAGE expression in
RAW264.7 macrophages and A7R5 aortic SMCs.
NADPH oxidase is the main source of active oxygen
in VSMCs, and active oxygen is an important physio-
logical and pathological regulatory medium for intracel-
lular signal cascade. Studies showed that AGEs could
be activated by active oxygen-mediated activation of
p38MAPK signaling to induce calcification cascade [44].
Previous experimental results suggested that the CML /
RAGE axis may first initiate apoptosis of macrophages
in AS lesions, then induced the transmission of CML/
RAGE—ROS — p38MAPK — cbfxl — ALP calcification
cascade in the coexistence environment of high-fat and
apoptosis [2].
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AGEs and FCs migration

As mentioned above, the accumulation of CML promoted
vascular cell apoptosis. Apoptotic cells (mainly FCs) in-
creased VC through various forms, promoted the formation
of AS plaques, and thus promoted the evolution of the disease.
Previous article [45] also showed that the early manifestation
of AS plaque regression was a large number of FCs in plaque
migrating outside the blood vessels. Therefore, we hypothe-
sized that the migration dysfunction of FCs leaded to a large
accumulation of FCs in the intima, which further promoted the
progression of AS through apoptosis.

Cell migration involved two processes, namely cell
elongation and localized adhesion plaque formation of
cells. These two processes were dynamically controlled
by cytoskeletal actin and local focal adhesion kinase
[46]. Our previous study [47] showed that CML promoted
FCs actin polymerization, which affected RAW264.7-derived
FCs migration.

As a member of the scavenger receptor B family, CD36 is a
transmembrane glycoprotein receptor, which is expressed in a
variety of cells including monocytes and macrophages. CD36
mediates the uptake of ox-LDL and the formation of FCs by
identifying cut fatty acids or oxidized lecithin. Recent studies
also showed that CD36 of macrophages are a direct signaling
molecule that can initiate related signal cascades, such as reg-
ulate the skeletal dynamics of macrophages as a regulator of
cell migration. AGEs are a major risk factor in the develop-
ment of AS in diabetes mellitus, while scavenger receptor
CD36 is a receptor for AGE. Therefore, AGEs may be in-
volved in the pathogenesis of diabetic AS FCs migration by
interacting with CD36. Previous in vivo and in vitro migration
experiments suggested that ox-LDL inhibited macrophage mi-
gration in CD36-dependent manner. The underlying mecha-
nism was that the binding of ox-LDL to the cell surface CD36
induced cell actin polymerization, hence affecting cell mobi-
lization and other intracellular signaling pathways. These
pathways include the accumulation of FCs, the production
of intracellular reactive oxygen species, Src family kinase
and FAK activation [48]. Existing study showed that CML
promoted the expression of CD36 in FCs and enhanced the
binding capacity of CML and CD36 in RAW264.7-derived
FCs. These results support CML inhibition of FCs migration
through CD36.

Our previous studies have shown that CML could increase
cellular cholesterol [43]. The cholesterol efflux out of the FCs
played an important role in the treatment of AS, in which
apoA-1 is one of the important apolipoprotein involved in
the process. The study by Hong Sun [49] confirmed that
CML increased cholesterol synthesis and cholesterol uptake,
and reduced cholesterol efflux, which ultimately caused lipid
accumulation in HK-2 cells. Park demonstrated that elevated
levels of local free cholesterol in cells could lead to localized
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actin polymerization [48], and the NADPH-derived ROS pro-
duction was closely related to the formation of bioactive
lipids. Previous experimental results showed that CML/
CD36 mediated FCs to produce free cholesterol and reactive
oxygen, CD36 signal promoted cell spread and inhibited cell
migration through the production of ROS. Furthermore, it is at
the upstream of ROS production that CML/CD36 promoting
free cholesterol production.

Studies proved that activation of FAK signaling contribut-
ed to actin polymerization and could activate Arp2/3 complex
at the same time, affecting cell migration [50]. To investigate
the specific pathways that CML/CD36 affects the migration of
RAW264.7-derived FCs by producing free cholesterol and
ROS, we used western blot to detect the expression of related
signaling pathways, respectively, CD36, gp91phox, p-FAK
and Arp2/3. Western blot and semi-quantitative results
indicated that CML/CD36-mediated migration of RAW264.7-
derived FCs was strongly associated with ROS production,
FAK phosphorylation, Arp2 / 3 complex activation and F-
actin aggregation.

In summary, AGEs inhibited FCs in the plaques migrating
to the lymph nodes, and accelerated the evolution of AS. The
mechanism may be related to the polymerization of FCs
actin, the increase of cell cholesterol and reactive oxy-
gen, the activation of p-FAK, Arp2 / 3 complex and F-
actin polymerization. Previous studies confirmed that
anti-CD36 promoted macrophage-derived FCs reduction
in aortic AS plaque, and the reduced partial FCs may
migrate out to adjacent lymph nodes. When the outward
migration of FCs was inhibited, AS lesions would be malig-
nant evolution. Therefore, it is of great significance to
study the abnormal mechanism of FCs outward migra-
tion from arterial wall to promote the regression of AS
plaque.

Conclusion

In conclusion, AGEs promote the progress of AS by inhibiting
FCs outward migration from AS plaques and inducing calci-
fication cascades in hyperlipidemic environments. Targeted
blocking the correlation signals on these two signal cas-
cades, such as using anti-CD36 receptor antibody and
anti-RAGE neutralizing antibody to design optimization
of intervention strategies, which may promote AS
plaque regression. It may bring new breakthroughs in the pre-
vention and treatment of AS cardiovascular and cerebrovas-
cular diseases.
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