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Abstract
Advanced glycation end products (AGE), a diverse array of molecules generated through non-enzymatic glycosylation, 
in conjunction with the receptor of advanced glycation end products (RAGE), play a crucial role in the pathogenesis of 
diabetes and its associated complications. Recent studies have revealed that the AGE-RAGE axis potentially accelerated 
the progression of cardiovascular diseases, including heart failure, atherosclerosis, myocarditis, pulmonary hypertension, 
hypertension, arrhythmia, and other related conditions. The AGE-RAGE axis is intricately involved in the initiation and 
progression of cardiovascular diseases, independently of its engagement in diabetes. The mechanisms include oxidative 
stress, inflammation, alterations in autophagy flux, and mitochondrial dysfunction. Conversely, inhibition of AGE produc-
tion, disruption of the binding between RAGE and its ligands, or silencing of RAGE expression could effectively impair the 
function of AGE-RAGE axis, thereby delaying or ameliorating the aforementioned diseases. AGE and the soluble receptor 
for advanced glycation end products (sRAGE) have the potential to be novel predictors of cardiovascular diseases. In this 
review, we provide an in-depth overview towards the biosynthetic pathway of AGE and elucidate the pathophysiological 
implications in various cardiovascular diseases. Furthermore, we delve into the profound role of RAGE in cardiovascular 
diseases, offering novel insights for further exploration of the AGE-RAGE axis and potential strategies for the prevention 
and management of cardiovascular disorders.
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Introduction

Diabetes mellitus (DM) is the most common chronic disor-
der effecting regular carbohydrate metabolism [1]. By the 
characteristic of insulin secretion deficiency, insulin resist-
ance, or the combination of both, persistent hyperglycemia 
is the most typical clinical symptom of DM [2]. Studies 
have showed that such symptom strongly associated with 
heart failure, atherosclerosis, and other cardiovascular dis-
eases [3]. Patients with diabetes have a significantly higher 
incidence of heart failure, and diabetes itself also acts as 
an independent predictor for adverse cardiovascular events 
and cardiovascular mortality [3–5]. The regulation of blood 
glucose levels may be able to lower morbidity and mortal-
ity associated with atherosclerosis, myocardial infarction, 
stroke, and other cardiovascular and cerebrovascular dis-
eases [6–8]. Diabetic patients exhibit a significantly higher 
incidence of cardiovascular disease compared with non-dia-
betic individuals, which can be partially attributed to higher 
level of advanced glycation end products (AGE) the receptor 
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of advanced glycation end products (RAGE) [9]. However, 
it has been revealed that the pathogenic impact of AGE and 
RAGE on cardiovascular diseases is not completely depend-
ent on the presence of diabetes [10, 11]. In addition to direct 
cross-linking with collagen and extracellular matrix, AGE 
induce alterations in multiple cellular signaling pathways 
that contribute to oxidative stress and inflammatory reac-
tions [12]. By interacting with RAGE, AGE contributes to 
the development of cardiovascular diseases such as myocar-
dial fibrosis, atherosclerosis, and myocardial ischemia–rep-
erfusion injury [12, 13]. Exploring the mechanism of both 
AGE and RAGE in cardiovascular diseases will offer us 
novel strategies for the prevention and treatment of such 
disorders.

Advanced Glycation End Products (AGE)

The formation of AGE involves a diverse array of com-
pounds resulting from the glycosylation reaction with vari-
ous precursors. These intricate and non-enzymatic processes 
were initially elucidated by Louis Camille Maillard in 1912, 
thus earning its name as “Maillard reaction” [13, 14]. As the 
primary mechanism underlying AGE formation, the Mail-
lard reaction consists of the following stages: (1) Reducing 
sugars react with residues on proteins, peptides, lipids, and 
nucleic acids to form a class of unstable compounds known 
as Schiff base. These compounds undergo rearrangement 
to modify its chemical properties and transform into early 
glycation end products (Amadori products) which are more 
stable. (2) The early glycation end products further undergo 
rearrangement, dehydration, and other reactions forming 
highly reactive carbonyls which continuously interact with 
lysine, histidine, arginine, or cysteine residues in proteins. 
(3) The highly reactive carbonyl compounds combine with 
cellular components, undergo oxidation, dehydration, and 
cyclization, eventually forming AGE [15, 16]. The formation 
of AGE is influenced by various factors, of which oxidative 
stress facilitates the generation of AGE [17].

The formation of AGE involves a series of intricate reac-
tions, as we have partially mentioned above. AGE are gener-
ated from both endogenous and exogenous sources. In fact, 
both endogenous and exogenous AGE can be formed through 
multiple pathways from various precursors, including glu-
cose, fructose, glycolaldehyde, glyceraldehyde, methylgly-
oxal, glyoxal-derived compounds, and 3-deoxyglucosone-
derived compounds. The excessive accumulation of these 
AGE can lead to diseases [13]. Endogenous AGE, formed in 
human tissues and body fluids, play a pivotal role in cellular 
glucose metabolism. AGE are produced and accumulated in 
various tissues during the natural aging process, and these 
mechanisms are significantly expedited in individuals with 
diabetes mellitus [18]. AGE can also be synthesized and 

secreted by pathological cells in the human body, thereby 
facilitating the development of specific diseases [18]. For 
instance, a portion of the AGE produced by diabetic patients 
is generated by β-cells and subsequently contributes to their 
own damage [19]. The AGE synthesized and secreted by 
macrophages plays a role in inducing muscle cell death dur-
ing ischemia–reperfusion injury [20]. Exogenous AGE are 
directly obtained from dietary and other external substances, 
which are independent of synthesis in the human body [16]. 
AGE naturally exist in foods and multiply through Maillard 
reaction process causing by frying, baking, or grilling. In 
comparison to high-fiber foods, high-fat and high-protein 
foods not only contain higher AGE levels but also demon-
strate a greater propensity for generating novel AGE during 
cooking. Moreover, compounds produced during smoking 
are another source of exogenous AGE [21, 22]. Previously, it 
was believed that exogenous AGE could not enter the human 
body and exert their pathogenic results. However, a recent 
study revealed that the expressions of AGE, RAGE, and vas-
cular endothelial growth factor (VEGF) in the livers of mice 
are upregulated by feeding them with a diet rich in AGE 
[23], indicating that exogenous intake of AGE contributes to 
an increase in AGE levels within the body [14]. Despite the 
diversity in the sources of AGE, both exogenous and endog-
enous AGE ultimately bind to their receptors or directly 
cross-link with extracellular matrix, thereby instigating a 
multitude of pathological processes [24]. However, not all 
AGE contribute to the pathogenesis of diseases. In light of 
this, some researchers have proposed categorizing AGE into 
non-toxic AGE and toxic AGE [13]. The formation of non-
toxic AGE may involve the active sequestration of highly 
reactive aldehyde and carbonyl compounds by proteins. Con-
sequently, the generation of non-toxic AGE may represent a 
detoxification mechanism employed by the body to mitigate 
excessive glycation and carbonylation processes. Thus, non-
toxic AGE are distinct from their toxic counterparts and may 
possess specific physiological roles [23]. Our article will 
specifically examine the pathogenic effects of toxic AGE in 
the human body, and the term “AGE” used throughout this 
article refers exclusively to toxic AGE (Figs. 1).

Receptors of AGE

AGE initiate various pathophysiological processes mainly 
by binding to their receptors [25, 26]. There are several 
types of AGE receptors, including RAGE, the AGE-R1, 
AGE-R2, and AGE-R3 receptors and a group of scaven-
ger receptors. These different types of receptors interact 
with AGE, resulting in a wide range of pathophysiologi-
cal effects [13, 27, 28]. As multi-ligand receptors, RAGE, 
AGE-related scavenger receptors, and AGE-R not only 
bind to AGE but also interact with other ligands to initiate 
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multiple intracellular signaling pathways, subsequently 
triggering a range of pathophysiological processes [16, 
29]. High mobility group box 1 protein (HMGB1), S100 
proteins, lysophosphatidic acid (LPA), amyloid beta (Aβ), 
and phosphatidylserine (PS) are capable of binding to 
receptors such as RAGE, thereby initiating a cascade of 
cellular signal transduction processes [29]. For example, 
Aβ1-42 triggers endoplasmic reticulum stress in endothe-
lial cells via its interaction with RAGE, thereby contrib-
uting to the disruption of the blood–brain barrier and 
the onset of Alzheimer’s disease [30]. The association 
between HMGB1 and RAGE contributes to acute kidney 
injury resulting from ischemia–reperfusion injury [31]. 
The complex network among AGE, AGE receptors, and 
other ligands of AGE receptors allows AGE and their 
receptors to participate in physiological and pathophysi-
ological processes of many diseases.

Receptor for Advanced Glycation End Products 
(RAGE)

RAGE, a member of the immunoglobulin superfamily, 
is the receptor for AGE that has been most extensively 
investigated. RAGE is initially discovered in bovine lung 
endothelial cells. Later, RAGE was identified in humans 
and ultimately recognized as a multi-ligand receptor on the 
endothelium [13, 32]. In the subsequent decades, RAGE has 
been found in various types of cells, including monocytes, 
macrophages, dendritic cells, T lymphocytes, fibroblasts, 
neurons, and glial cells [16, 24, 33–38]. The recognition of 
AGE by RAGE leads to various intracellular signal transduc-
tions, including the activation of transcription factors such 
as nuclear factor kappa B (NF-κB), the generation of reac-
tive oxygen species, and the recruitment of proinflammatory 
cells. Moreover, RAGE are also associated with oxidative 

Fig. 1   The two major sources of AGE. Endogenous AGE are formed 
in human tissues and body fluids throughout the glycosylation reac-
tion with various precursors. While the exogenous AGE are directly 

obtained from diet, both exogenous and endogenous AGE ultimately 
instigate a multitude of pathological processes
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stress and endothelial dysfunction [13, 39]. Besides, RAGE 
also interacts with other ligands like HMGB1, the S100 pro-
tein family, β-peptide amyloid, LPA, and PS. As a result, it 
plays a crucial and indispensable role in the pathogenesis 
of various chronic inflammatory diseases beyond diabetes 
mellitus, including Alzheimer’s disease, Parkinson’s disease, 
multiple sclerosis, myasthenia gravis, heart failure, athero-
sclerosis, myocardial infarction, hypertension, and aortic 
diseases [12, 33, 35, 37, 40–47]. Furthermore, RAGE can 
directly interact with DNA, facilitating its internalization 
and modulating its concentration threshold for DNA-induced 
inflammatory responses [13, 32, 34, 36, 41].

The AGE‑Receptor Complex (AGE‑R)

The AGE-R family includes AGE-R1, AGE-R2, and AGE-
R3, each of which appears to have different roles after bind-
ing with AGE. Activation of AGE-R1 mainly suppress 
RAGE, thereby preventing cellular oxidative stress. AGE-R3 
is located in the cytoplasm, nucleus, and on the cell surface. 
The interaction between AGE-R3 and AGE promotes the 
transport and degradation of various types of AGE. Both 
AGE-R1 and AGR-R3 participate in the detoxification 
of AGE, thereby preventing the development of diseases 
related to AGE-RAGE axis [13, 48]. AGE-R1 exerts a ben-
eficial effect on the development of diabetic kidney disease 
[13]. In mice with high expression of AGE-R1 receptor, the 
absorption and metabolism of AGE-modified bovine serum 
albumin (AGE-BSA) were enhanced in renal mesangial 
cells, accompanied by a decrease in transcriptional activity 
of NF-κB and other inflammatory factors, while the opposite 
results was obtained when the AGE-R1 gene was silenced. 
This suggests that AGE-R1 may be involved in AGE metab-
olism and clearance [28]. This appears to provide evidence, 
to some degree, that AGE-R family plays a role in the clear-
ance and metabolism of AGE, antagonizing the adverse 
pathophysiological reactions caused by AGE-RAGE axis. 
This may represent a potential compensatory mechanism to 
mitigate the detrimental effects of glycation products [27]. 
However, unlike AGE-R1 and AGE-R3, it seems that AGE-
R2 may contribute to adverse effects such as inflammation 
and altered metabolic effects caused by AGE [13, 16]. The 
role of the AGE-R family in metabolic diseases requires fur-
ther investigation for clarification.

Scavenger Receptors of AGE

In addition to RAGE and the AGE-R family, some scaven-
ger receptors have also been reported to bind with AGE. 
The scavenger receptors share a common affinity for some 
modified proteins, such as oxidized low-density lipoprotein 
(OxLDL) and acetylated LDL (AcLDL), which facilitates 
their uptake and degradation. Scavenger receptor class A 

(SR-A) is described as an AGE-binding receptor that medi-
ates the endocytic uptake of AGE-modified proteins, poten-
tially playing a crucial role in the development of athero-
sclerosis [49]. Other scavenger receptors, such as platelet 
glycoprotein 4 (CD36), scavenger receptor class B type I 
(SR-BI), and lectin-like oxidized LDL receptor-1 (LOX-1), 
can also be associated with AGE and accelerated athero-
sclerosis. Among them, CD36 is not directly responsible 
for the endocytic uptake of circulating AGE, but it plays a 
crucial role in inducing cellular oxidative stress [49]. It has 
also been demonstrated that proteins modified by AGE affect 
the uptake of high-density lipoprotein (HDL) by SR-BI, 
suggesting a potential pathological effect on the choles-
terol transport system [50]. The binding of LOX-1, a type II 
scavenger receptor from the E class, to oxLDL results in an 
increased production of reactive oxygen species within the 
cell, subsequently activating NF-κB. Concurrently, the pres-
ence of AGE further enhances LOX-1 expression, thereby 
amplifying the cellular signaling pathway [51]. However, the 
interaction between AGE and their scavenger receptors does 
not exclusively lead to pathogenic consequences. Some of 
the scavenger receptors for AGE, such as Stab1 and Stab2, 
are the endocytic receptors for AGE and may participate in 
the elimination of AGE in hepatic sinusoidal Kupffer and 
endothelial cells [13, 16].

Soluble Receptor for Advanced Glycation End 
Products (sRAGE)

Unlike RAGE, soluble receptor for AGE (sRAGE) is a type 
of receptor with free structure outside the cells. There are 
two sources of sRAGE: One is endogenous secreted RAGE 
(esRAGE), which is derived from the extracellular domain 
of RAGE cutting by metalloproteinases and shedding 
from cells. Another is cleaved RAGE (cRAGE), which is 
directly released from cells during alternative pre-mRNA 
splicing and protein synthesis and modification processes 
[14, 52]. Since sRAGE is not directly connected to cells, 
AGE-sRAGE interaction do not activate any intracellular 
signal pathways. Therefore, the involvement of sRAGE in 
the diagnosis and treatment of cardiovascular disease has 
captured the attention of many researchers. Elevated levels 
of esRAGE or cRAGE have been observed in patients suf-
fering from heart failure, pulmonary hypertension, chronic 
kidney disease, end-stage renal disease, and other disorders 
[52–55]. It is worth noting that the correlation between 
sRAGE and various pathologies, such as atherosclerosis, 
chronic heart failure, fatal cardiovascular events, chronic 
obstructive pulmonary disease, acute respiratory distress 
syndrome, and cancers, has been consistently corrobo-
rated by some studies, suggesting that sRAGE be consid-
ered a prognostic marker for certain diseases [54, 56–58]. 
Additionally, sRAGE has been identified as possessing 
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therapeutic potential. In a rodent study, the concentration 
of sRAGE in the blood demonstrated a downward trend as 
mice aged, while the administration of exogenous sRAGE 
was found to alleviate myocardial fibrosis [59]. Furthermore, 
sRAGE significantly suppressed autophagy and ischemia/
reperfusion (I/R) injury, leading to decreased infarct size and 
improved heart function in a myocardial infarction model 
[60]. Liu et al. found that sRAGE effectively impedes the 
upregulation of RAGE mRNA and protein expression in 
myocardium in the transverse aortic constriction (TAC) 
model, thereby ameliorating oxidative stress and endoplas-
mic reticulum stress and suppressing inflammation in the 
myocardium [61]. There is a view that sRAGE decrease the 
integration of AGE and RAGE by competitively binding to 
AGE, thus inhibiting the following intracellular signaling 
pathways activation and reducing RAGE-associated dam-
age [62]. However, another view is that sRAGE might be 
implicated in sustaining inflammation [56] (Fig. 2).

AGE‑RAGE Axis and the Induction of Cell 
Death

AGE generation and their accumulation can induce neuronal 
cell damage, hepatocellular damage, pancreatic ductal epi-
thelial cell damage, cardiomyocyte pulsation arrest, and cell 
death and myoblast cell death [18]. AGE have been shown 
to increase the production of intracellular reactive oxygen 
species (ROS), leading to cellular dysfunction and apoptosis. 
However, a portion of intracellular AGEs that contribute 
to β-cell death may be endogenously generated within the 

β-cells themselves [19, 63]. Similar endogenous formation 
of AGE and cellular self-damage has also been observed in 
other types of cells, including hepatocytes, cardiomyocytes, 
and skeletal muscle cells [19]. The accumulation of AGE 
in cells ultimately results in hepatocyte death, potentially 
through direct DNA damage caused by AGE. At this junc-
ture, it is noteworthy that the demise of hepatic cells may be 
attributed to necrosis as opposed to apoptosis [64]. AGE-
modified bovine serum albumin (AGE-BSA) stimulates 
the upregulation of p27Kip1, a gene involved in cell cycle 
regulation, in podocytes. This leads to cell cycle arrest, cell 
hypertrophy, and an increase of necrosis [65]. Damage to 
podocytes may also be associated with AGE-induced inflam-
mation, oxidative stress, and a certain level of autophagy 
inhibition, which can be partially mitigated by dapagliflozin 
[66]. AGE-induced renal cell apoptosis is also correlated 
with mitochondrial dysfunction and endoplasmic reticulum 
stress [67]. Furthermore, diabetes represents a significant 
risk factor for Alzheimer’s disease, which is also thought 
to be associated with AGE-induced neuronal cell damage 
[68]. In terms of cardiac damage, AGE possess the capacity 
to suppress cardiomyocyte pulsation and induce cell death 
in cardiomyocytes, as well as an augmentation of cardiac 
fibroblasts [18]. In conclusion, cell damage induced by 
AGE occurs in multiple organs and systems of the human 
body. Furthermore, AGE-induced cell damage encom-
passes diverse mechanisms of cellular demise, including 
autophagic cell death, necroptosis, pyroptosis, ferroptosis, 
and cuprotosis. These processes involves diverse cytokines 
and intracellular signaling pathways such as NF-κB, TNFa, 
TNFR1, class III phosphatidylinositol-3 kinase/Beclin-1, 

Fig. 2   The formation of RAGE 
and sRAGE. The extracellular 
domain of RAGE is cleaved by 
metalloproteinases and shed 
from the cell surface, eventu-
ally forming esRAGE. cRAGE 
is directly released from the 
cell through different mRNA 
splicing and protein transcrip-
tion and modification processes. 
cRAGE and esRAGE together 
constitute sRAGE and com-
petitively inhibit the binding of 
RAGE to its ligands, thereby 
reducing RAGE-associated cell 
damage
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phosphatidylinositol-3 kinase/protein kinase B/mammalian 
target of rapamycin ((PI3K/AKT/mTOR), Janus kinase/sig-
nal transducer and activator of transcription(JAK/STAT), 
and nuclear factor erythropoietin-2-related factor 2/heme 
oxygenase 1(Nrf2/HO-1) [69]. This implies that AGE-
induced cell death is not only associated with direct DNA 
damage, oxidative stress, inflammatory responses, endoplas-
mic reticulum stress, and mitochondrial damage, but also 
leads to aberrant cellular metal ion metabolism [69, 70].

Pathogenic Mechanism of AGE‑RAGE Axis

The AGE-RAGE axis regulates intracellular signal transduc-
tion pathways by activating multiple cytokines, which lead 
to inflammation, oxidative stress, angiogenesis, prolifera-
tion, migration, leukocyte aggregation, and other processes 
in tissue and cells, ultimately promoting the occurrence and 
development of diseases [29]. Upon binding to its ligands, 
RAGE activates a multitude of cellular signaling pathways, 
including JAK/STAT, PI3K/AKT/mTOR, extracellular regu-
lated protein kinases 1/2 (ERK1/2), p38 mitogen-activated 
protein kinase (p38 MAPK), and stress-activated protein 
kinase/c-Jun N-terminal kinase (SAPK/JNK). This cascade 
ultimately leads to the activation of downstream transcrip-
tion factors such as NF-κB and activator protein-1(AP-1), 
among others. They cause changes in the expression of 
related genes and cell function and induce pathophysiologi-
cal changes and the development of diseases [32, 71–74] 
(Fig. 3).

Oxidative Stress and Inflammation

Oxidative stress and inflammation have been demonstrated 
to be involved in pathogenesis of diabetes and cardiovascular 
disease. Studies have shown that oxidative stress also plays 
an important role in AGE-related diseases [75]. The occur-
rence of oxidative stress in organisms intimately links to 
the concentration of reactive oxygen species (ROS), encom-
passing superoxide anion radicals (O2

−), hydrogen perox-
ide (H2O2), and hydroxyl radicals (HO·). Excessive ROS 
leads to oxidative damage to proteins, lipids and nucleic 
acids, as well as triggers the accumulation of inflamma-
tory factors such as C-reactive protein (CRP), interleu-
kin-6 (IL-6), interleukin-1β (IL-1β), and tumor necrosis 
factor-alpha (TNF-α) [13, 14, 29, 76, 77]. Under physi-
ological conditions, the antioxidant system can effectively 
neutralize endogenously produced ROS, thereby main-
taining their levels at a low threshold. Upon binding with 
AGE, RAGE activates nicotinamide adenine dinucleotide 
phosphate(NADPH) oxidase, resulting in the generation 
of ROS. Reactive nitrogen species (RNS) like nitric oxide 
(NO·) is also involved in the oxidative stress stimulated by 
the AGE-RAGE axis. Excessive ROS and RNS promote the 
formation of peroxynitrite (ONOO−), which possesses oxi-
dizing and nitrating abilities that lead to the inactivation of 
biomolecules, such as proteins [16]. Moreover, the accumu-
lation of ROS and RNS induces the upregulation of NOS, 
further exacerbating oxidation and nitrification processes, 
forming a vicious cycle that exacerbates oxidative redox 
signal transduction and cellular molecular damage, and 
concurrently promoting the accumulation of inflammatory 

Fig. 3   The RAGE-mediated cel-
lular signaling pathways. After 
binding to its ligands, RAGE 
initiates multiple cell signaling 
pathways, including JAK-STAT, 
PI3K-AKT, ERK1/2, p38, and 
SAPK/JNK, thereby activat-
ing downstream NF-κB, AP-1, 
ECR-1, and other transcription 
factors, ultimately leading to 
inflammation, oxidative stress, 
angiogenesis, proliferation, 
migration, leukocyte aggrega-
tion, and other processes in 
tissue and cells, promoting the 
occurrence and development of 
diseases
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factors [78, 79]. Under physiological conditions, peroxidated 
proteins are typically degraded by 20S proteasome of the 
ubiquitin–proteasome system (UPS). However, AGE-RAGE 
hinder the formation of this proteasome, resulting in the 
accumulation of oxidatively damaged proteins and increased 
ROS levels. Excessive ROS diminish cellular antioxidant 
and repair capacities, promote the oxidation of lipids and 
glucose, and induce lipid peroxidation as well as glycation 
by targeting free amino groups in proteins, in turn facilitat-
ing the formation of AGE [16, 80].

Besides, RAGE engages in the adhesion and recruitment 
of inflammatory cells within the body and further exac-
erbates the inflammatory response [12]. The interaction 
between AGE and RAGE transduces signals through mul-
tiple pathways, including JAK2/STAT1, PI3K/AKT, mito-
gen-activated protein kinase/extracellular regulated protein 
kinases (MAPK/ERK), and NADPH oxidase–mediated ROS 
production. Ultimately, phosphorylated NF-κB translocates 
to the nucleus to regulate the transcription of genes associ-
ated with proinflammatory cytokines, growth factors, and 
oxidative stress responses. Consequently, the AGE-RAGE 
axis contributes to cellular damage across various tissue 
types and organs [81]. AGE has been shown to promote 
the synthesis of IL-6 in monocytes/macrophages, thereby 
inducing the onset of active inflammation, mediated by the 
MAPK-ERK and NF-κB p50 signaling pathways [82]. In a 
mouse model of myocardial ischemia–reperfusion, RAGE 
knockout mice exhibited a reduction in inflammatory cell 
aggregation compared with the control group, while their 
left ventricular developed pressure was also notably elevated 
relative to that of the controls [83]. HMGB1, as another 
ligand for RAGE, is capable of interacting with both RAGE 
and Toll-like receptor 4 (TLR4) to activate NF-κB, thereby 
eliciting inflammatory responses that further compromise 
the integrity of the retinal vascular barrier [29]. The extent 
of atherosclerosis is intricately associated with RAGE, as 
RAGE-mediated inflammation correlates with the upregula-
tion of various inflammatory mediators, including monocyte 
chemotactic protein-1 (MCP-1), vascular cell adhesion mol-
ecule-1 (VCAM-1), cyclooxygenase-2 (COX-2), nitrotyros-
ine epitopes, and p38 mitogen-activated protein kinase. Fol-
lowing competitive inhibition of RAGE by sRAGE, there is 
a notable reduction in the expression of those inflammatory 
factors, leading to a decrease in the size of atherosclerotic 
plaques [84]. AGE can also trigger cellular inflammation 
and facilitate pyroptosis of endothelial cells via the hypoxia-
inducible factors-α (HIF-α)/RAGE/NOD-like receptor ther-
mal protein domain associated protein 3 (NLRP3) signaling 
pathway, thereby exacerbating brain injury. In both in vitro 
cellular assays and in vivo mouse models, AGE were found 
to upregulate the expression of hypoxia-inducible factor-α 
(HIF-α), NLRP3, and RAGE, elevate inflammatory factor 
levels, and diminish the expression of Zonula Occludens 

Protein 1 (ZO-1) and platelet endothelial cell adhesion mol-
ecule-1 (CD31). This cascade ultimately leads to endothelial 
cell pyroptosis and further promotes brain injury. Treatment 
with a HIF-α inhibitor or siRNA targeting NLRP3 effec-
tively mitigated pyroptosis and reduced inflammatory factor 
levels [85]. NLRP3, along with the inflammatory mediators, 
such as IL-1β, also facilitates various mechanisms of cell 
death—including pyroptosis and autophagy—during disease 
processes like diabetes and lung endothelial injury [69].

AGE trigger oxidative stress and stimulate the production 
of inflammatory mediators, which leads to cellular damage 
and promotes the development of diseases. Meanwhile, oxi-
dative stress in turn augments the generation of AGE, estab-
lishing a vicious cycle of inflammation that exacerbates the 
pathological process.

Autophagy

Autophagy is an essential cellular mechanism that sustains 
cellular homeostasis by degrading aged or damaged pro-
teins and organelles. This process involves the formation of 
autophagosomes, which subsequently fuse with lysosomes 
to form autolysosomes [14]. Autophagy has been established 
to be involved in the pathogenesis of diseases triggered by 
the AGE-RAGE axis [14, 86]. Liang et al. found that AGE-
RAGE axis promoted the expressions of autophagy related 
proteins and increased autophagy flux, thus promoting the 
process of myocardial fibrosis [11]. In this study, treatment 
with AGE resulted in a significant upregulation of mRNA 
expression levels of fibrosis-related genes, including colla-
gen I, collagen III, fibronectin, connective tissue growth fac-
tor (CTGF), vimentin, and α-smooth muscle actin (α-SMA). 
Concurrently, autophagy-related gene expression—specifi-
cally light chain 3 beta (LC3B), Beclin1, and Bcl-2 adeno-
virus E1B 19 kDa-interacting protein (BNIP)—was also 
elevated in cardiac fibroblasts treated with AGE. The appli-
cation of the autophagy inhibitor 3-methyladenine (3MA) 
significantly reduced the expression of fibrosis-associated 
genes and inhibited the activation of cardiac fibroblasts [11]. 
Furthermore, sRAGE has been demonstrated to inhibit cel-
lular autophagy through modulation of STAT3-dependent 
pathways, thereby conferring protection against cardiac 
ischemia/reperfusion (I/R) injury [60]. However, during the 
course of cellular damage, autophagic flux is not consist-
ently elevated. Generally, induction of autophagy results in 
an upregulation of the ratio of LC3-II/LC3-I [87]. Takata 
and colleagues observed a reduction in the ratio of LC3-II/
LC3-I during AGE-induced cardiomyocyte death, suggest-
ing that AGE exert detrimental effects on cardiomyocytes by 
suppressing autophagy [88]. AGE was also associated with 
vascular calcification by inhibiting autophagy through the 
AMPK/mTOR signaling pathway [89]. Besides, autophagy 
was revealed to play a pivitol role in the clearance of AGE. 
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In conditions characterized by excessive AGE, an increase 
in lysosomal biogenesis was observed within the proximal 
tubular epithelial cells of the kidney. While inhibition of 
cellular autophagy resulted in the accumulation of AGE 
[90]. Therefore, the relationship of the AGE-RAGE axis 
and autophagy is complex and varies in different situation, 
the underlying mechanisms need to be further elucidated.

Endoplasmic Reticulum Stress (ERS)

Under normal conditions, the endoplasmic reticulum (ER) 
performs a vital function in protein synthesis, protein folding 
and trafficking, cholesterol biosynthesis, calcium storage, 
and carbohydrate metabolism [14]. When ER’s capacity for 
protein synthesis and folding is perturbed by certain condi-
tions, such as nutrient overload, insulin resistance, inflam-
mation, calcium homeostasis disruption, energy deficiency, 
changes in ROS levels, ischemia, mutations, and viral infec-
tions, misfolded proteins accumulate within the ER and elicit 
a complex adaptive response. This disruption of ER home-
ostasis is commonly referred to as endoplasmic reticulum 
stress (ERS) [47, 91]. The activation of ERS elicits a spec-
trum of defensive responses, including endoplasmic reticu-
lum-associated degradation (ERAD), the unfolded protein 
response (UPR), and reticulophagy. Protracted and excessive 
ERS may contribute to the progression of various diseases 
[92]. In diabetes, elevated blood glucose levels stimulate the 
generation of AGE, which triggers ERS, thereby contribut-
ing to the exacerbation of diabetes and its complications 
[93]. AGE can directly instigate ERS or indirectly provoke it 
through oxidative stress and inflammatory responses. Inhibi-
tion of AGE system aids in preserving the homeostasis of 
the endoplasmic reticulum [91]. The pathogenesis of cardio-
vascular diseases are also intimately associated with ERS 
triggered by AGE. The binding of AGE to RAGE or toll-like 
receptors (TLR) activates the ERS response. AGE promote 
abnormal lipid metabolism, leading to cholesterol accumula-
tion, which contributes to the production of ROS, inflamma-
tion, and ERS. These factors participate in the development 
of cardiovascular disease. Ventricular arrhythmias second-
ary to myocardial infarction are also linked to AGE-induced 
activation of ERS [93]. AGE may trigger the ERS pathway 
via the nuclear factor kappa B/protein kinase R—like ER 
kinase/C/EBP homologous protein (NF-κβ/PERK/CHOP) 
signaling cascade, promoting the progression of diabetic car-
diomyopathy. Sacubitril/valsartan effectively reduced AGE 
generation and RAGE expression, thereby alleviating ERS 
and improving myocardial inflammation [94]. In addition, 
a substantial upsurge in RAGE expression was detected in 
renal tissue in acute kidney injury concurrent with intestinal 
ischemia/reperfusion, which instigated ERS in renal tissue 
and progressively culminated in renal damage [31].

Mitochondrial Dysfunction

Mitochondrial dysfunction plays a crucial role in the 
pathogenesis of diabetic cardiomyopathy and heart failure. 
This dysfunction triggers an excessive ROS production 
and impaired oxidative phosphorylation, which promotes 
mitochondrial respiratory dysfunction and leads to cellular 
demise. Furthermore, mitochondrial dysfunction induces 
calcium overload, exacerbating myocardial autophagy 
and necrosis [95]. AGE-RAGE axis induces cellular oxi-
dative stress and mitochondrial dysfunction, which subse-
quently exacerbates the production of ROS, thereby estab-
lishing a vicious cycle that ultimately leads to cell death. 
Furthermore, increased levels of reducing sugars, such as 
glucose-6-phosphate, fructose, and fructose-3-phosphate, 
promote their own entry into the mitochondrial electron 
transport chain, thereby enhancing the formation of AGE 
[96]. Besides, the AGE-RAGE axis has been shown to 
independently impair mitochondrial function by increasing 
JNK expression [97]. Exogenous AGE disrupt mitochon-
drial function in chondrocytes through the inhibition of 
the AMPKα-SIRT1-PGC-1α pathway. These indicate that 
mitochondrial dysfunction plays an important part in the 
pathogenesis of AGE-induced diseases [98] (Fig. 4).

 The AGE‑RAGE Axis and Cardiovascular 
Diseases

The intricate physiological and pathophysiological net-
work established between AGE and RAGE plays a crucial 
role in the onset and progression of various cardiovascular 
disorders.

Atherosclerosis

Arteriosclerosis, characterized by foam cells accumulation 
and atherosclerotic plaques formation, is a chronic inflam-
matory disease accompanied by oxidative stress and sub-
sequent cascading oxidation reactions [7, 12]. The AGE-
RAGE axis initiates receptor-mediated signaling pathways 
that are involve in endothelial damage, modifications in 
vascular smooth muscle cell function, and alterations in 
platelet activity. Those processes collectively contribute 
to arterial injury [99]. The AGE-RAGE axis amplifies 
the progression of atherosclerotic plaques via multiple 
mechanisms, such as inhibition of endothelial NO pro-
duction, promotion of oxidative stress, inflammatory reac-
tions in vascular endothelial cells, impairment of reverse 
cholesterol transport, stimulation of vascular endothelial 
growth factor production, and induction of pathological 
angiogenesis [99, 100]. The AGE-RAGE axis induced 
vascular calcification, while treatment with anti-RAGE 
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antibodies effectively mitigated the impact of AGE on 
vascular calcification [77]. AGE induced the activation 
of the RAGE/TLR4/forkhead box C2 (FOXC2) signaling 
pathway, promoting macrophage infiltration and pheno-
typic transformation of vascular smooth muscle cells. 
Inhibition of RAGE with siRNA or TLR4 antagonists 
effectively suppressed macrophage infiltration and phe-
notypic transformation of vascular smooth muscle cell, 
thereby ameliorating vascular stenosis [101]. In individu-
als with subclinical atherosclerosis, a significant correla-
tion has been demonstrated between the concentrations 
of AGE and the severity of bilateral carotid plaque [102]. 
In a 10-year follow-up study, various AGE, including 
Nε-carboxymethyl lysine (CML), Nε-carboxyethyl lysine 
(CEL), glyoxal hydroimidazolone (G-H1), methylgly-
oxal hydroimidazolone (MG-H1), and 3-deoxyglucosone 
hydroimidazolone (3DG-H), were found to exhibit positive 
correlation with arterial atherosclerosis indicators, such 
as intima-media thickness (CIMT), coronary artery calci-
fication (CAC), and abdominal aortic artery calcification 

(AAC). This association between AGE and arterial athero-
sclerosis indicators persists even in case of effective blood 
glucose control and reduced overall HbA1c levels [17]. 
Despite rigorous glycemic control, individuals exhibiting 
elevated levels of AGE continued to demonstrate a sig-
nificantly increased incidence of both microvascular and 
macrovascular complications. This implies the presence 
of a “metabolic memory” mechanism within the human 
body, which contributes to the correlation between AGE 
and atherosclerosis [103]. In addition, the direct crosslink-
ing of extracellular matrix proteins with AGE further con-
tributes to the progression of atherosclerosis [100]. There 
are various factors that influence the effect of AGE on 
atherosclerosis. For instance, the oxidative derivative and 
2-aminoaipic acid (2-AAA) exhibit a synergistic effect on 
coronary artery calcification lesions associated with AGE 
[17]. Age represents an additional factor that influences 
the positive correlation between AGE and atherosclerosis 
[104]. The correlation between AGE and atherosclerosis 
renders AGE to be a potentially valuable novel predictive 
factor and therapeutic target in the future.

Fig. 4   Pathogenic mechanism of the AGE-RAGE axis. (1) AGE 
directly cross-link with collagen and other substances to promote 
tissue fibrosis; (2) RAGE activates intracellular oxidative stress and 
inflammatory pathways; (3) RAGE induces mitochondrial dysfunc-
tion, which aggravates cell damage and the formation of AGE, and 

also affects the process of oxidative stress and autophagy; (4) endo-
plasmic reticulum stress can be directly induced by RAGE or be 
indirectly induced by oxidative stress and inflammatory response; (5) 
cell death induced by the AGE-RAGE axis is related to the change of 
autophagic flux; meanwhile, some AGE are cleared by autophagy
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Myocardial Fibrosis

Myocardial fibrosis, an important pathological process in the 
development of heart failure, suggests an adverse prognosis. 
Diabetic cardiomyopathy is a serious cardiovascular com-
plication of diabetes, in which increased plasma AGE was 
shown to be independent predictors of mortality and hospi-
talization of heart failure [95]. In diabetic cardiomyopathy, 
AGE interact with RAGE on the surface of myocardial cells 
and initiate JAK/MAPK signaling cascades that facilitate 
an inflammatory response, resulting in production of extra-
cellular matrix proteins and connective tissue. Meanwhile, 
AGE activate the TGF-β1/Smad pathway, which ultimately 
contributes to myocardial fibrosis [95]. However, diabetes is 
not the necessary condition for the AGE-RAGE axis to cause 
myocardial fibrosis. The correlation between AGE-RAGE 
and myocardial fibrosis also exists in the non-diabetic [11]. 
Liang et al. demonstrated that the severity of myocardial 
fibrosis was associated with AGE-RAGE axis, independent 
of the diabetic status in mice. In the myocardium of TAC 
mice, endothelium-to-mesenchymal cell transformation 
(EndMT) promoted myocardial fibrosis and heart failure, 
while RAGE knockout resulted in a decrease of EndMT and 
a remission of myocardial fibrosis [105]. Furthermore, AGE 
triggered myocardial fibrosis via activation of the TGF-β/
Smad signaling pathway which can be blocked by AGE 
antibodies and SB431542 (a potent TGF-β/Smad signaling 
pathway inhibitor) [106]. MG-H1, a type of AGE derived 
from methylglyoxal (MG), was markedly elevated in the 
myocardium of wild-type (WT) mice 6 h following myo-
cardial infarction. Promoting the metabolism of MG-H1 
effectively reduced myocardial infarct size and augmented 
left ventricular ejection fraction after myocardial infarction. 
This study highlights the crucial role of AGE in adverse 
myocardial remodeling and cardiac dysfunction subsequent 
to myocardial infarction [107]. Besides, AGE can directly 
bind to extracellular matrix and modify collagen proteins, 
rendering them resistant to hydrolysis, thereby contribut-
ing to accumulation of extracellular matrix proteins. The 
cross-linking between extracellular matrix induced and AGE 
exacerbates the progression of myocardial fibrosis [46, 95]. 
These results indicate that the AGE-RAGE axis is impli-
cated in the pathogenesis of myocardial fibrosis. Therefore, 
targeting the cellular signaling cascade associated with the 
AGE-RAGE axis may offer a promising therapeutic strategy 
for reversing myocardial fibrosis.

Ischemia/Reperfusion (I/R) Injury

Ischemia/reperfusion (I/R) injury is linked to an augmented 
infarct size and a decline in cardiac function following rep-
erfusion therapy in the context of myocardial infarction. 
The AGE-RAGE axis plays an important role in I/R injury, 

potentially by eliciting oxidative stress, augmenting the gen-
eration of inflammatory mediators, and recruiting inflamma-
tory cells. The inhibition of RAGE can effectively mitigate 
myocardial cell death and reduce ventricular remodeling 
induced by I/R [83, 108]. The pathophysiological mecha-
nisms underlying the AGE-RAGE axis in I/R injury involve 
the engagement of multiple cellular and molecular pathways. 
Upon the occurrence of I/R injury, activated macrophages 
induced the secretion of AGE-modified albumin (AGE-albu-
min), resulting in elevated expression of RAGE, ultimately 
driving cell apoptosis via the activation of the AGE-RAGE 
signaling pathway [62]. RAGE might serve as an upstream 
receptor of MAPK signaling pathway. During I/R injury, 
RAGE initiated oxidative stress and cellular apoptosis by 
decreasing phosphorylation of MAPKs, including p38, 
JNK, and ERK [109]. The mammalian diaphanous-related 
formin 1 (DIAPH1), which acts as an effector for Rho small 
GTP-binding proteins and participates in signal transduction 
progress in multiple cells, was found to contribute to the 
regulation of cellular responses to I/R by interacting with 
RAGE. I/R injury increased the expression of DIAPH1, 
while deletion of DIAPH1 effectively reduced infarct size 
and damage after I/R [110]. Besides, the underlying mecha-
nism of RAGE-induced cardiomyocyte death is intimately 
linked to the sympathetic nervous system. Although the 
sympathetic nervous system and RAGE triggered cardio-
myocyte death independently, inhibition of RAGE could 
attenuate sympathetic nerve-induced cardiomyocyte death 
[111]. Future therapeutic strategies targeting the blockade 
of the AGE-RAGE axis may possess significant potential to 
mitigate I/R injury and ameliorate ventricular remodeling 
following myocardial infarction.

Hypertension

Hypertension, marked by persistently elevated arterial pres-
sure levels, is a multifactorial and highly prevalent clinical 
condition. It has been revealed that the plasma AGE level 
is positively correlated with central systolic blood pressure 
in patients with diabetes and prediabetes. Increased AGE 
activate their receptors, leading to oxidative stress, chronic 
inflammation, endothelial dysfunction, and activation of 
the renin-angiotensin system, promoting the development 
of hypertension [112]. In addition to primary hypertension, 
the AGE-RAGE system upregulates the expressions of inter-
leukin-6 (IL-6) and C–C motif chemokine ligand 2 (CCL2), 
which are related to the progression of gestational hyperten-
sion [113]. Furthermore, the sympathetic nervous system, a 
key contributor to the pathogenesis of hypertension, influ-
ences the balance between sRAGE and RAGE. By regulat-
ing sympathetic nerve activity and the sRAGE/RAGE bal-
ance, it might be feasible to mitigate AGE/RAGE-mediated 
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cardiac damage in patients suffering from hypertension and 
metabolic syndrome [114].

Other Cardiovascular Diseases

The AGE-RAGE axis was also found to be involved in the 
pathogenesis of myocarditis, atrial fibrillation, pulmonary 
hypertension, and other cardiovascular diseases. In auto-
immune and inflammatory heart disease, the expression of 
sRAGE was significantly elevated, and inhibition of RAGE 
has been demonstrated to effectively mitigate myocardial 
damage [115]. The progression of atrial fibrillation is inti-
mately associated with the activation of the sympathetic 
adrenal system and RAGE-mediated inflammation. Inhibi-
tion of renal sympathetic nerve activity has the potential to 
reduce the expression of RAGE and increase the sRAGE 
level, which alleviates inflammatory responses and miti-
gates atrial remodeling, thereby diminishing the incidence 
of atrial fibrillation [116]. Besides, AGE might be used as 
an indicator to predict the long-term outcome of catheter 
ablation in patients with paroxysmal atrial fibrillation [117]. 
The concentrations of sRAGE are elevated in patients with 
pulmonary arterial hypertension [55]. However, following 
balloon pulmonary angioplasty treatment, sRAGE levels 
were observed to decrease [118]. RAGE accelerated the 
progression of pulmonary arterial hypertension by trigger-
ing ERK1/2, JNK and p38 kinase, and subsequently activat-
ing the TGF-β1 signaling pathway. The inhibition of RAGE 
resulted in a reduced expression of these proteins [119]. 
Therefore, RAGE may be a therapeutic target for pulmo-
nary hypertension. During the natural aging process, there 
is a marked increase in the levels of AGE within human tis-
sues. Concurrently, the expression of RAGE also rises with 
age, likely due to the progressive accumulation of its ligands 
[18]. As aging progresses, the turnover rate of RAGE sig-
nificantly declines, accompanied by a reduction in sRAGE 
levels. Consequently, in aged myocardium and other tissues, 
cellular signaling pathways become increasingly activated, 
which may be implicated in the pathogenesis of multiple 
diseases [16]. In addition to its interaction with RAGE, the 
direct cross-linking of proteins by AGE has emerged as a 
crucial component of their pathogenic mechanisms. Glu-
cosepane, a notable member of the AGE family, has gar-
nered increasing attention due to its ease of quantification 
and its association with various diseases, including micro-
vascular complications related to diabetes, chronic kidney 
disease, neurological disorders, retinal pathologies, and oste-
oarthritis [120–122]. Current perspectives suggest that glu-
cosepane differs from many other AGE in that its mechanism 
primarily involves cross-linking with the extracellular matrix 
(ECM), which reduces ECM turnover rates and increases 
stiffness; this process may subsequently facilitate disease 

progression and play a significant role in the pathogenesis 
of multiple metabolic disorders [123, 124].

AGE and Cardiovascular Diseases in the Setting 
of Chronic Kidney Disease (CKD)

The AGE load in the human body is contingent upon the 
equilibrium between their production, absorption, and 
clearance. As previously discussed, AGE are produced and 
absorbed through various pathways. Their clearance involves 
cellular protein degradation processes, during which a por-
tion of AGE is hydrolyzed into AGE peptides. The liver and 
kidneys serve as the primary organs responsible for the elim-
ination of AGE, effectively clearing the carbonyl precursors, 
AGE peptides, and AGE themselves. Notably, there exists 
a negative correlation between AGE concentrations in the 
body and renal function; this relationship may contribute to 
an increased susceptibility of renal tissues to damage medi-
ated by AGE [125]. AGE plays a multifaceted role in the 
pathogenesis of diabetes-related organ damage, encompass-
ing diabetic cardiomyopathy, diabetic nephropathy (DKD), 
and atherosclerosis [126]. Individuals with diabetes exhibit 
a significantly elevated risk of cardiovascular disease and 
chronic kidney disease, attributable in part to the formation 
of AGE and the subsequent activation of RAGE. The inter-
play between these resultant conditions further exacerbates 
one another, establishing a detrimental cycle of heart-kidney 
metabolic disorders [127]. Ciobanu et al. identified that the 
ratio of AGE to nicotinamide adenine dinucleotide hydride 
(NADH) may serve as a predictive biomarker for diabetes-
related CKD and cardiovascular disease, following their 
assessment of AGE and NADH levels in patients with type 
2 diabetes [128]. The accumulation of AGE within the arte-
rial significantly enhances medial calcification in peripheral 
arteries and exhibits a positive correlation with cardiovascu-
lar mortality among patients with CKD [129]. Calprotectin, 
a circulating damage-associated molecular pattern protein, 
has been shown to facilitate arterial calcification and is 
independently correlated with cardiovascular outcomes and 
mortality. Inhibition of RAGE can partially mitigate arte-
rial calcification induced by calprotectin [130]. Belmokhtar 
and colleagues further elucidated that the ligands of RAGE, 
including AGE and S100 proteins, were significantly ele-
vated in CKD mice. Additionally, in vitro stimulation of 
vascular smooth muscle cells with phosphates or S100 pro-
tein was found to induce mineralization and osteoblastic 
transformation. Inhibition or suppression of either RAGE or 
the sodium phosphate co-transporter PIT-1 mitigated these 
changes, indicating that PIT-1 plays a crucial role in RAGE-
mediated vascular calcification [131]. In patients with CKD, 
left ventricular dysfunction, cardiomyopathy, atherosclero-
sis, stroke, heart failure, peripheral artery disease, and other 
cardiovascular conditions are also closely associated with 
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AGE. These associations are linked to the various patho-
physiological mechanisms mediated by the AGE-RAGE axis 
as discussed above. Furthermore, muscle wasting in CKD 
patients is also correlated with elevated levels of AGE; this 
phenomenon may involve inflammation, endothelial cell 
dysfunction, increased stiffness of connective tissue pro-
teins, and insulin resistance secondary to CKD [132]. In the 
context of uremia, the expression of Krüppel-like factor 2 
(KLF2), a crucial regulator of endothelial function and acti-
vation, is diminished, exacerbating endothelial dysfunction 
and ultimately contributing to cardiovascular disease; AGE 
may play a significant role in the downregulation of KLF2 
in patients with uremia [133]. There exists a profound and 
widespread association between CKD and cardiovascular 
disease attributable to various mechanisms including activa-
tion of the renin–angiotensin–aldosterone system (RAAS), 
stimulation of the sympathetic nervous system, insulin 
resistance, inflammatory processes, and oxidative stress. 
The AGE-RAGE axis also contributes to the progression of 
heart-kidney metabolic disorders, offering new insights for 
future research in cardiovascular disease and CKD.

Prospects for Clinical Applications

Systematic reviews have indicated that AGE may serve as 
predictors for cardiovascular and all-cause mortality in high-
risk individuals [134]. Interventions targeting the AGE-
RAGE axis potentially delayed or even reversed the pro-
gression of cardiovascular diseases, providing novel insights 
into the treatment of these diseases. Systematic studies have 
indicated that the implemented strategies for pharmacologi-
cal intervention of the AGE-RAGE axis encompass but are 
not limited to the following: (i) inhibiting the formation of 
reactive precursors and AGE; (ii) disrupting the cross-link-
ing between AGE and proteins within the organism; and 
(iii) antagonizing the activation of RAGE [135]. However, 
further research and clinical trials are warranted to validate 
their safety and effectiveness [135, 136].

Drugs and sRAGE

To date, several drugs and pharmacological compounds have 
been demonstrated to exert beneficial effects on preventing 
or reversing AGE-RAGE-related cardiovascular diseases. 
RAGE antagonists, including TTP488 and FPS-ZM1, also 
played a vital role in inhibiting the incidence and progres-
sion of various RAGE-associated chronic diseases [32]. In 
addition to drug research, the findings on sRAGE are equally 
promising [62]. The pharmacological effects of sRAGE may 
be attributed to its competitive inhibition of RAGE, as we 
previously discussed.

1)	 Advancements in the Management of Heart Failure.

Aminoguanidine (AG) has been demonstrated to amelio-
rate myocardial fibrosis by blocking AGE, thereby enhanc-
ing left ventricular ejection fraction in diabetic mice [40]. 
The administration of atorvastatin effectively downregulated 
the expression of RAGE and α-SMA and inhibited AGE-
induced ERK1/2 phosphorylation and fibroblast prolifera-
tion, resulting in an improvement of myocardial fibrosis 
and cardiac function [137]. Long-term use of rosiglitazone 
significantly reduced both mRNA and protein levels of 
RAGE, as well as the levels of connective tissue growth 
factor (CTGF), leading to an amelioration of myocardial 
fibrosis in type 2 diabetic mice [138]. FPS-ZM1 effectively 
downregulated the mRNA and protein expressions of RAGE 
in the hearts of TAC mice, thereby ameliorating oxidative 
stress and endoplasmic reticulum stress, further mitigating 
inflammation in cardiac tissues [61]. SB431542, as another 
RAGE antagonist, attenuates the expression of TGF-β1, 
phosphorylated Smad2/3, and matrix metalloproteinases-2 
induced by AGE in cardiomyocytes, thereby ameliorating 
AGE-induced myocardial fibrosis [106].

2)	 Advancements in the Management of Coronary Heart 
Disease.

Pioglitazone demonstrated the capacity to decrease both 
the mRNA and protein expressions of RAGE and suppressed 
the interaction between AGE and RAGE, thereby effectively 
reducing atherosclerotic plaque area as well as complex 
plaque numbers in diabetic mice [139]; however, its use may 
be limited by recent studies showing it increases hospitaliza-
tions for heart failure [140]. Other drugs or pharmacological 
components, such as irbesartan, mangiferin, and traditional 
Chinese medicine Sanqi, also exerted beneficial effects on 
cardiovascular diseases by intervening the AGE-RAGE 
axis [141–143]. Through the artificial cultivation of mes-
enchymal stem cells (MSCs) capable of secreting sRAGE 
and their application in a rat model of acute myocardial 
infarction, it was discovered that elevated levels of sRAGE 
exhibit a remarkable anti-myocardial fibrosis effect [62]. In 
the porcine I/R model, the administration of sRAGE mark-
edly attenuated RAGE-mediated myocardial fibrosis and I/R 
injury, while preserving ventricular ejection function [144].

3)	 Advancements in the Management of Hypertension.

sRAGE has the potential to modulate the balance between 
Ang II and Ang-(1–7), suppress oxidative stress and inflam-
matory responses, and activate the peroxisome proliferator-
activated receptor-c (PPAR-c) pathway to mitigate adverse 
vascular remodeling in primary hypertension [145].
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RAGE‑Targeted Molecular Therapy

Molecular targeted therapy against RAGE exhibits consider-
able application potential. Silencing RAGE expression with 
siRNA could effectively reduce the release of inflammatory 
factors, cardiomyocyte apoptosis, and mitigate myocardial 
fibrosis following myocardial injury, indicating that siRNA 
targeting RAGE is of significant potential as a novel thera-
peutic approach for post-myocardial injury [146, 147]. Inhi-
bition of RAGE overexpression also demonstrated a certain 
anti-arrhythmic effect in I/R injury following myocardial 
infarction [148]. Anti-RAGE antibodies have been shown 
to significantly ameliorate vascular calcification through the 
attenuation of oxidative stress [77]. The concurrent admin-
istration of RAGE siRNA and sRAGE has demonstrated 
a synergistic cardioprotective effect following myocardial 
infarction, thereby offering a promising therapeutic strategy 
for the management of post-myocardial infarction [108].

The direct deletion of the RAGE gene in murine mod-
els has demonstrated a cardiovascular protective effect, as 
previously discussed. However, the direct deletion of the 
corresponding human gene for therapeutic applications is 
currently not feasible; thus, we will refrain from further dis-
cussion on this matter.

Although blocking the AGE-RAGE axis has been identi-
fied as a promising novel therapeutic approach for manag-
ing various associated diseases, there are limited drugs for 
effectively intervening this axis. To date, lifestyle modifica-
tions continue to be the most cost-effective and efficacious 
method for modulating the AGE-RAGE axis. Dietary AGE 
directly or indirectly influence the development of chronic 
diseases, either by being absorbed through the intestines 
or by interfering with gut microbiota and their metabo-
lites. Non-pharmacological interventions, such as reducing 
high-temperature and high-fat cooking methods, increasing 
physical exercise, and smoking cessation, can effectively 
decrease exogenous AGE intake. Moreover, appropriate 
exercise assist in reducing accumulation of AGE in heart 
and preventing myocardial fibrosis [136, 149].

Summary and Outlook

AGE and their receptor RAGE, crucial molecules perva-
sively distributed throughout the human body, are implicated 
in various pathological processes, including oxidative stress, 
inflammatory response, cellular autophagy, endoplasmic 
reticulum stress, and mitochondrial dysfunction. They exert 
a profound impact on the development of various cardiovas-
cular diseases such as atherosclerosis, I/R injury, myocar-
dial fibrosis, hypertension, myocarditis, atrial fibrillation, 
and pulmonary arterial hypertension. Based on the existing 
research, we can deduce that targeting the AGE-RAGE axis 

may offer novel strategies for the diagnosis and management 
of a range of diseases. Reducing intake of AGE compounds, 
inhibiting the formation of AGE, and antagonizing the AGE-
RAGE axis might emerge as novel approaches for preventing 
and treating cardiovascular diseases. Furthermore, sRAGE 
has the potential to serve as an innovative biomarker for the 
prediction of specific diseases. The therapeutic effects of 
sRAGE have also been preliminarily validated in conditions 
such as myocardial fibrosis and myocardial I/R injury. The 
application of siRNA targeting RAGE also demonstrates 
considerable potential for clinical utility. Therefore, further 
research aimed at elucidating the pathological and patho-
physiological mechanisms underlying the AGE-RAGE axis, 
as well as its relationship with clinical diseases, will facili-
tate the development of drugs targeting this axis and provide 
novel diagnostic and therapeutic strategies for cardiovascular 
diseases.
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