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Abstract
Metabolic syndrome (MetS) is associated with a plethora of different comorbidities. Exploring its key molecular mechanisms, 
such as advanced glycation end product and its receptor (AGE/RAGE) pathway, holds great potential. Numerous sources 
agree that targeting the AGE/RAGE pathway is a potential therapeutic strategy for MetS. However, the regulation of AGE/
RAGE by microRNAs (miRNAs) in the context of MetS is still poorly understood. This review aimed to provide a systematic 
picture of the influence of miRNAs on AGE/RAGE in the context of MetS, with a particular focus on its ligands and receptors. 
This review achieves this in two ways: through an inductive “bottom-up” approach realized by a classical descriptive literature 
search, and through a deductive/synthetic “top-down” approach based on carefully selected miRNA profiling studies in MetS 
and its comorbidities. Although the initial inductive approach allowed the identification of some miRNAs of interest, almost all 
articles on this topic focus on the regulation of processes exclusively involved in atherogenesis. The new deductive approach 
has broadened the research horizon: It has enabled the discovery of new promising miRNAs and allowed for ranking different 
comorbid pathologies in MetS according to the degree of miRNA dysregulation of AGE/RAGE. Thus, in addition to athero-
sclerosis, significant miRNA dysregulation of AGE/RAGE was also described in MetS, particularly in immune cells, as well as 
in subcutaneous adipose tissue in obesity. This review, along with the novel approaches to systematizing the data contained 
therein may contribute to the understanding of MetS pathogenesis and the search for targets for the treatment of MetS.
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Introduction
Metabolic syndrome (MetS) is one of the most important patho-
logical conditions of our time. Although it is difficult to determine 
its exact worldwide prevalence (due to the variability of its opera-
tional definition and diagnostic criteria for different populations), 
the prevalence of its components is alarmingly high in many coun-
tries,1 and MetS itself is associated with increased mortality.2 Ac-
cording to the criteria of the American Heart Association and the 
National Heart, Lung, and Blood Institute (2009), MetS is diag-
nosed when at least three of the following criteria are present si-

multaneously: abdominal obesity (based on waist circumference), 
hypertension, hyperglycemia (or previously diagnosed insulin 
resistance (IR) or type 2 diabetes mellitus (T2DM)), elevated tri-
glyceride levels, and decreased levels of high-density lipoprotein 
cholesterol (HDL-C) in the blood.1 However, MetS is associated 
with many other comorbidities: non-alcoholic fatty liver disease 
(NAFLD), cardiovascular disease (CVD), and especially athero-
sclerosis.1 It is important also to mention less frequently discussed 
but equally significant diseases associated with MetS, such as pol-
ycystic ovary syndrome (PCOS) and other diabetic complications 
including various angiopathies, nephropathies, and even inflam-
matory gum disease—periodontitis—which, according to many 
studies, is associated with diabetes.3,4 For the sake of brevity, all 
the pathologies mentioned above (both the diagnostic criteria and 
the comorbid pathologies) are referred to as “MetS comorbidities” 
in this article.

The study of MetS is interesting not only with regard to the 
individual components but also from a systemic perspective—as a 
coherent whole—due to the comorbidity of the individual patholo-
gies. Within this paradigm, it is of particular interest to define and 
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investigate the signaling pathways that connect comorbid patholo-
gies in MetS, like “nodes”, to form a synergistic whole. One of 
the promising candidates for the role of the link between MetS 
comorbidities is advanced glycation end products and their recep-
tor (AGE/RAGE) signaling.

RAGEs are multiligand receptors for advanced glycation end 
products that are expressed on the surface of vascular and lung 
epithelium,5,6 liver,7 and immune cells.8 High RAGE expression 
has been found in obesity, T2DM, CVD, Alzheimer’s disease, can-
cer, etc.9 Various researchers have studied the role of the AGE/
RAGE pathway in MetS and its comorbidities in depth and from 
different angles (e.g., relevant review articles10–12) and consistent-
ly conclude that targeting the AGE/RAGE pathway is a promising 
strategy for the treatment of MetS comorbidities.

The targeting of different molecular mechanisms is undoubt-
edly an important topic at the crossroads of different biological 
and medical disciplines, but we should not forget that key elements 
in the regulation of gene activity in the human body are various 
epigenetic factors, in particular, microRNAs (miRNAs). Data col-
lected over years of research point to the great importance of these 
small non-coding nucleic acids. The discovery of miRNA and its 
role in post-transcriptional gene regulation was awarded the Nobel 
Prize in Physiology or Medicine in 2024.

We consider the discussion of the biogenesis and functions of 
miRNAs irrelevant in this review, as this topic has already been 
described in detail in the literature—for example, in the recent 
ontology of 2024.13 Instead, we focus on the role of miRNAs in 
dysregulating the AGE/RAGE pathway in patients with MetS. 
This information can be used to develop approaches to interfere 
with this signaling. Although the term “miRNA regulation” is well 
established in the literature, we deliberately use the term “miRNA 
dysregulation” in our work: there are miRNAs that target genes 
of the AGE/RAGE pathway while they themselves are not altered 
in MetS and its comorbidities. The regulation performed by these 
miRNAs can be simultaneously significant and unchanged in 
MetS. We aimed to describe the part of miRNA influence on AGE/
RAGE signaling that is specifically altered, i.e., dysregulated, in 
MetS.

miRNAs in the theranostics of MetS and its comorbidities have 
been extensively studied,14 but the AGE/RAGE axis, which is in-
volved in the pathogenesis of many diseases, has been undeserved-
ly neglected. The few reviews that exist on miRNA dysregulation 
of the AGE/RAGE axis focus either on one component of MetS, 
particularly T2DM,15,16 or on the best-studied RAGE receptor li-
gand high-mobility group protein B1 (HMGB1).17 Many studies 
focus only on miRNA regulation of downstream genes that act as 
secondary messengers in AGE/RAGE signaling — Janus kinase-
signal transducer and activator of transcription (JAK/STAT), c-
Jun N-terminal kinases (JNK), mitogen-activated protein kinases 
(MAPK), nuclear factor kappa-light-chain-enhancer of activated B 
cells (NF-kB), NADPH oxidase (NOX),16 but almost completely 
neglect (as we will describe below) the canonical RAGE receptor, 
its soluble decoy forms (endogenous soluble esRAGE and soluble 
sRAGE), and the other receptors that bind AGEs. In addition, the 
aforementioned JAK/STAT, JNK, MAPK, and NF-kB proteins are 
involved in a variety of signaling pathways and are not exclusively 
activated in the context of the AGE/RAGE axis, so it is not entirely 
accurate to describe their miRNA dysregulation in the context of 
AGE/RAGE signaling.

Therefore, this review aimed to draw a systemic picture of 
miRNA dysregulation of AGE/RAGE signaling in the context of 
MetS and its comorbidities, with particular focus on its ligands 

and receptors.
This review consists of two chapters: The first (in the style of a 

scoping review) briefly summarizes key information on the func-
tion and involvement of the AGE/RAGE pathway in MetS and its 
comorbidities. The second chapter is directly dedicated to miRNA 
dysregulation of the AGE/RAGE pathway in the context of MetS 
and its comorbidities and is again divided into two parts. The 
first part is an inductive “bottom-up” approach implemented by 
a classical descriptive review: interactions between miRNAs and 
elements of the AGE/RAGE pathway in MetS comorbidities that 
have been demonstrated and published in research articles are con-
sidered—this approach allows us to get an overview of the stud-
ies performed so far. In contrast, the second deductive/synthetic 
“top-down” approach, which was implemented through a system-
atic literature search, consists of first looking for miRNAs that are 
differentially expressed in MetS comorbidities and then identify-
ing among these miRNAs those that target AGE/RAGE signaling 
genes. This approach (which we have not found in the previous 
literature) allows us to significantly expand the first part and de-
velop a more systemic view of miRNA dysregulation of the AGE/
RAGE signaling pathway in the context of MetS.

AGE/RAGE signaling and its general role in the pathogenesis 
of MetS and its comorbidities
RAGEs are multiligand receptors for advanced glycation end 
products expressed in tissues with abundant vasculature, includ-
ing lung, heart, nervous tissue, vascular endothelium, etc.9 Acti-
vation of RAGE mediates the development of a cellular response 
to a series of damage–associated molecular patterns (DAMPs or 
alarmins). Overexpression and/or hyperstimulation of RAGE has 
been found in patients with metabolic disorders.18 By binding to 
RAGE on the platelet surface, various ligands promote the activa-
tion of adhesion molecules and glycoproteins that mediate platelet 
aggregation and atherosclerotic plaque formation, thereby increas-
ing the risk of microthrombosis in T2DM.19 The AGE/RAGE in-
teraction has been found to influence changes in arterial elasticity/
stiffness, reduce the bioavailability and activity of the nitric oxide 
molecule,20 and, conversely, increase the expression of the vaso-
constrictor factor endothelin–1, which contributes to the develop-
ment of hypertension.21

The AGE/RAGE axis activates intracellular proinflammatory 
signaling pathways22: NADPH oxidase–reactive oxygen species, 
MAP kinases: extracellular signal-regulated kinase (ERK), JNK, 
p38, phosphoinositide 3-kinases (PI3K) and protein kinase B al-
pha (AKT), and JAK–STAT. Activation of these signaling path-
ways stimulates the expression of NF–kB, which modulates the 
synthesis of proinflammatory cytokines. In addition, activation of 
NADPH oxidase increases both the oxidative stress of the endo-
plasmic reticulum and the concentration of reactive oxygen spe-
cies in the mitochondria, which in turn also leads to the activation 
of NF–kB.

The AGE/RAGE axis thus contributes directly to the develop-
ment of MetS comorbidities, which are discussed in more detail in 
the following sections of this chapter. Figure 1 shows schemati-
cally the most important aspects of AGE/RAGE signaling and its 
effects on processes that are essential in the context of MetS.

AGEs and other RAGE ligands
AGEs are advanced glycation end products that can be either ex-
ogenous or endogenous. Their classification and chemistry can 
be found in detail in a very thorough review by Twarda–Clapa et 
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al.23 AGEs are formed by a non–enzymatic condensation reaction 
between the carbonyl groups of reducing sugars and free amino 
groups of nucleic acids, proteins, or lipids.23 Exogenous AGEs are 
ingested with various foods and cigarette smoke, and endogenous 
AGEs are formed locally as a result of hyperglycemia associated 
with diabetes or oxidative stress associated with adipose tissue 
(AT) dysfunction.12,22 Among the large variety of AGEs, the best 
known and diagnostically most significant is certainly glycated he-
moglobin, which belongs to the class of glucose–derived AGEs.23

In addition to AGEs, various proteins are ligands for RAGEs: 
firstly, HMGB1, also known as amorphin.9 HMGB1 is a nuclear 
non–histone protein involved in the regulation of chromatin fold-
ing, but under oxidative stress, HMGB1 becomes hyperacetylated 
and plays the role of a DAMP. Hyperacetylated HMGB1 acts as a 
ligand for the RAGE receptor and Toll–like receptor 4 on mono-
cyte–macrophage cells,24 leading to the development of an inflam-
matory response. It is worth noting that HMGB1 can act in an 
autocrine manner, i.e., it can be secreted and bound by the same 
cell, thus closing the AGE/RAGE axis in a vicious cycle that con-
tributes to disease progression.24 There is another large group of 
ligands for RAGE that are also involved in cell cycle and ion chan-
nel regulation: the calcium–binding proteins calgranulins (S100), 
namely S100A1, A2, A4, A5, A6, A7, A8, and A9 (the latter two 

forming a dimer called calprotectin), A11, A12, A13, S100B, and 
S100P.25 Finally, beta–amyloid peptides, which are frequently as-
sociated with the development and progression of Alzheimer’s dis-
ease,26 are also ligands for RAGE.9

RAGE and other AGE receptors
The membrane receptor RAGE (AGER gene) contains a signal 
peptide, four domains (V, C1, C2, and transmembrane domain), 
and a cytoplasmic tail.27 In addition to the main form, RAGE has 
two soluble isoforms: “soluble” sRAGE and “endogenous secre-
tory” esRAGE with an alternative amino acid sequence at the C–
terminus, which are formed by proteolytic cleavage and alternative 
splicing, respectively.27

In addition to RAGE, as shown in Figure 1, there are other forms 
of receptors for AGEs. First, soluble RAGE isoforms (esRAGE 
and sRAGE) function as extracellular decoy receptors for RAGE 
ligands and act as inhibitors of RAGE signaling pathways. Their 
synthesis has been shown to be significantly reduced in patients 
with metabolic disorders (obesity, T2DM).28 In addition to RAGE 
and its soluble isoforms, there are receptors that capture AGEs 
– they are described in detail in the above–mentioned review.23 
Firstly, three so–called anti–RAGEs: AGE–R1 (gene DDOST), 
protein kinase C substrate AGE–R2 (gene PRKCSH), and galec-
tin–3 AGE–R3 (gene LGALS3). There are also several scavenger 
receptors that bind AGEs, such as macrophage scavenger recep-
tor 1 SR–AI (gene MSR1) from class A, scavenger receptor class 
B oxidized low–density lipoprotein (oxLDL) type I SR–BI (gene 
SCARB1), and CD36 (gene of the same name) from class B, stabi-
lins 1 and 2 (genes STAB1 and STAB2) from class H, and oxLDL 
receptor 1 (gene OLR1) from class E. There is a functional nuance 
– SR–A and CD36 bind AGEs as ligands, but do not promote their 
endocytic uptake and subsequent degradation.29 In general, the di-
versity of receptors for AGEs is quite large, and their functional 
significance in the context of MetS and its comorbidities varies 
depending on the receptor; this topic is worth a separate discussion 
and will not be addressed further in this review.

AGE/RAGE and obesity
The AGE/RAGE axis plays an important role in the development 
of AT dysfunction,12 by promoting AT hypertrophy, which is as-
sociated with mitophagy, impaired mitochondrial dynamics, and 
the development of mitochondrial dysfunction. This, in turn, leads 
to a decrease in the secretion of leptin and adiponectin. Disrup-
tion of the adiponectin/AMPK/M2 polarization cascade of mac-
rophages promotes the infiltration of AT by proinflammatory M1 
macrophages.30 AT has the ability to accumulate AGEs, which 
could be related to the lower level of AGEs in the plasma of obese 
patients compared to healthy donors.31 In addition, higher expres-
sion of the AGER receptor in subcutaneous—but not visceral—AT 
might play a key role in the development of AT inflammation and 
IR in obese patients.32 Activation of the AGE/RAGE axis is known 
to suppress mitochondrial uncoupling protein 1 (UCP1) mediated 
thermogenesis and reduce AT browning.33 Thus, activation of the 
AGE/RAGE axis contributes to the progression of obesity and its 
complications.

AGE/RAGE and NAFLD
The AGE/RAGE axis is involved in the development of NAFLD, 
one of the main components of MetS. The AGE/RAGE axis sup-
presses the expression of the transcription factor peroxisome 
proliferator-activated receptor alpha (Ppar-α) (and consequently 
suppresses the expression of the PPAR-α protein), which stimu-

Fig. 1. Schematic representation of the AGE/RAGE axis and downstream 
processes relevant to MetS. ADAM10, A Disintegrin And Metalloprotein-
ase domain 10; AGE, advanced glycation end products; esRAGE, endog-
enous soluble receptor for advanced glycation end products; HMGB1, 
high-mobility group protein B1; JAK/STAT, Janus kinase-signal transducer 
and activator of transcription; NF-kB, nuclear factor kappa-light-chain-en-
hancer of activated B cells; PI3K/AKT, phosphoinositide 3-kinases/protein 
kinase B alpha; RAGE, receptor for advanced glycation end products; RAS/
MAPK, RAS proteins/mitogen-activated protein kinases; ROS, reactive oxy-
gen species; sRAGE; soluble receptor for advanced glycation end products.
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lates lipolysis and subsequent beta-oxidation of fatty acids in the 
liver.34 Suppression of PPAR-α leads to excessive accumulation of 
free fatty acids in the liver, resulting in steatosis. Activation of the 
AGE/RAGE axis may also be related to mitochondrial function—
for example, suppression of mitochondrial uncoupling protein 2 
(UCP2) leads to increased expression of AGE and RAGE in the 
liver, resulting in persistent oxidative stress, the development of 
inflammation, and fibrosis.35

In addition to hepatocytes themselves, AGEs can also bind to 
liver macrophages. Thus, Kupffer cells take up AGEs, which fa-
cilitates the inflammatory response and increases the expression of 
NOX subunits.36 There are data on the link between atherosclero-
sis and NAFLD via the AGE/RAGE axis: the liver, as the central 
metabolic organ, actively absorbs AGEs, promoting the develop-
ment of chronic inflammation and the production of proinflam-
matory mediators, which in turn damage the vascular endothe-
lium.37 As found in a chronic intermittent hypoxia mouse model 
of NAFLD, the AGE/RAGE axis also stimulates the expression 
of the transcription factor Nf-kB,38 which increases the expression 
of proinflammatory cytokines in the liver and thus stimulates the 
expression of Ager itself. This creates a vicious circle with positive 
feedback. It is also worth noting that C-reactive protein increases 
the expression of the RAGE receptor via NF-kB p65 in human 
coronary artery endothelial cells.39

It is important to mention a particular study by Wouters et al.40 
in which it was shown that knockout of the RAGE receptor in mice 
did not reduce the progression of steatosis due to the remaining 
high concentration of AGEs in the liver. The researchers suggested 
that to prevent the development of NAFLD, in addition to elimi-
nating RAGE, the function of anti-RAGE receptors, whose expres-
sion is suppressed by excess AGEs, must be restored.40

Other RAGE ligands, namely S100A11, promote the progres-
sion of hepatic steatosis by activating the AKT–mammalian target 
of rapamycin (mTOR) signaling pathway.41 HMGB1 can be used 
as a prognostic marker for NAFLD complications: elevated plasma 
HMGB1 levels have been shown to be associated with liver fibro-
sis in children with NAFLD.42 HMGB1 also acts as a DAMP in the 
context of a high-fat diet and then activates the immune response 
by interacting with RAGE receptors on macrophages and Kupffer 
cells.17 It has also been demonstrated that sRAGE and AGE levels 
could be used for NAFLD identification.43

AGE/RAGE and T2DM
Hyperglycemia in T2DM is associated with excessive formation 
of AGEs in the peripheral blood. The AGE/RAGE axis has been 
found to stimulate the active production of mitochondrial superox-
ide, favoring mitochondrial dysfunction and prolonged oxidative 
stress.44 Due to the development of mitochondrial dysfunction, 
pancreatic β-cells die, and insulin secretion therefore decreases, 
promoting the complications of T2DM and forming a vicious cy-
cle.45 Increased levels of exogenous AGEs in T2DM inhibit anti-
inflammatory signaling pathways by suppressing the anti-RAGE 
receptor, which in turn leads to increased hyperacetylation of 
NF-kB p65 and expression of the cytokine tumor necrosis factor 
(TNF).46 As mentioned in the introduction, periodontitis is cur-
rently considered both one of the causes and a consequence (com-
plication) of T2DM.47 AGE/RAGE signaling is thought to be a 
link between these pathologies. It has been shown that in patients 
with diabetes, the AGE concentration in the blood, epithelium, and 
gingival vessels is higher when these diabetics suffer from peri-
odontitis.48 At the same time, sRAGE correlates negatively with 
proinflammatory cytokines. The authors therefore hypothesize 

that the AGE/RAGE axis is directly related to the development 
of periodontitis in patients with T2DM. Last but not least, some 
polymorphisms in the RAGE receptor gene have been associated 
with a higher risk of developing T2DM.49

AGE/RAGE and CVD
In addition to the listed MetS comorbidities, the AGE/RAGE 
pathway actively influences the progression of CVD. The involve-
ment of this axis in the pathogenesis of various CVDs has been 
discussed in detail in a recent review.50 We would like to high-
light and add the most important molecular patterns influenced by 
the AGE/RAGE axis in this context. For example, excessive ad-
dition of AGEs to primary human aortic epithelial cells disrupts 
mitochondrial dynamics by acting on the mitochondrial regulatory 
genes DRP1, MFN1, MFN2, and OPA1.51 The AGE/RAGE axis 
also suppresses the expression of SIRT1,46 the master regulator of 
mitochondrial biogenesis,52 and decreases the expression of the 
antioxidant SOD2, which favors myocardial dysfunction.53 The 
AGE/RAGE axis promotes the development of persistent oxida-
tive stress, in part through activation of NOX.54 In addition, the 
AGE/RAGE axis increases the permeability of endothelial cells 
and facilitates the uptake of excess LDL by vascular smooth mus-
cle cells.55 AGE binding to RAGE activates multiple signaling 
pathways that promote atherogenesis, including increased expres-
sion of macrophage inflammatory factor–1 (MIP–1), interleukin 1 
(IL–1) and TNF, which mediate leukocyte adhesion and vascular 
inflammatory responses, leading to mitochondrial dysfunction and 
endothelial cell death.56

AGE/RAGE and PCOS
Last but not least, we turn to the effects of AGE/RAGE signaling 
on the development of PCOS. The etiology of PCOS still does not 
seem to be fully understood, but AGE/RAGE signaling appears to 
be a promising target in the development of this comorbid pathol-
ogy of MetS. According to the results of a recent meta-analysis 
by Bahreiny et al.,57 there is a clear link between AGE levels in 
serum and the development of PCOS. In addition, AGEs accumu-
late in granulosa cells and disrupt hormonal balance by decreasing 
ERK1/2 activation through effects on luteinizing and follicle-stim-
ulating hormones,58,59 which may lead to the progression of both 
PCOS and the development of other MetS comorbidities, i.e., IR.3 
For example, serum HMGB1 levels have been found to be associ-
ated with IR in PCOS patients.60

The dynamics of the concentration of protective sRAGE in 
the follicular fluid of PCOS patients are contradictory. One study 
showed that the sRAGE concentration in the follicular fluid of 
PCOS patients was significantly reduced compared to non-PCOS 
patients,61 while another study with a similar cohort found no sig-
nificant differences in follicular fluid sRAGE concentration.62

AGEs promote the main component of PCOS pathogenesis—
chronic inflammation—by activating the AGE/RAGE/NF-kB 
cascade.63 In addition, activation of NF-kB (and also NADPH 
oxidase) leads to the development of oxidative stress. This process 
plays an essential role in any nosology of MetS and is also crucial 
in the pathogenesis of PCOS.64 Finally, endoplasmic reticulum 
stress, which is also associated with the accumulation of AGEs in 
granulosa cells, might lead to PCOS progression.65

miRNA dysregulation of AGE/RAGE signaling in MetS and its 
comorbidities
Since miRNAs can regulate the expression of multiple target 
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genes, miRNA molecules and their target genes are linked in 
an intricate network of signaling pathways. Some miRNAs are 
tissue-specific, while others can be packaged into vesicles and 
move through the body in the peripheral blood in freely circu-
lating form (aggregated with Argonaute proteins) or as part of 
exosomal vesicles.66 Thus, pathologically altered tissue can use 
miRNA to influence other tissues. Numerous studies on patholo-
gies associated with MetS suggest that miRNA is a suitable and 
fairly accurate diagnostic and prognostic biomarker,16 making 
the search for specific miRNAs associated with disease develop-
ment relevant today.

Although the role of AGEs and their receptors in the context 
of MetS is quite well defined, as described above, their epigenetic 
miRNA dysregulation in MetS, which may be important for both 
therapy and diagnostics of this syndrome and its comorbidities, has 
not yet been described in detail. Therefore, we were confronted 
with the task of systematizing the disparate data on miRNA–mes-
senger RNA (mRNA) interactions available in the world literature 
and databases and compiling them in the most informative way 
possible. We opted for two approaches: inductive “bottom-up” 
(AGE/RAGE axis genes – miRNAs targeting them in the context 
of MetS comorbidities) and deductive “top-down” (miRNAs sig-
nificantly differentially expressed in MetS comorbidities – their 
(experimentally proven) target genes – AGE/RAGE axis genes 
among the target genes and the degree of miRNA influence on 
them).

Inductive “bottom–up” approach: Key genes of the AGE/RAGE 
axis and the miRNAs targeting them in the context of MetS co-
morbidities
In this section, we focus on what we believe to be the most im-
portant target genes of the AGE/RAGE axis, whose functions 
and roles in MetS have already been mentioned: RAGE ligands 
(HMGB1, various S100s), the RAGE receptor, and other receptors 
for AGEs (DDOST, PRKCSH, LGALS3, STAB1, STAB2, SR–AI, 
SR–BI, CD36, OLR1). This section is a classic descriptive review, 
so the criteria for article selection were relatively soft:
1. The search for articles on the topic was performed using the fol-

lowing queries (variable-specific queries are in italics): “(gene 
of interest) and (miRNA) and (MetS comorbidity)” in the Pub-
Med database.

2. Original research articles were selected in which the data were 
obtained from human biomaterials or human cell models.

3. All retracted articles were excluded.
4. The year of publication was not taken into account.

The description of the studies presented below is also supple-
mented by Table 1, in which the studies are described in a concise 
and model-oriented form.67–85

AGEs
Both exogenous and endogenous AGEs undoubtedly play an im-
portant role in AGE/RAGE signaling; however, it is not possible 
to consider their miRNA dysregulation because neither the AGEs 
themselves (there are no specific genes and therefore no mRNA 
transcripts for them), nor the transcripts of the genes of the en-
zymes that form them (since, as mentioned above, the reactions 
of AGE formation do not require enzymes), can be the subject of 
direct miRNA regulation. Note that in this regard, it would be more 
accurate to use the term “ligand/RAGE signaling” in our review, 
but the term “AGE/RAGE signaling” is generally accepted and 
implies, among other things, the involvement of non-glycated li-
gands, so we have chosen not to replace it.

HMGB1 (gene HMGB1)
When vascular endothelial cells were treated with excess glucose, 
administration of an hsa–miR–126 mimetic significantly reduced 
inflammation and oxidative stress. It has been shown that the pro-
tective effect of hsa–miR–126 is precisely due to the suppression 
of HMGB1 (a proven direct target of miR–126) and NOX (as a 
consequence of HMGB1 suppression).67 Hsa–miR–126 has been 
proposed as a marker for the prediction of prediabetes and T2DM: 
a significant decrease of this miRNA was found in the blood of 
patients with T2DM.86 In a cell experiment with primary human 
endothelial progenitor cells, the expression of hsa–miR–126 de-
creased significantly when AGEs were added.87 Thus, hsa–miR–
126 not only interferes with the genes of the AGE/RAGE axis but 
is also influenced by AGEs themselves. This leads to the hypoth-
esis that a decreased HMGB1 level can be observed in diabetes 
due to increased AGEs.

In the livers of patients with hepatocellular carcinoma (which 
can develop as a result of NAFLD), miR–320a–3p was signifi-
cantly reduced. Researchers found that hsa–miR–320a suppressed 
HMGB1 in the liver, preventing it from functioning as a DAMP. 
On the contrary, suppression of hsa–miR–320a–3p promoted the 
activation of the AGE/RAGE axis through increased expression 
of HMGB1. In addition, a negative correlation between hsa–miR–
320a–3p and HMGB1 was found in liver tissue from hepatocel-
lular carcinoma patients.68 It is known that the plasma level of 
hsa–miR–320a was reduced in women with MetS compared to 
non–MetS women with a normal body mass index and showed a 
significant negative correlation with body mass index, waist cir-
cumference, triglyceride level, glucose level, and the homeostasis 
model assessment of insulin resistance index.69 Another miRNA, 
hsa–miR–328–3p, significantly reduced HMGB1 expression, ho-
meostasis model assessment of insulin resistance levels, and ox-
LDL-induced inflammation in a cell-based model of endothelial 
dysfunction in atherosclerosis.70

S100 (various genes listed in section 1.1)
No studies were found on the relationship between miRNA and 
S100 in the context of MetS and its comorbidities.

Beta–amyloid (gene APP)
The authors have chosen not to include this gene in this review for 
the following reasons:
1. Beta-amyloid as a RAGE ligand is not the APP gene product 

itself, but peptides (beta-amyloid fibrils) formed by proteolytic 
cleavage of the APP product; therefore, miRNA regulation of 
beta-amyloid cannot be directly considered88;

2. Beta-amyloid fibrils are primarily associated with neurodegen-
erative diseases, and their role in MetS is secondary.

RAGE (gene AGER)
Surprisingly, only one paper was found on miRNA dysregulation 
of the major receptor of the AGE/RAGE axis: hsa–miR–5591–5p 
directly targeted the 3′–UTR of AGER and repressed its expres-
sion. In vitro, hsa–miR–5591–5p was shown to promote AT stem 
cell survival and enhance the ability to repair diabetic wounds via 
the AGE/AGER axis.71 It is worth noting that the journal editors 
left a note on 01/20/2022 that the study is under investigation, but 
as of 11/22/2024, the article has not yet been retracted.

sRAGE
Researchers found that hsa–miR–21–3p was significantly in-
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creased in vascular epithelial cells at high glucose concentrations 
in the culture medium. It was established that hsa–miR–21–3p tar-
gets ADAM10, an enzyme that stimulates the formation of sRAGE. 
When the expression of hsa–miR–21–3p increased, ADAM10 was 
degraded to a greater extent, leading to a decrease in sRAGE levels 
and progression of atherosclerosis.72

AGE–R1 (gene DDOST) and AGE–R2 (gene PRKCSH)
No studies were found on the relationship between miRNA and 
these genes in the context of MetS and its comorbidities.

AGE–R3 (galectin–3, gene LGALS3)
In a study of mild cognitive impairment (MCI) in T2DM, the 
plasma levels of galectin-3 were found to be significantly elevated 
in the group of patients with MCI. On this basis, the authors sug-
gested using galectin-3 as a prognostic marker for MCI in T2DM. 
In the same study, hsa–miR–128–3p was found to be significantly 
reduced in the peripheral blood mononuclear cells (PBMCs) of 
T2DM patients and negatively correlated with the expression level 
of LGALS3 in PBMCs. Hsa–miR–128–3p directly targets the 3′–
UTR of LGALS3.73

Stabilins 1 and 2 (genes STAB1 and STAB2)
No studies were found on the relationship between miRNA and 
stabilins in the context of MetS and its comorbidities.

SR–AI (gene MSR1)
Hsa–miR–204–5p suppressed MSR1 by directly targeting its 3′–
UTR. The expression level of hsa–miR–204–5p was significantly 
reduced in the foam cell model of atherosclerosis.74

SR–BI (gene SCARB1)
It was shown that hsa–miR–24–3p significantly reduced the uptake 
of HDL–C in HepG2 and THP1 cell cultures. The authors of the 
study demonstrated that this effect was achieved by inhibiting the 
SCARB1 receptor (proven to be a direct target of hsa–miR–24–3p) 
in hepatocytes and macrophages, which is responsible for selective 
HDL–C uptake. Thus, the hsa–miR–24–3p antagonist could play a 
protective role in atherosclerosis.75 Hsa–miR–185–5p, hsa–miR–
96–5p, and hsa–miR–223–3p also led to a similar phenomenon: the 
addition of their mimetics to HepG2 cells resulted in significantly 
reduced uptake of labeled HDL–C. All three miRNAs were shown 
to directly target SCARB1 and, as in the study described above, 
contributed to the development of atherosclerosis by interfering 
with this gene (as they impeded cholesterol metabolism in hepato-
cytes). It is noteworthy that the authors of the study did not address 
the other side of the issue—namely, the effects of oxLDL uptake 
on the liver itself and the possible development of NAFLD.76 A 
similar study showed that hsa–miR–223–3p in Huh7 cells also 
regulated HDL–C uptake by suppressing SCARB1.77 SCARB1 is 
highly expressed not only in the liver but also in endothelial cells: 
it was also shown that inhibition of hsa–miR–223–3p led to in-
creased SCARB1 levels and HDL–C uptake in human coronary 
artery endothelial cells.

CD36 (gene CD36)
The miRNA mimetic hsa–miR–758–5p interfered with CD36 in a 
foam cell model of atherosclerosis: hsa–miR–758–5p negatively 
regulated macrophage binding of oxLDL and reduced cholesterol 
accumulation in macrophages, which is suggested by the research-
ers as a promising strategy for the treatment of atherosclerosis.78 
In human monocyte-derived macrophages, hsa–miR–204–3p sup-m

ic
ro
RN

A–
№

Ta
rg

et
Ex

pe
rim

en
ta

l m
od

el
 o

f M
et

S 
co

m
or

bi
di

tie
s

Ch
an

ge
s i

n 
th

e 
le

ve
l o

f m
iR

N
A 

ex
-

pr
es

si
on

 in
 th

e 
ex

pe
rim

en
t

Re
fe

r-
en

ce
s

hs
a–

le
t–

7g
–5

p 
an

d 
m

m
u–

 le
t–

7g
–5

p
O

LR
1

N
eo

in
tim

al
 h

yp
er

pl
as

ia
 in

 a
th

er
os

cl
er

os
is:

 in
 v

itr
o 

HA
SM

Cs
 

tr
ea

te
d 

w
ith

 o
xL

DL
; i

n 
vi

vo
 h

ig
h–

fa
t d

ie
t f

ed
 A

po
E–/

–  m
ic

e
N

I
81

hs
a–

m
iR

–5
90

–5
p 

an
d 

m
m

u–
 le

t–
7g

–5
p

O
LR

1
An

gi
og

en
es

is 
in

 a
th

er
os

cl
er

os
is:

 in
 v

itr
o 

HU
VE

Cs
 tr

ea
te

d 
w

ith
 o

xL
DL

; 
in

 v
iv

o 
M

ar
ig

el
 p

lu
gs

 in
se

rt
ed

 in
 th

e 
m

ic
e 

su
bc

ut
an

eo
us

 sp
ac

e
Do

w
nr

eg
ul

at
ed

 u
po

n 
ox

LD
L 

tr
ea

tm
en

t
82

hs
a–

m
iR

–3
20

a–
3p

O
LR

1
En

do
th

el
ia

l d
ys

fu
nc

tio
n 

in
 a

th
er

os
cl

er
os

is:
 H

U
VE

Cs
 tr

ea
te

d 
w

ith
 o

xL
DL

Do
w

nr
eg

ul
at

ed
 u

po
n 

ox
LD

L 
tr

ea
tm

en
t

83

hs
a–

m
iR

–9
8

O
LR

1
En

do
th

el
ia

l d
ys

fu
nc

tio
n 

in
 a

th
er

os
cl

er
os

is:
 in

 v
itr

o 
hy

po
xi

c 
in

ju
re

d 
HU

VE
Cs

; p
la

sm
a 

fr
om

 p
at

ie
nt

s w
ith

 si
ng

le
–v

es
se

l, 
do

ub
le

–v
es

-
se

l, 
an

d 
m

ul
ti–

ve
ss

el
 c

or
on

ar
y 

ar
te

ry
 d

ise
as

e 
/ h

ea
lth

y 
co

nt
ro

ls

Do
w

nr
eg

ul
at

ed
 u

po
n 

hy
po

xi
c 

in
ju

ry
 in

 H
U

VE
Cs

 a
nd

 re
-

du
ce

d 
in

 p
at

ie
nt

s w
ith

 o
cc

lu
de

d 
co

ro
na

ry
 a

rt
er

y 
di

se
as

e
84

hs
a–

m
iR

–2
4–

3p
O

LR
1

N
o 

pa
rt

ic
ul

ar
 p

at
ho

lo
gy

: t
w

o 
hu

m
an

 h
ep

at
ic

 c
el

l l
in

es
 w

ith
 d

if-
fe

re
nt

 g
en

ot
yp

es
 fo

r r
s1

05
02

86
 (H

eL
a 

A/
G 

ve
rs

us
 H

ep
G2

 A
/A

)
N

I
85

AD
SC

s,
 a

di
po

se
-d

er
iv

ed
 st

em
 ce

lls
; A

GE
, a

dv
an

ce
d 

gl
yc

at
io

n 
en

d 
pr

od
uc

ts
; B

M
DM

s,
 b

on
e 

m
ar

ro
w

-d
er

iv
ed

 m
ac

ro
ph

ag
es

; D
il,

 1
,1

′-d
io

ct
ad

ec
yl

-3
,3

,3
′,3

′-t
et

ra
m

et
hy

lin
do

ca
rb

oc
ya

ni
ne

 p
er

ch
lo

ra
te

; H
AS

M
Cs

, h
um

an
 a

or
tic

 sm
oo

th
 

m
us

cl
e 

ce
lls

; H
CA

EC
s,

 h
um

an
 co

ro
na

ry
 a

rt
er

y 
en

do
th

el
ia

l c
el

ls;
 H

DL
–C

, h
ig

h-
de

ns
ity

 li
po

pr
ot

ei
n 

ch
ol

es
te

ro
l; 

HM
DM

s,
 h

um
an

 m
on

oc
yt

e-
de

riv
ed

 m
ac

ro
ph

ag
es

; H
U

VE
Cs

, h
um

an
 u

m
bi

lic
al

 ve
in

 e
nd

ot
he

lia
l c

el
ls;

 LD
L–

C,
 lo

w
-d

en
sit

y 
lip

op
ro

te
in

 ch
ol

es
te

ro
l; 

LP
DS

, l
ip

op
ro

te
in

-d
ep

le
te

d 
se

ru
m

; M
CI

, m
ild

 co
gn

iti
ve

 im
pa

irm
en

t; 
M

et
S,

 m
et

ab
ol

ic
 sy

nd
ro

m
e;

 m
iR

N
A,

 m
ic

ro
RN

A;
 N

AF
LD

, n
on

-a
lc

oh
ol

ic
 fa

tt
y 

liv
er

 d
ise

as
e;

 N
I, 

no
t i

nd
ic

at
ed

; o
xL

DL
, o

xi
di

ze
d 

lo
w

-d
en

sit
y 

lip
op

ro
te

in
; P

BM
Cs

, h
um

an
 p

er
ip

he
ra

l b
lo

od
 m

on
on

uc
le

ar
 c

el
ls;

 P
M

2.
5,

 p
ar

tic
ul

at
e 

m
at

te
r w

ith
 a

n 
ae

ro
dy

na
m

ic
 d

ia
m

et
er

 le
ss

 th
an

 2
.5

 µ
m

; P
M

A,
 p

ho
rb

ol
-1

2-
m

yr
ist

at
e-

13
-a

ce
ta

te
; R

AG
E,

 re
ce

pt
or

 o
f a

dv
an

ce
d 

gl
yc

at
io

n 
en

d 
pr

od
uc

ts
;T

2D
M

, t
yp

e 
2 

di
ab

et
es

 m
el

lit
us

; T
EP

M
s,

 th
io

gl
yc

ol
la

te
-e

lic
ite

d 
pe

rit
on

ea
l m

ac
ro

ph
ag

es
; T

HP
–1

, a
 h

um
an

 m
on

oc
yt

ic
 ce

ll 
lin

e 
de

riv
ed

 fr
om

 a
n 

ac
ut

e 
m

on
oc

yt
ic

 le
uk

em
ia

 p
at

ie
nt

; V
EC

s,
 h

um
an

 v
as

cu
la

r e
nd

ot
he

lia
l c

el
ls;

 
VS

M
C,

 v
as

cu
la

r s
m

oo
th

 m
us

cl
e 

ce
lls

.

Ta
bl

e 
1.

  (
co

nt
in

ue
d)

https://doi.org/10.14218/GE.2025.00039


DOI: 10.14218/GE.2025.00039  |  Volume 00 Issue 00, Month Year8

Maria B. et al: miRNA dysregulation of AGE/RAGE in MetSGene Expr

pressed the expression of CD36, but according to the results of the 
luciferase reporter assay, there is no direct canonical interaction 
between hsa–miR–204–3p and CD36. The researchers demon-
strated an alternative pathway: hsa–miR–204–3p was found to be 
translocated to the nucleus where, together with the Argonaute-2 
protein, it did not repress translation as canonically assumed, but 
rather affected the nuclear transcription of the CD36 gene.74 An-
other miRNA, hsa–miR–26a, interfered with CD36 (its proven 
direct target) in a cellular model of steatosis and steatohepatitis, 
thereby suppressing the processes of cellular lipogenesis.79

OxLDL receptor 1 (gene OLR1)
The receptor for oxLDL (the protein is often referred to as lectin 
like oxidized low density lipoprotein receptor 1 (LOX-1) in stud-
ies) is associated with the development of atherosclerosis. When 
oxLDL was added to the primary cell culture of human aortic 
smooth muscle cells, the expression of OLR1 increased signifi-
cantly in response to an increase in the concentration of its major 
ligand. At the same time, the addition of oxLDL suppressed the 
expression of hsa–let–7g, which directly targets OLR1. This nega-
tive relationship between oxLDL level and hsa–let–7g expression 
could explain the fact that oxLDL causes an increase in OLR1 
expression in a cellular model of atherosclerosis.80 This was later 
also demonstrated in hyperlipidemic mice (ApoE–/–): intravenous 
administration of hsa–let–7g mimetics attenuated atherosclerotic 
lesion formation, which was accompanied by a significant reduc-
tion in Lox–1 production. Taken together, these studies suggest 
that hsa–let–7g has a protective and anti-atherosclerotic effect by 
suppressing OLR1.81

The hsa–miR–590–5p mimetic significantly reduced levels of 
OLR1 (its proven direct target) in a model of endothelial dysfunc-
tion in atherosclerosis, thereby preventing oxLDL-mediated an-
giogenesis.82 In a similar cell model of atherosclerosis, hsa–miR–
320a–3p was also shown to interfere with OLR1 (its proven direct 
target), leading to increased cell viability.83 Decreased expression 
of hsa–miR–98 was detected in the human umbilical vein endothe-
lial cell line (when cultured under hypoxic conditions), and the 
level of hsa–miR–98 was also decreased in the plasma of patients 
with single-, double-, and multivessel coronary artery disease. The 
hsa–miR–98 mimetic decreased OLR1 levels and thereby signifi-
cantly increased the viability of endothelial cells in culture.84 No 
luciferase reporter was used in this study, so a direct link between 
hsa–miR–98 and OLR1 could not be established.

In addition, the strength of miRNA–mRNA interaction may 
depend on the presence of some polymorphisms. For example, 
hsa–miR–24–3p (OLR1 is a proven direct target) interfered dif-
ferently with OLR1 in HeLa and HepG2 cell cultures, depending 
on the presence of the rs1050286 polymorphism: thus, OLR1 was 
significantly more strongly suppressed in the HeLa cell line (the 
hsa–miR–24–3p site in the OLR1 gene is heterozygous) than in the 
HepG2 cell culture (the binding site in the OLR1 gene is homozy-
gous for the polymorphism).85

Thus, the influence of miRNAs on AGE receptors and their li-
gands in the context of MetS and its comorbidities seems to be 
poorly studied: There are virtually no data on miRNA regulation 
of the major AGE receptors, and data on scavenger receptors focus 
on the uptake of different cholesterol fractions and not on AGEs.

Deductive “top–down” approach: Differentially expressed miR-
NAs in MetS comorbidities and their involvement in dysregula-
tion of the AGE/RAGE axis
The inductive “bottom–up” approach presented in the previous 

section has proven to be rather insufficiently systemic: It remains 
unclear to what extent comorbid pathologies in MetS differ in how 
miRNAs modulate AGE/RAGE signaling. Finally, the literature 
search conducted revealed a lack of data on miRNA dysregulation 
of central genes of the AGE/RAGE axis, namely the ligands S100s 
and various receptors for AGEs.

For all these reasons, we decided to complement our review 
with a reverse deductive (or synthetic–systematic) “top–down” ap-
proach. Briefly, this approach can be described as follows: We col-
lected human miRNA profiling data related to MetS comorbidities 
and derived differentially expressed miRNAs (DEMs) from these 
studies. We then performed an automated search for target genes 
of the collected DEMs in the miRTarBase database for experimen-
tally proven miRNA–target interactions (MTIs) and compared the 
target genes of these DEMs with genes of the AGE/RAGE path-
way (extended WikiPathways WP2324 pathway) to analyze the 
degree of miRNA dysregulation of this pathway in the context of 
MetS. In implementing this approach, we faced a number of im-
portant dilemmas that required compromises in either the scope of 
our analysis or its accuracy.

A search for human miRNA profiling studies was performed 
in PubMed and Gene Expression Omnibus. We selected studies 
based on the following parameters/aspects:
1. Pathology. MetS itself and the following comorbidities were 

considered: obesity, IR, atherosclerosis, NAFLD, periodontitis, 
and PCOS.

2. Localization of the tissue sample. Preference was given to tis-
sues “corresponding” to the pathology: e.g., liver in NAFLD, 
subcutaneous white adipose tissue (sWAT) in obesity, etc. Two 
exceptions were made that are worth explaining in more detail: 
Obesity was also considered in visceral AT exosomes in addi-
tion to sWAT, as visceral AT is an active metabolic organ and 
can contribute significantly to systemic miRNA dysregulation 
via exosomes.89 MetS was considered both in plasma (which 
contains circulating miRNAs, and can therefore be considered a 
systemic reflection of miRNA dysregulation) and in PBMCs, as 
meta-inflammation is one of the key aspects of MetS.90 In the 
context of the above, we use the term “pathology–localization” 
in this review for the sake of clarity. This means that the effects 
of miRNA dysregulation in pathology are considered in a spe-
cific organ/tissue and not in pathology in general.

3. Method to study miRNA expression. We limited ourselves to 
data obtained exclusively with microarrays: This method has 
acceptable parameters for both accuracy and performance and, 
moreover, is commonly used in miRNA profiling practice.91

4. All retracted articles were excluded.
5. The year of publication was not taken into account.

As the analysis of the original articles has shown, even within 
the same method, there is no agreement on how to define “dif-
ferential expression” (i.e., DEMs). Therefore, we included in our 
deductive analysis those miRNAs that were defined as DEMs by 
the authors themselves according to their own criteria. It is im-
portant to emphasize that the miRNAs considered in this section 
are not equivalent in their potential contribution to dysregulation 
of the AGE/RAGE pathway, as the strength of the interaction is 
influenced by the level of miRNA expression (and by other factors 
that we have not considered in this approach, such as the strength 
of miRNA binding to its target, steric accessibility of the landing 
site, etc.).

Studies describing the tissue type, patient sample, and number 
of miRNAs analyzed, as well as the number of DEMs identified by 
the authors, are listed in Table 2.89,90,92-106
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There are two main approaches to determine the MTI: bioin-
formatic prediction and experimental confirmation. Bioinformatic 
methods are based on nucleotide sequence and/or machine learn-
ing; experimental methods are based on next-generation sequenc-
ing, microarrays, polymerase chain reaction, western blot, lucif-
erase reporter, and other methods.107 Confirmed miRNA–target 
interactions are collected in specialized databases (miRTarBase, 
DIANA–TarBase, and miRecords). The authors acknowledge and 
draw the reader’s attention to the fact that experimental methods of 
MTI verification are inevitably subject to the so-called streetlight 
effect (or drunkard’s search), i.e., they limit the list of MTIs to 
those that, for one reason or another, have previously been of inter-
est to researchers (appeared on a microarray or were selected for 
polymerase chain reaction/blot/luciferase reporters, etc.). Despite 

this bias, experimental methods were favored in this review as they 
better and more accurately reflect the current state of knowledge. 
MTIs were searched in miRTarBase v. 9.0 (this database is not 
only large, but the data in it are also regularly revised).107 miR-
TarBase v. 9.0 contains both low-throughput (more accurate) and 
high-throughput (less accurate) experimental methods for MTI 
detection, which the reader should consider when evaluating the 
results presented.

Originally, the same list of genes considered in the previous 
section (ligands and receptors only) was intended for this sec-
tion. However, these genes have a relatively low number of ex-
perimentally proven MTIs, which limits the applicability of such 
an approach for them (as you can see in Supplementary Table 1 
on the “Limited Analysis” list). In this context, it was decided to 

Table 2.  miRNA profiling studies included in the top–down approach

Disease Biological sample Case group and control group Micro array size Number of DEMs References

Metabolic 
syndrome

PBMCs isolated 
immediately after 
blood collection

Subjects undergoing venipuncture: 20 
MetS and 10 healthy control subjects

1146 hu-
man miRNAs 
(detected 688)

52 up– and 29 
downregulated

90,92

Metabolic 
syndrome

Blood plasma Women undergoing venipuncture 
under 8–12 h fasting conditions: 
10 MetS, 8 healthy non–obese

1773 hu-
man miRNAs 
(detected NI)

8 up- and 13 
downregulated

93,94

Obesity Adipocyte–ex-
osomes from vis-
ceral AT (greater 
omentum)

Adolescent women undergoing bari-
atric surgery or unrelated abdominal 
procedures: 7 obese and 5 lean

1773 hu-
man miRNAs 
(detected NI)

16 up- and 28 
downregulated

89,95

Obesity Abdominal subcu-
taneous white AT

Women undergoing: 1: elective surgical 
procedures: 6 non–obese and 13 obese 
without T2DM; 2: fat biopsy by needle 
aspiration: 26 non–obese and 30 obese

1: 723 human 
miRNAs (de-
tected NI); 2: 678 
human miRNAs 
(detected NI)

1: 5 up- and 4 
downregulated; 
2: 2 up- and 18 
downregulated, 1 
miRNA is common 
(hsa–miR–139–5p 
downregulated)

1: 96,97; 
2: 98,99

Insulin 
resistance

Abdominal subcu-
taneous white AT

Women undergoing fat biopsy by nee-
dle aspiration: 8 obese insulin–resistant 
and 21 obese insulin–sensitive

847 human 
miRNAs (de-
tected 205)

4 up- and 10 
downregulated

100,101

NAFLD Liver tissue Subjects undergoing a laparoscopic gastric 
bypass or sleeve gastrectomy: 15 NAFLD 
and 15 non–NAFLD (histology proven)

1438 human 
miRNAs (de-
tected between 
299 and 389)

39 up- and 1 
downregulated

102

Athero-
sclerosis

Vascular sam-
ples (plaques)

Subjects undergoing endarterectomy, or 
an abdominal aortic bypass, or coronary 
artery bypass: 12 atherosclerotic plaques 
from peripheral arteries and 6 non–ath-
erosclerotic left internal thoracic arteries 
(each biospecimen from different subject)

866 human 
miRNAs (de-
tected NI)

42 up– and 33 
downregulated

103

PCOS Ovarian theca 
interna tissue

Women undergoing laparoscopy and/or 
ovarian wedge resection: 10 PCOS and 8 
non–PCOS with normal insulin sensitivity

1700 miRNAs 
annotated in 
miRBase 16.0 
(detected NI)

7 up– and 3 down-
regulated (targeting 
insulin action related 
and androgen pro-
ducing related genes)

104

Peri-
odontitis

Gingival tissue Subjects with severe periodontitis: 10 nor-
mal–weight and 10 obese (without T2DM)

1773 hu-
man miRNAs 
(detected NI)

13 up– and 22 
downregulated

105,106

AT, adipose tissue; MetS, etabolic syndrome; miRNA, microRNA; NAFLD, non-alcoholic fatty liver disease; NI, not indicated by the authors; PBMC, peripheral blood mononuclear 
cells; PCOS, polycystic ovary syndrome; T2DM, type 2 diabetes mellitus.
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extend the list of signaling genes to all genes of the AGE/RAGE 
pathway. Genes involved in AGE/RAGE signaling were exported 
from WP2324 (https://www.wikipathways.org/pathways/WP2324.
html) and supplemented with the following genes: CD36, PRKCSH, 
STAB1, STAB2, OLR1, and SCARB1 (other receptors for AGEs,23 
HMGB1, S100A1, S100A4, S100A6, S100A7, S100A8, S100A9, 
S100A11, S100A12, S100A13, S100A14, S100B, S100P (ligands for 
the RAGE receptor),25,108 ADAM10 (metalloprotease that determines 
the formation of sRAGE109), SOD2 (superoxide dismutase, fulfills 
similar functions as SOD1, which is already listed in WP2324110), 
NOX1, CYBB, NOX3, NOX4, NOX5 (in WP2324 signaling they are 
listed under the general name “NOX” but are not listed as specific 
genes themselves; evidence for their common involvement can be 
found at the link111).

miRNA dysregulation of the common AGE/RAGE axis: Com-
parison of different pathology–localizations in MetS comor-
bidities
Using the described approach, 304 unique DEMs were collected, 
of which 41 DEMs were found in more than one pathology–lo-
calization. Of these recurrent DEMs, 25 showed similar dynamics 
of expression changes in all pathology–localizations (increased or 
decreased everywhere), while the remaining 16 showed inconsist-
ent (opposite) dynamics. The following observation was also very 
interesting: When comparing the lists of DEMs, it was found that 
the localization shaped the similarity of the altered miRNA profile 
much more than the pathology itself. Thus, obesity was considered 
in two localizations: in exosomes derived from visceral AT (44 

DEMs) and in sWAT (combined) (28 DEMs),89,96,98 a comparison 
of these lists did not reveal a single common miRNA. However, the 
miRNA profile in sWAT was considered in another study, but then 
in IR,100 and comparison of the profiles in obesity (28 DEMs) and 
IR (14 DEMs) revealed five common DEMs with complete con-
cordance of expression dynamics (in both pathologies hsa–miR–
143–3p, hsa–miR–145–5p, hsa–miR–26a–5p, hsa–miR–378a–3p, 
and hsa–miR–652–3p were downregulated in sWAT).

AGE/RAGE signaling was found to be significantly dysregu-
lated by DEMs in each MetS comorbidity, as shown in Figure 
2, which shows how many MTIs were found in each of the pa-
thologies, as well as the three most “significant” (with the largest 
number of MTIs with AGE/RAGE signaling genes) miRNAs. The 
greatest dysregulation was observed in atherosclerosis in plaque 
samples (64 of 75 DEMs targeted AGE/RAGE pathway genes 
with 284 experimentally proven MTIs), MetS in PBMCs (64 of 81 
DEMs with 203 MTIs), and obesity in sWAT (27 of 28 DEMs with 
147 MTIs). The results obtained are somewhat consistent with the 
findings of the above “bottom–up” approach (see Table 1), as a 
significant part of the information on miRNA dysregulation of 
AGE/RAGE genes that we found in research articles was specifi-
cally described in the context of atherosclerosis.

The full results of the analysis (all DEMs in the pathology–lo-
calizations retrieved from the studies and all their MTIs with AGE/
RAGE signaling genes) are listed in Supplementary Table 1. Sup-
plementary Table 1 comprises six sheets (all contents are listed on 
their corresponding sheet “Description”), it is not necessary for the 
understanding of this article: all important results of the analysis 

Fig. 2. miRNA dysregulation of AGE/RAGE signaling by differentially expressed miRNAs (DEMs) in pathology–localizations. For each pathology–localiza-
tion, the total number of miRNA–target interactions (MTIs) with AGE/RAGE signaling genes and the top miRNAs (by number of MTIs) are shown. The color 
of the miRNA and the direction of the arrow indicate whether the miRNA is upregulated (red, up) or downregulated (blue, down) in this pathology–localiza-
tion. Common miRNAs are connected by arrows. AGE, advanced glycation end products; miRNA, microRNA; NAFLD, non–alcoholic fatty liver disease; OTI, 
ovarian theca interna; PBMC, peripheral blood mononuclear cells; PCOS, polycystic ovary syndrome; RAGE, receptor of advanced glycation end products; 
sWAT, subcutaneous white adipose tissue.
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are presented graphically and in tables in the article itself. The sup-
plementary table is added merely for the transparency of the publi-
cation and may be useful for those readers who wish to reproduce 
a similar method or check the validity of the conclusions drawn in 
this article.

Interesting data were also obtained from the DEMs themselves, 
for example: hsa–miR–34a–5p, which has 15 known MTIs involv-
ing 15 AGE/RAGE axis genes (AKT1, CASP3, CASP8, CASP9, 
CYBB, CYCS, HMGB1, MAP2K1, MAPK3, MMP2, MMP7, 
NFKB1, S100P, SRC, and STAT1), was elevated in PBMCs in 
MetS as well as in atherosclerotic plaques. It is well known that 
monocyte–macrophage cells transform into foamy macrophages in 
the presence of excess lipids and make an undeniable contribution 
to atherogenesis.112 Indeed, hsa–miR–34a–5p has already been 
shown to promote atherosclerosis development,113 but its effects in 
the context of the AGE/RAGE axis have not yet been considered.

As mentioned above, expression of hsa–miR–145–5p and hsa–
miR–143–3p was significantly reduced in sWAT in both obesity 
and IR – both miRNAs have 11 MTIs with a total of 19 AGE/
RAGE axis genes (genes common to both miRNAs are in bold): 
AKT1, CD36, EGFR, HIF1A, HRAS, IRS1, MAPK1, MMP13, 
MMP14, MMP2, MMP9, ROCK1, SMAD2, SMAD3, SP1, STAT1, 
STAT3, STAT5A, and TIRAP, suggesting an important role of AGE/
RAGE signaling in the development of these pathologies.

A striking finding was that hsa–miR–92a–3p (13 MTIs with 
the genes ADAM10, DIAPH1, EZR, HIF1A, HMGB1, MAPK8, 
MAPK9, NFKB1, PRKCA, SCARB1, SP1, STAT3, and TIRAP) was 
simultaneously reduced in obesity (sWAT), atherosclerosis, and 
PCOS. The development of PCOS is associated with obesity and 
the progression of CVD, including atherosclerosis: Women with 
PCOS have higher intima–media thickness (one of the diagnos-
tic criteria for atherosclerosis) compared to the control group.114 
Thus, reduced hsa–miR–92a–3p expression could represent a link 
between the development of atherosclerosis in obesity and PCOS.

However, some significant DEMs related to dysregulation of 
the AGE/RAGE axis showed contradictory expression dynam-
ics in different pathology–localizations. For example, let–7b–5p, 
which has 11 MTIs with 11 AGE/RAGE axis genes (DIAPH1, 

HIF1A, HMGB1, HRAS, MAPK1, MSN, NFKBIA, SOD2, SP1, 
STAT1, and STAT5A), was elevated in the liver in NAFLD but de-
creased in sWAT in IR. Glucose intolerance is recognized as an 
important factor in the pathogenesis of NAFLD,115 so the presence 
of common DEMs between these pathologies was expected (how-
ever, there was only one such DEM – the let–7b–5p mentioned 
above). Nonetheless, the different directions of the changes in their 
expression leave many questions unanswered: it is not clear what 
consequences this has both in the broadest sense and in the context 
of AGE/RAGE signaling.

miRNA dysregulation of AGE/RAGE pathway receptors and 
their ligands in pathology–localizations with MetS comorbidi-
ties
As written above, there is particularly little information in the lit-
erature on miRNA dysregulation of genes of greatest interest for 
this topic: AGE/RAGE ligands and receptors. Therefore, we fur-
ther focused on the interpretation of the data obtained specifically 
for these genes. The results of the analysis are shown graphically 
in Figure 3. Accordingly, the HMGB1 ligand and the DDOST re-
ceptor were the most miRNA-dysregulated genes in MetS comor-
bidities.

For other ligands (except HMGB1 and OLR1) and receptors of 
the AGE/RAGE axis, the data were rather sparse. We would like to 
emphasize again that the picture shown does not reflect the actual 
extent of miRNA dysregulation, but the part studied so far, as the 
genes of interest have a different number of known experimentally 
proven MTIs. This is reflected in Table 3,107 which clearly shows 
that many AGE/RAGE axis genes have very few experimentally 
confirmed MTIs, namely S100A1, A4, A6, A7, A8, A9, A12, A14, 
S100B, S100P, as well as AGER itself, and the anti-receptors PRK-
CSH, LGALS3, and the scavenger receptor MSR1 have fewer than 
10 entries in miRTarBase v. 9.0. And there are no entries at all for 
the genes S100A13, STAB1, and STAB2. Based on this information, 
it was possible to calculate the “fraction of miRNA dysregulation” 
for the genes of interest in the MetS comorbidities. Thus, for the 
ligands S100A6, S100A12, S100A14, S100P, AGER itself, and for 
PRKSCH, of all known MTIs, ≥50% were associated with MetS, 

Fig. 3. miRNA dysregulation of AGE/RAGE genes with differentially expressed miRNAs (DEMs) in pathology-localizations: focus on genes of interest (li-
gands and receptors). The pathology-localizations and their DEMs targeting a specific gene are listed above the genes. Next to it is a number with an arrow 
(up or down): the number represents the total number of miRNA–target interactions (MTIs) between elevated DEMs (red arrow pointing up) and decreased 
DEMs (blue arrow pointing down) and that particular gene. AGE, advanced glycation end products; AS, atherosclerosis; c., cytoplasm; e.s., extracellular 
space; IR, insulin resistance; MetSPBMC, metabolic syndrome in peripheral blood mononuclear cells; MetSpl, metabolic syndrome in plasma; miRNA, micro-
RNA; NAFLD, non–alcoholic fatty liver disease; Oexo, obesity in adipocyte–exosomes; OsWAT, obesity in subcutaneous white adipose tissue; PCOS, polycystic 
ovary syndrome; PD, periodontitis; RAGE, receptor of advanced glycation end products.
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confirming the importance of their miRNA dysregulation in the 
context of this syndrome.

Finally, it remained to compare the results of the bottom–up and 
top–down approaches and to find out whether there were common 
miRNAs between them. It turned out that a significant proportion 
matched: of the 17 miRNAs for which studies were found in the 
first approach (see Table 1), eight were also found in the alterna-
tive second approach.

hsa–miR–126–3p – was downregulated in the cell model of 
atherosclerosis and suppressed HMGB167; was downregulated in 
PBMCs in MetS and sWAT in obesity; has MTIs with AKT1, IRS1, 
MMP7, NFKBIA, and ROCK1.

hsa–miR–328–3p – was downregulated in the cellular model 
of atherosclerosis and suppressed HMGB170; was upregulated in 
PBMCs in MetS; has MTIs with EZR, HMGB1, and DIAPH1.

hsa–miR–21–3p – was upregulated in a cellular model of ather-
osclerosis and suppressed ADAM1072; was upregulated in plaques 
in atherosclerosis; has MTIs with CYCS, CDC42, STAT3, RHOA, 
EGFR, and CASP8.

hsa–miR–758–5p – suppressed CD36 in a cell model of foamy 

macrophages in atherosclerosis78; was downregulated in visceral 
AT exosomes in obesity; has no MTIs with AGE/RAGE signaling 
genes.

hsa–miR–26a–5p – was downregulated in a cell model of 
NAFLD and suppressed CD3679; was downregulated in sWAT in 
obesity and in IR; has MTIs with NOS2 and PRKCD.

hsa–miR–128–3p – suppressed LGALS3; was downregulated 
in PBMCs in diabetics with MCI73; was upregulated in plaques 
in atherosclerosis and in PBMCs in MetS; has MTIs with EGFR, 
CASP3, MAP2K1, MAPK14, SP1, SMAD2, LGALS3, and IRS1.

hsa–miR–185–5p – suppressed SCARB1 in cellular models of 
cholesterol uptake in atherosclerosis; was downregulated in the 
liver of diabetic mice fed a high-fat diet76; was downregulated in 
sWAT in obesity; has MTIs with AKT1, CDC42, DIAPH1, RHOA, 
SCARB1, and SOD2.

let–7g–5p – suppressed OLR1 in cell models of neointimal hy-
perplasia in atherosclerosis,80,81 was downregulated in this mod-
el80; was upregulated in ovarian theca tissue in PCOS; has MTIs 
with CASP3, HMGB1, SMAD2, and SOD2.

The data obtained allow us to consider these miRNAs as prom-

Table 3.  Fraction of miRNA-dysregulated major genes of the AGE/RAGE axis in MetS comorbidities (The number of experimentally proven MTIs was 
calculated from the miRTarBase v. 9.0 database107)

Gene All mirTarBase v. 9.0 entries  
(MTIs)

Entries for DEMs in MetS 
comorbidities (MTIs)

Fraction of MTIs for MetS comorbidi-
ties in all mirTarBase v. 9.0 MTIs

HMGB1 179 30 17%

S100A1 4 1 25%

S100A4 1 0 0%

S100A6 1 1 100%

S100A7 1 0 0%

S100A8 3 1 33%

S100A9 7 1 14%

S100A11 24 3 13%

S100A12 2 2 100%

S100A13 ND ND ND

S100A14 2 2 100%

S100B 3 1 33%

S100P 4 2 50%

AGER 3 2 67%

ADAM10 15 5 33%

DDOST 16 7 44%

PRKCSH 6 3 50%

LGALS3 3 1 33%

CD36 21 2 10%

STAB1 ND ND ND

STAB2 ND ND ND

MSR1 7 1 14%

SCARB1 14 3 21%

OLR1 81 6 7%

AGE, advanced glycation end products; DEMs, differentially expressed miRNAs; MetS, metabolic syndrome; miRNA, microRNA; MTIs, miRNA–target interactions; ND, no data; 
RAGE, receptor of advanced glycation end products.
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ising for closer applied studies, as their role as DEMs in MetS 
comorbidities has been demonstrated, as well as the fact that these 
miRNAs directly target key genes in AGE/RAGE signaling.

The limitations and further perspectives of the deductive “top–
down” approach
In this review, we analyzed studies related to miRNA dysregula-
tion of the major genes involved in the AGE/RAGE axis in MetS 
comorbidities. First, we performed a classic descriptive review of 
the relevant research studies. As this section was based on indi-
vidual publications and conducted “bottom–up”—from the AGE/
RAGE axis genes of interest to the miRNAs targeting them in 
models of MetS comorbidities—we labeled this approach “induc-
tive”. The main conclusion that can be drawn from the inductive 
approach is that the information available in the literature on miR-
NA dysregulation of the AGE/RAGE axis is very limited. First, 
most information is devoted to the HMGB1 ligand and selected 
scavenger receptors (namely OLR1 and SCARB1), whereas miR-
NA dysregulation of AGER (including its soluble isoforms), other 
receptors for AGEs, and all S100 calgranulins remains virtually 
unexplored. Second, most studies were performed in atherosclero-
sis models (14 of the 19 articles), which inevitably gives a biased 
picture in the context of the whole MetS. Third, the studies focus 
primarily on miRNA regulation of cholesterol uptake processes (as 
a significant proportion of AGE receptors primarily take up vari-
ous lipoproteins) rather than on AGEs themselves. Theoretically, 
the data obtained can be extrapolated to AGE signaling, but this 
has yet to be confirmed in practice.

Thus, the inductive approach proved to be insufficiently sys-
temic and did not allow us to draw a holistic picture of miRNA 
dysregulation of the AGE/RAGE axis in MetS. This prompted us 
to test an alternative approach—”top–down”, i.e., in the opposite 
direction: from miRNAs significant for MetS comorbidities to 
genes of interest. This approach has been termed “deductive” or, 
alternatively, “synthetic” in the context of this work, as we merged 
data from different MetS comorbidities into a single system. The 
deductive approach has given us promising insights, but it is nec-
essary to point out the hardly avoidable shortcomings of the de-
ductive synthetic approach. The results we have obtained have a 
number of limitations:
1. The parameters used to determine the “DEM” in miRNA pro-

filing studies vary, and therefore, the possible effects of these 
regulatory interactions differ as well.

2. The initial amount of miRNA contained in the microarray (i.e., 
the pool from which the DEM could be determined) varies be-
tween studies, which might affect the occurrence of false nega-
tives in subsequent analysis.

3. The degree of acquired knowledge about the respective miR-
NA—and accordingly the number of its known MTI entries in 
databases—varies, which may, in turn, influence the occurrence 
of false negatives.

4. The inductive approach presents much less data, but their qual-
ity is higher, as almost all articles include the luciferase reporter 
method (the gold standard for determining the MTI), while the 
databases (such as miRTarBase) also include “less strongly evi-
denced” MTIs (e.g., proven by next-generation sequencing).
However, despite the limitations, the synthetic approach seems 

promising as it allows disparate data to be summarized in a for-
malized representation that is more accessible for analysis and 
understanding. We believe that the innovative synthetic approach 
we propose is the major advantage of our article. It is universal, as 
it can be applied to other signaling or molecular mechanisms in 

all pathologies or conditions (in which miRNA profiling has been 
performed). In the future, the approach can be improved by adding 
a layer of meta-analysis of data from different miRNA profiling 
studies (with standardization of “DEM” criteria between different 
studies) and/or introducing bioinformatic predictions instead of ac-
cessing databases of experimentally proven MTIs. The latter will 
significantly broaden the scope of the analysis and include miR-
NAs that have not been studied so far.

The main findings of the review and clinical implications
The inductive approach identified two notable miRNAs targeting 
two different AGE/RAGE axis genes: hsa–miR–320a–3p (targets 
HMGB1 and OLR1) and hsa–miR–24–3p (SCARB1 and OLR1). 
Both miRNAs have a significant impact on processes associated 
with the development of atherosclerosis: endothelial dysfunction 
due to hyperlipidemia (hsa–miR–320a–3p) and cholesterol bio-
genesis in macrophages and hepatocytes (hsa–miR–24–3p). The 
deductive approach has allowed us to rank the comorbid patholo-
gies according to the degree of miRNA dysregulation of AGE/
RAGE signaling: the highest number of MTIs with AGE/RAGE 
axis genes was found for atherosclerosis in plaque biopsies, MetS 
in PBMC, and obesity in sWAT. Furthermore, it was possible to 
add to the information on miRNA dysregulation of DDOST, PRK-
CSH, and various S100 genes. Moreover, the deductive approach 
uncovered miRNAs associated with different pathologies, such 
as hsa–miR–92a–3p, which is dysregulated in three pathology–
localizations (PCOS in ovarian theca, atherosclerosis in plaques, 
and obesity in sWAT). The investigation of such miRNAs could be 
promising with regard to their integrative function between differ-
ent MetS comorbidities.

In comparison to similar reviews by colleagues Piperi et al.16 
and Shrivastav et al.,15 we did not consider the issue of miRNA 
downregulation of AGE/RAGE signaling exclusively in T2DM 
and its complications, but attempted to provide a holistic picture in 
MetS. At the same time, we only used results obtained on human 
biomaterial and cell lines in our work to avoid unjustified extrapo-
lation from animal models to human molecular physiology. In ad-
dition, we tried to pay attention to the least-studied targets—the re-
ceptors for AGEs and other ligands of AGE/RAGE signaling—and 
not only to the RAGE receptor and downstream genes, as has been 
done by colleagues. This approach allowed us to obtain a more 
detailed picture of miRNA dysregulation of the AGE/RAGE sign-
aling pathway in MetS and even to discover “common” miRNAs 
between the pathologies (the aforementioned hsa–miR–92a–3p, as 
well as hsa–miR–34a–5p, hsa–miR–145–5p, hsa–miR–143–3p, 
and hsa–let–7b–5p), which hypothetically have high therapeutic 
potential.

The treatment of MetS and its main component, obesity, is one 
of the most important challenges of modern healthcare, as the 
prevalence of this disease is steadily increasing worldwide and has 
already reached the status of an international epidemic: over 13% 
of the world’s population already suffers from this disease.116,117 
Once a person has been diagnosed with obesity, the first step is to 
try to change the patient’s lifestyle.117 One of the promising areas 
here appears to be the Internet of Things—it seems that the use of 
personalized and accessible monitoring can motivate patients and 
increase their adherence to intervention strategies, even in chil-
dren and adolescents with obesity.118 However, as the summary of 
randomized controlled trials of lifestyle modification for weight 
loss shows, this approach has a relatively small effect, and many 
patients require more radical steps. Although bariatric (metabolic) 
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surgery remains the most effective and long-term treatment op-
tion,117 it seems very important to bring more benign and tech-
nologically advanced treatments into widespread use. In terms of 
drug therapy, the range of pharmacotherapeutic agents available 
for the treatment of obesity is very large, with new drugs being 
developed every year. Without wishing to diminish the merits of 
this approach in any way, it must be emphasized that the develop-
ment of gene therapy strategies to influence MetS has been and 
continues to be very promising, as an alternative or adjunct to con-
ventional drugs.

Targeting the promising miRNAs identified in our analysis has 
been shown to affect key metabolic and pro-inflammatory signal-
ing pathways. For example, overexpression of mmu–miR–145 (via 
a lentiviral vector) in db/db mouse models suppressed macrophage 
infiltration into the liver, reduced body weight, and optimized glu-
cose metabolism, and also significantly reduced the size of ath-
erosclerotic plaques in the aorta of Apoe−/− mice.119 Inhibition of 
mmu–miR–143–3p (by intravenous administration of antagomirs) 
protected against insulin resistance in mouse models of MetS.120 A 
meta-analysis of seven animal studies showed that mmu–miR–34a 
antagonists improved the lipid profile of the liver by lowering cho-
lesterol, triglyceride, aspartate aminotransferase, and alanine ami-
notransferase levels, demonstrating high therapeutic potential in 
NAFLD.121 As for hsa–miR–92a–3p, which according to our anal-
ysis showed potential in three pathologies, there is indeed evidence 
that it is a promising therapeutic target: For example, simultaneous 
inhibition (by intravenous retro-orbital injection) of mmu–miR–
92a–3p and mmu–miR–489–3p significantly reduced the area of 
atherosclerotic lesions in the aorta of Apoe−/− mice.122 Transfec-
tion of hsa–miRNA–92a–3p mimic into hTERT-immortalized 
human aortic endothelial cells resulted in reduced basal as well 
as NADPH-stimulated superoxide generation in a cellular model; 
furthermore, high concentrations of hsa–miR–92a–3p in epicardial 
adipose tissue were associated with a lower risk of cardiovascular 
events in patients.123 A PCOS cell model transfected with the hsa–
miR–92a–3p mimetic showed a significant decrease in the expres-
sion of CYP17A1, CYP11A1, and DENND1A genes (genes of the 
steroidogenic pathway that produces androgens), which represents 
a promising therapeutic approach for PCOS characterized by hy-
perandrogenism.124

Thus, the promising miRNAs identified by our proposed ana-
lytical strategy certainly have therapeutic potential, which is con-
firmed by third-party studies. However, there are no studies direct-
ly linking the therapeutic effect of these miRNAs to AGE/RAGE 
signaling—this currently appears to be a major gap that needs to 
be addressed. In addition, we reiterate that unexpectedly few stud-
ies were found addressing miRNA targeting of non-canonical re-
ceptors for AGEs and other gene-encoded ligands for RAGE. And 
since these receptors and ligands are produced by a variety of cells 
and tissues, it is very important to pay more attention to them in 
further studies—only then will we be able to gain a more holistic 
understanding of the role of this signaling in MetS.

For the reasons mentioned in section 2.2.3, the classic literature 
review (inductive approach) proved to be insufficiently systematic 
and failed to draw a holistic picture of miRNA dysregulation of 
the AGE/RAGE axis in MetS. This prompted us to test an alterna-
tive approach: from miRNAs significant for MetS comorbidities 
to genes of interest. This approach has been termed “deductive” 
or, as another option, “synthetic” in the context of this work, as 
we merged data from studies addressing the different MetS co-
morbidities into a single system. The deductive approach has al-
lowed us to rank the comorbid pathologies according to the degree 

of miRNA dysregulation of AGE/RAGE signaling. Based on the 
information from the literature, this article is the first to propose 
such a strategy.

Conclusions
Our review confirms the original idea in several respects: miRNA 
dysregulation of AGE/RAGE signaling in the context of MetS and 
its comorbidities seems significant but insufficiently studied. Even 
with a deductive approach, one cannot help but notice that there 
are few data on the influence of miRNAs on important receptor 
genes for AGEs, especially on “non-canonical” ones, such as anti-
RAGEs and scavenger receptors that capture AGEs, and also on 
their gene-encoded ligands, such as S100 proteins and HMGB1. 
The review therefore comprehensively highlights the gaps in this 
area of knowledge and can serve as a guide for future research.

Acknowledgments
The figures of this paper were prepared by BioRender (BioRender.
com).

Funding
The work was supported by a grant from the State Assignment 
Grant number (FZWM-2024-0012) to LL.

Conflict of interest
The authors have no conflict of interest related to this publication.

Author contributions
Conceptualization (MB, SV, ML, MV, NT), data curation (MB, SV, 
ML), formal analysis (MB, SV, ML, MV, NT), funding acquisition 
(LL), investigation (MB, SV, ML, MV, NT), methodology (MB, 
ML, NT, LL), project administration (MV, LL), resources (LL), 
software (NT), supervision (MV, LL), validation (LL), visualiza-
tion (MB, SV), writing - original draft (MB, SV, ML), and writing 
- review & editing (MV, NT, LL). All authors have approved the 
final version and publication of the manuscript.

References
[1] Ahima RS. Overview of Metabolic Syndrome. In: Ahima RS (ed). 

Metabolic Syndrome: A Comprehensive Textbook. Cham: Springer; 
2020:1–12. doi:10.1007/978-3-319-12125-3_1-2.

[2] Li W, Chen D, Peng Y, Lu Z, Kwan MP, Tse LA. Association Between 
Metabolic Syndrome and Mortality: Prospective Cohort Study. JMIR 
Public Health Surveill 2023;9:e44073. doi:10.2196/44073, PMID:376 
69100.

[3] Chen W, Pang Y. Metabolic Syndrome and PCOS: Pathogenesis and 
the Role of Metabolites. Metabolites 2021;11(12):869. doi:10.3390/
metabo11120869, PMID:34940628.

[4] Plemmenos G, Piperi C. Pathogenic Molecular Mechanisms in Peri-
odontitis and Peri-Implantitis: Role of Advanced Glycation End Prod-
ucts. Life (Basel) 2022;12(2):218. doi:10.3390/life12020218, PMID: 
35207505.

[5] Gryszczyńska B, Budzyń M, Begier-Krasińska B, Osińska A, Borucz-
kowski M, Kaczmarek M, et al. Association between Advanced Gly-
cation End Products, Soluble RAGE Receptor, and Endothelium Dys-
function, Evaluated by Circulating Endothelial Cells and Endothelial 
Progenitor Cells in Patients with Mild and Resistant Hypertension. Int 

https://doi.org/10.14218/GE.2025.00039
https://doi.org/10.1007/978-3-319-12125-3_1-2
https://doi.org/10.2196/44073
http://www.ncbi.nlm.nih.gov/pubmed/37669100
http://www.ncbi.nlm.nih.gov/pubmed/37669100
https://doi.org/10.3390/metabo11120869
https://doi.org/10.3390/metabo11120869
http://www.ncbi.nlm.nih.gov/pubmed/34940628
https://doi.org/10.3390/life12020218
http://www.ncbi.nlm.nih.gov/pubmed/35207505


DOI: 10.14218/GE.2025.00039  |  Volume 00 Issue 00, Month Year 15

Maria B. et al: miRNA dysregulation of AGE/RAGE in MetS Gene Expr

J Mol Sci 2019;20(16):3942. doi:10.3390/ijms20163942, PMID:314 
12635.

[6] Oczypok EA, Perkins TN, Oury TD. All the “RAGE” in lung disease: 
The receptor for advanced glycation endproducts (RAGE) is a major 
mediator of pulmonary inflammatory responses. Paediatr Respir Rev 
2017;23:40–49. doi:10.1016/j.prrv.2017.03.012, PMID:28416135.

[7] Yamagishi S, Matsui T. Role of receptor for advanced glycation end 
products (RAGE) in liver disease. Eur J Med Res 2015;20(1):15. 
doi:10.1186/s40001-015-0090-z, PMID:25888859.

[8] Akirav EM, Preston-Hurlburt P, Garyu J, Henegariu O, Clynes R, 
Schmidt AM, et al. RAGE expression in human T cells: a link be-
tween environmental factors and adaptive immune responses. 
PLoS One 2012;7(4):e34698. doi:10.1371/journal.pone.0034698, 
PMID:22509345.

[9] Sparvero LJ, Asafu-Adjei D, Kang R, Tang D, Amin N, Im J, et al. RAGE 
(Receptor for Advanced Glycation Endproducts), RAGE ligands, 
and their role in cancer and inflammation. J Transl Med 2009;7:17. 
doi:10.1186/1479-5876-7-17, PMID:19292913.

[10] Taguchi K, Fukami K. RAGE signaling regulates the progression 
of diabetic complications. Front Pharmacol 2023;14:1128872. 
doi:10.3389/fphar.2023.1128872, PMID:37007029.

[11] Pal R, Bhadada SK. AGEs accumulation with vascular complications, 
glycemic control and metabolic syndrome: A narrative review. Bone 
2023;176:116884. doi:10.1016/j.bone.2023.116884, PMID:37598920.

[12] Gutowska K, Czajkowski K, Kuryłowicz A. Receptor for the Advanced 
Glycation End Products (RAGE) Pathway in Adipose Tissue Metabo-
lism. Int J Mol Sci 2023;24(13):10982. doi:10.3390/ijms241310982, 
PMID:37446161.

[13] Vaschetto LM, editor. miRNAs, Human Health and Diseases. Vol 13. 
Cham: Springer; 2024. doi:10.1007/978-3-031-64788-8.

[14] Ramzan F, Vickers MH, Mithen RF. Epigenetics, microRNA and 
Metabolic Syndrome: A Comprehensive Review. Int J Mol Sci 
2021;22(9):5047. doi:10.3390/ijms22095047, PMID:34068765.

[15] Shrivastav D, Singh DD. Emerging roles of microRNAs as diagnostics 
and potential therapeutic interest in type 2 diabetes mellitus. World 
J Clin Cases 2024;12(3):525–537. doi:10.12998/wjcc.v12.i3.525, 
PMID:38322458.

[16] Piperi C, Goumenos A, Adamopoulos C, Papavassiliou AG. AGE/RAGE 
signalling regulation by miRNAs: associations with diabetic complica-
tions and therapeutic potential. Int J Biochem Cell Biol 2015;60:197–
201. doi:10.1016/j.biocel.2015.01.009, PMID:25603271.

[17] Ni YA, Chen H, Nie H, Zheng B, Gong Q. HMGB1: An overview of its roles 
in the pathogenesis of liver disease. J Leukoc Biol 2021;110(5):987–
998. doi:10.1002/JLB.3MR0121-277R, PMID:33784425.

[18] Chiappalupi S, Salvadori L, Donato R, Riuzzi F, Sorci G. Hyperactivated 
RAGE in Comorbidities as a Risk Factor for Severe COVID-19-The Role 
of RAGE-RAS Crosstalk. Biomolecules 2021;11(6):876. doi:10.3390/
biom11060876, PMID:34204735.

[19] Kosmopoulos M, Drekolias D, Zavras PD, Piperi C, Papavassiliou AG. Im-
pact of advanced glycation end products (AGEs) signaling in coronary 
artery disease. Biochim Biophys Acta Mol Basis Dis 2019;1865(3):611–
619. doi:10.1016/j.bbadis.2019.01.006, PMID:30611860.

[20] Goldin A, Beckman JA, Schmidt AM, Creager MA. Advanced glyca-
tion end products: sparking the development of diabetic vascular 
injury. Circulation 2006;114(6):597–605. doi:10.1161/CIRCULATIO-
NAHA.106.621854, PMID:16894049.

[21] Quehenberger P, Bierhaus A, Fasching P, Muellner C, Klevesath 
M, Hong M, et al. Endothelin 1 transcription is controlled by nu-
clear factor-kappaB in AGE-stimulated cultured endothelial cells. 
Diabetes 2000;49(9):1561–1570. doi:10.2337/diabetes.49.9.1561, 
PMID:10969841.

[22] Shen CY, Lu CH, Wu CH, Li KJ, Kuo YM, Hsieh SC, et al. The Develop-
ment of Maillard Reaction, and Advanced Glycation End Product 
(AGE)-Receptor for AGE (RAGE) Signaling Inhibitors as Novel Thera-
peutic Strategies for Patients with AGE-Related Diseases. Molecules 
2020;25(23):5591. doi:10.3390/molecules25235591, PMID:33261212.

[23] Twarda-Clapa A, Olczak A, Białkowska AM, Koziołkiewicz M. Advanced 
Glycation End-Products (AGEs): Formation, Chemistry, Classification, 
Receptors, and Diseases Related to AGEs. Cells 2022;11(8):1312. 
doi:10.3390/cells11081312, PMID:35455991.

[24] Wang Z, Guo W, Yi F, Zhou T, Li X, Feng Y, et al. The Regulatory Effect 

of SIRT1 on Extracellular Microenvironment Remodeling. Int J Biol Sci 
2021;17(1):89–96. doi:10.7150/ijbs.52619, PMID:33390835.

[25] Leclerc E, Fritz G, Vetter SW, Heizmann CW. Binding of S100 proteins 
to RAGE: an update. Biochim Biophys Acta 2009;1793(6):993–1007. 
doi:10.1016/j.bbamcr.2008.11.016, PMID:19121341.

[26] Yan SD, Bierhaus A, Nawroth PP, Stern DM. RAGE and Alzheimer’s 
disease: a progression factor for amyloid-beta-induced cellular per-
turbation? J Alzheimers Dis 2009;16(4):833–843. doi:10.3233/JAD-
2009-1030, PMID:19387116.

[27] Hudson BI, Carter AM, Harja E, Kalea AZ, Arriero M, Yang H, et al. 
Identification, classification, and expression of RAGE gene splice vari-
ants. FASEB J 2008;22(5):1572–1580. doi:10.1096/fj.07-9909com, 
PMID:18089847.

[28] Miranda ER, Somal VS, Mey JT, Blackburn BK, Wang E, Farabi S, et al. 
Circulating soluble RAGE isoforms are attenuated in obese, impaired-
glucose-tolerant individuals and are associated with the development 
of type 2 diabetes. Am J Physiol Endocrinol Metab 2017;313(6):E631–
E640. doi:10.1152/ajpendo.00146.2017, PMID:28811295.

[29] Nakajou K, Horiuchi S, Sakai M, Hirata K, Tanaka M, Takeya M, et al. 
CD36 is not involved in scavenger receptor-mediated endocytic up-
take of glycolaldehyde- and methylglyoxal-modified proteins by liver 
endothelial cells. J Biochem 2005;137(5):607–616. doi:10.1093/jb/
mvi071, PMID:15944414.

[30] Woo CY, Jang JE, Lee SE, Koh EH, Lee KU. Mitochondrial Dysfunction 
in Adipocytes as a Primary Cause of Adipose Tissue Inflammation. 
Diabetes Metab J 2019;43(3):247–256. doi:10.4093/dmj.2018.0221, 
PMID:30968618.

[31] Gaens KH, Goossens GH, Niessen PM, van Greevenbroek MM, van 
der Kallen CJ, Niessen HW, et al. Nε-(carboxymethyl)lysine-recep-
tor for advanced glycation end product axis is a key modulator of 
obesity-induced dysregulation of adipokine expression and insulin 
resistance. Arterioscler Thromb Vasc Biol 2014;34(6):1199–1208. 
doi:10.1161/ATVBAHA.113.302281, PMID:24723555.

[32] Ruiz HH, Nguyen A, Wang C, He L, Li H, Hallowell P, et al. AGE/RAGE/
DIAPH1 axis is associated with immunometabolic markers and risk 
of insulin resistance in subcutaneous but not omental adipose tis-
sue in human obesity. Int J Obes (Lond) 2021;45(9):2083–2094. 
doi:10.1038/s41366-021-00878-3, PMID:34103691.

[33] Hurtado Del Pozo C, Ruiz HH, Arivazhagan L, Aranda JF, Shim C, 
Daya P, et al. A Receptor of the Immunoglobulin Superfamily Regu-
lates Adaptive Thermogenesis. Cell Rep 2019;28(3):773–791.e7. 
doi:10.1016/j.celrep.2019.06.061, PMID:31315054.

[34] Wan J, Wu X, Chen H, Xia X, Song X, Chen S, et al. Aging-induced 
aberrant RAGE/PPARα axis promotes hepatic steatosis via dysfunc-
tional mitochondrial β oxidation. Aging Cell 2020;19(10):e13238. 
doi:10.1111/acel.13238, PMID:32936538.

[35] Kuhla A, Trieglaff C, Vollmar B. Role of age and uncoupling pro-
tein-2 in oxidative stress, RAGE/AGE interaction and inflamma-
tory liver injury. Exp Gerontol 2011;46(11):868–876. doi:10.1016/j.
exger.2011.07.008, PMID:21820503.

[36] Fernando DH, Forbes JM, Angus PW, Herath CB. Development and 
Progression of Non-Alcoholic Fatty Liver Disease: The Role of Ad-
vanced Glycation End Products. Int J Mol Sci 2019;20(20):5037. 
doi:10.3390/ijms20205037, PMID:31614491.

[37] Pang Q, Sun Z, Shao C, Cai H, Bao Z, Wang L, et al. CML/RAGE Sig-
nal Bridges a Common Pathogenesis Between Atherosclerosis and 
Non-alcoholic Fatty Liver. Front Med (Lausanne) 2020;7:583943. 
doi:10.3389/fmed.2020.583943, PMID:33240906.

[38] Tan H, Hu J, Zuo W, Huang Y, Cui J, Gong F, et al. Loss of RAGE prevents 
chronic intermittent hypoxia-induced nonalcoholic fatty liver disease 
via blockade of NF-кB pathway. Gene Ther 2023;30(3-4):278–287. 
doi:10.1038/s41434-022-00351-4, PMID:35821256.

[39] Zhong Y, Cheng CF, Luo YZ, Tian CW, Yang H, Liu BR, et al. C-reactive 
protein stimulates RAGE expression in human coronary artery en-
dothelial cells in vitro via ROS generation and ERK/NF-κB activation. 
Acta Pharmacol Sin 2015;36(4):440–447. doi:10.1038/aps.2014.163, 
PMID:25832424.

[40] Wouters K, Cento AS, Gaens KH, Teunissen M, Scheijen JLJM, Barutta 
F, et al. Deletion of RAGE fails to prevent hepatosteatosis in obese 
mice due to impairment of other AGEs receptors and detoxifying sys-
tems. Sci Rep 2021;11(1):17373. doi:10.1038/s41598-021-96859-7, 

https://doi.org/10.14218/GE.2025.00039
https://doi.org/10.3390/ijms20163942
http://www.ncbi.nlm.nih.gov/pubmed/31412635
http://www.ncbi.nlm.nih.gov/pubmed/31412635
https://doi.org/10.1016/j.prrv.2017.03.012
http://www.ncbi.nlm.nih.gov/pubmed/28416135
https://doi.org/10.1186/s40001-015-0090-z
http://www.ncbi.nlm.nih.gov/pubmed/25888859
https://doi.org/10.1371/journal.pone.0034698
http://www.ncbi.nlm.nih.gov/pubmed/22509345
https://doi.org/10.1186/1479-5876-7-17
http://www.ncbi.nlm.nih.gov/pubmed/19292913
https://doi.org/10.3389/fphar.2023.1128872
http://www.ncbi.nlm.nih.gov/pubmed/37007029
https://doi.org/10.1016/j.bone.2023.116884
http://www.ncbi.nlm.nih.gov/pubmed/37598920
https://doi.org/10.3390/ijms241310982
http://www.ncbi.nlm.nih.gov/pubmed/37446161
https://doi.org/10.1007/978-3-031-64788-8
https://doi.org/10.3390/ijms22095047
http://www.ncbi.nlm.nih.gov/pubmed/34068765
https://doi.org/10.12998/wjcc.v12.i3.525
http://www.ncbi.nlm.nih.gov/pubmed/38322458
https://doi.org/10.1016/j.biocel.2015.01.009
http://www.ncbi.nlm.nih.gov/pubmed/25603271
https://doi.org/10.1002/JLB.3MR0121-277R
http://www.ncbi.nlm.nih.gov/pubmed/33784425
https://doi.org/10.3390/biom11060876
https://doi.org/10.3390/biom11060876
http://www.ncbi.nlm.nih.gov/pubmed/34204735
https://doi.org/10.1016/j.bbadis.2019.01.006
http://www.ncbi.nlm.nih.gov/pubmed/30611860
https://doi.org/10.1161/CIRCULATIONAHA.106.621854
https://doi.org/10.1161/CIRCULATIONAHA.106.621854
http://www.ncbi.nlm.nih.gov/pubmed/16894049
https://doi.org/10.2337/diabetes.49.9.1561
http://www.ncbi.nlm.nih.gov/pubmed/10969841
https://doi.org/10.3390/molecules25235591
http://www.ncbi.nlm.nih.gov/pubmed/33261212
https://doi.org/10.3390/cells11081312
http://www.ncbi.nlm.nih.gov/pubmed/35455991
https://doi.org/10.7150/ijbs.52619
http://www.ncbi.nlm.nih.gov/pubmed/33390835
https://doi.org/10.1016/j.bbamcr.2008.11.016
http://www.ncbi.nlm.nih.gov/pubmed/19121341
https://doi.org/10.3233/JAD-2009-1030
https://doi.org/10.3233/JAD-2009-1030
http://www.ncbi.nlm.nih.gov/pubmed/19387116
https://doi.org/10.1096/fj.07-9909com
http://www.ncbi.nlm.nih.gov/pubmed/18089847
https://doi.org/10.1152/ajpendo.00146.2017
http://www.ncbi.nlm.nih.gov/pubmed/28811295
https://doi.org/10.1093/jb/mvi071
https://doi.org/10.1093/jb/mvi071
http://www.ncbi.nlm.nih.gov/pubmed/15944414
https://doi.org/10.4093/dmj.2018.0221
http://www.ncbi.nlm.nih.gov/pubmed/30968618
https://doi.org/10.1161/ATVBAHA.113.302281
http://www.ncbi.nlm.nih.gov/pubmed/24723555
https://doi.org/10.1038/s41366-021-00878-3
http://www.ncbi.nlm.nih.gov/pubmed/34103691
https://doi.org/10.1016/j.celrep.2019.06.061
http://www.ncbi.nlm.nih.gov/pubmed/31315054
https://doi.org/10.1111/acel.13238
http://www.ncbi.nlm.nih.gov/pubmed/32936538
https://doi.org/10.1016/j.exger.2011.07.008
https://doi.org/10.1016/j.exger.2011.07.008
http://www.ncbi.nlm.nih.gov/pubmed/21820503
https://doi.org/10.3390/ijms20205037
http://www.ncbi.nlm.nih.gov/pubmed/31614491
https://doi.org/10.3389/fmed.2020.583943
http://www.ncbi.nlm.nih.gov/pubmed/33240906
https://doi.org/10.1038/s41434-022-00351-4
http://www.ncbi.nlm.nih.gov/pubmed/35821256
https://doi.org/10.1038/aps.2014.163
http://www.ncbi.nlm.nih.gov/pubmed/25832424
https://doi.org/10.1038/s41598-021-96859-7


DOI: 10.14218/GE.2025.00039  |  Volume 00 Issue 00, Month Year16

Maria B. et al: miRNA dysregulation of AGE/RAGE in MetSGene Expr

PMID:34462492.
[41] Teng F, Jiang J, Zhang J, Yuan Y, Li K, Zhou B, et al. The S100 calci-

um-binding protein A11 promotes hepatic steatosis through RAGE-
mediated AKT-mTOR signaling. Metabolism 2021;117:154725. 
doi:10.1016/j.metabol.2021.154725, PMID:33571540.

[42] Alisi A, Nobili V, Ceccarelli S, Panera N, De Stefanis C, De Vito R, et al. 
Plasma high mobility group box 1 protein reflects fibrosis in pediatric 
nonalcoholic fatty liver disease. Expert Rev Mol Diagn 2014;14(6):763–
771. doi:10.1586/14737159.2014.928205, PMID:24927058.

[43] Palma-Duran SA, Kontogianni MD, Vlassopoulos A, Zhao S, Marga-
riti A, Georgoulis M, et al. Serum levels of advanced glycation end-
products (AGEs) and the decoy soluble receptor for AGEs (sRAGE) 
can identify non-alcoholic fatty liver disease in age-, sex- and BMI-
matched normo-glycemic adults. Metabolism 2018;83:120–127. 
doi:10.1016/j.metabol.2018.01.023, PMID:29409822.

[44] Coughlan MT, Thorburn DR, Penfold SA, Laskowski A, Harcourt BE, 
Sourris KC, et al. RAGE-induced cytosolic ROS promote mitochondrial 
superoxide generation in diabetes. J Am Soc Nephrol 2009;20(4):742–
752. doi:10.1681/ASN.2008050514, PMID:19158353.

[45] Lo MC, Chen MH, Lee WS, Lu CI, Chang CR, Kao SH, et al. Nε-
(carboxymethyl) lysine-induced mitochondrial fission and mi-
tophagy cause decreased insulin secretion from β-cells. Am J 
Physiol Endocrinol Metab 2015;309(10):E829–E839. doi:10.1152/
ajpendo.00151.2015, PMID:26394662.

[46] Uribarri J, Cai W, Ramdas M, Goodman S, Pyzik R, Chen X, et al. Re-
striction of advanced glycation end products improves insulin resist-
ance in human type 2 diabetes: potential role of AGER1 and SIRT1. Di-
abetes Care 2011;34(7):1610–1616. doi:10.2337/dc11-0091, PMID: 
21709297.

[47] Liccardo D, Cannavo A, Spagnuolo G, Ferrara N, Cittadini A, Rengo 
C, et al. Periodontal Disease: A Risk Factor for Diabetes and Car-
diovascular Disease. Int J Mol Sci 2019;20(6):1414. doi:10.3390/
ijms20061414, PMID:30897827.

[48] Thomas JT, Joseph B, Sorsa T, Mauramo M, Anil S, Waltimo T. Ex-
pression of advanced glycation end products and their receptors 
in diabetic periodontitis patients. Oral Dis 2024;30(5):2784–2796. 
doi:10.1111/odi.14769, PMID:37891010.

[49] Chaurasiya AH, Khilari AA, Kazi R, Jaiswal MR, Bhoite GM, Padwal MK, 
et al. Nanopore Sequencing of RAGE Gene Polymorphisms and Their 
Association with Type 2 Diabetes. ACS Omega 2023;8(29):25727–
25738. doi:10.1021/acsomega.3c00297, PMID:37521601.

[50] Wang B, Jiang T, Qi Y, Luo S, Xia Y, Lang B, et al. AGE-RAGE Axis and Car-
diovascular Diseases: Pathophysiologic Mechanisms and Prospects 
for Clinical Applications. Cardiovasc Drugs Ther 2024. doi:10.1007/
s10557-024-07639-0, PMID:39499399.

[51] Zhang S, Gao Y, Wang J. Advanced glycation end products influence 
mitochondrial fusion-fission dynamics through RAGE in human aor-
tic endothelial cells. Int J Clin Exp Pathol 2017;10(7):8010–8022. 
doi:10.5772/intechopen.106018, PMID:31966653.

[52] Tang BL. Sirt1 and the Mitochondria. Mol Cells 2016;39(2):87–95. 
doi:10.14348/molcells.2016.2318, PMID:26831453.

[53] Yu Y, Wang L, Delguste F, Durand A, Guilbaud A, Rousselin C, et al. 
Advanced glycation end products receptor RAGE controls myocar-
dial dysfunction and oxidative stress in high-fat fed mice by sus-
taining mitochondrial dynamics and autophagy-lysosome pathway. 
Free Radic Biol Med 2017;112:397–410. doi:10.1016/j.freeradbi-
omed.2017.08.012, PMID:28826719.

[54] Wautier MP, Chappey O, Corda S, Stern DM, Schmidt AM, Wautier JL. 
Activation of NADPH oxidase by AGE links oxidant stress to altered 
gene expression via RAGE. Am J Physiol Endocrinol Metab 2001; 
280(5):E685–E694. doi:10.1152/ajpendo.2001.280.5.E685, PMID:112 
87350.

[55] Shu M, Cheng W, Jia X, Bai X, Zhao Y, Lu Y, et al. AGEs promote ath-
erosclerosis by increasing LDL transcytosis across endothelial cells 
via RAGE/NF-κB/Caveolin-1 pathway. Mol Med 2023;29(1):113. 
doi:10.1186/s10020-023-00715-5, PMID:37605109.

[56] Yuan T, Yang T, Chen H, Fu D, Hu Y, Wang J, et al. New insights into 
oxidative stress and inflammation during diabetes mellitus-acceler-
ated atherosclerosis. Redox Biol 2019;20:247–260. doi:10.1016/j.
redox.2018.09.025, PMID:30384259.

[57] Bahreiny SS, Ahangarpour A, Aghaei M. Circulating levels of advanced 

glycation end products in females with polycystic ovary syndrome: a 
meta-analysis. Reprod Dev Med 2024;08(2):93–100. doi:10.1097/
RD9.0000000000000089.

[58] Diamanti-Kandarakis E, Piperi C, Patsouris E, Korkolopoulou P, Panidis 
D, Pawelczyk L, et al. Immunohistochemical localization of advanced 
glycation end-products (AGEs) and their receptor (RAGE) in polycys-
tic and normal ovaries. Histochem Cell Biol 2007;127(6):581–589. 
doi:10.1007/s00418-006-0265-3, PMID:17205306.

[59] Kandaraki EA, Chatzigeorgiou A, Papageorgiou E, Piperi C, Ada-
mopoulos C, Papavassiliou AG, et al. Advanced glycation end 
products interfere in luteinizing hormone and follicle stimulating 
hormone signaling in human granulosa KGN cells. Exp Biol Med 
(Maywood) 2018;243(1):29–33. doi:10.1177/1535370217731288, 
PMID:28914097.

[60] Moghetti P, Catellani C, Sartori C, Migazzi M, Cirillo F, Villani M, et 
al. Serum HMGB1 levels are independently associated with glucose 
clamp-derived measures of insulin resistance in women with PCOS. J 
Endocrinol Invest 2023;46(12):2629–2637. doi:10.1007/s40618-023-
02119-y, PMID:37256493.

[61] Wang B, Hao M, Yang Q, Li J, Guo Y. Follicular fluid soluble receptor for 
advanced glycation endproducts (sRAGE): a potential protective role 
in polycystic ovary syndrome. J Assist Reprod Genet 2016;33(7):959–
965. doi:10.1007/s10815-016-0704-6, PMID:27011370.

[62] Emami N, Alizadeh A, Maleki-Hajiagha A, Dizavi A, Vesali S, Moini 
A. Serum and follicular fluid levels of soluble receptor for advanced 
glycation end-products in women with and without polycystic ovary 
syndrome. J Ovarian Res 2023;16(1):127. doi:10.1186/s13048-023-
01224-z, PMID:37391740.

[63] Tan W, Zhang J, Dai F, Yang D, Gu R, Tang L, et al. Insights on the NF-κB 
system in polycystic ovary syndrome, attractive therapeutic targets. 
Mol Cell Biochem 2024;479(3):467–486. doi:10.1007/s11010-023-
04736-w, PMID:37097332.

[64] Alam F. Crosstalk between oxidative stress and chronic inflammation 
in pathogenesis of polycystic ovary syndrome. In: Rehman R, Sheikh 
A (eds). Polycystic Ovary Syndrome. New Delhi: Elsevier; 2024:43–
50. doi:10.1016/B978-0-323-87932-3.00015-3.

[65] Azhary JMK, Harada M, Kunitomi C, Kusamoto A, Takahashi N, Nose 
E, et al. Androgens Increase Accumulation of Advanced Glycation 
End Products in Granulosa Cells by Activating ER Stress in PCOS. En-
docrinology 2020;161(2):bqaa015. doi:10.1210/endocr/bqaa015, 
PMID:32020188.

[66] O’Brien J, Hayder H, Zayed Y, Peng C. Overview of MicroRNA Biogen-
esis, Mechanisms of Actions, and Circulation. Front Endocrinol (Laus-
anne) 2018;9:402. doi:10.3389/fendo.2018.00402, PMID:30123182.

[67] Tang ST, Wang F, Shao M, Wang Y, Zhu HQ. MicroRNA-126 suppresses 
inflammation in endothelial cells under hyperglycemic condition by 
targeting HMGB1. Vascul Pharmacol 2017;88:48–55. doi:10.1016/j.
vph.2016.12.002, PMID:27993686.

[68] Lv G, Wu M, Wang M, Jiang X, Du J, Zhang K, et al. miR-320a regu-
lates high mobility group box 1 expression and inhibits invasion and 
metastasis in hepatocellular carcinoma. Liver Int 2017;37(9):1354–
1364. doi:10.1111/liv.13424, PMID:28317284.

[69] Abd El-Jawad AM, Ibrahim IH, Zaki ME, Elias TR, Rasheed WI, Amr KS. 
The potential role of miR-27a and miR-320a in metabolic syndrome 
in obese Egyptian females. J Genet Eng Biotechnol 2022;20(1):75. 
doi:10.1186/s43141-022-00348-x, PMID:35590121.

[70] Wu CY, Zhou ZF, Wang B, Ke ZP, Ge ZC, Zhang XJ. MicroRNA-328 ame-
liorates oxidized low-density lipoprotein-induced endothelial cells 
injury through targeting HMGB1 in atherosclerosis. J Cell Biochem 
2019;120(2):1643–1650. doi:10.1002/jcb.27469, PMID:30324654.

[71] Li Q, Xia S, Yin Y, Guo Y, Chen F, Jin P. miR-5591-5p regulates the ef-
fect of ADSCs in repairing diabetic wound via targeting AGEs/AGER/
JNK signaling axis. Cell Death Dis 2018;9(5):566. doi:10.1038/s41419-
018-0615-9, PMID:29752466.

[72] Shao M, Yu M, Zhao J, Mei J, Pan Y, Zhang J, et al. miR-21-3p regu-
lates AGE/RAGE signalling and improves diabetic atherosclerosis. 
Cell Biochem Funct 2020;38(7):965–975. doi:10.1002/cbf.3523, 
PMID:32196704.

[73] Zhou X, Dai N, Yu D, Niu T, Wang S. Exploring galectin-3’s role in 
predicting mild cognitive impairment in type 2 diabetes and its 
regulation by miRNAs. Front Med (Lausanne) 2024;11:1443133. 

https://doi.org/10.14218/GE.2025.00039
http://www.ncbi.nlm.nih.gov/pubmed/34462492
https://doi.org/10.1016/j.metabol.2021.154725
http://www.ncbi.nlm.nih.gov/pubmed/33571540
https://doi.org/10.1586/14737159.2014.928205
http://www.ncbi.nlm.nih.gov/pubmed/24927058
https://doi.org/10.1016/j.metabol.2018.01.023
http://www.ncbi.nlm.nih.gov/pubmed/29409822
https://doi.org/10.1681/ASN.2008050514
http://www.ncbi.nlm.nih.gov/pubmed/19158353
https://doi.org/10.1152/ajpendo.00151.2015
https://doi.org/10.1152/ajpendo.00151.2015
http://www.ncbi.nlm.nih.gov/pubmed/26394662
https://doi.org/10.2337/dc11-0091
http://www.ncbi.nlm.nih.gov/pubmed/21709297
https://doi.org/10.3390/ijms20061414
https://doi.org/10.3390/ijms20061414
http://www.ncbi.nlm.nih.gov/pubmed/30897827
https://doi.org/10.1111/odi.14769
http://www.ncbi.nlm.nih.gov/pubmed/37891010
https://doi.org/10.1021/acsomega.3c00297
http://www.ncbi.nlm.nih.gov/pubmed/37521601
https://doi.org/10.1007/s10557-024-07639-0
https://doi.org/10.1007/s10557-024-07639-0
http://www.ncbi.nlm.nih.gov/pubmed/39499399
https://doi.org/10.5772/intechopen.106018
http://www.ncbi.nlm.nih.gov/pubmed/31966653
https://doi.org/10.14348/molcells.2016.2318
http://www.ncbi.nlm.nih.gov/pubmed/26831453
https://doi.org/10.1016/j.freeradbiomed.2017.08.012
https://doi.org/10.1016/j.freeradbiomed.2017.08.012
http://www.ncbi.nlm.nih.gov/pubmed/28826719
https://doi.org/10.1152/ajpendo.2001.280.5.E685
http://www.ncbi.nlm.nih.gov/pubmed/11287350
http://www.ncbi.nlm.nih.gov/pubmed/11287350
https://doi.org/10.1186/s10020-023-00715-5
http://www.ncbi.nlm.nih.gov/pubmed/37605109
https://doi.org/10.1016/j.redox.2018.09.025
https://doi.org/10.1016/j.redox.2018.09.025
http://www.ncbi.nlm.nih.gov/pubmed/30384259
https://doi.org/10.1097/RD9.0000000000000089
https://doi.org/10.1097/RD9.0000000000000089
https://doi.org/10.1007/s00418-006-0265-3
http://www.ncbi.nlm.nih.gov/pubmed/17205306
https://doi.org/10.1177/1535370217731288
http://www.ncbi.nlm.nih.gov/pubmed/28914097
https://doi.org/10.1007/s40618-023-02119-y
https://doi.org/10.1007/s40618-023-02119-y
http://www.ncbi.nlm.nih.gov/pubmed/37256493
https://doi.org/10.1007/s10815-016-0704-6
http://www.ncbi.nlm.nih.gov/pubmed/27011370
https://doi.org/10.1186/s13048-023-01224-z
https://doi.org/10.1186/s13048-023-01224-z
http://www.ncbi.nlm.nih.gov/pubmed/37391740
https://doi.org/10.1007/s11010-023-04736-w
https://doi.org/10.1007/s11010-023-04736-w
http://www.ncbi.nlm.nih.gov/pubmed/37097332
https://doi.org/10.1016/B978-0-323-87932-3.00015-3
https://doi.org/10.1210/endocr/bqaa015
http://www.ncbi.nlm.nih.gov/pubmed/32020188
https://doi.org/10.3389/fendo.2018.00402
http://www.ncbi.nlm.nih.gov/pubmed/30123182
https://doi.org/10.1016/j.vph.2016.12.002
https://doi.org/10.1016/j.vph.2016.12.002
http://www.ncbi.nlm.nih.gov/pubmed/27993686
https://doi.org/10.1111/liv.13424
http://www.ncbi.nlm.nih.gov/pubmed/28317284
https://doi.org/10.1186/s43141-022-00348-x
http://www.ncbi.nlm.nih.gov/pubmed/35590121
https://doi.org/10.1002/jcb.27469
http://www.ncbi.nlm.nih.gov/pubmed/30324654
https://doi.org/10.1038/s41419-018-0615-9
https://doi.org/10.1038/s41419-018-0615-9
http://www.ncbi.nlm.nih.gov/pubmed/29752466
https://doi.org/10.1002/cbf.3523
http://www.ncbi.nlm.nih.gov/pubmed/32196704


DOI: 10.14218/GE.2025.00039  |  Volume 00 Issue 00, Month Year 17

Maria B. et al: miRNA dysregulation of AGE/RAGE in MetS Gene Expr

doi:10.3389/fmed.2024.1443133, PMID:39144658.
[74] Liu X, Guo JW, Lin XC, Tuo YH, Peng WL, He SY, et al. Macrophage 

NFATc3 prevents foam cell formation and atherosclerosis: evidence 
and mechanisms. Eur Heart J 2021;42(47):4847–4861. doi:10.1093/
eurheartj/ehab660, PMID:34570211.

[75] Ren K, Zhu X, Zheng Z, Mo ZC, Peng XS, Zeng YZ, et al. MicroRNA-24 
aggravates atherosclerosis by inhibiting selective lipid uptake from 
HDL cholesterol via the post-transcriptional repression of scav-
enger receptor class B type I. Atherosclerosis 2018;270:57–67. 
doi:10.1016/j.atherosclerosis.2018.01.045, PMID:29407889.

[76] Wang L, Jia XJ, Jiang HJ, Du Y, Yang F, Si SY, et al. MicroRNAs 185, 96, 
and 223 repress selective high-density lipoprotein cholesterol uptake 
through posttranscriptional inhibition. Mol Cell Biol 2013;33(10):1956–
1964. doi:10.1128/MCB.01580-12, PMID:23459944.

[77] Vickers KC, Landstreet SR, Levin MG, Shoucri BM, Toth CL, Tay-
lor RC, et al. MicroRNA-223 coordinates cholesterol homeostasis. 
Proc Natl Acad Sci U S A 2014;111(40):14518–14523. doi:10.1073/
pnas.1215767111, PMID:25246565.

[78] Li BR, Xia LQ, Liu J, Liao LL, Zhang Y, Deng M, et al. miR-758-5p 
regulates cholesterol uptake via targeting the CD36 3’UTR. Bio-
chem Biophys Res Commun 2017;494(1-2):384–389. doi:10.1016/j.
bbrc.2017.09.150, PMID:28965954.

[79] Ding D, Ye G, Lin Y, Lu Y, Zhang H, Zhang X, et al. MicroRNA-26a-CD36 
signaling pathway: Pivotal role in lipid accumulation in hepatocytes in-
duced by PM(2.5) liposoluble extracts. Environ Pollut 2019;248:269–
278. doi:10.1016/j.envpol.2019.01.112, PMID:30798028.

[80] Chen KC, Hsieh IC, Hsi E, Wang YS, Dai CY, Chou WW, et al. Nega-
tive feedback regulation between microRNA let-7g and the oxLDL 
receptor LOX-1. J Cell Sci 2011;124(Pt 23):4115–4124. doi:10.1242/
jcs.092767, PMID:22135361.

[81] Liu M, Tao G, Liu Q, Liu K, Yang X. MicroRNA let-7g alleviates athero-
sclerosis via the targeting of LOX-1 in vitro and in vivo. Int J Mol Med 
2017;40(1):57–64. doi:10.3892/ijmm.2017.2995, PMID:28535009.

[82] Dai Y, Zhang Z, Cao Y, Mehta JL, Li J. MiR-590-5p Inhibits Oxidized- 
LDL Induced Angiogenesis by Targeting LOX-1. Sci Rep 2016;6:22607. 
doi:10.1038/srep22607, PMID:26932825.

[83] Zhang C, Yang H, Li Y, Huo P, Ma P. LNCRNA OIP5-AS1 regulates 
oxidative low-density lipoprotein-mediated endothelial cell injury 
via miR-320a/LOX1 axis. Mol Cell Biochem 2020;467(1-2):15–25. 
doi:10.1007/s11010-020-03688-9, PMID:32072428.

[84] Sheikh MSA. Role of Plasma Soluble Lectin-Like Oxidized Low-Density 
Lipoprotein Receptor-1 and microRNA-98 in Severity and Risk of Cor-
onary Artery Disease. Balkan Med J 2021;38(1):13–22. doi:10.5152/
balkanmedj.2021.20243, PMID:33593717.

[85] Morini E, Rizzacasa B, Pucci S, Polidoro C, Ferrè F, Caporossi D, et 
al. The human rs1050286 polymorphism alters LOX-1 expression 
through modifying miR-24 binding. J Cell Mol Med 2016;20(1):181–
187. doi:10.1111/jcmm.12716, PMID:26542080.

[86] Benko J, Sarlinova M, Mikusova V, Bolek T, Pec MJ, Halasova E, et 
al. MiR-126 and miR-146a as markers of type 2 diabetes mellitus: 
a pilot study. Bratisl Lek Listy 2023;124(7):527–533. doi:10.4149/
BLL_2023_081, PMID:37218480.

[87] Li Y, Zhou Q, Pei C, Liu B, Li M, Fang L, et al. Hyperglycemia and 
Advanced Glycation End Products Regulate miR-126 Expression 
in Endothelial Progenitor Cells. J Vasc Res 2016;53(1-2):94–104. 
doi:10.1159/000448713, PMID:27673690.

[88] Chen GF, Xu TH, Yan Y, Zhou YR, Jiang Y, Melcher K, et al. Amyloid 
beta: structure, biology and structure-based therapeutic develop-
ment. Acta Pharmacol Sin 2017;38(9):1205–1235. doi:10.1038/
aps.2017.28, PMID:28713158.

[89] Ferrante SC, Nadler EP, Pillai DK, Hubal MJ, Wang Z, Wang JM, et al. 
Adipocyte-derived exosomal miRNAs: a novel mechanism for obe-
sity-related disease. Pediatr Res 2015;77(3):447–454. doi:10.1038/
pr.2014.202, PMID:25518011.

[90] D’Amore S, Härdfeldt J, Cariello M, Graziano G, Copetti M, Di Tullio G, 
et al. Identification of miR-9-5p as direct regulator of ABCA1 and HDL-
driven reverse cholesterol transport in circulating CD14+ cells of pa-
tients with metabolic syndrome. Cardiovasc Res 2018;114(8):1154–
1164. doi:10.1093/cvr/cvy077, PMID:29584810.

[91] Siddika T, Heinemann IU. Bringing MicroRNAs to Light: Methods for 
MicroRNA Quantification and Visualization in Live Cells. Front Bio-

eng Biotechnol 2020;8:619583. doi:10.3389/fbioe.2020.619583, 
PMID:33537295.

[92] Moschetta A. Gene expression profiles of PBMCs in healthy subjects 
(CTRL) and patients with Metabolic Syndrome (MS) [GEO Series]. 
2018 Mar 28. Report No.: GSE98897. Available from: https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE98897.

[93] Ramírez-Solano MA, Córdova EJ, Orozco L, Tejero ME. Plasma Micro-
RNAs Related to Metabolic Syndrome in Mexican Women. Lifestyle 
Genom 2023;16(1):165–176. doi:10.1159/000534041, PMID:377 
08875.

[94] Tejero ME. MicroRNAs in plasma in metabolic syndrome [GEO Se-
ries]. 2023 Oct 2. Report No.: GSE239866. Available from: https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE239866.

[95] Ferrante SC, Nadler E, Freishtat RJ. Adipocyte-derived Exosomal miR-
NAs from Visceral Adipose Tissue: A Novel Mechanism for Obesity-Re-
lated Disease [GEO Series]. 2015 Mar 03. Report No.: GSE50574. Avail-
able from: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GS 
E50574.

[96] Ortega FJ, Moreno-Navarrete JM, Pardo G, Sabater M, Hummel M, 
Ferrer A, et al. MiRNA expression profile of human subcutaneous adi-
pose and during adipocyte differentiation. PLoS One 2010;5(2):e9022. 
doi:10.1371/journal.pone.0009022, PMID:20126310.

[97] Ortega FJ, Fernández-Real JM. miRNA expression profile of hu-
man subcutaneous adipose [GEO Series]. 2009 Oct 7. Report No.: 
GSE18470. Available from: https://www.ncbi.nlm.nih.gov/geo/que-
ry/acc.cgi?acc=GSE18470.

[98] Kulyté A, Belarbi Y, Lorente-Cebrián S, Bambace C, Arner E, Daub 
CO, et al. Additive effects of microRNAs and transcription fac-
tors on CCL2 production in human white adipose tissue. Diabetes 
2014;63(4):1248–1258. doi:10.2337/db13-0702, PMID:24379347.

[99] Mejhert N, Arner E, Dahlman I. Adipose Tissue MicroRNAs as Regula-
tors of CCL2 Production in Human Obesity [GEO Series]. 2012 Aug 
13. Report No.: GSE25470. Available from: https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE25470.

[100] Dahlman I, Belarbi Y, Laurencikiene J, Pettersson AM, Arner P, Ku-
lyté A. Comprehensive functional screening of miRNAs involved in 
fat cell insulin sensitivity among women. Am J Physiol Endocrinol 
Metab 2017;312(6):E482–E494. doi:10.1152/ajpendo.00251.2016, 
PMID:28270439.

[101] Dahlman I. Comprehensive functional screening of miRNAs in-
volved in human fat cell insulin sensitivity [GEO Series]. 2017 May 
1. Report No.: GSE87379. Available from: https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE87379.

[102] Soronen J, Yki-Järvinen H, Zhou Y, Sädevirta S, Sarin AP, Leivonen M, 
et al. Novel hepatic microRNAs upregulated in human nonalcoholic 
fatty liver disease. Physiol Rep 2016;4(1):e12661. doi:10.14814/
phy2.12661, PMID:26733244.

[103] Raitoharju E, Lyytikäinen LP, Levula M, Oksala N, Mennander A, 
Tarkka M, et al. miR-21, miR-210, miR-34a, and miR-146a/b are up-
regulated in human atherosclerotic plaques in the Tampere Vascular 
Study. Atherosclerosis 2011;219(1):211–217. doi:10.1016/j.athero-
sclerosis.2011.07.020, PMID:21820659.

[104] Lin L, Du T, Huang J, Huang LL, Yang DZ. Identification of differ-
entially expressed microRNAs in the ovary of polycystic ovary syn-
drome with hyperandrogenism and insulin resistance. Chin Med 
J (Engl) 2015;128(2):169–174. doi:10.4103/0366-6999.149189, 
PMID:25591557.

[105] Kalea AZ, Hoteit R, Suvan J, Lovering RC, Palmen J, Cooper 
JA, et al. Upregulation of gingival tissue miR-200b in obese 
periodontitis subjects. J Dent Res 2015;94(3 Suppl):59S–69S. 
doi:10.1177/0022034514568197, PMID:25630869.

[106] Kalea AZ. miRNA profiles in obese and normal weight periodontitis pa-
tients [GEO Series]. 2017 May 31. Report No.: GSE59398. Available from: 
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE59398.

[107] Huang HY, Lin YC, Cui S, Huang Y, Tang Y, Xu J, et al. miRTarBase 
update 2022: an informative resource for experimentally validated 
miRNA-target interactions. Nucleic Acids Res 2022;50(D1):D222–
D230. doi:10.1093/nar/gkab1079, PMID:34850920.

[108] Jin Q, Chen H, Luo A, Ding F, Liu Z. S100A14 stimulates cell proliferation 
and induces cell apoptosis at different concentrations via receptor for 
advanced glycation end products (RAGE). PLoS One 2011;6(4):e19375. 

https://doi.org/10.14218/GE.2025.00039
https://doi.org/10.3389/fmed.2024.1443133
http://www.ncbi.nlm.nih.gov/pubmed/39144658
https://doi.org/10.1093/eurheartj/ehab660
https://doi.org/10.1093/eurheartj/ehab660
http://www.ncbi.nlm.nih.gov/pubmed/34570211
https://doi.org/10.1016/j.atherosclerosis.2018.01.045
http://www.ncbi.nlm.nih.gov/pubmed/29407889
https://doi.org/10.1128/MCB.01580-12
http://www.ncbi.nlm.nih.gov/pubmed/23459944
https://doi.org/10.1073/pnas.1215767111
https://doi.org/10.1073/pnas.1215767111
http://www.ncbi.nlm.nih.gov/pubmed/25246565
https://doi.org/10.1016/j.bbrc.2017.09.150
https://doi.org/10.1016/j.bbrc.2017.09.150
http://www.ncbi.nlm.nih.gov/pubmed/28965954
https://doi.org/10.1016/j.envpol.2019.01.112
http://www.ncbi.nlm.nih.gov/pubmed/30798028
https://doi.org/10.1242/jcs.092767
https://doi.org/10.1242/jcs.092767
http://www.ncbi.nlm.nih.gov/pubmed/22135361
https://doi.org/10.3892/ijmm.2017.2995
http://www.ncbi.nlm.nih.gov/pubmed/28535009
https://doi.org/10.1038/srep22607
http://www.ncbi.nlm.nih.gov/pubmed/26932825
https://doi.org/10.1007/s11010-020-03688-9
http://www.ncbi.nlm.nih.gov/pubmed/32072428
https://doi.org/10.5152/balkanmedj.2021.20243
https://doi.org/10.5152/balkanmedj.2021.20243
http://www.ncbi.nlm.nih.gov/pubmed/33593717
https://doi.org/10.1111/jcmm.12716
http://www.ncbi.nlm.nih.gov/pubmed/26542080
https://doi.org/10.4149/BLL_2023_081
https://doi.org/10.4149/BLL_2023_081
http://www.ncbi.nlm.nih.gov/pubmed/37218480
https://doi.org/10.1159/000448713
http://www.ncbi.nlm.nih.gov/pubmed/27673690
https://doi.org/10.1038/aps.2017.28
https://doi.org/10.1038/aps.2017.28
http://www.ncbi.nlm.nih.gov/pubmed/28713158
https://doi.org/10.1038/pr.2014.202
https://doi.org/10.1038/pr.2014.202
http://www.ncbi.nlm.nih.gov/pubmed/25518011
https://doi.org/10.1093/cvr/cvy077
http://www.ncbi.nlm.nih.gov/pubmed/29584810
https://doi.org/10.3389/fbioe.2020.619583
http://www.ncbi.nlm.nih.gov/pubmed/33537295
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE98897
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE98897
https://doi.org/10.1159/000534041
http://www.ncbi.nlm.nih.gov/pubmed/37708875
http://www.ncbi.nlm.nih.gov/pubmed/37708875
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE239866
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE239866
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE50574
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE50574
https://doi.org/10.1371/journal.pone.0009022
http://www.ncbi.nlm.nih.gov/pubmed/20126310
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE18470
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE18470
https://doi.org/10.2337/db13-0702
http://www.ncbi.nlm.nih.gov/pubmed/24379347
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE25470
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE25470
https://doi.org/10.1152/ajpendo.00251.2016
http://www.ncbi.nlm.nih.gov/pubmed/28270439
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE87379
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE87379
https://doi.org/10.14814/phy2.12661
https://doi.org/10.14814/phy2.12661
http://www.ncbi.nlm.nih.gov/pubmed/26733244
https://doi.org/10.1016/j.atherosclerosis.2011.07.020
https://doi.org/10.1016/j.atherosclerosis.2011.07.020
http://www.ncbi.nlm.nih.gov/pubmed/21820659
https://doi.org/10.4103/0366-6999.149189
http://www.ncbi.nlm.nih.gov/pubmed/25591557
https://doi.org/10.1177/0022034514568197
http://www.ncbi.nlm.nih.gov/pubmed/25630869
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE59398
https://doi.org/10.1093/nar/gkab1079
http://www.ncbi.nlm.nih.gov/pubmed/34850920


DOI: 10.14218/GE.2025.00039  |  Volume 00 Issue 00, Month Year18

Maria B. et al: miRNA dysregulation of AGE/RAGE in MetSGene Expr

doi:10.1371/journal.pone.0019375, PMID:21559403.
[109] Raucci A, Cugusi S, Antonelli A, Barabino SM, Monti L, Bierhaus A, 

et al. A soluble form of the receptor for advanced glycation endprod-
ucts (RAGE) is produced by proteolytic cleavage of the membrane-
bound form by the sheddase a disintegrin and metalloprotease 10 
(ADAM10). FASEB J 2008;22(10):3716–3727. doi:10.1096/fj.08-
109033, PMID:18603587.

[110] Eleutherio ECA, Silva Magalhães RS, de Araújo Brasil A, Monteiro 
Neto JR, de Holanda Paranhos L. SOD1, more than just an anti-
oxidant. Arch Biochem Biophys 2021;697:108701. doi:10.1016/j.
abb.2020.108701, PMID:33259795.

[111] Vermot A, Petit-Härtlein I, Smith SME, Fieschi F. NADPH Oxidases 
(NOX): An Overview from Discovery, Molecular Mechanisms to 
Physiology and Pathology. Antioxidants (Basel) 2021;10(6):890. 
doi:10.3390/antiox10060890, PMID:34205998.

[112] Gui Y, Zheng H, Cao RY. Foam Cells in Atherosclerosis: Novel Insights 
Into Its Origins, Consequences, and Molecular Mechanisms. Front 
Cardiovasc Med 2022;9:845942. doi:10.3389/fcvm.2022.845942, 
PMID:35498045.

[113] Raucci A, Macrì F, Castiglione S, Badi I, Vinci MC, Zuccolo E. Mi-
croRNA-34a: the bad guy in age-related vascular diseases. Cell Mol 
Life Sci 2021;78(23):7355–7378. doi:10.1007/s00018-021-03979-4, 
PMID:34698884.

[114] Gomez JMD, VanHise K, Stachenfeld N, Chan JL, Merz NB, Shufelt 
C. Subclinical cardiovascular disease and polycystic ovary syn-
drome. Fertil Steril 2022;117(5):912–923. doi:10.1016/j.fertns-
tert.2022.02.028, PMID:35512975.

[115] Grander C, Grabherr F, Tilg H. Non-alcoholic fatty liver disease: 
pathophysiological concepts and treatment options. Cardiovasc Res 
2023;119(9):1787–1798. doi:10.1093/cvr/cvad095, PMID:37364164.

[116] NCD Risk Factor Collaboration (NCD-RisC). Trends in adult body-
mass index in 200 countries from 1975 to 2014: a pooled analysis of 
1698 population-based measurement studies with 19·2 million par-
ticipants. Lancet 2016;387(10026):1377–1396. doi:10.1016/S0140-

6736(16)30054-X, PMID:27115820.
[117] Lingvay I, Cohen RV, Roux CWL, Sumithran P. Obesity in adults. Lan-

cet 2024;404(10456):972–987. doi:10.1016/S0140-6736(24)01210-
8, PMID:39159652.

[118] Lam C, Milne-Ives M, Harrington R, Jani A, Helena van Velthoven 
M, Harding T, et al. Internet of things-Enabled technologies as an 
intervention for childhood obesity: A systematic review. PLOS Digit 
Health 2022;1(4):e0000024. doi:10.1371/journal.pdig.0000024, 
PMID:36812526.

[119] He M, Wu N, Leong MC, Zhang W, Ye Z, Li R, et al. miR-145 im-
proves metabolic inflammatory disease through multiple pathways. 
J Mol Cell Biol 2020;12(2):152–162. doi:10.1093/jmcb/mjz015, 
PMID:30941422.

[120] Xihua L, Shengjie T, Weiwei G, Matro E, Tingting T, Lin L, et al. Cir-
culating miR-143-3p inhibition protects against insulin resistance in 
Metabolic Syndrome via targeting of the insulin-like growth factor 2 
receptor. Transl Res 2019;205:33–43. doi:10.1016/j.trsl.2018.09.006, 
PMID:30392876.

[121] Zhu Y, Tan JK, Wong SK, Goon JA. Therapeutic Effects of microRNAs 
on Nonalcoholic Fatty Liver Disease (NAFLD) and Nonalcoholic Stea-
tohepatitis (NASH): A Systematic Review and Meta-Analysis. Int J Mol 
Sci 2023;24(11):9168. doi:10.3390/ijms24119168, PMID:37298120.

[122] Wiese CB, Zhong J, Xu ZQ, Zhang Y, Ramirez Solano MA, Zhu W, et al. 
Dual inhibition of endothelial miR-92a-3p and miR-489-3p reduces re-
nal injury-associated atherosclerosis. Atherosclerosis 2019;282:121–
131. doi:10.1016/j.atherosclerosis.2019.01.023, PMID:30731284.

[123] Carena MC, Badi I, Polkinghorne M, Akoumianakis I, Psarros C, Wa-
home E, et al. Role of Human Epicardial Adipose Tissue-Derived miR-
92a-3p in Myocardial Redox State. J Am Coll Cardiol 2023;82(4):317–
332. doi:10.1016/j.jacc.2023.05.031, PMID:37468187.

[124] Esfandyari S. MiRNA-92a Suppresses Androgen-Producing Steroi-
dogenic Genes Expression in H295R, a Human PCOS In-Vitro Theca-
Like Cell Model. Fertil Steril 2020;114(3):e349–e350. doi:10.1016/j.
fertnstert.2020.08.1043.

https://doi.org/10.14218/GE.2025.00039
https://doi.org/10.1371/journal.pone.0019375
http://www.ncbi.nlm.nih.gov/pubmed/21559403
https://doi.org/10.1096/fj.08-109033
https://doi.org/10.1096/fj.08-109033
http://www.ncbi.nlm.nih.gov/pubmed/18603587
https://doi.org/10.1016/j.abb.2020.108701
https://doi.org/10.1016/j.abb.2020.108701
http://www.ncbi.nlm.nih.gov/pubmed/33259795
https://doi.org/10.3390/antiox10060890
http://www.ncbi.nlm.nih.gov/pubmed/34205998
https://doi.org/10.3389/fcvm.2022.845942
http://www.ncbi.nlm.nih.gov/pubmed/35498045
https://doi.org/10.1007/s00018-021-03979-4
http://www.ncbi.nlm.nih.gov/pubmed/34698884
https://doi.org/10.1016/j.fertnstert.2022.02.028
https://doi.org/10.1016/j.fertnstert.2022.02.028
http://www.ncbi.nlm.nih.gov/pubmed/35512975
https://doi.org/10.1093/cvr/cvad095
http://www.ncbi.nlm.nih.gov/pubmed/37364164
https://doi.org/10.1016/S0140-6736(16)30054-X
https://doi.org/10.1016/S0140-6736(16)30054-X
http://www.ncbi.nlm.nih.gov/pubmed/27115820
https://doi.org/10.1016/S0140-6736(24)01210-8
https://doi.org/10.1016/S0140-6736(24)01210-8
http://www.ncbi.nlm.nih.gov/pubmed/39159652
https://doi.org/10.1371/journal.pdig.0000024
http://www.ncbi.nlm.nih.gov/pubmed/36812526
https://doi.org/10.1093/jmcb/mjz015
http://www.ncbi.nlm.nih.gov/pubmed/30941422
https://doi.org/10.1016/j.trsl.2018.09.006
http://www.ncbi.nlm.nih.gov/pubmed/30392876
https://doi.org/10.3390/ijms24119168
http://www.ncbi.nlm.nih.gov/pubmed/37298120
https://doi.org/10.1016/j.atherosclerosis.2019.01.023
http://www.ncbi.nlm.nih.gov/pubmed/30731284
https://doi.org/10.1016/j.jacc.2023.05.031
http://www.ncbi.nlm.nih.gov/pubmed/37468187
https://doi.org/10.1016/j.fertnstert.2020.08.1043
https://doi.org/10.1016/j.fertnstert.2020.08.1043

	Abstract
	Introduction
	AGE/RAGE signaling and its general role in the pathogenesis of MetS and its comorbidities
	AGEs and other RAGE ligands
	RAGE and other AGE receptors
	AGE/RAGE and obesity
	AGE/RAGE and NAFLD
	AGE/RAGE and T2DM
	AGE/RAGE and CVD
	AGE/RAGE and PCOS

	miRNA dysregulation of AGE/RAGE signaling in MetS and its comorbidities
	Inductive “bottom–up” approach: Key genes of the AGE/RAGE axis and the miRNAs targeting them in the context of MetS comorbidities
	Deductive “top–down” approach: Differentially expressed miRNAs in MetS comorbidities and their involvement in dysregulation of the AGE/RAGE axis

	The main findings of the review and clinical implications
	Conclusions
	Acknowledgments
	Funding
	Conflict of interest
	Author contributions
	References

