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RAGE and TLRs as Key Targets for Antiatherosclerotic Therapy
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Receptor for advanced glycation end-products (RAGE) and toll-like receptors (TLRs) are the key factors indicating a danger
to the organism. They recognize the microbial origin pathogen-associated molecular patterns (PAMPs) or damage-associated
molecular patterns (DAMPs). The primary response induced by PAMPs or DAMPs is inflammation. Excessive stimulation of the
innate immune system occurs in arterial wall with the participation of effector cells. Persistent adaptive responses can also cause
tissue damage and disease. However, inflammation mediated by the molecules innate responses is an important way in which
the adaptive immune system protects us from infection. The specific detection of PAMPs and DAMPs by host receptors drives a
cascade of signaling that converges at nuclear factor-𝜅B (NF-𝜅B) and interferon regulatory factors (IRFs) and induces the secretion
of proinflammatory cytokines, type I interferon (IFN), and chemokines, which promote direct killing of the pathogen. Therefore,
signaling of these receptors’ pathways also appear to present new avenue for themodulation of inflammatory responses and to serve
as potential novel therapeutic targets for antiatherosclerotic therapy.

1. Introduction

The important function of RAGE (receptor for advanced
glycation end-products) and TLRs (toll-like receptors) is
the recognition of pathogen-associated molecular patterns
(PAMPs) or danger-associated molecular patterns (DAMPs).
Both types of receptors occur on immune-competent cells
such as endothelial cells and tissue macrophages. PAMPs are
molecules of microbial origin, and DAMPs are endogenous
molecules, which are constitutively expressed and released
upon tissue damage [1]. RAGE has been demonstrated to play
a pivotal role in the development of inflammation, atheroscle-
rosis, and many other diseases [2–4]. RAGE is a member
of the immunoglobulin superfamily. Its structure consists of
one V-type (variable) and two C-type (constant) domains
in the extracellular region, a transmembrane domain, and

a short cytoplasmic tail [5]. RAGE is a multiligand receptor,
which recognizes three-dimensional structures. This receptor
is activated by S100 proteins, high-mobility group protein
1 (HMBG-1), 𝛽-amyloid peptide, advanced glycation end-
products (AGE), and other ligands [6, 7]. Because of the
ability to recognize a diverse repertoire of endogenous lig-
ands, RAGE plays a vital role in the maintenance of home-
ostasis and it is a perfect sensor for environmental stimuli.
RAGE is expressed on macrophages, smooth muscle cells,
endothelial cells, cardiomyocytes, epithelial cells, neurons,
and many other cell types [8, 9]. Interaction of ligands with
RAGE enhances receptor expression, activates a positive-
feedback loop, and stimulates multiple signaling pathways
such as SAPK/JNK (stress-activated protein kinase/c-jun-
NH2-terminal kinase), Cdc42/Rac, p38 MAPK (mitogen
activated protein kinase), and ERK1/2 (Ras-extracellular
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Figure 1: Stimulation of RAGE and TLRs leads to the activation of the transcription nuclear factor NF-𝜅B. Transfer of NF-𝜅B to the nucleus
induces inflammatory response and leukocyte recruitment. AGE: advanced glycation end-products, HMGB1: high-mobility group box 1
protein, Ox LDL: oxidized low-density lipoprotein, HSP: Heat shock proteins, and NF-𝜅B: nuclear factor 𝜅B.

signal-regulated kinase 1/2) [10, 11]. These pathways activate
proinflammatory transcription factor NF-𝜅B and it results in
the production of cytokines, adhesive molecules, and MMPs
(matrix metalloproteinases) [12]. Endogenous soluble RAGE
isoforms (sRAGE) have been found in plasma and in tissues.
The biological role of sRAGE is only partly understood, and
sRAGE may act as an endogenous competitive inhibitor of
RAGE, thus playing a critical role within the modulatory
network of the ligand-RAGE axis [13].

A fundamental role in the primary response against
invaders connecting both innate and adaptive immune
responses plays toll-like receptors. Despite their structural
and functional similarities, TLRs differ in their ligand speci-
ficity, usage of adaptor proteins, and cellular localization.
TLRs expressed on the plasma membrane recognize cell-
wall components of bacteria and fungi, while those expressed
on internal endosomal compartments bind viral PAMPs.
Specifically, TLR2 binds bacterial lipoproteins, and TLR4 is
primarily activated by bacterial lipopolysaccharide and TLR9
by unmethylated CpG nucleotide sequences [14]. In addition
to exogenous ligands of microbial origin, TLRs are able to
bind a wide range of endogenous ligands. Endogenous lig-
ands include various extracellular matrix components such as

fibronectin [15], fibrinogen [16], hyaluronic acid derivatives
[17], heat shock proteins [18], and minimally oxidized low-
density lipoproteins [19]. These ligands are either actively
released by cells at sites of injury or passively released by dam-
aged cells of inflamed tissues. The atherosclerotic plaque is a
site of matrix turnover, tissue remodeling, and cell necrosis
and hence contains a number of endogenous TLR ligands.
Of particular interest are heat shock proteins (HSPs), which
have been identified as powerful activators of innate immune
function, and HMGB1 that exhibits proatherogenic effects
by promotion of inflammation and vascular remodeling [19]
(Figure 1).

2. Role of RAGE in the Pathogenesis of
Atherosclerosis

Multiple mechanisms contribute to atherogenesis while the
underlying process is inflammation. RAGE mediates acti-
vation of macrophages and leukocyte recruitment and is
significantly involved in the initiation and progression of
inflammation [20, 21]. It has been shown that the inhibition
of macrophage myeloperoxidase in atherosclerotic plaque
leads to the modification of RAGE expression indicating that
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RAGE plays a crucial role in development of atheroscle-
rosis characterized by infiltration of activated macrophages
[22]. Burke et al. studied the expression of RAGE in dia-
betic atherosclerotic plaques [23]. They demonstrated that
increased expression of RAGE was associated with the
expansion of necrotic core and thinning of the fibrous cup
and in consequence with plaque instability. Increased mRNA
expression of RAGE and the inflammatory ligand EN-RAGE
(extracellular newly identified RAGE-binding protein) was
found in PBMCs (peripheral blood mononuclear cells) iso-
lated from patients with coronary artery disease [24]. The
interaction of EN-RAGE with RAGE results in activation
of NF-𝜅B pathway, increased production of cytokines by
the lymphocytes, and enhanced expression of adhesion
molecules [21]. A study in double knockout mice (Apo E−/−,
RAGE−/−) demonstrated the attenuated expression of RAGE
ligands (HMGB1, S100B) and decreased expressions ofmatrix
metalloproteinases and adhesion molecules in the aorta [24].
While a study in Apo E knockout mice revealed the increased
expression of RAGE in aortas.The studies indicate that RAGE
is a positive regulator of its ligands in relation to receptor
activation and plays an important role in atherosclerosis
development [25].

sRAGE may affect the activity of RAGE-ligand receptors,
such as toll-like receptors and scavenger receptors [26].
Circulating sRAGE levelsmay inversely reflect RAGEactivity,
thus providing a useful biomarker of RAGE-mediated patho-
genesis [13]. Forbes et al. report a higher RAGE expression in
the renal cortex, as well as a lower plasma sRAGE in diabetic
versus nondiabetic rats. Thus, it can be hypothesized that
sRAGE generation is downregulated by the positive-feedback
loops triggered by RAGE activation, in order to self-amplify
the pathogenic response by unopposed ligand-exposure.
Increased plasma sRAGE associated with decreased tissue
RAGE expression were observed in ramipril-treated versus
untreated diabetic rats [27]. These results identifying sRAGE
as a promising biomarker of therapeutic response as well as
a molecular target for interventions aimed at counteracting
RAGE-mediated pathogenesis of atherosclerosis [28].

3. Role of TLRs Signaling in Atherosclerosis

TLRs signaling cascade upon ligand binding is initiated
by the TIR domain via a number of cytoplasmic adapter
molecules. These include myeloid differentiation primary
response protein (MyD88), TIR-domain-containing adap-
tor protein (TIRAP), and TRIF-related adaptor molecule
(TRAM) [29]. The MyD88 pathway is essential for all TLRs
signaling, with the exception of TLR3.MyD88 activates IL-1R
associated kinases (IRAKs), IRAK-1 and IRAK-4, and TNF-
receptor-associated factor-6 (TRAF-6) [30]. Consequently,
recruitment of a number of proteins activates a complex
containing TGF-𝛽-activated kinase 1 (TAK1), TAK1-binding
protein-1 (TAB1), TAB2, and TAB3 [31].The TAK1/TAB com-
plex turn leads to the activation of both the MAPK and NF-
𝜅B signaling pathways [32]. These steps result in activation
of a number of genes coding for proinflammatory cytokines
and chemokines, including TNF-𝛼, IL-1, and Il-6 [33]. TLR3
and TLR4 can also engage an MyD88-independent signaling

pathway [34].This requires TRIF andTRAMadapter proteins
that lead to phosphorylation of interferon regulatory factor 3
(IRF3) and NF-𝜅B transcription factors [35]. The major out-
come of TRIF-dependent TLR4 signaling is the production of
type I interferons that possess antiviral and antiproliferative
activities [36] (Figure 2).

The balance between MyD88-dependent and TRIF-
dependent TLR signaling is essential for proper immune
function. Wang et al. demonstrated that Nrdp1 (E3 ubiq-
uitin ligase) inhibits the production of proinflammatory
cytokines but increases IFN-𝛽 production in TLR-activated
macrophages. This is achieved by suppressing the MyD88-
dependent activation of NF-𝜅B through ubiquitination of
MyD88 [37]. Conversely, Liu et al. showed that intracel-
lular MHC class II molecules in antigen presenting cells
could activate both MyD88 and TIR-domain-containing
adapter-inducing interferon-𝛽 (TRIF-𝛽) cascades, leading to
production of proinflammatory cytokines and interferons
[38]. In addition to the activation of NF-𝜅B transcrip-
tion factor in MyD88-dependent and MyD88-independent
fashion, TLR2 has been implicated in the stimulation of
proapoptotic pathways. Aliprantis et al. demonstrated that
bacterial lipoproteins induce monocyte apoptosis in vitro
[39]. Subsequently they found that MyD88 is the common
mediator of TLR2 induced apoptosis and NF-𝜅B activation
and that TLR2 induces apoptosis through the Fas-associated
protein with death domain- (FADD-) caspase pathway in
a manner analogous to the members of the TNFR family
[40]. The in vivo relevance of TLR2 proapoptotic activity in
either reinforcing or terminating the inflammatory response
remains elusive, and its specific role in chronic inflammatory
processes is poorly understood.

There is a lot of evidence that adaptor protein MyD88
is a key factor in TLRs signaling cascade. Bjorkbacka et al.
studied MyD88 deficient mice and showed that inactivation
of MyD88 led to a reduction in atherosclerosis by a decreased
macrophage recruitment to the artery wall associated with
reduced chemokine levels [41]. Michelsen et al. showed
that ApoE−/−MyD88−/− mice display a diminished aortic
atherosclerosis and reduced macrophage accumulation com-
pared to ApoE−/− mice [42]. It indicates that this signaling
pathway plays an important role in atherosclerosis. However,
Subramanian et al. transplanted bone marrow from MyD88
deficient mice into western-diet fed low-density lipoprotein
receptor deficient (LDLR−/−) mice and found that recipi-
ent had increased atherosclerotic lesion size and decreased
amount of regulatory T cells (Tregs) in the atherosclerotic
lesions. These findings indicate that MyD88-mediated DC
activation provides atheroprotection by promoting Treg gen-
eration [43].

4. Role of Membrane-Bound TLRs in the
Pathogenesis of Atherosclerosis

Membrane-bound TLRs bind a wide range of microbial com-
ponents, such as Gram-positive-derived lipoteichoic acid,
bacterial lipoproteins, and zymosan. They activate a series
of inflammatory cascades in an NK-𝜅B-dependent fashion
[44]. Numerous clinical and experimental studies support
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Figure 2: Toll-like receptor signaling pathways. IRFs: interferon regulatory factors, NF-𝜅B: nuclear factor 𝜅B, IRAK: IL-1 receptor-associated
kinases; MAL: MyD88-adaptor-like; MyD88: Myeloid differentiation protein 88; TLR: toll-like receptor; TRAF: tumour necrosis factor
receptor-associated factor 6; TRAM: TRIF-related adaptor molecule; TRIF: TIR domain-containing adaptor inducing interferon-𝛽. I𝜅B𝛼:
inhibitory protein kappa-B and IKK: inhibitor of nuclear factor kappa-B kinase.

their role in the pathogenesis of atherosclerosis. Seimon
et al. found that in macrophages undergoing endoplasmic
reticulum-induced stress oxLDL and oxidized phospholipids
cause TLR2 and CD36 dependent apoptosis. It could explain
a mechanism whereby lipid loaded macrophages undergo
necrosis and form the plaque necrotic core [45]. Mullick et al.
showed that, in atherosclerosis-susceptible LDLR-deficient
(LDLR−/−) mice, complete deficiency of TLR2 leads to a
reduction in atherosclerosis, whereas expression of TLR2
only on bone marrow derived cells has no impact on
atherosclerosis development [46]. Higashimori et al. found
that TLR2 deficiency diminishes foam cell accumulation
in lesion-prone areas of the aorta of ApoE−/− mice. They
showed that TLR2 expression on vascular endothelium, i.e.,
on non-bone marrow derived cells, at sites of nonlaminar

flow contributes to the atherosclerosis. Further investiga-
tions using LDLR−/− mice showed that aortic endothelial
cell TLR2 expression was confined to areas of nonlaminar
flow, specifically in the lesser curvature of the aorta, and
that hyperlipidemia increases endothelial TLR2 expression
[47]. In human atheroma cell cultures blockade of TLR2
and MyD88 inhibits NF-𝜅B activation and matrix metal-
loproteinase (MMP) production, suggesting that MyD88-
mediated TLR2 signaling contributes to human atherosclero-
sis [48]. Schoneveld et al. usingApoE−/− atheroscleroticmice
showed that exogenous TLR2 activation increases atheroscle-
rotic plaque formation and plaque-media ratio. TLR2 is
involved not only in the initial intimal lesion formation but
also in the development of occlusive disease [49]. TLR2
promotes vascular smooth muscle cell (VSMC) migration
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from tunicamedia to the intima in an IL-6 dependentmanner
[50]. HMGB1 is a nuclear transcription factor secreted by
macrophages, monocytes, and dendritic cells and expressed
in atherosclerotic lesions, which binds to TLR2 and triggers
release of proinflammatory cytokines [51]. However, Curtiss
et al. indicated that deficiency in either TLR1 or TLR6 did
not reduce atherosclerosis induced by exposure to a high
fat diet. Therefore, it can be suggested that TLR1 and TLR6
individually may not be sufficient per se but may act together
with TLR2 as heterodimers [52]. TLR4 levels are upregulated
by oxLDL, and TLR4 is a critical mediator of oxLDL-induced
inflammatory cytokine expression in vascular smooth mus-
cle cells [53]. Minimally modified LDL induces ROS pro-
duction and macrophage cytoskeletal rearrangements in a
TLR4 dependent andMyD88-independent manner [54].The
spleen tyrosine kinase SYK binds to the cytoplasmic domain
of TLR4 and mediates macrophage activation, membrane
ruffling, macropinocytosis, lipid accumulation, and their
consequent transformation into lipid-laden foam cells [55].
Some investigators report that HSP60 induces a proinflam-
matory response in a TLR2 and TLR4 dependent fashion
[56], but this hypothesis has been extensively challenged.
It has been shown that LPS contamination of the HSP
preparations is responsible for the observed TLR4 activation
[57]. LPS is a powerful inducer of TLR activation even in
minute quantities, and LPS contamination results in the
production of recombinant HSP in Escherichia coli. TLR4
also plays a critical role in the progression and rupture of
atherosclerotic plaques leading to the formation of occlusive
thrombus. Ishikawa et al. demonstrated an increased expres-
sion of TLR4, but not TLR2, in ruptured human coronary
atherosclerotic plaques, and observed TLR4 immunostaining
in the infiltrating macrophages [58]. Furthermore, Gargiulo
et al. showed that different components of oxLDL present in
atheromas enhance the release of proinflammatory cytokines
and upregulate MMP-9 in a TLR4/NF-𝜅B-dependent fashion
[59]. This investigation directly implicates the role of lipid
derivatives as endogenous TLR4 ligands that contribute to
matrix breakdown.

5. Role of Endosomal TLRs in the Pathogenesis
of Atherosclerosis

TLR3 is an endosomal TLR that signals via TRIF and is
MyD88-independent. Cole et al. described an unexpected
protective role of TLR3 in atherosclerosis. They observed
an increased expression of TLR3 in human atheroma-
derived smooth muscle cells and pro- and anti-inflammatory
responses to dsRNA in vitro studies. Also in vivo neoin-
tima formation in their perivascular collar-induced injury
animal model was reduced after administration of the TLR3
synthetic analog polyinosine polycytidylic acid (PolyI:C)
in TLR3+/+ApoE−/− mice compared to TLR3−/−ApoE−/−
mice. They showed that TLR3−/−ApoE−/− mice developed
atherosclerosis earlier than TLR3+/+ApoE−/− counterparts,
suggesting that TLR3 is a protective factor [60]. Zimmer et
al. demonstrated that TLR3 activation in the endothelium
impairs endothelial function that induces atherosclerosis
development. Injection of intravenous TLR3 ligand polyI:C

impaired endothelium-dependent vasodilation, increased
vascular production of reactive oxygen species, and reduced
reendothelialization following carotid injury in WT mice
compared to controls [61]. Curtiss et al. examined the TRIF
mutated gene (Lps2) in LDLR−/− mice and found that
LDLR−/− mice with lack-of-function mutations in TRIF
(Lps2) were significantly protected from atherosclerosis,
assessed by heart sinus and aorta lesion size quantifica-
tions, and these mice displayed fewer lesional macrophages
[52].

The endosomal receptors TLR7 and TLR8 detect viral
ssRNA and self-RNA released from necrotic cells [62].
Salagianni et al. found that TLR7 could play a protective
role by constraining monocyte/macrophage proinflamma-
tory activity. The authors showed that TLR7−/−ApoE−/−
mice displayed elevated necrotic core formation, lipid deposi-
tion, macrophage infiltration, and proinflammatory cytokine
production and reduced presence of SMCs and collagen. It
was also reported that TLR7 hinders the expression of inflam-
matory Ly6Chi monocytes and accumulation of inflamma-
tory M1 macrophages by reducing MCP-1 as a result of a
TLR7 mediated decrease in a cell response to the pathogenic
PRRs TLR2 and TLR4 stimulation [63]. Signaling-dependent
IFN responses could explain the distinct roles of TLRs in
atherosclerosis.

The receptors TLR2, TLR7, and TLR9 all operate via
the MyD88-pathway inducing downstream activation of NF-
𝜅B signaling [64]. TLR7 and TLR9 possess the specific
ability to induce type I IFN production. It is unclear if
this can really explain the beneficial outcome of TLR7
signaling, since bone marrow chimeras for IFN-𝛽 exhibit
reduced atherosclerosis, indicating that other downstream
mechanisms could modulate the beneficial effect of TLR7
[65]. TLR9 has been closely linked to the development of
atherosclerotic lesions, since it is activated by CpG motifs
in nucleic acids that are released during vascular necro-
sis. Activation of TLR9 stimulates the transformation of
murine macrophages into foam cells in an NF-𝜅B- and IRF7-
dependent manner [66]. Bouaziz et al. suggest that TLR9
is protective against atherosclerosis. In vitro activation of
TLR9 stimulates interleukin-10 (IL-10) production, which in
turn inhibits the INF-𝛼 secretion by plasma dendritic cells
and CD4+ CD25+ T-cell proliferation [67]. Koulis et al.
used a double knockout mouse model lacking both TLR9
and ApoE to compare aortic sinus atherosclerotic lesion
development.They showed a 33% increase in lipid deposition
and atherosclerotic plaque size in ApoE−/−/TLR9−/− mice
compared to ApoE−/− mice [68]. Ma et al. have shown that
inactivation of TLR9 by immunoregulatory oligodeoxynu-
cleotides, such as IRS869, reduces plaque burden and
shunts the activities of proinflammatory macrophages (M1)
into anti-inflammatory macrophages (M2) [69]. Krogmann
et al. investigated the effect of administering intravenous
ODN1826 (type B oligodeoxynucleotide that activates TLR9)
and demonstrated that systemic stimulation of TLR9 with
high dose CpG ODN impaired reendothelialization upon
acute vascular injury and increased atherosclerotic plaque
development in ApoE-/- mice [70].
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6. RAGE and TLRs: Promising Therapeutic
Targets for Antiatherosclerotic Therapy

Atherosclerosis is a multifactorial inflammatory disease and
the primary initiator of cardiovascular disease. It has been
indicated that innate immune receptors play a predomi-
nant role in pathogenesis atherosclerosis. Recent evidence
demonstrates an important role of toll-like receptors in
atherogenesis [71]. Preclinical studies reported promising
inhibitory effects of some antagonistic ligands on TLRs
signaling in inflammation [72]. Arslan et al. demonstrated
that a monoclonal antibody against TLR2 (OPN-301) results
in reduced neutrophil, macrophage, and T-lymphocyte infil-
tration and decreased the production of proinflammatory
TNF-𝛼, IL-1𝛼, and GM-CSF in a mouse model [73]. It
was also reported that the first humanized anti-TLR2 anti-
body, OPN-305, reduced infarct size, preserved systolic
function, and prevented myocardial damage in a pig model
of Ischemia/Reperfusion Injury [74, 75]. DPP-4 (CD26)
inhibitor alogliptin reduced atherosclerotic lesion size in dia-
betic mice and inhibited TLR4-mediated proinflammatory
cytokine expression in vitro [76]. Bertocchi et al. indicated
that atorvastatin could control overexpression of proin-
flammatory endothelial TLR2 protein and TLR2-mediated
endothelial activation. Themechanism involves casein kinase
2 and SP1 phosphorylation [77]. Further, R. sphaeroides LPS
(Rs-LPS) has been utilized as a TLR4 antagonist, which
prevented the expression of proatherogenic factors as IL-
6 and MMP-9, macrophage accumulation in atherosclerotic
plaques, and NF-𝜅B activation in 14-week-old ApoE−/−mice
[78]. Monaco et al. have shown that TLR-2 signaling through
MyD88 plays a predominant role in inflammation andmatrix
degradation in human atherosclerosis. Functional analysis
of human carotid endarterectomies has revealed that TLR2
blockade can exert beneficial effectsmediated by inhibition of
the production of proinflammatory cytokines, chemokines,
and MMPs and by attenuating NF-𝜅B activity [79].

The ubiquitous nuclear molecule HMGB1 is so far the
best-studied alarming molecule activating innate immunity.
This function is enabled by extracellular HMGB1 attaching
to a number of DAMPs and PAMPs, followed by RAGE-
mediated endocytosis of the complexes to the endolysosomal
system [80]. Screening HMGB1 peptide libraries resulted
recently in identifying a tetramer (FSSE) as a specific
MD-2 antagonist preventing MD-2/HMGB1 binding and
subsequent TLR4 signaling, but not blocking MD-2/LPS
interaction. The results may direct future studies toward
strategies aimed at attenuating DAMP mediated inflamma-
tion while preserving antimicrobial immune responsiveness
[81, 82].

Receptor for advanced glycation end-products (RAGE)
and its ligands are precisely involved in many disorders
such as enhanced oxidative stress, immune/inflammatory
responses, and altered cell functions. Soluble forms of RAGE:
endogenous soluble RAGE isoforms (sRAGE) and endoge-
nously secreted splice variant (es)RAGE have been found
circulating in plasma and tissues. These isoforms are able to
neutralize the ligand-mediated damage. There is evidence to
confirm a role for both sRAGE and esRAGE as biomarkers

or endogenous protection factors against RAGE-mediated
atherogenesis [28].

Lee et al. demonstrated that blockade of RAGE acti-
vation by sRAGE prevents AngII-induced atherosclerosis.
Therefore, these results suggest that RAGE activation may be
important inmediating AngII-induced atherogenesis, and, in
addition, AngII activation may be a major pathway in the
development of atherosclerosis [83]. Also Li et al. indicate
that Glucagon-like peptide-1 (GLP-1) can protect against
arteriosclerotic lesion development in apolipoprotein-E defi-
cient (ApoE-/-) mice. These data suggested that GLP-1
analog liraglutide exhibits an antiatherosclerotic effect via
inhibiting AGEs-induced RAGE expression in ApoE-/- mice
[84]. Calkin et al. evaluated the antiatherosclerotic effect
of the 3-hydroxy-3-methylglutaryl CoA reductase inhibitor,
rosuvastatin, and the angiotensin II receptor blocker (ARB),
candesartan, alone and in combination, in the streptozotocin-
induced diabetic apolipoprotein-E-deficient (Apoe (-/-))
mouse.They showed that rosuvastatin attenuated plaque area
in diabetic mice in the absence of lipid-lowering effects.
Rosuvastatin treatment was associated with decreased accu-
mulation of AGE and AGE receptor (RAGE) in plaques [85].
Additionally, Wang et al. found that atorvastatin dramatically
improved neurological deficits and reduced brain water
contents and infarct sizes at 24h after stroke. Moreover, the
overexpression ofHMGB1, RAGE, TLR4, andNF-𝜅B induced
by ischemia was significantly attenuated by atorvastatin [86].
These results may provide the basis for future development
of antiatherosclerotic drugs acting through RAGE and TLR
activation.

Moreira et al. indicate that coronary artery disease (CAD)
and acute myocardial infarction (AMI) are inflammatory
disorders; the only drugs with anti-inflammatory effect so far
used in ischemic heart disease are aspirin and statins. Impor-
tantly, immunomodulatory or immunosuppressive thera-
pies, such as cyclosporine and colchicine, are promising in
CAD. Also methotrexate has potential cardioprotective anti-
inflammatory effects, through increased adenosine levels.
Additionally, the blockage of other potential targets, such as
the IL-6 receptor, CC2 chemokine receptor, and CD20, could
bring considerable advantages in CAD [87].

7. Conclusions

Receptors for advanced glycation end-products and toll-
like receptors play a pivotal role in atherosclerosis. These
receptors are strongly implicated in atheroma development
and progression as shown by a number of in vitro and
animal studies on atherosclerosis prone LDLR and ApoE
deficient mice. Increased expression of RAGE is associated
with necrotic core expansion, thinning of the fibrous cap,
and plaque instability. TLR2 and TLR4 are often labelled as
“atherogenic promoters.”The development of atherosclerotic
plaques often requires coreceptors such as CD36 linked to
TLR2. The presence of TLR4 in unstable plaques suggests
that it is a major factor of coronary artery disease progres-
sion. TLR4 upregulates matrix metallopeptidases such as
MMP-9, which makes plaques prone to rupture. The precise
function of TLR9 in atherosclerosis is yet to be defined
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as there are conflicting data reporting both proatherogenic
and antiatherogenic effects. RAGE and TLRs orchestrate
of cellular mediators and transcription factors, and thus
play a key role in homeostasis and host defense. Because
aberrant of PRR signaling, mutations of the receptors and/or
their downstream signaling molecules can potentially lead
to chronic autoinflammatory disorders. Therefore, signaling
of these receptors’ pathways appears to present new avenue
for the modulation of inflammatory responses as potential
novel therapeutic targets [88]. Further studies on these
receptors are needed to provide deeper insights into their
functional importance in pathogenesis of atherosclerosis and
enable development of new therapeutic strategies against
cardiovascular diseases.

Conflicts of Interest

The authors declare no conflicts of interest.

Acknowledgments

This work was supported by the National Science Centre
(Grant 2017/01/X/NZ3/00248).

References

[1] J. L. Witztum and A. H. Lichtman, “The influence of innate and
adaptive immune responses on atherosclerosis,”Annual Review
of Pathology: Mechanisms of Disease, vol. 9, pp. 73–102, 2014.

[2] A. Bangert, M. Andrassy, and A. M. Müller, “Critical role of
RAGE andHMGB1 in inflammatory heart disease,” Proceedings
of the National Acadamy of Sciences of the United States of
America, vol. 113, no. 2, pp. E155–E164, 2016.

[3] Z. Cai, “Role of RAGE in Alzheimer’s Disease,” Cell Mol
Neurobiol, vol. 36, no. 4, pp. 483–495, 2016.

[4] R. Ramasamy, A. Shekhtman, andA.M. Schmidt, “Themultiple
faces of RAGE-opportunities for therapeutic intervention in
aging and chronic disease,” Expert Opinion on Therapeutic
Targets, vol. 20, no. 4, pp. 431–446, 2016.

[5] J. Xue, M. Manigrasso, M. Scalabrin et al., “Change in the
Molecular Dimension of a RAGE-Ligand Complex Triggers
RAGE Signaling,” Structure, vol. 24, no. 9, pp. 1509–1522, 2016.

[6] M.-P. Wautier, P.-J. Guillausseau, and J.-L. Wautier, “Activation
of the receptor for advanced glycation end products and con-
sequences on health,” Diabetes & Metabolic Syndrome: Clinical
Research & Reviews, 2016.

[7] G. Fritz, “RAGE: a single receptor fits multiple ligands,” Trends
in Biochemical Sciences, vol. 36, no. 12, pp. 625–632, 2011.

[8] C. Ott, K. Jacobs, E. Haucke, A. Navarrete Santos, T. Grune, and
A. Simm, “Role of advanced glycation end products in cellular
signaling,” Redox Biology, vol. 2, no. 1, pp. 411–429, 2014.

[9] D. Shi, J. W. Chang, J. Choi et al., “Receptor for Advanced
Glycation End Products (RAGE) is Expressed Predominantly
inMedium Spiny Neurons of tgHDRat Striatum,”Neuroscience,
vol. 380, pp. 146–151, 2018.

[10] M. Lappas, M. Permezel, and G. E. Rice, “Advanced glycation
endproducts mediate pro-inflammatory actions in human ges-
tational tissues via nuclear factor-𝜅B and extracellular signal-
regulated kinase 1/2,” Journal of Endocrinology, vol. 193, no. 2,
pp. 269–277, 2007.

[11] M. C. de Medeiros, S. C. T. Frasnelli, A. D. S. Bastos, S. R.
P. Orrico, and C. Rossa Jr., “Modulation of cell proliferation,
survival and gene expression by RAGE and TLR signaling in
cells of the innate and adaptive immune response: role of p38
MAPK and NF-KB,” Journal of Applied Oral Science, vol. 22, no.
3, pp. 185–193, 2014.

[12] Y. Chen, D. Chan, C. Chiang et al., “Advanced glycation
end-products induced VEGF production and inflammatory
responses in human synoviocytes via RAGE-NF-𝜅B pathway
activation,” Journal of Orthopaedic Research, vol. 34, no. 5, pp.
791–800, 2016.

[13] F. Santilli, N. Vazzana, L. G. Bucciarelli, and G. Davı̀, “Soluble
forms of RAGE in human diseases: Clinical and therapeutical
implications,” Current Medicinal Chemistry, vol. 16, no. 8, pp.
940–952, 2009.

[14] J. E. Cole, E. Georgiou, and C. Monaco, “The expression and
functions of toll-like receptors in atherosclerosis,”Mediators of
Inflammation, vol. 2010, Article ID 393946, 18 pages, 2010.

[15] Y. Okamura, M. Watari, E. S. Jerud et al., “The extra domain
A of fibronectin activates Toll-like receptor 4,” The Journal of
Biological Chemistry, vol. 276, no. 13, pp. 10229–10233, 2001.

[16] S. T. Smiley, J. A. King, and W. W. Hancock, “Fibrinogen
stimulates macrophage chemokine secretion through toll-like
receptor 4,”The Journal of Immunology, vol. 167, no. 5, pp. 2887–
2894, 2001.

[17] K. R. Taylor, K. Yamasaki, K. A. Radek et al., “Recognition of
hyaluronan released in sterile injury involves a unique receptor
complex dependent on toll-like receptor 4, CD44, and MD-2,”
The Journal of Biological Chemistry, vol. 282, no. 25, pp. 18265–
18275, 2007.

[18] R. M. Vabulas, P. Ahmad-Nejad, C. Da Costa et al., “Endo-
cytosed HSP60s use toll-like receptor 2 (TLR2) and TLR4 to
activate the toll/interleukin-1 receptor signaling pathway in
innate immune cells,” The Journal of Biological Chemistry, vol.
276, no. 33, pp. 31332–31339, 2001.

[19] Y. S. Bae, J. H. Lee, S. H. Choi et al., “Macrophages generate
reactive oxygen species in response to minimally oxidized low-
density lipoprotein: toll-like receptor 4- and spleen tyrosine
kinase-dependent activation of NADPH oxidase 2,” Circulation
Research, vol. 104, no. 2, pp. 210–218, 2009.

[20] G. Basta, “Receptor for advanced glycation endproducts and
atherosclerosis: from basic mechanisms to clinical implica-
tions,” Atherosclerosis, vol. 196, no. 1, pp. 9–21, 2008.

[21] T. Chavakis, A. Bierhaus, N. Al-Fakhri et al., “The pattern
recognition receptor (RAGE) is a counterreceptor for leukocyte
integrins: a novel pathway for inflammatory cell recruitment,”
The Journal of Experimental Medicine, vol. 198, no. 10, pp. 1507–
1515, 2003.

[22] C. Cuccurullo, A. Iezzi, M. L. Fazia et al., “Suppression of rage
as a basis of simvastatin-dependent plaque stabilization in type
2 diabetes,” Arteriosclerosis, Thrombosis, and Vascular Biology,
vol. 26, no. 12, pp. 2716–2723, 2006.

[23] A. P. Burke, F. D. Kolodgie, A. Zieske et al., “Morphologic
findings of coronary atherosclerotic plaques in diabetics: a
postmortem study,” Arteriosclerosis, Thrombosis, and Vascular
Biology, vol. 24, no. 7, pp. 1266–1271, 2004.

[24] N. Mahajan, N. Malik, A. Bahl, and V. Dhawan, “Receptor for
advanced glycation end products (RAGE) and its inflammatory
ligand EN-RAGE in non-diabetic subjects with pre-mature
coronary artery disease,”Atherosclerosis, vol. 207, no. 2, pp. 597–
602, 2009.



8 BioMed Research International

[25] A. Soro-Paavonen, A. M. D. Watson, J. Li et al., “Receptor for
advanced glycation end products (RAGE) deficiency attenuates
the development of atherosclerosis in diabetes,” Diabetes, vol.
57, no. 9, pp. 2461–2469, 2008.

[26] A.M. Schmidt, S. D. Yan, S. F. Yan, andD.M. Stern, “The biology
of the receptor for advanced glycation end products and its
ligands,” Biochimica et Biophysica Acta (BBA) - Molecular Cell
Research, vol. 1498, no. 2-3, pp. 99–111, 2000.

[27] J. M. Forbes, S. R. Thorpe, V. Thallas-Bonke et al., “Modu-
lation of soluble receptor for advanced glycation end prod-
ucts by angiotensin-converting enzyme-1 inhibition in diabetic
nephropathy,” Journal of the American Society ofNephrology, vol.
16, no. 8, pp. 2363–2372, 2005.

[28] N. Vazzana, F. Santilli, C. Cuccurullo, and G. Davı̀, “Soluble
forms of RAGE in internal medicine,” Internal and Emergency
Medicine, vol. 4, no. 5, pp. 389–401, 2009.

[29] K. Takeda and S. Akira, “TLR signaling pathways,” Seminars in
Immunology, vol. 16, no. 1, pp. 3–9, 2004.

[30] J. Gohda, T. Matsumura, and J.-I. Inoue, “Cutting edge: TNFR-
associated factor (TRAF) 6 is essential for MyD88-dependent
pathway but not Toll/IL-1 receptor domain-containing adaptor-
inducing IFN-𝛽 (TRIF)-dependent pathway in TLR signaling,”
The Journal of Immunology, vol. 173, no. 5, pp. 2913–2917, 2004.

[31] Z. J. Chen, “Ubiquitin signalling in the NF-𝜅B pathway,”Nature
Cell Biology, vol. 7, no. 8, pp. 758–765, 2005.

[32] C. Wang, L. Deng, M. Hong, G. R. Akkaraju, J. Inoue, and Z.
J. Chen, “TAK1 is a ubiquitin-dependent kinase of MKK and
IKK,” Nature, vol. 412, no. 6844, pp. 346–351, 2001.

[33] S. Ghosh, M. J. May, and E. B. Kopp, “NF-𝜅B and rel proteins:
evolutionarily conserved mediators of immune responses,”
Annual Review of Immunology, vol. 16, pp. 225–260, 1998.

[34] T. Kawasaki and T. Kawai, “Toll-like receptor signaling path-
ways,” Frontiers in Immunology, vol. 5, article 461, 2014.

[35] M.Yamamoto, S. Sato,H.Hemmi et al., “Role of adaptorTRIF in
the MyD88-independent toll-like receptor signaling pathway,”
Science, vol. 301, no. 5633, pp. 640–643, 2003.

[36] S. Uematsu and S. Akira, “Toll-like receptors and type I
Interferons,” The Journal of Biological Chemistry, vol. 282, no.
21, pp. 15319–15324, 2007.

[37] C.Wang, T. Chen, J. Zhang et al., “TheE3 ubiquitin ligase Nrdp1
‘preferentially’ promotes TLR-mediated production of type I
interferon,”Nature Immunology, vol. 10, no. 7, pp. 744–752, 2009.

[38] X. Liu, Z. Zhan, D. Li et al., “Intracellular MHC class II
molecules promote TLR-triggered innate immune responses by
maintaining activation of the kinase Btk,” Nature Immunology,
vol. 12, no. 5, pp. 416–424, 2011.

[39] A. O. Aliprantis, R. B. Yang, M. R. Mark et al., “Cell activation
and apoptosis by bacterial lipoproteins through Toll- like
receptor-2,” Science, vol. 285, no. 5428, pp. 736–739, 1999.

[40] A. O. Aliprantis, R.-B. Yang, D. S. Weiss, P. Godowski, and A.
Zychlinsky, “The apoptotic signaling pathway activated by Toll-
like receptor-2,” EMBO Journal, vol. 19, no. 13, pp. 3325–3336,
2000.

[41] H. Björkbacka, V. V. Kunjathoor, K. J. Moore et al., “Reduced
atherosclerosis in MyD88-null mice links elevated serum
cholesterol levels to activation of innate immunity signaling
pathways,” Nature Medicine, vol. 10, no. 4, pp. 416–421, 2004.

[42] K. S. Michelsen, M. H. Wong, P. K. Shah et al., “Lack of toll-
like receptor 4 or myeloid differentiation factor 88 reduces
atherosclerosis and alters plaque phenotype in mice deficient
in apolipoprotein E,” Proceedings of the National Acadamy of

Sciences of the United States of America, vol. 101, no. 29, pp.
10679–10684, 2004.

[43] M. Subramanian, E. Thorp, G. K. Hansson, and I. Tabas,
“Treg-mediated suppression of atherosclerosis requiresMYD88
signaling in DCs,”The Journal of Clinical Investigation, vol. 123,
no. 1, pp. 179–188, 2013.

[44] N. J. Gay, M. F. Symmons, M. Gangloff, and C. E. Bryant,
“Assembly and localization of Toll-like receptor signalling
complexes,”Nature Reviews Immunology, vol. 14, no. 8, pp. 546–
558, 2014.

[45] T. A. Seimon, M. J. Nadolski, X. Liao et al., “Atherogenic lipids
and lipoproteins trigger CD36-TLR2-dependent apoptosis in
macrophages undergoing endoplasmic reticulum stress,” Cell
Metabolism, vol. 12, no. 5, pp. 467–482, 2010.

[46] A. E. Mullick,K. Soldau,W. B. Kiosses, T. A. Bell III, P. S. Tobias,
and L. K. Curtiss, “Increased endothelial expression of Toll-
like receptor 2 at sites of disturbed blood flow exacerbates early
atherogenic events,”The Journal of Experimental Medicine, vol.
205, no. 2, pp. 373–383, 2008.

[47] M. Higashimori, J. B. Tatro, K. J. Moore, M. E. Mendelsohn,
J. B. Galper, and D. Beasley, “Role of toll-like receptor 4 in
intimal foam cell accumulation in apolipoprotein E-deficient
mice,”Arteriosclerosis,Thrombosis, and VascularBiology, vol. 31,
no. 1, pp. 50–57, 2011.

[48] K. Edfeldt, J. Swedenborg, G. K. Hansson, and Z. Q. Yan,
“Expression of toll-like receptors in human atherosclerotic
lesions: a possible pathway for plaque activation,” Circulation,
vol. 105, no. 10, pp. 1158–1161, 2002.

[49] A. H. Schoneveld, M. M. Oude Nijhuis, B. Van Middelaar,
J. D. Laman, D. P. V. De Kleijn, and G. Pasterkamp, “Toll-
like receptor 2 stimulation induces intimal hyperplasia and
atherosclerotic lesion development,” Cardiovascular Research,
vol. 66, no. 1, pp. 162–169, 2005.

[50] G.-L. Lee, Y.-W. Chang, J.-Y. Wu et al., “TLR 2 induces
vascular smoothmuscle cellmigration through cAMP response
element-binding protein-mediated interleukin-6 production,”
Arteriosclerosis, Thrombosis, and Vascular Biology, vol. 32, no.
11, pp. 2751–2760, 2012.

[51] K. Inoue, K.-I. Kawahara, K. K. Biswas et al., “HMGB1 expres-
sion by activated vascular smooth muscle cells in advanced
human atherosclerosis plaques,” Cardiovascular Pathology, vol.
16, no. 3, pp. 136–143, 2007.

[52] L. K. Curtiss, A. S. Black, D. J. Bonnet, and P. S. Tobias,
“Atherosclerosis induced by endogenous and exogenous toll-
like receptor (TLR)1 or TLR6 agonists,” Journal of Lipid
Research, vol. 53, no. 10, pp. 2126–2132, 2012.

[53] K. Yang, X. J. Zhang, L. J. Cao et al., “Toll-like receptor 4
mediates inflammatory cytokine secretion in smooth muscle
cells induced by oxidized low-density lipoprotein,” PLoS ONE,
vol. 9, no. 4, Article ID e95935, 2014.

[54] Y. I. Miller, S. Viriyakosol, C. J. Binder, J. R. Feramisco, T.
N. Kirkland, and J. L. Witztum, “Minimally modified LDL
binds to CD14, induces macrophage spreading via TLR4/MD-
2, and inhibits phagocytosis of apoptotic cells,” The Journal of
Biological Chemistry, vol. 278, no. 3, pp. 1561–1568, 2003.

[55] Y. I. Miller, S.-H. Choi, P. Wiesner, and Y. S. Bae, “The SYK
side of TLR4: signalling mechanisms in response to LPS and
minimally oxidized LDL,” British Journal of Pharmacology, vol.
167, no. 5, pp. 990–999, 2012.

[56] C. U. Prazeres da Costa, N. Wantia, C. J. Kirschning et al.,
“Heat shock protein 60 from Chlamydia pneumoniae elicits an



BioMed Research International 9

unusual set of imflammatory responses via Tol-like receptor 2
and 4 in vivo,” European Journal of Immunology, vol. 34, no. 10,
pp. 2874–2884, 2004.

[57] M.-F. Tsan and B. Gao, “Endogenous ligands of Toll-like
receptors,” Journal of Leukocyte Biology, vol. 76, no. 3, pp. 514–
519, 2004.

[58] Y. Ishikawa, M. Satoh, T. Itoh, Y. Minami, Y. Takahashi, and M.
Akamura, “Local expression of Toll-like receptor 4 at the site of
ruptured plaques in patients with acute myocardial infarction,”
Clinical Science, vol. 115, no. 3-4, pp. 133–140, 2008.

[59] S. Gargiulo, P. Gamba, G. Testa et al., “Relation between TLR4/
NF-𝜅B signaling pathway activation by 27-hydroxycholesterol
and 4-hydroxynonenal, and atherosclerotic plaque instability,”
Aging Cell, vol. 14, pp. 569–581, 2015.

[60] J. E. Cole, T. J. Navin, A. J. Cross et al., “Unexpected protective
role for Toll-like receptor 3 in the arterial wall,” Proceedings of
the National Acadamyof Sciences of the United States of America,
vol. 108, no. 6, pp. 2372–2377, 2011.

[61] S. Zimmer, M. Steinmetz, T. Asdonk et al., “Activation of
endothelial toll-like receptor 3 impairs endothelial function,”
Circulation Research, vol. 108, no. 11, pp. 1358–1366, 2011.

[62] M. A. Anwar, S. Basith, and S. Choi, “Negative regulatory
approaches to the attenuation of Toll-like receptor signaling,”
Experimental & Molecular Medicine, vol. 45, no. 2, article e11,
2013.

[63] M. Salagianni, I. E. Galani, A. M. Lundberg et al., “Toll-
Like Receptor 7 Protects FromAtherosclerosis by Constraining
“Inflammatory” Macrophage Activation,” Circulation, vol. 126,
no. 8, pp. 952–962, 2012.

[64] S. Janssens, K. Burns, J. Tschopp, and R. Beyaert, “Regulation of
Interleukin-1- and Lipopolysaccharide-Induced NF-𝜅B Activa-
tion by Alternative Splicing of MyD88,” Current Biology, vol. 12,
no. 6, pp. 467–471, 2002.

[65] P. Goossens, M. J. J. Gijbels, A. Zernecke et al., “Myeloid type
I interferon signaling promotes atherosclerosis by stimulating
macrophage recruitment to lesions,”CellMetabolism, vol. 12, no.
2, pp. 142–153, 2010.

[66] R. Sorrentino, S. Morello, S. Chen, E. Bonavita, and A. Pinto,
“The activation of liver X receptors inhibits toll-like receptor-
9-induced foam cell formation,” Journal of Cellular Physiology,
vol. 223, no. 1, pp. 158–167, 2010.

[67] J.-D. Bouaziz, S. Calbo,M.Maho-Vaillant et al., “IL-10 produced
by activated human B cells regulates CD4+ T-cell activation
in vitro,” European Journal of Immunology, vol. 40, no. 10, pp.
2686–2691, 2010.

[68] C. Koulis, Y.-C. Chen, C. Hausding et al., “Protective role for
toll-like receptor-9 in the development of atherosclerosis in
apolipoprotein e-deficient mice,” Arteriosclerosis, Thrombosis,
and Vascular Biology, vol. 34, no. 3, pp. 516–525, 2014.

[69] ChunmeiMa, Qiufang Ouyang, Ziyang Huang et al., “Toll-Like
Receptor 9 Inactivation Alleviated Atherosclerotic Progression
and Inhibited Macrophage Polarized to M1 Phenotype in
ApoE−/− Mice,” Disease Markers, vol. 2015, Article ID 909572,
9 pages, 2015.
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