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Abstract The receptor for advanced glycation end-
products (RAGE) was initially characterized and
named for its ability to bind to advanced glycation
end-products (AGEs) that form upon the irreversible
and non-enzymatic interaction between nucleophiles,
such as lysine, and carbonyl compounds, such as
reducing sugars. The concentrations of AGEs are
known to increase in conditions such as diabetes, as
well as during ageing. However, it is now widely
accepted that RAGE binds with numerous ligands,
many of which can be defined as pathogen-associated
molecular patterns (PAMPs) or damage-associated
molecular patterns (DAMPs). The interaction between
RAGE and its ligands mainly results in a pro-
inflammatory response, and can lead to stress events
often favouring mitochondrial dysfunction or cellular
senescence. Thus, RAGE should be considered as a
pattern recognition receptor (PRR), similar to those
that regulate innate immunity. Innate immunity itself
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plays a central role in inflammaging, the chronic low-
grade and sterile inflammation that increases with age
and is a potentially important contributory factor in
ageing. Consequently, and in addition to the age-
related accumulation of PAMPs and DAMPs and
increases in pro-inflammatory cytokines from senes-
cent cells and damaged cells, PRRs are therefore
important in inflammaging. We suggest here that,
through its interconnection with immunity, senes-
cence, mitochondrial dysfunction and inflammasome
activation, RAGE is a key contributor to inflammaging
and that the pro-longevity effects seen upon blocking
RAGE, or upon its deletion, are thus the result of
reduced inflammaging.

Keywords Ageing - Inflammaging - Receptor for
advanced glycation end-products (RAGE) - Pattern
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Introduction

The receptor for advanced glycation end-products
(RAGE) expressed in mammals is a 45 kDa trans-
membrane receptor from the immunoglobulin super-
family (Ig) which also serves as a cell adhesion
molecule (Sessa et al. 2014). While it is very strongly
expressed in the lung, its basal expression is low in
most tissues. While its precise physiological function
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remains unclear, there is good evidence that it could be
involved in immunity due to its pro-inflammatory
signalling. Nonetheless, Rage deletion in mice is
viable and has shown to be protective against a number
of pathologies, including age-related diseases, such as
cardiovascular diseases or Alzheimer’s disease (Cai
et al. 2016; Park et al. 2011), and even features of
physiological ageing (Grossin et al. 2015; Teissier
et al. 2019). RAGE interaction with its ligands results
primarily in increased inflammation and oxidation.
Given the properties of RAGE, its role in age-related
diseases and its association with some features of
ageing, we here suggest that it could also play a key
role in physiological ageing.

Ageing is characterized by a number of events that
lead to reduced efficacy of organ functions, to an
increased probability of developing so-called age-
related diseases and to an increased risk of death with
time. Hallmarks or pillars of ageing that cause or result
from ageing have recently been described and
reviewed (Kennedy et al. 2014a; Lopez-Otin et al.
2013). Chronic inflammation, or rather inflammaging,
is considered one of the most important processes of
ageing that both explains and is explained by different
hallmarks of ageing. We here suggest that RAGE
signalling might be an important contributor to
inflammaging with respect to its inherent pro-inflam-
mation properties and its suspected role in ageing.

In this review, we summarize the current knowl-
edge of RAGE expression and structure and its
interaction with downstream effectors and extracellu-
lar ligands. Consequently, we describe inflammaging
and its links with immunosenescence, damage-asso-
ciated molecular patterns (DAMPs), pathogen-associ-
ated molecular patterns (PAMPs) and the senescence-
associated secretory phenotype (SASP), and show that
RAGE is classifiable as a pattern recognition receptor
(PRR) involved in inflammaging and ageing.

RAGE and its ligands

RAGE expression

RAGE is a multiligand protein found in mammals,
belonging to the immunoglobulin superfamily and to
the family of cell adhesion molecules (Sessa et al.

2014). It is widely expressed across all organs, notably
in skeletal muscle, lung, heart, liver and kidney (Brett
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et al. 1993) and is also expressed in circulating
adaptive and innate immune cells (Akirav et al. 2012;
Chen et al. 2008; Manfredi et al. 2008; Moser et al.
2007; Narumi et al. 2015; Schmidt 2017) and is
involved in their recruitment via vascular cell adhe-
sion molecule 1 (VCAM-1) (Boulanger et al.
2002, 2007). While its expression is relatively low in
most tissues under basal conditions, it is more strongly
expressed in the lung, notably in alveolar epithelial
cells (Cheng et al. 2005; Demling et al. 2006;
Shirasawa et al. 2004). At least 20 splice variants
have been described so far but only a few of them have
a fully reported corresponding protein. While some of
these variants are shared between mice and humans,
others are exclusive to one or other species and mice
potentially express less soluble RAGE (sRAGE)
through alternative splicing than humans. Nonethe-
less, despite these differences, the main reported
isoforms of RAGE are conserved across species and
the mRNA coding for full-length RAGE is the most
prevalent variant across organs (Hudson et al. 2008a;
Kalea et al. 2009). There exist some exceptions and
SRAGE is dominant in the human hippocampus (Ding
and Keller 2005a). With age, RAGE expression is
increased, at least in the human heart, and its role
might therefore become more important in older
people (Simm et al. 2004). Mainly described at the
plasma membrane, it is also often found in the
cytoplasm. So far, only one study has indicated that
it could also be found in the nucleus, having a role in
DNA-damage response (DDR) and double-strand
break repair, but more work is required to confirm
this (Kumar et al. 2017).

RAGE structure

Full-length RAGE is comprised of three Ig domains
that form its extracellular part, including one V-type Ig
domain (V domain) connected via a short linker to a
C-type Ig domain (C1 domain) and then to a second
C-type Ig domain (C2 domain). These extracellular
domains are then followed by one transmembrane and
one intracellular domain which transduces the sig-
nalling (Fig. 1) (Bongarzone et al. 2017; Neeper et al.
1992; Xue et al. 2011; Yatime and Andersen 2013).
Naturally-occurring isoforms are also found. Two
soluble forms (SRAGE) have been widely reported:
the endogenous secretory RAGE (esRAGE), which
results from alternative splicing of Rage mRNA
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RAGE ligands

Multiple or unreported
binding sites
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Phosphatidylserine
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AOPPs s
AP Argypirimidine
Amyloid fibrils -
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HSP70 K
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* Kd ranges from nM to uM following S100 subtype and
RAGE domain

Kd=1-10nM

Kd =10-100 nM

Kd =100 - 1000 nM

Kd >1um

Other: unspecified Kd

Fig. 1 RAGE structure. Full-length RAGE is comprised of the
V, Cl1 and C2 extracellular domains, of a transmembrane
domain and a cytoplasmic domain. While the V and C1 domains
are closely bound together, a flexible linker is present between
the C1 and C2 domains. The V and C1 domains (in blue) are
positively charged with some localized negatively-charged
sites, while the C2, transmembrane and cytoplasmic domains
(in red) are negatively charged. Most RAGE ligands interact

(Hudson et al. 2008a; Jules et al. 2013), and the
cleaved RAGE (cRAGE) which is the result of the
extracellular RAGE domain cleaved by metallopro-
teases such as a disintegrin and metalloproteinase 10
(ADAMI10) or matrix metalloproteinase-9 (MMP9)
(Raucci et al. 2008; Zhang et al. 2008). Interestingly,
SRAGE is a possible biomarker of chronic inflamma-
tory diseases (Maillard-Lefebvre et al. 2009). Two
other forms of RAGE have also been reported: the
dominant-negative RAGE (DN-RAGE), lacking any
intracellular domain, and a form which lacks the V
domain (AN-RAGE) (Ding and Keller 2005b; Hudson
et al. 2008a). Other splice variants have been reported,
but the expected proteins are either unknown or
untranslated (Hudson et al. 2008a). However, we will
focus hereafter upon full-length RAGE.

Upon interaction with its ligands, RAGE may be
phosphorylated by PKCC and/or recruit various adap-
tor proteins or effectors including toll-interleukin 1
receptor domain-containing adaptor protein (TIRAP),

Full-length RAGE

V domain

Positively charged

C1 domain

C2 domain

Transmembrane

domain Negatively charged

Cytoplasmic
domain

with the VC1 domain. A amyloid , AOPPs advanced
oxidation protein products; CEL carboxyethyllysine; CML
carboxymethyllysine; gDNA genomic DNA; HMGBI high-
mobility group box 1; HSP70 heat shock protein 70; LPA
lipopolysaccharide lipid component A; LPS lipopolysaccharide;
Mac-1 macrophage-1 antigen; MG-HI methylglyoxal-derived
hydroimidazolone-1; mftDNA mitochondrial DNA. Adapted
from Kierdof et al. (2013)

MyD88, similar to Toll-like receptors (TLRs) (Sak-
aguchi et al. 2011), or mammalian diaphanous-1
(mDial) (Hudson et al. 2008b; Manigrasso et al. 2016;
Rai et al. 2012a). In parallel, RAGE can undergo
homodimerization, oligomerization (Xie et al. 2008;
Yatime and Andersen 2013; Zong et al. 2010) and
possibly heterodimerization (Tian et al. 2007; Zong
et al. 2010), to engage its signalling pathways. These
pathways are diverse and complex, and include the
phosphatidylinositol 3-kinase (PI3K)/AKT pathway,
the nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase, c-Jun N-terminal kinase (JNK),
the Janus kinase (JAK)/signal transducers and activa-
tors of transcription (STAT) pathway, and the mito-
gen-activated protein kinases (MAPK) pathway with
extracellular-signal-regulated kinases (ERK) 1/2
(Huang et al. 2001; Hudson et al. 2008b; Li et al.
2015; Liu et al. 2010; Ray et al. 2016; Wautier et al.
2001; Yeh et al. 2001). These pathways mainly result
in the activation of the transcription factors activator
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protein 1 (AP-1), STATs and more importantly NF-
kB, leading to pro-oxidant and pro-inflammatory
responses (Bianchi et al. 2010; Bierhaus et al. 2006;
Kierdorf and Fritz 2013; Yan et al. 2009b). Interest-
ingly, adaptor proteins such as TIRAP and MyD8S,
both of which lead to a pro-inflammatory response
upon activation of TLRs and RAGE (at least via the
NF-«B signalling pathway), suggest similar functions
and a potential crosstalk between the two receptor
families. Thus, regulating these adaptors might have
an important impact on inflammation by modulating
the activity of TLRs and RAGE. On the other hand,
up- or down-regulation of one of these receptors may
alter the activity of other receptors owing to decreased
or elevated availability of MyD88 and TIRAP to
transduce their signalling. On the contrary, however,
RAGE activation can temper NF-kB activation in
some cases, as shown in the liver (Zeng et al. 2012). A
more detailed description of RAGE downstream
signalling pathways is proposed elsewhere (Sorci
et al. 2013; Xie et al. 2013).

While RAGE was first described as a receptor for
advanced glycation end-products (AGEs), hence its
name (Neeper et al. 1992; Schmidt et al. 1992), it is
now widely known that RAGE is in fact a multi-ligand
receptor and proteins and molecules from various
origins interact with RAGE to induce a transduction
signal. To better understand how RAGE functions and
in what conditions its contribution is involved, it is
important to fully describe the ligands that trigger
RAGE signalling.

Advanced glycation end-products

Advanced glycation end-products (AGEs) are a
family of molecules issuing from the reaction
between a nucleophile, such as the amino group of
a lysine, and a carbonyl compound such as reducing
sugars. Upon this interaction, successive reversible
rearrangements produce the early glycation products
known as Schiff bases and Amadori products which
eventually lead to a final reaction forming AGEs, so
far considered as irreversible. This reaction can be
influenced by pH and temperature. While it takes
months or years to form AGEs in vivo at 37 °C,
they can be produced in minutes or seconds in
cooking processes utilising high temperatures. Their
concentration in vivo is elevated in pathologies such
as diabetes (Thornalley et al. 2003), Alzheimer’s
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Disease (AD) (Shuvaev et al. 2001) and cataracts
(Monnier and Cerami 1981) and increases with age
(Sell et al. 1996). Tissues composed of proteins with
a long half-life are more likely to accumulate AGEs
and become altered by this accumulation, as exem-
plified by crystallin in the lens and collagen in the
extracellular matrix (Masters et al. 1977; Monnier
and Cerami 1981; Verzijl et al. 2000). Many
different AGEs are formed endogenously or are
taken in from various exogenous origins and,
despite RAGE being named as the receptor for
AGEs, owing to their heterogeneity it is far from
certain that all AGEs can interact with this receptor.
Methylglyoxal-derived hydroimidazolone-1 (MG-
H1) has been reported to interact with the V domain
of human RAGE with a K4 =40 nM in a nuclear
magnetic resonance (NMR) and fluorescence titra-
tion experiment (Xue et al. 2014). Other NMR and
fluorescence titration studies have demonstrated that
peptide- and protein-bound carboxymethyllysine
(CML) and carboxyethyllysine (CEL) were also
able to interact with the V domain with a Ky
=100 uM (Xie et al. 2008; Xue et al. 2011).
However free CML and CEL, modified lysine not
bound to other amino acid residues, do not seem to
be able to interact with RAGE (Xie et al. 2008).
This was supported by the observation that excess
free CML was unable to inhibit CML-bovine serum
albumin (CML-BSA) interaction with '*’I-sSRAGE
(Kislinger et al. 1999). In silico docking analysis
predicts that pentosidine, argypirimidine, imidazole
and pyrraline are able to interact with the Cl1
domain of RAGE (Fatchiyah et al. 2015).

Calgranulins

Another group of molecules, calgranulins, has also
been reported to interact with RAGE. Calgranulins are
a family of S100, EF-hand, calcium-binding proteins
which are considered as sensors of intracellular Ca®"
and are involved in different cellular processes such as
cell migration, cell proliferation or cell differentiation
(van Hout et al. 2016). Dysregulated levels of S100
have been associated with cancer, inflammatory
response and cardiomyopathies (Bresnick et al.
2015; Most et al. 2006; Oliveira et al. 2018). S100B
is increased with age in mouse kidneys and liver and is
also associated with increased infiltration of activated
macrophages (Son et al. 2017). The majority of the 21
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members of the S100 family has been reported to
interact with the V, C1 and even C2 domain of RAGE
(Bongarzone et al. 2017; Leclerc et al. 2009). Some
work suggests that S100B interacts with positively-
charged areas of the V domain (Xie et al. 2008), while
others suggest an hydrophobic Ca®"-dependent inter-
action in the C’D loop of the V domain (Park et al.
2010). The reported Ky ranged from pM to nM and
were positively affected by S100 oligomerization
(Ostendorp et al. 2007; Xie et al. 2007).

HMGBI1

High-mobility group box 1 (HMGBI1), or ampho-
terin, is considered to be the most abundant non-
histone, DNA-binding protein. It is mainly localized
in the nucleus but can transit to the cytoplasm via
nuclear pores when acetylated, thus regulating its
function. HMGBI1 is involved in nucleosome for-
mation and can modulate transcription by interacting
with transcription factors and histones (Bianchi and
Agresti 2005; Harris and Andersson 2004). Its role
in DNA repair remains elusive and the subject of
debate (Lange and Vasquez 2009). Its overexpres-
sion in breast cancer sensitizes cancer cells to
cisplatin, an antitumor drug (He et al. 2000), and its
depletion enhances the excision repair mechanism
following cisplatin treatment (Li et al. 1997), but it
has also been shown to play a role in genomic and
mitochondrial DNA repair (Ito et al. 2015; Lange
et al. 2008). HMGBI1 can also be released in the
extracellular medium by active or passive processes.
Active release generally involves a severe stress,
such as inflammation or ischemia, which can inhibit
HMGBI1 deacetylation and lead to its sequestration
in the cytoplasm until it is finally secreted
(Evankovich et al. 2010; Gardella et al. 2002;
Tsung et al. 2014; Venereau et al. 2013). Passive
release of HMGB1 occurs in conditions such as
necrosis (Scaffidi et al. 2002). HMGBI1 is increased
with age in mouse kidney and liver and is also
associated with macrophage infiltration (Son et al.
2017). Circulating HMGBI1 is associated with a set
of pro-inflammatory processes, senescence and sev-
eral pathologies (Davalos et al. 2013; Magna and
Pisetsky 2014). Among all RAGE ligands, HMGBI1
has one of the highest reported affinities with a
K4 = 6-10 nM as determined by an in vitro satura-
tion binding assay (Hori et al. 1995).

Amyloid fibrils

Amyloid fibrils have also been shown to interact with
RAGE. Amyloid fibrils are characterised by B-sheet-
rich, super-coiled, insoluble structures forming fibrils.
These fibrils can be formed by the nucleation of
soluble proteins to form protofilaments, which in turn
give rise to amyloid fibrils. Many proteins such as the
amyloid B (AP) peptide, serum amyloid A (SAA), Ig
light chains or even insulin have been reported to be
responsible for different kind of amyloidosis (Iannuzzi
et al. 2014; Rambaran and Serpell 2008). While
amyloidosis due to proteins such as apolipoprotein
A-II (apoA-II) is very rare in humans, it is common in
other species like mice mainly because of species-
specific differences in methionine content and dimer-
ization, which is also why amyloidosis is specific to
some proteins (Gursky 2014; Higuchi et al. 1991;
Kitagawa et al. 2003; Morizane et al. 2011). Amyloi-
dosis has been linked to a number of pathologies
including AD where AP plaques are increased (Glen-
ner and Wong 1984; Masters et al. 1985a, 1985b),
scrapie or bovine spongiform encephalopathy caused
by prion proteins (PrPc) (Prusiner 1982, 1991), or
primary systemic amyloidosis characterized by accu-
mulation of amyloid light (AL) and heavy (AH) chains
in multiple organs (Comenzo 2000; Rambaran and
Serpell 2008). Among amyloid fibril RAGE ligands,
AP is the best characterized and interacts with the V
domain with a K4 = 70-80 nM. This interaction plays
a role in AP neurotoxicity and circulating A influx
into the brain (Deane et al. 2012; Yan et al. 1996).
Other amyloid fibrils of SAA, prion-derived peptides
and amylin have also been reported as ligands of
RAGE. Notably, these same proteins presented in a
random conformation, as well as an all-f3 sheet protein
erabutoxin B, were unable to interact with RAGE,
suggesting a specificity of sequence and conformation
is important for this interaction (Abedini et al. 2018;
Yan et al. 2000). sSRAGE was, however, reported to
interact with both soluble and fibrillar transthyretin
with equal affinity (K4 = 120 nM) (Sousa et al. 2000).

Complement components
The complement system is a major component of
immunity and is characterized by multiple cleavage

products. Importantly, it participates in pathogen lysis
through the formation of a membrane attack complex
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(MAC) at their surface, allowing free diffusion of
molecules through this pore and engendering cell
death. It is also involved in a process called “antigen
opsonisation”, by which addition of complement
molecules to a pathogen’s membrane facilitates
recognition by immune cells. Chemotaxis of innate
immune cells may also be enhanced by complement
components. The complement component C3a, result-
ing from C3 cleavage, is an anaphylatoxin which is
possibly involved in systemic lupus erythematosus
(Peng et al. 2009; Porcel et al. 1995). C3a was able to
bind to RAGE in an ELISA assay and formed a ternary
complex with oligonucleotides (Ruan et al. 2010).
Another complement component, Clq is able to
initiate complement activation and antibody-indepen-
dent opsonisation and its absence is also associated
with systemic lupus erythematosus (Teh et al. 2011).
Interaction of monomeric C1q with RAGE exhibited
weak affinity (Kyq = 5.6 uM) in SPR analysis, but
multivalent bonds may enhance this binding. This
interaction is suspected to enhance monocyte phago-
cytosis (Ma et al. 2012), but while few studies have
investigated the interaction between components of
the complement and RAGE, it plays a key role in
immunity and thus merits further characterization in
the context of inflammaging.

Other RAGE ligands

Other ligands of RAGE, though relatively poorly
studied, have also been reported. Lipopolysaccharide
(LPS) and its lipid component A both interact with the
V domain, potentially at the KGAPKKPPQR-
LEWKLN site, with a K4 = 35 nM and Ky = 2 nM,
respectively (Yamamoto et al. 2011). RAGE was also
able to interact with CpG oligonucleotides, double
strand DNA and double strand RNA (Park et al. 2010;
Ruan et al. 2010). The leukocyte cell surface molecule
Mac-1 (CD11b/CD18) interacts with RAGE with an
undefined K4 (Chavakis et al. 2003). Phosphatidylser-
ine binds to SRAGE with a Ky = 0.563 uM (He et al.
2011). Advanced oxidation protein products have
been reported to interact with RAGE in an ELISA
assay (Guo et al. 2008). Extracellular heat-shock
protein 70 was also able to interact with RAGE in an
ELISA assay (Somensi et al. 2017). Quinolinic acid,
an undesirable and excitotoxic tryptophan metabolite,
interacts with RAGE at multiple sites in the VCI
domain with a mean Ky = 43 nM (Serratos et al.
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2015). Lysophosphatidic acid, an endogenous phos-
pholipid with roles in homeostasis and diverse
pathologies, also binds to the V domain of RAGE
with a K4 = 9 nM (Rai et al. 2012b).

As reviewed elsewhere with respect to HMGB1 and
S100 proteins binding to RAGE, different RAGE
ligands might initiate different signalling pathways
(Sparvero et al. 2009). To our knowledge, currently
available data are insufficient to clearly depict which
ligand activates which pathways and the literature
lacks studies designed to exclude non-specific inter-
actions or unequivocally identify the different path-
ways involved, but some work has provided
interesting tools to address issues such as compounds
specifically inhibiting interaction between RAGE and
adaptor proteins such as mDial (Manigrasso et al.
2016). It is therefore necessary to study RAGE’s role
and signalling in more detail and in a greater variety of
contexts in order to fully elucidate its properties.

Unlike ligands that bind to the V domain of RAGE
(CML, LPS,...), those binding to the C1 or C2 domain
can still bind to the AN-RAGE and presumably induce
a pro-inflammatory response. Binding affinities should
therefore be considered in order to anticipate compe-
tition between various ligands—Ilow concentrations of
high affinity ligands such as HMGBI1 or LPS could
compete even with high concentrations of lower
affinity ligands such as CML and other AGEs. In
events leading to significant release of HMGBI1 or
LPS into the circulation, these ligands would thus have
a proportionally greater effect upon RAGE-mediated
inflammation.

The vast heterogeneity of RAGE ligands suggests
that these interactions are probably not dependent
upon sequence recognition: rather, it is thought that
RAGE acts as a PRR whose interaction with ligands is
mostly governed by ionic interactions. While it was
first described as a PRR in 2003 (Chavakis et al. 2003),
its involvement in immunity has been poorly studied
in comparison with other PRRs such as toll-like
receptors (TLRs) and also, in a more general sense,
compared to the work that has been undertaken on
AGEs and diabetes. However, as presented below,
many studies indicate that RAGE has a key place in
inflammaging or its parameters.
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RAGE and inflammaging
Inflammaging

Inflammaging was first used as a term in 2000 by
Franceschi et al. (Franceschi et al. 2000) following
their counterintuitive observation that, upon stimula-
tion by a mitogen, mononuclear cells from healthy
elderly donors (~ 80 years old) produced more
cytokines such as interleukine-6 (IL-6), IL-1B and
tumor necrosis factor-oo (TNF-a), than those from
younger donors (~ 27 years old) (Fagiolo et al.
1993). Later, it was shown that in plasma from
centenarians the overall load of pro-inflammatory
cytokines was significantly increased but was not
associated with an enhanced immune response (Mor-
risette-Thomas et al. 2014). Thus, inflammaging was
defined as chronic, low-grade and sterile inflammation
associated with age, and it is now considered to a
“pillar of ageing” since inflammation status is one of
the best predictors of longevity and successful ageing
(Arai et al. 2015; Franceschi et al. 2000; Kennedy et al.
2014b).

The characterization of inflammaging has evolved
to include a number of pro-inflammatory cytokines
and other pro-inflammatory molecules such as the
already mentioned IL-1f, IL-6 and TNF-a, but also
IL-18, C-reactive protein (CRP), monocyte chemoat-
tractant protein-1 (MCP-1), regulated on activation,
normal T cell-expressed and secreted (RANTES)
protein and macrophage inflammatory protein 1 o
(MIP-1a), all of which increase with age in peripheral
blood mononuclear cells (PBMCs) or serum (Dinar-
ello 2006; Fagiolo et al. 1993; Ferrucci et al.
2005a, 2005b; Gerli et al. 2000; de Gonzalo-Calvo
et al. 2010; Mariani et al. 2006; Morrisette-Thomas
et al. 2014; Seidler et al. 2010). Similarly, anti-
inflammatory molecules IL-1 receptor antagonist (IL-
1ra), soluble TNF-receptor I (STNF-RI) and sTNF-
RII, or markers of anti-inflammation such as soluble
CD30 (sCD30), are also increased with age and
inflammatory activation (Gerli et al. 2000; Morrisette-
Thomas et al. 2014). Overall, there exists a weight of
evidence to indicate development of a global imbal-
ance with increasing age favouring secretion of pro-
inflammatory molecules and a concurrent increase in
circulating anti-inflammatory molecules in response.
These markers have been more comprehensively
reviewed elsewhere (Minciullo et al. 2016).

Inflammaging is closely linked to immunosenes-
cence, or the ageing of the immune system. With time,
both innate and adaptive immunity become dysregu-
lated, the number and efficacy of various cell types are
greatly affected in such a way that the immune system
becomes less responsive to pathogens (Nguyen et al.
2018), vaccine efficacy is reduced with age (Zhang
et al. 2016) and propensity to develop cancers may
increase (Pawelec 2017). Among the many changes in
innate immunity over time, key changes are that the
most pro-inflammatory of the monocytes appear to be
increased with age and may contribute to inflammag-
ing (Hearps et al. 2012), while the inflammasome is
over-activated by age-related damage-associated
molecular patterns (DAMPs), increasing TNF-a levels
or mitochondrial dysfunction.

Nonetheless, the relationship between immunose-
nescence and inflammaging is not straightforward and
inflammaging is not simply, nor indeed exclusively,
induced by immunosenescence. One recent model
proposes an interaction where immunosenescence and
inflammaging mutually induce each other: on the one
hand, inflammaging can decrease the strength of the
adaptive immune response and lead to immunosenes-
cence; on the other hand, a decrease of the adaptive
immune response leads to increased innate immunity
and inflammaging (Fulop et al. 2018). However
current understanding of inflammaging tends to put
innate rather than adaptive immunity at the centre of
this process, since the former becomes mildly hyper-
active with age. PRRs are key element of innate
immunity that are able to recognize pattern-associated
molecular patterns (PAMPs) and DAMPs and induce
inflammation in response, notably through the
involvement of NF-kB, AP-1, interferon regulatory
factors (IRFs) and of a cytosolic multiprotein com-
plex, the inflammasome (Franchi et al. 2012; Kauf-
mann and Dorhoi 2016; Man and Kanneganti 2015;
Rivera et al. 2016; Wang et al. 2014). With the
accumulation of PAMPs and DAMPs with age, such
as cytoplasmic or cell-free DNA (Crow and Manel
2015; Dou et al. 2017; Mankan et al. 2014; Shen et al.
2015; Shimada et al. 2012), a “Garb-aging” theory has
been proposed where excess production or a lack of
clearance of molecular “garbage” might play a central
role in the increase of chronic inflammation with age
(Franceschi et al. 2017).

Finally, senescence might be another key contrib-
utor to inflammaging. Senescent cells are not
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quiescent cells, they accumulate multiple damages
and modifications and have an aberrant secretory
phenotype—the SASP. The SASP is mainly charac-
terized by increased secretion of various interleukins
(IL-1B, IL-6), chemokins (MCP-1), growth factors and
metalloproteinases which can be secreted by a wide
range of cell types (Coppé et al. 2010; Malaquin et al.
2016). In addition, cytoplasmic chromatin fragments
(CCFs) are a common feature of senescent cells and
they are able to induce inflammation through their
interaction with the cyclic GMP-AMP synthase
(cGAS)/stimulator for interferon genes (STING)
pathway (Dou et al. 2017; Ivanov et al. 2013). As
such, senescence is able to promote a pro-inflamma-
tory microenvironment which can induce age-related
inflammatory diseases such as osteoarthritis (Jeon
et al. 2018; Xu et al. 2017). Interestingly, chronic
inflammation itself is able to induce telomere dys-
function and engage the DNA damage response
involved in senescence and ageing (Jurk et al. 2014).
It thus seems sensible to consider senescence and the
SASP as contributors to inflammaging. Accordingly,
in vitro (Franceschi and Campisi 2014) and in vivo
(Xu et al. 2018) studies have shown a causative role
between senescent cells and a pro-inflammatory
environment, suggesting a strong interconnection
and mutual influence between senescence and inflam-
maging. Of note, senescent cells are normally recog-
nized and removed by the immune system;
immunosenescence may impede clearance of senes-
cent cells, however, and accelerate their accumulation
with age (Burton and Stolzing 2018), suggesting
another interesting link between immunosenescence
and inflammaging.

RAGE, mitochondrial dysfunction
and inflammasome

Mitochondrial dysfunction is a prominent attribute of
ageing and rejuvenation upon removal of mitochon-
dria shows that it is preferable for a cell to rely upon a
different source of energy (i.e. glycolysis) than to
continue with harmful mitochondria (Correia-Melo
et al. 2016). The detrimental effects of RAGE on
mitochondria are two-fold, namely mitochondrial
damage and the inflammatory responses induced by
mitochondrial dysfunction.

Firstly, studies of the AGE-RAGE axis have shown
that it is able to disrupt the mitochondria membrane
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potential by generating ROS, perhaps by activating the
NADPH oxidase (Coughlan et al. 2009; Neviere et al.
2016; Tan et al. 2009; Yu et al. 2017). As soon as the
membrane potential is perturbed, generation of ROS
increases, first because of electron leakage from the
respiratory chain (Jastroch et al. 2010; Suski et al.
2012), and then because of accumulating mtDNA
mutations. Malondialdehyde, for example, resulting
from lipid peroxidation, is highly genotoxic and
promotes mutations in the highly accessible mtDNA
(Del Rio et al. 2005). Finally, mtDNA mutations have
been associated with further increases in ROS gener-
ation, mitochondrial dysfunction and chronic inflam-
matory  diseases, probably due to altered
mitochondrial protein functions (Kim et al. 2015;
Tuppen et al. 2010). RAGE activation by AGEs was
responsible for increased mitophagy (i.e. mitochon-
dria renewal) and mitochondrial dysfunction. But it is
not clear whether mitophagy is increased upon RAGE
activation only or by the resultant dysfunctional
mitochondria (Lo et al. 2015). Even though RAGE
signalling is able to activate autophagy/mitophagy, it
has been associated with mitochondrial-dependent
cell death, potentially due to overextended mecha-
nisms (Lo et al. 2015; Mao et al. 2018). Peroxisome
proliferator-activated receptor gamma coactivator
1-alpha (PGC-1a), an important protein involved in
mitochondrial biogenesis and ROS homeostasis, is
notably controlled by acetylation/deacetylation pro-
cesses dependent on sirtuine 1 (SIRTI1) activity
(Aquilano et al. 2010; Austin and St-Pierre 2012).
Interestingly, the AGE/RAGE axis and RAGE expres-
sion have been associated with decreased SIRT1
activity and protein levels, suggesting further impaired
mitochondrial biogenesis (Grossin et al. 2015; Neviere
et al. 2016; Teissier et al. 2019). Accordingly, the
presence of AGEs or RAGE overexpression decreased
mitochondrial density and aggravated mitochondrial
abnormalities and dysfunction (Mao et al. 2018).
Secondly, it has also been demonstrated that both
mitochondrial transcription factor A (TFAM) and
mtDNA released upon mitochondrial dysfunction
induce a RAGE-dependent inflammatory response,
notably activation of NF-kB and the inflammasome
component ASC, mediated by TLR9 (Ward et al.
2013; Yao et al. 2015). This crosstalk between RAGE
and TLR9 might be explained by the TLR9-HMGB1-
RAGE complex found elsewhere (Tian et al. 2007).
The noncanonical NF-kB pathway has been related to
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mitochondrial dynamics, and it would be interesting to
know whether RAGE is involved here as well
(Laforge et al. 2016).

Other relationships between RAGE and inflamma-
some activation have been investigated which might
also be linked to mitochondrial dysfunction. Recent
work shows that both mitochondrial damage and the
AGE/RAGE axis are able to activate the NOD-like
receptor family, pyrin domain containing 3 (NLRP3)
inflammasome and IL-1B production (Song et al.
2017). Additionally, NLRP3 expression itself is
upregulated by AGEs while an antagonist peptide or
4'-Methoxyresveratrol, both targeting RAGE, pre-
vented this upregulation and subsequent inflamma-
tion, suggesting that RAGE activation promotes
NLRP3 expression (Chen et al. 2017; Shahzad et al.
2015; Yu et al. 2018). In a model of acute pancreatitis,
RAGE also actively participates in AIM2 inflamma-
some activation, notably more so than TLR2 or TLR4,
and its knockout significantly reduced the associated
damage and systemic inflammation (Kang et al. 2016).
Unsurprisingly, another ligand of RAGE, HMGBI, is
also responsible for NLRP3 inflammasome activation
and RAGE downregulation significantly attenuated
this inflammatory response. However, downregulation
of TLR2 and TLR4 provided similar results, suggest-
ing common pathways (Kim et al. 2018; Thankam
et al. 2018).

Thus, as RAGE ligands accumulate with age
(notably AGEs), mitochondrial dysfunction increases
over time, and both RAGE activation and inflamma-
some activation subsequent to mitochondrial dysfunc-
tion and/or RAGE signalling are also augmented with
age, RAGE represents a potentially important centre
of activity in the promulgation of inflammaging.

RAGE and senescence

Interestingly, RAGE expression is increased by its
own ligands (Howes et al. 2004) and several important
ligands of RAGE increase or accumulate with age,
such as HMGB1, S100s or AGEs (Sell et al. 1996; Son
et al. 2017). It has been shown that RAGE expression
increased with age in diverse organs such as rats’ aorta
(Hallam et al. 2010), rat and human hearts (Gao et al.
2008; Simm et al. 2004) and mouse spleen (Cai et al.
2007). We can therefore hypothesize that increasing
amounts of RAGE ligands with age contribute to its
upregulation and augment its stimulation, thereby

enhancing its pro-inflammatory role and favouring
increased low-grade, sterile inflammation with age.

HMGBI1 itself has not only been described as a
promoter of the SASP, but also as a SASP factor which
is secreted by senescent cells (Malaquin et al. 2016). In
a study focusing on TLR4 rather than RAGE, HMGB1
initiated IL-6 secretion by senescent cells (Davalos
et al. 2013). TNF-a, another SASP factor, has also
been reported to upregulate RAGE expression through
NF-kB signalling and the existence of an NF-kB-
binding site on the RAGE promoter (Li and Schmidt
1997; Tanaka et al. 2000). Thus, the factors of the
SASP might activate RAGE, producing even more
SASP factors which favour both senescence and
RAGE expression/activation, thereby forming a
vicious circle. Because of the SASP, widespread
senescence is one of the main sources of cytokine-
sustained inflammaging. While several studies have
already linked the RAGE ligands AGEs to senescence
and telomere attrition (Navarrete Santos et al. 2017,
Sell et al. 1996; Sellier et al. 2015), only a few studies
have directly linked senescence to RAGE.

In a study of the murine model of accelerated
ageing, senescence-accelerated mouse-prone 8
(SAMPS), and its senescence-resistant counterpart,
senescence accelerated mouse-resistant 1 (SAMRI1),
Kuhla et al. showed that plasma and/or hepatic AGEs,
malondialdehyde (a marker of lipid peroxidation and
oxidative stress) and RAGE expression were all
increased in SAMP8 compared with SAMR1 mice.
Acute liver injury induced by a galactosamine/
lipopolysaccharide (G/L) challenge induced MAPK
signalling associated with elevated apoptosis, necrosis
and liver injury markers which were all greater in
SAMPS mice. Blocking the receptor with an anti-
RAGE antibody significantly diminished these mark-
ers in SAMPS, but paradoxically also increased these
markers in SAMRI. The authors suggest this apparent
contradiction could be explained by the antibody
dimerizing and thereby activating RAGE when RAGE
ligands (i.e. AGEs) are at low concentrations (Kuhla
et al. 2013). These results nevertheless show that
RAGE signalling might be increased during senes-
cence and that inhibiting its activation might prevent
its deleterious effects in an ageing context. A study
with the same model of inflammatory liver injury, but
in young C57Bl/6 mice, showed that mitochondrial
dysfunction significantly increased oxidative stress,
AGEs and RAGE. Blockage of RAGE significantly
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reduced both G/L- and mitochondrial dysfunction-
associated damage (Kuhla et al. 2010). Mitochondrial
dysfunction being an important part of inflammaging,
it is interesting to note that the deleterious effects of
dysfunctional mitochondria involve RAGE signalling.

In another study in diabetic nephropathy patients, a
correlation was found in proximal tubular epithelial
cells (PTECs) between senescence-associated [-
galactosidase (SA [-gal—a marker of senescence),
p21 (a marker of cell cycle arrest), glucose-regulated
protein 78 (GRP78—a marker of endoplasmic retic-
ulum (ER) stress) and RAGE. The authors further
confirmed in murine PTECs that activation of RAGE
by AGEs induced a p21-dependant senescence involv-
ing ER stress. Markers of senescence were success-
fully prevented by blocking the receptor with an anti-
RAGE antibody (Liu et al. 2014).

Finally, we have recently shown that RAGE
deletion prevents important features of mouse renal
ageing such as glomerulosclerosis or apolipoprotein
A-II amyloidosis, and that this was associated with
significant limitation of the age-related increase in the
inflammation markers, IL-6, TNF-o0 and VCAM-1
(Teissier et al. 2019).

PRRs are important actors in inflammaging. They
represent the point of convergence of all DAMPs and
PAMPs, to which exposure increases significantly
with age, and will lead to a number of pro-inflamma-
tory signalling pathways fuelling inflammaging. As
RAGE recognizes multiple ligands (often DAMPs or
PAMPs), is expressed on multiple cell types including
immunity cells, triggers a pro-inflammatory response
similar to other PRRs and has a significant role in
ageing as presented above, we here suggest that RAGE
is a key PRR in inflammaging (Fig. 2) whose role in
this feature of ageing is currently underestimated.

Collectively, these results show that RAGE is
strongly involved in both physiological ageing and
inflammaging. As presented below, and in accordance
with these data, there is increasing evidence in the
literature that RAGE expression and activation are
linked to a number of age-related diseases but that,
despite the growing literature, its physiological role
remains ill-defined.

@ Springer

RAGE and pathologies
Physiological role of RAGE

RAGE possesses all the characteristics of a PRR: its
main ligands are almost all DAMPs (HMGBI1, S100 s,
DNA, RNA) or PAMPs (LPS, DNA, RNA), or else are
molecules involved in non-physiological conditions
which require resolution (AGEs, amyloid fibrils,
complement, Mac-1/CD11b, phosphatidylserine) and
engender a pro-inflammatory response. As described
earlier, by virtue of being an ubiquitous protein,
RAGE is also expressed on innate immunity cells,
similar to other PRRs, and its activation mainly
triggers PRR-like pro-inflammatory responses, nota-
bly through NF-kB signalling (Hofmann et al. 1999;
Li et al. 2015; Liu et al. 2010; Yeh et al. 2001).
Similar to TLRs, RAGE has a role in innate
immunity and sepsis and Rage ™'~ mice are protected
against lethal septic shock and exhibit significantly
reduced NF-xB activity in the lung (Liliensiek et al.
2004). According to its suspected functions and its
genomic proximity to other immune system compo-
nents in the MHC class III locus (Hauptmann and
Bahram 2004; Sugaya et al. 1994), RAGE has been
labelled a “noncanonical Toll” (Lin 2006). The role of
RAGE in innate immunity is not straightforward,
however. When infected by S. pneumonia, Rage™~
mice exhibited better survival, a lower pulmonary
bacterial load and a decreased dissemination to both
blood and the spleen, suggesting a detrimental role of
RAGE in host response (van Zoelen et al. 2009).
Conversely, M. tuberculosis challenge of Rage
mice was associated with increased inflammation,
pulmonary bacterial load and loss of body weight,
while survival decreased (van Zoelen et al. 2012).
Despite this evidence, the precise role of RAGE
remains elusive and other functions of this receptor
have been investigated. Since RAGE expression is
significantly greater in the lung, we might expect its
function to be more important and obvious. However,
as reviewed elsewhere, its contribution to lung func-
tion remains unclear, under physiological or patho-
logical conditions (Buckley and Ehrhardt 2010).
Recent work has shown a diminished elastance and
an augmented compliance in the lungs of Rage '~
mice, but these same mice were protected against
cigarette smoke-induced lung pathology, probably due
to a reduced infiltration of macrophages (Wolf et al.
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Fig. 2 RAGE-induced inflammaging pathways. Three major
pathways have been identified leading to inflammaging and
induced via RAGE activation by its ligands. The mitochondrial
pathway involves NAPDH oxidase activation by RAGE.
Subsequent production of ROS impairs mitochondrial function
and mitochondria accumulate damage and ROS: the mitochon-
drial products released can either reactivate RAGE or the
inflammasome, thereafter responsible for release of ILs and NF-
kB activation. NF-kB can also be activated directly by RAGE or
by pro-inflammatory cytokine activation of TNFR or IL-R. NF-
«B and other transcription factors, such as AP-1 or STATsS, will
thereafter promote the transcription of RAGE, NLRP3 and pro-
inflammatory cytokines, all of which participate in inflammag-
ing. RAGE activation can also provoke sustained ER stress,
inducing a p21-dependant senescence. Subsequently, the SASP
will fuel inflammaging and senescent cells will release RAGE

2017). Other workers have reviewed the negative
implications of RAGE in many inflammatory lung
diseases (Oczypok et al. 2017). Of note is that, while
RAGE is mainly overexpressed in most cancers
(Leclerc and Vetter 2015; Shahab et al. 2018;
Sparvero et al. 2009), it is on the contrary downreg-
ulated in lung cancer (Bartling et al. 2005).

RAGE’s role in lung structure or function remains
poorly understood, but its inherent properties and
those of its ligands, its signalling pathways and its
widespread expression, all seem to suggest it plays a
significant role in ageing and inflammaging. A grow-
ing body of literature demonstrates RAGE’s involve-
ment in age-related pathologies.
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ligands such as HMGB1 and S100s. Ultimately, RAGE
expression increases with age, as do concentrations of a number
of its ligands, thus engaging a vicious circle of RAGE-induced
inflammaging with advancing age. The pro-inflammatory
components responsible for inflammaging are highlighted in
orange. AIM?2 absent in melanoma 2; AP-1 activator protein 1;
ASC apoptosis-associated speck-like protein containing CARD;
ER Endoplasmic reticulum; /L interleukin; /L-R interleukin
receptor; mtDNA mitochondrial DNA; NADPH nicotinamide
adenine dinucleotide phosphate; NLRP3 NLR pyrin domain-
containing 3; RAGE receptor for advanced glycation end-
products; ROS reactive oxygen species; SASP senescence
associated secretory pathway; STAT signal transducers and
activators of transcription; 7NF-o tumor necrosis factor-o;
TNFR TNF receptor

RAGE and age-related diseases

Similar to inflammaging, RAGE is not only involved
in a number of pathologies, including retinopathy
(Barile and Schmidt 2007), neuropathy (Misur et al.
2004; Sugimoto et al. 2008; Wada and Yagihashi
2005), nephropathies (Forbes et al. 2003; Yamamoto
et al. 2007), type 2 diabetes (Kang et al. 2012; Keri
et al. 2018) or cancer (Pelucchi et al. 2006; Turner
2015; Yamagishi et al. 2015), but also in more specific
age-related diseases such as osteoarthritis (Larkin
et al. 2013; Loeser et al. 2005; Sun et al. 2016; Yang
et al. 2015), cardiovascular diseases (Barlovic et al.
2010; Fukami et al. 2014; Park et al. 2011; Pettersson-
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Fernholm et al. 2003) or AD (Batkulwar et al. 2018;
Cai et al. 2016; Yan et al. 2009a). With this weight of
accumulating evidence, we here suggest that the
deleterious effects of RAGE in ageing are closely
linked to its pro-inflammatory properties and its
contribution to inflammaging.

In a diabetic context, RAGE has been shown to be
involved in microvascular and macrovascular compli-
cations (Goldin et al. 2006). However, there is also
evidence that even in a “healthy” context, the impact
of RAGE signalling on vessels is greater than
expected, and might even be a driver of arterial
ageing. In a study of exposure to CML (an important
RAGE ligand), it has been shown that a CML-enriched
diet induced accelerated vascular ageing in middle-
aged WT mice, characterized by increased vascular
stiffening and elastin disruption, reduced aortic relax-
ation and increased VCAM-1 and RAGE expression,
while SIRT1 expression was diminished. However, in
Rage™™ mice exposed to the same amount of CML,
all of these parameters were completely absent and
Rage™™ mice fed a CML-enriched diet exhibited
similar vascular ageing to control WT and control
Rage™™ mice (Grossin et al. 2015). In another study,
aortic relaxation was also measured during physio-
logical ageing and was significantly reduced when old
mice were compared with middle-aged mice; strik-
ingly, Rage™™ mice did not exhibit any reduced aortic
relaxation at all and were similar to the middle-aged
mice in this regard (Teissier et al. 2019). Accordingly,
FPS-ZM1, a commercially available RAGE antago-
nist, was able to efficiently mimic the positive effect of
exercise training in old rats by significantly limiting
vascular ageing and aorta inflammation (Gu et al.
2014). Finally, RAGE, as much as TLRs, has been
proposed as an important target for treatments against
atherosclerosis since inflammation is strongly
involved in this process (Lin et al. 2009; Olejarz
et al. 2018; Senatus and Schmidt 2017).

Dietary CML (dCML) has been shown to prefer-
entially accumulate in kidneys and this accumulation
was independent of RAGE (Tessier et al. 2016).
However, dCML had little impact on kidney ageing in
old mice perhaps due to an increase in competing
ligands with age (thus limiting any effect of dCML),
an absence of any dCML effect, or too low a dCML
concentration being studied. On the other hand, RAGE
deletion significantly reduced features of kidney
ageing such as fibrosis, tubular atrophy, arteriolar
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hyalinosis and, more importantly, glomerulosclerosis
and glomerular apolipoprotein A-II amyloidosis.
Kidney inflammation, characterized by 1I-6, Tnf-o
and Veam-1 levels, was also significantly reduced
(Teissier et al. 2019). These findings are in line with
other results in diabetic nephropathy where RAGE
signalling contributes to a pro-inflammatory environ-
ment leading to glomerulosclerosis and proteinuria
(Daroux et al. 2010; Wendt et al. 2003). Unsurpris-
ingly, chronic inflammation is an important contrib-
utor to chronic kidney disease and RAGE could
therefore play a role in the occurrence and develop-
ment of this disease (Akchurin and Kaskel 2015;
Silverstein 2009).

Initial studies of RAGE in a murine model of AD
showed that RAGE signalling was responsible for
inflammation in microglia, critical for the formation of
the AP amyloid plaques characteristic of the disease
(Fang et al. 2010). RAGE activation by AGEs
participated in NLRP3 upregulation and in neuroin-
flammation by activating pro-inflammatory macro-
phages—this activation was cancelled by the RAGE
inhibitor FSP-ZM1 (Chen et al. 2017). Furthermore,
RAGE has also been implicated in other features of
AD onset independent of inflammation. Its interaction
with AP peptides is notably thought to have an
important role in the transport of AP peptides across
the blood-brain barrier, favouring the subsequent
formation of amyloid plaques (Candela et al. 2010).
The use of FPS-ZM1 in a murine model of AD
successfully limited A transport as well as associated
inflammation, and normalized cognitive functions
(Deane et al. 2012). Following these results, a clinical
trial was undertaken with another RAGE antagonist,
Azeliragon (TTP488); the trial reached phase 3 but
was recently terminated owing to a lack of efficacy in
the selected cohort. Importantly, however, no signif-
icant undesirable effects were reported or were
responsible for the cessation of the trial, and it is
suggested that the lack of efficacy might be explained
by treatment being initiated too late: RAGE blocking
remains of interest, therefore, as a therapeutic
approach in the early stages of cognitive impairment
(Burstein et al. 2018).

Gut ageing is notably associated with changes in
microbiota. On the one hand, the diversity of gut
microbiota is decreased, while on the other hand pro-
inflammatory microbiota such as pathobionts are
increased (Biagi et al. 2010; Rampelli et al. 2013) at
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the expense of anti-inflammatory microbiota such as
bifidobacteria, Faecalibacterium prausnitzii  or
Clostridium cluster IV (Biagi et al. 2016; Hopkins
and Macfarlane 2002; Hopkins et al. 2001; Lopetuso
et al. 2013; Walton et al. 2012; Zwielehner et al.
2009). It has been demonstrated in mice and non-
human primates that such a dysbiosis could lead to
increased gut permeability and that gut permeability
increases with age (Thevaranjan et al. 2017; Tran and
Greenwood-Van Meerveld 2013). As a consequence,
altered gut permeability has been linked to leakage to
the circulation of bacterial components including the
pro-inflammatory LPS (Thevaranjan et al. 2017;
Tulkens et al. 2018). While LPS has been described
as a ligand of RAGE, little work has been undertaken
to clearly describe and understand the importance of
this interaction. There is nonetheless a potential role
for RAGE where increased LPS leakage from the gut
with age could activate RAGE and other LPS recep-
tors to promote inflammaging. Indeed, this hypothesis
is strongly supported by a recent study where micro-
biota from old mice was transferred to young, germ-
free mice and promoted several parameters of inflam-
maging (Fransen et al. 2017). Conversely, older germ
free mice had significantly lower plasma IL-6, more
functional macrophages and improved survival (The-
varanjan et al. 2017). In addition, in humans, obesity is
associated with increased gut permeability, inflam-
masome activity and RAGE expression (Rainone et al.
2016) and it would be interesting to determine whether
this chain of events is also increased in physiological
ageing. RAGE signalling is also involved in inflam-
matory bowel disease in mice and human (Body-
Malapel et al. 2019; Wang et al. 2016), suggesting
another potential role in gut dysfunction and ageing.

Taken together, then, these findings clearly demon-
strate that RAGE is significantly involved in increased
chronic inflammation with age, and that this inflam-
mation is closely linked to age-related diseases and
perhaps to physiological ageing. Additional, very
promising results on the relationship between RAGE,
inflammaging and ageing could soon come from a
newly generated sSRAGE"™" murine model overex-
pressing circulating SRAGE which is able to block
RAGE signalling and/or serves as a decoy for RAGE
ligands (Peng et al. 2019).

Conclusion

Historically, RAGE was first isolated from lungs
thanks to its binding affinity with AGEs, hence it was
first described as the receptor for advanced glycation
end-products (Neeper et al. 1992; Schmidt et al. 1992).
However, this discovery and the subsequent name and
role attributed to RAGE may have diverted attention
from its wider physiological role(s) and limited
research beyond the effects of RAGE linked to AGE:s.
Besides, the binding affinity between RAGE and
several AGEs is relatively weak in comparison with
other ligands such as HMGB1. While an increasingly
large body of work has highlighted different functions
for RAGE, much remains to be done before the full
extent of RAGE’s physiological functions are clearly
defined. Its high expression in the lung gives clear
hints as to a possible role for RAGE and indeed, as
stated above, its expression positively correlates with
protection against some pulmonary pathogens (van
Zoelen et al. 2012). Thus, close attention should be
paid to susceptibility to pathogens when considering
the use of RAGE antagonists—however, the recent
clinical trial with Azeliragon did not report increased
infection rates or mortality associated with this
antagonist. Despite the suspected beneficial roles of
RAGE, no major defects have been reported upon
Rage™~ deletion in mice and, on the contrary, they
seem to be protected against a number of physiological
and non-physiological conditions.

While full-length RAGE was at the centre of this
review, it should be noted that SRAGE, resulting from
alternative splicing or RAGE cleavage, is of equiva-
lent importance despite being less expressed in most
tissues. Contrary to full-length RAGE, sRAGE is
thought to be beneficial by acting as a decoy for RAGE
ligands and/or by interacting with RAGE at the
membrane, thus preventing further interactions,
oligomerization and RAGE signalling. Accordingly,
lower levels of circulating SRAGE were found in
patients with mild cognitive impairment or AD
compared with control subjects (Emanuele et al.
2005; Ghidoni et al. 2008) while SRAGE is the most
expressed isoform in the hippocampus (Ding and
Keller 2005a), suggesting a protective role of SRAGE
against age-related cognitive impairment. Addition-
ally, sSRAGE was significantly diminished in preco-
cious patients with acute myocardial infarction
compared with young healthy controls while it has
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been shown to be increased in healthy centenarians
(Geroldi et al. 2006). We could surmise that greater
SRAGE prevents RAGE signalling and inflammaging
and limits the impact of its numerous ligands,
particularly if SRAGE remains high with advancing
age. This could mirror a paradigm proposed to
discriminate successful from unsuccessful ageing:
“optimization”, where inflammaging is increased
but counteracted by immuno-remodeling and anti-
inflammaging as against “deterioration”, where
inflammaging is increased but immune-remodeling
and anti-inflammaging are insufficient to provide an
effective counterbalance (Fulop et al. 2018). Thus,
SRAGE could serve as a counterbalance to RAGE and
its ligands which increase with age.

Despite its name, RAGE is much more than a
receptor for AGEs and attention should not be limited
to AGEs or diabetes when studying RAGE and its
involvement in different conditions. The variety of its
ligands covers a number of molecules involved in
many stress events, all leading to a pro-inflammatory
response. Thus RAGE should be considered, more
than anything else, as a PRR similar to TLRs, NLRs,
RLRs or CLRs. As proposed by the literature
presented herein, innate immunity is essential in the
onset and maintenance of inflammaging and PRRs are
important contributors to this innate response. As
demonstrated by different studies, the deletion of Rage
in mice leads to a pro-longevity phenotype where
features of ageing are significantly diminished in
vessels or kidneys (Grossin et al. 2015; Teissier et al.
2019), and is associated with a decreased overall
inflammatory burden. Evidence is accumulating,
therefore, that RAGE plays an important role in
inflammaging and that its deletion or blockage has
beneficial effects on longevity. In addition, we here
suggest that studies on Rage’~ mice or RAGE
antagonists provide a proof of concept that PRR
blocking is indeed a good target to limit the progres-
sion of inflammaging, which increasingly seems to be
key component of ageing.
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