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Abstract

Sarcopenia is characterized by a loss of muscle mass and function that
reduces mobility, diminishes quality of life, and can lead to fall-related injuries.
At the intracellular level, mitochondrial population alterations are considered as
key contributors to the complex etiology of sarcopenia. Mitochondrial
dysfunctions lead to reactive oxygen species production, altered -cellular
proteostasis, and promotes inflammation. Interestingly, the receptor for
advanced glycation end-products (RAGE) is a pro-inflammatory receptor involved
in inflammaging.

In this review, after a brief description of sarcopenia, we will describe how
mitochondria and the pathways controlling mitochondrial population quality could
participate to age-induced muscle mass and force loss. Finally, we will discuss
the RAGE-ligand axis during aging and its possible connection with mitochondria

to control inflammaging and sarcopenia.
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Introduction

Sarcopenia is a progressive and generalized skeletal muscle disorder that
is associated with increased likelihood of adverse outcomes including falls,
fractures, physical disability, and mortality (Cruz-Jentoft et al., 2019a).
Concomitantly to physical alteration, the sarcopenia process is accompanied by a
time-dependent progressive deterioration of cellular function (Son & Lee, 2019).
Metabolism and inflammation have emerged as key regulators. Indeed,
mitochondrial alterations correlate with the decrease of muscle strength,
cardiorespiratory function, and muscle function (Brookes et al., 2004), whereas
inflammation increases during sarcopenia development (Dalle et al., 2017). In
this context, mitochondria are considered to play a key role due to their
production of reactive oxygen species (ROS) and their ability to release pro-
inflammatory components. However, important aspects of mitochondrial biology
remain to be investigated in the sarcopenia process (Gouspillou & Hepple, 2016).
The objective of the review is to describe the mitochondrial pathways linked to
sarcopenia with a specific focus on inflammation and the hypothesis of the
involvement of the receptor for advanced glycation end-products (RAGE).

First, we provide a brief overview of the loss of muscle mass and function
in sarcopenia. We then describe the mitochondrial involvement in sarcopenia
with specific emphasis on mitochondrial function, mitochondrial biogenesis, and
mitochondrial proteostasis. We discuss the potential link between mitochondrial
dysfunction and inflammaging. Finally, we consider the possible interplay

between RAGE and mitochondria in the inflammaging and sarcopenia.



Sarcopenia: Loss of muscle mass and function

Loss of muscle mass and strength is a fundamental feature of sarcopenia.
In the recent diagnostic guidelines, muscle strength comes at the forefront, as it
is recognized that strength is better than mass in predicting adverse outcomes
(Cruz-Jentoft et al., 2019b). Muscle strength declines between 3 and 8% per
decade after midlife and, after 60 years, the rate of decline accelerates
(Goodpaster et al., 2006). The loss of strength appeared to be much more rapid
than the concomitant loss of muscle mass, suggesting that muscle quality is also
impaired in sarcopenia. Indeed, changes in the motor unit occur with aging. One
of the primary causes of sarcopenia is the loss of muscle fiber innervation by a-
motoneurons triggered by spinal motor neuron apoptosis and distal axon
retraction (Hunter et al., 2016). This process begins gradually with aging,
accelerates after 60 years and beyond (Tomlinson & Irving, 1977), and is in part
due to oxidative stress and inflammation (Opalach et al., 2010). Moreover, an
age-related decrease in muscle contractility along with alterations in excitation-
contraction coupling and contractile parameters (maximal force and unloaded
shortening velocity) have been reported (Payne et al., 2010; Hunter et al.,
2016). A decrease up to 28% in maximal force and in maximal unloaded
shortening velocity in single permeabilized fibers from human vastus lateralis has
been observed (D’Antona et al., 2003). The reduced contraction velocity is
associated with slower cross-bridge kinetics, which are probably due to slower
cross-bridge mechanics and slower rates of Ca?* uptake into the sarcoplasmic
reticulum (Hunter et al., 2016). In addition, morphological changes in the fiber
type composition occur with smaller fibers in old and very old adults compared
with young adults (Lexell et al., 1988). While some evidence supports that the

age-related reduction in fiber cross-sectional area occurs to a greater extent in



fast-twitch muscle fibers, atrophy is marked in all fiber types in very old adults
(Lexell et al., 1988; Purves-Smith et al., 2014).

The age-related changes in muscle morphology and properties alter
performance assessed by muscle isometric or dynamic strength and fatigability
tests. The maximal isometric strength reduction observed during aging parallels
the loss of muscle mass (Metter et al., 1999). Based on cross-sectional studies,
muscle isometric strength is usually reduced by ~10% per decade which begins
at approximately 40-50 years of age and accelerates in very old age, so that the
average strength of an 80 year-old person can be ~40% that of a 30 year-old
man (Hunter et al., 2016). The strength decrease is explained in part by greater
infiltration of fat and connective tissue (Goodpaster et al., 2008). Concomitantly,
the maximal torque during isokinetic dynamic contraction is also reduced with
aging, both at slow and fast angular velocities (Frontera et al., 2000). However,
the reduction in maximal torque is larger at fast angular velocity than at low
velocity (Lanza et al., 2003). A sex-related difference has been reported with
greater preservation of maximal torque in women in eccentric contraction (Lindle
et al., 1997). The underlying mechanisms for the age and sex-related differences
may involve elastic, structural, and cross-bridge properties of the skeletal muscle
(Hunter et al., 2016).

Similarly, sarcopenia-related reductions in maximal power have been
observed and are greater in magnitude than for maximal strength (Fried et al.,
2001; Bischoff et al., 2003; Johnson Stoklossa et al., 2017). The assessment of
the maximal power is of interest as it is predictive of functional tasks and
disability (Bischoff et al., 2003). The ability to reach fast velocities (>270 deg/s)
decreases in older adults and may be the result of concomitant reductions in

maximal shortening velocities of single fibers, especially fast-twitch fibers and



the role of inadequate activation of the motor units (Fried et al., 2001; Bischoff
et al., 2003; Hunter et al., 2016).

The ability to maintain a determined level of force or power decreases with
aging (Ishii et al., 2014). Isometric fatigue during maximal and submaximal
exercise increases with aging even when matched for strength for both men and
women (Bahat et al., 2018b, 2018a). Moreover, the increased fatigability impairs
performance of daily activities and may further exacerbate the age-related loss

of strength and power (Hunter et al., 2016; Johnson Stoklossa et al., 2017).

Mitochondrial involvement in sarcopenia

Mitochondria are organelles involved in the regulation of many critical
cellular processes in skeletal muscle. Indeed, they play a central role in energy
supply, cellular proteostasis, ROS production, calcium homeostasis, and
regulation of apoptosis (Brookes et al., 2004). Mitochondrial bioenergetic
alterations with aging correlate with muscle strength, cardiorespiratory
measurements, and muscle function, supporting the involvement of mitochondria
in the sarcopenia process (Gouspillou et al., 2014; Gonzalez-Freire et al., 2018)
(Figure 1A). Indeed, evidence from the Baltimore Longitudinal Study of Aging
indicates that mitochondrial respiration in skeletal muscle parallels the decline of
maximal aerobic capacity, time in 400m test, grip strength, and leg muscle

strength (Gonzalez-Freire et al., 2018).
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Figure 1: Mitochondrial involvement in sarcopenia and inflammaging processes.
A. Skeletal muscle mass decreases with aging, inflammation and mitochondrial
dysfunctions, which lead to decreased oxidative phosphorylation, enhanced ROS
production and mitochondrial calcium sensitivity, and altered mitochondrial population
quality control pathways (biogenesis, dynamics, mitophagy, proteostasis). B.
Characteristics of healthy vs. damaged mitochondria. C. Mitochondria may promote
inflammation through the increase of the Nod-like receptor family, pyrin domain
containing 3 (NLRP3) activity that will participate to sarcopenia. Advanced glycation end-
products (AGEs)/Receptor for advanced glycation end-products axis may promote

mitochondrial dysfunctions leading to the vicious circle of inflammaging.

In vitro experiments on mitochondrial function have provided conflicting
results. While some studies observed an aging-related decrease in maximal
oxidation rate (Tonkonogi et al., 2003; Gouspillou et al., 2014), others failed to
observed any modification of mitochondrial oxidative phosphorylation
(Rasmussen et al., 2003; Picard et al., 2010). This lack of consensus may be

explained by: i) the differences in experimental procedures as mitochondrial



respiration is affected by the isolation process independently of aging (Picard et
al., 2010), ii) many studies have not controlled important covariates such as
physical activity (Boffoli et al., 1994), and iii) all the studies assessed
mitochondrial oxidative phosphorylation only under extreme conditions of
mitochondrial activity (i.e., maximal respiratory activity and basal respiration in
the absence of ATP synthesis). However, a recent study comparing the molecular
signatures of sarcopenic vs. healthy older people observed that low mitochondrial
bioenergetic capacity is the dominant signal in the transition from physiological
to pathological muscle aging across ethnic groups (Migliavacca et al., 2019a).
Collectively, these findings support altered mitochondrial oxidative capacity as a
major determinant in sarcopenia.

Cellular proteostasis is a key process to maintain all cellular functions.
When there is a mismatch between the rate of ATP production and the demand
for ATP, expendable cellular processes are sacrificed (Hou, 2013). When ATP
production is constrained, cells make trade-offs between growth and somatic
maintenance (Hou, 2013). Therefore, mitochondrial alterations to produce ATP
can in turn compromise cellular proteostasis.

Mitochondria are considered as the main source of ROS production. While
transient higher ROS production supports signaling mechanisms, chronic
elevation of oxidative stress is often pathogenic and may trigger muscle atrophy
(Powers et al., 2011). Indeed, mild oxidative stress production increases skeletal
muscle force, while further increases reduce force and promote muscle fatigue
(Kramer et al., 2015). Aging-related increase in mitochondrial ROS production
has been extensively described (Capel et al., 2005; Picard et al., 2010; Dai et
al., 2014). Moreover, mitochondria from aged muscle generate more ROS

compared to young counterparts for a given concentration of ADP, suggesting



that qualitative adaptations occur (Holloway et al., 2018). Considering the age-
related decrease of cellular antioxidant activities, higher ROS production leads to
an increase in the concentration of unscavenged ROS (Dai et al., 2014).
Collectively, the enhanced mitochondrial ROS production with aging supports the
free radical theory of aging proposed by Harman in 1956, which suggests that
free radical-induced accumulation of damage to cellular macromolecules is a
primary driving force of aging (Harman, 1956).

Calcium is a key regulator of mitochondrial function and acts at several
levels within the organelle. For instance, mitochondrial calcium overload
increases ROS production and stimulates mitochondrial permeability transition
pore opening, inducing the release of pro-apoptotic factors such as cytochrome c
or endonuclease G (Brookes et al., 2004). Animal studies showed an increased
sensitivity of mitochondrial permeability transition pore with aging (Chabi et al.,
2008a; Picard et al., 2010). This is consistent with studies indicating an
increased incidence of apoptosis in aged skeletal muscle (Siu et al., 2005; Chabi
et al., 2008a).

Collectively, these data support that mitochondrial alterations are
important contributors to the complex etiology of sarcopenia (Figure 1B, C).
Thus, therapeutic strategies that improve mitochondrial function may mitigate,
delay or treat sarcopenia (Coen et al., 2018). While the importance of normal
mitochondrial function is well recognized for muscle physiology, there are
important aspects of mitochondrial biology that require to be investigated in the
sarcopenia process (Gouspillou & Hepple, 2016). These include mitochondrial

dynamics, biogenesis, proteostasis, and mitophagy.

Mitochondrial dynamics in sarcopenia



Mitochondria are not independent organelles but rather constitute a
network in constant remodeling, animated by fusion and fission processes that
are crucial to keep a healthy mitochondrial population (Yu et al., 2020). Fusion is
mainly controlled by mitofusins 1 and 2 (MFN1/MFN2), GTPases inserted in the
outer membrane, as well as the optic atrophy 1 (OPA1l) protein, which mediates
the inner membrane fusion. In turn, it allows mtDNA exchange ensuring mtDNA
integrity and complementation as well as the maintenance of the OXPHOS
capacity (Chen et al., 2010). On the other hand, recruitment of the cytosolic
GTPase dynamin-related protein 1 (DRP1) through interaction with outer
membrane proteins such as the mitochondrial fission factor (MFF) or the
mitochondrial fission 1 (FIS1) favors mitochondrial fission upon GTP hydrolysis.

Alterations in mitochondrial morphology and function have been associated
with changes in mitochondrial dynamics in aged skeletal muscle in humans and
experimental animal models. For instance, elderly subjects elicit lower amount of
muscular OPA1 (Joseph et al., 2012; Tezze et al., 2017a; Liu et al., 2020) and
MFN2 proteins (Marzetti et al., 2016; Liu et al., 2020). Similar results are found
in mouse models of aging (Sebastian et al.,, 2016; Liu et al., 2020). The
causative link between changes in mitochondrial dynamics and sarcopenia is
suggested by the results obtained from mice invalidated for mitochondrial
dynamics genes. Indeed, Mfn2 deficiency leads to mitochondrial dysfunction,
reduces autophagy, impairs muscle force, and promotes sarcopenia (Sebastian et
al., 2016). Opal ablation also alters mitochondrial morphology and function,
inducing a catabolic program of muscle loss (Tezze et al., 2017a; Romanello et
al., 2019). Unbalance of the mitochondrial dynamics through alteration of the
fission machinery, by invalidating Drpl, also alters morphology, function and

calcium homeostasis in mitochondria (Favaro et al., 2019), causing muscle
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wasting and weakness. Interestingly, rather than alterations in whether fusion or
fission, a proper balance between these two processes is suggested to be the

most important (Romanello et al., 2019).

Mitochondrial biogenesis in sarcopenia

Beside mitochondrial morphology alterations, fewer mitochondria have
been observed in skeletal muscle from aged adults (Crane et al., 2010). This
points to the mitochondrial biogenesis program, which involves a cooperation
between nuclear and mitochondrial genomes, through successive expression of
transcription factors (Popov, 2020). The most important is the peroxisome
proliferator-activated receptor-y coactivator (PGC)-1a, whose activity is
enhanced by phosphorylation and sirtuin 1-dependent deacetylation. This master
regulator allows the expression of nuclear respiratory factors 1 & 2 (NRF 1 & 2),
nuclear hormone receptors, such as peroxisome proliferator-activated receptor
PPARa, PPAR J, the estrogen-related receptor-a (ERR-a), and the mitochondrial
transcription factor A (TFAM) (Vega et al., 2000; Scarpulla, 2006; Wang et al.,
2013). TFAM is a key protein for the replication, transcription, and protection of
mitochondrial DNA (mtDNA), while PGC-1a activation enhances expression and
import of mitochondrial proteins involved in the fatty acid oxidation, tricarboxylic

acid cycle, and OXPHOS.

In skeletal muscle of elderly people, lower amount of PGC-1a along with
reduced amount in mitochondrial proteins have been reported (Short et al.,
2005; Safdar et al., 2010; Joseph et al., 2012; Migliavacca et al., 2019b).
Reduction in biogenesis-related gene expression is also found in experimental
aging (Chabi et al., 2008b; Liu et al., 2020). Involvement of mitochondrial

biogenesis in the aging process has been confirmed by Nrf2 invalidation, which
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leads to muscle atrophy and declined physical function in old mice. As expected,
it was associated with a reduction in mitochondrial content, mtDNA copy number
and mitochondrial protein expression, and with higher oxidative stress (Huang et
al., 2019; Kitaoka et al., 2019). In line, overexpression of PGC-1a in muscle
(Dillon et al., 2012; Garcia et al., 2018) minimized the effects of aging on muscle
oxidative capacity, mitochondrial protein content, and changes gene expression
towards a younger transcriptome profile. This suggests that the mitochondrial

biogenesis program could participate to sarcopenia.

Towards a role of mitochondrial proteostasis in sarcopenia

Mitochondrial proteins can undergo oxidative posttranslational
modifications and be misfolded. Elimination of these abnormal proteins requires
specific proteases and sorting pathways towards the proteasome. Altered
mitochondrial protein defenses regroup a large number of proteases, called
mitoproteases, that can, among other functions, degrade misfolded and
damaged proteins and may be involved in the mitochondrial stress response.
Among these mitoproteases are found Lon protease homologue 1 (LONP1), the
ATP-dependent Clp protease proteolytic subunit (CLPP), the mitochondrial inner
membrane protease ATP23, and the intermembrane high-temperature
requirement Serine Peptidase 2 (HTRA2/OMI) (Quirés et al., 2015). While
expression of the Lon protease has been found to be reduced in muscle from old
rats, exercise training blunted this decrease and could help mitochondria to cope
with altered mitochondrial proteins that increase with age (Koltai et al., 2012).
Interestingly, invalidation of HTRA2/OMI in mice led to a sarcopenic phenotype
associated with impaired mitochondrial function, reduced mitochondrial

biogenesis signaling, and altered mitochondrial Unfolded Protein Response
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(mtUPR) activation (Zhou et al., 2020). The mtUPR is a signaling pathway aiming
at improving folding capacity in response to OXPHOS alterations, ROS
production, stoichiometric imbalance between nuclear and mitochondrial-encoded
proteins, and accumulation of misfolded proteins. This pathway leads to
phosphorylation of the eukaryotic translation initiation factor 2 subunit 1 (elIF2a).
Although better understood in C. elegans (Shpilka & Haynes, 2018), in
mammals, activated eIF2a will preferentially translate C/EBP homologous protein
(CHOP), activating transcription factors 4 & 5 (ATF4 & ATF5). Among their target
genes belong the mitochondrial chaperone mtHSP70, LONP1, and CLPP.
Moreover, growth/differentiation factor 15 (GDF15) and fibroblast growth factor
21 (FGF21), hormones released upon mitochondrial stress and considered as
myomitokines, are the respective target genes of CHOP and ATF4 (Kim et al.,
2013; Chung et al., 2017). Their circulating levels are increased with age and
may contribute to muscle wasting and sarcopenia (Ito et al., 2018; Oost et al.,
2019; Nakajima et al., 2019; Semba et al., 2020). However, whether the
implication of the mtUPR is the underlying mechanism requires specific studies in

the context of sarcopenia.

Removal of damaged mitochondrial components in sarcopenia

Autophagy of mitochondria (mitophagy) is an additional system ensuring
the quality of the mitochondrial population through the recycling of damaged
mitochondrial components (Pickles et al., 2018). It shares common features with
autophagy (Dikic, 2017), including the formation of a double-membrane vesicle
which engulfs cytosolic material and closes to form the autophagosome. The
latter will fuse with lysosomes to allow the acidic lysosomal proteases degrading

its content. Among mitophagy proteins, PTEN-induced putative kinase 1 (PINK1)
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and cytosolic E3 ubiquitin ligase Parkin seem to be involved in response to
mitochondrial damage (Chen et al., 2020). Under basal conditions, PINK1, which
is imported into mitochondria through translocase complexes, undergoes
proteolytic cleavage and is sent to the proteasome for degradation. In case of
damaged mitochondria, PINK1 can no longer be imported to mitochondria and
remains uncleaved, leading to its stabilization. In turn, PINK1 phosphorylates
Parkin, favoring ubiquitination of various mitochondrial substrates. Ubiquitin
moieties are then recognized by autophagy protein receptors that will be

connected to autophagosomes (Pickles et al., 2018).

Studies indicate that aging modifies mitophagy-related proteins (O’Leary
et al., 2013; Drummond et al., 2014; Marzetti et al., 2016; Sebastian et al.,
2016; Sebastian & Zorzano, 2016; Sakellariou et al., 2016; Yeo et al., 2019; Liu
et al., 2020) although flux studies have not always been performed to conclude
on its activation or inhibition (Klionsky et al., 2016). Nevertheless, insight is
brought by mitophagy-related gene modulation. Overexpression of Parkin led to
increased muscle mass and strength, along with improved mitochondrial
biogenesis and activity (Leduc-Gaudet et al., 2019). It also weakened the
oxidative stress observed in aged animals. Thus, activation of mitophagy by
Parkin could prevent or delay muscle mass loss (Leduc-Gaudet et al., 2019).
Nevertheless, other studies point to the complexity and the interrelationships
between the different pathways controlling mitochondria fitness. For instance,
Mfn2 ablation, which favored muscle aging, also reduced the autophagy and
could contribute to the accumulation of defective mitochondria (Sebastian et al.,
2016; Sebastian & Zorzano, 2016). Alternatively, PGC-1a overexpression
reduced the expression of mitophagy proteins that were increased by aging (Yeo

et al., 2019). Surprisingly, ROS inhibition increased PINK1 recruitment in isolated

14



muscle mitochondria, suggesting higher mitophagy (Sakellariou et al., 2016).
However, these changes were not associated with a reduction of age-induced
muscle atrophy (Sakellariou et al., 2016). Control of mitophagy may even be
more complex since miRNA could also be involved. Indeed, miR181a, which is
downregulated with age, was associated with accumulation of abnormal
mitochondria, probably due to impaired mitophagy flux (Goljanek-Whysall et al.,
2020).

Mitochondria-derived vesicles (MDV) have also been identified as
alternative pathways to eliminate damaged mitochondria (Neuspiel et al., 2008;
Roberts et al., 2016). Recently, small extracellular vesicles have been found to
be increased in serum from physical frailty and sarcopenic subjects compared to
controls but these vesicles did not seem to be MDV since they did not
content ATP5A (complex V), NDUFS3 (complex I), and SDHB (complex II),
although other mitochondrial components such as mtDNA have not been
evaluated (Picca et al., 2020). This could highlight that, as mitophagy, the
mitochondrial-lysosomal axis is inefficient to eliminate damaged mitochondria.
Nevertheless, MDV could serve as a biomarker for physical frailty and

sarcopenia (Picca et al., 2020).

Disturbances in mitochondrial population quality: a link towards
inflammaging and sarcopenia?

Chronic low grade and sterile inflammation is a key feature observed
during aging and is now referred to as inflammaging. Although the pro-
inflammatory state is far from acute inflammation caused by bacteria, viruses or
parasites, 3 to 5-fold increases in IL-18 and TNFa are observed in 70-year-old

patients compared to 20-year-old subjects (Zembron-Lacny et al., 2019).
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Increases in IL-6 and C reactive protein (CRP) are also reported (Schaap et al.,
2006; Meng et al., 2015). More importantly, these inflammatory variables are
inversely associated with the poor physical performance (Wannamethee et al.,
2002; Schaap et al., 2006; Meng et al., 2015; Dalle et al., 2017; Zembron-Lacny
et al., 2019)(Figure 1A). Indeed, inflammation could lead to imbalance between
protein synthesis and degradation, reduction in satellite cell activation or
increased cell apoptosis (Dalle et al., 2017). An upstream trigger of
inflammaging could be mitochondria since mitochondrial components can be
released to promote inflammation. Indeed, human neutrophils have a
constitutive defect in mitophagy but developed alternative pathways to eliminate
damaged mitochondrial components: inner mitochondrial components extrusion
or exportation to lysosomes (Caielli et al., 2016). In case of oxidative stress, a
hallmark of aging, oxidized mtDNA can eventually be extruded and stimulate
inflammation. Other altered mitochondrial components such as N-formyl
peptides, cardiolipin or TFAM can also be released and constitute mitochondrial
Damage-Associated Molecular Patterns (DAMPs) (Nakahira et al., 2015; Tezze et
al., 2017b). Interestingly, mtDNA plasma levels increase after 60 years of age.
Elderly people with the highest amount of circulating mtDNA also had the highest
amount of pro-inflammatory cytokines such as TNFa or IL-6 (Pinti et al., 2014).
Downstream pathways could involve the activation of Toll-like receptors, the
STING-TBK1 pathway and also the Nod-like receptor family, pyrin domain
containing 3 (NLRP3) inflammasome, which is a multi-protein signaling complex
that triggers the activation of inflammatory caspases and the maturation of
interleukin-1B8 (Jo et al., 2016; Sun et al., 2016). Thus, mitochondria can be
considered as the principal drivers of NLRP3-mediated inflammation as they can

modulate innate immunity via redox-sensitive inflammatory pathways or directly
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activate the inflammasome complex. This is of particular interest since NLRP3
activation may contribute to sarcopenia (McBride et al., 2017; Sayed et al.,
2019). Therefore, upstream strategies aiming at improving mitochondrial
population quality, including stimulation of mitophagy (Chen et al., 2020), could
represent innovative ways to fight age-related disorders, including sarcopenia.
Alternatively, another interesting target could be the advanced glycation
end-products (AGEs), compounds resulting from the Maillard reaction between
sugars and proteins. Indeed, increases in AGEs may trigger mitochondrial
dysfunction (Neviere et al., 2016) and more importantly several studies indicate
that AGEs are also capable of NLRP3 activation in different settings (Kong et al.,
2017; Son et al., 2017; Song et al., 2017) (Figure 1C). While it remains
unknown whether these AGEs could link inflammation and age-related muscle
mass loss, their action could be counterbalanced since they bind to specific

receptors.

RAGE: a bridge between mitochondrial dysfunction and inflammaging?

RAGE, the Receptor for Advanced Glycation End-products, is a
transmembrane receptor expressed by most of the cells in human tissues and
organs (Schmidt et al., 1992; Boulanger et al., 2007). RAGE expression and
activation have been initially studied during diabetes mellitus because of high
AGEs levels especially Necarboxymethyllysine (CML), the AGE presenting the
highest affinity for RAGE (Schmidt et al., 1992; Tessier et al., 2016). AGEs form
a heterogeneous group of molecules resulting from sugar binding to amino-
compounds like lysine and arginine, specifically (Boulanger et al., 2004). Their
production is increased during hyperglycemia (diabetes), renal failure,

inflammation (oxidative stress), and aging (time)(Frimat et al., 2017).
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RAGE activation is followed by a pro-inflammatory, pro-oxidative, pro-
adhesion, pro-apoptotic, pro-angiogenic, and pro-fibrotic cell response. Its
activation by AGEs has been identified in the skeletal muscle of diabetic patients
and elevated circulating AGEs in elderly and/or diabetic patients correlate with
muscle mass reduction, lower grip strength, and walking speed (Chiu et al.,
2016). AGE production and accumulation in myofibrils are linked with RAGE
overexpression, muscular atrophy, and intolerance of exercise in murine models
(Egawa et al., 2017). In RAGE null mice, AGE accumulation in skeletal muscle of
diabetic mice prevents AGE deleterious effects on organ function (Chiu et al.,
2016). RAGE activation is followed by ROS generation through cytosolic NADPH
oxidase and mitochondrial electron transport chain. Activation of RAGE-ligand
axis decreases cellular stress defenses, such as sirtuins (SIRT). Since AGE
exposure is associated to suppression of SIRT1 and SIRT3 expression, inhibition
of RAGE-ligand axis could reduce deleterious oxidative stress, especially here, on
muscular mitochondria (Cai et al., 2012; Yu et al., 2017).

More than 28 RAGE ligands have been reported today, most of them being
DAMPs or pathogen-associated molecular patterns (PAMPs). Some of these
ligands also belong to the group of molecules produced during physiological
aging. Such molecules are associated to the SASP, Senescence-Associated
Secretory Phenotype. It is very interesting to hypothesize that during
physiological aging, the production of “SASP molecules” like S100 and high-
mobility group box-1 (HMGB-1), which are RAGE ligands for example, can
therefore activate RAGE. Apart from physiological aging, S100 and HMGB-1 are
also produced in response to RAGE activation during pathological conditions:

diabetes, renal failure, inflammation. It is then easy to conceptualized the vicious

18



circle of RAGE implication during inflammaging, that we call “RAGEING”,

illustrated in Figure.2 (Wautier, 2019).
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Figure 2: RAGEING, the vicious circle of inflammaging. RAGE implication during
pathological and physiological aging. RAGE, Receptor for advanced glycation end-
products; SASP, senescence-associated secretory phenotype. HMGB-1, high-mobility
group box 1; II-6, interleukine-6: TNFa, tumor necrosis factor a. Adapted from T Teissier,
The Receptor RAGE in Vascular and Cerebral Dysfunction (JL Wautier, Cambridge

Scholars Publishing, ISBN 1-5275-2692-5).

Our team demonstrated that modulation of the RAGE pathway can
improve mitochondrial damage and myocardial dysfunction in high-fat diet mice

(Yu et al., 2017). We also recently described a significant prevention of
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inflammation, oxidation and aged-related nephrosclerosis lesions in RAGE null
mice, suggesting that RAGE plays a central role in renal aging (Teissier et al.,
2019). While RAGE is, by itself, important for skeletal muscle physiology (Riuzzi
et al., 2018), it could also directly modulate mitochondrial function. Indeed,
RAGE activation may favor mitochondrial fission (Lo et al., 2015; Mao et al.,
2018, 2018) or modulate mitophagy (Kang et al., 2011; Lo et al., 2015; Yu et
al., 2017). Interestingly, RAGE may also translocate to mitochondria to promote
ATP production (Kang et al., 2014). Nevertheless, connections between RAGE
activation, mitochondria, and inflammation/inflammaging and their involvement
in the sarcopenia process are poorly described but seem very likely. Through
controlling inflammaging and mitochondria, we suggest that RAGE may represent
a major receptor playing a key role during in physiological aging and aged-

related sarcopenia (Figure 1C).
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