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Abstract The accumulation of non-functional oxidized proteins is a hallmark of
aging both in cells and in the body. This age-related build-up of proteins modified
by oxidative processes results, at least in part, from an increase in reactive oxygen
species and other toxic compounds from both cellular metabolism and external envi-
ronmental factors. Failure of protein maintenance (i.e. oxidized protein degradation
and repair) is another major contributor to the age-associated accumulation of dam-
aged proteins. Oxidative damage to the cellular proteome, leading to the formation
of carbonylated proteins derives from the direct oxidation of several amino acids side
chains and also through protein adducts formation with lipid peroxidation products
and dicarbonyl glycating compounds. Since the accumulation of oxidatively dam-
aged proteins is believed to participate to the age-related decline in cellular function,
their identification has been achieved in human or mammalian animal models of
aging and age-related diseases as well as in human fibroblasts and myoblasts during
cellular senescence and upon oxidative stress. Indeed, the identification of damaged
protein targets is expected not only to define potential biomarkers of aging but also
to give insight into the mechanisms by which these damaged proteins accumulate
and may contribute to cellular dysfunction.
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8.1 Introduction

A characteristic of aging, both in cells and in the body, is the accumulation of non-
functional oxidized proteins. This age-related accumulation of proteins modified
by oxidative processes results, at least in part, from an increase in reactive oxygen
species (ROS) and other toxic compounds fromboth cellularmetabolism and external
environmental factors (Stadtman2006;Ugarte et al. 2010).Anothermajor contributor
to the accumulation of damaged proteins with age is the decreased efficiency of the
intracellular elimination (degradation and repair) of oxidized proteins (Friguet 2006;
Baraibar and Friguet 2012; Chondrogianni et al. 2014).

Inside the cell ROS are formed mainly by the mitochondrial electron transport
chain during aerobic respiration resulting in the production of superoxide radical
(O2°−). Superoxide is then converted into hydrogen peroxide (H2O2) by superoxide
dismutase, which in the presence of traces of metals (Cu+ or Fe++) is itself con-
verted by the Fenton reaction to hydroxyl radical (OH°), the most deleterious ROS.
Peroxisomes, which are organelles involved in the oxidative metabolism of organic
molecules, also contribute to the endogenous formation of ROS. External stresses of
a physical nature (such as ultraviolet radiation) or chemical (toxin or xenobiotic) may
also participate in the intracellular production of ROS. To trap these ROS, the cell has
an arsenal of antioxidant defenses, both enzymatic (superoxide dismutase, catalase,
glutathione peroxidase, peroxiredoxins, etc.…) and non-enzymatic (vitamin C, vita-
min E, flavonoids, carotenoids, etc. …). However, when their production becomes
too large to be completely trapped by antioxidant defenses, ROS are reacting with
biological macromolecules (lipids, proteins and nucleic acids), causing irreversible
damage (Berlett and Stadtman 1997; Stadtman and Levine 2003).

With the notable exception of the oxidation of cysteines andmethionines forwhich
specific systems of reduction have been demonstrated, in all other situations where
the amino acid modification of the polypeptide chain is considered irreversible, the
problem arises as to the removal of oxidized protein by degradation (Petropoulos
and Friguet, 2005; Farout and Friguet 2006; Chondrogianni et al. 2014). At the
intracellular level, the degradation of oxidized proteins is mainly ensured in the
nucleus and in the cytoplasm by the proteasome, a high molecular weight proteolytic
multicatalytic complex. The observed decrease in proteasome activity with age plays
a crucial role in the accumulation of abnormal oxidized proteins that can be toxic to
the cell. Thus, depending on the cell or tissue type, the decrease in proteasome activity
with age can come from the combined action of: (i) the decrease of its expression, (ii)
the existence of structural modifications of the proteasome subunits, (iii) the presence
in aged cells of damaged proteasome inhibitory proteins (Shringarpure and Davies
2002; Farout and Friguet 2006; Breusing and Grune 2008; Baraibar and Friguet
2012). Other protein maintenance systems are also capable of repairing oxidatively
damaged proteins. Concerning the methionine sulfoxide reductases system, which
has the ability to reverse the oxidation of methionine in proteins, its activity and its
expression are also altered during aging and cellular senescence (Petropoulos et al.
2001; Picot et al. 2004.)
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Fig. 8.1 Schematic representation of the alteration of the protein homeostasis network during
aging and upon oxidative stress. Accumulation of proteins modified by oxidative processes with
age results from an increase in reactive oxygen species and other toxic compounds from both
cellular metabolism and environmental factors together with a decreased efficacy of the intracellular
degradation and/or repair of oxidatively damaged proteins (Baraibar and Friguet 2012)

In this chapter, the different types of oxidative modifications of proteins, the
incidence of which increases with age, are first described. Then, specific pro-
teins that have been identified as increasingly carbonylated or modified by gly-
cation/glycoxidation or conjugation with lipid peroxidation products in human or
mammalian animal models of aging and age-related diseases and that may represent
interesting biomarkers are presented. Intracellular degradation and repair systems for
oxidized proteins, with a special attention devoted to the involvement of the protea-
some and of the methionine sulfoxide reductases system (Fig. 8.1), and their impair-
ment during the aging process are then discussed. Finally, since the accumulation
of oxidatively damaged proteins is believed to participate to the age-related decline
in cellular function, their previously reported identification in human fibroblasts and
myoblasts during cellular senescence and upon oxidative stress is also presented.
Indeed, the identification of damaged protein targets is expected not only to define
potential biomarkers of aging but also to give insight into the mechanisms by which
these damaged proteins accumulate and may contribute to cellular dysfunction.

8.2 Protein Modification by Oxidation and Related
Pathways

Proteins constitute the main targets for ROS mediated damage that occurs directly
or indirectly through their reaction with lipids and carbohydrates and the subsequent
generation of oxidized products that can react with proteins. Oxidations of proteins
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by ROS can be classified into those that oxidize the amino acid side chains and
those that oxidize and cleave the peptide bond. Almost all amino acid side chains
can react with the hydroxyl radical OH° but certain amino acids are more sensitive
to oxidation with such ROS as hydrogen peroxide and superoxide. Indeed, sulfur-
containing amino acids methionine and cysteine are readily oxidized by all sorts of
ROS, while histidine and aromatic amino acids are also very sensitive to oxidation.

Oxidation of cysteine first results in either the formation of a disulfide bridge or
a sulfenic acid. Sulfenic acid can be converted to disulfide or sulfenamide or fur-
ther oxidized to sulfinic and then sulfonic acids. Both disulfide and sulfenic acid
can be enzymatically reduced by different enzymatic systems such as the thiore-
doxin/thioredoxin reductase and the glutaredoxin/glutathione/glutathione reductase
systems while sulfinic acid reduction has so far been limited to oxidized cysteines
within the active site of peroxiredoxins (Biteau et al. 2003). Cysteine can also react
with nitric oxide to produce S-nitrosothiol. Oxidation of methionine leads to the for-
mation of methionine sulfoxide and further oxidation of methionine sulfoxide leads
to the irreversible formation of methionine sulfone. Some oxidative modifications
are rather specific in terms of oxidized residues and products generated such as the
oxidation of phenylalanine to tyrosine, which can be further converted to di-tyrosine
(Giulivi et al. 2003). Tyrosine residues also represent preferred targets for nitration
by nitrogen dioxide and peroxynitrite and are converted to nitrotyrosine.

Oxidation of several amino acid residues such as lysine, arginine, proline and
threonine results in the formation of carbonyl groups (Berlett and Stadtman 1997).
Carbonyl derivatives can also originate from the fragmentation products of the pep-
tide bond oxidative cleavage (Stadtman andLevine 2003). Aminoadipic and glutamic
semi-aldehydes resulting from the oxidation of lysine and arginine, respectively, are
quantitatively important products of the carbonylation reaction. Protein carbonyla-
tion has been considered as an indicator of severe oxidative damage as well as age-
and disease-derived protein dysfunction since this modification often leads to a loss
of protein function, as well as an increased thermosensitivity and hydrophobicity
(Berlett and Stadtman 1997).

Protein carbonyls are the most commonly used marker of protein oxidation
and different methods have been developed for the detection and quantification
of carbonylated proteins. Most of these methods are based on immunochemical
and/or spectrophotometric assays of protein carbonyls previously derivatized by 2-4-
dinitrophenylhydrazine to form 2-4-dinitrophenylhydrazone protein adducts (Levine
2002). We have developed a novel application of the difference gel electrophoresis
(DIGE) approach, but for the detection and quantification of carbonylated proteins,
referred as to Oxi-DIGE (Baraibar et al. 2012a, 2013). In Oxi-DIGE, protein car-
bonyls derived from any biological sample are labeled with two spectrally resolvable
fluorescent hydrazide probes that bind specifically to carbonyl groups in proteins
(Fig. 8.2). The matched dyes have the same ionic and pH characteristics but absorb
and/or emit light at different wavelengths, producing different color fluorescence.
Recent studies by the group of J. Ros and E. Cabiscol have also demonstrated the
usefulness of fluorescent hydrazides for analyzing protein carbonylation caused by
oxidative stress and chronological aging in yeast (Tamarit et al. 2012). A central
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Fig. 8.2 Representative Oxi-DIGE analysis for the quantitative detection of carbonylated proteins.
In Oxi-DIGE, protein carbonyls are labeled with two spectrally resolvable fluorescent hydrazide
probes that bind specifically to carbonyl groups in proteins. Labeled carbonylated proteins from
different groups of samples are then co-resolved on a single 2D gel for direct quantification. Oxi-
DIGE analysis can be performed for the quantification and identification of carbonylated proteins
in any biological sample (Baraibar et al. 2013)

advantage of the use of sensitive fluorescent probes is the detection of lower abun-
dance carbonylated proteins. For spot excision from the gel to establish its iden-
tification, either total protein stain by NHS-ester cyanines or BodipyFL-Hz would
be the method of choice (Tamarit et al. 2012). In carrying out Oxi-DIGE, labeled
carbonylated proteins from different groups of samples are co-resolved on a single
2D gel for direct quantification. In addition, the Oxi-DIGEmethod provides a signif-
icant improvement in terms of reproducibility and statistical support of the data for
proteomic analysis of carbonylated proteins, which is essential for the robust identi-
fication of this modification, and can be applied to the identification of carbonylated
proteins in any biological sample.

In addition to direct oxidation of certain aminoacid side chains, protein car-
bonyl derivatives can originate from the conjugation on cysteine, lysine and histidine
residues of such aldehydes as malondialdehyde, acrolein and 4-hydroxy-2-nonenal
(HNE). Indeed, oxygen free radicals can attack cellular membranes and induce lipid
peroxidation resulting in the production of these reactive aldehydes which are pre-
cursors of advanced lipid peroxidation end products (ALE) that have been found to
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accumulate on proteins during aging and certain age-related diseases (Sayre et al.
1997; Szweda et al. 2003). Moreover, sugar aldehydes or ketones can also react with
the amino groups of lysine and arginine through a Schiff base which is rearranged
to form an Amadori product (e.g. fructosamine when the reacting sugar is glucose).
These products are referred as to early stage glycation adducts that are further mod-
ified to form stable end-stage products also called advanced glycation end products
(AGE) through either rearrangement, oxidation, dehydration, fragmentation and/or
cyclization. Deleterious effect on protein function is observed when the modification
affects critical amino acids within the protein and many proteins, including intracel-
lular proteins, accumulate with age as AGE-modified in vivo (Horiuchi and Araki
1994).

8.3 Age-Associated Accumulation of Oxidatively Modified
Proteins

Accumulation of damagedmacromolecules, including oxidatively damaged proteins,
is a hallmark of aging, both at the cellular and organismal level, which is resulting
from increased oxidative stress and/or failure of protein repair and maintenance
systems (Stadtman 2006; Ugarte et al. 2010). ROS are produced as byproducts of
oxidative phosphorylation and aerobic metabolism. Moreover, ROS production and
accumulation are usually increased during disease pathogenesis, in particular age-
related diseases (Kregel and Zang 2007). Transient exposure to low concentration of
ROS induces cell proliferation and regulates the activation of several signaling path-
ways (Apel and Hirt 2004) while excess of ROS causes oxidative damage to lipids,
proteins, and nucleic acids (Mecocci et al. 1999; Avery 2011). Protein oxidation is
particularly detrimental as the resulting damages to protein structures can render
oxidized proteins inactive and/or prone to form protein aggregates, hence leading to
cellular functional abnormalities (Picot et al. 2007; Baraibar et al. 2012b).

ROS can induce various types of protein oxidative modifications either directly
or indirectly by reactions with secondary products of oxidative stress (Stadman
and Levine 2003). The irreversible oxidation of residues other than cysteine and
methionine most frequently leads to hydroxylated and carbonylated aminoacid side
chain derivatives. The exponential accumulation of carbonylated proteins during life
span both at the cellular and organismal level and their particular increase in organs
affected by age-related diseases, imply that this “Oxi-proteome” (i.e. the restricted set
of proteins targeted by oxidation) may be a potential molecular substratum for many
of the associated cellular dysfunctions. Indeed, carbonylated proteins are generally
less active, less thermostable and are exposing hydrophobic amino acids at their sur-
face, making them prone to form protein aggregates. Since oxidative modifications
that give rise to carbonyl groups generally cause loss of catalytic or structural alter-
ations in the affected proteins, the increased level of oxidatively modified proteins
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observed during aging and age-related disease has been proposed to have deleterious
effects on cellular and organ function.

Increased levels of protein carbonyls have been observed in age-related diseases,
such as neurodegenerative diseases (amyotrophic lateral sclerosis, Alzheimer’s,
Parkinson’s, and Huntington’s diseases), cataractogenesis, systemic amyloidosis,
muscular dystrophy, progeria, Werner’s syndrome, rheumatoid arthritis, and res-
piratory distress syndrome (Berlett and Stadtman 1997; Dalle-Donne et al. 2003;
Martinez et al. 2010). Elevated levels of proteins modified by lipid oxidation prod-
ucts reactive aldehydes are associated with neurodegenerative diseases, iron induced
renal carcinogenesis, cardiovascular disease, as well as elevated levels of protein gly-
cation/glycoxidation end products (AGE) are associated with diabetes mellitus, neu-
rodegenerative diseases, atherosclerosis andDown’s syndrome. Significant advances
in the past recent years have beenmade towards the identification of proteins targeted
by these modifications, although their possible causative role in the pathogenesis of
these diseases has yet to be elucidated.

To further address the role of modified proteins, we have performed a bibliograph-
ical search for specific proteins identified as increasingly carbonylated or modified
by AGE or HNE in human or mammalian animal models of aging and age-related
diseases (neurodegenerative diseases, cancer, diabetes) in articles published in peer-
reviewed journals (Baraibar et al. 2012c). A total of 183 modified proteins were
identified in brain, cerebellum, spinal cord, skeletal muscle, liver, eye, and cere-
brospinal and bronchoalveolar fluids. Due to the high number of studies addressing
the importance of protein carbonylation in the pathogenesis of neurodegenerative
diseases, such as Alzheimer’s, Parkinson’s and Huntington’s diseases, most of the
proteins belong from the brain (Butterfield et al. 2006). However, several proteins
have been identified consistently modified in other organs such as liver and eye,
indicating that the spectrum of proteins targeted by these modifications may be
conserved. Among them, cytoplasmic proteins were predominant, followed by pro-
teins from mitochondria, nucleus, endoplasmic reticulum and plasma membrane.
However, since most of the studies were performed in total tissue soluble extracts,
membrane and mitochondrial proteins are clearly underrepresented when compared
to cytosolic proteins.

Functional grouping indicated that proteins were distributed within biological
processes such as inflammatory response, cellular metabolism, free radical scaveng-
ing, protein synthesis and folding. Concerning proteins involved in the inflamma-
tory response, inflammation is now accepted as a key factor in physiological aging,
referred as to “inflamm-aging” (Franceschi et al. 2000), as well as in the develop-
ment of several age-related pathologies including neurodegenerative and cardiovas-
cular diseases. Interestingly, the inflammatory environment is highly oxidative, and
increased protein oxidation has been described, generating a positive feedback pro-
cess. Proteins involved in energy metabolism were also evidenced in the referenced
modified proteins. Themost represented canonical pathways across the entire dataset
included: glycolysis/gluconeogenesis, citrate cycle, pyruvate metabolism, amino
acids degradation, mitochondrial dysfunction, cell death, butanoate metabolism, nrf-
2 oxidative stress response and cellular function and maintenance.
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More recently, we have identified carbonylated proteins in human rectus abdo-
minis muscle obtained from old and young healthy donors to better understand
the mechanisms by which these damaged proteins build up and potentially affect
muscular function (Lourenço dos Santos et al. 2015). Using a bi-dimensional gel
electrophoresis-based proteomic approach coupled with the immunodetection of
carbonylated proteins, 14 proteins were found to be increasingly carbonylated in
biopsies from old donors compared to young counterparts. Interestingly, about half
of them are already present in the above-mentioned list of 183 oxidatively modified
proteins (Baraibar et al. 2012c). These proteins are involved in key cellular functional
pathways such as cellular morphology and transport, muscle contraction and energy
metabolism. Since, impairment of these pathways has been previously described in
skeletal muscle during aging, the irreversible oxidation of these proteins, leading to
their functional decline, may therefore contribute to the sarcopenic phenotype by
negatively impacting on such pathways.

8.4 Age-Associated Impairment of Oxidized Proteins
Elimination by Repair and Degradation

In contrast to DNA, for which many repair enzymes and pathways have been
described for oxidative and other insults, oxidized protein repair is limited to the
reduction of certain oxidation products of the sulfur-containing amino acids, cysteine
and methionine. Indeed, damaged intracellular proteins are mainly eliminated be
degradation by the proteasomal and the lysosomal pathways.Major systems that have
been implicated in oxidized protein repair include thioredoxin/thioredoxin reductase
and the glutaredoxin/glutathione/glutathione reductase systems for the reduction of
sulfenic acid and disulfide bridges, the sulfiredoxin for the reduction of sulfinic acid
when formed on the catalytic cysteine of peroxiredoxins, and the methionine sul-
foxide reductases (Msr) for the reduction of methionine sulfoxide within proteins
(Petropoulos and Friguet 2005; Lourenço dos Santos et al. 2018).

The Msr system is found in almost all organisms, from bacteria to mammals, and
is composed of two enzyme families, MsrA and MsrB, that catalytically reverse the
oxidation of the S-sulfoxide and R-sulfoxide diastereoisomeric forms of methionine
sulfoxide, respectively (Boschi-Muller et al. 2008). Oxidized methionine sulfoxide
reductases are then reduced by the thioredoxin/thioredoxin reductase system. Oxida-
tion of methionine has been implicated in the impairment of protein structure and/or
function while the reduction of methionine sulfoxide has been associated with the
recovery of protein function. Hence, oxidation/reduction of methionine has been
involved in redox regulation of protein-protein interactions and protein function. In
combination with protein surface-exposed methionine residues, the Msr system has
also been shown to be efficient as a built-inROS scavenging systempreventing further
irreversible protein oxidation (Picot et al. 2005; Cabreiro et al. 2008). Since the Msr
system can protect proteins from irreversible oxidation and that protein carbonyls
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levels are usually referred as a marker of oxidative stress in pathophysiological con-
ditions and during aging, the implication of Msr in diseases and in aging process
would be expected.

Reduced MsrA activity was found in the brains of Alzheimer’s dis-
ease patients (Gabbita et al. 1999) while it has been shown that oxidized
proteins accumulate in tissues from patients exhibiting age-related diseases such
as neurodegenerative diseases and cataracts (Gil-Mohapel et al. 2014; Swomley and
Butterfield 2015). Amyloid ß-peptide (Aβ peptide) Met-35 oxidation is thought to
be critical for its aggregation and neurotoxicity (Hou et al. 2002) and the absence
of MsrA was shown to modify Aβ solubility properties and to cause mitochondrial
dysfunction in a mouse model of Alzheimer’s disease (Moskovitz et al. 2016). Oxi-
dation of α-synuclein methionine residues in Parkinson’s disease is thought to be the
main reason of protein fibrillation, hence contributing to the pathology (Glaser et al.
2005). Interestingly,MsrA K.O. mice demonstrated behavioral abnormality (tip-toe
walking) consistent with cerebellar dysfunction (Moskovitz et al. 2001), enhanced
neurodegeneration with characteristic features of neurodegenerative diseases and
increased light scattering, a common cataract symptom (Brennan et al. 2009).

Since the accumulation of oxidatively modified proteins during aging has been
largely attributed to declining efficacy of the systems involved in protein homeostasis
such as protein degradation and protein repair (Chondrogianni et al. 2014), impair-
ment of the Msr system would be expected to play an important role in the aging
phenotype. Indeed, our laboratory has shown that MsrA is down-regulated in aged
rats (Petropoulos et al. 2001) and during replicative senescence of fibroblasts (Picot
et al. 2004). Both cytosolic and mitochondrial Msr activities were found to decline
upon replicative senescence (Ahmed et al. 2010) and increased MetO levels were
also reported in membrane proteins of senescent erythrocytes (Brovelli et al. 1990).

The implication of the Msr system in regulating lifespan has been addressed in
several studies but it remains controversial. This hypothesis has been originally tested
using two different models: MsrA K.O. mice and MsrA overexpressing Drosophila
(Moskovitz et al. 2001; Ruan et al. 2002). Overexpression of MsrA in Drosophila
resulted in a 70% extension in their healthy lifespan (Ruan et al. 2002) while the
knockout of the MsrA gene in mice reduced its lifespan by 40% (Moskovitz et al.
2001). In both studies, the MsrA-dependent lifespan modulation was related to its
role in protection against oxidative stress but another study has since shown that the
lack of MsrA in mice does not diminish lifespan although it does increase sensitivity
to oxidative stress (Salmon et al. 2009).

Overall these studies indicate the importance ofMsr system in aging and neurode-
generative diseases pointing out to its role as an antioxidant enzyme protecting cells
and organisms from the deleterious effects of oxidative stress. However, the recent
discovery that alternation between methionine oxidation and reduction could serve
as regulator of protein function raises the interesting hypothesis that the role of the
Msr system in aging and survival could also come from these intracellular signaling
functions (Lourenço dos Santos et al. 2018).

Non-repairable alterations, which represent the majority of protein damage, are
eliminated through protein degradation by the proteasomal or the lysosomal sys-



110 B. Friguet and M. A. Baraibar

tems in the cytosol while oxidized proteins are degraded by the Lon protease in the
mitochondrion (Ugarte et al. 2010; Hamon et al. 2015). These proteolytic systems
have been documented to decline with age and during replicative senescence, hence
implicating protein maintenance failure in the age-associated build-up of damaged
proteins (Baraibar and Friguet 2012; Hamon et al. 2015).

The proteasomal and lysosomal pathways are the two main proteolytic cytoso-
lic machineries by which intracellular proteins are degraded. Protein degradation
by the proteasome is a key process for the maintenance of cellular protein home-
ostasis. In the cytosol and in the nucleus, the proteasome plays a key role in the
removal of altered proteins since mildly oxidized proteins are good substrates of
the proteasome in vitro and do not to require ubiquitin and ATP to be eliminated
in vivo (Chondrogianni et al. 2014). However, some studies have shown that the
ubiquitin-proteasome system could be implicated in the degradation of certain oxi-
dized proteins. The increased susceptibility of oxidized proteins to degradation by the
proteasome has been attributed to an increased exposure of hydrophobic amino acids
at the protein surface and an increased flexibility of their C- and N-terminus extrem-
ity, making them more prone to degradation by either the 20S or 26S proteasomes
(Grune et al. 2003). However, when proteins are highly oxidized or modified by gly-
cation or conjugation by lipid peroxidation products, intra- and/or inter-molecular
cross-links are formed that render these heavily modified proteins resistant to prote-
olysis by the proteasome (Friguet and Szweda 1997). Moreover, although proteins
modified by either glycoxidation or conjugation with lipid peroxidation products,
have been evidenced as ubiquitinated, suggesting that they might be substrates of the
26S proteasome, these modified proteins have also been found to be targeted to and
degraded by the lysosomes (Bulteau et al. 2001; Marques et al. 2004).

Several studies have indicated that proteasome function is impaired during aging
suggesting that its decreased functionality might be causally related to aging and
age-associated diseases (Shringarpure and Davies 2002; Farout and Friguet 2006;
Breusing and Grune 2008; Baraibar and Friguet 2012), although other studies have
shown that this decline may not be universal (Cook et al. 2009; Altun et al. 2010).
Pioneering studies from our group and that of Walter Ward showed that rat liver pro-
teasome proteolytic activity is altered during aging (Conconi et al. 1996; Shibatani
and Ward 1996; Shibatani et al. 1996). A decrease in proteasome peptidase activity
has been since reported in aged tissues of other mammals (mouse, rat and bovine),
like liver (Hayashi and Goto 1998), spinal cord (Keller et al. 2000), lens (Shang et al.
2001), heart (Bulteau et al. 2002) and retina (Louie et al. 2002). Furthermore, an
age-related decline of proteasome activity has been also shown ex vivo in human
lymphocytes (Ponnapan et al. 1999; Carrard et al. 2003), keratinocytes and fibrob-
lasts (Petropoulos et al. 2000; Hwang et al. 2007) and in human primary cell cultures
undergoing replicative senescence (Merker and Grune 2000; Sitte et al. 2000; Chon-
drogianni et al. 2003). Impairment of proteasomal activity has also been reported
during aging in model organisms such as Drosophila melanogaster (Vernace et al.
2007; Tonoki et al. 2009) and Caenorhabditis elegans (Hamer et al. 2010).

Proteasome impairment has been reported at different levels, including decreased
transcription of certain proteasomal subunits inmice (Huber et al. 2009), dissociation



8 Oxidatively Modified Proteins and Maintenance Systems as … 111

of the proteasome complex in Drosophila (Vernace et al. 2007), and reduced protea-
some proteolytic capacity in different aged mammalian tissues and organs (Chon-
drogianni and Gonos 2005; Farout and Friguet 2006). In contrast, centenarians who
represent an interesting example of successful aging, and the long-lived naked mole
rats were found to exhibit elevated proteasome levels and activity (Chondrogianni
et al. 2000; Perez et al. 2009). Themain emphasis has long been placed on preventing
protein damage (i.e. interest in antioxidants for protecting against oxidative damage)
rather than potentiating the mechanisms that normally handle these damaged prod-
ucts. However, several lines of evidence support the idea that the main problem is
not the damage per se, but rather how the cell handles this damage. These includes
the better understanding of the cellular mechanisms that contribute to protein quality
control, the fact that some of the genes coding for the components of these systems
have been implicated in lifespan extension, and the growing evidence supporting that
failure of protein homeostasis represents an early event in aging (Lopez-Otin et al.
2013). In addition, recent studies have shown that the proteasome can be activated
by genetic manipulations as well as by factors that affect either its conformation and
stability or the expression of its subunits and the rate of proteasome assembly. Indeed,
over expression of the 20S β5 subunit extended the replicative lifespan of cultured
human fibroblasts (Chondrogianni et al. 2005) and both the lifespan and healthspan
of wild type Caenorhabditis elegans (Chondrogianni et al. 2015). Over expression
of 19S Rpn11 prolonged Drosophila melanogaster lifespan (Tonoki et al. 2009)
while overexpression of the proteasome related transcription factors Rpn4 and/or
Rpn6 enhanced the replicative lifespan and resistance to proteotoxic stress of Sac-
charomyces cerevisiae (Kruegel et al. 2011; Yao et al. 2015) and of Caenorhabditis
elegans, respectively (Vilchez et al. 2012).

8.5 Oxidative Protein Damage is Restricted to Specific
Protein Targets upon Oxidative Stress and During
Cellular Senescence

Increased protein oxidative damage during aging is well documented and is believed
to play an important role in cellular aging (Berlett and Stadtman 1997). However, the
identification of the damaged protein targets has been usually performed approaching
only a single type of modification (e.g. carbonylation or conjugation with HNE) in
different aging model systems and tissues from aged animals (Kapphahn et al. 2006;
Baraibar et al. 2012c; Lourenço dos Santos et al. 2015).

Our previous studies showed an increase in proteins modified with HNE, AGE
and carbonylation in senescent WI-38 human embryonic fibroblasts (Ahmed et al.
2007). The identification of proteins targeted by these modifications showed that
they represent a restricted set within the total cellular proteome that fall in key
functional categories, such as protein quality control, energymetabolism and cellular
morphology (Ahmed et al. 2010). Since impairment of these functional pathways has
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been previously documented in senescent cells, the observed protein modifications
may play a role in the development of the senescent phenotype.

The cytoskeletal proteins vimentin, actin and tubulin were found among
the proteins identified as HNE-modified. Cytoskeletal proteins are involved
in key cellular processes such as cell division, signal transduction, cell motility and
protein synthesis. Follow up studies showed several structural changes of the inter-
mediate filament protein vimentin during cellular senescence. Vimentin filaments
form thick, long dense bundles in senescent cells while irregular and small fur-like
networks in young or early-passage fibroblasts (Ahmed et al. 2010).

Cellular senescence is also accompanied by alterations in energy metabolism.
Increased oxidative damage causes impairment ofmitochondrial respiration affecting
mainly the activity of complexes I, III and IV of the respiratory chain. Almost half
of the modified proteins identified upon replicative senescence of human WI-38
fibroblasts were from mitochondria, which indicates a highly oxidative environment
within this organelle during cellular aging (Ahmed et al. 2010). In senescent WI-38
fibroblasts, the iron-sulfur subunit of complex I and subunit α of ATP synthase, the
subunit 1 of complex III, and FAD subunit of complex II have been identified as
increasingly modified by HNE-, AGE-, and carbonylation, respectively. Among the
modified proteins identified in senescent fibroblasts, the citric acid cycle enzymes
malate dehydrogenase and 2-oxoglutarate dehydrogenase E1 component, glycerol-3-
phosphate dehydrogenase, glycerol kinase and glutaminase appear to be specifically
targeted by oxidation (Ahmed et al. 2010). These results suggest that modification
of proteins responsible for energy metabolism may participate in the impairment of
mitochondrial function observed in senescent cells.

Proteins directly linkedwith the regulation of protein homeostasis, such as protein
folding and degradation were also identified as increasingly modified in senescent
cells. Proteins with chaperone function, such as Hsc70, calreticulin, endoplasmic
reticulum protein ERp29, as well as proteasome subunits linked to a decreased pro-
teasome activity underscore this issue.

More recently, the occurrence of specific carbonylated proteins upon oxida-
tive stress induced premature senescence of WI-38 human fibroblasts has been
analyzed and their follow-up identification has been achieved (Le Boulch et al.
2018). Indeed, increased protein oxidative damage has been clearly associated to
both cellular and organismal aging and accumulation of oxidatively damaged pro-
teins has been also reported in HDFs upon both replicative and SIPS (Chondro-
gianni et al. 2003; Debacq-Chainiaux et al. 2005). Only carbonylated proteins
were analyzed in SIPS fibroblasts and they were mainly cytosolic, either belong-
ing to the cytoskeleton, involved in redox and energy metabolism or involved in
protein maintenance. Interestingly, cytoskeleton, redox and energy metabolism as
well as protein maintenance have been all reported to be impaired during cellu-
lar aging. Such carbonylated proteins accumulating in SIPS that were previously
identified as increasingly modified for replicative senescence of WI-38 fibroblasts
include: Actin, Vimentin, Glucose-6-phosphate dehydrogenase, Heat shock cognate
71 kDa protein, Heterogeneous nuclear ribonucleoprotein H, Tryptophanyl-tRNA
synthetase and Tubulin. Other carbonylated proteins that were already found in dif-
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ferent models of aging and age-related diseases (Baraibar et al. 2012c) include:
Vimentin, Tubulin, Actin, Glyceraldehyde-3-phosphate dehydrogenase, Enolase,
Pyruvate kinase, Protein disulfide-isomerase, Catalase and Heat shock cognate
71 kDa protein. From these comparisons, a similarity in the proteins targeted by
oxidation emerges to a certain extent, suggesting that specific cellular functions
might be affected by the build-up of this restricted set of oxidatively modified pro-
teins due to their impaired functionality and/or altered regulation.

We have also previously characterized the proteome changes of adult humanmus-
cle stemcells (i.e. satellite cells ormyoblasts) in response to oxidative stress (Baraibar
et al. 2011). Using a dual proteomic approach, we intended to unravel the mechanism
involved in human myoblasts dysfunction upon oxidative stress. Selective proteins
either modulated at the expression level or those targeted by oxidation (carbony-
lated) were identified after a sub-toxic insult of hydrogen peroxide. For this purpose,
a 2D gel electrophoresis-based proteomic approach coupled with immunodetection
of carbonylated proteins, after their derivatization with DNPH, and identification of
the spots of interest by mass spectrometry has been used. Twenty-one protein spots
were evidenced, as increasingly carbonylated upon oxidative stress, indicating that
only a restricted set of proteins is prone to accumulation upon oxidative stress. Most
of the carbonylated proteins identified belong from the cytosol but also proteins from
the nucleus, endoplasmic reticulum as well as the plasma membrane were identified.
Major functional categories include energy metabolism, cellular assembly, protein
synthesis, cell morphology and protein degradation. Modified proteins such as per-
oxiredoxins, GAPDH and alpha-enolase are involved in the antioxidant response and
energy metabolism. Moreover, proteins involved either in protein degradation such
as the proteasome regulatory subunit 10B, and in protein synthesis such as elongation
factor 2 were found to be carbonylated. Such proteasome subunits carbonylationmay
explain, at least in part, the decreased proteasome activity observed, suggesting that
oxidative stress do not only induce the modification of proteins but also compromise
their degradation by affecting proteasome function.

Finally, we have also recently addressed the potential impact of oxidatively mod-
ified proteins on the altered metabolism of senescent human satellite cells (Baraibar
et al. 2016). By using a modified 2D gels based proteomics approach, we have found
that a restricted set of proteins is targeted by carbonylation and modification with
advanced glycation/lipid peroxidation end products during the replicative senescence
of satellite cells. 22 protein spotswere shown to be increasingly carbonylated, 24were
increasingly glycated, and 8 were increasingly modified by HNE during replicative
senescence (Baraibar et al. 2016). Each spot was excised from the gel and analyzed
by MALDI-TOF/TOF-MS for protein identification. 28 proteins were identified as
targets of one, two or the threemodifications. Although similar proteomic approaches
were used, this restricted sub-set of modified proteins in senescent myoblasts is dif-
ferent to those identified in senescent fibroblasts. Indeed, while an important num-
ber of mitochondrial proteins were found to be increasingly modified in senescent
fibroblasts (Ahmed et al. 2010), this was not the case for myoblasts where most of
the modified proteins are cytosolic. Nevertheless, modified proteins accumulating
in senescent myoblasts that were previously identified as increasingly modified for
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replicative senescence ofWI-38 fibroblasts include: Vimentin, Glucose-6-phosphate
dehydrogenase, T-complex protein 1 subunit zeta andHeat shock cognate 71 kDapro-
tein. The identified proteins were then analyzed and grouped by metabolic pathways
and cellular functions. Major biological functions include carbohydrate metabolism,
cellular morphology, migration and proliferation, as well as protein quality control,
protein degradation and free radical scavenging. Interestingly, 6 enzymes involved
in glycolysis were found to be increasingly modified in the senescent myoblasts:
aldolase, triosephosphate isomerase, glyceraldehyde 3-phosphate dehydrogenase,
phosphoglycerate mutase, enolase and pyruvate kinase (Baraibar et al. 2016). The
oxidative modification of these enzymes that are involved in the glycolytic pathway
is concomitant with a decreased glucose oxidation and an increased NAD+/NADH
ratio, reflecting a decreased cellular reducing potential. Since the functionality of
the mitochondrial respiratory chain was not affected in human myoblasts during
replicative senescence, the decreased glucose oxidation we observed is most likely
due to an impairment in glycolysis and/or TCA cycle (Baraibar et al. 2016). Oxida-
tive modifications of enzymes involved in glycolysis and the TCA cycle have also
been suggested to be an important pathophysiological factor in age-related diseases,
such as neurodegenerative diseases (Martinez et al. 2010). Other studies have shown
that the inhibition of glycolytic enzymes, such as GAPDH and PGAM by siRNA
can induce premature senescence (Kondoh et al. 2005). Furthermore, metabolomic
studies were indicative of a metabolic shift leading to an increased mobilization of
non-carbohydrate substrates such as branched chain amino acids or long chain fatty
acids. Taken together, these results are supportive of a link between oxidative pro-
tein modifications and the altered cellular metabolism associated with the senescent
phenotype of human myoblasts (Fig. 8.3).

8.6 Summary—Conclusions

Oxidative damage to the cellular proteome, leading to the formation of carbonyl
groups in proteins derives from direct oxidation of several amino acids side chains
and through protein adducts formation with lipid peroxidation products and dicar-
bonyl glycating compounds. Failure of protein maintenance is a major contributor to
the age-associated accumulation of damaged proteins that is believed to participate
to the age-related decline in cellular function (Baraibar and Friguet 2012; Chondro-
gianni et al. 2014; Vanhooren et al. 2015). Indeed, all these damaging modifications
have been implicated in cellular senescence, aging and age-related diseases (Baraibar
and Friguet 2013). In most cases however, the proteins targeted by these deleterious
modifications as well as their consequences have not been identified. In this context,
quantitative proteomics approaches, including 2D-gel electrophoresis based meth-
ods, represent powerful tools for monitoring at the proteome level the extent of
protein oxidative and related modifications and for identifying the targeted proteins.
Based on 2D-Difference gel electrophoresis (2D-DIGE), we have developed a novel
proteomic method called Oxi-DIGE for the detection, quantification and identifica-
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Fig. 8.3 Schematic representation of the impact of the decreased quality of the cellular proteome on
protein quality control and energymetabolism during replicative senescence of human satellite cells.
Both proteasome andMsr activities were decreased in senescent myoblasts. Moreover, six enzymes
involved in glycolysis were found to be increasingly modified in the senescent myoblasts while
metabolomic studies were indicative of a metabolic shift leading to an increased mobilization of
non-carbohydrate substrates such as branched chain amino acids or long chain fatty acids (Baraibar
et al. 2016)

tion of carbonylated proteins with the potential to be used in any protein containing
samples (Baraibar et al. 2013). The identification of proteins targeted by carbony-
lation during cellular senescence, aging and age-related diseases showed that they
represent a restricted set within the total cellular proteome that fall in key functional
categories, such as energy metabolism, protein quality control and cellular morphol-
ogy (Ahmed et al. 2010; Baraibar et al. 2012c; Lourenço dos Santos et al. 2015;
Baraibar et al. 2016; Le Boulch et al. 2018). Interestingly, cross comparison of these
data sets indicates an overlap in the proteins targeted by these modifications to a
certain extent. An important outcome is that several enzymes that catalyze interme-
diate metabolism, have been found as increasingly modified during aging and upon
cellular senescence and therefore may represent functionally accurate biomarkers
of aging. Finally, these studies underscore the importance of performing proteomic
analyses addressing different aspects, such as expression levels and modifications
by carbonylation, conjugation with lipid peroxidation products or glycoxidation, to
have a broader view of the age-related changes affecting the cellular proteome.
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