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 Increased protein carbonyl content is a hallmark of cellular and organismal aging. Protein
damage leading to the formation of carbonyl groups derives from direct oxidation of several
amino acid side chains but can also derive through protein adducts formation with lipid
peroxidation products and dicarbonyl glycating compounds. All these modifications have
been implicated during oxidative stress, aging and age-related diseases. However, in most
cases, the proteins targeted by these deleteriousmodifications aswell as their consequences
have not yet been clearly identified. Indeed, this is essential to determine whether and how
these modified proteins are impacting on cellular function, on the development of the
senescent phenotype and the pathogenesis of age-related diseases. In this context, protein
modifications occurring during aging and upon oxidative stress as well as main proteomic
methods for detecting, quantifying and identifying oxidized proteins are described. Relevant
proteomics studies aimed at monitoring the extent of protein carbonylation and identifying
the targeted proteins in the context of aging and oxidative stress are also presented.
Proteomics approaches, i.e. fluorescent based 2D-gel electrophoresis and mass spectrom-
etry methods, represent powerful tools for monitoring at the proteome level the extent of
protein oxidative and related modifications and for identifying the targeted proteins.

Biological significance
Accumulation of damaged macromolecules, including oxidatively damaged (carbonylated)
proteins, is a hallmark of cellular and organismal aging. Since protein carbonyls are the most
commonly used markers of protein oxidation, different methods have been developed for the
detection and quantification of carbonylated proteins. The identification of these protein targets
is of valuable interest in order to understand the mechanisms by which damaged proteins
accumulate and potentially affect cellular functions during oxidative stress, cellular senescence
and/or aging in vivo. The specificity of hydrazide derivatives to carbonyl groups and thepresence
of a wide range of functional groups coupled to the hydrazide, allowed the design of novel
strategies for thedetectionandquantificationof carbonylatedproteins.Ofnote is the importance
of fluorescent probes for monitoring carbonylated proteins. Proteomics approaches, i.e.
fluorescent based 2D-gel electrophoresis and mass spectrometry methods, represent powerful
tools for monitoring at the proteome level the extent of protein oxidative and related
modifications and for identifying the targeted proteins.
This article is part of a Special Issue entitled: Posttranslational Protein modifications in biology
and Medicine.
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1. Introduction

Proteins are targets of various posttranslational deleterious
modifications (oxidation, glycation, conjugation with products
of lipid peroxidation in particular), which are altering their
biological functions. Reactive oxygen species (ROS) and nitrogen
species (RNS), originating from oxidative metabolism as well as
other toxic compounds such as dicarbonyl and reactive alde-
hydes, aremainly responsible for these damages [1]. The impact
of these modifications increases upon oxidative stress and
during aging, suggesting that they may be causally involved in
the aging process that corresponds to the progressive and
irreversible decline of various physiological functions of the
organism in the latter part of its life [2]. In fact, aging is a
complex process controlled by genetic factors but also due to
influences from the external environment. The role of certain
genes involved in the response against stress (including
oxidative stress), theover expressionofwhich leads to increased
longevity, coupled with observations that increasing the con-
centration of damaged cellular components is clearly associated
with aging shows the importance of maintenance systems in
the aging process [3]. In addition, these maintenance (degrada-
tion and repair) systems are often themselves sensitive to
oxidative stress and affected during aging, losing effectiveness
over time [4,5]. Thus, the accumulation of altered proteins in
conditions of increased oxidative stress and during aging is due
to both increased production of modified proteins and a
decrease in the efficacy of the mechanisms responsible for
their removal. In this context, proteins play an important role
since they are both targets and directly involved in damage
recognition, repair and disposal of damaged entities.

Although it is recognized that cellular aging causes changes in
the proteome, the nature and targets of these changes and their
consequences have not yet been clearly identified. This is
essential to understand the mechanisms by which damaged
proteins accumulate and potentially affect cellular functions
during oxidative stress and/or aging in vivo [6]. In addition, their
identification would reveal the structural and functional charac-
teristics of these proteins that are preferential targets by these
modifications. Moreover, it would be possible to have a global
view on the metabolic pathways altered during cellular and or-
ganismal aging. In this context, proteomics approaches, includ-
ing 2D-gel electrophoresis based methods, represent powerful
tools to address these questions by monitoring at the proteome
level the extent of proteins oxidative and related modifications
andby identifying the targeted proteins [7–9]. In thismini-review,
proteinmodifications occurring during aging and upon oxidative
stress as well as main proteomic methods for detecting, quan-
tifying and identifying oxidized proteins are first described.
Relevant proteomics studies aimed at monitoring the extent of
protein carbonylation and identifying the targeted proteins in the
context of aging and oxidative stress are then reported.
2. Protein modification by oxidation and
related pathways

Three typesof alterationshavebeen typically described to occur
in proteins during aging: oxidation, glycation/glycoxidation and
conjugation with products of lipid peroxidation. Indeed, pro-
teins are very sensitive to the action of ROS [1]. The degree of
alteration of a protein by oxidation depends on several factors
including the nature of the oxidant, the proximity of a radical
and the transition metal with respect to the target protein, the
protein composition and structure. Among other reactive
oxygen species such as the superoxide ion and hydrogen
peroxide, the most oxidizing reactive oxygen species is by far
the hydroxyl radical (OHU) which is formed either by radiolysis
of water molecules or through the Fenton reaction that results
in metal catalyzed oxidation of proteins [10].

ROS can readily react directly with proteins leading to the
following scenario:

i. Oxidation of the side chains of cysteine and methionine
which are particularly sensitive to oxidation and which
leads to the formation of disulfides, sulfenic acid and
methionine sulfoxides that correspond to reversible
oxidative modifications. Aromatic amino acids (trypto-
phan, tyrosine, phenylalanine) represent also sensitive
targets of ROS. Incidentally, methionine, cysteine, tyro-
sine and tryptophan are targets of the RNS peroxinitrite.

ii. Oxidation of the carbon skeleton of the protein, which
leads to fragmentation of polypeptide chains and/or the
formation of intra or inter-molecular cross-links.

iii. Formation of carbonyl groups on the protein either by
direct oxidation of sensitive amino acid side chains
(lysine, arginine, proline, threonine) or due to the frag-
mentation of the carbon chain by oxidation of a glutamyl
residue or by α-amidation.

Introduction of carbonyl groups on proteins can also occur
through the reaction of aldehydic products of lipid peroxidation
and of dicarbonyl compounds upon glycation and glycoxidation.
Indeed, proteins can be modified through the reaction between
arginine and lysine amino groups with reducing sugars or
reactive aldehydes, such as glyoxal and methylglyoxal, based on
the Maillard reaction. This reaction is named glycation or
non-enzymatic glycosylation. Glycation, which leads to the
formation of early stage glycation adducts and then advanced
glycation end products (AGE), is considered as one of the major
cause of spontaneous damage to cellular and extracellular
proteins [11]. Formation of AGEs on proteins is found in many
tissues and is thought to contribute to a variety of age-associated
diseases, such as Alzheimer's and Parkinson's [12,13]. Although
glycation is not an oxidative phenomenon, it can be amplified by
oxidative stress and hence referred as to glycoxidation [14]. Thus,
under conditions of oxidative stress, reducing sugars (glucose,
fructose) andascorbic acid canbe self-oxidizing generatinghighly
reactive dicarbonyl compounds, which can in turn react with
proteins to form AGEs. Finally, among the most important
glycating agents are the dicarbonyl compounds glyoxal and
methylglyoxal that are derived from glucose auto-oxidation and
glycolytic intermediates. The reactivity of these dicarbonyls is
much higher than that of glucose, so they represent important
precursors of AGEs in physiological systems. Interestingly,
carbonylated adducts are being formed upon conjugation with
these by dicarbonyl compounds.

In addition, ROS can oxidize membrane lipids generating
lipid hydroperoxides and many aldehydes such as acrolein,
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malonaldehyde, 4-hydroxy-2-nonenal (HNE) and other
hydroxyalkenals. These compounds have a longer life span
than reactive oxygen species and can diffuse into the cell, acting
as a “toxic secondarymessenger” amplifying the damage of free
radicals [15]. Upon reaction with nucleophile amine, thiol or
imidazole groups, these lipid peroxidation products can form
adducts with lysine, histidine and cysteine but also with
phospholipids, nucleic acids and small molecules such as
glutathione or coenzyme A. Among aldehydes, HNE is one of
the most reactive [16]. Because it can attack the proteins by two
different mechanisms, one molecule of HNE can react with
residues belonging to the same protein or two different proteins
and cause of intra or intermolecular crosslinking [17]. Finally,
the reaction of these lipid peroxidation products with proteins
tends to add carbonyl groups on proteins and lead to the
formation of complex protein structures either cyclic, rich in
double bonds and crosslinks, yellow/brown colored, and fluo-
rescent [18] reminiscent of the age pigment called “lipofuscin”, a
well-known marker of oxidative stress which increases with
aging [19,20].

Protein oxidative modification most often results in de-
creased enzymatic activity, decreased stability to heat, increased
hydrophobicity and increase susceptibility to proteolytic degra-
dation [10]. The involvement of protein oxidation upon oxidative
stress and during aging has been suggested in many studies
[21–25]. Indeed, the increase in protein carbonyl content as a
function of agehas been described in several tissues [26], and the
carbonyl content of proteins in cultured human fibroblasts
increases with donor age [27] and replicative senescence [28].
Thus, the increase in carbonylated proteins represents a
hallmark of aged cells, organs and organisms and is believed
to be causally involved the functional decline and increased
vulnerability that occurs during the aging process [6].
3. Detection, quantification and identification
of carbonylated proteins

Since protein carbonyls are the most commonly used marker of
protein oxidation, differentmethods have been developed for the
detection and quantification of carbonylated proteins [29,30].
Because protein carbonyls have no distinguishing UV or visible
spectrophotometric absorbance/fluorescence properties, it is not
possible to detect them directly. Therefore, their detection and
quantification require the use of specific chemical probes that
serve as handles for determination. Several probes, such as
2,4-dinitrophenylhydrazine (DNPH) [31], tritiated sodiumborohy-
dride [32], biotin-containing probes (biotin-hydrazide and
N’- aminooxymethylcarbonylhydrazino-D-biotin (ARP)) [33], and
fluorescence probes have been used [34]. Except for tritiated
sodium borohydride, a common feature of all probes is a
hydrazine-like moiety that can react specifically with carbonyl
groups. Among them, DNPH is the best known and mostly used,
which binds covalently to the carbonyl groups (through a Schiff
base) to allow formation of stable hydrazones. Immunochemical
and/or spectrophotometric assays of protein carbonyls previous-
ly derivatized with 2-4-dinitrophenylhydrazine (DNPH) to form
2-4-dinitrophenylhydrazone (DNP) proteins adducts are available
[35]. Total carbonyls groups ona specific protein or in amixture of
proteins can be detected and quantified spectrophotometrically
due to the DNP characteristic absorption spectrum with a
maximum at 365–375 nm. An important caveat to be considered
when DNPH is used for spectrophotometric determination of
protein carbonyl content, is that someproteins (e.g. cytochrome c
and hemoglobin, among others) have absorbance wavelengths
similar toDNPHandmay interferewith itsmeasurement, leading
to inaccurate estimation of carbonyls content [36].

Given the commercial availability of antibodies against DNP,
the detection of total carbonyl groups can be performed also by
western blot, dot blot or ELISA (after derivatization of carbonyl
groups to DNP adducts). Although an increased load (amount) of
carbonylated proteins has been clearly associated with aging, in
most cases the target proteins have not been identified and are
one of themain limitations of the above-mentioned techniques.
Identification of these proteins would be expected to give some
insights into themechanisms bywhich these damaged proteins
could affect cellular function. Global approaches, such as
proteomics, remain advantageous because they provide com-
parative information on the constant changing of the cell
proteome through its biochemical interactionswith the genome
and environment. Thereby, proteomics is useful for identifica-
tion of carbonylated proteins in a complex mixture. Moreover,
identification of such modified proteins may also help to
unrevealing how these damaged proteins are buildingupduring
the aging process or disease condition. For this purpose it is
necessary to separate proteins by 2Delectrophoresis or to enrich
carbonylated peptides (i.e. by affinity chromatography) before
shot gun mass spectrometry analyses (Fig. 1). Despite the
limitations of 2D gel electrophoresis, it is still considered as
one of the best technique for separation of a complexmixture of
soluble proteins before carbonyls detection [37]. The use of
two-dimensional gels hasprovedvery useful for the detection of
specific carbonylated protein spots during oxidative stress and
replicative senescence [7,8]. Selected spots can then be identi-
fied by peptide sequencing using liquid chromatography-
tandemmass spectrometry (LC-MS/MS) techniques after trypsin
digestion and HPLC separation of the tryptic peptides. Different
studies adopting this 2-D gel based proteomics approaches led
to the finding that not all proteins in a given proteome were
subject to equivalent oxidative attacks, supporting the current
view that the accumulation of carbonylated proteins upon
oxidative stress, aging and disease is a selective rather than a
random process [6,38]. Themain caveat of immunodetection of
carbonylated-derivatized proteins after 2D electrophoretic sep-
aration is that different gels need to be used per sample: at least
one for total protein staining and other for electrotransfer to
western blot membranes for immunodetection of carbonylated
proteins. In addition, several technical limitations exist. Because
of subtle changes in experimental conditions, the protein
carbonylation patterns on a single Western blot after 2D-PAGE
usually cannot be fully duplicated, which makes it difficult to
find the carbonylated proteins changed between samples and
gels in order to quantify their changes. Although a comparison
of protein carbonylation profiles from Western blot after 2D-
PAGE can be carried out with the assistance of various software
programs, it typically requires some computerized justification
of two-dimensionalWestern blot images so that two images can
be superimposed and compared. These difficulties limit the
speed and accuracy of quantitation of protein carbonylation
after two-dimensionalWestern blot. Finally, themethod is time



Fig. 1 – Proteomics approaches for the detection, quantification and identification of carbonylated proteins.
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consuming and employs several reagents. Importantly, and
there is no possibility of multiplexing and the quantification is
only relative.

Several authors have also explored gel-free methods using
mass spectrometry approaches [39,40]. For this purpose,
previous to the analysis, carbonylated proteins are enriched
with hydrazides-containing probes, followed by trypsin di-
gestion, affinity capture of the carbonylated/tryptic peptides
and mass spectrometric identification of the carbonylated
proteins. Mass spectrometry is currently the most versatile
technology in proteomics for the identification of proteins and
for the identification of carbonylated residues. However, the
disadvantage of these approaches is that they do not allow
quantitative analysis of the degree of carbonylation of the
identified proteins, which limits their usefulness for studying
changes in the pattern of protein oxidation under different
biological conditions.

Due to the limitations mentioned above, alternatives for
carbonylated proteindetection andquantification are emerging.
The specificity of hydrazide derivatives to carbonyl groups and
the presence of awide range of functional groups coupled to the
hydrazide, allow the design of novel strategies for the detection
and quantification of carbonylated proteins. Of note is the
importance of fluorescent probes for monitoring carbonylated
proteins. In fact, the use of fluorescence probes such as
fluorescein-5-thio-semicarbazide for protein carbonyl detection
has been proposed more than two decades ago [41] and
successfully applied, for instance, to the proteomic detection of
protein carbonyl in aging liver tissues [42]. A fluorescence probe
offers at least two advantages when used in conjunction with
gel-based analysis of carbonylated proteins. First, there are no
Western blot experiments to be carried out, so the whole
process, from gel running to image documenting, can be
completed in a much shorter time and without addition of
unspecific signal. Second, the same 2D (or 1D) gel can be used
through the multiplexing technology for both total protein
staining and protein carbonyl imaging, which reduces error
associated with gel spot (localization) and excision for subse-
quent mass spectrometric analysis. This is in contrast to that of
DNPH- or biotin-based 2D gel analysis of carbonylated proteins,
whereby gels are used for total protein staining and Western
blot membranes are used for imaging of the carbonylated
proteins, being the probability of mismatch very high. In
addition, labeling of proteins with fluorescent dyes has been
extensively applied in proteomic investigations, such as the
case of the fluorescence difference gel electrophoresis (DIGE) for
expression proteomics [43]. 2D-DIGE is the proteomic approach
that stands out for its potential to directly compare proteins
from (at least) two different groups of samples. This advanced
gel electrophoreticmethod represents one of themost powerful
analytical tools for conducting comparative protein biochemical
investigations. The multiplexing possibilities offer by the DIGE
greatly reduces gel-to-gel variations and thereby greatly im-
proves the evaluation of trends in changed protein expression
pattern. Analytical DIGE systems can be employedwith two-dye
or three-dye systems, depending on specific applications.
Advanced DIGE, using an internal pooled standard, is a highly
accurate quantitative method that enables multiple samples
comparison [44]. We have recently developed a novel applica-
tion of the DIGE approach, but for the detection and quantifica-
tion of carbonylated proteins, referred as to Oxi-DIGE [45]. In
Oxi-DIGE, protein carbonyls derived from any biological sample
are labeled with two spectrally resolvable fluorescent hydrazide
probes that bind specifically to carbonyl groups in proteins. 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
Joaquim Ros and Elisa Cabiscol have also demonstrated the
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usefulness of fluorescent hydrazides for analyzing protein
carbonylation caused by oxidative stress and chronological
aging in yeast [46]. A central advantage of the use of sensitive
fluorescent probes is the detection of lower abundance
carbonylated proteins. For spot excision fromthegel to establish
its identification, either total protein stain by NHS-ester
cyanines or BodipyFL-Hz would be the method of choice [46].
Moreover, in carrying out Oxi-DIGE, labeled carbonylated pro-
teins from different groups of samples are co-resolved on a
single 2D gel for direct quantification, Finally, the Oxi-DIGE
method provides a significant improvement in terms of repro-
ducibility and statistical support of the data for proteomic
analysis of carbonylated proteins, which is essential for the
robust identification of such a scarce modification, and can be
applied to the identification of carbonylated proteins in any
biological sample.
4. Proteomic assessment of protein carbonyla-
tion upon oxidative stress and during aging

There is now convincing evidence that ROS and oxidative
stress play an important role in physiological processes
as well the aetiology and/or progression of a number of
human diseases. During the last years, protein carbonyls have
been used as biomarkers of oxidative stress since they
have advantages in comparison with the measurement of
other oxidation products due to their relative early formation
and the stability of carbonylated proteins. Increased protein
carbonylation in different tissues and organ systems has been
used as a link between oxidative stress and several diseases
as well as pathological conditions (Alzheimer's disease,
chronic lung disease, diabetes, sepsis, ischemia-reperfusion,
cystic fibrosis, rheumatoid arthriris, etc.) [29].

The effects of oxidative stress on human stem cells and the
consequences on their differentiation capacity is a topic of
increased interest. We have recently characterized the proteome
changes of adult human muscle stem cells in response to
oxidative stress [8]. Using a dual proteomic approach, we
intended tounravel themechanism involved inhumanmyoblast
dysfunction upon oxidative stress. Selective proteins either
modulated at the expression level or those targeted by oxidation
(carbonylated)were identified after a sub-toxic insult of hydrogen
peroxide, which induced intermediate cellular damage without
suppressing the myoblasts anti-oxidant response mechanisms.
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. Major functional categories include energy metabolism,
cellular assembly, protein synthesis, cellmorphology and protein
degradation. Consistently, our results indicate that proteins
involved in several cellular pathways are affected upon oxidative
stress and that the impairment of these pathways may be
implicated in oxidative stress-induced cellular dysfunction [8].

Oxidative stress and protein carbonylation in skeletalmuscle
has been addressed in particular during rest-contraction cycles.
Particular attention has been devoted to study the influence of
acute and regular exercise in protein homeostasis. Mounting
evidence show that aerobic exercise decreases the incidence of
oxidative stress-associated diseases [47,48]. This beneficial effect
seems to be related to the fact that exercise-induced ROS
production is necessary for oxidative stress-related adapta-
tions. The effects of exercise on the proteasome system and
carbonyl accumulation could be dependent on whether the
exercise is acute or chronic and also the type of exercise
(resistance or endurance). An acute bout of strenuous squatting
and sprinting performed by resistance trained men results in
elevated protein carbonyls, while having little impact on
8-hydroxydeoxyguanosine or malondialdehyde during the
immediate postexercise period [49]. On the other hand, regular
exercise has the capability to develop compensation to oxida-
tive stress, resulting in overcompensation against the increased
level of ROS production and oxidative damage to proteins [50].
In addition, regular exercise training-associated adaptation is a
precondition against treatment with hydrogen peroxide, which
causes a significant degree of damage for untrained subjects
[51]. A great deal of evidence exists that suggests that regular
exercise-induced adaptations to ROS handling, through redox
signaling, including antioxidant and oxidative damage repair
systems, signify cantly contribute to the health-promoting
effects of regular exercise.

Previous studies highlighted the importance of protein
carbonylation in the early stages of apoptosis upon oxidative
stress. Carbonylation of critical glycolytic enzymes in etopside-
treated HL60 cells seems to decrease glucose utilization and
cause cell death [52], while oxidation of several chaperones has
been associated with apoptosis of irradiated HL60 human
leukaemia cells [53]. For instance, the occurrence of carbonyls
in glyceraldehyde-3-phosphate dehydrogenase, adenine nucle-
otide translocator and Bcl-2 has been shown to play a role in
nitric oxide-induced apoptosis in insulin-producing RINm5F
cells [54]. More recently, Dasgupta and colleagues showed that
a moderate and transient depletion of glutathione in neuronal
PC12 cells leads to increased accumulation of carbonylated
proteins and cell death [55]. The mechanism linking GSH
depletion and increased production of ROS by mitochondria
has been characterized [56]. Both the amount of protein
carbonyls and cellular toxicity diminish as cellular glutathione
is biosynthetically replenished. However, cell death persists if
oxidized proteins are not removed by the proteasome. These
results suggest that the build-up of carbonylated proteins is
responsible for the loss of cell viability in this system. Further-
more, the effectiveness of several ROS scavengers at preventing
cell death suggests that protein carbonyls are indeed the toxic
species. Experiments using cyclosporin place protein carbonyl-
ationdownstreamof theMPTPopeningandupstreamof caspase
activation [55].

Aging is a progressive collapse of defense and repair
functions that leads to physiological frailty, loss of homeo-
stasis and eventually to death. This failure of the repair
processes has been shown to be associated with damage
accumulation in all biomolecules (proteins, lipids and nucleic
acids) that are caused through spontaneous chemical re-
actions by numerous endogenous and exogenous reactive
agents. Even though macromolecular damage is among the
oldest hypotheses regarding the causes of aging, identifying
which types of damage have greater impact on homeostasis
failure and determining whether such damage can be
prevented and/or reversed, is still a major challenge [57,58].
Proteins are constantly attacked by exogenous (e.g. UV light,
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chemicals) and endogenous agents (e.g. ROS, aldehydes and
sugar metabolites) with a potential for damage. Thus, it has
beenproposed that proteinswould represent almost 70%of ROS
targeted entities [59]. In fact, proteins are damaged through
different pathways, the most represented being oxidation,
glycation, their combination also referred as glycoxidation and
conjugation with lipid peroxidation products [60]. The age-
related accumulation of damaged proteins is believed to result
from both the increased occurrence of damage which is due, at
least in part, to alterations in the detoxification of the damaging
agents and the decreased efficiency of the different systems
involved in the elimination of damaged proteins.

Although the accumulation of oxidized and/or carbonylated
proteins is widely recognized as a hallmark of mammalian
cellular and tissular aging, in most cases the target proteins
have not been identified and only recently the identity of those
proteins that are preferentially accumulating with age as
carbonylated have been addressed by using oxidative modifi-
cation proteomic methods (please see reference [6] for review).
Interestingly, identification of oxidized proteins in humans and
rat and mouse model organisms has been achieved mainly for
age-related neurodegenerative diseases. As a consequence,
most of the proteins targeted by oxidation and identified in
these studies are originating from the brain. For the most part,
these studies were achieved in order to address the importance
of protein carbonylation in the pathogenesis of suchdiseases as
amyotrophic lateral sclerosis, Alzheimer’s, Parkinson’s and
Huntington’s, rather than aging per se. This is particularly
relevant for studies with human for which cerebrospinal fluid,
plasma and brain proteins have been identified only in the case
of neurodegenerative diseases and not for normal aging [61].
However, a subset of carbonylated proteins that are preferen-
tially accumulating with age have been identified in skeletal
muscle, liver, brain and bronchoalveolar fluids of rats and/or
mice including models senescence-accelerated strains [62–67].
Among identified proteins, several of them were related to
important metabolic and cellular pathways and the most
significant were: glycolysis/gluconeogenesis, pyruvate metabolism,
amino acids degradation, nrf-2 oxidative stress response and cellular
function and maintenance.
5. Concluding remarks

Accumulation of oxidized (carbonylated) proteins is a widely
used biomarker of oxidative stress; a hallmark of cellular and
organismal aging and it has been also evidenced in several
age-related diseases. However, the key question whether
protein oxidation is mechanistically involved in ageing and
age-related diseases, remains unanswered. In this context,
reliable proteomic approaches for evidencing, quantifying and
identifying the specific proteins targeted by oxidation during
oxidative stress, aging are age-related diseases are of key value.
Recent studies have shown that only a restricted set of proteins
is targeted by oxidation, including proteins critically involved in
key cellular functions, hence indicating that some proteins are
more prone than others to accumulate in anoxidized form. This
“Oxi-proteome” (i.e. the restricted set of proteins targeted by
oxidation) constitutes also a potentialmolecular substratum for
many cellular dysfunctions described during the aging process
and age related diseases. Progress in the identification of
carbonylated proteins should provide new biomarkers for
disease diagnosis (possibly pre-symptomatic), biomarkers for
oxidative damage, as well as basic information to aid the
establishment an efficacious antioxidant therapy and also
enhances the opportunities for individual disease treatment.
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