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Proteomics techniques are continuously being developed to
further understanding of biology and disease. Many of the
pathways that are relevant to disease mechanisms rely on the
identification of post-translational modifications (PTMs) such
as phosphorylation, acetylation, and glycosylation. Much attention has also been focused on oxidative PTMs which include
protein carbonyls, protein nitration, and the incorporation of
fatty acids and advanced glycation products to amino acid side
chains, amongst others. The introduction of these PTMs in the
cell can occur due to the attack of reactive oxygen and nitrogen
species (ROS and RNS, respectively) on proteins. ROS and RNS
can be present as a result of normal metabolic processes as well
as external factors such as UV radiation, disease, and environmental toxins. The imbalance of ROS and RNS with antioxidant
cellular defenses leads to a state of oxidative stress, which has
been implicated in many diseases. Redox proteomics techniques
have been used to characterize oxidative PTMs that result as a
part of normal cell signaling processes as well as oxidative
stress conditions. This review highlights many of the redox
proteomics techniques which are currently available for several
oxidative PTMs and brings to the reader’s attention the
application of redox proteomics for understanding disease
pathogenesis in neurodegenerative disorders and others such as
cancer, kidney, and heart diseases. # 2013 Wiley Periodicals,
Inc. Mass Spec Rev 33:277–301, 2014
Keywords: redox proteomics; proteomics; oxidative PTMs;
protein carbonyls; protein nitration; review

I. INTRODUCTION
Proteomics offers the simultaneous detection of hundreds to
thousands of proteins in a single experiment and can provide
important information regarding protein identification, quantification, cellular localization, as well as protein interactions and
structures. These capabilities are particularly useful in the
context of understanding disease states or for biomarker
discovery efforts geared towards early diagnosis. Proteomics
also gives insight into post-translational events that occur in the
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cell resulting in post-translational modification (PTM) of
proteins. While a majority of proteomics studies focus on wellstudied PTMs such as phosphorylation, glycosylation, and
methylation for example, there has been a steady growth of
research reports surrounding oxidative PTMs. Investigations of
oxidative PTMs that occur in vitro or in vivo are currently being
performed using focused redox proteomics techniques. Redox
proteomics relies on both gel electrophoresis and liquid
chromatography separations of intact proteins or peptides with
the final detection of oxidative PTMs occurring from mass
spectrometry (MS). This review will highlight redox proteomics
techniques that are currently available to study various oxidative
PTMs and provide examples of redox proteomics applications to
understand disease pathology.

A. Protein Oxidation
Exposure to reactive oxygen species (ROS) is inevitable for
organisms living in an aerobic environment. Increased oxidation
evoked by ROS is associated with physiological functions
during life. ROS represent a fundamental asset to immune cells
in immune system responses against pathogens and also play a
physiological role in normal plant cell physiology by triggering
specific cascades (D’Alessandro et al., 2011). Nonetheless, in
humans oxidative stress (OS) is thought to be involved in disease
onset and progression. Indeed, altered oxidation status of
proteins is one of the PTMs leading to a severe failure of
biological functions and to cell death. Indeed, OS is associated
with the onset and pathogenesis of several prominent central
nervous system disorders and accumulating evidence suggests
that abnormal protein oxidation may play a central role in the
development of neurodegenerative diseases such as Alzheimer
(AD), Parkinson (PD), and Huntington disease (HD) (Cross
et al., 1987; Markesbery, 1997; Butterfield & Lauderback, 2002;
Butterfield et al., 2012). The increased intracellular ROS,
besides causing oxidative damage to lipids and proteins also
react with nitric oxide, produced by activated microglia,
enhancing the formation of peroxynitrite and other reactive
nitrogen species (RNS). In the conditions of oxidative/nitrosative stress (OS/NS), proteins are subjected to PTMs generally
associated with loss of function. If the oxidized proteins are not
adequately repaired or removed, toxic cell damage occurs.
Protein oxidation involves modifications of three-dimensional
structures and physiochemical properties that can result in
fragmentation, aggregation, and increased susceptibility to
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proteolysis (Berlett & Stadtman, 1997; Butterfield &
Lauderback, 2002; Stadtman & Levine, 2003). Moreover, it has
been shown that the increased level of oxidized protein is often
associated with loss of proteasomal activity, which represents a
major enzyme for the degradation of oxidized proteins (Keller
et al., 2000a; Petropoulos et al., 2000; Szweda, Friguet, &
Szweda, 2002).
Common markers of OS are: protein oxidation indexed by
protein carbonyls, 3-nitrotyrosine (3-NT) and protein glutathionylation (Berlett & Stadtman, 1997; Smith et al., 1997), lipid
peroxidation indexed by thiobarbituric acid-reactive substances
(TBARS), free fatty acid release, iso- and neuro-prostane
formation, 2-propen-1-al (acrolein), and 4-hydroxy-2-transnonenal (HNE) (Butterfield & Lauderback, 2002), DNA oxidation (8-hydroxy-2-deoxyguanosine) (Mecocci, MacGarvey, &
Beal, 1994) and advanced glycation end products (AGEs)
detection (Vitek et al., 1994) as illustrated in Figure 1. In the
case of increased OS, redox proteomics analyses are broadly
used as a tool to identify proteins that are modified by ROS/RNS
that contribute to the development of neurodegenerative (DalleDonne et al., 2006a; Butterfield & Sultana, 2008; Butterfield
et al., 2012) and other diseases.

B. Markers of Protein Oxidation

1. Protein Carbonylation
Carbonylation is one of the most commonly occurring oxidative
PTMs and its measurement can be a good indicator of the extent
of oxidative damage of proteins associated with various
conditions of OS, aging, and physiological disorders (Berlett &
Stadtman, 1997). Indeed the number of carbonyl groups
observed within a protein correlates with protein damage caused
by OS (Shacter et al., 1994). One-third of the total proteins are
carbonylated in animals approaching full life span and it is
reported that genes extending life span decrease carbonylation,
while those shortening life span increase carbonylation
(Sheehan, 2006). Protein carbonyl groups are generated by
direct oxidation of several amino acid side chains (i.e., Lys, Arg,
Pro, Thr, His, and others), backbone fragmentation, hydrogen
atom abstraction at alpha carbons and Michael addition
reactions of His, Lys, and Cys residues with products of lipid
peroxidation causing inactivation, crosslinking, or breakdown of
proteins (Butterfield & Stadtman, 1997). The most abundant
carbonyls in aged cells are 2-amino-adipic semialdehyde (AAS)
and gamma-glutamyl semialdehyde (GGS) (D’Alessandro
et al., 2011). Protein carbonyls are also produced by glycation/
glycoxidation of Lys amino groups, forming AGEs (Berlett &
Stadtman, 1997; Stadtman & Berlett, 1998), and Michael
adducts of a, b-unsaturated aldehydes produced by lipid
peroxidation (Sultana, Perluigi, & Allan Butterfield, 2012).

2. Protein-Bound 3-NT
Protein tyrosine nitration to form 3-NT has been widely
considered as a valid biomarker of protein RNS insult occurring
in a variety of diseases (Yeo et al., 2008). The formation of 3-NT
is one of the most studied chemical modifications and is
generally considered as a marker of peroxynitrite formation and
irreversible protein damage. Increased 3-NT levels have been
detected in AD, ALS, PD, atherosclerosis, and acute lung
278

disease disorders (Castegna et al., 2003; Dalle-Donne
et al., 2006b; Sultana et al., 2006c). 3-NT is widely assumed to
arise from the reaction with peroxynitrite, which is formed by
the simultaneous generation of NO and superoxide radicals in
the presence of CO2. However, there is evidence for alternative
pathways, including one mediated by myeloperoxidase shown
in Figure 2 (Ghezzi & Bonetto, 2003). The addition of nitrite to
the protein tyrosine residues affects its role in redox cell
signaling and oxidative inflammatory response and impedes
cysteine phosphorylation, which is crucial for regulation of
protein function (Schopfer, Baker, & Freeman, 2003).

3. Protein-Bound HNE
Lipid peroxidation is one of the major sources of free radicalmediated injury that directly damages membranes and generates
a number of secondary products. The overall process of lipid
peroxidation consists of three stages: initiation, propagation and
termination. The initiation involves the attack of lipid-resident
free radicals to an allylic hydrogen atom on acyl chains of lipids
to form a carbon-centered radical. This radical reacts with
paramagnetic oxygen (O2) to produce peroxyl radicals. These
peroxyl radicals can react with adjacent allylic H atoms on acyl
chains of lipids forming a lipid hydroperoxide and a C-centered
radical, thus propagating the chain reactions. Depending on a
number of factors, including acyl chain length and degree of
unsaturation, the lipid hydroperoxide can decompose to produce
multiple reactive products such as, malondialdehyde (MDA)
and HNE that are significantly elevated in several neurodegenerative diseases (Esterbauer & Cheeseman, 1990; Esterbauer,
Schaur, & Zollner, 1991; Subramaniam et al., 1997; Sultana &
Butterfield, 2009). HNE can accumulate in cells in relatively
high concentrations and cause cell toxicity. Increased levels of
HNE cause disruption of Ca2þ homeostasis, glutamate transport
impairment, membrane damage, and cell death (Reed, 2011).
Once formed, HNE can covalently modify cysteine, lysine, or
histidine residues by Michael addition altering protein structure
and causing loss of function and activity (Subramaniam
et al., 1997; Markesbery & Lovell, 1998). Several methods have
been developed for detection of free HNE, its metabolites, or its
conjugation products with biomolecules.

4. Protein Glutathionylation and Other OS Markers
Other direct or indirect commonly used markers of protein
oxidation are: protein glutathionylation, protein disulfide formation, protein ubiquitinylation, S-nitrosylation, AGEs, and advanced oxidation protein products (AOPPs) (Witko-Sarsat
et al., 1996; Munch et al., 1997; Dalle-Donne et al., 2007).
Protein glutathionylation is the formation of a mixed disulfide
between protein cysteinyl residues and the small-molecularweight thiol and antioxidant glutathione. The reversible glutathionylation of proteins is important in the response of cells to
oxidative damage and may also be significant in redox signaling
(Dalle-Donne et al., 2007). This modification occurs mainly
under OS conditions but may also be important under normal
conditions, especially for regeneration of several thiol peroxidases. Glutathionylation can protect cysteine thiols against
irreversible oxidation but can also alter, either positively or
negatively, the activity of many proteins. Therefore, glutathionylation allows cells to sense and signal harmful stress
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FIGURE 1. Examples of oxidative post-translational modifications.

conditions and trigger appropriate responses (Giustarini
et al., 2004).
Protein disulfides are formed by the action of protein
disulfide isomerase in the endoplasmic reticulum (ER). Inappropriate disulfide bridges (and cysteine sulfenic acids) arise in
response to OS and are under the reversible control of the
thioredoxin reductase system. Oxidatively damaged proteins
have been reported as being cleared via ubiquitinylation
followed by digestion in the 20S core of the 26S proteasome in
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the cytosol and nucleus (Stadtman et al., 1988; Grune, Reinheckel, & Davies, 1997). Thus targeting ubiquitin bound to
protein can be used as a parameter of protein oxidation.
However, protein oxidation and ubiquitinylation might not be
always directly correlated (Sheehan, 2006).
S-nitrosylation of protein cysteines to yield nitrosothiols is
also an important mechanism of redox regulation and it is now
considered a major mechanism by which NO can modulate the
activity of several proteins. As well as glutathionylation also this
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FIGURE 2. Myeloperoxidase-dependent formation of 3-nitrotyrosine.

reaction is reversible and nitrosothiols can be reduced by
ascorbic acid, GSH, and thioredoxin (Ghezzi & Bonetto, 2003).
Non-enzymatic glycosylation is a common PTM of proteins in vivo, resulting from reactions between glucose and
amino groups on proteins; this process is coined the “Maillard
reaction” and results in the formation of AGEs. AOPPs, a
relatively novel marker of oxidative damage, are considered as
reliable markers to estimate the degree of oxidant-mediated
protein damage. They are formed during OS by the action of
chlorinated oxidants, mainly hypochlorous acid and chloramines (produced by myeloperoxidase in activated neutrophils).

II. REDOX PROTEOMICS: A NEW AVENUE
Currently, the two major approaches used in redox proteomics
research are gel-based and non-gel methods. A schematic
overview of the general workflow in a gel-based approach is
shown in Figure 3. In gel-based methods, oxidized proteins
extracted from biological tissues are separated using twodimensional gel electrophoresis (2DE) separation whereby
proteins migrate on a polyacrylamide gel according to their
isoelectric focusing points and relative mobilities. Gels can be
transferred onto a 2D Western blot and specific antibodies used
to visualize oxidized spots. Oxidized spots of interest are
excised from the gel and identified using a peptide mass
fingerprinting (PMF) MS approach (Wittmann-Liebold, Graack,
& Pohl, 2006; Kim et al., 2007; Butterfield & Sultana, 2008;
Sheehan, McDonagh, & Barcena, 2010; Butterfield et al., 2012)
The PMF approach can be carried out with matrix-assisted laser
desorption ionization (MALDI)-MS or electrospray ionization
(ESI)-MS. Gel-based methods are advantageous because they
target a specific subset of the proteome and numerous gels can
be ran and aligned with sophisticated software tools.
Alternative approaches, which do not involve gels but
rather liquid chromatography separations, and MS and tandem
MS (MS/MS), have also been applied in redox proteomics as
shown in Figure 4. A non-gel proteomic method includes the
digestion of proteins into peptides in solution, the nanoflow LC
separation of peptides and automated MS and MS/MS data
acquisition.
Due to the availability of human and other species genomic
databases, raw MS data, no matter the MS platform, can be
searched against protein databases using searching tools such as
MASCOT (Perkins et al., 1999) and SEQUEST (Eng, McCormack, & Yates, 1994). This bottom-up approach can often
identify more lowly abundant, hydrophobic, and highly acidic/
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basic proteins, which are not suitable in gel separations. The
automation and fast MS scan times also significantly improves
the experimental throughput relative to gel-based techniques
(Roe & Griffin, 2006).
Additionally, one major aim of redox proteomics is to
quantify different redox levels between two or more physiological states. Several quantification techniques, such as selective
reaction monitoring (SRM), isobaric tagging (Ross et al., 2004)
and 18O-labeling (Rauniyar & Prokai, 2011) have been reported
for quantifying carbonylated proteins. It should be noted that
amine-reactive isobaric tags such as iTRAQ or TMT reagents
and 18O-labeling do not react with carbonyl groups exclusively
or directly. This means other chemical labeling tags can be
incorporated into the redox proteomics workflow. Below we
discuss an example of a recently reported tag, carbonyl-reactive
tandem mass tags, reported to be useful in quantification of Nlinked glycans (Hahne et al., 2012). This hybrid tag contains an
aminooxy moiety for carbonyl labeling and a TMT moiety for
quantification. By using this carbonyl-reactive TMT label
carbonylated proteins can be directly quantified from multiple
samples.

A. Gel-Based Redox Proteomic Methods

1. 2D Western Blotting
Western blotting (WB) is usually incorporated in 2D-gel based
redox proteomics because immunochemical detection of oxidatively modified proteins offers high sensitivity and specificity.
Antibodies are selected based on the type of oxidative modification to be studied (e.g., protein carbonyls, 4-HNE, 3-NT, and
glutathionylation). 2D Western blotting is a widely used, robust,
and popular approach for redox proteomics analyses. Noted
limitations with the approach result from the gel electrophoresis
separation, which includes co-migration of multiple proteins on
gels to a single spot and bias against heavily acidic or basic and
hydrophobic proteins. Redox proteomics analysis is often
followed by validation experiments on the proteins identified as
oxidatively modified by specific immunoprecipitation (IP) and
WB analysis.
a. Protein carbonyls

One of the applications of this type of approach is protein
carbonylation (Yan & Forster, 2011; Butterfield et al., 2012).
After treatment with 2,4-dinitrophenylhydrazine (DNPH) to
form a DNP hydrazone adduct, protein samples can be resolved
by 2D gel electrophoresis, transferred to a nitrocellulose or
PVDF membrane, and recognized by anti-DNP antibodies.
Protein carbonyl (PCO) derivatization can occur before or after
the gel separation (Linares et al., 2011). Individual PCO signals
from the blot are normalized to the total protein level present on
the gel and compared across different conditions (Irazusta
et al., 2010; Sheehan, McDonagh, & Barcena, 2010). It is
possible with this strategy for PCO on low abundant proteins to
be detected.
Despite the extensive usage of DNPH for derivatizing PCO
it should be noted that DNPH is not exclusive for carbonyl
groups, as it also reacts with sulfenic acids—oxidized thiol
groups—under acid catalysis conditions (Dalle-Donne
et al., 2009). Biotin-hydrazide may be used to label carbonyl
groups with fluorescein or peroxidase linked avidin (Oh-Ishi,
Mass Spectrometry Reviews DOI 10.1002/mas
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FIGURE 3. Schematic overview of gel-based redox proteomics approaches.

Ueno, & Maeda, 2003; Yoo & Regnier, 2004). A protein
carbonyl enzyme immuno-assay kit has recently become
available (Korolainen & Pirttila, 2009).
With DNPH derivatization of PCO groups, the number of
modification sites identified is limited with ESI-MS (Nagy
et al., 2004). This could be attributed to low ESI efficiency of
DNPH derivatized peptides on positive mode. The two nitro
groups present on the benzene ring of DNPH have a strong
electron withdrawing effect which may diminish the stability of
the protonated peptide. Detection of nanomolar range of
aldehyde-DNPH derivatives can be achieved by negative mode
of atmospheric pressure chemical ionization (APCI) (Andreoli
et al., 2003; Korchazhkina, Exley, & Andrew Spencer, 2003).
More favorable ionization behaviors of DNPH-labeled carbonyMass Spectrometry Reviews DOI 10.1002/mas

lated peptides arise in negative ion mode ESI (Bollineni,
Fedorova, & Hoffmann, 2011) which provides the advantage of
the DNPH moiety being useful for readily identifying the PCO
site (Bollineni, Fedorova, & Hoffmann, 2011).
b. 3-NT, HNE, glutathionylation, and other oxidatively-modified
proteins

Similarly, the 2D gel-based strategy can be applied to other
oxidative modifications, such as 4-HNE, 3-NT, and glutathionylation whereby the derivatization steps are not necessary. Thus,
an advantage of gel-based redox proteomics is the broad
applicability to numerous modifications only limited by antibody availability. Antibodies provide high selectivity and
sensitivity for oxidized protein identification (Kurien
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FIGURE 4. Schematic overview of non-gel based shotgun redox proteomics approaches.

et al., 2011). 3-NT is a relatively stable modification, thus it can
be suitably analyzed by immunochemical detection with anti-3NT specific antibodies (Soderling et al., 2003; Sultana
et al., 2006c). Free HNE can be quantified by HPLC, however,
due to the relative instability of HNE, the determination of
biological adducts is preferred. In recent years analytical
possibilities have been greatly expanded because of the availability of polyclonal and monoclonal antibodies directed against
protein-bound cysteine, lysine or histidine adducts of HNE
(Perluigi et al., 2009). Rapid and simple kits with monoclonal
antibodies are already commercially available. Although MDA
and HNE represent the major products of lipid peroxidation,
other aldehyde products, including acrolein and isoprostanes,
are formed. Like other lipid peroxidation products, isoprostanes
and neuroprostanes can be used as markers of OS and are being
investigated as prospective biomarkers for disease (Reed, 2011).
Considering the potential importance of glutathionylation,
a number of methods have been developed for identifying
proteins undergoing this modification. Protein glutathionylation
can be either visualized and quantitated using radiolabeled GSH
detected by fluorography, or analyzed with immunochemical
methods that exploit monoclonal antibody anti-GSH bounded to
the proteins (Newman et al., 2007; Gao et al., 2009). Commercially available antibodies to ubiquitin and polyubiquitin facili282

tate identification of ubiquitinylated proteins in blots of 2D
SDS–PAGE separations. The detection methods for S-nitrosylated proteins (PSNO) in gel electrophoresis are conceptually
similar to that developed to detect glutathionylated proteins.
Free thiol groups (SH) are blocked with a reagent that does not
react with nitrosothiols, then the nitrosothiols are reduced to
thiols with ascorbate and the SH thus produced are derivatized
with a biotinylated thiol reagent so that derivatized proteins can
then be identified by immunoblotting and/or immunoaffinity
(Jaffrey et al., 2001). Anti-SNO antibodies have been recently
developed and can be used in proteomics approaches.
Measurement of AGEs can be performed or by competitive
ELISA kit or by quantitative fluorescence spectroscopy (Munch
et al., 1997). ELISA kit uses either a monoclonal antibody
directed against imidazolone, an AGE formed by reaction of
arginine with 3-deoxyglucosone, or a polyclonal antibody
against hemocyanin-AGE. Determination of AOPPs in plasma
is based on spectrophotometric detection, according to method
proposed by Witko-Sarsat et al. (1996).

2. 2D-DIGE
Two-dimensional difference gel electrophoresis (2D-DIGE) has
been widely applied in gel-based redox proteomics. This method
Mass Spectrometry Reviews DOI 10.1002/mas
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uses fluorescent dyes (e.g., Cy2, Cy3, and Cy5) to covalently
label protein samples, allowing two to three samples to be
analyzed simultaneously on the same gel in which signals
are scanned at different wavelengths (Unlu, Morgan, &
Minden, 1997). The common labeled residues are cysteine
and lysine with functional NHS-ester and maleimides dyes,
respectively. Incorporation of multiple dye molecules into
protein sequence may change its migration significantly therefore minimal labeling has been developed to address this issue
(Gharbi et al., 2002). 2D-DIGE technique addresses the
limitations of lack of reproducibility between gels and has
femptomolar sensitivity and a 104 dynamic range (Timms &
Cramer, 2008).
The Cu1þ-catalyzed azide-alkyne [3þ2] cycloaddition
(CuAAC) reaction, known as “click chemistry,” is a useful
coupling technology for the conjugation of biomolecules, for
example, DNA, proteins, glycans and lipids (Lallana, Riguera,
& Fernandez-Megia, 2011). Some attractive merits of this
protocol are as follows: (1) there are no azides and alkynes
in native biomolecules, making this method highly selective;
(2) click chemistry can take place in aqueous solution without
significant cytotoxic effects, so it is a biological compatible
reaction; (3) the combination of probe and reporter tag is
flexible, so various types of molecules, including dyes, can be
incorporated into this reaction (Amblard, Cho, & Schinazi,
2009; Hang, Wilson, & Charron, 2011).
Click chemistry has been applied in redox proteomics in a
recent novel 2D-DIGE report on the study of the nascent
proteome (Osterman et al., 2012). The methionine analogue,
homopropargylglycin (HPG), selectively reacts with the azide
group on the Cys3 and Cys5 through CuAAC reaction,
making new proteins detectable. Another major application
of click chemistry in redox proteomics is in the study of
protein modification by electrophiles, specifically, HNE (Vila
et al., 2008; Kim et al., 2009; Jacobs & Marnett, 2010; Codreanu
et al., 2012). Click chemistry overcomes some of the limitations
of biotin hydrazide/affinity chromatography by its specific
reaction between azide and alkyne groups which makes the
approach specific for the detection of HNE, as opposed to other
carbonyl groups. While there are few reports of click chemistry
being used for other modifications in redox proteomics, it may
offer an alternative approach to study other oxidative PTMs
(e.g., side chain carbonylation, 3NT, and thiol redox).

B. Non-Gel Based Redox Proteomics

&

lated peptides and proteins. Derivatization with biotin hydrazide
also results in the formation of a Schiff base that can be reduced
to a more stable C-N bond. Label-free or isobaric tagging
strategies (e.g., iTRAQ) can be used for quantifying carbonylation level across different samples (Madian et al., 2011a,b).
Regnier and co-workers have successfully applied biotin/avidin
affinity chromatography proteomics to study PCOs in in vitro
metal-catalyzed oxidation models, yeast, rat and human plasma
tissues, and diabetic rats (Mirzaei & Regnier, 2005; Mirzaei
et al., 2008; Madian & Regnier, 2010a,b; Madian et al., 2011a,b).
A similar tag based on biotin/avidin is N’-aminooxymethylcarbonylhydrazino D-biotin (aldehyde reactive probe, ARP), the
hydroxylamine moiety of which can form a stable C-N bond,
thus further reduction is not necessary (Slade et al., 2010;
Chavez et al., 2006; Chavez, Bisson, & Maier, 2010). This ARP
however undergoes substantial fragmentation in MS/MS experiments which decreases peptide confidence after database
searching due to complex spectra. The development of an
algorithm which incorporates ARP fragment ions and neutral
loss into the database searching has enhanced PCO identification
with ARPs.
In addition to biotin/avidin based approaches other
enrichment reagents such as Girard’s P and Oxidationspecific Element-Coded Affinity Tags for PCO have been
previously reported and reviewed (Madian & Regnier, 2010a).
Some reagents are able to directly increase the ionization
efficiency of PCO prior to MS analysis. An example is
dansylhydrazide which enhances efficiency of ionization due to
its secondary nitrogens. Dansylhydrazide generates reproducible fragmentation patterns which allows MS3 scans to be
employed for localization of PCO sites in proteins (Palmese
et al., 2011).

2. 4-HNE
4-Hydroxy-2-trans-nonenal (HNE) modified proteins or peptides can be isolated using solid-phase hydrazide (SPH) beads
(Roe et al., 2007; Rauniyar, Prokai-Tatrai, & Prokai, 2010;
Rauniyar & Prokai, 2011). SPH reagent has a hydrazide group,
which can react with active carbonyl groups and form a
hydrazone bond. After centrifuge separation, bound protein or
peptides can be extracted from complex samples. The hydrazone
bond is reversible and can be hydrolyzed in acidic aqueous
solution. One advantage of this method is that after hydrolysis,
the carbonyl groups remain intact making it possible for further
labeling, identification, or quantification.

1. Protein Carbonyls
Non-gel redox proteomics have been widely applied in the study
of protein carbonylation and have been reviewed recently
(Madian & Regnier, 2010a; Yan & Forster, 2011; Butterfield
et al., 2012). A key step in these approaches is the incorporation
of enrichment procedures for PCO which is necessary since the
average abundance of carbonylated proteins has been reported
as 0.2% in human plasma (Madian & Regnier, 2010b).
Through elimination of the majority of unmodified proteins the
chemical interference in the LC and MS dimensions can be
minimized and increase the identification of PCO modified
proteins.
One of the most common methods uses avidin affinity
chromatography to enrich biotin-hydrazide derivatized carbonyMass Spectrometry Reviews DOI 10.1002/mas

3. Protein Nitration
Biotin/avidin is also widely used to enrich 3-NT proteins or
peptides (Abello et al., 2010). To label with biotin tags, primary
amino groups of nitrated peptides should be blocked, prior to 3NT reduction to 3-aminotyrosine. Amine-reactive biotin tags are
then incubated with 3-NT reduced peptides and enriched with
avidin chromatography. This general strategy can employ
different blocking reagents and biotin-based tags, making it a
flexible method in protein nitration identification. Additionally,
to quantify 3-NT-modified proteins, the incorporation of iTRAQ
labels has been reported (Chiappetta et al., 2009). Recently,
Robinson and Evans presented a novel strategy, combined
precursor and isotopic labeling (cPILOT) which increases
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sensitive proteins. Combining gel and non-gel based redox
proteomics could be helpful for better characterizing redox
status.

multiplexing capabilities to up to 16 samples with iTRAQ
reagents (Robinson & Evans, 2012). cPILOT uses “light” and
“heavy” labeled acetyl groups to label primary amine groups
and iTRAQ or tandem mass tag (TMT) reagents to label reduced
3-NT residues.

III. APPLICATIONS OF REDOX PROTEOMICS

4. Sulfur Redox Considerations

A. Diseases

While some oxidative modifications are largely irreversible,
oxidation of cysteine SH groups (e.g., formation of cysteine
sulfenic acid, disulfides, glutathionylation) are reversible,
which makes it challenging to follow cysteine redox status.
Typically, two steps are needed for analyzing the thiol
proteome: blocking free thiols and reducing reversibly oxidized thiols (Sheehan, McDonagh, & Barcena, 2010). Different reductants have different selectivity, so specific forms of
oxidation can be characterized. Additionally, a stable isotope
labeling (SIL) technique has been introduced to quantify
oxidized cysteine sites (Ying et al., 2007). Recently, a novel
gel-based strategy for global analysis of the dynamic thiol
redox proteome was developed to quantitatively reveal the
changes in both cysteine redox state and in protein abundance
(Martinez-Acedo et al., 2012). Cysteine alkylated proteins
were separated by SDS–PAGE and following in-gel digestion
were further reduced and alkylated with a different reagent.
After in-gel digestion and differential 16O/18O labeling,
samples are subjected to LC-MS/MS analysis. Quantification
of relative protein abundance across different physical conditions can be achieved by non-cysteine-containing peptides,
while cysteine-containing peptides are used for quantifying
unmodified and oxidized cysteine residues. This gel-based
strategy provides an alternative method for quantifying
global protein expression and examining cysteine oxidation
simultaneously.
Additionally, purification of reversibly oxidized proteins
(PROP) utilizing N-ethylmaleimide (NEM) to block unmodified
thiol groups and reduce oxidized thiols to generate new free
thiols has recently been reported (Victor et al., 2012). A
commercially available thiol reactive bead which contains a 2pyridyl disulfide group can be used to react with newly formed
thiols and isolate oxidized proteins. After isolation, the bead-SS-protein disulfide bond can be reduced by dithiothreitol which
can be labeled with iodoacetamide. Different blocking reagents
can be differentiated by MS, so unmodified and oxidized
cysteines can be identified simultaneously. To quantify the level
of the thiol modifications under oxidative stress conditions,
thiol trapping techniques and isotope coded affinity tag (ICAT)
can be combined to label unmodified and oxidized thiol
groups with light and heavy tags, respectively (Lindemann &
Leichert, 2012). This method named NOxICAT is specific for
nitrosative and oxidative modifications of thiol groups. After
protein denaturation, free thiol groups are labeled with light
ICAT reagents. Oxidized thiols are labeled with heavy ICAT
reagents and the extent of cysteine oxidation is measured by
quantifying the relative ratios of light and heavy labeled peptides
with MS.
Difference gel electrophoresis (DIGE) and ICAT were
compared as redox proteomics methods for the analysis of
mouse heart tissue treated with hydrogen peroxide (Fu
et al., 2008). The results showed the two methods were largely
complementary, since both of them could reveal unique redox-

Redox proteomics has been used as a tool to understand many
diseases and neurodegenerative disorders. The diseases and
neurodegenerative disorders highlighted in this review are listed
in Tables 1 and 2, respectively.
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1. Kidney Disease (KD)
The important physiological functions of kidney include
removing waste materials, balancing water, electrolyte and
physiological buffer systems, and reabsorbing useful components (Thongboonkerd & Malasit, 2005). Blood flow and
oxygenation in the kidney varies from the well-perfused
cortex to near-anoxic medulla. The imbalance of redox
homeostasis in kidney tissue may result in changes of
proteome expression and oxidative PTMs. Oxidative stress is
implicated in kidney-related pathologies, from chronic kidney
disease (CKD) to end-stage kidney disease. The study of
proteome, including the protein oxidative PTMs, are of
importance to reveal the relative biomarkers and diagnose the
disease at the early stage.
The various techniques of protein oxidative PTMs characterization, from gel-based method to shotgun approach, have
been widely applied to study the proteome of kidney disease.
In a relative early study on kidney disease patients undergoing
hemodialysis, tyrosine nitration level of plasma proteins was
shown to increase significantly in comparison with controls
(Mitrogianni et al., 2004). Immunoprecipitation followed by
western blot was used to identify nitrated proteins and
indicated ceruloplasmin as one of the proteins having significant nitration. Kidney dsyfunction interferes with redox
balance resulting in high levels of oxidative PTMs. Redox
proteomics studies of renal medulla of spontaneous hypertensive rats has identified 19 nitrated proteins (Tyther et al., 2007).
Another kidney disease-related study was performed to examine the plasma nitroproteome of chronic kidney disease and
end-stage KD patients (Piroddi et al., 2011). Proteins of
chronic and end-stage KD patients had a higher nitration level
than in healthy controls and uremic albumin is largely
represented in the uremic nitroproteome by immunoblotting
experiment.
Cysteine oxidation has also been examined in kidney
disease. In the study of protein sulfenation in renal medulla of
the spontaneous hypertensive rat (SHR) (Tyther et al., 2010),
total free thiol content was significant lower than controls. The
decrease of thioredoxin reductase activity may contribute to
enhanced protein sulfenation. Several proteins bearing sulfonation were identified with gel-based redox proteomics. Additionally, different oxidative PTMs may show correlation with the
level of disease. In a study of plasma protein thiol oxidation and
carbonylation of CKD patients (Matsuyama et al., 2009), both
reversibly oxidized human serum albumin (HSA) and irreversibly oxidized albumin (HAS) content increased with a decrease
in renal function. The relation between different oxidative
Mass Spectrometry Reviews DOI 10.1002/mas
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TABLE 1. Applications of redox proteomics in the study of human non-neurodegenerative diseases
Disease Pathology

Cancer

Tissue
Peripheral blood
mononuclear cells
(PBMCs)
Skin fibroblast

Cancer

Rat tumor tissue

Cancer

A431 tumor cells

Cancer

HK-168 cells

Carbonylation

Cardiac disease

Mouse heart tissue

ROS and RNS

Cardiac disease

Mouse heart tissue

3NT

Diabetes

Blood

S-Glutathionylation

Diabetes

Rat plasma

Carbonylation

Diabetes

Human plasma

3NT

Diabetes

SERCA2a from
membrane vesicles

Carbonylation

Heart failure

Ventricular tissue

Carbonylation

Hypertension

Mouse medulla proteins

Carbonylation, cysteine
oxidation

Ischemia Reperfusion
(IR) Injury

Liver cytosolic extracts

Cysteine oxidation

(Wilson, Zeile et al.
2011)

Ischemia Reperfusion
(IR) Injury

Mouse heart tissue

Cysteine nitrosylation
and oxidation

(Kohr, Sun et al. 2011)

Kidney Disease

Plasma Proteins

3NT

Kidney Disease

Mouse medulla proteins

3NT

Kidney Disease

Human Blood

3NT

Kidney Disease

Human Blood

Cysteine oxidation and
carbonylation

Cancer

stresses and disease may contribute to development of early
diagnostic technique of diseases.

2. Ischemia Reperfusion (IR) Injury
Surgical treatment, for example, organ section or transplantation, may contribute to ischemia reperfusion (IR) injury (Oliver
et al., 1990). The sudden increase of ROS in the first few minutes
of reperfusion following ischemia results in the imbalance of
redox potential in tissue, ending with protein oxidative PTMs,
especially thiol oxidation. 2D-DIGE was used to identify
cytosolic protein changes in the early phase of rat liver IR injury.
Peroxiredoxins 1 (Prx1) had a threefold increase, which indicated the reduced protective effect of Prx1 upon ROS. Additionally,
overoxidation of Cys173 of Prx1 was identified (Wilson
et al., 2011). Recently, a study on simultaneous measurement of
protein oxidation and S-nitrosylation was reported (Kohr
et al., 2011). IR injury can generate two types of thiol oxidation
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References

Lipid peroxidation

(Haudek, Gundacker et
al. 2008)

Cysteine oxidation
Carbonylation and lipid
peroxidation
Carbonylation and
cysteine oxidation

(Wu, Chou et al. 2012)
(Marin-Corral, Fontes et
al. 2010)
(Tsaytler, M et al. 2008)
(Perluigi, Giorgi et al.
2009)
(Barjaktarovic, Schmaltz
et al. 2011)
(Kanski, Behring et al.
2005)
(Niwa, Naito et al. 2000)
(Madian, Myracle et al.
2011)
(Hoeldtke, Bryner et al.
2002)
(Shao, Capek et al. 2011)
(Brioschi, Polvani et al.
2012)
(Tyther, Ahmeda et al.
2009) (Tyther, Ahmeda
et al. 2010)

(Mitrogianni, Barbouti et
al. 2004)
(Tyther, Ahmeda et al.
2007)
(Piroddi, Palmese et al.
2011)
(Matsuyama, Terawaki et
al. 2009)

products, thiol oxidation and S-nitrosylation. Because they have
different redox activities, simultaneous measurement of these
two proteins is not easy to perform. This report used two
different parallel methods to selectively block free thiols and
reduce modified thiols, and enriched thiol peptides by resinassisted capture (RAC). Label-free peptide quantification demonstrated the increased S-nitrosylation and decreased oxidation
at the same residue, indicating the protective effect of SNO
against cysteine oxidation upon IR injury.

3. Cardiac Pathology
In the cardiovascular system, redox signaling regulates many
physiological events, for example, excitation–contraction coupling. We refer the reader to a recent review on this topic (Kumar
et al., 2012). NADPH oxidase generates large amounts of ROS,
and the resulting ROS further converts into HOCl by myeloperoxidase, triggers “oxidative burst” and forms reactive nitrogen
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TABLE 2. Redox proteomic studies of neurodegenerative diseases
Pathology

AD

PCAD,
MCI and
EAD
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Sample

Oxidatively modified proteins

Altered biological
functions

carbonylation

CKBB, GS, UCH-L1, DRP-2,
ENO1, HSC71, Pin1, PGM1, TPI,
γ-SNAP, CA, MDH, GDH, 14-3-3
ς/δ, FBA A/C

energy metabolism, protein
degradation, neuron
outgrow, cell signaling, cell
cycle, neurotransmission,
protein transport, molecular
chaperone

Castegna et al. 2002a,
Castegna et al. 2002b,
Sultana et al. 2006a,b,
Korolainen et al. 2006.

nitration

ENO1, LDH, neuropolypeptide h3,
TPI, β-actin, GAPDH, ATP
synthase β-chain, CAII, VDAC

energy metabolism, cell
structure, cell signaling,
mitochondrial transport,

Castegna et al.
2003, Sultana et al. 2006c.

HNE-bound

ATP synthase, GS, MnSOD, DRP2, ENO1, Aco, ALDO, PRX6, αtubulin

energy metabolism,
antioxidant, neuron
outgrow, cell structure

Perluigi et al. 2009a

glutathionylation

deoxyhemoglobin, α-crystallin B,
GAPDH, ENO1

energy metabolism, oxygen
transport, molecular
chaperone

Newman et al. 2007

Human body
(CSF and
plasma)

carbonylation

λ-chain precursor, hemopexin,
transferrin, fibrinogen γ chain
precursor, α1 antitrypsin precursor,
Hp β chain, α2 macroglobulin

heme transport, iron
transport, blood
coagulation, extracellular
chaperone,

Korolainen et al. 2007, Yu
et al. 2003, Choi et al.
2002, Cocciolo et al. 2012.

J 20 mouse
model

nitration

PEBP-1, Pin1

Proteostasis, cell signaling

Robinson et al. 2011

synaptosomes
with Aβ (1-42)

carbonylation

β- and γ-actin, GFAP, ATP
synthase, SNBP1, GDH, GS,
EAAT2, DRP-2, EF-Tu.

cell structure, energy
metabolism,
neurotransmission, neuron
outgrow, protein
biosynthesis

Boyd-Kimball et al. 2005a

rat brain with
Aβ (1-42)

carbonylation

GS, tubulin β chain 15/α, 14-3-3 ζ,
HSP60, β-synuclein, PDH,
GAPDH, PGM1

Neurotransmission, cell
structure, cell signaling,
molecular chaperone,
energy metabolism

Boyd-Kimball et al
.2005b.

C. elegans
with Aβ (1-42)

carbonylation

medium and short-chain acyl-CoA
DH, EF-1 g , MDH, AK, RACK1,
mlc-1 and 2, actin, ADK,
nematode specific protein, lbp-6,
TKT, α and β proteasome subunit,
GST

energy metabolism, protein
biosynthesis, energy
metabolism, protein
degradation, axon
extension, cell structure,
cell cycle, antioxidant

Boyd-Kimball et al. 2006.

Human brain
(hippocampus
and IPL)

carbonylation

ENO1, GS, PK-M2, Pin1, CAII,
SBP1, MAPKI, PGM1,FBA-C,
GFAP, HSP90

energy metabolism,
neurotransmission, cell
cycle, cell signaling, neuron
structure, molecular
chaperone

Butterfield et al. 2006c,
Sultana et al. 2010, Aluise
et al. 2011.

nitration

MDH, ENO1, GRP precursor,
ALDO, GST, MRP3, 14-3-3 γ
PRX 6, DRP-2, fascin 1, HSP A8,
PRX2, TPI, GDH,
neuropolypeptide h3, PGM1, HATPase,

energy metabolism,
antioxidant, cell signaling,
neuron outgrow, molecular
chaperone,
neurotransmission, cell
structure

Sultana et al. 2007, Reed
et al. 2009a

HNE-bound

LDH B, PGK, HSP 70, ATP
synthase, PK, β-actin, EF-Tu,
TIFα, MnSOD, DRP2, ENO1,
MDH, TPI, F1 ATPase α subunit

energy metabolism, cell
signaling, molecular
chaperone, cell structure,
protein biosynthesis,
antioxidant, neuron outgrow

Perluigi et al. 2009b, Reed
et al. 2009b.

Human brain
(hippocampus,
IPL and
cortex)

Oxidative
modification

References
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TABLE 2. (Continued)
Pathology

Aging

Sample

Oxidative
modification

Oxidatively modified proteins

carbonylation

LDH-2, DRP2, α-spectrin, CK

energy metabolism, neuron
outgrow, cytoskeleton
structure

Poon et al. 2004a

Aged rats
hippocampus

HSP 90, Cytochrome b-c1, CKB,
MDH, ENO1, DRP2, GS, GDH,
PK M1/M2 FBA-C, ATP synthase

energy metabolism, neuron
outgrow, neurotransmission

Perluigi et al. 2010

carbonylation

Prdx2, GNBP beta-1, CK B,
V-ATP-B, HSP70, Ser/thr-PP-2B,
ADH, α-centractin, TPI,
GAPDH, AAT, PK M1/M2,
ATP syn, FBA-A

antioxidant, energy
metabolism, molecular
chaperone, cell signaling,

Perluigi et al. 2010

α-Tubulin-1A GRP78, HSP70,
AK, EF-Tu, PK M1/M2, ACH,
TPI, GAPDH

cell structure, energy
metabolism, molecular
chaperone, cell signaling

Perluigi et al. 2010

Aged rats cortex

∙

∙

∙

∙

Aged rats
striatum

HD

ALS

References

SAMP8 mouse
model

carbonylation

PD

Altered biological
functions

carbonylation

∙

∙

∙

Aged rats
cerebellum

HSC71, α-Tubulin, MDH, IDH,
V-ATPase, PK M1/M2, Syn-2,
AAT, PGK1 VDAC, AK

∙

cell structure, energy
metabolism, molecular
chaperone,

Perluigi et al. 2010

carbonylation

A30P
mutation
mouse model

carbonylation

CA-II, ENO1, LDH2

energy metabolism,

Poon et al. 2005b.

Rat brain
exposed to
Dopamine
Quinone

expression

Gpd2, GRP75, mitofilin, NADH
deh.75kDa, succinate-CoA ligase,
IDH 3- α, EF-Tu, PC, ODH,
MtCK, ADH, VDAC2, FAH,
MnSOD

Energy metabolism,
molecular chaperone,
mitochondrial structure,
antioxidant, protein
biosynthesis.

Van Laar et al. 2008

G2019S and
R1441C
LRRK2::Tau
mouse models

HNE-bound

DMP1, OAT, β-2 proteasome
subunit, ATP synthase subunit β,
AdeK, glutaryl-CoA DH, FABP2,
GNBP β-2, ZK829.4, AP, HSP70,
60S Ribosomal protein L6 and L7,
inorganic pyrophosphatase 1, VG6, Actin-1/3, ENO, V-type proton
ATPase subunit B, EiTF,
MMsADH, CS, AMP, β GBL,
Actin-1/3, FBA1, Tubulin β-2,
EiF4A ,40S ribosomal protein SA,
TCT, AP

energy metabolism, protein
degradation, protein
biosynthesis, cell signaling,
cell structure, fatty acid
transport, nutrient reservoir,
autophagy

Di Domenico et al. 2012

Human brain

carbonylation

GFAP, aconitase, ENO1, ENO2,
CKB, TER ATPase, HSC71,
ALDH7A1, CCT2, DDAH1,
PDXK, PKM2, ATP synthase
subunit α, GAPDH, UQCRC2, CS,
CK

neuron structure, energy
metabolism, molecular
chaperone,
neurotransmission,

Sorolla et al. 2008, Sorolla
et al. 2010

r6/2 mouse
model

carbonylation

Aco, ENO1, ENO2, CKBB, and
GAPDH

energy metabolism

Perluigi et al. 2005b

G93A-SOD1
mouse model

carbonylation

SOD1, TCTP, UCH-L1, αβcrystallin

antioxidant, protein
degradation, molecular
chaperone, cell structure.

Poon et al. 2005c

HNE-bound

DRP-2, HSP70, ENO1

neuron outgrow, molecular
chaperone, energy
metabolism

Perluigi et al. 2005a

nitration

ENO1, ENO2, ATP synthase β
chain, HSC 71

energy metabolism,
molecular chaperone

Casoni et al. 2005

FALS mouse
model
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TABLE 2. (Continued)
Pathology

DS

Sample

Oxidative
modification

Oxidatively modified proteins

Altered biological
functions

References

Amniotic fluid
from woman
carrying down
syndrome
fetus

carbonylation

CP,TF, Zn-α2-CP, RBP 4,
APOA1, CoC9, α-1β-GP, collagen
α-1V chain,

lipid metabolism, iron
homeostasis, inflammation

Perluigi et al. 2011

Ts1Cje mouse
model

3-hydroperoxy9Z

ATP synthase F1 complex b
subunit, α-enolase, TPI1

energy metabolism,

Ishihara et al. 2009

HNE-bound

11 E-octadecadienoic acid, NF
light polypeptide, internexin
neuronal intermediate filament,
enolase, Prx6, PGK , TPI

neuron structure, energy
metabolism, antioxidant

Ishihara et al. 2009

oxide (RNO). Distinct signaling events need different quantities
of ROS/RNS, which include oxidative signaling (irreversible
PTMs) and redox signaling (reversible PTMs). For example,
radiation is often used as a therapy treatment of cancer, but
exposure to radiation, especially under large dose radiation, may
cause an increased risk of cardiovascular disease. 2D-DIGE and
LC-MS/MS analysis of radiated mitochondrial proteins revealed
proteome changes and functional impairment (Barjaktarovic
et al., 2011). The presence of 3-NT in whole heart homogenate
and heart mitochondria was measured by 2D-Western blots with
anti-3-NTantibodies. Biological aging contributed to the oxidative stress of 48 proteins (Barjaktarovic et al., 2011). Some
enzymes responsible for energy production were oxidatively
modified, which indicated cellular sources of ROS/RNS
(Kanski et al., 2005). Oxidative modifications of protein thiols
are important in redox regulation and can occur in cardiac
tissue upon oxidative stress. Protein carbonylation is implicated
in the pathogenesis of heart failure (HF) (Brioschi et al., 2012).
M-type creatine kinase (M-CK) and alpha-cardiac actin are the
major carbonylated proteins with higher levels in HF patients in
comparison with controls.

redox regulation were up-regulated indicating the importance of
redox-regulated proteins upon oxidative stress. In a similar
study, tumor cells were subject to photodynamic treatment
(PDT), which leads to oxidative modifications in cells. Samples
were enriched by biotin–avidin affinity chromatography and
separated and visualized by 2D-gel. MS identified 314 proteins,
including carbonylation and reversible sulfenylation (Tsaytler
et al., 2008).
Redox proteomics studies have been applied not only in
skin cancer, but also other types of cancer-related pathology. For
example, plasma peroxidation levels are significantly higher in
cancer patients than controls (Haudek et al., 2008). Cancer
cachexia can alter redox balance in fast- and slowtwitch limb and heart muscles of rats and a comprehensive
examination of different types of oxidative PTMs study was
performed. Carbonylation, 4-HNE, and MDA modification were
determined by 2D-gel redox proteomics method and found
significant increase in comparison with controls (Marin-Corral
et al., 2010). High levels of nitration and carbonylation have also
been reported in the plasma of lung cancer patients (Pignatelli
et al., 2001).

4. Cancer

5. Diabetes

Disturbances of the redox balance in the cell may lead to chronic
inflammation (Reuter et al., 2010), and a variety of biological
responses are triggered, for example, cell adaptation, formation
of DNA mutations and genetic instability (Scibior-Bentkowska
& Czeczot, 2009), which in turn could result in chronic diseases
including cancer. Many oxidized PTMs have been identified in
tumor cells with comprehensive redox proteomics approaches.
2D-gel redox proteomics has been used to study protein
expression and specific protein carbonylation of UVB-induced
oxidative stress for the development of skin cancer. In these
studies seven proteins were significantly more oxidized in
irradiated cells compared to control cells (Perluigi et al., 2010a).
In another study of UVB-induced skin cancer, lysine- and
cysteine-labeled 2D-DIGE were used to measure protein expression changes and thiol activity (Wu et al., 2012). MALDI-TOF
MS identified 89 proteins with significant changes and 37
proteins with differences in thiol activity. Proteins involved in

Impaired production of insulin can result in diabetes and this
chronic disease plays important roles in the development of
cardiovascular disease (Turchan et al., 2003). It is shown that
oxidative stress is implicated in the development of diabetes
(Yorek, 2003). High level blood glucose results in the formation
of oxidized glucose, accelerating the formation of AGEs
(Baynes, 1991). Additionally, lower intracellular GSH concentration is observed in diabetes patients in correlation with high
ROS production (Dominguez et al., 1998). The concentration of
glutathionyl hemoglobin beta chain is markedly increased in
diabetic patients (Niwa et al., 2000). Additionally, nitric oxide
overproduction occurs in type 1 diabetes patients (Hoeldtke
et al., 2002). Carbonylation may contribute to activity loss of
the sarco(endo)plasmic reticulum Ca2þ-ATPase (SERCA2a),
the ATP-driven pump that translocates Ca2þ from the cytoplasm
to the lumen of the sarcoplasmic reticulum (Shao et al., 2011).
After diabetic treatment of model rats, the ability of SERCA2a
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protein to hydrolyze ATP and transport Ca2þ was significantly
reduced. Western blot and MS revealed the modification of
carbonylation on SERCA2a residues.

B. Neurodegenerative Diseases
Neurodegenerative disorders such as AD, PD, or ALS are a
heterogeneous group of diseases affecting the nervous system
that present different etiologies. Some are hereditary, some are
secondary to toxic or metabolic processes or both aspects are
possible in each disorder. Neuropathologically, these neurodegenerative disorders are characterized by abnormalities of
relatively specific regions of the brain and specific populations
of neurons. During neurodegeneration, the brain undergoes both
morphological and functional modifications affecting dendritic
arborization, synapses, neurotransmission, circulation, and metabolism that are reflected in the alteration of motor and sensory
systems, sleep, memory, and learning (Tabner et al., 2005). In
each case, the molecular mechanisms involved in these changes
have yet to be determined. Growing evidence, implicate the
effects of OS, mitochondrial dysfunction and inflammatory
insults as major contributing factors (Butterfield, 2006). Several
authors investigating the role of OS suggested it as a causative or
at least ancillary factor in the pathogenesis of major neurodegenerative diseases (Butterfield et al., 2012). Decreased levels of
antioxidant enzyme activities have been reported in patients
with PD or AD, and increased levels of lipid peroxidation, DNA
and proteins oxidation have been seen in different brain regions
of patients affected with PD and AD (Reed, 2011). Similar
increases in markers of OS have also been seen in Huntington’s
disease, and in both familial ALS (fALS) and sporadic ALS
(sALS) patients (Ferrante et al., 1997).
In the last two decades, much effort was made by
researchers to better comprehend how oxidative damage could
play a role in the pathogenesis of each disease. The advent of
redox proteomics (Castegna et al., 2002a,b; Dalle-Donne,
Scaloni, & Butterfield, 2006) helped partially to fill this gap by
gaining new insight into the relationships between OS and
neurodegeneration. Redox proteomics studies lead to direct
identification from brain, fluids or other biological samples, of a
large number of oxidatively modified proteins potentially
involved in the pathogenesis and/or progression of neurodegenerative
diseases
characterized
by
increased
OS
(Butterfield, 2006; Di Domenico et al., 2011; Butterfield
et al., 2012). The use of redox proteomics helped to show the
target of oxidative modification at the protein level suggesting
specific (often common) patterns of oxidative damage during
the progression of the above-mentioned neurodegenerative
disorders (Butterfield & Sultana, 2008). This new wealth of
knowledge has provided great insights into mechanisms and
potential targets for therapeutic strategies. Our laboratory
pioneered studies aimed to provide new knowledge and better
comprehension about the role of OS in the onset and progression
of selected neurodegenerative disorders (Butterfield
et al., 2012). All the redox proteomics results achieved by our
and other laboratories using redox proteomics to investigate
molecular mechanism altered by increased OS/NS during
neurodegeneration are reported below (see Table 2). In addition
redox proteomics provides essential information regarding
protein modifications not only in neurodegenerative disorders
but also in cancers or other pathologies.
Mass Spectrometry Reviews DOI 10.1002/mas
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1. Alzheimer Disease and Its Early Forms
Dementia is one of the most disabling disorders in the elderly
and with the increase of life span the number is expected to raise
becoming a greater medical and social problem. The main cause
of senile dementia is AD (approximately 75%). Clinically,
AD is characterized by progressive loss of memory, language,
reasoning, and other cognitive functions accompanied by
concomitant behavioral, emotional, and social deterioration,
all leading to dementia. The neuropathological hallmarks of the
brain of AD patients are extracellular senile plaques containing
amyloid-b peptide (Ab) neurofibrillary tangles (NFTs) containing hyperphosphorylated tau, and loss of synapses in neurons
of the cerebral cortex and hippocampus. Abundant evidence
supports the notion that OS/NS stress has a major role in
the pathogenesis of AD. Oxidizing conditions during AD cause
protein cross-linking and aggregation of Ab peptides and
also contribute to aggregation of tau and other cytoskeletal
proteins. Ab aggregates upon interaction with the nerve cell
membrane induce a sequence of events that lead to the
intracellular accumulation of ROS (Butterfield et al., 2012). Ab
causes the oxidation of acyl chains of membrane lipids,
disintegration of the neuronal membrane and, ultimately, cell
death (Behl, 1997; Varadarajan et al., 2000). In addition to the
direct induction of OS, Ab can also indirectly generate an
oxidative microenvironment, for example, via the induction of
mitochondrial dysfunction. OS in AD brain is indexed by
increased total levels of protein carbonyls, protein nitration
and protein-bound HNE for protein oxidation and lipid peroxidation respectively (Butterfield et al., 2006a; Butterfield &
Sultana, 2007), DNA and RNA oxidation are indexed by
elevated levels of 8OHdG and 8OHG and sugar oxidative
modification marked by increased glycation and glycoxidation.
a. Redox proteomic in human brain tissue

Redox proteomics techniques, applied to several brain regions
from AD patients compared to healthy subjects, allowed the
identification of many protein targets of oxidative modification
during the neurodegenerative process. Studies designed to target
protein carbonylation showed increased levels for creatine
kinase (CK)-BB, glutamine synthase (GS), ubiquitin carboxyterminal hydrolase (UCH) L-1, dihydropyrimidinase-related
protein 2 (DRP-2) [also called collapsin response mediated
protein-2 (CRMP-2)], a-enolase (ENO1) and heat shock
cognate (HSC) 71 in AD inferior parietal lobule (IPL) compared
to age-matched controls (Castegna et al., 2002a,b). Following
studies performed on hippocampal region of AD subject
compared to CTR demonstrated specific carbonylation of
peptidyl prolyl cis–trans isomerase (Pin1), phosphoglycerate
mutase (PGM) 1, UCHL-1, DRP-2, carbonic anhydrase (CA) II,
triose phosphate isomerase (TPI), ENO1, and soluble NEMsensitive factor attachment protein g (g-SNAP) (Sultana
et al., 2006a,b). The impairment of the functionality of the
proteins found oxidized in these studies strictly correlate with
some of the main features of AD pathology such as the
impairment in cellular metabolic processes (PET studies demonstrated decreased glucose utilization in AD brain), the
inhibition of cellular degradation machinery and synaptic
failure. Korolainen et al. (2006) applied a similar redox
proteomics approach to frontal cortex samples of AD patients
compared to healthy subjects showing a decrease for carbonyls
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in malate dehydrogenase (MDH) 1, glutamate dehydrogenase
(GDH), 14-3-3 protein B/d, aldolases A and C, and increased
oxidation of CA.
Redox proteomics studies on specific protein nitration
identified a large number of proteins, in AD hippocampus and
IPL compared to control brain, which are involved in various
cellular functions such as energy metabolism, structural
maintenance, pH regulation, and mitochondrial function. These
nitrated proteins include, in AD IPL, g enolase (ENO2) and
ENO1, lactate dehydrogenase (LDH), neuropolypeptide h3,
TPI, and b-actin (Castegna et al., 2003), while in AD hippocampus, ENO1, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), ATP synthase b-chain, CA-II, and voltage-dependent anion channel (VDAC) protein (Sultana et al., 2006c).
Proteomics studies identified regionally specific HNE
modification of proteins, that is, ATP synthase, GS, Manganese
superoxide dismutase (MnSOD), and DRP-2 in AD hippocampus and a-enolase, aconitase, aldolase, peroxiredoxin (PRX) 6,
and a-tubulin in AD cortex (Perluigi et al., 2009). Some of these
proteins were previously found to be either nitrated or carbonylated in AD. The appearance of different oxidative indices in
target proteins modified by both protein carbonyls, 3-NT and
HNE-bound suggest that these specific proteins are highly
vulnerable to oxidative modification and may be involved in
AD, supporting the role of OS in AD.
Redox proteomics studies targeting glutathionylated proteins have been performed on IPL of AD subjects compared to
control subjects. This study revealed the increased glutathionylation of a number of proteins, that is, deoxyhemoglobin, acrystallin B, glyceralde-3-phosphate dehydrogenase (GAPDH),
and ENO1. GAPDH and ENO1 were also shown to have
reduced activity in the AD IPL. This study demonstrates that
specific proteins are sensitive to S-glutathionylation, which
most likely is due to their sensitivity to cysteine oxidation
initiated by the increase in OS in the AD brain (Newman
et al., 2007).
Amnestic mild cognitive impairment (MCI) is generally
referred to the transitional zone between normal cognitive
function and early dementia or clinically probable AD. OS
that plays a significant role in AD is increased in the superior/
middle temporal gyri of MCI subjects. Redox proteomics
studies in MCI hippocampus led to the identification of
ENO1, GS, pyruvate kinase (PK) M2, and Pin1 as specifically
carbonylated proteins (Butterfield et al., 2006a). Interestingly,
several proteins such as ENO1, Pin1, and GS are common
targets of carbonylation in both AD and MCI. The functions
of these proteins are important not only in regulating energy
metabolism, but were also linked to alterations in protein
conformation, tau hyperphosphorylation, APP processing, and
glutamate regulation, that are all thought to contribute to the
progression of neurodegenerative processes in AD. However,
the presence of other different proteins oxidatively modified
suggests that the specific targets of OS might be stagedependent. In regard to protein nitration in MCI samples
compared to controls, increased in protein-resident 3-NT
levels for MDH, ENO1, glucose regulated protein precursor,
aldolase, glutathione-S-transferase (GST) Mu, multidrug resistant protein (MRP)-3, and 14-3-3 protein g were identified in
MCI IPL, while, ENO1, MDH, PRX 6, DRP-2, fascin 1, and
heat shock protein (HSP) A8 were identified by redox
proteomics in MCI hippocampus (Sultana et al., 2007). Simi290

larly to carbonylation some of the targets of protein nitration
are in common between MCI and AD, suggesting that these
brain proteins that contribute to dysfunction of molecular
processes, such as energy metabolism or synaptic connections
seen in AD, may be involved in progression of AD. In MCI
hippocampus and cortex, increased levels of protein-bound
HNE observed for LDH B, phosphoglycerate kinase (PGK),
heat shock protein 70 (HSP 70), ATP synthase, PK, b-actin,
elongation factor Tu (EF-Tu), and translation initiation factor
a as identified by redox proteomics (Reed et al., 2008). Again
the overlap of proteins involved in energy metabolism,
neuritic abnormalities, cell cycle, tau phosphorylation, Ab
production, transcription and translation, mitochondrial abnormalities, and antioxidant system between MCI and AD is
consistent with the notion that these pathways could be
involved in the progression of MCI to AD.
Early AD (EAD) is considered a transitional stage between
MCI and AD. In redox proteomics studies comparing MCI,
EAD, and control (CTR) IPL samples targeting carbonylated
proteins MCI samples had four proteins significantly more
oxidized than CTR while EAD had three proteins more oxidized
than CTR. These proteins are: HSP 70, CAII, syntaxin binding
protein I (SBP1), and mitogen-activated protein kinase (MAPK)
I for MCI and PGM1, fructose bisphosphate aldolase (FBA)-C,
and GFAP for EAD (Sultana et al., 2010).
As with carbonylation protein nitration also is increased in
brain from subjects with EAD compared with age-matched
controls. In the EAD brain, redox proteomics analysis identified
the increased nitration of PRX2, TPI, GDH, neuropolypeptide
h3, PGM1, H-transporting ATPase, ENO-1, and FBA-A (Reed
et al., 2009a).
Redox proteomics analysis of protein-bound HNE identified six proteins found to be excessively oxidatively modified by
this lipid peroxidation product in EAD IPL compared to agerelated control brain. These proteins were MnSOD, DRP2,
ENO1, MDH, TPI, and F1 ATPase, a subunit that, respectively,
play roles in antioxidant defense, neuronal communication and
neurite outgrowth, and energy metabolism (Reed et al., 2009b).
ENO1, TPI, PGM1, and ATP synthase are found as common
targets of oxidation in late-stage AD and EAD brain. The
proteins enolase, neuropolypeptide h3, ATP synthase, and FBA
appear to be oxidized in brain from subjects at each stage of AD:
late-stage AD, EAD, and MCI suggesting that their oxidation is
an early event and contribute to progression of AD.
Preclinical AD (PCAD) refers to the early phase of AD,
before clinical signs and symptoms appear. Redox proteomics
studies comparing the IPL region of PCAD subjects with MCI
subjects identified increased carbonylation levels in MCI for
HSP90 and ENO1 (Aluise et al., 2011). Since MCI patients have
memory loss, while PCAD patients have normal cognition, the
impairment of these proteins conceivably could contribute to
memory loss in MCI.
Summarizing the redox proteomics analyses of brain
proteins at different stages of AD is evident that protein
oxidation highly correlates with the clinical features, pathology,
and biochemistry of AD, demonstrating the strength and utility
of the redox proteomics approach. Oxidative dysfunction of
proteins involved in energy metabolism, antioxidant response,
protein degradation, excitotoxicity, neuronal structure, and
mitochondrial abnormalities are likely involved in neurodegeneration at various stages of this dementing disorder. The
Mass Spectrometry Reviews DOI 10.1002/mas

MS AND REDOX PROTEOMICS

identification of these common targets of protein oxidative
modification among different phases of disease is consistent
with the concept that losses of function of these proteins have an
important role both in the molecular basis of this disorder and in
its progression from stage to stage of AD.
b. Redox proteomics in biological fluids

Surprisingly, only a few reports are present about specific
protein oxidation in plasma/serum and cerebrospinal fluid (CSF)
of AD patients and its early form compared to healthy subjects.
CSF is the most proximal fluid in the CNS and logical source to
find any significant alteration directly related to the pathology.
Therefore, the composition of CSF partially reflects cerebral
metabolic changes and enables screening of ongoing pathophysiological process in brain. By using redox proteomics, an
increased degree of carbonylation was shown in one study for
one protein only, l-chain precursor protein in CSF of AD
patients compared with controls (Korolainen et al., 2007). In
another study, Yu et al. investigated oxidized levels of glycoproteins in plasma from AD patients. These researchers reported
increased levels of carbonylation for glycosylated hemopexin
and transferrin in the AD subjects compared to controls,
suggesting systemic derangements in heme and iron redox
homeostasis and activation of the acute phase response in AD
(Yu et al., 2003).
The first redox study on plasma exerted by Choi et al.
(2002) identified increased levels of carbonyl groups in AD
compared with controls for fibrinogen gamma chain precursor
and a1 antitrypsin precursor. A recent study on carbonylated
proteins in AD and MCI compared with age-matched controls
identified four additional proteins (Cocciolo et al., 2012). Three
proteins were more oxidized in AD with respect to CTR:
haptoglobin (Hp) b chain, serotransferrin, and a2 macroglobulin, while only one protein, Hp b chain, was more oxidized in
MCI versus CTR (Cocciolo et al., 2012). Interestingly, Hp b
chain was found to be more oxidized both in MCI versus CTR
(3.34-fold) and in AD versus MCI with the oxidation level that
gradually increased from MCI to AD. This result suggests an
impairment of Hp b chain that reflects the pathology progression
and supports the involvement of impaired extracellular chaperones in the formation of Ab aggregates at plasma level during
AD.
c. Redox proteomics in selected animal and cellular models of AD

The J20 Tg mice strain has mutations in human APP corresponding to the Swedish (670/671 KM - NL) and Indiana
(717V ! F) familial forms of AD that results in several aspects
of AD pathology, such as Ab accumulation, neuritic plaque
formation, and memory deficits. Oxidative stress in J20 Tg mice
can be directly correlated with these pathological hallmarks
(Butterfield et al., 2010). Redox proteomics analysis targeting
protein-resident 3-NT in this AD model compared with wild
type (C57BL/J6) demonstrated increased nitration for phosphatidylethanolamine-binding protein (PEBP) 1 and Pin-1 (Robinson et al., 2011). Pin-1 was observed oxidatively modified in the
hippocampus of AD and MCI brain (Sultana et al., 2006a) and
has been heavily implicated in AD, through its regulation of
phosphorylation/dephosphorylation of tau and production of Ab
(Butterfield et al., 2006b).
Redox proteomics of synaptosomes treated in vitro with Ab
(1-42) showed oxidation of b- and g-actin, glial fibrillary acidic
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protein (GFAP), Hþ-transporting two-sector ATPase (ATP
synthase), SNBP1, GDH, GS, excitatory amino-acid transporters (EAAT) 2, DRP-2, and EF-Tu (Boyd-Kimball
et al., 2005). The study on synaptosomes demonstrates that
acute exposure to Ab (1–42) leads to the oxidation and
impairment of most of the pathways already observed as
dysfunctional in AD brain and supports the role of Ab (1–42) in
the pathogenesis of AD.
Redox proteomics analysis of rat brain injected in vivo
with Ab (1–42) into the nucleus basalis magnocellularis
(NBM) compared with saline-injected control at 7 days postinjection examined the regional in vivo induced protein
oxidation and identified a number of oxidatively modified
proteins (Boyd-Kimball et al., 2005). In the cortex, GS and
tubulin b chain 15/a were identified, while in the NBM, 143-3 z and HSP 60 were identified as significantly oxidized.
Extensive oxidation was detected in the hippocampus in
which 14-3-3 z, b-synuclein, pyruvate dehydrogenase (PDH),
GAPDH, and PGM1 were identified as oxidatively modified.
The results suggest that Ab (1–42)-induced OS in rat brain
mirrors some of those proteins oxidized in AD brain, and
provide new and further insights into the mechanism of
neurodegeneration driven by Ab deposition.
In the following study proteomics techniques were
employed to identify proteins that are specifically oxidized in a
transgenic C. elegans expressing human Ab (1–42) in body wall
muscle (CL4176) (Boyd-Kimball et al., 2006). Sixteen proteins
were found to be oxidatively modified in C. elegans expressing
Ab (1–42) compared to CTR and were involved in a variety of
cellular functions including energy metabolism, proteasome
function, cellular structure, lipid transport, and signal transduction. Moreover, to evaluate the role of protein aggregation per se
in OS and to control for non-specific protein oxidation resulting
from muscle dysfunction itself, a transgenic C. elegans strain
expressing a green fluorescent protein (GFP) fusion protein and
a transgenic C. elegans strain expressing the ypkA subunit of
Yersinia pseudotuberculosis, a serine/threonine kinase known to
affect the cytoskeleton (XA1440) were examined. Five proteins
were identified to be oxidatively modified in C. elegans
expressing aggregated GFP, and one protein oxidatively modified in C. elegans expressing ypkA (Boyd-Kimball et al., 2006).
The only common proteins between the three groups were
proteasomal subunits, suggesting that oxidative damage to the
proteasome may be a general result of cellular toxicity leading
to muscle dysfunction. Instead the results about Ab (1–42)
driven protein oxidation provide further important evidence on
the toxic effect of Ab (1–42) and insights into the neurodegenerative effects of Ab (1–42) in the pathogenesis of AD.

2. Aging
Aging is a complex biological process characterized by a
gradual decline in biochemical and physiological functions of
most organs and is considered one of the most significant risk
factors for age-related neurodegenerative diseases, such as AD.
The aging process is accompanied by a general deterioration in
the CNS functionality, which is particularly vulnerable to
oxidative injury. The oxidative damage to cellular macromolecules accumulates with age and has been postulated to be the
main, but not the only, type of endogenous damage strongly
involved in the aging process.
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Several studies have indicated that the levels of oxidized
proteins, exhibiting carbonyl groups, increase progressively
with age (Carney et al., 1991; Cini & Moretti, 1995; DogruAbbasoglu et al., 1997; Butterfield & Sultana, 2008). In addition
the loss of protein sulfhydryl groups and the reduced activity of
important metabolic enzymes have been documented to occur in
brain as a function of aging (Keller et al., 2000b; Butterfield &
Kanski, 2001; Zhu, Carvey, & Ling, 2006).
Senescence-accelerated-prone mice (SAMP), exhibit accelerated aging with a shortened life span and often
increased amyloidosis, in contrast to senescence-acceleratedresistant mice (SAMR), which exhibit normal aging characteristics (Miyamoto, 1997). SAMP8 mice exhibit age-dependent learning and memory deficits (Yagi et al., 1988).
Therefore, the SAMP8 is a model for studying age-related
cognitive impairments and amyloidosis that might lead to
insight into AD onset and progression (Poon et al., 2004).
Analysis of protein carbonylation by redox proteomics
revealed increased levels for LDH-2, DRP2, a-spectrin, and
CK in the brain of 12-month-old SAMP8 mice when
compared with the 4-month-old SAMP8 brain. These results
suggest the oxidized proteins may contribute to the abnormal
metabolism and neurochemical changes seen in SAMP8
mice and might ultimately contribute to their deficits in
learning and memory. Interestingly decreasing the production
of Ab by giving an intracerebroventricular injection of a 42mer phosphorothiolated antisense oligonucleotide (AO) directed at the Ab region of the APP gene reduced lipid
peroxidation, protein oxidation, and improved cognitive
deficits in aged SAMP8 mice (Poon et al., 2004). Furthermore, the oxidative modification of aldolase, coronin 1a, and
PRX2 are significantly reduced after reduction of Ab in vivo
as a consequence of administration of AO against the Ab
region of APP (Poon et al., 2005a).
Redox proteomics studies conduced on aged rats (28
months old) compared with adult (12 months old) in four
different brain region, that is, hippocampus, cortex, striatum,
and cerebellum demonstrated the increased carbonylation of a
number of proteins that are: HSP90, Cytochrome b-c1, CKB,
MDH, a-enolase, DRP2, GS, GDH, PK M1/M2 FBA-C, ATP
synthase in hippocampus region; Prdx2, Guanine nucleotidebinding protein (GNBP) b-1, CK B, V-ATP-B, HSP70, Ser/thrprotein phosphatase-2B, aldehyde dehydrogenase ADH, acentractin, TPI, GAPDH, aspartate aminotransferase (AAT), PK
M1/M2, ATP synthase, FBA-A in cortex region; a-tubulin-1A
GRP (glucose regulated protein) 78, HSP70, adenylate kinase
(AK), EF-Tu, PK M1/M2, aconitate hydratase (ACH), TPI,
GAPDH in striatum region; HSC 71, a-tubulin, MDH, isocitrate
dehydrogease (IDH), V-ATPase, PK M1/M2, synapsin-2, AAT,
PGK1 VDAC, AK in cerebellum region (Perluigi et al., 2010b).
The oxidatively modified proteins found oxidatively modified in
this study are in very similar to those found in AD brain
(previously discussed), thus confirming that aging is a major risk
factor for developing neurodegenerative diseases. Although the
etiologies are different and likely multifactorial, aging and agerelated neurodegenerative diseases share some common pathological mechanisms, among which energy failure at mitochondrial level is one of the most crucial for neuronal dysfunction.
In other redox and expression proteomics studies of aging,
L-acetylcarnitine, a proposed therapeutic agent for aged related
neurodegenerative disorders associated with oxidative stress,
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revealed key molecular pathways, including glutamate signaling, as protected in brain of aged rats treated from 16 to
28 months of age with this compound (Poon et al., 2006a). Brain
proteins associated with mitochondrial function, glutamate
signaling, and protein synthesis were protected in rats kept on a
caloric restricted diet, a known means of increasing lifespan
(Poon et al., 2006b). A comparison of olfactory proteins of
differential expression and/or oxidative modification with altered gene levels in aged mice showed remarkable correspondence (Poon et al., 2005d).

3. Parkinson Disease
Parkinson disease (PD) is the second most prevalent degenerative disease of the nervous system affecting roughly 1% of
individuals over the age of 65. The majority of PD cases are
likely sporadic but there are a number of rare, genetic causes of
this disease. Mutations in a-synuclein, parkin, Parkinson
disease protein 7 (DJ-1), leucine rich repeat kinase 2 (LRRK2),
UCH-L1, and PTEN-induced putative kinase protein 1 (PINK1)
contribute to early onset familial PD. PD-affected patients
suffer from progressive loss of dopaminergic neurons prevalently in the substantia nigra pars compacta, as well as accumulation of Lewy bodies, and more widespread neuronal changes
that cause complex and variable motor and non-motor symptoms. OS plays a dramatic role in PD, being involved in
dopamine cell degeneration, mitochondrial dysfunction, excitotoxicity, nitric oxide toxicity, S-nitrosylation and inflammation.
Oxidative damage to lipids, proteins, and DNA occurs in PD;
increased levels of HNE (that as showed above reacts with
protein), acrolein, MDA, isoprostanes, and neuroprostanes have
been reported. Oxidative damage is well known in PD brains
(Yoritaka et al., 1996; Alam et al., 1997; Floor & Wetzel, 1998)
and has been associated with the overexpression of wild-type or
mutant a-synuclein (Ostrerova-Golts et al., 2000). Increased
oxidative damage in several metabolic enzymes including
GAPDH, FBA-A, ENO1, and SOD have been observed in
sporadic cases of PD, contributing to the hypothesis of reduced
glucose metabolism in neurodegeneration (Ferrer et al., 2011).
Although OS has been well documented in Parkinson disease,
few redox proteomics experiments involving human subjects
have been reported. Mutations in a-synuclein cause familial
PD, and overexpressing mutant human a-synuclein (A30P or
A53T) causes degenerative changes in mouse and Drosophila
models of PD (Junn & Mouradian, 2002). Using redox
proteomics, several significantly oxidatively modified brain
stem proteins were identified in symptomatic mice with overexpression of A30P mutation in a-synuclein compared with the
brain proteins from the non-transgenic mice (Poon
et al., 2005b). These proteins were identified as CA-II, ENO1,
LDH2. The activities of these enzymes were also significantly
decreased in the A30P a-synuclein transgenic mice brains
when compared with the brain proteins from non-transgenic
control. This observation is consistent with the notion that
oxidative modification of proteins leads to loss of their activities
(Butterfield & Stadtman, 1997). These findings suggest that
proteins associated with impaired energy metabolism and
mitochondria are particularly prone to OS associated with
A30P-mutant a-synuclein. Moreover because each of the redox
proteomics studies identified oxidatively modified brain proteins associated with mitochondria, there is strong evidence to
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suggest that mitochondrial dysfunction and aggregated synuclein is a key player in PD pathogenesis.
An interesting approach was followed by Hastings and coworkers, which evaluate protein alterations in rat brain mitochondria immediately following in vitro exposure to dopamine
quinone (Van Laar et al., 2008). Oxidation of dopamine to
reactive metabolites, ROS, and dopamine quinone is thought to
contribute to the oxidative stress, mitochondrial dysfunction,
and dopaminergic neuron degeneration in PD. Among the
proteins with altered expression a major significance is demonstrated by MtCK, mitofilin, mortalin and 75 kDa subunit of
Complex I that suggest that mitochondrial protein alterations
resulting from DA oxidation may lead to impaired mitochondrial protein import, cristae reorganization, and PTP formation.
These in turn deteriorate key proteins involved in the Krebs
cycle and electron transport chain (ETC) function, leading to
increased ROS formation and creating a vicious cycle of
oxidative damage (Van Laar et al., 2008).
The LRRK2 gene has been identified as the most common
causative gene of autosomal-dominant inherited and idiopathic
PD (Dachsel & Farrer, 2010). In a C. elegans model coexpressing human LRRK2 (WT, G2019S, and R1441C strains)
with tau our group performed redox proteomics analysis
showing that the co-expression of human mutated LRRK2 leads
to increased protein oxidation (Di Domenico et al., 2012). The
redox proteomics results regarding protein-bound HNE of these
transgenic models showed increased protein oxidative modification for 17 proteins in G2019S::Tau compared to Tau, and 10
proteins in the comparison with non-transgenic worms. The
number of proteins oxidatively modified identified by redox
proteomics is consistent with the results of the total HNE levels,
demonstrating increased lipid peroxidation in the presence of
G2019S::Tau. C. elegans transgenic models with R1441C::Tau
co-expression present similar results to those with G2019S::Tau
co-expression, suggesting common mechanisms that lead to
increased OS. The R1441C::Tau co-expression identified HNE
modification of 4 and 9 proteins in the comparison with Tau and
non-transgenic strains, respectively (Di Domenico et al., 2012).
The redox proteomics data are consistent with the notion that the
trend of oxidation is a result of the interaction of mutated
LRRK2 and Tau and show the oxidation of proteins that are
involved mainly in energy metabolism, protein degradation,
especially autophagy, and protein biosynthesis. These results
suggest that LRRK2 might interact with Tau through the
activation of several downstream signals and the mutation could
enhance LRRK2 effects on tau PTM and compartmentalization.
Interestingly, previous functional studies of PD-related genes
implicate dysfunction of mitochondria, autophagy, and the stress
response in the pathophysiology of PD (Plowey et al., 2008;
Saha et al., 2009; Dachsel & Farrer, 2010) strengthening the
relationship of mutated LRRK2, tau phosphorylation and their
interplay in the progression of PD.

4. Huntington Disease
Huntington disease (HD) is a neurodegenerative disease resulting from the genetically programmed degeneration of neurons
in the striatum. This pathology causes uncontrolled movements
of harm, legs, torso and head, loss of intellectual faculties, and
emotional disturbances that develop over a period of 15–20
years (Kremer, Weber, & Hayden, 1992). Death generally
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results from complications of immobility. HD is a progressive
autosomal dominant disorder caused by expansion of CAG
trinucleotide repeats in exon 1 of the huntingtin gene on
chromosome 4 that encodes a stretch of polyglutamines in the
N-terminus of the huntingtin protein (Htt) (Snell et al., 1993;
Beal & Ferrante, 2004). Neuropathologically, the disease is
characterized by bilateral striatal atrophy with marked neuronal
loss and astrogliosis within the caudate and putamen. The
etiology of this disease includes the generation of excitotoxic
events, the alteration in energy metabolism and mitochondrial
dysfunction, the resulting OS, and Htt aggregation (Perez-De La
Cruz & Santamaria, 2007). These factors are strictly interconnected, making it difficult to know whether OS represents a
primary cause of neuronal death, or a physiological process
along the way of neuronal death. An oxidative imbalance exists
in HD, as levels of lipid peroxidation are increased and
antioxidant enzyme activity is reduced, and consistent with this
suggestion, antioxidant supplementation appeared to slow the
progression of animal models of the disease (Andreassen
et al., 2001).
Redox proteomics experiments have been performed in
human HD brain and in the r6/2 transgenic mouse model of the
disease. The r6/2 transgenic mouse expresses exon 1 of the
human HTT gene, which contains 150 CAG repeats. These mice
develop symptoms typical of those presented in HD, including
poor motor coordination and cognitive decline (Li, Popovic, &
Brundin, 2005). Involuntary muscle control is a staple of this
disease’s pathology, supported by redox proteomics identification of the oxidative modification of several energy-related
proteins: aconitase, ENO1 and ENO2, CKBB, and GAPDH
(Perluigi et al., 2005b). This animal model study correlates with
HD features like bioenergetic defects and mitochondrial dysfunction that play a key role in HD progression (Josefsen
et al., 2010; Turner & Schapira, 2010). Redox proteomics
studies on HD brain samples compared to CTR showed
increased protein carbonyls levels and GFAP, aconitase, ENO1,
and CKB were identified as the main targets of oxidation
(Sorolla et al., 2008). Recently, the same group identified 13
other differentially carbonylated proteins in HD compared to
CTR, including enzymes involved in the glycolytic pathway and
mitochondrial proteins related to ATP production (Sorolla
et al., 2010). In particular, carbonylation of pyridoxal kinase and
antiquitin 1, both involved in the metabolism of pyridoxal 5phosphate, the active form of vitamin B6, was linked by the
authors to the alterations in the synthesis of glutathione, GABA
and dopamine, the latter two neurotransmitters known to play a
key role in HD pathology. Taken together, these results indicate
that OS and damage to specific macromolecules would participate in the disease progression in human as well as animal
models of HD.

5. Amyotrophic Lateral Sclerosis
Amyotrophic lateral sclerosis (ALS) is a rapidly progressive
neurodegenerative disease in which all voluntary muscle control
is lost within 5 years of diagnosis. ALS affects motor neurons of
the cerebral cortex, brainstem, and the anterior horn of the spinal
cord (Cleveland & Rothstein, 2001). The majority of ALS
clinical presentations are sALS, with fewer than 10% of ALS
cases inherited in an autosomal dominant manner, that is, fALS.
Both sALS and fALS are clinically indistinguishable and show
293

&

BUTTERFIELD ET AL.

similar features. The real problem is the lack of in-depth
knowledge of the molecular causes of ALS, as mutations in the
Cu, Zn-SOD (SOD1) gene account for only 20% of familial
ALS. More than 100 SOD1 mutations have been identified in
fALS patients (Andersen, 2000), most of which result from
substitution of one single amino acid, such as SOD1G85R,
SOD1G37R, and SOD1G93A. It is now well established that
SOD1-mediated toxicity in ALS is due to a “gain” of toxic
properties that are independent of SOD1 activity
(Gurney, 1997). Nonetheless, recent evidence suggests that OS
plays a central role in ALS as well. Elevated PCO levels have
been reported in the spinal cord, motor cortex and in central
nervous tissue from sALS cases, and increased 3-NT levels were
found within spinal cord motor neurons in both SOD1–fALS
and fALS patients (Abe et al., 1995; Shaw et al., 1995; Ferrante
et al., 1997). Lipid peroxidation was detected in spinal cord
from sALS patients (Shibata et al., 2001), and levels of 8-OHdG
were elevated in whole cervical spinal cord from ALS subjects
(Fitzmaurice et al., 1996). The G93A-SOD1 transgenic mouse
model, in which an Ala for Gly substitution occurs at position
93, has been thoroughly investigated in ALS research. This
mouse overexpresses mutant human SOD1 and exhibits the agedependent motor neuronal characteristics associated with ALS
(Dalle-Donne, 2007). Studies from our laboratory and others
applied redox proteomics approaches to identify selective
protein modifications in the spinal cord of G93A-SOD1
transgenic mice in comparison with wild-type mice (Perluigi
et al., 2005a). Perluigi et al. (2005a) identified proteins that were
significantly modified by HNE in the spinal cord tissue of a
model of fALS, G93A-SOD1 transgenic mice, including DRP2, HSP70, and, a-enolase. By redox proteomics, our laboratory
also identified the proteins that showed increased carbonyl levels
in the spinal cord of G93A-SOD1 transgenic mice compared
with those of wild-type mice: SOD1, translationally controlled
tumor protein (TCTP), UCH-L1, and ab-crystallin (Poon
et al., 2005c). Taken together, these observations emphasize the
role of OS in ALS and identified UPR and protein degradation
pathway as main targets of oxidation, implying that their
dysfunction might be involved in ALS progression. Casoni et al.
(Casoni et al., 2005) showed increased nitration of ENO1 and
ENO2, ATP synthase b chain, and HSC 71 protein and actin in
presymptomatic fALS mice using a redox proteomics approach.
These works confirm the oxidation of proteins that are part of
UPR and suggest the impairment of protein form energy
metabolism pathway. So far, proteomics application to ALS
research has been only limited to animal models, however, these
studies provided many interesting new insights on disease onset
and progression.

6. Down Syndrome
Down syndrome (DS) is the most common genetic cause of
mental retardation that arises from the triplication of the entire,
or even part of chromosome 21 (trisomy 21). After reaching 40–
45 years of age DS patients develop a form of dementia that has
almost identical clinical and neuropathological characteristics
of AD. Although the genetic alterations are responsible of the
major clinical presentations of the disease such as craniofacial
abnormalities, small brain size, accelerated aging, and cognitive
defects, additional environmental factors seem to play an
important role in determining the severity of multiple pheno294

types. AD like dementia in DS population is characterized by
the presence of senile plaques and NFTs and by cholinergic and
serotonergic reduction (Perluigi & Butterfield, 2012). However,
although most DS patients have plaques early in life and even in
the fetus, it is only very later on that they may develop AD. The
overexpression of the APP gene expressed on chromosome 21 is
likely related to the overproduction of Ab (1–42) peptide, the
major protein in the SPs, which is considered one of the
important factors leading to the development of the AD
pathology in DS subjects.
The role of OS in DS clinical phenotype is supported by a
considerable number of studies (Iannello et al., 1999; Cenini
et al., 2012). Increased oxidative damage is demonstrated by
increased lipid peroxidation and oxidative DNA damage (Jovanovic, Clements, & MacLeod, 1998), which indicate that the
disease correlate with a “pro-oxidant state.” However, the
overwhelmed antioxidant defenses, both enzymatic and nonenzymatic, associated with DS highly complicate the understanding of the factor contributing to the outcome of DS
phenotype. OS is known to occur in DS from very early stages:
already during embryonic development mitochondrial dysfunction has been reported as a marker of oxidative damage
(Arbuzova, Hutchin, & Cuckle, 2002). Previous studies investigating the role of OS in DS showed increased levels of TBARS
in the brains of DS patients, total protein carbonyls and AGEs in
the cortex from DS fetal brain compared with controls (Odetti
et al., 1998) and a marked accumulation of 8OHG, oxidized
protein, 3-NT, in the cytoplasm of cerebral neurons in DS
(Nunomura et al., 2000). In a redox proteomics study on
amniotic fluid from mothers carrying a DS fetus specific
oxidation of a number of proteins has been observed (Perluigi
et al., 2011). The identified proteins are: ceruloplasmin and
transferrin, zinc-a2-glycoprotein, retinol-binding protein (RBP)
4, apolipoprotein (Apo) A1, complement C9, a-1b-glycoprotein, collagen a-1V chain (Perluigi et al., 2011). Interestingly
these proteins are all part of pathways highly challenged and
with critical relevance in the clinical outcome of DS such as
lipid metabolism, iron homeostasis, and inflammation. The
result of this study indicates that oxidative damage is an early
event in the DS pathogenesis and might contribute to the
development of deleterious DS phenotypes, including abnormal
development and AD-like neuropathology. Ishihara et al. identified, in a redox proteomics study, ATP synthase mitochondrial
F1 complex b subunit, ENO1, and TPI1 as proteins modified by
3-hydroperoxy-9Z, 11 E-octadecadienoic acid and neurofilament light polypeptide, internexin neuronal intermediate filament, ENO2, PRX6, PGK1, and TPI as modified by HNE-bound
(Ishihara et al., 2009). Dysfunction of these proteins results in
the impairment of energy metabolism, neuronal structure, and
antioxidant response shading some light in the possible mechanism dysfunctional in DS.

IV. CONCLUSIONS
The growth of redox proteomics techniques has lead to detection
and quantification of oxidative PTMs such as PCO, 3-NT,
AGEs, protein glutathionylation, and AOPPs. Continued advances in redox proteomics gel-based and non-gel based MS
approaches will further the applicability of this field for
understanding disease. As discussed herein, insight to numerous
important diseases such as kidney and cardiac disease, diabetes,
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cancer, and neurodegenerative disorders such as AD, PD, ALS,
and DS has been gained with redox proteomics. However, future
work in this area will allow better understanding of the role of
oxidative stress and redox signaling in biological processes.

V. ABBREVIATIONS
2-DE
3-NT
AAS
AAT
ACH
AD
ADH
AK
AOPPs
APCI
Apo
ARP
ATP synthase
CA
CKBB
CKD
cPILOT
CuAAC
DNPH
DRP-2
DS
EAAT
EAD
EF-Tu
ENO1
ER
FBA-C
GAPDH
GDH
GFAP
GGS
GNBP
GRP
GS
GST
HAS
HD
HNE
Hp
HPG
HSA
HSC 71
HSP
ICAT
IDH
IR
LDH
MAPKI
MDA
MDH
MnSOD
MRP
MS

two-dimensional electrophoresis
3-nitrotyrosine
2-amino-adipic semialdehyde
aspartate aminotransferase
aconitate hydratase
Alzheimer disease
aldehyde dehydrogenase
adenylate kinase
advanced oxidation protein products
atmospheric pressure chemical ionization
apolipoprotein
aldehyde reactive probe
Hþ-transporting two-sector ATPase
carbonic anhydrase
creatine kinase BB
chronic kidney disease
combined precursor and isotopic labeling
Cu1þ-catalyzed azide-alkyne [3þ2] cycloaddition
2,4-dinitrophenylhydrazine
dihydropyrimidinase-related protein 2
Down syndrome
excitatory amino-acid transporters
early Alzheimer disease
elongation factor Tu
a-enolase
endoplasmic reticulum
fructose bisphosphate aldolase C
glyceraldehyde-3-phosphate dehydrogenase
glutamate dehydrogenase
glial fibrillary acidic protein
gamma-glutamyl semialdehyde ALS
guanine nucleotide-binding protein
glucose regulated protein
glutamine synthase
glutathione-S-transferase
irreversibly oxidized albumin
Huntington disease
4-hydroxy-2-trans-nonenal
haptoglobin
homopropargylglycin
human serum albumin
heat shock cognate 71
heat shock protein
isotope coded affinity tag
isocitrate dehydrogease
ischemia reperfusion
lactate dehydrogenase
mitogen-activated protein kinase I
malondialdehyde
malate dehydrogenase
manganese superoxide dismutase
multidrug resistant protein
mass spectrometry
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NEM
NO
OS
PCAD
PCO
PD
PDH
PEBP
PGK
PGM
Pin1
PK
PMF
PROP
PRX
PSNO
PTM
RAC
RBP
RNS
ROS
SBP1
SERCA2a
SIL
SPH
TBARS
TCTP
TMT
TPI
UCH
V-ATP
VDAC
g-SNAP

&

N-ethylmaleimide
nitric oxide
oxidative stress
pre clinical Alzheimer disease
protein carbonyl
Parkinson disease
pyruvate dehydrogenase
phosphatidylethanolamine-binding protein
phosphoglycerate kinase
phosphoglycerate mutase
peptidyl prolyl cis–trans isomerase
pyruvate kinase
peptide mass fingerprinting
purification of reversibly oxidized proteins
peroxiredoxin
S-nitrosylated proteins
post-translational modifications
resin-assisted capture
retinol-binding protein
reactive nitrogen species
reactive oxygen species
syntaxin binding protein I
sarco(endo)plasmic reticulum Ca2þ-ATPase
stable isotope labeling
solid-phase hydrazide
thiobarbituric acid-reactive substances
translationally controlled tumor protein
tandem mass tag
triose phosphate isomerase
ubiquitin carboxy-terminal hydrolase
vacuolar-ATPase
voltage-dependent anion channel
soluble N-ethylmaleimide-sensitive factor attachment protein g
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