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Alzheimer disease (AD), the most common dementing disorder, is a multifactorial disease with complex eti-
ology. Among different hypotheses proposed for AD one of the most corroborated is the “oxidative stress hy-
pothesis”. Although recent studies extensively demonstrated the specific oxidative modification of selected
proteins in the brain of AD patients and how their dysfunction possibly correlates with the pathology,
there is still an urgent need to extend these findings to peripheral tissue. So far very few studies showed ox-
idative damage of proteins in peripheral tissues and current findings need to be replicated. Another limit in
AD research is represented by the lack of highly specific diagnostic tools for early diagnosis. For a full screen-
ing and early diagnosis, biomarkers easily detectable in biological samples, such as blood, are needed. The
search of reliable biomarkers for AD in peripheral blood is a great challenge. A few studies described a set
of plasma markers that differentiated AD from controls and were shown to be useful in predicting conversion
from mild cognitive impairment, which is considered a prodromal stage, to AD. We review the current state
of knowledge on peripheral oxidative biomarkers for AD, including proteomics, which might be useful for
early diagnosis and prognosis.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Alzheimer disease (AD) is one of the most disabling dementing
disorders in the elderly, affecting more than 20 million people world-
wide, and the number is expected to double in the next 20 years [1].
AD is characterized by neuronal loss, deposition of senile plaques,
formed by Amyloid beta peptide, and neurofibrillary tangles of hyper-
phosphorylated tau protein, particularly in the hippocampus, amyg-
dala and frontal cortex, consistently with the cognitive and memory
deficits in AD dementia [2]. AD is often preceded by a condition of
mild cognitive impairment (MCI) that can be considered the interme-
diate phase between normal aging and the early form of AD [3]. Sub-
jects with amnestic MCI show objective cognitive problems, involving
memory, with no or low functional impairment in activities of daily
living. Persons with MCI have an increased risk of developing demen-
tia, and amnestic MCI very often evolves to AD [4]. Consequently MCI
may be a useful AD prodromal phase in which to test putative bio-
markers for their efficacy for early and accurate disease detection.

Although the pathogenesis of AD is not yet fully known, it is clear
that the disease is caused by a combination of risk factors. Among sev-
eral hypotheses, oxidative stress is considered to play a significant
role [5–7]. In different areas of AD brain affected by neurodegeneration,
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increased levels of reactive oxygen species (ROS), the primary cause of
oxidative stress, have been detected. The increased intracellular ROS,
besides causing oxidative damage to the lipids and proteins also react
with nitric oxide, produced by activated microglia, enhancing the for-
mation of peroxynitrite and other reactive nitrogen species (RNS). In
the conditions of oxidative/nitrosative stress, proteins are subjected to
post-translational modifications, such as carbonylation, adducts forma-
tion with the products of lipid peroxidation, glutathionylation of cyste-
ine residues, formation of mixed disulfide, and nitration of tyrosine
residues [8]. If the oxidized proteins are not adequately repaired or
removed, toxic cell damage occurs. Protein oxidation involvesmodifica-
tions of the three-dimensional structure and physiochemical properties
that can result in fragmentation, aggregation and increased susceptibil-
ity to proteolysis [9]. Increased levels of protein aggregates in the form
of fibrils together with increased lipid peroxidation have been shown,
both in AD andMCI brain [10]. However, the cellular,molecular and bio-
chemical mechanisms of neurodegeneration in AD are not yet clarified.

As well, one of the major problems concerning AD is the lack of a
test or procedure having diagnostic power.

Diagnostic criteria currently used for AD are based on clinical fea-
tures supporting a probabilistic diagnosis. These criteria are affected
by low specificity, particularly when applied at very early stages or
used to monitor effects of disease-modifying drugs in interventional
studies. Similar problems occur with the diagnostic criteria of MCI.
Moreover, the clinical symptoms required for the diagnosis are evident
only a long time after the beginning of disease, as a consequence of
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substantial cell loss. Thus, therapies are initiated only after diagnosis;
their modest benefit, in part, may be explained by the fact that some ir-
reversible brain damage already has occurred by the time dementia is
recognized [11].

Current AD biomarkers are two characteristic proteins, β-amyloid
and tau protein, which are assayed in cerebrospinal fluid (CSF) [12].
Although CSF represents the most suitable biological fluid to study
neurodegenerative diseases since it can reflect the biochemical
changes occurring in brain, its analysis is not always easily feasible
for a large scale screening, because the costs involved are enormous
and procedures are invasive, uncomfortable and not without risk.

For a full screening and early diagnosis, biomarkers easily detect-
able in biological samples, such as plasma, are needed. Blood-based
biomarkers, minimally invasive, could increase diagnostic accuracy,
and could be useful for prognosis and in monitoring therapeutic in-
terventions, especially for large scale studies and for repeated mea-
sures. Up to now, the search for reliable biomarkers for AD in
peripheral blood is very challenging because of difficulties with the
standardization of the methods of analysis and the low reproducibil-
ity of the results. Although a set of plasma markers that differentiated
AD from controls have been shown to be useful in predicting conver-
sion fromMCI to AD [13], the study has not been yet verified by other
researchers and the application of these candidate biomarkers have
yet to achieve the diagnostic power, sensitivity, and reproducibility
necessary for widespread use in a clinical setting. Oxidized proteins
may represent potential candidate biomarkers for “oxidative stress
diseases”, such as AD. The present paper reviews the current knowl-
edge on protein oxidation in biological fluids, which could potentially
discriminate AD from non-AD cases and/or support early diagnosis.

2. Markers of protein oxidation

Several hypotheses have been proposed to explain AD pathogenesis
and recently accumulating evidence suggests a key role of oxidative
stress [6,14,15]. However the precise mechanism that increased levels
of oxidative damage play in mediating the onset and progression of
AD remains controversial. Oxidative stress results from the perturbation
of the natural balance between pro- and anti-oxidant systems that fur-
ther leads to the damage of biomolecules, loss of their functionality and
consequently to cell loss [16]. Proteins are major targets of ROS, as a re-
sult of their abundance in cells, plasma, andmost tissues, and their rapid
rates of reaction bothwithmany radicals andwith other oxidants. Com-
mon markers of oxidative stress are: protein oxidation indexed by pro-
tein carbonyls, 3-nitrotyrosine and protein glutathionylation [17], 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-trans-nonenal (HNE) [18],
DNA oxidation (8-hydroxy-2-deoxyguanosine) [19] and advanced gly-
cation end products detection (AGEs) [20].

Oxidative modifications of protein often promote unfolding or
conformational changes that can lead to loss of specific protein func-
tion [21] and formation of cross-linked protein aggregates, which are
resistant to removal by proteinases. The accumulation of oxidatively
modified proteins may disrupt multiple cellular functions including
protein turnover, cell signaling pathways, induction of apoptosis
and necrosis suggesting that protein oxidation could have both phys-
iological and pathological significance.

2.1. Protein carbonylation

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 Mi-
chael addition reactions of His, Lys, and Cys residues with products of
lipid peroxidation [22]. Protein carbonyls are also produced by glyca-
tion/glycoxidation of Lys amino groups, forming advanced glycation
end products (AGEs) [16,23]. Because protein carbonyls are chemically
stable compared with the other products of oxidative stress, they are
generally used as markers to determine the extent of oxidative modifi-
cation both in in vivo and in vitro conditions.

The most common way to measure carbonylated proteins is the
DNPH-based detection method, where samples are derivatized with
2,4-dinitrophenylhydrazine (DNPH), and are immunochemically
detected with an antibody against the resulting protein hydrazone
adduct; however spectrophotometric and HPLC quantitation of
the DNPH adduct also could be used. Protein carbonyl enzyme
immuno-assay kit has recently become available [24]. Enrichment
and purification of carbonylated proteins can be achieved with biotin
labeling of carbonyl moiety followed by affinity selection of protein
mixtures [25].

Another method for measurement of protein carbonylation im-
plies the biotinylation of carbonyl groups with biotin hydrazide and
the reduction of the resulting Schiff bases. The detection of the
protein-bound imine can be assessed with enzyme- or fluorophore-
linked avidin or streptavidin [26]. Fractionation or tryptic digestion
of the avidin-selected fraction of carbonylated proteins followed by
proteolysis and MS can also be performed.
2.2. Protein nitration

Protein nitration is another widely recognized marker of protein
oxidation and numerous studies support the idea that nitrosative
stress contributes to neurodegeneration in AD [27–29]. Cysteine, me-
thionine, phenylalanine, and tyrosine residues of proteins are partic-
ularly susceptible to RNS. The addition of nitrite to the protein
tyrosine residues affects its role in redox cell signaling and oxidative
inflammatory response and impedes protein phosphorylation,
which is crucial for regulation of protein function [30].

To measure the levels of protein nitration several methods of anal-
ysis are employed. These include chemical analysis using HPLC and
GC coupled to a mass spectrometer and the immunochemical detec-
tion of 3-nitrotyrosine using specific antibody [28,31]. Levels of nitro-
tyrosine can be assessed also using a Nitrotyrosine ELISA test kit [24].
Dityrosine is analyzed by MS with electrochemical detection [32].
2.3. HNE-modified proteins

Lipid peroxidation is one of themajor sources of free radical-mediat-
ed injury that directly damages membranes and generates a number of
secondary products [33–35]. The lipid peroxidation process involves
the interaction of oxygen-derived free radicals with polyunsaturated
fatty acids and results in a variety of highly reactive electrophilic alde-
hydes that are capable of easily attaching covalently to proteins by
forming adducts with cysteine, lysine, or histidine residues. Among
the aldehydes formed, Malondialdehyde (MDA), 4-hydroxynonenal
(HNE) and acrolein represent the major products of lipid peroxidation
[36]. In addition, fatty acids esters such F2-isoprostanes (F2-IsoPs) and
F4-neuroprostanes (F4-NPs) are also formed [37].

Several methods have been developed for detection of either free
HNE, its metabolites or its conjugation products with biomolecules.
Briefly, free HNE can be quantified by high performance liquid chro-
matography, however, due to the relative instability of HNE, the de-
termination of biological adducts is preferred [34].

Currently,mass spectrometry (MS)-based techniques play a key role
in elucidating the protein covalent adduction by HNE, stoichiometry
and sites of modification [38]. In recent years analytical possibilities
have been greatly expanded because of the availability of polyclonal
andmonoclonal antibodies directed against protein-bound cysteine, ly-
sine or histidine adducts of HNE [39]. Rapid and simple kits with mono-
clonal antibodies are already commercially available.
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2.4. Protein glutathionylation

Protein glutathionylation is the formation of a mixed disulfide be-
tween protein cysteinyl residues and a small-molecular-weight thiol
[40]. The reversible glutathionylation of proteins is important in the re-
sponse of cells to oxidative damage andmay also be significant in redox
signaling [41]. This modification apparently occursmainly under oxida-
tive stress conditions but may also be important under normal condi-
tions, especially for regeneration of several thiol peroxidases.
Glutathionylation can protect cysteine thiols against irreversible oxida-
tion but can also alter, either positively or negatively, the activity of
many proteins. Therefore, glutathionylation could be an important
redox signaling mechanism, allowing cells to sense and signal harmful
stress conditions and trigger appropriate responses [42].

Considering the potential importance of glutathionylation, a num-
ber of methods have been developed for identifying proteins under-
going glutathionylation. Protein glutathionylation can be both
visualized and quantitated using radiolabeled GSH detected by fluo-
rography [43], or analyzed with immunochemical methods that ex-
ploit monoclonal antibody anti-GSH bounded to the proteins [44].

2.5. Advanced glycation and advanced oxidation end products

AGEs, during AD, colocalize with neurofibrillary tangles, senile
plaques, microglia, and astrocytes and have been also measured in
plasma. Non-enzymatic glycosylaton is a common post translational
modification 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.

Measurement of AGEs can be performed or by competitive ELISA
kit or by quantitative fluorescence spectroscopy [45]. ELISA kit uses
either a monoclonal antibody directed against imidazolone, an ad-
vanced glycation end-product formed by reaction of arginine with
3-deoxyglucosone, or a polyclonal antibody against hemocyanin-
advanced end-product.

Advanced oxidation protein products (AOPPs), a relatively novel
marker of oxidative damage, are considered as reliable markers to esti-
mate the degree of oxidant-mediated protein damage. They are formed
during oxidative stress by the action of chlorinated oxidants, mainly
hypochlorous acid and chloramines (produced by myeloperoxidase in
activated neutrophils). They are supposed to be structurally similar to
AGE-proteins and to exert similar biological activities as AGEs, i.e. in-
duction of proinflammatory cytokines and adhesive molecules.

Determination of AOPPs in plasma is based on spectrophotometric
detection, calibrated with chloramine-T solutions that in the presence
of potassium iodide absorb at 340 nm, according to method proposed
by Witko-Sarsat et al. [46].

Another protein oxidation marker is represented by the oxidation
of hydrophobic amino acyl residues to hydroxy and hydroperoxy (P-
OOH) derivatives that are measured by the guanidine-perchloric
acid-ferric-xylenol orange method (G-PCA-FOX) [47]. Protein sulphy-
dryl groups (−SH) also are indicative of altered redox status as well
as altered capacity to maintain correct structures of the proteins dur-
ing stress condition. Protein –SH levels are a good reflection of excess
free radical generation that cause oxidation of P-SH. Sulphydril
groups are estimated spectrophotometrically, based on the ability of
the –SH group to reduce 5, 5′-dithiobis, 2-nitrobenzoic acid (DTNB)
and form a yellow colored anionic product [47,48].

2.6. Redox proteomics in biofluids

Recent researches are focused on the possibility to develop new
proteomics platforms for the screening and assessment of groups of
proteins that show altered structure or concentration in association
with disease pathogenesis and progression and may therefore offer
specific molecular signatures that are more diagnostic than single
proteins. Among different proteomics approaches, our laboratories
have extensively developed and applied to the analysis of human
samples a “redox proteomics” technique, which allow the identifica-
tion of oxidatively modified proteins [17]. Redox proteomics offers a
broad spectrum of information that provides insights into the mech-
anisms of diseases, identification of disease-associated markers and
may also help to identify selected target for specific therapies [49].
To date, numerous studies reported the identification of oxidized pro-
teins in almost all the known neurodegenerative diseases.

Redox proteomics analysis of post-mortem brain from AD and MCI
subjects, revealed the presence of oxidative modifications of several pro-
teins involved in different cellular functions including energymetabolism,
antioxidant defense, proteasome function, neuronal communication, cy-
toskeletal integrity among others. These results contributed to identify
which selectivemetabolic network is impaired and how it possibly trans-
lates into clinical symptoms. In addition, data obtained by the analysis of
progressing stages of the disease suggest that oxidative stress is an early
event in the pathogenesis of AD.

A recent challenge is represented by the application of this tech-
nique to biological fluids, especially CSF and blood, for the identifica-
tion of peripheral oxidatively modified proteins potentially involved
with the progression of the disease. Redox proteomics approach com-
bines two-dimensional gel electrophoresis with immunochemical de-
tection of oxidized proteins followed by mass spectrometry for
protein identification. Proteins containing reactive carbonyl groups/
3-NT/HNE are detected by 2DWestern blot analysis using specific an-
tibodies. The mass spectrometric analysis basically uses two different
approaches that include peptide mass fingerprinting (PMF) using
MALDI-TOF and sequence tags using nano-ESI tandem mass spec-
trometry (MS/MS). The identification of a protein is then performed
using proteomics databases [26]. However, proteomics has a number
of limitations linked to the methodology and to complexity of sam-
ples nature of the sample. The most common limitations include the
solubilization of membrane proteins, the mass range and detection
limits, and the proteins with high Lys/Arg content (which produce
very low molecular weight tryptic peptides) [17]. An alternative
method of detection, 2D-gel based, is based on the use of fluorescent
tags into the modified proteins. With this technique protein carbonyls
are derivatized with biotin hydrazide and then probed with avidin-
fluorescein isothiocyanate (FITC) in the gel [50].

Although 2D-PAGE represents currently one of the most-used tech-
nique for protein separation, non-SDS-PAGE methods such as 2D-high
performance liquid chromatography (2D-HPLC) [51,52], isotopically
coded affinity tags (ICAT) [53], or multiple dimensional protein identi-
fication techniques (MuDPIT) can be also employed [54]. The 2D-
HPLC technique involves the elution of digested peptides from a strong
cation exchange column followed by reversed phase separation, and
identification by MS [55]. The ICAT method has been used extensively
in quantitative proteomics to evaluate the abundance of expressed pro-
teins. The ICAT approach is based on the tag of different population
samples with different ICAT reagents that have dissimilar mass (light
and heavy version). Samples are then combined, digested with a prote-
ase and subjected to avidin affinity chromatography to isolate peptides
labeled with isotope-coded tagging reagents, then analyzed by liquid
chromatography-mass spectrometry. For measurement of oxidatively
modified proteins, the affinity tag contains a iodacetamide moiety that
reacts with free cysteines, hence when reactive cysteines are exposed
to oxidants under non-reducing conditions this method analyze the de-
crease in ICAT labeling. The change in labeling can be successively quan-
tified from the ratio of ICAT labeling, and the cysteine residue can be
identified from the LC-MS/MS derived sequences of the peptides
obtained by proteolysis [53]. Recently, an improved approach analo-
gous to ICAT, called isobaric tag for relative and absolute quantitation
(iTRAQ), has been developed [55] and also used to search for 3NTmod-
ifications. This method is based upon chemically tagging the N-
terminus of peptides generated from protein digests. Labeled samples
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are then combined, fractionated by nanoLC to generate reporter ions
that showup at lowmass-to-charge (m/z) values in the analysis by tan-
demmass spectrometry. Database searching, for the fragmentation data
of the peptides, results in the identification of the labeled peptides and
hence the corresponding protein.

The MuDPIT technology consists of a 2D-chromatography separa-
tion, prior to ESIS. The first dimension is normally a strong cation ex-
change and the second dimension is a reverse phase chromatography,
which complements the strong cation exchange because it is efficient
at removing salts and is compatible with ESI [54]. Another interesting
enrichment steps for protein carbonyls detection involve the use of an
Oxidation-Dependent Element Coded Affinity Tags (O-ECAT) reagent,
the ((S)-2-(4-(2- aminooxy)-acetamido)-benzyl)-1,4,7,10-tetraazacy-
clododecane-N,N′,N′′,N′′′-tetraacetic acid that serves to chelate a rare
earth metal such as Tb or Ho. Treating samples with different rare
earth metals according to sample origin allows differential coding of
samples. Coded peptide fragments were then selected with an immu-
nosorbent column and analyzed by nano RPC-FTICRmass spectrometry
[56,57].

3. Circulating biomarkers: limits and prospects

Up to now, a definite diagnosis of AD can be made by postmortem
neuropathological examination, but brain tissue is inappropriate for
early diagnosis of cognitive decline. AD treatment is symptomatic
and starts at advanced stages of the disease, when dementia has
been clinically established with a battery of probabilistic neuropsy-
chological, cognitive and functional tests. The treatments approved
for AD are palliative and considered to have marginal efficacy while
new drugs are administered only at late stages and therefore proved
to be poorly beneficial. In this view the diagnosis of AD at earlier
stages represent a key step for the administration of preventive and
disease-modifying therapies that is the only way to protect brain neu-
rodegeneration. The diagnostic markers currently used or being test-
ed include neuroimaging, genetic testing and neurochemical testing
for body fluid, such as CSF, plasma, serum, urine and blood cells.

Neuroimaging is currently gaining high interest for the possibility
to test several promising markers, as suggested by the funding of the
Alzheimer's Disease Neuroimaging Initiative (ADNI) project through
the use of MRI or PET employed to analyze hippocampal volumetry
and brain flow or in the scan of amyloid plaques in the living
human brain [58,59].

However a big limitation concerning the use of these diagnostic
methods is represented by the cost and availability of the instruments
of analysis, impeding the routinely use of these technique for the di-
agnosis of the asymptomatic early stages of AD.

It is generally recognized that body fluids from living subjects repre-
sent the best potential source of information about proteins related to
human diseases. Thus, growing interest is still devoted in the search of
putative body fluid biomarkers for early diagnosis and stage progres-
sion of AD with particular attention to blood-derived markers. So far,
CSF biomarkers reflecting the amyloid cascade hypothesis and cytoskel-
etal degeneration (total tau, and phosphorylated-tau) have been exten-
sively studied and found to be promising and reliable biomarkers of AD
pathology. Increase in total tau and p-tau, and decrease in Aβ42 level
and Aβ42/Aβ40 ratio have been documented in CSF from AD patients
and fromMCI subjects [60–62]. The usefulness of these four parameters
has been confirmed with large prospective studies, including the ADNI
project [59].

The lumbar punctures used to obtain CSF, though less invasive
than surgery, still remains an invasive procedure that can be followed
by several side effects including headache, back pain, nausea and
vomiting and still carry a small risk of infection and damage to the
spinal cord. In addition, patient consent is far from being easily
obtained and this aspect still remains the major limit for clinical rou-
tine analysis.
In this view and ideal biomarker would show up in a simple blood
test and the majority of research has focused on biomarker parame-
ters in blood, which is relatively easy to collect. Nevertheless only
few studies were well correlated with disease and the development
of methods for measuring biomarkers in blood is complicated by the
potential influence of the blood brain barrier on the dynamics of re-
lease of these proteins into blood. Indeed, the blood–brain barrier
prevents unrestricted transfer of plasma constituents across the CNS
endothelium to the extracellular space. A major difference between
the CSF, which is in equilibrium with the fluids of the extracellular
space, and plasma is that the CSF concentration of protein is about
200-fold less than that in plasma. This raises the question as to
whether exposure to some plasma proteins might modulate proper-
ties of neuronal or non-neuronal components of the CNS in homeo-
stasis, or following injuries that result in increased permeability of
the blood–brain barrier. For example, ischemic stroke is associated
with pathophysiological changes affecting both glial and neuronal
brain tissue. These changes are mirrored in the release of specific pro-
teins into peripheral blood. Neurone-specific enolase, protein S100B
and glial fibrillary acidic protein are those proteins investigated
most often as peripheral surrogate markers of brain damage after
stroke in humans [63,64].

Other limitations are the influence of other pathologies at system-
ic level, the standardization of the methods and the reproducibility of
the results.

Studies evaluating the diagnostic performance of a biomarker for AD
should include determination of themolecule's sensitivity and specific-
ity and reproducibility of results [65]. 1) Sensibility represents the abil-
ity of a biomarker to identify patients who have disease; 2) Specificity
represents the ability of a biomarker to identify patients who do not
have disease. According to the criteria for an ideal Alzheimer disease di-
agnostic biomarker, outlined by the Ronald and Nancy Reagan Research
Institute—National Institute on Aging Working Group, sensitivity and
specificity should exceed 80%. 3) Reproducibility is the variations in bio-
marker levels between different centers probably result from variations
in clinical procedures– such as the protocols for sample processing and
other laboratory practices–as well as batch-to-batch variation in the
biomarker assays. These types of variations are well known in clinical
chemistry, and are routinely controlled by external control programs.
Standardized protocols should minimize variation caused by differ-
ences in preanalytical and laboratory procedures and, thus, allow direct
comparisons of biomarker levels between laboratories and between
publications [11].

To overcome batch-to-batch variation in CSF biomarker assays,
biomarker kit vendors should implement new standards for quality
control. Assays should exhibit low overall variability in calibration
curves and strict limits of variability across batches. To achieve
these goals, stringent quality control of critical reagents, including an-
tibodies and calibrators, is needed.

OS is present in AD since the early stages [6,66] of the disease and
the search for anomalous levels of free radical by-products or oxida-
tively modified molecules might facilitate the selection of biomarkers
of early AD diagnosis. Several studies have shown that free radical
products are present in the cerebrospinal fluid (CSF), serum and plas-
ma of AD patients [67–69].

The study of plasma, serum and CSF “oxidative biomarkers” for AD
has been conducted by considering two different methodological ap-
proaches. The first one analyzes non depleted samples and allows the
measurement of total protein oxidation markers, while the second
one, essentially for proteomics studies, entails a purification step
based on depletion of the most abundant proteins and thus allowing
the detection of low protein fraction (Scheme 1). This latter is consid-
ered a limiting step in proteomics research and there is still an urgent
need of further methodological refinement.

Recently NIH coordinated the Biomarker of Oxidative Stress Study
(BOSS), a study to determine which biochemical products of



Scheme 1. Representative scheme for analysis of biological fluids. Non-depleted samples are analyzed for total oxidation markers (protein carbonyls, 3NT, HNE, APPO and free thiol
groups). Samples undergoing high abundant protein depletion are analyzed for potential biomarker discovery by redox proteomics approach (protein carbonyls, 3NT and HNE).

Fig. 1. Two-dimensional electrophoresis gel analysis of human plasma samples deplet-
ed with: A ProteoPrep blue Albumin & IgG depletion kit (Sigma-Aldrich); B Human 14
Multiple Affinity Removal System Spin Cartridge (Agilent).
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oxidative damage represent a satisfactory in vivo biomarkers in an
experimental model of oxidative injury to rat liver [70]. Of these,
MDA, F2-IsoPs and 8-OHdG were acceptable quantitative in vivo bio-
markers of oxidative damage.

In the past years the analysis of body fluid composition by proteo-
mics and redox proteomics has been performed by several groups
[71–79] However, as previously stated, the discovery and validation
of protein biomarkers from body fluids is disadvantaged by the enor-
mous difference in quantity between the high and the low abundant
proteins with a dynamic range of about 12 orders of magnitude.
Serum albumin, the most abundant circulating protein, represents
about two-thirds of the entire protein content of plasma, and with
IgG and few other high-abundance proteins constitute greater than
90% of total protein mass, interfering with the detection of lower-
abundance proteins that might represent the biologically interesting
population [80,81]. Depletion of abundant plasma proteins prior to
analysis is a common strategy for increasing the number of proteins
detectable with mass spectrometry [82–84]. There are several
methods for removing proteins based on their biochemical and bio-
physical features, such as molecular weight, hydrophobicity and iso-
electric point [85–87]. Among these techniques, the most common
ones rely on antibody-based retention of a chosen set of the most
abundant proteins [88]. Commercial removal kits are available, and
the clearing of high-abundant proteins ranging from 2 to 20 allowing
the depletion of about 85–95% of the total protein content depending
by the number of high-abundant protein considered. Several compar-
ative studies concerning the various depletion approaches show im-
proved quality of proteomics separation and quantitation applied to
biological fluids after removal of high-abundant proteins [82,83,89].
Fig. 1 shows a 2D gel of human plasma after depletion of albumin
and IgG (Panel a) and depletion of 14 high abundant protein (Agilent)
(Panel b) obtained in our laboratory. By following this approach, we
were able to successfully identify an increased number of proteins
after depletion of albumin and IgG in amniotic fluid from women car-
rying Down syndrome fetus compared with healthy controls [90].
However the downsides of any depletion step is represented by the
probability of removing some low-abundance proteins along with
the abundant species as well as removing proteins non-covalently
bound to albumin.
4. Biomarkers of protein oxidation: from the brain to the periphery

Several studies highlight the involvement of OS in the pathogene-
sis of AD, by identifying specific proteins oxidatively modified in dif-
ferent brain regions [91]. A significant increase in protein carbonyls
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in hippocampus (HP) and inferior parietal lobule (IPL) of AD subjects
compared with age-matched controls was observed. Dityrosine and
3-NT total levels were reported to be elevated in the hippocampus,
IPL, and neocortical regions of AD brain.

Alterations in brain phospholipids pattern, a more specific assess-
ment of lipid peroxidation, have been reported for AD brain [92–94].
The levels of phosphatidylinositol (PI) and phosphatidylethanol-
amine (PE), rich in easily oxidizable PUFA, are decreased in AD
brain. The levels of F(2)-isoprostanes [F(2)-IsoP], F(4)-neuroprostane
[F(4)-NP], and isoprostane 8,12-iso-iPF2(α)-VI were also found to be
increased in AD brain compared to controls [68,95]. An increase in
free HNE has been demonstrated in amygdala, hippocampus, and
parahippocampal gyrus of the AD brain compared with age-
matched controls [35]. Several proteins mainly involved in energy
metabolism pathways, pH regulation, and mitochondrial functions
among others, were found carbonylated, HNE-bound or nitrated in
AD brain [91]. Have been also reported that a number of proteins re-
sults modified by glutathionylation in AD IPL, [96,97].

AGEs accumulation in tissues has several toxic effects that com-
prises proteins modifications and direct damage to biological mem-
branes and the endothelium. AGEs have been demonstrated to
cause oxidative stress and cytotoxicity in neuronal cells [98]. Several
evidences suggest that AGEs decrease mitochondrial activity and
lead to energy depletion [99].

One of the major questions raised from both clinicians and re-
searchers is: does body fluid reflect CNS pathology? Interpretation
of changes of blood proteome is particularly complex since it could
not necessarily reflect AD pathology only but also other systemic var-
iations related to decreased cognitive function [79]. Thus, though the
easy accessibility of peripheral body fluids, the degree to which pe-
ripheral fluids reflect biochemical changes in the brain is still under
debate. Because the impossible direct access of brain tissue to blood
for the presence of the blood brain barrier, CSF represents the closest
approximation to analyze neurodegeneration process in living sub-
jects. Therefore CSF can provide a biochemical window on brain sta-
tus indicating neuronal cells alterations during onset and AD
progression. Changes in Aβ40 and Aβ42 levels in CSF of AD patients
were demonstrated to correlate well with amyloid burden in the
brain, and the higher level of p-tau in CSF indicates more neurofibril-
lary tangles in the brain [100].

In recent years, growing studies have been focused to establish a
direct link between tissue specific oxidation and systemic oxidative
damage [11,79,101,102]. Correlations between total levels of oxida-
tion markers in the brain and in the periphery have been shown.
However none of the proteins found oxidatively modified in the
brain, during AD or earlier stages of the disease, was also identified
in any body fluid analyzed, raising doubts about the real suitability
of circulating biomarker in the prediction of brain damage and neuro-
degenerative progression. Moreover, proteome profiles of neuronal
cells are extremely different from protein composition of blood.
Table 1
Summary of available results on protein oxidation markers in CSF, plasma and serum from

Oxidative stress markers Plasma
AD vs CTR

Serum
AD vs

Protein carbonyls ↑ (Conrad 2000)
≈ (Zafrilla 2006; Korolanein 2009)

≈ (Ko

Protein nitration ↑ (Sine
Lipid peroxidation ≈ F-2, F-4 isoprostanes

(Montine 2002; Irizarry
2007; Mufson 2010)

↑ MDA

Oxidized LDL ↓ (Bergt 2006) ↑ (Sine
Redox Proteomics Fibrinogen γ chain precursor

and alpha 1 antitrypsin (Choi 2002)
Hemopexin and transferrin (Yu 2003)

↑ = increased oxidation; ↓ = decreased oxidation; ≈ = no difference.
Thus, OS is a common feature of other degenerative and inflammatory
diseases and the search for specific oxidative biomarkers in the periphery
is challenging. Patients with AD often show other complications, such as
weight loss and other chronic illness. In addition, other pathologies in-
cluding diabetes, obesity and metabolic syndrome are characterized by
oxidative stress conditions, which could lead to systemic oxidative stress.
All these conditions could contribute to non-specific detection of oxida-
tive biomarkers in the periphery.

This limitation that refers to lack of “specificity” is still the major issue
in the field of biomarkers research. Genetic differences among population
in addition to heterogeneity of disease clinical outcome, both tend to ob-
scure what might otherwise be clear disease associations. To overcome
this limit a combination of different approaches will be valuable.

1) Collect much more data from several pathologies, which will con-
tribute to a have a more detailed and specific picture of a disease
and make comparison among pathologies with similar features.

2) Use appropriate control population. For example, in the case of AD
compare AD cases not only with healthy controls but also with
other dementing disorders.

3) Analyze time-course variation of selected markers, that means to
collect measures at different stages of the disease in order to un-
derstand when its variation is significant in clinical setting.

4) The most promising approach is offered by combining multiple
markers which although not specific when considered alone may
provide a more robust indication of the disease.

5) Largemulticenter studies are needed to further define the added di-
agnostic value when multiple biomarker modalities are combined.

6) A single/panel biomarker/s need to be replicated in independent
studies.

Many future studies should be performed toward these directions.
Once such data will be available, reasonably novel putative markers
could be discovered and validated.

5. Oxidatively modified proteins in biological fluids

As described above, protein carbonyls are the most often used
markers of protein oxidation in tissue and blood. There are surprisingly
few reports of plasma protein oxidation in vivo. The paucity of data on
oxidized proteins in body fluids (CSF, plasma, serum and urine) is per-
haps due to the difficulty of finding oxidized proteins in complexmatri-
ces, the multiplicity of possible oxidative modifications and low
abundance [79]. In an effort to give insight into themechanismof oxida-
tive stress-induced neuronal loss, in recent years growing studies are
focused on the search for circulating biomarkers of oxidative stress in
patients with a clinical diagnosis of AD (Table 1). Indeed, post-
mortem investigations cannot easily address the question of whether
oxidative stress is an early component in the pathogenesis of the dis-
ease, or a common final step of the neurodegenerative process.
AD patients compared with controls.

CTR
CSF
AD vs CTR

rolanein 2009; Sinem 2010) ↑ (Ahmed 2005)
≈ (Korolanein 2009)

m 2010) ↑ (Tohgi 1999; Ahmed 2005)
(Padurariu 2010; Sinem 2011) ↑ F-2 isoprostanes

(Pratico 1998; Montine 1998, 1999, 2001;
Grossman 2005)

m 2010)
lambda chain precursor (Korolanein 2007)
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5.1. Protein oxidation in CSF

Considering that AD is a “brain” disease, CSF is the most proximal
to CNS and logical source to find any biomarker directly related to the
pathology. Therefore, composition of CSF partially reflects cerebral
metabolic changes and enables screening of ongoing pathophysiolog-
ical process in brain [77]. The first report on protein oxidation in CSF
samples was from Tohgi et al. [29] who demonstrated that 3-
nitrotyrosine moderately but significantly increased with advancing
age, and showed a remarkable increase in patients with AD. As the
free tyrosine concentration did not decrease, the increase in 3-
nitrotyrosine with age or associated with AD did not appear to be di-
rectly related to an increase in free-nitrated tyrosines. Rather, the in-
creased 3-nitrotyrosine was likely due to an increase in nitrated
tyrosines in proteins or increased degradation of 3-nitrotyrosine-
containing proteins, which are highly vulnerable to degradation.

Subsequently, Ahmed et al. [101] measured in CSF the levels of
protein glycation, oxidation and nitration. The authors found that
the concentrations of 3-nitrotyrosine, Nɛ-carboxymethyl-lysine, 3-
deoxyglucosone-derived hydroimidazolone and N-formylkynurenine
(as markers of protein glycation) were increased in subjects with
AD. The Mini-Mental State Examination (MMSE) score correlated
negatively with 3-nitrotyrosine residue concentration. These findings
indicated that protein glycation, oxidation and nitration were in-
creased in the CSF of subjects with AD. A combination of nitration
and glycation adduct estimates of CSF may conceivably provide an in-
dicator for the diagnosis of AD.

Previous studies on CSF nitrite and nitrate levels in patients with
AD have provided contradictory results, with some showing de-
creased nitrate levels [103], others showing unaltered nitrite/nitrate
levels [104], and still others increased nitrate levels [105]. However,
a previous study from the same group showed that nitrite/nitrate
levels in AD were stage-dependent, being elevated only in the early
phase of AD and decreasing to control levels with disease progression
[105]. This finding was interpreted to reflect progressive reduction of
neurons. In contrast, free 3-nitrotyrosine levels increased significantly
in parallel with the severity of AD, suggesting that protein degrada-
tion increases with disease progression, resulting in increased release
of free 3-nitrotyrosine from tyrosine residues that have been nitrated.
3-nitrotyrosine and the 3-nitrotyrosine/tyrosine ratios in the CSF,
both of which are believed to reflect degradation of nitrated
tyrosine-containing proteins, increased significantly with age and
were remarkably higher in patients with AD than in controls.

The most reliable CSF markers in AD are Aβ42 and tau. Low CSF Aβ
42 is associated with amyloid pathology in the brain and high Tau is
linked with neurofibrillary pathology [106]. Most subjects with de-
creased CSF Aβ42 and high tau develop AD during the follow-up
[107]. Therefore, these CSF markers may reflect brain pathology and
identify preclinical AD. Interestingly, the levels of CSF Aβ42 showed
a tendency to correlate positively with serum oxidative markers in
the whole study population and with plasma nitrotyrosines in AD pa-
tients. Moreover, a negative correlation between CSF tau and serum
nitrotyrosine levels was evidenced in controls [24]. The correlation
between CSF AD markers and blood oxidative markers may suggest
that oxidative metabolism is changed in AD. This hypothesis is further
supported by the finding of decreased CSF protein carbonylation in
APOE ɛ4 carriers, which is considered an important risk factor for de-
veloping AD [108] and correlates with redox proteomics studies that
identified metabolic proteins as oxidatively modified and dysfunc-
tional [109].

A few previous studies measuring total levels of protein carbonyls
or nitrated proteins in CSF and plasma have yielded contradictory re-
sults [101,110–112]. Korolainen et al. [24] found that protein carbon-
yl levels did not differ in CSF between AD patients and controls. CSF
represents a window to brain metabolism, therefore, alterations in
oxidative stress in AD brain may not be detected as changes in total
protein carbonylation in CSF. However, by using 2-D oxyblot, an in-
creased degree of carbonylation for one single protein, lambda-
chain, in CSF of AD patients as compared with controls [77] was
showed. Further studies are needed to replicate this finding and
also to add new information in this topic. Yet the analysis of CSF oxi-
dized proteome present a number of challenges and it is likely that
additional changes in protein carbonylation will be revealed by
using more sensitive methods.

In late 90s several studies by Pratico et al. and Montine et al.
showed increased levels of F-2 isoprostane in CSF of AD and
probable AD subjects confirming increased oxidative stress indexed
as increased lipid peroxidation in AD CSF [113–118].

5.2. Protein oxidation in serum/plasma

Overall, current data indicate that increased oxidation in AD pa-
tients is not restricted to the brain. The increase in oxidation may
be due to increased ROS production, alteration of plasma protein
composition or decreased antioxidant function.

Conrad et al. [119] were the first to measure the levels of oxidized
proteins in plasma from AD patients compared with controls. The
total oxidized proteins were determined by HPLC, while specific pro-
tein oxidation was assayed by western blot using anti DNP antibody.
They found a statistically significant increase of total carbonyl groups
in plasma proteins and specific oxidation of a 78 KDa protein
appeared to be differentially oxidized in subjects with AD.

Yu et al. [120] investigated native and oxidized glycoproteins in
plasma from AD patients. The plasma samples were fractionated by
sequential affinity chromatography on heparin-agarose (HepA) and
concanavalin A-agarose (ConA) columns followed by separation on
one-dimensional and two-dimensional polyacrylamide gels. Carbon-
ylation of proteins was monitored by in-strip derivatization with
DNPH and anti-DNP immunoblotting. They showed increased levels
of carbonylation for glycosylated hemopexin and transferrin in the
AD subjects as compared to controls suggesting systemic derange-
ments in heme/iron/redox homeostasis and activation of the acute
phase response in sporadic AD [120].

A study by Choi et al. [72] identified uniquely oxidized proteins in
AD plasma. These authors applied 2DE coupled with immunological
staining of protein carbonyl and the oxidized proteins observed in
the plasma of both AD subjects and non-AD controls were deter-
mined. However, the level of oxidation of these protein spots was
markedly higher in the AD samples. They also found that the in-
creased oxidation was not a generalized phenomenon. In the total
protein stain profile, more than 300 spots were detected, but less
than 20 spots were positive by immunostaining with anti-DNP anti-
body. Furthermore, of the seven proteins that were most intensively
oxidized, their relative levels of oxidation differed. These scientists
found that fibrinogen gamma chain precursor and alpha 1 antitrypsin
precursor showed increased levels of carbonyl groups in AD com-
pared with controls. Fibrinogen oxidation may be relevant to the
mechanism since all six chains of fibrinogen (a2; b2; c2) must be in-
tact for normal fibrinogen and oxidative modification of the c-chain
may result in increased activation of plasminogen thereby contribut-
ing to fibrinolysis and proteolysis in areas of inflammation [121]. Sim-
ilarly, a-1-antitrypsin oxidation may be particularly relevant to the
disease. a-1-Antitrypsin, one of the major serine proteinase inhibitors
(serpins) in human plasma, functions to inhibit overexpressed pro-
teinases during inflammation [122]. These inhibitors tightly regulate
proteinase activity, under normal physiological conditions. However,
under some pathological conditions, proteinase activity may exceed
the capacity of such proteinase inhibitors as a-1-antitrypsin. This
could be caused by oxidation inactivation of the inhibitor [123].

Recently, plasma carbonyl content was found to be unchanged in
AD patients as compared with age-matched controls [112]. In the
same study, total antioxidant activity in plasma and the activity of
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endogenous antioxidant enzymes such as glutathione peroxidase, glu-
tathione reductase and superoxide dismutase were also evaluated.
The total antioxidant plasmatic status of the patients with AD both
in light-moderate phase and in advanced phase was lower than in
the controls. No significant differences of protein oxidation levels
were observed between the different stages of the disease. Peroxida-
tion was higher in patients in the advanced stage of the disease than
in the control group. However, no significant differences were ob-
served between different stages. In this preliminary study, it was ob-
served that AD patients in the light-moderate stage already present
oxidative stress levels above those of the control group. The most re-
cent study is the one published by Korolanein et al. 2009, who mea-
sured total levels of protein oxidation (carbonyl and 3-NT) in CSF,
plasma and serum in AD. The result of protein carbonyls not differing
in CSF between AD patients and controls corroborates their previous
findings [77]. Accordingly, the levels of serum protein carbonyls
were decreased in AD subjects when comparedwith controls whereas
no differenceswere found in plasma. It must be noted that the reliabil-
ity of these results is diminished by the fact thatmost valuesmeasured
in blood samples were under the detection limit. Nevertheless, these
data agree with the study by Zafrilla and collaborators [112] of similar
plasma carbonyl concentrations among AD patients and controls. It
seems that the total protein carbonylation may vary in different com-
partments; or alternatively, the separation of serum and plasma from
whole blood may result in differences in measurable carbonyls. Rea-
sons for the tendency of decreased levels of serum protein carbonyls
remain unclear. Decreased serum carbonyls may thus be an epiphe-
nomenon and not linked to AD per se. On the other hand, also previous
studies have reported decreased levels of oxidative stress markers
such as nitric oxide and oxidized high-density lipoprotein in blood
from AD patients [124,125]. Bergt et al. [125] found significantly
lower oxHDL levels in plasma of AD patients compared to age-
matched, cognitive healthy individuals. The decrease was statistically
significant in males (32% reduction) and it followed the same tenden-
cy in females (34% reduction), however, without reaching statistical
significance. However, they did not observe a marked decrease in
apo A-I plasma levels as reported by others [126]. These results are
in contrast with the findings of Sinem et al. [127] and Dildar et al.
[128] that demonstrated that serum NO and oxLDL levels in patients
with AD were significantly higher than in both controls and patients
with vascular dementia (VaD). However, no significant differences in
plasma NO and ox-LDL levels were found between VaD and controls.
On the other hand, they did not find any significant difference in
serum 3-NT values of both AD and VaD patients when compared
with controls. Although it has been suggested that nitrotyrosine levels
were increased in the brain of AD patients, several factorsmight be re-
sponsible for these results, for example 3-NT is not stable in serum or
protein nitration occurs at undetectable levels. Some previous studies
[29,101] reported evidence of increased CSF nitrotyrosine concentra-
tions in AD patients as compared with controls, whereas another
study revealed no differences [110]. Overall, these results point to
the fact that the concentrations of nitrotyrosines in individuals may
vary greatly. However, further studies with more sensitive methods
are needed to assess nitrotyrosine levels in AD plasma or serum.

As well as in the CSF F-2 and F-4 isoprostane levels were also in-
vestigated in plasma of patients with AD and subjects with MCI. The
results showed were somehow controversial, however, in most of
the cases no differences in F-2 and F-4 isoprostane, between AD and
control subjects, were showed [129–132].

Studies from Padurario et al. demonstrated a progressive increase
of the peripheral levels of MDA in patients with MCI and AD [133].
The end-products of lipid peroxidation, so called lipofuscin-like pig-
ments (LFP), were also found increased in erythrocytes of AD patients
compared to controls. The specific fraction of LFP in AD patients,
which was isolated, might represent a disease-specific product in
the blood [134].
A reduction of plasma 24S-hydroxycholesterol that correlated
with the severity of dementia and degree of brain atrophy was also
found. However different results have been shown by other groups
and might be explained by differences in the severity of the disease
[135].

Recently, markers of oxidative damage were found to be elevated
in mitochondria isolated from lymphocytes from AD patients com-
pared with their age-matched controls [136]. Indeed, mitochondrial
dysfunction has been widely implicated in the etiology of AD. This is
the first report to show mitochondrial alteration in peripheral lym-
phocytes thus suggesting the oxidative stress indices could potential-
ly be used as putative biomarkers for AD.

6. Concluding remarks

Although some of the reported results in AD are controversial,
most of them support the presence of peripheral oxidative damage
and of a characteristic panel of systemic oxidation that correlates
with the occurrence of the disease.

Studies investigating oxidative stress outside of the CNS, particu-
larly in blood, while prove the occurrence of oxidative reactions, are
not fully elucidating the complex cascade of events. Thus, one hy-
pothesis is that oxidative stress first develops in the periphery as a re-
sult of different causes, and then it will contribute to perturb neuronal
homeostasis, either by increasing the production of ROS or by deplet-
ing antioxidant defense, which will eventually lead to oxidative dam-
age of the brain and final neurodegeneration. On the other hand, it is
also possible to imagine that oxidative stress starts in the CNS where
several different metabolic end-products are formed and released
into the blood stream. In this context, an important issue is to per-
form further studies in order to investigate the timing of appearance
of oxidative damage signatures at systemic level during the onset of
AD early stages and the progression to late stages.

There are several different reasons to support the development of
more sensitive method to detect a biochemical marker in AD: to in-
crease diagnostic accuracy; to identify MCI subjects who will progress
to clinical AD; to monitor pharmacological and biological effects of
drugs. It is clear from the present review that there is an urgent need
to add further peripheral markers of oxidative stress as useful diagnos-
tic biomarker. Recently, important steps have been accomplished but
there is still a lot of work to be directed towards the discovery, testing
and validation of a panel of novel and old assays that could serve all
the requirements for an ideal biomarker. However, the emerging
trend which results from the collection of multiple data (as shown in
Table 1) is the wide variability among different studies that led to con-
trasting results. Thus, there is an urgent need to standardize protocols
for replicate experiments on large population, which may allow to bet-
ter understand the effect of systemic oxidative damage in the pathogen-
esis and progression of AD. Indeed, this is also evident by the lack of
redox proteomics studies applied to biological fluids. This approach
has the “power” to search for specific protein oxidative modification
thus allowing the identification of altered protein in complex matrices
such as body fluids, which may discriminate a pathological vs healthy
condition. Once proteins have been identified, the results would need
to be further validated by testing in large population studies with com-
mercially available kits.

The essential goal in biomarker discovery studies is the identifica-
tion of preclinical marker, which facilitates disease diagnosis at early
stages, monitors disease progression and assesses the response to
treatments by the time that disease-modifying treatments become
available in clinical practice.

Currently, novel approaches derive from the combination of puta-
tive peripheral biomarkers and structural (MRI) and/or functional
(PET) brain imaging that should provide increased diagnostic accura-
cy compared with circulating biomarkers or one type of imaging used
in isolation. So far, only a few studies have directly examined this
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possibility. CSF biomarkers combined with MRI measurements of me-
dial temporal lobe atrophy have been reported to increase the accura-
cy of AD diagnosis [11]. In fact only a combination of different
markers could, most likely, offer a certain diagnosis and be able to
capture all aspects of the disease.

Our laboratory is presently performing the analysis of both CSF
and plasma samples from MCI and AD living patients, by proteomics
and redox proteomics approach coupled with the use of prefractiona-
tion methods, in the effort to find potential markers of peripheral
damage, which could contribute to a more accurate diagnosis and
prognosis.
References

[1] C.P. Ferri, M. Prince, C. Brayne, H. Brodaty, L. Fratiglioni, M. Ganguli, K. Hall, K.
Hasegawa, H. Hendrie, Y. Huang, A. Jorm, C. Mathers, P.R. Menezes, E. Rimmer,
M. Scazufca, Global prevalence of dementia: a Delphi consensus study, Lancet
366 (2005) 2112–2117.

[2] F.D. Sajan, F. Martiniuk, D.L. Marcus, W.H. Frey 2nd, R. Hite, E.Z. Bordayo, M.L.
Freedman, Apoptotic gene expression in Alzheimer's disease hippocampal tis-
sue, Am. J. Alzheimers Dis. Other Demen. 22 (2007) 319–328.

[3] J.C. Morris, J. Cummings, Mild cognitive impairment (MCI) represents early-stage
Alzheimer's disease, J. Alzheimers Dis. 7 (2005) 235–239 (discussion 255–262).

[4] M. Storandt, E.A. Grant, J.P. Miller, J.C. Morris, Rates of progression in mild cog-
nitive impairment and early Alzheimer's disease, Neurology 59 (2002)
1034–1041.

[5] D.A. Butterfield, T. Reed, S.F. Newman, R. Sultana, Roles of amyloid beta-peptide-
associated oxidative stress and brain protein modifications in the pathogenesis
of Alzheimer's disease and mild cognitive impairment, Free Radic. Biol. Med.
43 (2007) 658–677.

[6] W.R. Markesbery, Oxidative stress hypothesis in Alzheimer's disease, Free Radic.
Biol. Med. 23 (1997) 134–147.

[7] M.F. Beal, Mitochondrial dysfunction and oxidative damage in Alzheimer's and
Parkinson's diseases and coenzyme Q10 as a potential treatment, J. Bioenerg.
Biomembr. 36 (2004) 381–386.

[8] R. Sultana, D.A. Butterfield, Role of oxidative stress in the progression of Alzhei-
mer's disease, J. Alzheimers Dis. 19 (2010) 341–353.

[9] E.R. Stadtman, R.L. Levine, Free radical-mediated oxidation of free amino acids
and amino acid residues in proteins, Amino Acids 25 (2003) 207–218.

[10] D.A. Butterfield, M.L. Bader Lange, R. Sultana, Involvements of the lipid peroxida-
tion product, HNE, in the pathogenesis and progression of Alzheimer's disease,
Biochim. Biophys. Acta 1801 (2010) 924–929.

[11] K. Blennow, H. Hampel, M. Weiner, H. Zetterberg, Cerebrospinal fluid and plas-
ma biomarkers in Alzheimer disease, Nat. Rev. Neurol. 6 (2010) 131–144.

[12] C. Mulder, N.A. Verwey, W.M. van der Flier, F.H. Bouwman, A. Kok, E.J. van Elk, P.
Scheltens, M.A. Blankenstein, Amyloid-beta(1–42), total tau, and phosphorylat-
ed tau as cerebrospinal fluid biomarkers for the diagnosis of Alzheimer disease,
Clin. Chem. 56 (2010) 248–253.

[13] F. Song, A. Poljak, G.A. Smythe, P. Sachdev, Plasma biomarkers for mild cognitive
impairment and Alzheimer's disease, Brain Res. Rev. 61 (2009) 69–80.

[14] D. Pratico, Oxidative stress hypothesis in Alzheimer's disease: a reappraisal,
Trends Pharmacol. Sci. 29 (2008) 609–615.

[15] E.E. Tuppo, H.R. Arias, The role of inflammation in Alzheimer's disease, Int. J. Bio-
chem. Cell Biol. 37 (2005) 289–305.

[16] B.S. Berlett, E.R. Stadtman, Protein oxidation in aging, disease, and oxidative
stress, J. Biol. Chem. 272 (1997) 20313–20316.

[17] D.A. Butterfield, M. Perluigi, R. Sultana, Oxidative stress in Alzheimer's disease
brain: new insights from redox proteomics, Eur. J. Pharmacol. 545 (2006) 39–50.

[18] D.A. Butterfield, C.M. Lauderback, Lipid peroxidation and protein oxidation in
Alzheimer's disease brain: potential causes and consequences involving amyloid
beta-peptide-associated free radical oxidative stress, Free Radic. Biol. Med. 32
(2002) 1050–1060.

[19] P. Mecocci, U. MacGarvey, M.F. Beal, Oxidative damage to mitochondrial DNA is
increased in Alzheimer's disease, Ann. Neurol. 36 (1994) 747–751.

[20] M.P. Vitek, K. Bhattacharya, J.M. Glendening, E. Stopa, H. Vlassara, R. Bucala, K.
Manogue, A. Cerami, Advanced glycation end products contribute to amyloid-
osis in Alzheimer disease, Proc. Natl. Acad. Sci. U. S. A. 91 (1994) 4766–4770.

[21] I. Dalle-Donne, A. Scaloni, D.A. Butterfield, Redox Proteomics: from Protein Mod-
ification to Cellular Dysfunction and Disease, Wiley Interscience, 2006.

[22] D.A. Butterfield, E.R. Stadtman, Protein oxidation processes in aging brain, Adv.
Cell Aging Gerontol. 2 (1997) 161–191.

[23] E.R. Stadtman, B.S. Berlett, Reactive oxygen-mediated protein oxidation in aging
and disease, Drug Metab. Rev. 30 (1998) 225–243.

[24] M.A. Korolainen, T. Pirttila, Cerebrospinal fluid, serum and plasma protein oxi-
dation in Alzheimer's disease, Acta Neurol. Scand. 119 (2009) 32–38.

[25] A.G. Madian, F.E. Regnier, Profiling carbonylated proteins in human plasma, J.
Proteome Res. 9 (2010) 1330–1343.

[26] R. Sultana, D.A. Butterfield, Identification of the oxidative stress proteome in the
brain, Free Radic. Biol. Med. 50 (2011) 487–494.

[27] I. Dalle-Donne, R. Rossi, R. Colombo, D. Giustarini, A. Milzani, Biomarkers of ox-
idative damage in human disease, Clin. Chem. 52 (2006) 601–623.
[28] R. Sultana, H.F. Poon, J. Cai, W.M. Pierce, M. Merchant, J.B. Klein, W.R. Markesb-
ery, D.A. Butterfield, Identification of nitrated proteins in Alzheimer's disease
brain using a redox proteomics approach, Neurobiol. Dis. 22 (2006) 76–87.

[29] H. Tohgi, T. Abe, K. Yamazaki, T. Murata, E. Ishizaki, C. Isobe, Alterations of 3-
nitrotyrosine concentration in the cerebrospinal fluid during aging and in pa-
tients with Alzheimer's disease, Neurosci. Lett. 269 (1999) 52–54.

[30] F.J. Schopfer, P.R. Baker, B.A. Freeman, NO-dependent protein nitration: a cell
signaling event or an oxidative inflammatory response? Trends Biochem. Sci.
28 (2003) 646–654.

[31] A. Castegna, V. Thongboonkerd, J.B. Klein, B. Lynn, W.R. Markesbery, D.A. Butter-
field, Proteomic identification of nitrated proteins in Alzheimer's disease brain, J.
Neurochem. 85 (2003) 1394–1401.

[32] K. Hensley, M.L. Maidt, Z. Yu, H. Sang, W.R. Markesbery, R.A. Floyd, Electrochem-
ical analysis of protein nitrotyrosine and dityrosine in the Alzheimer brain indi-
cates region-specific accumulation, J. Neurosci. 18 (1998) 8126–8132.

[33] R. Subramaniam, F. Roediger, B. Jordan, M.P. Mattson, J.N. Keller, G. Waeg, D.A.
Butterfield, The lipid peroxidation product, 4-hydroxy-2-trans-nonenal, alters
the conformation of cortical synaptosomal membrane proteins, J. Neurochem.
69 (1997) 1161–1169.

[34] H. Esterbauer, K.H. Cheeseman, Determination of aldehydic lipid peroxidation
products: malonaldehyde and 4-hydroxynonenal, Methods Enzymol. 186
(1990) 407–421.

[35] W.R. Markesbery, M.A. Lovell, Four-hydroxynonenal, a product of lipid peroxi-
dation, is increased in the brain in Alzheimer's disease, Neurobiol. Aging 19
(1998) 33–36.

[36] H. Esterbauer, R.J. Schaur, H. Zollner, Chemistry and biochemistry of 4-
hydroxynonenal, malonaldehyde and related aldehydes, Free Radic. Biol. Med.
11 (1991) 81–128.

[37] E.S. Musiek, H. Yin, G.L. Milne, J.D. Morrow, Recent advances in the biochemistry
and clinical relevance of the isoprostane pathway, Lipids 40 (2005) 987–994.

[38] G. Aldini, L. Gamberoni, M. Orioli, G. Beretta, L. Regazzoni, R. Maffei Facino, M. Car-
ini, Mass spectrometric characterization of covalent modification of human serum
albumin by 4-hydroxy-trans-2-nonenal, J. Mass Spectrom. 41 (2006) 1149–1161.

[39] M. Perluigi, R. Sultana, G. Cenini, F. Di Domenico, M. Memo, W.M. Pierce, R. Coc-
cia, D.A. Butterfield, Redox proteomics identification of 4-hydroxynonenal-
modified brain proteins in Alzheimer's disease: role of lipid peroxidation in Alz-
heimer's disease pathogenesis, Proteomics Clin. Appl. 3 (2009) 682–693.

[40] H.F. Gilbert, Molecular and cellular aspects of thiol-disulfide exchange, Adv.
Enzymol. Relat. Areas Mol. Biol. 63 (1990) 69–172.

[41] D. Giustarini, R. Rossi, A. Milzani, R. Colombo, I. Dalle-Donne, S-glutathionyla-
tion: from redox regulation of protein functions to human diseases, J. Cell.
Mol. Med. 8 (2004) 201–212.

[42] I. Dalle-Donne, R. Rossi, D. Giustarini, R. Colombo, A. Milzani, S-glutathionylation
in protein redox regulation, Free Radic. Biol. Med. 43 (2007) 883–898.

[43] N.J. Costa, C.C. Dahm, F. Hurrell, E.R. Taylor, M.P. Murphy, Interactions of mito-
chondrial thiols with nitric oxide, Antioxid. Redox Signal. 5 (2003) 291–305.

[44] X.H. Gao, M. Bedhomme, D. Veyel, M. Zaffagnini, S.D. Lemaire, Methods for anal-
ysis of protein glutathionylation and their application to photosynthetic organ-
isms, Mol. Plant 2 (2009) 218–235.

[45] G. Munch, R. Keis, A. Wessels, P. Riederer, U. Bahner, A. Heidland, T. Niwa, H.D.
Lemke, R. Schinzel, Determination of advanced glycation end products in
serum by fluorescence spectroscopy and competitive ELISA, Eur. J. Clin. Chem.
Clin. Biochem. 35 (1997) 669–677.

[46] V. Witko-Sarsat, M. Friedlander, C. Capeillere-Blandin, T. Nguyen-Khoa, A.T.
Nguyen, J. Zingraff, P. Jungers, B. Descamps-Latscha, Advanced oxidation protein
products as a novel marker of oxidative stress in uremia, Kidney Int. 49 (1996)
1304–1313.

[47] U. Cakatay, R. Kayali, H. Uzun, Relation of plasma protein oxidation parameters and
paraoxonase activity in the ageing population, Clin. Exp. Med. 8 (2008) 51–57.

[48] M.L. Hu, Measurement of protein thiol groups and glutathione in plasma,
Methods Enzymol. 233 (1994) 380–385.

[49] D.A. Butterfield, R. Sultana, Redox proteomics: understanding oxidative stress in
the progression of age-related neurodegenerative disorders, Expert Rev. Proteo-
mics 5 (2008) 157–160.

[50] B.S. Yoo, F.E. Regnier, Proteomic analysis of carbonylated proteins in two-
dimensional gel electrophoresis using avidin-fluorescein affinity staining, Elec-
trophoresis 25 (2004) 1334–1341.

[51] P.L. Ferguson, R.D. Smith, Proteome analysis by mass spectrometry, Annu. Rev.
Biophys. Biomol. Struct. 32 (2003) 399–424.

[52] Y. Wagner, A. Sickmann, H.E. Meyer, G. Daum, Multidimensional nano-HPLC for
analysis of protein complexes, J. Am. Soc. Mass Spectrom. 14 (2003) 1003–1011.

[53] M.B. Smolka, H. Zhou, S. Purkayastha, R. Aebersold, Optimization of the isotope-
coded affinity tag-labeling procedure for quantitative proteome analysis, Anal.
Biochem. 297 (2001) 25–31.

[54] M.P. Washburn, D. Wolters, J.R. Yates III, Large-scale analysis of the yeast prote-
ome by multidimensional protein identification technology, Nat. Biotechnol. 19
(2001) 242–247.

[55] T. Wu, C. Mohan, Proteomic toolbox for autoimmunity research, Autoimmun.
Rev. 8 (2009) 595–598.

[56] S. Lee, N.L. Young, P.A. Whetstone, S.M. Cheal, W.H. Benner, C.B. Lebrilla, C.F.
Meares, Method to site-specifically identify and quantitate carbonyl end prod-
ucts of protein oxidation using oxidation-dependent element coded affinity
tags (O-ECAT) and nanoliquid chromatography Fourier transform mass spec-
trometry, J. Proteome Res. 5 (2006) 539–547.

[57] A.G. Madian, F.E. Regnier, Proteomic identification of carbonylated proteins and
their oxidation sites, J. Proteome Res. 9 (2010) 3766–3780.



1794 F. Di Domenico et al. / Biochimica et Biophysica Acta 1814 (2011) 1785–1795
[58] R. Williams, Biomarkers: warning signs, Nature 475 (2011) S5–S7.
[59] R.C. Petersen, P.S. Aisen, L.A. Beckett, M.C. Donohue, A.C. Gamst, D.J. Harvey, C.R.

Jack Jr., W.J. Jagust, L.M. Shaw, A.W. Toga, J.Q. Trojanowski, M.W. Weiner, Alzhei-
mer's Disease Neuroimaging Initiative (ADNI): clinical characterization, Neurol-
ogy 74 (2010) 201–209.

[60] F. Hulstaert, K. Blennow, A. Ivanoiu, H.C. Schoonderwaldt, M. Riemenschneider,
P.P. De Deyn, C. Bancher, P. Cras, J. Wiltfang, P.D. Mehta, K. Iqbal, H. Pottel, E.
Vanmechelen, H. Vanderstichele, Improved discrimination of AD patients
using beta-amyloid(1–42) and tau levels in CSF, Neurology 52 (1999)
1555–1562.

[61] S. Ganzer, S. Arlt, V. Schoder, C. Buhmann, E.M. Mandelkow, U. Finckh, U. Beisie-
gel, D. Naber, T. Muller-Thomsen, CSF-tau, CSF-Abeta1-42, ApoE-genotype and
clinical parameters in the diagnosis of Alzheimer's disease: combination of
CSF-tau and MMSE yields highest sensitivity and specificity, J. Neural Transm.
110 (2003) 1149–1160.

[62] K. Blennow, G. De Meyer, O. Hansson, L. Minthon, A. Wallin, H. Zetterberg, P.
Lewczuk, H. Vanderstichele, E. Vanmechelen, J. Kornhuber, J. Wiltfang, K.N.-S.
Group, I. Heuser, W. Maier, C. Luckhaus, E. Ruther, M. Hull, H. Jahn, H.J. Gertz,
L. Frolich, H. Hampel, R. Pernetzki, Evolution of Abeta42 and Abeta40 levels
and Abeta42/Abeta40 ratio in plasma during progression of Alzheimer's disease:
a multicenter assessment, J. Nutr. Health Aging 13 (2009) 205–208.

[63] H. Ehrenreich, A. Kastner, K. Weissenborn, J. Streeter, S. Sperling, K.K. Wang, H.
Worthmann, R.L. Hayes, N. Von Ahsen, A. Kastrup, A. Jeromin, M. Herrmann, Circu-
lating damagemarker profiles support a neuroprotective effect of erythropoietin in
ischemic stroke patients, Mol. Med. (in press), doi:10.2119/molmed.2011.00259.

[64] R. Brouns, B. De Vil, P. Cras, D. De Surgeloose, P. Marien, P.P. De Deyn, Neurobio-
chemical markers of brain damage in cerebrospinal fluid of acute ischemic
stroke patients, Clin. Chem. 56 (2010) 451–458.

[65] D.A. Grimes, K.F. Schulz, Uses and abuses of screening tests, Lancet 359 (2002)
881–884.

[66] D. Pratico, N. Delanty, Oxidative injury in diseases of the central nervous system:
focus on Alzheimer's disease, Am. J. Med. 109 (2000) 577–585.

[67] D. Pratico, Evidence of oxidative stress in Alzheimer's disease brain and antiox-
idant therapy: lights and shadows, Ann. N. Y. Acad. Sci. 1147 (2008) 70–78.

[68] T.J. Montine, M.D. Neely, J.F. Quinn, M.F. Beal, W.R. Markesbery, L.J. Roberts, J.D.
Morrow, Lipid peroxidation in aging brain and Alzheimer's disease, Free Radic.
Biol. Med. 33 (2002) 620–626.

[69] E. Straface, P. Matarrese, L. Gambardella, R. Vona, A. Sgadari, M.C. Silveri, W. Mal-
orni, Oxidative imbalance and cathepsin D changes as peripheral blood bio-
markers of Alzheimer disease: a pilot study, FEBS Lett. 579 (2005) 2759–2766.

[70] M.B. Kadiiska, B.C. Gladen, D.D. Baird, D. Germolec, L.B. Graham, C.E. Parker, A.
Nyska, J.T. Wachsman, B.N. Ames, S. Basu, N. Brot, G.A. Fitzgerald, R.A. Floyd,
M. George, J.W. Heinecke, G.E. Hatch, K. Hensley, J.A. Lawson, L.J. Marnett, J.D.
Morrow, D.M. Murray, J. Plastaras, L.J. Roberts II, J. Rokach, M.K. Shigenaga, R.S.
Sohal, J. Sun, R.R. Tice, D.H. Van Thiel, D. Wellner, P.B. Walter, K.B. Tomer, R.P.
Mason, J.C. Barrett, Biomarkers of oxidative stress study II: are oxidation prod-
ucts of lipids, proteins, and DNA markers of CCl4 poisoning? Free Radic. Biol.
Med. 38 (2005) 698–710.

[71] C.D. Aluise, R.A. Sowell, D.A. Butterfield, Peptides and proteins in plasma and cerebro-
spinal fluid as biomarkers for the prediction, diagnosis, andmonitoring of therapeutic
efficacy of Alzheimer's disease, Biochim. Biophys. Acta 1782 (2008) 549–558.

[72] J. Choi, C.A. Malakowsky, J.M. Talent, C.C. Conrad, R.W. Gracy, Identification of
oxidized plasma proteins in Alzheimer's disease, Biochem. Biophys. Res. Com-
mun. 293 (2002) 1566–1570.

[73] R.R. Desrosiers, E. Beaulieu, M. Buchanan, R. Beliveau, Proteomic analysis of
human plasma proteins by two-dimensional gel electrophoresis and by anti-
body arrays following depletion of high-abundance proteins, Cell Biochem. Bio-
phys. 49 (2007) 182–195.

[74] A. Herosimczyk, N. Dejeans, T. Sayd, M. Ozgo, W.F. Skrzypczak, A. Mazur, Plasma
proteome analysis: 2D gels and chips, J. Physiol. Pharmacol. 57 (Suppl. 7) (2006)
81–93.

[75] M.R. Kim, C.W. Kim, Human blood plasma preparation for two-dimensional gel elec-
trophoresis, J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 849 (2007) 203–210.

[76] M. Thambisetty, A. Hye, C. Foy, E. Daly, A. Glover, A. Cooper, A. Simmons, D. Mur-
phy, S. Lovestone, Proteome-based identification of plasma proteins associated
with hippocampal metabolism in early Alzheimer's disease, J. Neurol. 255
(2008) 1712–1720.

[77] M.A. Korolainen, T.A. Nyman, P. Nyyssonen, E.S. Hartikainen, T. Pirttila, Multi-
plexed proteomic analysis of oxidation and concentrations of cerebrospinal
fluid proteins in Alzheimer disease, Clin. Chem. 53 (2007) 657–665.

[78] E.M. Castano, A.E. Roher, C.L. Esh, T.A. Kokjohn, T. Beach, Comparative proteo-
mics of cerebrospinal fluid in neuropathologically-confirmed Alzheimer's dis-
ease and non-demented elderly subjects, Neurol. Res. 28 (2006) 155–163.

[79] M.A. Korolainen, T.A. Nyman, T. Aittokallio, T. Pirttila, An update on clinical pro-
teomics in Alzheimer's research, J. Neurochem. 112 (2010) 1386–1414.

[80] V.M. Darde, M.G. Barderas, F. Vivanco, Depletion of high-abundance proteins in
plasma by immunoaffinity subtraction for two-dimensional difference gel elec-
trophoresis analysis, Methods Mol. Biol. 357 (2007) 351–364.

[81] R. Stempfer, M. Kubicek, I.M. Lang, N. Christa, C. Gerner, Quantitative assessment
of human serum high-abundance protein depletion, Electrophoresis 29 (2008)
4316–4323.

[82] J.E. Bandow, Comparison of protein enrichment strategies for proteome analysis
of plasma, Proteomics 10 (2010) 1416–1425.

[83] E. Bellei, S. Bergamini, E. Monari, L.I. Fantoni, A. Cuoghi, T. Ozben, A. Tomasi,
High-abundance proteins depletion for serum proteomic analysis: concomitant
removal of non-targeted proteins, Amino Acids 40 (2011) 145–156.
[84] P. Juhasz, M. Lynch, M. Sethuraman, J. Campbell, W. Hines, M. Paniagua, L. Song,
M. Kulkarni, A. Adourian, Y. Guo, X. Li, S. Martin, N. Gordon, Semi-targeted plas-
ma proteomics discovery workflow utilizing two-stage protein depletion and
off-line LC-MALDI MS/MS, J. Proteome Res. 10 (2011) 34–45.

[85] M.M. Kushnir, P. Mrozinski, A.L. Rockwood, D.K. Crockett, A depletion strategy
for improved detection of human proteins from urine, J. Biomol. Tech. 20
(2009) 101–108.

[86] M. Ramstrom, A. Zuberovic, C. Gronwall, J. Hanrieder, J. Bergquist, S. Hober, De-
velopment of affinity columns for the removal of high-abundance proteins in ce-
rebrospinal fluid, Biotechnol. Appl. Biochem. 52 (2009) 159–166.

[87] N. Zolotarjova, P. Mrozinski, H. Chen, J. Martosella, Combination of affinity de-
pletion of abundant proteins and reversed-phase fractionation in proteomic
analysis of human plasma/serum, J. Chromatogr. A 1189 (2008) 332–338.

[88] A. Ettorre, C. Rosli, M. Silacci, S. Brack, G. McCombie, R. Knochenmuss, G. Elia, D.
Neri, Recombinant antibodies for the depletion of abundant proteins from
human serum, Proteomics 6 (2006) 4496–4505.

[89] V. Polaskova, A. Kapur, A. Khan, M.P. Molloy, M.S. Baker, High-abundance pro-
tein depletion: comparison of methods for human plasma biomarker discovery,
Electrophoresis 31 (2010) 471–482.

[90] M.D.D. Perluigi, F. Fiorini, A. Cocciolo, A. Giorgi, C. Foppoli, D.A. Butterfield, M.
Giorlandino, C. Giorlandino, M.E. Schininà, R. Coccia, Oxidative stress occurs
early in Down syndrome pregnancy: a redox proteomics analysis of amniotic
fluid, Proteomics Clin. Appl. 5 (2011) 167–178.

[91] R. Sultana, M. Perluigi, D.A. Butterfield, Protein oxidation and lipid peroxidation
in brain of subjects with Alzheimer's disease: insights into mechanism of neuro-
degeneration from redox proteomics, Antioxid. Redox Signal. 8 (2006)
2021–2037.

[92] M.A. Lovell, W.D. Ehmann, S.M. Butler, W.R. Markesbery, Elevated thiobarbituric
acid-reactive substances and antioxidant enzyme activity in the brain in Alzhei-
mer's disease, Neurology 45 (1995) 1594–1601.

[93] R.M. Nitsch, J.K. Blusztajn, A.G. Pittas, B.E. Slack, J.H. Growdon, R.J. Wurtman, Ev-
idence for a membrane defect in Alzheimer disease brain, Proc. Natl. Acad. Sci. U.
S. A. 89 (1992) 1671–1675.

[94] M.R. Prasad, M.A. Lovell, M. Yatin, H. Dhillon, W.R. Markesbery, Regional mem-
brane phospholipid alterations in Alzheimer's disease, Neurochem. Res. 23
(1998) 81–88.

[95] R.J. Mark, K.S. Fuson, P.C. May, Characterization of 8-epiprostaglandin F2alpha as
a marker of amyloid beta-peptide-induced oxidative damage, J. Neurochem. 72
(1999) 1146–1153.

[96] S.F. Newman, R. Sultana, M. Perluigi, R. Coccia, J. Cai, W.M. Pierce, J.B. Klein, D.M.
Turner, D.A. Butterfield, An increase in S-glutathionylated proteins in the Alzhei-
mer's disease inferior parietal lobule, a proteomics approach, J. Neurosci. Res. 85
(2007) 1506–1514.

[97] F. Di Domenico, G. Cenini, R. Sultana, M. Perluigi, D. Uberti, M. Memo, D.A. Butter-
field, Glutathionylation of the pro-apoptotic protein p53 in Alzheimer's disease
brain: implications for AD pathogenesis, Neurochem. Res. 34 (2009) 727–733.

[98] J. Gasic-Milenkovic, C. Loske, W. Deuther-Conrad, G. Munch, Protein “AGEing”—
cytotoxicity of a glycated protein increases with its degree of AGE-modification,
Z. Gerontol. Geriatr. 34 (2001) 457–460.

[99] S.G. de Arriba, G. Stuchbury, J. Yarin, J. Burnell, C. Loske, G. Munch, Methyl-
glyoxal impairs glucose metabolism and leads to energy depletion in neuronal
cells—protection by carbonyl scavengers, Neurobiol. Aging 28 (2007)
1044–1050.

[100] M. Takeda, Biomarkers and Alzheimer spectrum, Psychiatry Clin. Neurosci. 65
(2011) 115–120.

[101] N. Ahmed, U. Ahmed, P.J. Thornalley, K. Hager, G. Fleischer, G. Munch, Protein
glycation, oxidation and nitration adduct residues and free adducts of cerebro-
spinal fluid in Alzheimer's disease and link to cognitive impairment, J. Neuro-
chem. 92 (2005) 255–263.

[102] M.Y. Aksenov, M.V. Aksenova, D.A. Butterfield, J.W. Geddes, W.R. Markesbery,
Protein oxidation in the brain in Alzheimer's disease, Neuroscience 103 (2001)
373–383.

[103] M.A. Kuiper, J.J. Visser, P.L. Bergmans, P. Scheltens, E.C. Wolters, Decreased cere-
brospinal fluid nitrate levels in Parkinson's disease, Alzheimer's disease and
multiple system atrophy patients, J. Neurol. Sci. 121 (1994) 46–49.

[104] M. Ikeda, I. Sato, T. Yuasa, T. Miyatake, S. Murota, Nitrite, nitrate and cGMP in the
cerebrospinal fluid in degenerative neurologic diseases, J. Neural Transm. Gen.
Sect. 100 (1995) 263–267.

[105] H. Tohgi, T. Abe, K. Yamazaki, T. Murata, C. Isobe, E. Ishizaki, The cerebrospinal
fluid oxidized NO metabolites, nitrite and nitrate, in Alzheimer's disease and
vascular dementia of Binswanger type and multiple small infarct type, J. Neural
Transm. 105 (1998) 1283–1291.

[106] H.J. Frey, K.M. Mattila, M.A. Korolainen, T. Pirttila, Problems associated with bi-
ological markers of Alzheimer's disease, Neurochem. Res. 30 (2005) 1501–1510.

[107] S.K. Herukka, S. Helisalmi, M. Hallikainen, S. Tervo, H. Soininen, T. Pirttila, CSF
Abeta42, Tau and phosphorylated Tau, APOE epsilon4 allele and MCI type in pro-
gressive MCI, Neurobiol. Aging 28 (2007) 507–514.

[108] J. Raber, Y. Huang, J.W. Ashford, ApoE genotype accounts for the vast majority of
AD risk and AD pathology, Neurobiol. Aging 25 (2004) 641–650.

[109] J. Choi, M.J. Forster, S.R. McDonald, S.T. Weintraub, C.A. Carroll, R.W. Gracy, Pro-
teomic identification of specific oxidized proteins in ApoE-knockout mice: rele-
vance to Alzheimer's disease, Free Radic. Biol. Med. 36 (2004) 1155–1162.

[110] H. Ryberg, A.S. Soderling, P. Davidsson, K. Blennow, K. Caidahl, L.I. Persson, Cere-
brospinal fluid levels of free 3-nitrotyrosine are not elevated in the majority of
patients with amyotrophic lateral sclerosis or Alzheimer's disease, Neurochem.
Int. 45 (2004) 57–62.

http://dx.doi.org/10.2119/molmed.2011.00259


1795F. Di Domenico et al. / Biochimica et Biophysica Acta 1814 (2011) 1785–1795
[111] V. Calabrese, R. Sultana, G. Scapagnini, E. Guagliano, M. Sapienza, R. Bella, J.
Kanski, G. Pennisi, C. Mancuso, A.M. Stella, D.A. Butterfield, Nitrosative stress,
cellular stress response, and thiol homeostasis in patients with Alzheimer's dis-
ease, Antioxid. Redox Signal. 8 (2006) 1975–1986.

[112] P. Zafrilla, J. Mulero, J.M. Xandri, E. Santo, G. Caravaca, J.M. Morillas, Oxidative
stress in Alzheimer patients in different stages of the disease, Curr. Med.
Chem. 13 (2006) 1075–1083.

[113] D. Pratico, L.V. My, J.Q. Trojanowski, J. Rokach, G.A. Fitzgerald, Increased F2-
isoprostanes in Alzheimer's disease: evidence for enhanced lipid peroxidation
in vivo, FASEB J. 12 (1998) 1777–1783.

[114] M. Grossman, J. Farmer, S. Leight, M. Work, P. Moore, V. Van Deerlin, D. Pratico,
C.M. Clark, H.B. Coslett, A. Chatterjee, J. Gee, J.Q. Trojanowski, V.M. Lee, Cerebro-
spinal fluid profile in frontotemporal dementia and Alzheimer's disease, Ann.
Neurol. 57 (2005) 721–729.

[115] T.J. Montine, W.R. Markesbery, J.D. Morrow, L.J. Roberts II, Cerebrospinal fluid
F2-isoprostane levels are increased in Alzheimer's disease, Ann. Neurol. 44
(1998) 410–413.

[116] T.J. Montine, K.R. Sidell, B.C. Crews, W.R. Markesbery, L.J. Marnett, L.J. Roberts II,
J.D. Morrow, Elevated CSF prostaglandin E2 levels in patients with probable AD,
Neurology 53 (1999) 1495–1498.

[117] T.J. Montine, M.F. Beal, M.E. Cudkowicz, H. O'Donnell, R.A. Margolin, L. McFar-
land, A.F. Bachrach, W.E. Zackert, L.J. Roberts, J.D. Morrow, Increased CSF F2-
isoprostane concentration in probable AD, Neurology 52 (1999) 562–565.

[118] T.J. Montine, J.A. Kaye, K.S. Montine, L. McFarland, J.D. Morrow, J.F. Quinn, Cere-
brospinal fluid abeta42, tau, and f2-isoprostane concentrations in patients with
Alzheimer disease, other dementias, and in age-matched controls, Arch. Pathol.
Lab. Med. 125 (2001) 510–512.

[119] C.C. Conrad, P.L. Marshall, J.M. Talent, C.A. Malakowsky, J. Choi, R.W. Gracy, Ox-
idized proteins in Alzheimer's plasma, Biochem. Biophys. Res. Commun. 275
(2000) 678–681.

[120] H.L. Yu, H.M. Chertkow, H. Bergman, H.M. Schipper, Aberrant profiles of native
and oxidized glycoproteins in Alzheimer plasma, Proteomics 3 (2003)
2240–2248.

[121] T.W. Stief, R. Marx, N. Heimburger, Oxidized fibrin(ogen) derivatives enhance
the activity of tissue type plasminogen activator, Thromb. Res. 56 (1989)
221–228.

[122] N.A. Kalsheker, Molecular pathology of alpha 1-antitrypsin deficiency and its
significance to clinical medicine, QJM 87 (1994) 653–658.

[123] S.S. Twining, T. Fukuchi, B.Y. Yue, P.M. Wilson, G. Boskovic, Corneal synthesis of
alpha 1-proteinase inhibitor (alpha 1-antitrypsin), Invest. Ophthalmol. Vis. Sci.
35 (1994) 458–462.
[124] L. Corzo, R. Zas, S. Rodriguez, L. Fernandez-Novoa, R. Cacabelos, Decreased levels
of serum nitric oxide in different forms of dementia, Neurosci. Lett. 420 (2007)
263–267.

[125] C. Bergt, T. Nakano, J. Ditterich, C. DeCarli, J.P. Eiserich, Oxidized plasma high-
density lipoprotein is decreased in Alzheimer's disease, Free Radic. Biol. Med.
41 (2006) 1542–1547.

[126] M. Kawano, M. Kawakami, M. Otsuka, H. Yashima, T. Yaginuma, A. Ueki, Marked
decrease of plasma apolipoprotein AI and AII in Japanese patients with late-
onset non-familial Alzheimer's disease, Clin. Chim. Acta 239 (1995) 209–211.

[127] F. Sinem, K. Dildar, E. Gokhan, B. Melda, Y. Orhan, M. Filiz, The serum protein and
lipid oxidation marker levels in Alzheimer's disease and effects of cholinesterase
inhibitors and antipsychotic drugs therapy, Curr. Alzheimer Res. 7 (2010)
463–469.

[128] K. Dildar, F. Sinem, E. Gokhan, Y. Orhan, M. Filiz, Serum nitrosative stress levels
are increased in Alzheimer disease but not in vascular dementia, Alzheimer Dis.
Assoc. Disord. 24 (2010) 194–197.

[129] D. Pratico, C.M. Clark, F. Liun, J. Rokach, V.Y. Lee, J.Q. Trojanowski, Increase of
brain oxidative stress in mild cognitive impairment: a possible predictor of Alz-
heimer disease, Arch. Neurol. 59 (2002) 972–976.

[130] T.J. Montine, J.F. Quinn, D. Milatovic, L.C. Silbert, T. Dang, S. Sanchez, E. Terry, L.J.
Roberts II, J.A. Kaye, J.D. Morrow, Peripheral F2-isoprostanes and F4-
neuroprostanes are not increased in Alzheimer's disease, Ann. Neurol. 52
(2002) 175–179.

[131] M.C. Irizarry, Y. Yao, B.T. Hyman, J.H. Growdon, D. Pratico, Plasma F2A isoprostane
levels in Alzheimer's and Parkinson's disease, NeurodegenerDis 4 (2007) 403–405.

[132] E.J. Mufson, S. Leurgans, Inability of plasma and urine F2A-isoprostane levels to
differentiate mild cognitive impairment from Alzheimer's disease, Neurodege-
ner Dis 7 (2010) 139–142.

[133] M. Padurariu, A. Ciobica, L. Hritcu, B. Stoica, W. Bild, C. Stefanescu, Changes of
some oxidative stress markers in the serum of patients with mild cognitive im-
pairment and Alzheimer's disease, Neurosci. Lett. 469 (2010) 6–10.

[134] A. Skoumalova, J. Ivica, P. Santorova, E. Topinkova, J. Wilhelm, The lipid peroxi-
dation products as possible markers of Alzheimer's disease in blood, Exp. Geron-
tol. 46 (2011) 38–42.

[135] V. Leoni, Oxysterols as markers of neurological disease—a review, Scand. J. Clin.
Lab. Invest. 69 (2009) 22–25.

[136] R. Sultana, P. Mecocci, F. Mangialasche, R. Cecchetti, M. Baglioni, D.A. Butterfield,
Increased protein and lipid oxidative damage in mitochondria isolated from
lymphocytes from patients with Alzheimer's disease: insights into the role of
oxidative stress in Alzheimer's disease and initial investigations into a potential
biomarker for this dementing disorder, J. Alzheimers Dis. 24 (2011) 77–84.


	Circulating biomarkers of protein oxidation for Alzheimer disease: Expectations within limits
	1. Introduction
	2. Markers of protein oxidation
	2.1. Protein carbonylation
	2.2. Protein nitration
	2.3. HNE-modified proteins
	2.4. Protein glutathionylation
	2.5. Advanced glycation and advanced oxidation end products
	2.6. Redox proteomics in biofluids

	3. Circulating biomarkers: limits and prospects
	4. Biomarkers of protein oxidation: from the brain to the periphery
	5. Oxidatively modified proteins in biological fluids
	5.1. Protein oxidation in CSF
	5.2. Protein oxidation in serum/plasma

	6. Concluding remarks
	References


