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Background: Several studies suggest that pathological changes in Alzheimer’s disease (AD) brain begin
around 10–20 years before the onset of cognitive impairment. Biomarkers that can support early diag-
nosis and predict development of dementia would, therefore, be crucial for patient care and evaluation of
drug efficacy. Although cerebrospinal fluid (CSF) levels of Aβ42, tau, and p-tau are well-established di-
agnostic biomarkers of AD, there is an urgent need to identify additional molecular alterations of neu-
ronal function that can be evaluated at the systemic level.
Objectives: This study was focused on the analysis of oxidative stress-related modifications of the CSF
proteome, from subjects with AD and amnestic mild cognitive impairment (aMCI).
Methods: A targeted proteomics approach has been employed to discover novel CSF biomarkers that can
augment the diagnostic and prognostic accuracy of current leading CSF biomarkers. CSF samples from
aMCI, AD and control individuals (CTR) were collected and analyzed using a combined redox proteomics
approach to identify the specific oxidatively modified proteins in AD and aMCI compared with controls.
Results: The majority of carbonylated proteins identified by redox proteomics are found early in the
progression of AD, i.e., oxidatively modified CSF proteins were already present in aMCI compared with
controls and remain oxidized in AD, thus suggesting that dysfunction of selected proteins initiate many
years before severe dementia is diagnosed.
Conclusions: The above findings highlight the presence of early oxidative damage in aMCI before clinical
dementia of AD is manifested. The identification of early markers of AD that may be detected periph-
erally may open new prospective for biomarker studies.

& 2015 Published by Elsevier Inc.
1. Introduction

Alzheimer’s disease (AD) is the most common form of de-
mentia in the elderly. The pathological hallmarks of AD are de-
position of extracellular plaques formed by amyloid beta-peptide
(Aβ) and neurofibrillary tangles composed of hyperpho-
sphorylated tau (p-tau). The inaccessibility of human brain tissue
for molecular studies can be partially overcome by analyzing cer-
ebrospinal fluid (CSF), and other biofluids, for detecting molecular
changes that occur in the brain but are possibly reflected outside
the brain parenchyma. Within this context much efforts has been
iences, Sapienza University of

erluigi).
directed toward the identification of AD biomarkers in CSF. Cur-
rently, a series of CSF biomarkers, which differ between AD and
control subjects reflecting multiple aspects of disease pathology,
have been described [1,2]. However, a reliable method for AD di-
agnosis is far from being achieved.

CSF Aβ42, tau and p-tau are routinely used in AD research and
drug development [3]. Reduced Aβ42 and increased tau and
p-tau181 levels have been observed in CSF from AD patients in
comparison with aged, cognitively-normal individuals, and these
changes correlate with the pathological hallmarks of AD [4,5].
Interestingly, the change in levels of Aβ42 and tau begin 1–2
decades prior to onset of symptoms, with the change in Aβ42
preceding that of tau [6].

One important issue of studies for the identification of putative
CSF biomarkers is that a specific protein isoform or peptide may be
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Table 1
General description of the population included in this study.

ApoE Date of birth GENDER MMSE (range)

Controls
A 3/4 1940 M 430
B 3/4 1962 F 430
C 3/3 1946 F 430
D 3/3 1943 M 430
E 3/3 1943 F 430
F 3/3 1937 F 430

aMCI
A 3/3 1943 F 420o30
B 4/4 1936 F 420o30
C 3/3 1927 M 420o30
D 3/4 1940 F 420o30
E 3/4 1950 F 420o30
F 4/4 1935 F 420o30

AD
A 3/4 1952 F o20
B 4/4 1934 M o20
C 4/4 1937 M o20
D 3/3 1950 F o20
E 3/4 1948 F o20
F 3/3 1946 F o20

ApoE genotyping¼presence of 3/3, 3/4 and 4/4 allele; Age¼date of birth;
CTR¼Age-Matched Controls; AD¼Alzheimer Desease; aMCI¼amnestic Mild Cog-
nitive Impairment; Gender¼male or female.
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a useful marker while other isoforms or peptides from the same
protein may not be indicative of disease [7]. Among candidates,
apolipoprotein E (ApoE) received considerable attention in AD
research. The ApoE genotype constitutes the most significant
susceptibility gene for late-onset AD [8]. Two polymorphisms
make up 3 different alleles—ε2, ε3, and ε4—of the ApoE gene.
These polymorphisms lead to amino acid substitutions at positions
112 and 158 in the APOE protein [9]. Among the three isoforms,
ApoE3 is the most common and is considered to be the wild type.
ApoE2 has an R158C substitution, whereas ApoE4 has a C112R and
a C158R substitution, and both are associated with different forms
of hyperlipidemia [10]. One copy of the ApoE4 gene confers a
three-fold increased risk of AD development, whereas two copies
confer an eight-fold increased risk. One copy of the ApoE2 gene,
however, reduces the risk by 60% [11]. Although the major func-
tion of ApoE in the brain is to mediate cholesterol transport
through ApoE receptors, recent evidence showed that ApoE may
play catalytic roles in the amyloid cascade, with binding and
clearance differences between the ApoE isoforms reflecting their
differing abilities to bind to Aβ and catalyze its conversion into
neurotoxic macromolecular species [12].

ApoE genotype also impacts oxidative stress and oxidative
stress-mediated inflammation. It has been demonstrated that
plasma from ApoE4 carriers in AD was more oxidized than plasma
from AD non-ApoE4 carriers [13,14]. Human ApoE allele targeted-
replacement mice showed more oxidative stress in brain in ApoE4
mice than ApoE3 and ApoE2 mice [15], and Butterfield and col-
leagues reported that synaptic membranes from human ApoE al-
lele targeted-replacement mice treated with human Aβ42 showed
significantly greater oxidative stress in ApoE4 synaptic membranes
compared to those from ApoE3 or ApoE2 mice [16].

We hypothesize a relationship between ApoE4 genotype and
increased levels of oxidative stress, which affects key pathogenic
mechanisms in AD brain that would be reflected by CSF biomarker
changes. So far, the majority of the studies identified differential
expression levels of a range of proteins in biological fluids. Indeed,
variations in protein expression levels are not indicative of aber-
rant protein function. The experimental approaches that may
provide further information on protein functionality are mostly
focused on characterizing post-translational modifications (PTMs)
such as oxidative modification that contribute significantly to the
alteration of protein activity/ies. Several studies in the last decade
have been focused on establishing a direct link between tissue-
specific oxidation and systemic oxidative damage [17–19].

The current study aimed at analyzing variations in the CSF re-
dox profile in subjects with AD and aMCI compared to age-mat-
ched control individuals. In particular, considering the role of
oxidative stress in AD pathogenesis and progression, we focused
our attention on oxidative modification of CSF proteins, by a re-
dox-proteomics analysis, to obtain new insights into AD biomarker
discovery that may be correlated with genetic background, such as
ApoE.
2. Materials and methods

2.1. Samples

CSF samples from well-characterized healthy subjects (Con-
trol), aMCI, and probable AD patients (3 groups in total; 6 samples
per group) were kindly provided by the Department of Physiology
at University of Valencia. All the subjects were followed long-
itudinally with annual mental status testing and physical and
neurological examinations. Probable AD patients met NINCDS-
ADRDA criteria and demonstrated progressive intellectual decline.
Subjects with aMCI met Petersen clinical criteria for diagnosis of
amnestic aMCI, while Control subjects had neuropsychological test
scores in the normal range and showed no evidence of memory
decline. APOE genotype was also provided. Demographic data are
reported in Table 1.

CSF samples were taken to preserve any gradient that existed
and were collected with a 25-gauge needle. All CSF samples were
free of blood contamination. After collection, CSF samples were
briefly centrifuged at 1000g to pellet any cell debris, frozen, and
stored in polypropylene tubes at �80 °C in 0.5-ml aliquots until
analysis. The protein content in each CSF sample was determined
with the micro-BCA protein assay kit (Pierce), and it ranged from
570 to 1000 μg/ml.

2.2. ApoE genotyping

ApoE phenotype determination was performed using ApoE4/
Pan-ApoE ELISA Kit (MBL International). The kit measures the
amount of human ApoE4 or Pan-ApoE specifically using affinity
purified polyclonal antibody against ApoE and monoclonal anti-
body against ApoE4. It can also measure the difference among the
homozygotes (E4/E4) and the heterozygotes (E2/E4, E3/E4) of
ApoE4 phenotypes, and non-ApoE4 zygotes (E2/E2, E3/E3, E2/E3)
by taking a concentration ratio between ApoE4 and Pan-ApoE.

2.3. Aβ and p-Tau levels

Aβ concentration was obtained in CSF samples using the IN-
NOTESTs β-amyloid (1–42) (Innogenetics N.V.; Fujirebio, Gent,
Belgium) that is a solid-phase enzyme immunoassay in which the
amyloid peptide is captured by a first monoclonal antibody, 21F12.
Total tau levels were measured in CSF samples by the ELISA Hu-
man Tau (Total) kit (Life technologies, Thermo Fisher Scientific
Inc.). A monoclonal antibody specific for human Tau has been
coated onto the wells of the microtiter strips provided. Phospho-
tau was measured in CSF samples by the INNOTESTs PHOSPHO-
TAU (181P) (Fujirebio, Gent, Belgium) that is a solid-phase enzyme
immunoassay in which the phosphorylated tau protein or
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fragments are captured by a first monoclonal antibody, HT7.

2.4. 2D electrophoresis

Eluted proteins (100 μg) for each sample were diluted to a total
volume of 200 μl with rehydration buffer (8 M urea, 20 mM di-
thiothreitol, 2.0% (w/v) CHAPS, 0.2% Bio-Lyte, 2 M thiourea, and
bromophenol blue). Isoelectric focusing was performed with
ReadyStrip IPG Strips (11 cm, pH3–10, BIO-RAD) at 300 V for 2 h
linearly, 500 V for 2 h linearly, 1000 V for 2 h linearly, 8000 V for
8 h linearly, and 8000 V for 10 h rapidly. All the processes above
were carried out at room temperature.

After the first dimension run the strips were equilibrated two
times, first for 10 min in 50 mM Tris–HCl (pH 6.8) containing 6 M
urea, 1% (w/v) sodium dodecyl sulfate (SDS), 30% (v/v) glycerol,
and 0.5% dithiothreitol and after other 10 min in the same buffer
containing 4.5% iodacetamide in place of dithiothreitol. Second
dimension separationwas performed using 12% Precast XT-stain
free criterion gels (BIO-RAD). The proteins in the gel have been
visualized directly by ChemiDoc Image System, without any
staining solution. The advantage of these gels is that only one gel
can be used for both expression and oxidation maps.

2.5. Western blotting

For 2D oxyblot, 2D gels (after image analysis) were blotted onto
nitrocellulose membranes (BIO-RAD) and 2,4-dinitrophenylhy-
drazine (DNPH) derivatization was performed. Briefly, membranes
were equilibrated in 20% methanol (5 min), then incubated in 2 N
HCl (5 min) and finally derivatized in 0.5 mM DNPH solution
(5 min). After derivatization three washes using 2 N HCl solution
and five washes using methanol 50% were performed (5 min
each). Finally the membranes were blocked with 3% albumin in
T-TBS and incubated with the primary Rabbit�DNP antibody
(1:100, Millipore) and the secondary antibody anti-Rabbit IgG al-
kaline phosphatase conjugated (1:5000, Sigma). The colorimetric
reaction was obtained using 5-bromo-4-chloro-3-indolyl phos-
phate/nitro blue tetrazolium (BCIP/NBT) solution.

For western blot, 30 mg of proteins from albumin and Ig-G de-
pleted samples (CTR, AD and aMCI), were separated by 12% SDS-
PAGE and blotted onto a nitrocellulose membrane (BIO-RAD).
Membranes were blocked with 3% BSA in T-TBS, incubated for 1 h
and 30 min at room temperature with primary anti-Haptoglobin β
chain antibody (1:100, Santa Cruz Biotechnologies, Inc.) and sec-
ondary antibody anti-mouse IgG HRP conjugated, for 1 h at room
temperature (1:5000, Sigma-Aldrich). Membrane were developed
with the Super Signal WESTPICO Chemioluminescence Substrate
(Thermo Scientific).

2.6. Image analysis

2D gels and 2D blots were analyzed by PDQuest 2D Analysis
(7.2.0 version, BIO-RAD). PDQuest spot detection software allows
the comparison of 2D gels as well as 2D blots from different
groups. Powerful automatching algorithms quickly and accurately
match gels or blots and sophisticated statistical analysis tools
identify experimentally significant spots. The intensity value for
each spot from an individual gel is normalized using the average
mode of background subtraction. This intensity is after compared
between groups using statistical analysis. Statistical significance
was assessed by a two-tailed Student’s t-test. P valuesr0.05 were
considered significant for comparison between control and ex-
perimental data (CTR vs. AD and CTR vs. aMCI). PDQuest software
allows also normalization of a carbonylated spot intensity on the
blot for the expression level of the same spot on the gel. One-di-
mensional blots were analyzed with QuantityOne software (4.6.9
version, BIO-RAD).

2.7. Trypsin digestion and protein identification by mass
spectrometry

Protein spots statistically different than controls were digested
in-gel by trypsin. Briefly, after a progressive destaining step using
50 mM ammonium bicarbonate, 50% acetonitrile in 50 mM am-
monium bicarbonate and 100% acetonitrile, about 100 ng of tryp-
sin (Promega), solubilized in 10 μl of a 25 mM ammonium bi-
carbonate digestion buffer, was added to vacuum-dried gel. Di-
gestion was performed at 37 °C overnight. MALDI-ToF MS analyses
were performed with an AutoFlex II instrument (Bruker Daltonics,
Bremen, Germany), equipped with a 337 nm nitrogen laser and
operating in reflector positive mode. Two tryptic autolytic pep-
tides were used for the internal calibration (m/z 842.5100 and
2807.3145). Data were analyzed by flex Analysis program (Bruker
Daltonics, Bremen, Germany). Identification by peptide mass fin-
gerprint (PMF), with the mono-isotopic mass list, was performed
using Bio Tools program (Bruker Daltonics, Bremen, Germany), by
the Mascot search engine, against human SwissProt database
[SwissProt 2014_02 (542503 sequences)]. Up to two missed clea-
vage, 50 ppm measurement tolerance, oxidation at methionine
(variable modification) and carbamidomethylation at cysteine
(fixed modification) were considered. Identifications were vali-
dated when the probability-based Mowse protein score was sig-
nificant according to Mascot.

2.8. Immunoprecipitation

100 μg of protein extracts were dissolved in RIA buffer (10 mM
Tris, pH 7.6; 140 mM NaCl; 0.5% NP40 including protease in-
hibitors) and then incubated with 1 μg of primary antibody (anti-
gelsolin antibody), at 4 °C overnight. Immunocomplex was col-
lected by using protein A/G beads (Santa Cruz, CA, USA) for 2 h at
4 °C. Immunoprecipitated protein was recovered by resuspending
the pellets in reducing SDS buffers and subjected to electrophor-
esis on 12% gels followed by western blot analysis for carbonyl
levels.

2.9. Statistical analysis

Statistical analyses of data obtained by PD-QUEST software
were performed using Student’s t-test. Significance was accepted if
the P valueo0.05. p-Tau levels in patients, controls and between
groups were compared by ANOVA; post-hoc analysis was per-
formed using the Bonferroni adjustment, where appropriate. Dif-
ferences were considered significant if Po0.05.
3. Results

Subject characteristics. In total 18 CSF samples were used for
proteomics and redox proteomics analysis. The subject groups
were not significantly different with respect to age, gender or level
of education. The AD group had a MMSE score indicating severe
cognitive deterioration, while aMCI subjects had mild cognitive
deterioration (Table 1).

3.1. ELISA assay evaluation of Aβ42 and p-tau levels in CSF samples

AD, aMCI and healthy individuals has been investigated for CSF
levels of Aβ42 and p-Tau, in order to evaluate the AD-associated
pathologic changes in the brain. Decreased levels of Aβ 1–42 and
increased tau phosphorylated at position threonine 181 in CSF
have been already established as valid biomarkers for the



Fig. 1. Aβ (1–42) and p-Tau: total levels, ratio and correlation. Aβ (1–42) levels are reported in pg/ml (A) in CTR, aMCI and AD samples. p-Tau levels (B) are also reported in pg/ml.
The correlation between Aβ (1–42) and p-Tau are showed (C).
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diagnosis and prognosis of AD [20]. Our data, showed in Fig. 1
(panel A), report a clear decrease of Aβ 1–42 levels in the CSF,
which inversely follows the progression of the disease (AD vs. CTR
and aMCI vs. CTR). In parallel, the CSF concentrations of p-tau 181
clearly depict the increase in the concentration in both aMCI and
AD vs. CTR (Panel B). A significant inverse correlation inverse
correlation exists between Aβ 1–42 and p-tau values (Panel C;
R2¼0.2 po0.05). In addition, the analysis of the ratio between
abnormally low CSF Aβ 1–42 levels and abnormally high CSF p-tau
levels discriminate, with sufficient accuracy and specificity, among
patients at different stages of AD pathology (Panel D) following
their clinical evaluation, even within a small cohort.

3.2. Redox proteomics analysis of CSF samples

It has been firmly established that AD is caused by a combi-
nation of risk factors among which oxidative stress plays an im-
portant role. Protein carbonyls are a common marker of protein
oxidation and since they are chemically stable compared with
other by-products of oxidative stress, they are generally used as
markers to determine the extent of oxidative modification both
in vivo and in vitro conditions.

In order to identify specific targets of oxidative modification
occurring at the protein level, a redox proteomics approach has
been used to identify carbonylated proteins in the three groups
AD, aMCI and CTR. Specific carbonylated proteins in the CSF
samples of patients with AD and aMCI in comparison with control
group were detected immunochemically using 2D-gels and 2D-
Western blots. Fig. 2 shows three representative 2D gels and the
corresponding 2D blots from control, aMCI and AD respectively.
Since TGX-stain free gels have been used fro all the samples, the
2D oxyblots exactly match the 2D expression profile. Relative
change in carbonyl immune-reactivity, after normalization of the
immunostaining intensities to the protein content, was significant
for seven spots. After spot excision and in-gel trypsin digestion,
proteins were identified by MS analysis.

In Table 2, the carbonylated proteins identified by MS/MS and
interrogation of databases are listed. All protein identifications
were consistent with comparison of proteins positions on the gel
with MW and pI from databases, and are listed in Table 2 with the
number of peptide sequences, the score, the coverage, MW, pI,
fold-change levels, and p-value.

Interestingly, most of the identified oxidatively modified pro-
teins were oxidized in CSF from both aMCI and AD patients
compared with control patients. From the matching between aMCI
vs. CTR the identified proteins were: α-1B-glycoprotein (3.4-fold
increase), vitamin D-binding protein (DBP) (4.2-fold increase),
apolipoprotein E (ApoE) (3.1-fold increase), Prostaglandin-H2 D-
isomerase (PGDS) (1.9-fold increase) and alpha-1-anti-trypsin
(A1AT) (2-4-fold increase).

In the analysis between AD vs. CTR the identified proteins
were: α-1B-glycoprotein (3.2-fold increase), vitamin D-binding



Fig. 2. 2D protein expression maps and blots. On the left: representative 2D gels for the matches AD vs. CTR, aMCI vs. CTR and AD vs. aMCI are shown. On the right: 2D
carbonyl immunoblots of CTR, aMCI and AD. The spots showing significant increased carbonyl levels are labeled. The matches between AD and CTR, AD and aMCI, and aMCI
and CTR, after normalization of the immunostaining intensities to the protein content, leads to seven spots significant oxidized. The spot numbers indicated in the maps are
the same listed on Table 2.
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protein (DBP) (6.6-fold increase), apolipoprotein E (ApoE) (3.9-
fold increase), PGDS (2.8-fold increase) and A1AT (2.7-fold
increase).

The match between AD vs. aMCI showed only one protein more
oxidized: gelsolin (4.1-fold increase).

To confirm correct protein identification, immunoprecipitation
followed by immunochemical detection of carbonyl levels were
performed for gelsolin (Fig. 3). In addition, carbonylation of ApoE
was confirmed by MS/MS as showed in Fig. 4.
Table 2
List of proteins identified by redox proteomic study showing increased carbonylated lev

Spot no. Identified protein SwissProt code Sequence

1 Gelsolin P06396 77

2 Serotransferrin P02787 25
3 Vitamin D-binding protein P02774 55

4 Alpha-1-antitrypsin Q86U18 39

5 Alpha-1B-glycoprotein P04217 63

6 Apolipoprotein E P02649 69

7 Prostaglandin-H2 D-isomerase P41222 51
4. Discussion

The identification of potential CSF biomarkers of AD is a con-
tinuous challenge and several biomarker studies are currently
ongoing to evaluating specific disease risk profiles, age ranges and
demographics. Three proteins that reflect the core neuropatholo-
gies are currently considered to be the most suited standards of AD
CSF biomarkers [1]. Reductions in Aβ42 and increases of CSF tau
and p-tau181 are observed in AD patients in comparison with aged
els by the matching between AD and CTR, AD and aMCI, aMCI and CTR.

coverage % Theoretical MW/pI Score Groups (oxidation fold)

86043/5.9 99 AD vs. CTR (3.4)
AD vs. aMCI (4.1)

79294/6.81 107 AD vs. CTR (3.7)
54526/5.40 123 AD vs. CTR (6.6)

aMCI vs. CTR (4.2)
46878/5.37 74 AD vs. CTR (2.7)

aMCI vs. CTR (2.4)
54790/5.56 116 AD vs. CTR (3.2)

aMCI vs. CTR (3.4)
36246/5.65 118 AD vs. CTR (3.9)

aMCI vs. CTR (3.1)
21243/7.66 92 AD vs. CTR (2.8)

aMCI vs. CTR (1.9)



Fig. 3. Specific carbonyl levels of gelsolin. Gelsolin has been immunoprecipitated
by AD, MCI and CTR samples and immunochemically stained with anti-DNP anti-
body. WB confirmed the increased oxidation of gelsolin in AD vs. CTR and AD vs.
MCI as it was showed by redox proteomics data. The bar graph were built on all the
samples (6 n per group) values normalized on CTRY that was set at 100%;
Means7SD are reported, *po0.05. Three representative bands per group are
showed.
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cognitively normal individuals and correlate with the pathological
hallmarks of AD [6]. Further, the change in levels of Aβ42 and tau
begin 1–2 decades prior to onset of symptoms, with the change in
Aβ42 preceding that of tau [21,22]. In parallel, proteomics ap-
proaches and targeted multi-analyte studies of CSF have been
performed and lead to the identification of many proteins that are
elevated or reduced in AD compared to cognitively normal
Fig. 4. MS/MS spectrum of tryptic GEVQAMoxLGQSTEELR peptide (2þ—charged precu
b-type ions. MS/MS experiments were carried out by an LTQ-Orbitrap Discovery (Ther
interpretation of the references to color in this figure legend, the reader is referred to t
controls [19,23,24]. Among these findings, identified proteins are
involved in oxidative stress, synapse loss and neuroinflammation,
well-recognized processes of AD neurodegeneration [25]. How-
ever, these changes may be not specific for AD.

Post-translational modifications (PTMs) have rarely been stu-
died in CSF proteome studies. Variation of protein expression le-
vels does not provide information on the effective activity of the
protein which most likely rely on additional PTMs more than its
quantity. Thus, redox proteomics allows one to evaluate specifi-
cally the oxidative modifications of proteins that are associated
with oxidative-stress related pathologies [26,27]. Several studies
demonstrated increased oxidative damage of proteins, in the brain
form of AD and its early stages [27–29]. Based on these findings,
we aimed to investigate if such damage can be reflected in CSF.
Among the proteins identified to be increasingly oxidized in AD
and aMCI vs. CTR, we identified: A1AT, 1 α-1B-glycoprotein, ser-
otransferrin, APOE, gelsolin, PGDS and DBP.

A1AT, a serine protease inhibitor, is the only inflammatory re-
sponse protein identified to be more oxidized in both AD and aMCI
vs. CTR [30]. It was previously found to be increased in AD plasma
and serum [31] compared to controls and oxidized in its precursor
form in AD [32]. In addition, A1AT is localized in both senile pla-
ques and neurofibrillary tangles (NFT) [33]. Considering that the
physiological role of A1AT is to break down overexpressed pro-
teases during inflammatory conditions, oxidation of this protein
can impair its activity, thus contributing to exacerbation of in-
flammatory processes. We found that A1AT is more oxidized both
in aMCI vs. CTR, AD vs. CTR and AD vs. MCI.

The function of α-1β-glycoprotein is unknown; however, this
protein has sequence similarities with immunoglobulins. Previous
studies demonstrated reduced level of this protein in AD vs. CTR,
thus suggesting that alteration of both levels and PTMs of this
protein may be indicative of AD [34]. Serotransferrin, an iron
binding transport protein that can bind two Fe3þ ions in asso-
ciation with the binding of an anion is responsible for the trans-
port of iron from sites of absorption and heme degradation to
those of storage and utilization. The carbonylation of transferrin
has also been already found in patients with AD [32].

Among the results, a particularly intriguing finding was DBP.
DBP was found to be more oxidized in both aMCI vs. CTR and AD
vs. CTR thus showing a full concordance with the course of the
rsor 832.401 m/z) from ApoE. Red lines represent y-type ions, blue lines represent
mo Fisher Scientific GmbH, Bremen, Germany) mass spectrometry platform. (For
he web version of this article.)
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disease. DBP is known to have a variety of physiological functions,
including the transport of vitamin D, fatty acid transport, immune
modulation among others [35,36]. Recently, Gressner et al. [37]
reported that intrathecal synthesis of DBP is increased in patients
with severe neurodegeneration, including AD, and suggested that
up-regulated DBP may act as an actin scavenger. Other studies also
have shown that the level of DBP in CSF is increased in AD patients
[38], however the functions of extracellular DBP in AD have not yet
been elucidated. The emerging idea is that DBP either from human
plasma and CSF interacts with Aβ, possibly binding to and se-
questering Aβ to form DBP–Aβ complexes under physiological
conditions [39]. Further, DBP altered function would affect the CNS
level of VitD, whose deficiency may accelerate cognitive decline in
aging [40]. Indeed, local conversion of VitD to the active form in
the brain may be a direct neuroprotective response to CNS in-
flammation followed by inhibition of NF-κB related iNOS induc-
tion, and conversely, low vitamin D leads to cognitive decline as-
sociated with elevated brain protein nitration [41].

Particularly relevant results of this study highlight the dis-
turbance of members of “anti-aggregating” protein family includ-
ing gelsolin, ApoE and PGDS. CSF and plasma contain several cir-
culating Aβ-binding proteins (transthyretin, ApoE, cystatin C, and
albumin), which have been demonstrated to influence Aβ-medi-
ated pathology. Indeed, the formation of Aβ fibrils is a well-re-
cognized pathological event in AD that leads to neuronal cell
death. Several plasma and CSF constituents have been shown to
bind Aβ and to serve as potential anti-aggregating proteins [42–
44]. However, when Aβ overload overcomes the endogenous de-
fense system, formation of fibrils occurs and accumulation of toxic
aggregates become a continuous threat for the organism. One of
the members of peripheral anti-aggregating protein family is gel-
solin [45]. Gelsolin is present as both intracellular and secreted
protein in the plasma and CSF [46]. Gelsolin acts as a major actin-
binding protein in the cytoplasm, where it regulates the assembly
of actin filaments [47]. Besides its function in actin polymerization,
recent studies demonstrated the role of gelsolin in several other
activities, including modulation of calcium channel and NMDA
receptor, apoptosis, and in tumor suppression [48]. However, the
function of gelsolin in the plasma and CSF is not yet elucidated.
Gelsolin, like other Aβ binding proteins, is also present in the
plasma and CSF, but was not detected in the amyloid plaques of
AD. We found that gelsolin is more oxidized in AD vs. aMCI and AD
vs. CTR, thus indicating that its structural modification and
therefore alteration of its activity is an AD-specific changes, that is
not detected in aMCI patients. Considering that gelsolin is a major
Aβ-sequestering protein in the plasma and CSF where it prevents
Aβ from fibrillization and maintains it in the soluble form, an
imbalance of this highly complex regulatory pathway may result
in increased Aβ fibrillization in AD [45].

In addition to gelsolin, ApoE has been extensively studied for its
role in Aβ fibrillogenesis. Indeed, the ApoE4 allele is associated
with increased Aβ deposition in the brain, and a distinct neuro-
pathological phenotype, whereas a lack of ApoE reduces Aβ plaque
formation in mice [9]. Further, amyloid plaques bind anti-ApoE
antibodies, and also ApoE co-purifies with Aβ from amyloid pla-
ques and may exist as a bound complex with Aβ proteins [49].
Interestingly, others studies have suggested that risk of AD may be
associated with APOE isoforms, based on difference of isoform-
specific antioxidant activities. ApoE4 has no Cys residues and,
hence, no free thiol groups; ApoE3 has one Cys, whereas ApoE2
has two. Free thiol groups are members of the “total antioxidant
pool” but through mechanisms different from those of glutathione.
It has been demonstrated that in the case of ApoA-I, variants with
a free Cys residue side chain have greater antioxidant activity than
variants without a free Cys residue [9]. Therefore, it is intriguing to
speculate that ApoE4 confers increased risk of AD, whereas ApoE2
confers decreased risk, because Cys residue side chains protect
lipids in lipoprotein E particles against oxidative stress.

In light of these observations, we might propose that increased
oxidation of ApoE, observed in this study, affects thiol-mediated
antioxidant activity; in turn this deficiency would allow excess
oxidative damage to the lipids in lipoprotein particles that likewise
promote Aβ protein aggregation. It is also important to underlie
that ApoE accelerates neuronal Aβ uptake, lysosomal trafficking
and degradation in an isoform-dependent manner with ApoE3
more efficiently facilitates Aβ trafficking and degradation than
ApoE4, a risk factor for AD. These considerations become more
relevant in light of the fact some of the subjects enrolled in this
study carry the ApoE ε4 variants. It is likely that ApoE plays a
catalytic role in the AD amyloid cascade and consequent cognitive
decline, with differences between the APOE isoforms in binding
and clearance of Aβ that ultimately promote formation of neuro-
toxic species [49]. Although no significant correlation between
Abeta and ApoE ε4 as well as Tau and ApoE ε4 was found among
groups, the increased oxidation of ApoE already in aMCI patients
(which show similarities of ApoE4 genotype with AD) suggest that
defective ApoE favors Aβ oligomerization and the subsequent in-
crease of oxidative stress at CNS and periphery.

Within this context, it worth’s to be mentioned also the finding
of increased carbonylation of PGDS. PGDS catalyzes the iso-
merization of prostaglandin H2 (PGH2) to produce prostaglandin
D2 (PGD2), which is involved in sleep regulation, platelet ag-
gregation, allergy, inflammatory response, and chemoattractant
activity [50,51]. PGDS, the first member of the important lipocalin
family to be recognized as an enzyme, is also able to bind and
transport small hydrophobic molecules and was formerly known
as β-trace protein, the second most abundant protein in human
CSF. Intriguingly, recent evidence suggests that PGDS acts as a β-
amyloid chaperone and may play a role in the deposition of Aβ
plaques in Alzheimer’s disease [52]. Based on our result, the in-
cidence of Aβ aggregation would be expected to be further ac-
celerated when PGDS is impaired. It is reasonable, therefore, to
posit that functional disturbances of PGDS/beta-trace may con-
tribute to AD progression.

These findings suggest that extracellular chaperones, in addi-
tion to the set of intracellular quality control system, are important
elements against Aβ toxicity and accumulation. We speculate that
the imbalance in the expression level or failure as a result of in-
creased oxidation of Aβ-sequestering proteins, including most of
the proteins identified by this study, may significantly push the
development of late-onset AD. Taken together these findings point
out the importance of redox proteomics to identify specific protein
biomarkers and potential molecular mechanisms that contribute
to pathological changes of AD.
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