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Abstract

Oxidative stress has been implicated in the pathogenesis of several neurodegenerative
diseases including Alzheimer’s disease (AD). Several proteins have been identified as
targets of oxidative damage in AD dementia (usually stages V/VI of Braak) and in subjects
with mild cognitive impairment associated with middle stages of AD pathology (stage IV of
Braak). In this study, we investigate whether brain proteins are locally modified by oxidative
stress at the first stages of AD-related pathology when morphological lesions are restricted
to the entorhinal and transentorhinal cortices of neurofibrillary pathology (stages I/II of
Braak). Using a proteomic approach, we show that the o subunit of the mitochondrial
adenosine triphosphate (ATP)-synthase is distinctly lipoxidized in the entorhinal cortex at
Braak stages /1l compared with age-matched controls. In addition, ATP-synthase activity is
significantly lower in Braak stages I/II than age-matched control, while electron transport
chain, expressed by the mitochondrial complex I activity, remains not affected. This is the
first study showing oxidative damage in the first stage, and clinically silent period, of
AD-related pathology characterized by entorhinal and transentorhinal tauopathy.

INTRODUCTION

Alzheimer’s disease (AD) is a common neurodegenerative disease
characterized by senile plaques (SPs), neurofibrillary tangles
(NFTs), synaptic dysfunction and neuronal deficits. Recent studies
have indicated that the pathogenesis of AD is a complex and hetero-
geneous process; in addition to NFTs and SP, gliosis, chronic
inflammatory reactions and oxidative stress contribute to the pro-
gression of the disease (10, 11, 19, 55).

All aerobic organisms produce certain levels of reactive oxygen
species (ROS), mostly generated during cellular respiration in
mitochondria. However, oxidative stress becomes harmful when
the production of ROS exceeds the cellular antioxidant capacity.
Oxidative damage occurs at the level of DNA, RNA, lipids, sugars
and proteins, and it appears to be a very important factor in the
pathogenesis of AD. High levels of redox-active iron and copper,
which have a role in free-radical production, are found in NFTs and
AP plaques (28, 45). In addition, several studies have shown an
increase of oxidative damage in AD brains and in the cerebrospinal
fluid of patients affected by the disease (24, 32, 35, 46). Oxidative
modification of proteins can occur as direct oxidation of the protein
side-chain by ROS, which results in the formation of hydroxyl
groups or carbonyl groups. On the other hand, products of glycoxi-
dation and lipoxidation can form stable adducts with aminoacids,
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leading to structural alterations of proteins (9, 43). Protein oxida-
tion results in altered biologic function and leads to abnormal
protein cross-linking and aggregation; these two events can lead to
cell degeneration (31, 48).

Increased levels of glycation end products and lipid peroxidation
markers have been observed in brains of patients with AD in asso-
ciation with NFTs and AP deposits (23, 47, 56). One of the main
products of lipoxidation is 4-hydroxy-2-nonenal (HNE), a highly
reactive aldehyde that can form stable adducts with cysteine, histi-
dine and lysine (53). Several studies have shown that HNE is
neurotoxic and can inhibit enzymes essential for neuronal survival
such as the Na*/K* ATPase (18, 31).

Many studies have identified targets of oxidative stress in
advanced stages of AD (6, 21, 37, 50). Mild cognitive impairment
is a heterogeneous condition generally characterized by memory
disturbances (29). Neuropathologically, a substantial number of
patients with mild cognitive impairment are associated with AD
pathology in the entorhinal and transentorhinal cortices, amygdala,
hippocampus and temporal lobe (42). Increased levels of HNE are
also present in the brains of subjects with mild cognitive impair-
ment and early AD (8, 54). Protein oxidative damage has also been
shown in patients with mild cognitive impairment associated with
AD pathology (7, 20, 52, 54). Oxidative damage is not restricted to
proteins, but DNA and RNA are also targets of oxidation in cases
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Table 1. Summary of neuropathological

findings in this series. Abbreviations: AD cases Age Gender Post-mortem NFTs: tau Amyloid
AD = Alzheimer's disease; pathology pathology
NFTs = neurofibrillary tangles; NP = neuritic Cases
plagues; DP = diffuse plaques; AA = amyloid 1 67 Male 7h15— AD Il No
angiopathy. 2 82 Female 5h15- AD I DP, AA

3 69 Male 4h15- AD Il No

4 72 Male 6h15— AD Il DP, NP

5 55 Male 3h10 AD | No

6 53 Male 6h15— AD | DP

Controls

1 73 Female 5h30 No No

2 80 Female 3h30 No No

3 65 Female 4h No No

4 73 Female 7h No No

5 59 Male 6h25 No No

6 53 Male 7h25 No No

with mild cognitive impairment (25, 26). Together, these observa-
tions support previous proposals suggesting oxidative damage as
an early event in AD (36).

Mild cognitive impairment can be the initial clinical manifesta-
tion of AD (39). However, AD pathology associated with mild
cognitive impairment is certainly not the less severe neuropatho-
logical expression of AD-related pathology. Braak et al proposed a
classification of AD in six stages according to the severity and
regional distribution of NFT pathology (5). Stages I/II are charac-
terized by NFTs and dystrophic neurites restricted to the transen-
torhinal and entorhinal cortices. No clinical symptoms are noted
at these stages. Stages III/IV are characterized by the additional
involvement of the hippocampus and inner regions of the temporal
cortex. Mild cognitive impairment may occur in association with
AD Braak stages III/IV. Finally, stages V/VI involve the neocortex
and are clinically manifested as Alzheimer dementia.

It is not known whether oxidative damage occurs at Braak stages
I/IT in which NFT pathology is restricted to the entorhinal and
transentorhinal cortices. Yet this appears to be a substantial piece of
information as it would permit to know at what point of AD oxida-
tive does damage initiate and can be detected. To reach this end, the
present study was designed to examine oxidative damage in the
entorhinal cortex, the first brain region to be affected by NFT in
AD-related pathology. We show that the mitochondrial ATP-
synthase o subunit is lipoxidized in the entorhinal cortex in Braak
stages I/I and that there is a specific loss of enzymatic activity,
indicating that an alteration of the energy production system may
be one of the first pathways to be impaired at the initial stages of
AD-related tauopathy.

MATERIALS AND METHODS

Tissue samples

The selection of cases examined in the present study corresponded
to a consecutive series of donations having in common (i) lack of
neurological symptoms and signs; (ii) lack of known hepatic or
renal function impairment; and (iii) lack of evidence of prolonged
agonal state. At autopsy, half of each brain was fixed in formalin,
while the other half was cut in coronal sections 1 cm thick, frozen
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on dry ice and stored at —80°C until use. For diagnostic morpho-
logical studies, the brains were fixed by immersion in 4% buffered
formalin for 2 or 3 weeks. The neuropathological study was carried
out on sections of the frontal (area 8), primary motor, primary
sensory, parietal, temporal superior, temporal inferior, anterior cin-
gular, anterior insular, and primary and associative visual cortices;
entorhinal cortex and hippocampus; caudate, putamen and palli-
dum; medial and posterior thalamus; subthalamus; Meynert
nucleus; amygdala; midbrain (two levels), pons and medulla oblon-
gata; and cerebellar cortex and dentate nucleus. The tissue was
embedded in paraffin. De-waxed sections, 5 um thick, were stained
with hematoxylin and eosin, and with Kliiver-Barrera, or processed
for immunohistochemistry according to the streptavidin LSAB
method (Dako, Dakopats, Barcelona, Spain). After incubation with
methanol and normal serum, the sections were incubated with one
of the primary antibodies at 4°C overnight. Antibodies to glial
fibrillary acidic protein (GFAP, Dako), BA4-amyloid (Boehringer,
Ingelheim, Germany) and ubiquitin (Dako) were used at dilutions
of 1:250, 1:50 and 1:200, respectively. Antibodies to o-synuclein
(Dako) were used at a dilution of 1:100. Phospho-specific tau rabbit
polyclonal antibodies Thr181, Ser199, Ser202, Ser214, Ser231,
Ser262, Ser396 and Ser422 (all of them from Calbiochem, LalJolla,
CA, USA) were used at a dilution of 1:100, excepting anti-
phospho-tauThr181, which was used at a dilution of 1:250. The
peroxidase reaction was visualized with 0.05% diaminobenzidine
and 0.01% hydrogen peroxide. Staging of AD was carried out
according to Braak criteria (5), adapted to paraffin sections (4).

Cases with no neuropathological lesions (including vascular,
hypoxic, inflammatory and degenerative) were considered as con-
trols. Cases with NFT restricted to the entorhinal and transentorhi-
nal cortices, with and without moderate amyloid burden, were
included in the present study. Cases with additional pathology
(either tau (ie, grains), o-synuclein, Lewy bodies in other brain
regions, or vascular in any area) were excluded. Moreover, GFAP
immunohistochemistry was used to discard astrocytosis in any
case. The clinical records were reexamined for every case, and
cases with AD-related pathology were reassessed by phone calls or
interviews to their relatives, asking for any, even subtle, neurologi-
cal or cognitive change. Only cases fulfilling these criteria were
considered in the present work.
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A summary of the cases analyzed is shown in Table 1. Age,
gender, post-mortem delay and neuropathological diagnosis are
reported for cases with early AD pathology and control individuals.

Sample preparation

An amount of 0.1 g of entorhinal cortex from the six cases with AD
pathology stages I/II and six controls was homogenized with a
glass homogenizer in buffer containing 8 M Urea, 2 M Thiourea,
50 mM Tris-HCI pH 7.5, 4% CHAPS, 1 mM phenylmethylsulfonyl
fluoride (PMSF) plus protease inhibitors tablet (Roche Molecular
Systems, Barcelona, Spain) and then centrifuged for 10 minutes at
10 000 g. After centrifugation, the supernatant was conserved, and
the total amount of protein was quantitated by using the Comassie
brilliant blue-based Bradford assay (Sigma-Aldrich, Madrid,
Spain). For two-dimensional (2-D) electrophoresis, 2% biolytes
3/10 ampholytes (BioRad, Barcelona, Spain), 4 mM of Tribu-
tylphosphine and Bromophenol blue were added to the samples.

For the study of mitochondrial-enriched fractions, the following
procedure was applied: 0.2 g of tissue from three AD cases and
three controls was homogenized and sonicated on ice in 1.5 mL of
buffer containing 20 mM HEPES pH 7.5, 250 mM sucrose, 10 mM
KCl, 1.5 mM MgCl,, | mM EDTA, | mM EGTA, 1 mM dithiotrei-
tol (DTT), 1 mM PMSEF plus protease inhibitors cocktail (Roche)
and then was centrifuged for 30 minutes at 750 g. The pellet
(P1) was discarded, while the supernatant was centrifugated for
20 minutes at 8000 g. The pellet (P2), corresponding to the
mitochondrial-enriched fraction, was resuspended in buffer with
8 M Urea, 2 M Thiourea, 50 mMTris pH 7.5, 4% CHAPS. For
protein quantitation, Bradford assay was used. Immediately before
the 2-D-electrophoresis run, 2% biolytes 3/10 ampholyites
(BioRad), 4 mM of Tributylphosphine and Bromophenol blue were
added to the samples.

2-D gel electrophoresis

For the first dimension electrophoresis, 200 pg of protein from the
six cases with AD pathology stages I/Il and six controls was
applied onto 7 cm pH 3-10 nonlinear gradient ReadyStrip IPG
strips (BioRad) that were actively rehydrated at 50 V for 12 h. The
isoelectric focusing was performed rapidly at 200 V for 1 h, lin-
early at 500 V for 1 h, linearly at 1000 V for 1 h, linearly at 8000 V
for 1 h and rapidly at 8 000 V for 10 h. All the above steps were
carried out at room temperature. After focusing, the strips
were kept at —80°C until two-dimensional electrophoresis was
performed.

For the second-dimension electrophoresis, the strips were first
equilibrated for 10 minutes in a buffer containing 375 mM Tris-
HCI pH 8.8, 6 M urea, 2% (w/v) sodium dodecyl sulfate (SDS),
20% (v/v) glycerol, and 2% DTT, and then reequilibrated for
another 10 minutes in the same buffer in which DTT was replaced
by 2.5% iodoacetamide. Proteins were separated by SDS-
polyacrylamide gel (PAGE) using 10% polyacrylamide gels, and
the precision protein marker (Fermentas, Glen Burnie, MD, USA)
was run along with the sample at 100 V for 2 h. Two gels of the
same sample were run in parallel. One gel was stained with Bio-
Safe colloidal Comassie Brilliant Blue G-250 (BioRad) according
to the manufacturer’s guidelines, and the other one was processed
for Western blot analysis.
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Western blotting

For immunoblotting analysis, proteins were transferred to a nitro-
cellulose membrane (BioRad) at 100 V for 75 minutes, after SDS-
PAGE electrophoresis. Once the transfer was completed, mem-
branes were treated with 10 mM NaBH, in Tris-buffer saline (TBS)
for 30 minutes in order to stabilize the HNE-protein adducts, and
washed three times with TBS. Afterward, the membranes were
blocked with 5% skimmed milk for 1 h and immunoblotted over-
night a 4°C with polyclonal anti-HNE antibody (Calbiochem) or
with monoclonal anti-ATP-synthase o chain antibody (Bioscience,
Barcelona, Spain). Blots were then incubated with anti-rabbit/
mouse secondary antibody horseradish peroxidase conjugated
(Dako) and visualized with the ECL chemiluminescence method
(Amersham, Barcelona, Spain). The monoclonal anti-f-actin
antibody (Sigma-Aldrich) was used at a dilution of 1:5000 as a
control of protein loading normalization in monodimensional gels.

Protein expression levels were determined by densitometry of
the bands by using Total Laboratory v2.01 software (Nonlinear
Dynamics Ltd., Newcastle upon Tyne, UK). Measurements are
expressed as arbitrary units. The results were normalized for
B-actin. The numerical data obtained from AD cases and corre-
sponding controls were statistically analyzed with STATGRAPH-
ICS plus 5.0 software (Madrid, Spain) and by using the analysis of
variance (ANOVA) test.

Afterward, both strips were incubated with anti-HNE antibody at
1:1000 dilution and then with antirabbit secondary antibody horse-
radish peroxidase conjugated (Dako) and visualized with the ECL
chemiluminescence method.

NaBH, treatment

Entorhinal cortex of one AD I/l case was homogenized in lysis
buffer containing 8 M Urea, 2 M Thiourea, 50 mM Tris-HC] pH
7.5, 4% CHAPS, 1 mM phenylmethylsulfonyl fluoride (PMSF)
plus protease inhibitors tablet (Roche Molecular Systems, Barce-
lona, Spain) and then centrifuged for 10 minutes at 10 000 g. After
centrifugation, the total amount of protein of the supernatant was
quantitated by using the Coomassie brilliant blue-based Bradford
assay (Sigma-Aldrich). An amount of 30 ug of protein from the
same AD I/II homogenate was loaded respectively in two separate
lanes of an SDS-PAGE and then blotted into a nitrocellulose mem-
brane. The membrane was cut between the two lanes, and one part
was treated with 10 mM NaBH, for 30 minutes, while the other one
was not.

In-gel digestion

Proteins were in-gel digested with trypsin (Promega, Barcelona,
Spain) in the automatic Investigator ProGest robot of Genomic
Solutions, MI, USA. Briefly, excised gel spots were washed
sequentially with ammonium bicarbonate buffer and acetonitrile.
Proteins were reduced with 10 mM DTT solution for 30 minutes
and alkylated with 100 mM solution of iodine acetamide. After
sequential washings with buffer and acetonitrile, proteins were
digested overnight at 37°C with trypsin 0.27 nM. Tryptic peptides
were extracted from the gel matrix with 10% formic acid and
acetonitrile. The extracts were pooled and dried in a vacuum
centrifuge.
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Figure 1. 2-D gels immunoblotted with HNE antibody of entorhinal
cortex from AD cases stages /Il (cases 2 and 6, upper panel) and con-
trols (Ctrl 1 and 2, lower panel). Spots positive for HNE antibodies
detected in AD but not in control cases are encircled. Note that several
other spots appeared in case 2 but not in case 6. Similarly, additional

Acquisition of MS and mass spectrometry
(MS/MS) spectra

Proteins excised from the 2-D gels were either analyzed by matrix
assisted laser desorption ionization-time-of-flight (MALDI-TOF/
TOF) (4700 Proteomics Analyzer, Applied Biosystems, Foster city,
CA, USA) or electrospray ionization-q-time-of-flight (ESI-Q-TOF)
(Qtof-Global, Micromass-Waters, Manchester, UK). In the first
case, the digests were redissolved in 5 uL of 0.1% trifluoroacetic
acid. Typically, a 0.5 puL aliquot was mixed with the same volume of
a matrix solution, 5 mg/mL of a-ciano-4-hydroxycinnamic acid
(Sigma-Aldrich) in 50% acetonitrile/0.1% trifluoroacetic acid. A
maximum of five prominent peaks was selected to be characterized
further by MS/MS analysis. Spectra were submitted for database
searching in a generic MASCOT (Matrix Science, Boston, MA,
USA) format.

Some of the tryptic digested samples were analyzed by online
liquid chromatography tandem mass spectrometry (Cap-LC-nano-
ESI-Q-TOF) (CapLC, Micromass-Waters, Manchester, UK). In
that case, samples were resuspended in 12 UL of 10% formic acid
solution, and 4 uL. was injected to chromatographic separation in
reverse-phase capillary Cis column (75 um of internal diameter
and 15 cm length, PepMap column, LC Packings, Amsterdam, the
Netherlands). The eluted peptides were ionized via coated nano-ES
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spots appeared in Ctrl 2 but not in Ctrl 1. That means that other proteins
in control and diseased brains are subject of oxidation. Only the spots
appearing in all AD stage I/Il cases and in none control were analyzed in
detail. Abbreviations: 2-D = two-dimensional; AD = Alzheimer's disease.

needles (PicoTip™, New Objective, Woburn, MA, USA). A capil-
lary voltage of 1800-2200 V was applied together with a cone
voltage of 80 V. The collision in the collision-induced dissociation
(CID) was 20-35 eV and argon was used as collision gas. Data
were generated in PKL file format, which were submitted for data-
base searching in MASCOT server.

Probability-based MOWSE score was used to determine the
level of confidence in the identification of specific isoforms from
the mass spectra. This probability equals 10CMowse score10) Nowse
scores greater than 50 were considered to be of high confidence of
identification.

Measurement of the mitochondrial complex |
and complex V activities

For mitochondrial complex I, entorhinal tissue homogenates were
centrifuged at 70 000 g for 30 minutes at 4°C. The resulting mem-
branous pellets were resuspended and sonicated in ice-cold potas-
sium phosphate buffer (pH 7.4) in order to obtain inverted submi-
tochondrial particles. The rate of NADH oxidation in the resultant
suspensions was measured spectrophotometrically at 340 nM and
37°C in a medium containing 0.3 mM NADH, 0.1 mM coenzyme
Q1, 1 mM potassium cyanide and 2 mM sodium azide, in the pres-
ence and absence of 1 UM rotenone. Complex I-specific enzyme
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Figure 2. 2-D gel electrophoresis and Western blotting to HNE (left
panel) processed in parallel with gels stained with Comassie (right
panel). HNE-immunoreactive spots in blotted membranes of AD stages
I/l cases 5 and 6 are identified in gels stained with Comassie. The spots
#1 from case 5 and spots #2, #3 and #4 from case 6 were in-gel digested
and processed for mass spectrometry. Target protein is shown in
Table 2. (Inset) Homogenates were loaded respectively in two separate
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lanes of an SDS-PAGE and then blotted into a nitrocellulose membrane.
The membrane was cut between the two lanes and one part was treated
with 10 mM NaBH., while the other one was not. NaBHa-treated mem-
brane strip (lane B) shows a much more intense signal than the strip
that was not treated with the reducing agent (lane A). Abbreviations:
2-D = two-dimensional; HNE = 4-hydroxy-2-nonenal; AD = Alzheimer's
disease; SDS-PAGE = sodium dodecy! sulfate polyacrylamide gel.
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Table 2. Mass spectrometry protein identification of the HNE-positive spots of AD I/l entorhinal cortex. HNE positive spots from all the AD cases were
analyzed: spot #1 from AD case b; spots #2, 3 and 4 from AD case 6; spot #5 from AD case 4, spots #6 and 7 from AD case 1; spot #8 from AD case 2;
and spots #9 and 10 from AD case 3. Abbreviations: HNE = 4-hydroxy-2-nonenal; AD = Alzheimer’s disease; ATP = adenosine diphosphate.

Spot Protein Theorical Theorical Sequence MOWSE
Pl MW coverage score
1 gil127798841 ATP-synthase, H + transporting mitochondrial F1 complex, o subunit 9.07 59785 33% 236*
2 gil34782901 ATP-synthase, H + transporting mitochondrial F1 complex, o subunit 9.10 48879 21% 90*
3 gil34782901 ATP-synthase, H + transporting mitochondrial F1 complex, o subunit 9.10 48879 18% 102*
4 gil34782901 ATP-synthase, H + transporting mitochondrial F1 complex, o subunit 9.07 48879 18% 162*
5 gil4757810 ATP-synthase, H + transporting mitochondrial F1 complex, o subunit 9.16 59828 25% 4458
6 gil4757810 ATP-synthase, H + transporting mitochondrial F1 complex, o subunit 9.16 59828 28% 6278
7 gil127798841 ATP-synthase, H + transporting mitochondrial F1 complex, o subunit 9.07 59785 16% 3208
8 gil4757810 ATP-synthase, H + transporting mitochondrial F1 complex, o subunit 9.14 59828 27% 6168
9 gil127798841 ATP-synthase, H + transporting mitochondrial F1 complex, o subunit 9.07 59785 27% 152*
10 gil4757810 ATP-synthase, H + transporting mitochondrial F1 complex, o subunit 9.16 59828 42% 9808

All the spots correspond to the mitochondrial ATP-synthase o subunit.

Score values higher than 50 indicate identity or extensive homology (P < 0.05).

*MALDI-TOF/TOF used for the analysis.
8ESI-Q-TOF used for the analysis.

activity was calculated as the rotenone-sensitive rate and expressed
in units/mg of protein. One unit of complex I oxidizes 1 wmol of
NADH per minute (16, 34).

Complex V enzyme activity was measured in entorhinal homo-
genates with a MitoProfile® Rapid Microplate Assay Kit for ATP-
synthase (complex V) (Mitosciences, OR, USA) according to the
manufacturer’s instructions. This method is based on specificity of
clones 12F4ADS8 (recognizing native F1 portion) and 3D5ABI1
(recognizing B subunit) for complex V immunoisolation. Briefly,
the ATP-synthase enzyme was immunocaptured within the wells of
the microplates, and the enzyme activity was measured by monitor-
ing the decrease in absorbance at 340 nM. Specifically, the conver-
sion of ATP to ADP by ATP-synthase was coupled to the oxidation
reaction of nicotinic acid adenine dinucleotide (NAD+) to reduced
nicotinamide adenine dinucleotide (NADH) with a reduction in
absorbance at 340 nM. Additional experiments, using the ATP
reverse hydrolysis on inverted submitochondrial particles (see
above) with inorganic phosphate measurement based on malachite
green assay (Cayman ref 10009325, Malachite Green Phosphate
Assay Kit) showed similar results to immunoisolated complex V
activity assay (data not shown).

Complex I- and complex V-specific activities were normalized
per protein content and per citrate synthase activity. Citrate synthase
activity in a specific tissue is frequently constant when expressed per
mitochondrial protein. Some metabolic mitochondrial parameters,
therefore, may be expressed per citrate synthase for specific applica-
tions (17, 22, 41). The activity of citrate synthase in the tissue
homogenate supernatants was measured spectrophotometrically
at 412 nM and 30°C in a medium containing 0.1 mM 5,5-dithio-
bis-(2-nitrobenzoic) acid, 0.5 mM oxaloacetate, S0 uM EDTA,
0.31 mM acetyl coenzyme A, 5 mM triethanolamine hydrochloride
and 0.1 M Tris—HCI, pH 8.1 as described previously (44).

Double-labeling immunofluorescence and
confocal microscopy

De-waxed 5-micron-thick sections were stained with a saturated
solution of Sudan black B (Merck, Barcelona, Spain) for 10
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minutes to block the autofluorescence of lipofuscin granules
present in nerve cell bodies, rinsed in 70% ethanol and washed
in distilled water. The sections were incubated at 4°C over-
night with a combination of the primary antibodies to ATP-
synthase and phospho-tauThr181. The mouse anti-ATP-synthase
antibody (Biosciences) was used at a dilution of 1:1000 and
the anti-phospho-tauThr181 antibody (Calbiochem) at a dilution
of 1:500. After being washed in phosphate-buffered saline
(PBS), the sections were incubated in the dark for 45 minutes
at room temperature, with the cocktail of secondary anti-
bodies diluted in the same vehicle solution as the primary
antibodies. Secondary antibodies were Alexa488 antimouse
and Alexa555 antirabbit (both from Molecular Probes, Invi-
trogen, Spain, UK), and these were used at a dilution of 1:400.
Nuclei were stained with DRAQ 5 (Molecular Probes) diluted
1:2000. Some sections were incubated only with the secondary
antibodies. These sections were considered as negative
controls. After being washed in PBS, the sections were mounted
in Immuno-Fluore Mounting medium (ICN Biomedicals,
Barcelona, Spain), sealed and dried overnight. Sections were
examined with a Leica TCS-SL confocal microscope (Wetzler,
Germany).

RESULTS

Case analysis

Neuropathological examination was carried out in different brain
areas of both AD and control cases, and several antibodies were
used for diagnostic morphological studies as reported in the Mate-
rials and Methods section. Phospho-specific tau antiserum revealed
tau inclusions in the entorhinal cortex of AD I/II cases, while no
staining for hyper-phosphorylated tau was observed in any control
subjects. B-amyloid deposits were present as diffuse plaques and
primitive plaques in the entorhinal cortex of 3 of 6 AD stage I/I1
cases. No amyloid pathology was detected in control cases
(Table 1).
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2D gel electrophoresis and mass spectrometry
protein identification

Total homogenates of entorhinal cortex from AD I/II and control
cases were run in monodimensional gels and analyzed by Western
blot using anti-HNE antibodies. Discrete differences in protein
oxidation levels were seen between cases with AD pathology stages
I/IT and controls.

To investigate the nature of lipoxidation targets, 2-D gel electro-
phoresis was used. This approach allowed the separation of pro-
teins according to their charge and molecular weight for subse-
quent mass-spectroscopy analysis. Total homogenates of entorhinal
cortex from AD stages I/II cases (n = 6) and age-matched controls
(n = 6) were run in parallel.

In 2-D Western blots, anti-HNE antibody marked several spots
in the membrane of both AD and control subjects (Figure 1). Most
of these varied from one case to another and were not reproducible
among the AD cases, suggesting individual variations. In order to
minimize the risk of false positive results, we decided to study just
the spots that were only present in cases with AD pathology stages
I/I and that were present in all cases. In this way, we identified a
row of spots with a molecular weight between 50 and 60 kDa
present in all cases with AD pathology stages I/II, but in none
control (Figure 1). To investigate the identity of these spots, mass-
spectroscopy analysis was performed in all six AD-related cases.
Samples from each individual with AD were run in parallel in 2D
gels. One gel was immunoblotted for anti-HNE antibody, while the
other one was stained with Comassie blue. HNE-immunopositive
spots were identified in the parallel Comassie-stained gel and pro-
cessed for mass spectrometry. A total of 10 different spots were
analyzed. Spot 1 from AD case 5 and spots 2, 3 and 4 from AD case
6 are shown in Figure 2. The specificity of the anti-HNE antibody
has been analysed, and results are shown in Figure 2 inset. The
HNE-immunoblot of the NaBH,-treated membrane strip (Figure 2
inset, lane B) shows a much more intense signal than the strip that
was not treated with the reducing agent (Figure 2 inset, lane A).

The complete list of the spots, excised from the Comassie gels, is
reported in Table 2. The 10 spots analyzed corresponded to the o
subunit of mitochondrial ATP-synthase with high level of confi-
dence (P < 0.005) (Table 2).

2D immunoblotting for protein validation

To further validate the correct identification of the protein, parallel
immunoblot analysis was performed. Blots of 2-D gels from all the
AD cases probed with anti-HNE antibody were immunostained
with ATP-synthase o subunit monoclonal antibody. Western blots
revealed the presence of a row of spots with a molecular weight
between 50 and 60 kDa, which likely corresponded to different
isoforms of the enzyme (Figure 3). Spots detected with anti-HNE
antibody (Figure 3A) matched those immunostained with o
subunit of ATP-synthase antibodies (Figure 3B). These signals
coming from the staining with the two antibodies corresponded to
the protein spots excised from the Comassie-stained gel and pro-
cessed for mass spectrometry (Figure 3C).

The ATP-synthase o subunit is part of the F1 complex of the
ATP-synthase enzyme, located at the mitochondrial inner mem-
brane. To further confirm the lipoxidation state of the o subunit of
this enzyme in the entorhinal cortex of AD stages I/Il, 2-D HNE
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Figure 3. Validation of mass spectrometry results was performed using
Western blot analysis. Case 1 is used as an example. A. Blot probed with
HNE antibody. B. Blot probed with ATP-synthase o subunit antibody.
C. Comassie staining. Proteins analyzed from spots 6 and 7 are
listed in Table 2. Abbreviations: HNE = 4-hydroxy-2-nonenal; ATP = ATP-
synthase.

immunoblots were performed in mitochondrial-enriched fractions
in AD cases. Mitochondrial-enriched fractions were obtained as
detailed in Materials and Methods section. Figure 4 shows 2-D
immunoblots with anti-HNE and anti-ATP-synthase o subunit
antibodies of cases with AD pathology stages I/II (panel A) and
controls (panel B). A row of spots, corresponding to ¢ unit of
ATP-synthase, was clearly marked with HNE antibody in mito-
chondrial extracts of diseased cases compared with controls. These
data further support the lipoxidation state of the enzyme in mito-
chondrial fractions.

In order to rule out the possibility that the strong oxidation of the
enzyme was a consequence of an increased protein level associated
with the AD condition, ATP-synthase o expression levels were
tested in total homogenates of cases with AD pathology stages /11
and controls cases. No significant differences were observed
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Figure 4. 2-D immunoblots of mitochondrial-enriched fractions of the
entorhinal cortex from AD I/l (case 1, upper panel) and control (ctrl 4,
lower panel). Immunostaining with anti-HNE (left panels) and anti-ATP-
synthase o subunit antibodies(right panel) shows the presence of the

between the two groups after densitometric studies normalized
with B-actin and statistical processing of data (Student’s r-test,
P =0.6) (Figure 5).

Mitochondrial enzymatic activities

Complex V (ATP-synthase) activity, normalized for citrate syn-
thase activity, was significantly decreased (approximately 30%) in
AD Braak stages I/II group (100.0 = 9.5 vs. 68.8 = 6.0 for control
vs. AD group, mean * SE, n = 6 per group, respectively; P = 0.02)
(Figure 5B). No differences between control and AD Braak stages
I/IT groups were detected for mitochondrial complex I activity
(Figure 5B). The complex I activity, also normalized for citrate
synthase activity, was 100.0 = 13.5 vs. 96.0 = 10.8 for control vs.
AD group (mean * SE, n=6 per group, P =0.41). Citrate syn-
thase activity was 100.0 = 13.5 vs. 104.8 = 8.0 for control vs. AD
group (mean * SE, n = 6 per group; P = 0.38).

Double-labeling immunofluorescence and
confocal microscopy

Sections immunostained with anti-ATP-synthase and anti-
phospho-tau antibodies showed punctate ATP-synthase immunore-
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lipoxidizedenzyme in AD stage I/l (encircled) but not in control
cases. Abbreviations:  2-D =two-dimensional;  AD = Alzheimer's
disease; HNE = 4-hydroxy-2-nonenal; ATP = ATP-synthase.

activity consistent with mitochondrial staining in neurons with
pretangles, neurons with tangleas and neurons without phospho-
tau deposits (Figure 6). Tangles in neurons, but not pretangles,
displaced ATPase-immunoreactive dots to the periphery of tangles.

DISCUSSION

Oxidative stress plays an important role in AD, and it has been
suggested that oxidative damage is an early event in the pathogenesis
of AD (12, 32, 36). There is, indeed, a very important amount of
information showing oxidative damage in patients suffering from
mild cognitive impairment associated with AD-related pathology
consistent with stages [1I/IV of Braak (5). Oxidative damage targets
on proteins, DNA and RNA (7, 8, 20, 25, 26, 30, 37,40, 52, 54).
However, nothing is known about possible oxidative damage at
earlier stages of AD-related pathology, albeit we can understand
that this information is really important to know what may occur to
the human brain at the very early stages of AD. Therefore, the
present study was undertaken to know whether oxidative damage is
present even at earlier stages of AD-related pathology, namely,
stages I/II of Braak in which NFT pathology is restricted to the
entorhinal and transentorhinal cortices. Combination of monodi-

229

© 2009 The Authors; Journal Compilation © 2009 International Society of Neuropathology



ATP-Synthase Oxidation in AD Stages I/Il

A

AD I/l Ctrls
I 1T 1
e I s v — —

— — — .

< 45kDa  B-actin

2,5

2 mAD
O CTRL

Figure 5. A. Western blots of total entorhinal cortex homogenates in
AD cases stages I/l and controls incubated with antibodies to ATP-
synthase o subunit. Antibodies to actin were used as a control of protein
loading. No significant differences in the expression levels were seen
between the two groups (Student’s t-test, P=0.6). B. Complex V (ATP-

mensional and 2-D gel electrophoresis and Western blotting, in-gel
digestion and mass spectrometry, and enzymatic activities was
used for this purpose. Although several spots representing lipoxi-
dized proteins were differentially found in individual cases, only
those spots that were present in a// cases with AD pathology stages
I/I and in none control case were analyzed. The entorhinal cortex
was precisely selected because NFT pathology is the main target of
NFT pathology at this stage.

The o subunit of the mitochondrial ATP-synthase was recog-
nized as the common lipoxidized protein in the entorhinal cortex of
all AD cases at stages I/I1.

Mitochondrial ATP-synthase is a multidomain enzyme located
in the inner mitochondrial membrane and is the last complex
(complex V) of the electron transport chain. It uses the electron
proton gradient generated by the electron transport chain to convert
ADP molecules to high energy ATP. This enzyme is a large multi-
protein complex formed by a transmembrane channel (the FO
complex) and the synthase domain (F1 complex), which is com-
posed, among others, of three o subunits (1, 3, 49). Oxidative
damage of the o subunit of the mitochondrial ATP-synthase gene
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synthase) activity (% respect control group), normalized for citrate syn-
thase activity, was significantly decreased in AD Braak stages I/l group
(P=0.02). No differences between control and AD Braak stages I/II
groups were detected for mitochondrial complex | activity (P=0.41).
Abbreviations: AD = Alzheimer's disease; ATP = ATP-synthase.

promoter causes down-regulation of the protein expression, which
leads to reduced ATP synthesis and to nuclear DNA damage of
vulnerable genes (27). Oxidative damage to ATP-synthase results
in lost of activity (40). Previous studies have also shown significant
nitration of the o subunit of ATP-synthase in advanced stages of
AD, thus contributing to abnormal function of the respiratory chain
(51). Recently, ATP-synthase lipoxidation has been observed in the
hippocampus and parietal cortex in cases with mild cognitive
impairment neuropathologically verified AD stages III-VI (40).
Our results, therefore, do not merely confirmat but rather show for
the first time that lipoxidative damage occurs in vulnerable regions
from the very early stages of AD, that selective lipoxidation of
ATP-synthase is a very early abnormality in AD-related pathology
and that this structural modification is associated with a loss of
ATPase activity.

Previous studies have shown mitochondrial and energy-related
abnormalities in advanced AD. Cytochrome ¢ oxidase (COX), the
complex IV of the electron transport chain, expression and activity
are impaired in several brain regions in advanced AD (2, 33). In the
same line, reduced COX expression, in spite of massive increase of
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Figure 6. Immunofluorescence and confocal microscopy showing ATP-synthase immunoreactivity (A, D, green) in neurons with tangles (B, red) and
pretangles (E, red), as well as in neurons without tau-immunoreactive deposits (A-F), (C, F) merge, (G-I) negative controls incubated without the
primary antibodies. Nuclei are visualized in blue. Abbreviation: ATP = ATP-synthase.

aberrant mitochondria, has been recently reported in dystrophic
neurites of SPs (38). The o subunit of the ATP-synthase is one of
the key targets of oxidative insults in AD brains (40). Decreased
o-ketoglutarate dehydrogenase activity, possibly due to the HNE
binding, has also been described in parietal and temporal cortices
of AD cases (13-15).

Amyloid deposits were present in some but not all AD cases
examined in the present study. Therefore, these findings suggest a
lack of correlation between 3-amyloid deposits and oxidative modi-

Brain Pathology 20 (2010) 222-233

fication of ATP-synthase o subunit in the entorhinal cortex of AD
stage I/11 cases analyzed. It is possible that the oxidative damage of
the enzyme and the presence of B-amyloid aggregates are two
independent events that may co-occur in certain individuals with
NFTs restricted to the entorhinal and transentorhinal cortices.

It is not clear whether the present patients with stages I/II of
Braak would have progressed to more advanced stages of AD even-
tually leading to dementia if they had survived. However, consider-
ing the proposal of Braak as an instrumental classification, we can
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speculate that the onset and then the progression of AD may be the
result of the impairment of different cellular pathways whose com-
bination reinforces their effect on cellular damage. In this line, the
oxidation of the F1 domain o subunit may impair the activity of the
ATP-synthase complex, leading to decreased ATP production and,
possibly, to the alteration of the entire electron transport chain
function. This could favor, in turn, the overproduction of ROS and
the progression of oxidative damage.

In summary, the study shows that the o subunit of the ATP-
synthase is targeted for oxidative damage at the very early stages of
AD pathology. These results suggest that the possible alteration of
the biologic function of this enzyme may be an early and essential
step in the pathogenesis of AD. Moreover, our data provide a valu-
able insight into the important role that oxidative stress plays at the
initial stage of AD pathology.
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