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Numerous studies have shown that neuronal lipids are highly susceptible to oxidative stress
including in those brain areas directly involved in the neurodegenerative process of Alzheimer’s
disease (AD). Lipid peroxidation directly damages membranes and also generates a number of
secondary biologically active products (toxic aldehydes)that are capable of easily attacking lipids,
proteins, and DNA. Accumulating evidence has demonstrated regionally increased brain lipid
peroxidation in patients with AD; however, extensive studies on specific targets of lipid peroxidation-induced damage are still missing. The present study represents a further step in
understanding the relationship between oxidative modification of protein and neuronal death
associated with AD. We used a proteomics approach to determine specific targets of lipid
peroxidation in AD brain, both in hippocampus and inferior parietal lobule, by coupling
immunochemical detection of 4-hydroxynonenal-bound proteins with 2-D polyacrylamide gel
electrophoresis and MS analysis. We identified 4-hydroxynonenal-bound proteins in the hippocampus and inferior parietal lobule brain regions of subjects with AD. The identified proteins
play different biological functions including energy metabolism, antioxidant system, and structural proteins, thus impairing multiple molecular pathways. Our results provide further evidence
for the role of lipid peroxidation in the pathogenesis of AD.
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Introduction

Alzheimer’s disease (AD) is the most common neurodegenerative disorder and the leading cause of dementia in the elderly.
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Abbreviations: AD, Alzheimer’s disease; Ab, amyloid b-peptide;
DRP-2, dihydropyrimidinase-related protein 2; HNE, 4-hydroxynonenal; HP, hippocampus; IPL, inferior parietal lobule; MCI,
mild cognitive impairment; PMI, postmortem interval; Prx6,
peroxiredoxin 6
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Although the initiating events are still unknown, it is clear that
AD results from the combination of genetic risk factors with
different epigenetic events. Besides the pathological hallmarks
of the disease, which include the accumulation of protein
deposits in the brain as extracellular neuritic plaques containing
amyloid b-peptide (Ab) and as intraneuronal neurofibrillary
tangles, AD brains exhibit evidence of ROS-mediated injury
[1, 2]. The oxidative stress hypothesis postulates that accumulation of ROS during aging results in the damage to major
components of cells including DNA, RNA, lipids, and proteins.
Furthermore, it has been suggested that in the initial stages of
the development of AD, Ab deposition and hyperphosphorylated tau function as compensatory responses to ensure
Both authors contributed equally to this work.
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that neuronal cells do not succumb to oxidative damage [3].
However, during AD progression, other events still unknown
contribute to exacerbate increasing oxidative stress conditions
that ultimately result in the pro-oxidant activity of Ab [4]. Postmortem analysis of AD brain showed elevated markers of
oxidative stress including protein 3-nitrotyrosine, protein carbonyls, lipid oxidation products, and oxidized DNA bases [5–9].
Lipid peroxidation is one of the major sources of oxidative
stress in the brain due to its high oxygen utilization, low level
of antioxidants, and high level of polyunsaturated fatty acids
– a substrate for lipid peroxidation. This complex process
involves the interaction of oxygen-derived free radicals with
polyunsaturated fatty acids, resulting in a variety of highly
reactive electrophilic aldehydes that are capable of facile
covalent binding to proteins by forming adducts with
cysteine, lysine, or histidine residues. Among the aldehydes
formed, malondialdehyde, 4-hydroxynonenal (HNE), and
acrolein represent the major products of lipid peroxidation.
The HNE–protein adducts are detected in the brain of
patients with AD [10], and HNE is considered to play a crucial
role in oxidative injury of biomolecules [11]. HNE is one of
the most abundant and toxic aldehydes generated through
ROS-mediated peroxidation of lipids, and it is a highly reactive electrophile. This alkenal has been shown to form
Michael adducts with the sulfhydryl group of Cys residues,
the imidazole group of His residues, and the e-amino group
of Lys and Arg residues on a large number of proteins [12].
HNE has also been shown to react with the sulfhydryl groups
of lipoic acid moieties on proteins [13]. Modification of
proteins by HNE has the potential to have serious detrimental
effects in a cell because of the modification of amino acids
and the potential to form cross links in proteins [14]. Since
protein oxidation generally leads to its dysfunction, the
identification of oxidatively modified proteins, i.e. HNEmodification, provides insights into the biochemical and
pathological alterations involved in AD pathogenesis.
Numerous studies have demonstrated increased levels of
lipid peroxidation in the brain of patients with AD compared
with age-matched controls [15]; however, extensive studies on
specific targets of lipid peroxidation-induced damage are still
missing. Recently, we showed increased levels of oxidative
damage in the brain of subjects with mild cognitive impairment (MCI), an early form of AD [16–19]. To investigate the
role of lipid peroxidation in the pathogenesis of AD, we used
a redox proteomic approach to identify specific HNE-bound
proteins in inferior parietal lobule (IPL) and hippocampus
(HP) specimens obtained from short postmortem interval
(PMI) AD subjects and corresponding controls.

Table 1. Demographic characteristics of AD and control subjects

Sample
(n 5 6)

Age
(years)

Gender
(M/F)

Postmortem
interval (h)

Control
Late-stage AD

85.874.1
84.575.2

4/2
4/2

2.970.23
2.170.47

age- and sex-matched controls. The Rapid Autopsy Program
of the University of Kentucky Clinical Center (UK ADC)
provided autopsy samples with average PMIs of 2.1 h for AD
subjects and 2.9 h for control subjects (Table 1). This short
PMI offers a distinct advantage for proteomics analysis,
since postmortem changes in brain, a common problem in
many studies in AD, are minimal. All AD subjects displayed
progressive intellectual decline and met NINCDS-ADRDA
Workgroup criteria for the clinical diagnosis of probable AD.
Hematoxylin–eosin and modified Bielschowsky staining
and 10-D-5 and a-synuclein immunohistochemistry were
used on multiple neocortical, hippocampal, entorhinal,
amygdala, brainstem, and cerebellum sections for diagnosis.
Some patients were also diagnosed with AD plus dementia
with Lewy bodies, but the results of this study showed no
difference between AD patients with or without the
presence of Lewy bodies. Control subjects underwent
annual mental status testing and semi-annual physical and
neurological examinations as a part of the UK ADC normal
volunteer longitudinal aging study and did not have a
history of dementia or other neurological disorders. All
control subjects had test scores in the normal range.
Neuropathologic evaluation of control brains revealed only
age-associated gross and histopathologic alterations.

2.2 Sample preparation
Brain samples were minced and suspended in 10 mM
HEPES buffer (pH 7.4) containing 137 mM NaCl, 4.6 mM
KCl, 1.1 mM KH2PO4, 0.1 mM EDTA, and 0.6 mM MgSO4
as well as proteinase inhibitors: leupeptin (0.5 mg/mL),
pepstatin (0.7 mg/mL), type II S soybean trypsin inhibitor
(0.5 mg/mL), and PMSF (40 mg/mL). Homogenates were
centrifuged at 14 000g for 10 min to remove debris. Protein
concentration in the supernatant was determined by the
BCA method (Pierce, Rockford, IL, USA).

2.3 2-D gel electrophoresis

2

Material and methods

2.1 Control and AD brains
For the present study, IPL samples and HP samples were
obtained at autopsy from six late-stage AD subjects and six
& 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Samples (200 mg) from IPL and from HP were prepared as
previously described [19]. Proteins (200 mg) were precipitated
by the addition of ice-cold 100% trichloroacetic acid to obtain
a final concentration of 15% trichloroacetic acid and placed
on ice for 10 min to allow the precipitation of proteins.
Precipitates were centrifuged at 15 800  g for 2 min. The
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pellets were washed with 0.5 mL of 1:1 v/v ethanol/ethyl
acetate solution. The samples were then dissolved with
185 mL of rehydration buffer (8 M urea, 2 M thiourea, 20 mM
DTT 2.0% w/v CHAPS, 0.2% Biolytes, and bromophenol
blue).
For first-dimension electrophoresis, 200 mL of the
sample solution was applied to a ReadyStripTM IPG
strip pH 3–10 (Bio-Rad, Hercules, CA, USA). The strips
were previously soaked in the sample solution for 1 h to
allow the uptake of proteins. The strip was then actively
rehydrated in protean IEF cell (Bio-Rad) for 16 h at 50 V.
The IEF was performed 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 221C. The focused IEF strips were stored
at
01C until second-dimension electrophoresis was
performed.
For second-dimension electrophoresis, thawed strips
were equilibrated for 10 min in 50 mM Tris-HCl (pH 6.8)
containing 6 M urea, 1% w/v SDS, 30% v/v glycerol, and
0.5% DTT and then re-equilibrated for 15 min in the same
buffer containing 4.5% iodacetamide in place of DTT.
Linear Gradient (8–16%) Precast Criterion Tris-HCl gels
(Bio-Rad) were used to perform second-dimension electrophoresis. Precision ProteinTM Standards (Bio-Rad) were run
along with the sample at 200 V for 65 min.
After electrophoresis, the gels were incubated in fixing
solution (7% acetic acid and 10% methanol) for 20 min.
Approximately 40 mL of SYPRO Ruby Gel Stain (Bio-Rad)
was used to stain the gels for 2 h, on a gently continuous
rocker. The gels were placed in deionized water overnight
for destaining.

2.4 Western blotting
The same amount of protein samples (200 mg) was used for
2-D-immunoblotting analysis, and the electrophoresis was
carried out as described above. The proteins from the
second-dimension electrophoresis gels were transferred to
nitrocellulose membranes (Bio-Rad) using a Transblot-Blot
SD Semi-Dry Transfer Cell (Bio-Rad) at 15 V for 2 h.
HNE–protein adducts were detected on the nitrocellulose
paper using a primary rabbit antibody (Intergen) specific for
HNE-bound protein (1:100), followed by a secondary goat
anti-rabbit IgG antibody coupled to alkaline phosphatase
(Sigma, St Louis, MO, USA). The resultant stain was
developed using BCIP/NBT solution (SigmaFast tablets;
Sigma).

2.5 Image analysis
Images from SYPRO Ruby-stained gels (n 5 6 controls and
n 5 6 AD), used to measure protein content, were obtained
with a UV transilluminator (lex 5 470 nm, lem 5 618 nm;
& 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Molecular Dynamics, Sunnyvale, CA, USA). The 12
nitrocellulose blots were scanned and saved in TIF format
using a Scanjet 3300C (Hewlett Packard). PDQuest
2-D Analysis Software (Bio-Rad) was used for matching
and analysis of visualized protein spots among differential
gels and membranes to compare protein and HNE
immunoreactivity content between AD IPL and AD HP
samples and respective age-matched controls. Powerful
automatching algorithms quickly and accurately match
gels or blots and sophisticated statistical analysis tools
identify experimentally significant spots. The principles of
measuring intensity values by 2-D Analysis Software
were similar to those of densitometric measurement. The
average mode of background subtraction was used to
normalize intensity values, which represents the amount
of protein (total protein on gel and HNE-bound protein
on the membrane) per spot. After completion of spot
matching, the normalized intensity of each protein spot
from individual gels (or membranes) was compared
between groups using statistical analysis. Statistical
significance was assessed by a two-tailed Student’s
t-test. p values o0.05 were considered significant for
comparison between control (age-matched subjects) and
experimental data (AD subjects). This is the method of
statistical analysis most appropriate for proteomic analysis
of small number of protein spots in contrast to statistical
approach used for large analysis common in gene microarray studies [20].

2.6 Trypsin digestion
In-gel digestion on selected gel spots was performed
according to Thongboonkerd et al. [21]. The selected
protein spots were excised with a clean blade and transferred
into clean microcentrifuge tubes. The protein spots were
then washed with 0.1 M ammonium bicarbonate
(NH4HCO3) at room temperature for 15 min. ACN was
added to the gel pieces and incubated at room temperature
for 15 min. The solvent was removed, and the gel pieces
were dried in a flow hood. The protein spots
were incubated with 20 mL of 20 mM DTT in 0.1 M
NH4HCO3 at 561C for 45 min. The DTT solution was
then removed and replaced with 20 mL of 55 mM iodoacetamide in 0.1 M NH4HCO3. The solution was incubated at
room temperature in the dark for 30 min. The iodoacetamide was removed and replaced with 0.2 mL of 50 mM
NH4HCO3 and incubated at room temperature for
15 min. ACN (200 mL) was added, and after a 15-min incubation, the solvent was removed and the gel spots were dried
in a flow hood for 30 min. The gel pieces were rehydrated
with 20 ng/mL methylated trypsin (Promega, Madison, WI,
USA) in 50 mM NH4HCO3 with the minimal volume to
cover the gel pieces. The gel pieces were chopped into
smaller pieces and incubated at 371C overnight in shaking
incubator.
www.clinical.proteomics-journal.com
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2.7 MS
All mass spectra reported in this study were acquired at the
Department of Pharmacology in the University of Louisville
School of Medicine. A Spec 2E MALDI TOF (MALDI-time
of flight) mass spectrometer operated in the reflectron mode
was used to generate peptide mass fingerprints. Peptides
resulting from in-gel digestion with trypsin were analyzed
on a 384 position, 600 mm AnchorChipTM Target (Bruker
Daltonics, Bremen, Germany) and prepared according to
AnchorChip recommendations (AnchorChip Technology,
Rev. 2, Bruker Daltonics). Briefly, 1 mL of digest was mixed
with 1 mL of CHCA (0.3 mg/mL in ethanol:acetone, 2:1 ratio)
directly on the target and allowed to dry at room temperature. The sample spot was washed with 1 mL of a 1% TFA
solution for approximately 60 s. The TFA droplet was gently
blown off the sample spot with compressed air. The
resulting diffuse sample spot was recrystallized (refocused)
using 1 mL of a solution of ethanol:acetone:0.1% TFA (6:3:1
ratio). Reported spectra are a summation of 100 laser shots.
External calibration of the mass axis was used for acquisition and internal calibration using either trypsin autolysis
ions or matrix clusters and was applied postacquisition for
accurate mass determination.
The MALDI spectra used for protein identification from
tryptic fragments were searched against the NCBI protein
databases using the MASCOT search engine (http://
www.matrixscience.com). Peptide mass fingerprinting used
the assumption that peptides are monoisotopic, oxidized at
methionine residues, and carbamidomethylated at cysteine
residues [8, 22, 23]. Up to one missed cleavage, 50 ppm
measurement tolerance, oxidation at methionine (variable
modification) and carbamidomethyl cysteine (fixed modification) were considered. Identifications were accepted when
the probability-based MOWSE protein score was significant
according to MASCOT [24].
Probability-based MOWSE scores were estimated by
comparison of search results against estimated random
match population and were reported as 10LOG10(p),
where p is the absolute probability of random protein
identification. The criteria for positive identification of
proteins were set as follows: (i) at least four matching
peptide masses, (ii) 50 ppm or better mass accuracy, and (iii)
Mr and pI of identified proteins should match estimated
values obtained from images analysis.

vant antibody (MnSOD antibody) followed by 1 h of incubation with protein A–agarose, then washed three times
with buffer B (50 mM Tris-HCl pH 8.0, 150 mM NaCl, and
1% NP40). Proteins were resolved by SDS-PAGE followed
by immunoblotting on a nitrocellulose membrane (BioRad). MnSOD was detected by the alkaline phosphate-linked
secondary antibody and BCIP/NBT solution (Sigma).

2.9 Enzyme assay
2.9.1

ATP synthase

Mitochondrial ATP synthase activity was measured spectrophotometrically at 340 nm by coupling the production of
ADP to the oxidation of NADPH via the pyruvate kinase and
lactate dehydrogenase reaction (coupled assay) as described
[25]. The reaction mixture (0.2 mL final volume) contained:
100 mM Tris (pH 8.0), 4 mM Mg-ATP, 2 mM MgCl2, 50 mM
KCl, 0.2 mM EDTA, 0.23 mM NADH, 1 mM phosphoenolpyruvate, 1.4 unit of pyruvate kinase, 1.4 unit of lactate
dehydrogenase, and about 25–50 mg of proteins (brain
homogenates), and was assayed at 301C. The assay was
carried out in a microtiter plate reader (Bio-Tek Instrument,
Winooski, VT, USA). Specific activity was also calculated for
ATP synthase in AD and control IPL.

2.9.2

Aconitase activity

According to the recent literature, decreased aconitase
enzyme activity is a sensitive and specific indicator of
oxidative damage during aging, Parkinson’s, and other
neurodegenerative diseases [26]. Because of its role in
cellular energy production, aconitase function is well positioned to serve as an important marker of biological decline.
Aconitase activity in brain homogenates (25–50 mg of
protein) was assayed immediately after thawing by following
absorbance at 340 nm at 221C in a 1.0-mL reaction mixture
containing 50 mM Tris-HC1, pH 7.4, 30 mM sodium citrate,
0.6 mM MnC12, 0.2 mM NADP1, and 1–2 units/mL of
isocitrate dehydrogenase. One milliunit of aconitase activity
catalyzed the formation of 1 nmol of isocitrate/min. Specific
activity was calculated for aconitase in AD and control HP.

2.9.3

MnSOD (SOD2) activity

2.8 Immunoprecipitation
To confirm that correct identifications of the proteins were
determined by MS, the identity of MnSOD, whose MOWSE
score was less than 60, was validated using immunochemical methods. Control or AD samples (200 mg) were first
precleared by incubation with protein A–agarose (Amersham Pharmacia Biotech, Piscataway, NJ, USA) for 1 h at
41C. Samples were then incubated overnight with the rele& 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

SOD2 activity was measured spectrophotmetrically at
550 nm as the inhibition of cytochrome c by superoxide
radical. Superoxide was produced by converting xanthine to
uric acid via xanthine oxidase. A reaction ‘‘cocktail’’
consisting of 216 mM potassium phosphate buffer (pH 7.8),
10.7 mM EDTA, 1.1 mM cytochrome c solution, 0.108 mM
xanthine solution was added to brain homogenates
(25–50 mg of protein). To this cocktail, xanthine oxidase
www.clinical.proteomics-journal.com
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enzyme was added. The reaction (final volume of 0.2 mL)
was monitored at 251C.

pI
3

10

A

Two-tailed, Student’s t-tests were used to analyze differences
in protein levels between AD and control subjects.
A p-value of less than 0.05 was considered statistically
significant. The significance of the change in HNE-modification of specific proteins in the proteomics study also was
evaluated by Student’s t-tests. A value of po0.05 was
considered statistically significant. The HNE level of each
spot was normalized to the protein level of the corresponding spot on the gel. According to Maurer and Peters
[20], generalized statistical tests applicable to proteomics
data are unavailable, in contrast to microarray data. Because
of the small number of proteins identified in this study,
compared with the large quantities of genes that are
analyzed by microarrays, Student’s t-tests were used for
analysis.

3

DRP-2

Statistics

ATPsynthase
GS

Mw(KDa)

2.10

B

Western blot and subsequent immunochemical detection
of protein-bound HNE allowed identification of HNEmodified proteins in the IPL and HP isolated from postmortem brains of AD subjects in comparison with their
age-matched controls. These data confirm previous
studies from our laboratory and from others that showed
increased levels of lipid peroxidation in AD brain compared
with control brain [10, 15, 27, 37]. We used a parallel
approach to quantify the protein levels by SYPRO Ruby
staining and the extent of HNE binding by immunochemistry (Figs. 1 and 2). SYPRO Ruby fluorescent stain
achieves a linear and sensitive staining of gel slabs,
and immunoblotting with HNE antibody allows specific
detection of HNE adducts in the IPL and HP of AD
subjects in comparison with their age-matched controls.
The specific HNE-bound levels were determined by
dividing the HNE level of a protein spot on the blotted
membrane by the protein level of its corresponding protein
spot on the gel. Figure 1 shows representative 2-D-electrophoresis gels of IPL from AD brain and control brain (CTR)
after SYPRO Ruby staining. Figure 2 shows representative
2-D Western blots from AD IPL and control IPL (CTR).
Comparing the densitometric intensities of individual spots,
we determined that four proteins were statistically significantly modified by HNE in IPL of AD subjects when
compared with those of controls. The HNE-modified
proteins identified in the IPL of AD subjects were as follows:
dihydropyrimidinase-related protein 2 (DRP-2), glutamine
synthase, ATP synthase, and MnSOD (Table 2). Although
& 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

DRP-2

ATPsynthase
GS

Mn-SOD

Results

3.1 IPL proteomics studies

Mn-SOD

CTR

AD

Figure 1. Representative SYPRO Ruby 2-D gels of the IPL from
control (A) or AD (B) brain. Proteins (200 mg) were separated on
immobilized pH 3–10 IPG strips followed by separation on an
8–16% gradient SDS-PAGE gels.

DRP-2

ATPsynthase

GS
MnSOD

CTR

DRP-2

ATPsynthase

GS
MnSOD

AD
Figure 2. 2-D HNE immunoblots from AD and control subjects
(IPL). Positions of the four identified proteins are shown on the
blots. Relative changes in HNE immunoreactivity, after normalization of the immunostaining intensities to the protein content,
were significant for four proteins. See text.
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Table 2. Summary of the brain proteins identified by redox proteomics that have elevated HNE bound in AD subjects when comparing
these proteins with controls

HNE-modified
proteins

Brain
region

Expression
level (AD
versus CTR)

Fold increase Peptides
(AD versus
matched
CTR)

%
Coverage

pI, Mr
(kDa)

MOWSE
score

p-Value

ATP synthase
Glutamine synthase
MnSOD
Dihydropyrminidase
like-2
a-Enolase
Aconitase
Aldolase
Peroxiredoxin 6
a-Tubulin

IPL
IPL
IPL
IPL

k
2
m
2

2.5670.54
1.8970.31
1.7070.37
3.2370.53

13/18
5/9
8/20
10/42

32
13
21
28

9.21,
6.43,
6.97,
5.95,

59.7
42.6
21.7
62.7

165
69
58
77

o0.04
o0.02
o0.02
o0.05

HP
HP
HP
HP
HP

m
2
m
2
2

3.9070.44
1.8570.26
2.7870.3
4.2070.5
2.8970.3

9/21
9/20
6/20
9/27
11/19

35
27
30
46
29

6.99, 47
7.36, 86.1
6.46, 39.6
6.00, 25.1
4.9, 50.1

119
60
68
109
130

o0.002
o0.02
o0.04
o0.05
o0.02

For each protein, the HNE immunoreactivity/protein expression values were averaged (n 5 6) and expressed as fold-increase compared to
control7SEM. Also shown are the differences in protein levels of the identified proteins compared with controls (m, increased levels; 2,
unchanged levels; k, decreased levels). The p-value listed is the statistical significance of elevated HNE-bound proteins relative to control
(see text). IPL, inferior parietal lobule; HP, hippocampus.

the MOWSE score for MnSOD was less than 60, the correct
identification of this protein was validated by immunochemistry (Fig. 3). The presence of four spots with the
same Mw and different pI likely is due to fragmentation of
MnSOD with post-traslational modification [28, 29]. This
result also indicates that identification of proteins by MS is
equivalent to those by immunochemistry, thus providing
confidence in the redox proteomics identification of the
other HNE-modified proteins reported in this study.
Since oxidatively modified proteins generally have
diminished activity [30, 31], we measured the enzyme
activities of ATP synthase and MnSOD. ATP synthase was
not only oxidatively modified, but also oxidatively inhibited,
demonstrated by the decreased activity (48%) in IPL of AD
subjects when compared with controls (Fig. 6A and B). We
also found decreased protein levels of this enzyme in AD
samples compared with controls (Table 2), suggesting that
impairment of ATP synthase results from both downregulation of its protein levels together with its oxidative
modification. In contrast, MnSOD enzyme activity did not
show any significant change between AD and control
samples (data not shown), although we found increased
protein levels of this enzyme in AD samples compared with
controls (Table 2).

3.2 HP proteomics studies
Figure 4 illustrates representative 2-D-electrophoresis gels
of hippocampal proteins from control subjects and AD
subjects after SYPRO Ruby staining, while Fig. 5 shows
representative 2-D Western blots of hippocampal proteins
for control and AD. The statistically significant HNE-modified hippocampal proteins identified in AD compared with
control were a follows: a-enolase, aldolase, peroxiredoxin 6
& 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

A

MnSOD

B

MnSOD

Figure 3. Validation of MnSOD identified by MS using immunoprecipitation and Western blot analysis: (A) represents gel of
total HP protein, a box is drawn around the MnSOD, which is one
of the HNE-modified proteins. (B) Represents blot probed with
HNE antibody. n 5 3.

(Prx6), aconitase, and a-tubulin. Table 2 shows the proteins
that were successfully identified by MS along with the
peptides matched, percentage coverage, pI, migration rate
values, protein levels, and the increase of HNE levels,
www.clinical.proteomics-journal.com
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indexed as fold-increase from control (fold-increase of
oxidative modification).
We also found that the enzymatic activity of aconitase
was significantly decreased (50%) in HP of AD subjects
compared with controls (Fig. 6C and D). These data are
consistent with the above results obtained on ATP synthase
activity in IPL samples of AD subjects compared with
controls and are consonant with the notion that oxidative
modification of proteins generally leads to their dysfunction.
In agreement with the results in AD in this current study,
previous investigations from our laboratory found decreased
enzyme activity of oxidatively modified a-enolase in brain of
subjects with MCI [32].

4

aconitase
α-tubulin

α-enolase

Prx6

CTR

aconitase

Discussion

α-tubulin

Numerous studies have demonstrated increased lipid
peroxidation in the brain of patients with AD compared with
age-matched controls [10, 15, 33–37]. Lipid peroxidation
causes structural membrane damage and produces diffusible secondary bioactive aldehydes including HNE,
malondialdehyde, and acrolein, all of which are increased in
several brain regions of late-stage AD subjects [38–40]. There
are numerous findings supporting an important role of
HNE in the development of AD. Accordingly, an elevated
pI
3

aldolase

10

3
α-enolase

aconitase

aldolase

α-enolase
Prx6

AD

Figure 5. 2-D HNE immunoblots from AD and control subjects
(HP). Positions of the five identified proteins are shown on the
blots. Relative changes in HNE immunoreactivity, after normalization of the immunostaining intensities to the protein content,
were significant for five proteins. See text.

tubulin

aldolase

Mr(KDa)

Prx6

CTR

aconitase
tubulin

α-enolase

Aldolase

Prx6

level of protein-bound HNE in brain from subjects with
MCI was observed [17, 41]. Based on these notions, we
aimed to identify specific proteins oxidatively modified by
HNE in AD IPL and HP.
The proteins that were found to be statistically significantly HNE-modified in AD HP include the following: aenolase, aldolase, Prx6, aconitase, and a-tubulin. In IPL, we
found ATP synthase a chain, glutamine synthase, DRP-2,
and MnSOD to be statistically significantly HNE-modified
in AD compared with control subjetcs. These proteins are
involved in the regulation of a number of important cellular
functions including: energy metabolism, cellular signalling,
antioxidant, and detoxification, in addition to regulating
structural functions of brain cells (Table 3). Interestingly,
previous studies from our laboratory demonstrated that
some of these proteins were oxidatively modified as indexed
by increased carbonyl levels or by increased nitration in AD
[23, 42, 43] or MCI brain [19, 32, 44] (Table 3).

AD

Figure 4. Representative SYPRO Ruby 2-D gels of the HP from
control (CTR) or AD brain. Proteins (200 mg) were separated on
immobilized pH 3–10 IPG strips followed by separation on an
8–16% gradient SDS-PAGE gels.

& 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

4.1 Energy dysfunction: a-enolase, aldolase,
aconitase, and ATP synthase
One of the most consistent alterations in AD is a reduced
brain glucose utilization [45]. Most of the evidence
www.clinical.proteomics-journal.com
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Figure 6. (A) Activity of ATP synthase in AD IPL samples compared with controls. The activity of ATP synthase is significantly decreased in
AD samples. Bars represent mean7SE po0.05; n 5 5 for each group. (B) Specific activity of ATP synthase in AD IPL versus control. Bars
represent mean7SE po0.05; n 5 5 for each group. (C) Activity of aconitase in AD samples compared with controls (HP). The activity of
aconitase is significantly decreased in AD samples. Bars represent mean7SE po0.05; n 5 5 for each group. (D) Specific activity of
aconitase in AD HP versus control. Bars represent mean7SE po0.05; n 5 5 for each group.

Table 3. Functionalities of identified HNE-modified proteins in AD HP and IPL in comparison with previous studies from our laboratory
that showed oxidative modification of selected proteins

Functions

Proteins involved

Energy or mitochondrial dysfunction a-Enolase
Aconitase
ATP synthase

Antioxidant

Structural dysfunction

Excitoxicity

Aldolase
Peroxiredoxin 6

Brain region (oxidative modification) Pathology (AD or MCI)
IPL, HP (nitrated and carbonylated)
IPL (HNE-modified)
HP (HNE-modified)
IPL (HNE-modified)
HP (HNE-modified)
HP (nitrated)

IPL (nitrated)
HP (HNE-modified)
MnSOD
IPL (HNE-modified)
Dihydropyrminidase like-2 IPL (HNE-modified)
HP (carbonylated and nitrated)
a-Tubulin
HP (HNE-modified)
Glutamine synthase
IPL, HP (carbonylated)
HP (carbonylated)
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MCI and AD
MCI
AD
AD
MCI
AD
MCI
AD
AD
AD
AD
AD
AD
MCI
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suggesting an impairment of cerebral energy metabolism
has come from in vivo studies of glucose consumption using
positron emission tomography [45–47]. Besides the reduction of metabolic rate for glucose in AD brain, decreased
concentrations of GLUT1 and GLUT3 glucose transporters
[48] and decreased activities of some of the enzymes
involved in glucose metabolism have also been reported [49,
50]. These biochemical alterations are consistent with the
identification of aldolase and a-enolase as HNE-modified
proteins using redox proteomics, since each of these
proteins is involved in glucose metabolism.
Impairment of energy metabolism, which culminates in
a reduced ATP production, also results from the oxidation –
HNE-modification – of aconitase and ATP synthase.
Aconitase, a key Krebs cycle enzyme, contains a Fe-S
cluster and is highly sensitive to oxidative stress, which can
inhibit its activity. It has been shown that aconitase
activity is decreased in both lymphocytes and purified
mitochondria from AD patients compared with controls
[51]. This is the first report to show that reduced enzyme
activity of aconitase in AD brain could result from its
modification by HNE and sheds light on the role of lipid
peroxidation in protein dysfunction in this disorder. Loss of
ATP has pronounced effects on the maintenance of ionic
gradients, activity of pumps and channels, and increases
neurotoxicity [52].
Mitochondria dysfunction is further supported by our
finding of ATP synthase oxidative modification and by the
parallel reduction of its enzyme activity. ATP synthase has
been shown to be highly sensitive to oxidative damage, and
our data, in addition to previous studies, suggest that the
function of ATP synthase is significantly altered in AD brain
[42]. Recent studies from our laboratory reported increased
nitration of ATP synthase á chain in the HP of AD patients
[42] and HNE-modification in the IPL of MCI subjects [19].
Interestingly, the decrease of aconitase and ATP synthase
activities in brain from subjects with AD is markedly duplicated in subjects with MCI [19, 53], arguably a prodromal
stage of AD. The oxidation of ATP synthase leads to the
inactivation of this mitochondrial complex, resulting in
possible electron leakage and parallel ROS production. Taken
together, these findings confirm and extend the notion that
the impairment of energy metabolism plays a pivotal role in
the pathogenesis and progression of AD [9, 54].

4.2 Antioxidant system dysfunction: Prx6 and
MnSOD
Prx6 was found to be HNE-modified in HP of AD subjetcs
compared with controls. Proxiredoxins play an important
role in regulating cellular processes by decreasing the
levels of oxidants or by removing toxic compounds that
are generated in the cell. Peroxiredoxins are a ubiquitously
expressed family of thiol peroxidases that reduce hydrogen
peroxide, peroxynitrite, and hydroperoxides using a highly
& 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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conserved cysteine and employing thioredoxin reducing
equivalents [55]. Conceivably, the presence of catalytic
cysteines makes them highly susceptible to oxidative
damage. Recent studies from our laboratory have shown
increased levels of nitrated peroxiredon 6 in the IPL
of MCI subjects [44], confirming the potential involvement
of this enzyme in the pathogenesis and progression
of AD. Clearly, oxidative dysfunction of a key antioxidant
enzyme would contribute to the elevated oxidative environment of AD.
To our knowledge, this is the first study to show oxidative
modification of a key antioxidant enzyme, MnSOD, in AD
brain. MnSOD (SOD2), the main superoxide scavenger in
the mithocondria, is enriched around amyloid plaques [56]
and brain microvessels [57] in hAPP transgenic mice.
MnSOD is excessively nitrated in brain and neurons from
human double mutant APP/PS-1 knock-in mice [58, 59].
Increased expression of antioxidant enzymes, such as
superoxide dismutases, and their co-localization to senile
plaques and dystrophic neurites have established a firm
association between free-radical-mediated injury and AD
neuropathology. While several studies have confirmed these
findings, there is conflicting information regarding the
alteration of enzyme activity. It has been shown that
increased expression of SOD2 in the HP of AD patients
functions as a compensatory mechanism from free-radical
oxidative damage [60]. We confirmed this observation, and
we observed that SOD2 enzyme activity was almost
unchanged in AD IPL with respect to controls. Based on our
result and that from others, we hypothesise that in AD there
is an attempt to counteract increased ROS by increasing the
expression of MnSOD, but the increased expression of
SOD2 is not accompanied (coupled) by increased
enzyme activity due to its oxidative modification. Thus,
oxidative modification of antioxidant defence systems, such
as Prx6 and SOD2, compromises the ability of neuronal
cells to countercat increasing oxidative damage and likely
contributes to the neurodegenerative process involved
in AD.

4.3 Structural dysfunction: DRP-2, a-tubulin
One of the characteristic features of AD is synaptic loss. A
number of studies reported b-actin and DRP-2 as downregulated and oxidatively modified in AD brain [8, 43, 61].
Here, we show for the first time elevated levels of
HNE-bound a-tubulin in AD brain compared with control
brain. Previous studies have shown that tubulin transcription was reduced in neurons containing neurofibrillary
tangles with a parallel reduction in the number of microtubules [62]. Accordingly, our results suggest a possible link
between oxidative damage and microtubule disassembly
through the tubulin modification by increased levels of
HNE. Our finding confirmed previous studies from others
[63] and supports the hypothesis that HNE-adduction to
www.clinical.proteomics-journal.com
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tubulin is a primary mechanism involved in the HNEinduced loss of the microtubule network.
DRP-2 plays an important function in maintaining
interneuronal communication, neuronal repair, and regulates dendritic length [64]. We and others have proposed that
oxidative post-translational modification of neuronal cytoskeletal protein is one potential link between pathogenic
processes initiated by Ab accumulation and the cytoskeletal
abnormalities that are closely related to neuron dysfunction
and degeneration in AD [2, 63]. Oxidation of these proteins
could lead to loss of membrane integrity, activation of
cellular events that may lead to apoptosis, loss of interneuronal connections, neuronal repair, and shortened
dendritic lengths as observed in AD. Such an alteration
would lead to decreased intraneuronal connections, which is
important in a memory disorder.

tive modifications and therefore are consequently dysfunctional. The identification of ‘‘target’’ proteins provides
evidence to the importance of oxidative damage in the
progression of AD and potentially establishes a link between
oxidative stress-induced protein modification and neurodegeneration. Our results provide insight into the sequelae of
lipid peroxidation in the pathogenesis of this dementing
disorder and further support the notion that impaired
energy metabolism, synaptic loss, and exitotoxicity are
crucially involved in the complex mechanisms of AD brain
pathology.
The authors thank the University of Kentucky ADC Clinical
and Neuropathology Cores for providing the brain specimens
used for this study. This research was supported in part by grants
from NIH [AG-10836; AG-05119; AG-029839].
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4.4 Excitotoxicity: Glutamine synthase
Oxidative stress is intimately linked to glutamate neurotoxicity, known as ‘‘excitotoxicity,’’ which results in a
cascade of events leading to neural cell death. The glutamate
transporter EAAT2 and glutamine synthase regulate the
extraneuronal levels of glutamate and neurotransmission.
EAAT2 (Glt-1) is oxidatively modified by HNE in AD
brain, and Ab (1–42) also leads to HNE binding to EAAT2
[10]. Glutamine synthase is oxidatively modified by carbonylation in AD brain as determined by previous proteomics
studies from our laboratory [23]. Glutamine synthase is
localized in astroglial cells, and it protects neurons by
converting the potential neurotoxic glutamate and ammonia
into glutamine. Glutamine synthase enzymatic activity
has been shown to be decreased in AD brain [9, 65, 66],
which together with decreased EAAT2 activity increases the
probability of exacerbated excitotoxic death in AD brain.
Reduced glutamine synthase activity in AD brain was
localized to areas with increased oxidation products
mostly present in the vicinity of amyloid plaques [9]. Our
proteomics results further support the hypothesis that loss
of activity of glutamine synthase is associated with
its oxidative modification, either by carbonylation or by
HNE-modification.
In conclusion, our redox proteomics study led to the
identification of specifically HNE-bound proteins in
the HP and IPL of AD postmortem brains. We have
demonstrated a regional-specific oxidative damage in the
IPL and HP of AD brain, thus confirming that both these
regions are highly vulnerable to oxidative damage, as it is
shown by pathological hallmarks. Previous studies from our
laboratory demonstrated that some of these proteins were
oxidatively modified by increased carbonyl levels or by
increased nitration in AD [23, 42, 43] or MCI brain [19, 32,
44] (Table 3). Taken together, these findings indicate that
these proteins – ATP synthase, glutamine synthase, DRP-2,
and a-enolase – are selectively impaired by multiple oxida& 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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