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Abstract
Previous studies demonstrate increased levels of 4-hydroxynonenal (HNE) and acrolein in vulnerable
brain regions of subjects with mild cognitive impairment (MCI) and late-stage Alzheimer’s disease
(AD). Recently preclinical AD (PCAD) subjects, who demonstrate normal antemortem
neuropsychological test scores but abundant AD pathology at autopsy, have become the focus of
increased study. Levels of extractable HNE and acrolein were quantified by gas chromatography
mass spectrometry with negative chemical ionization and protein-bound HNE and acrolein was
quantified by dot-blot immunohistochemistry in the hippocampus/parahippocampal gyrus (HPG),
superior and middle temporal gyri (SMTG), and cerebellum (CER) of 10 PCAD and 10 age-matched
normal control (NC) subjects. Results of the analyses show a significant (p < 0.05) increase in levels
of extractable acrolein in HPG of PCAD subjects compared to age-matched NC subjects and a
significant decrease of extractable acrolein in PCAD CER. A significant increase in protein-bound
HNE in HPG and a significant decrease in CER of PCAD subjects compared to NC subjects was
observed. No significant alterations were observed in either extractable or protein-bound HNE or
acrolein in the SMTG of PCAD subjects. Additionally, no significant differences in levels of protein
carbonyls were observed in the HPG, SMTG, or CER of PCAD subjects compared to NC subjects.
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Introduction
Considerable evidence supports a role for oxidative damage in the pathogenesis of AD.
Multiple studies show increased oxidation of nucleic acids [1–4], decreased activity of base
excision repair [5–7], increased oxidative protein modification [8–11], and increased lipid
peroxidation products [9,12–17], in late-stage Alzheimer’s disease (LAD) subjects compared
to age-matched normal control (NC) subjects. Multiple studies also demonstrate alterations in
subjects with MCI, the earliest clinical manifestation of AD [18–21].
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There are two broad outcomes of lipid peroxidation: structural damage of membrane integrity
and the generation of aldehydic by-products, particularly α,β-unsaturated aldehydes, including
4-hydroxynonenal (HNE) and acrolein. These aldehydes react quickly with nucleophilic
sulfhydryl groups, and are toxic to primary hippocampal neuron cultures, [14] and are elevated
in vulnerable areas of the brain in LAD [13–15] and mild cognitive impairment (MCI) [9,12].
However, there has been little study of the levels of aldehydic by-products of lipid peroxidation
in preclinical AD (PCAD), a likely prodromal phase of AD. Although criteria for the
identification of PCAD subjects is not well defined, PCAD generally refers to subjects who
demonstrate normal antemortem neuropsychological test scores adjusted for age and education,
but who demonstrate pronounced AD pathology at autopsy and meet intermediate or high
likelihood criteria for the histopathological diagnosis of AD by National Institute on Aging
Reagan Institute (NIA-RI) criteria [22]. To determine if oxidative damage to lipids and proteins
is increased in PCAD we quantified levels of the lipid peroxidation by-products HNE and
acrolein in the hippocampus/parahippocampal gyrus (HPG), superior and middle temporal gyri
(SMTG), and cerebellum (CER) of PCAD subjects compared to NC subjects using gas
chromatography mass spectrometry with negative chemical ionization (GC/MS/NCI) for
extractable HNE and acrolein and immunochemistry for protein-bound HNE and acrolein.
Protein carbonyl content was quantified by immunochemistry.

Current evidence suggests HNE and acrolein are by-products of oxidative damage to
polyunsaturated fatty acids (PUFAs). HNE and acrolein by-products of ω-6 PUFAs, whereas,
4-hydroxyhexenal is derived from ω-3 PUFAs[23–26]. Docosahexaenoic acid (DHA), an ω-3
PUFA, and arachidonic acid (ARA), an ω-6 PUFA are the predominate PUFAs in grey matter
[27,28]. To determine the rate of HNE and acrolein production in the presence of AD
physiologically relevant oxidative insults ARA was treated with Aβ1–40, Aβ1–42, and iron(II)/
ascorbic acid. Levels of extractable HNE and acrolein generated from ARA when treated with
Aβ1–40, Aβ1–42, or iron(II)/ascorbic acid were determined by GC/MS/NCI.

Materials & Methods
Materials

Butylated hydroxytoluene, desferal, O-(2,3,4,5,6-pentafluoro-benzyl) (PFB) hydroxylamine
hydrochloride, EDTA, sodium sulfate, N,O-bis(trimethylsilyl)trifluoroacetaminde (BSTFA)/
1% trimethylchlorosilane (TMCS), hexane, acrolein, 13C3-acrolein, arachidonic acid sodium
salt, ammonium iron (II) sulfate hexahydrate, ascorbic acid, bovine serum albumin, and
bicinochoninic acid (BCA) protein assay kits were obtained from Sigma Chemical (St. Louis,
MO, USA). HNE and d3-HNE was obtained from Cayman Chemical (Ann Arbor, MI, USA).
Monoclonal rabbit anti-HNE and monoclonal mouse anti-acrolein antibodies were obtained
from Abcam (Cambridge, MA, USA). OxyBlot™ Protein Detection kits were obtained from
Millipore (Billerica, MA, USA). Aβ1–40 and Aβ1–42 were a generous gift from Dr. Harry
LeVine III Sanders-Brown Center on Aging, University of Kentucky.

Brain Specimen Sampling
Tissue specimens from the HPG, SMTG, and CER of short post-mortem interval (PMI)
autopsies of 10 PCAD subjects (1M: 9W) and 10 age-matched NC subjects (2M: 8W) were
obtained through the Neuropathology Core of the University of Kentucky Alzheimer’s Disease
Center (UK-ADC). These samples were immediately frozen in liquid nitrogen and maintained
at −80°C until processed for analysis.

PCAD and NC subjects were followed longitudinally in the UK-ADC Normal Control Clinic
and underwent neuropsychological testing, physical and neurological examinations annually.
All NC subjects had neuropsychological test scores in the normal range and showed no
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evidence of memory decline. Although there are not well defined criteria for the identification
of PCAD subjects, the UK-ADC tentatively describes PCAD subjects as those with sufficient
AD pathologic alterations at autopsy to meet intermediate or high NIA-RI criteria, moderate
or frequent neuritic plaque scores according to the Consortium to Establish a Registry for AD
(CERAD) with Braak scores of III–VI, and antemortem psychometric test scores in the normal
range when corrected for age and education [22].

Neuropathological examination of multiple sections of neocortex, hippocampus, entorhinal
cortex, amygdala, basal ganglia, nucleus basalis of Meynert, midbrain, pons, medulla, and CER
using the modified Bielschowsky stain, hematoxylin, and eosin stains, and Aβ and α-synuclein
immunostains was performed for all subjects. Braak staging scores were determined using the
Gallyas stain on sections of entorhinal cortex, hippocampus, and amygdala, the Bielschowsky
stain on neocortex. Histopathological examination of NC subjects showed only age-associated
changes and Braak staging scores of I–II.

Tissue Processing
Tissue samples were prepared as described by Fitzmaurice et al. [29] with modification.
Briefly, approximately 70–80 mg of each tissue specimen was homogenized by sonication in
1 mL distilled/deionized water containing EDTA (400 µM), butylated hydroxytoluene (20
µM), and desferal (20 µM) to minimize artefactual oxidation. Following homogenization, 1
nmol of stable labeled HNE (d3-HNE) and acrolein (13C3-acrolein) were added as internal
standards. For quality control in human tissue, blank, spiked, and duplicate analyses were
carried out for representative samples from each brain region.

In vitro Oxidation of Arachidonic Acid (ARA)
Arachidonic Acid (ARA) was oxidized as described by Kawai et al [24]. Briefly ARA (3 µmol)
was oxidized at 37°C with ammonium iron (II) sulfate hexahydrate (10 mM) and ascorbic acid
(1 mM), Aβ1–40 (19 nM), or Aβ1–42 (19 nM), for 0, 2, 4, 8, and 24 hours in sodium phosphate
buffer (pH 7.4). Following incubation, 1 nmol of stable labeled HNE (d3-HNE) and acrolein
(13C3-acrolein) were added as internal standards. For quality control of in vitro oxidation of
ARA triplicate analyses were carried out for each treatment at each incubation time.

Aldehyde Derivatization
Aldehdyes were derivatized by the addition of O-(2,3,4,5,6-pentafluoro-benzyl)
hydroxylamine hydrochloride (PFB) (0.05 M, 200 µL) at room temperature for 1 hr. Tissue
proteins in human samples were precipitated with 1 mL of absolute ethanol, and O-PFB-oxime
aldehyde derivatives were extracted into 2 mL hexane, vortexed for 1 min and centrifuged for
5 min at 3,000 RPM. The hexane layer was transferred to clean glass centrifuge tubes, and the
hexane extraction repeated. The two hexane phases were combined, and residual water
removed with sodium sulfate (0.5 g). The hexane layer was transferred to a clean glass
centrifuge tube and dried in 37°C water bath under a stream of nitrogen using an Organomation
Associates OA-SYS Heating System (Berlin, MA, USA). Dried PFB-oxime derivatives were
further derivatized with 50 µL BSTFA/1% TMCS for 15 min at 80°C. Hexane (50 µL) was
added to each sample, the tube vortexed, and the solution transferred to GC auto sampler vials.

Gas Chromatography/Mass Spectrometry
Derivatized samples were analyzed using an Agilent 7890A gas chromatograph on a HP-5ms
capillary column (0.25-mm internal diameter, 0.25-µm film thickness, and 30-m length;
Hewlett Packard, Palo Alto, CA, USA). Chromatographic parameters were as follows: an initial
oven temperature of 50°C was maintained for 1 min followed by an increase to 240°C at 10°
C/min and to 300°C at 20°C/min and maintained at 300°C for 1 min. The injector temperature
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was maintained at 250°C, the GC to MS transfer line at 280°C, and the source temperature at
150°C. Mass analysis was performed using negative chemical ionization with methane (1.2
mL/min) as the reagent gas on an Aligent 5975C mass spectrometer. For analysis, 1 µL of each
sample was introduced using a pulsed splitless mode with 99.999% helium carrier gas set at a
constant flow rate of 1 mL/min. Total analysis time was 24 min. Derivatized aldehyde mass
spectra were acquired in selective ion monitoring (SIM) mode at m/z ratios of 234 for 13C3-
acrolein, 231 for acrolein, 336 for d3-HNE, and 333 for HNE. Instrument response plots of
integrated peak area of unlabeled analyte signal (231 for acrolein or 333 for HNE) was
normalized to integrated peak area of labeled analyte signal (234 for 13C3-acrolein or 336 for
d3-HNE ) as a function of unlabeled analyte added over a range of 30 pmol to 1 nmol in a tissue
matrix in duplicate. Plots of instrument response versus concentration showed a positive
significant correlations (r = 0.99) for HNE and (r = 0.98) for acrolein. Instrument response
plots of integrated peak area of unlabeled analyte signal (231 for acrolein or 333 for HNE) was
normalized to integrated peak area of labeled analyte signal (234 for 13C3-acrolein or 336 for
d3-HNE ) as a function of unlabeled analyte added over a range of 30 pmol to 1 nmol in sodium
phosphate buffer matrix at pH 7.4. Plots of instrument response versus concentration showed
a positive significant correlations (r = 0.99) for HNE and (r = 0.99) acrolein. The integrated
area of each analyte signal was normalized with respect to the integrated area of the
corresponding internal standards for all samples.

Dot Blot Analysis
Total levels of protein-bound HNE and acrolein were determined by dot blot immunochemistry
using a Schleicher & Schuell Dot-Blot apparatus as described by Saiki et al[30]. Briefly, 20
µg of protein, from a 200 µL aliquot of the solution used for GC/MS analysis, in a total volume
of 40 µL were loaded in triplicate onto nitrocellulose membranes under vacuum. Following
air-drying, blots were blocked for 1 hr at room temperature in 5% dry milk in TTBS and 3.3%
goat serum. Blots were probed with 1:1500 dilution of primary rabbit anti-HNE and primary
mouse anti-acrolein antibodies overnight at 4°C. Blots were washed 3× 10 min each with TTBS
at room temperature and incubated with either horseradish peroxidase conjugated goat anti-
mouse secondary antibody for acrolein or goat anti-rabbit secondary antibody for HNE at a
1:3000 dilution for 2 hr at room temperature. Blots were washed 3× 10 min each in TTBS.
Dots were visualized using enhanced chemiluminescence per manufacturer’s instructions and
intensities quantified using Scion Image Analysis Software (Scion, Fredrick, MD, USA). The
dot intensities of replicates were averaged and average dot intensity for each PCAD and NC
subject was normalized to mean NC levels for each blot. To verify the specificity of HNE and
acrolein antibodies used in this study, bovine serum albumin (BSA) was treated with HNE or
acrolein for 16 hr at 37°C at a 1:1 ratio molar ratio. Samples of HNE or acrolein modified BSA
were loaded in triplicate and subjected to dot blot analyses as described above with the
following modification; blots were incubated either with antibodies for HNE or acrolein or
with HNE or acrolein antibodies pre-incubated with HNE or acrolein. To determine a linear
response of HNE and acolein immunoreactivity BSA was treated with increasing
concentrations of HNE or acrolein (3.125, 6.25, 12.5, 25 µM) for 16 hr at 37°C and subjected
to dot blot analyses as described above.

Protein Carbonyl Content
Protein carbonyl content was determined using an OxyBlot™ Protein Detection Kit per
manufacturer’s instructions. Briefly, 20 µg of protein, from a 200 uL aliquots of the solution
used for GC/MS analysis, in a total volume of 5 µL was denatured with SDS (12%) and
derivitized with either 2,4-dinitrophenylhydrazine (DNPH) or a derivatization-control solution
for 15 min at room temperature. Samples were neutralized with supplied Neutralization Buffer
and loaded onto Whatman Protran BA 85 nitrocellulose membranes (Picastaway, NJ, USA)
using a Schleicher & Schuell Dot-Blot apparatus as described above. A control derivatization
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sample was analyzed for each sample and each sample was derivatized in triplicate. Following
air-drying, blots were blocked in TTBS with 3.3% goat serum for 1 hr at room temperature
and probed with a 1:750 dilution of rabbit anti-DNPH antibody overnight at 4°C. Blots were
washed with TTBS 3 ×10 min at room temperature and incubated with horseradish peroxidase
conjugated goat anti-rabbit secondary antibody at a 1:3000 for 2 hr at room temperature and
subsequently washed. Dots were visualized using enhanced chemiluminescence per
manufacturer’s instructions and quantified using Scion Image Analysis Software (Scion,
Fredrick, MD, USA). Dot intensity for each control derivatization was subtracted from the
corresponding DNPH-derivatized samples. The dot intensities of replicates were averaged and
average dot intensity for each PCAD and NC subject was normalized to mean control levels
for each blot.

Statistical Analysis
All data were tested for normality using the Wilkes-Shapiro test. Data for extractable HNE and
acrolein and Braak staging scores demonstrated non-normal distributions. All other data
demonstrated a normal distribution. Normalized dot blot values of protein-bound acrolein and
HNE and total protein carbonyl content, levels of extractable HNE and acrolein within a given
incubation period, age, and PMI were compared using a 2-tailed Students t-test. Time
dependent levels of extractable HNE and acrolein from the in vitro oxidation of ARA were
compared using an ANOVA and are expressed at pmol/µmol of ARA. Levels of extractable
HNE and acrolein and Braak staging scores were compared using the Mann-Whitney U-test.
Braak staging scores are reported as median values and levels of extractable HNE and acrolein
are reported as median values with range. All statistical comparisons were carried out using
ABSTAT software (AndersonBell, Arvada, CO, USA). Statistical significance was set at P ≤
0.05.

Results
Subject demographic data are shown in Table I. There were no significant differences in age
or PMI between PCAD and NC subjects. Median Braak staging scores were significantly (P
< 0.05) higher in PCAD subjects (IV) compared to NC subjects (I).

To assess the specificity of HNE and acrolein antibodies used in this study BSA was treated
with HNE or acrolein and subjected to dot blot analysis using antibodies without pre-incubation
with HNE or acrolein. Figure 1 A shows pre-incubation of HNE antibody with HNE completely
eliminates recognition of HNE modified BSA compared to antibody without pre-incubation
with HNE (Fig. B). Similarly pre-incubation of the anti-acrolein antibody with acrolein
significantly diminished recognition of acrolein modified BSA (Fig. 1C) compared to antibody
without pre-incubation with acrolein (Fig. 1D). Suggesting the antibodies are specific for HNE
and acrolein. Figs. 2 A and B show a statistically significant linear response between
immunostaining intensity and increasing HNE levels (r = 0.99, P < 0.05). A similar statistically
significant linear response for acrolein (r = 0.94, P < 0.05) was observed (Figs 2 C and D).

Median extractable acrolein levels were significantly (P < 0.05) higher in the HPG of PCAD
subjects (4.9 nmol/mg protein) compared to NC subjects (1.9 nmol/mg of protein) (Fig. 3). In
contrast, extractable acrolein was significantly (P < 0.05) decreased in the CER PCAD subjects
(1.1 nmol/mg of protein) compared to NC subjects (5.1 nmol/mg of protein). Levels of
extractable acrolein were not significantly altered in the SMTG of PCAD subjects compared
to NC subjects. Levels of extractable HNE were not significantly different in PCAD subjects
compared to NC subjects in HPG, SMTG, or CER (Fig. 4).

In contrast to levels of extractable HNE, levels of protein-bound HNE were significantly (P <
0.05) increased in the HPG of PCAD subjects (194.2 ± 12.9% control) compared to NC subjects
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(100 ± 16.3% control) (Fig. 5). Protein-bound HNE was significantly (P < 0.05) decreased in
the cerebellum of PCAD subjects (70.9 ± 3.9%) compared to NC subjects (100 ± 9.9) (Fig. 5).
There were no significant differences in levels of protein-bound HNE in the SMTG of PCAD
subjects compared to NC subjects (Fig. 5). No significant differences were observed in levels
of protein-bound acrolein in the HPG, SMTG, or CER (Fig. 6). Additionally, protein carbonyls
were not significantly different in the HPG, SMTG, or CER of PCAD subjects compared to
NC subjects (Fig. 7). There was a significant positive correlation (r = 0.6, P ≤ 0.005) between
the levels of protein-bound HNE and Braak Staging scores in the HPG. Further correlation
analysis of neuritic plaque counts in the CA1/subiculum, and SMTG showed no significant
relationship with either extractable or protein-bound HNE or acrolein. There were no
significant correlations between SDS or formic acid soluble Aβ levels and levels of either
extractable or protein-bound HNE and acrolein.

Levels of extractable HNE and acrolein from in vitro oxidation of ARA treated with Aβ1–40,
Aβ1–42, or iron (II) ascorbic acid are shown in Table 2. Levels of extractable HNE and acrolein
from oxidized ARA were significantly (P ≤ 0.05) higher at 24 hr incubation for all treatments.
However, levels of extractable HNE generated by ARA oxidation was significantly (P ≤ 0.05)
higher than that of extractable acrolein when treated with Aβ1–40, Aβ1–42, and iron (II) ascorbic
acid at all incubation time. Levels of extractable HNE generated from the treatment of ARA
with both species of Aβ at 24 hr were comparable to those resulting from treatment with a
strong oxidizing system, iron(II)/ascorbic acid.

Discussion
Preclinical AD is a recent concept that describes cognitively normal individuals who show
pronounced AD pathology at autopsy. It is postulated that PCAD individuals would have
eventually developed clinical AD if they had lived longer, a concept that is supported by
imaging studies [31]. The present study showed protein-bound HNE and extractable acrolein
are significantly increased in HPG compared to NC subjects, with acrolein levels similar to
those reported in previous studies of MCI and LAD subjects suggesting that lipid peroxidation
may play an early role in the progression of AD. These changes were not observed in the
SMTG. Thus early changes of lipid peroxidation in the hippocampus correlates with the
histopathologic changes in the entorhinal cortex and hippocampus in AD as described by Braak
and Braak [32]. Our observations of no significant differences in protein oxidation levels
between PCAD and NC suggest lipid peroxidation may precede protein oxidation as the earliest
detectable oxidative change in the progression AD. It remains to be determined whether
increased RNA or DNA oxidation is present in PCAD brain. While these studies were
conducted in bulk brain tissue rather than a homogenous population of neurons, previous
immunohistochemical studies indicate HNE and acrolein is largely associated with neurons
[33,34].

It is unclear why we observed an apparent dichotomy of elevated protein-bound HNE but not
extractable HNE and elevated extractable acrolein but not protein-bound acrolein in PCAD
HPG. The in vitro oxidation of ARA indicates HNE is generated prior to acrolein when treated
with Aβ1–40, Aβ1–42, and iron(II)/ascorbic acid. If a similar pattern is present in PCAD brain
it is possible that HNE levels would be increased initially allowing more time for cross-linking
reactions to occur with proteins leading to our observation of increased protein bound HNE
but not extractable HNE. Similarly, if acrolein production lags HNE generation in the PCAD
brain it would likely have less time for interaction with proteins and would be present as the
extractable form leading to our observation of elevated extractable acrolein but not protein-
bound acrolein. Rajamoorthi et al reported that artificial ARA lipid bilayers were softer and
more deformed than artificial DHA lipid bilayers which may contribute to the oxidation of
ARA prior to that of the DHA, the dominate PUFA in grey matter[35]. The comparable levels

Bradley et al. Page 6

Free Radic Biol Med. Author manuscript; available in PMC 2011 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of extractable HNE generated by Aβ species and iron(II)/ascorbic acid system add further
support to the hypothesis that may Aβ species play a role in the pathogenesis of AD through
the generation of aldehydic by-products of lipid peroxidation.

Levels of extractable HNE and acrolein in the current study were quantified using deuterated
or 13C internal standards (13C3-acrolein and d3-HNE) and GC/MS/NCI rather than unlabeled
straight chain aldehydes (heptanal and octanal) and using LC/MS as in our earlier studies
[12]. The levels of extractable acrolein in NC HPG (1.9 (4.4) nmol/mg protein) in the present
study were comparable to those observed previously by Williams at el (1.2 ± 0.3 nmol/mg
protein)[12]. Slight variations in the level of extractable acrolein may be due to a combination
of variation in analytical methods and subject-to-subject variability. However, in the current
study we observed much lower levels of extractable HNE (14.9 (6.9) pmol/mg protein)
compared to levels reported by Williams et al (0.4 ± 0.1 nmol/mg protein) in the HPG of NC
subjects[12]. However, the levels of HNE that we observed are similar to those reported by
Fitzmaurice et al. of the caudate of control subjects (12.0 ± 0.9 pmol/mg protein)[29] using a
method from which our current method is derived. The decreased levels of extractable HNE
in the current study relative to our previous studies are likely the result of different sample
preparation methodology, analysis, or the use of internal standards.

Acrolein (CH2=CH-CHO) and HNE (C5H11-CH(OH)-CH=CH-CHO) are neurotoxic
aldehydes that are produced during the peroxidation of polyunstatureated fatty acids. Both
aldehydes have been observed by immunohistochemistry in neurofibillary tangles and senile
plaques the two hallmark pathological features of AD [36,37]. In addition, numerous studies
demonstrate that acrolein and HNE are highly reactive resulting in the disruption of normal
cellular processes and activities through a Michael addition to key amino acids such as lysine,
cysteine, and histidine [38]. Modification of proteins by HNE can result in a reduction of
activity of several critical enzymes including lactate dehydrogenase and ATP synthase [9].

Acrolein can impair metabolic processes by inhibiting glucose uptake in primary neuronal
cultures [39]. In vitro studies also support acrolein’s role in the disruption of glucose
metabolism by demonstrating that acrolein when incubated with pyruvate dehydrogenase
results in decreased activity [40]. Lovell et al., showed that the activity of glutathione
transferase, a detoxification enzyme for HNE and acrolein was significantly decreased in the
HPG of LAD subjects [41]. Previous studies showed increased levels of extractable acrolein
in the HPG of both MCI and EAD subjects [14]. The median levels of extractable acrolein
quantified in the current study in the HPG of PCAD subjects (4.89 nmol/mg protein) are
comparable to those reported of the HPG of EAD subjects (2.7 ± 0.2 nmol/mg protein) [12]
and LAD subjects (5.0 ± 1.6 mol/mg of protein) [14]. Our observations suggest lipid
peroxidation is an early event in the pathogenesis of AD.

Elevations of HNE can have severe consequences on cellular function, such as inhibition of
dephosphorylation of microtubule associated protein tau [42] and decreased levels of DNA-
histone interaction mediated by a covalent modification of histones particularly at lysine
residues [43]. The inhibition of histone DNA interactions may interfere with DNA storage and
ultimately contribute to increased DNA oxidation observed in MCI and LAD patients [2,12,
18,44]. The elevation of protein-bound HNE in the HPG in the current study are consistent
with previous studies by Butterfield et al. who reported a statistically significant increase of
protein bound HNE in the hippocampus of MCI subjects [9]. Identification of HNE modified
proteins in the HPG of MCI subjects by redox proteomics suggests that HNE modification is
common for several proteins involved in energy production [9]. It has been proposed that
deficiencies of these proteins as a result of HNE modification may contribute to the generation
of reactive oxygen species thus compounding oxidative stress present in the disease [9].
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Overall, our data suggest lipid peroxidation occurs early in the progression of AD further
supporting the hypothesis that oxidative stress is an early event in the pathogenesis of AD.
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Figure 1.
Antibody specificity of HNE and acrolein. (A) HNE modified BSA loaded in triplicate in Row
1 and HNE modified BSA loaded in triplicate in Row 2 incubated with anti-HNE pre-incubated
with HNE. (B) HNE modified BSA loaded in triplicate in Row 1 and HNE modified BSA
loaded in triplicate in Row 2 incubated with anti-HNE. (C) Acrolein modified BSA loaded in
triplicate in Row 1 and HNE modified BSA loaded in triplicate in Row 2 incubated with anti-
acrolein pre-incubated with acrolein. (D) Acrolein modified BSA loaded in triplicate in Row
1 and HNE modified BSA loaded in triplicate in Row 2 incubated with anti-acrolein antibody.
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Figure 2.
HNE and acrolein immunochemical staining of protein samples incubated with increasing
concentrations of HNE or acrolein. Each modified BSA sample was loaded in triplicate. (A)
Representative dot blots of HNE modified BSA with increasing HNE concentrations (3.125,
6.25, 12.5, and 25 µM). (B) Calibration curve of HNE concentration vs. immunochemical
response (r = 0.99, P ≤ 0.05). (C) Representative dot blots of acrolein modified BSA with
increasing acrolein concentrations 3.125, 6.25, 12.5, and 25 µM). (D) Calibration curve of
acrolein concentration vs. immunochemical response (r = 0.94, P ≤ 0.05).
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Figure 3.
Levels of extractable acolein expressed as the median and range (nmol/mg of protein) in
hippocampus/parahippocampal gyrus (HPG), superior and middle temporal gyri (SMTG), and
cerebellum (CER) of preclinical Alzheimer’s disease (PCAD) and NC subjects. There was a
significant (P < 0.05) increase in extractable acrolein in the HPG of PCAD subjects compared
to NC subjects. There was a significant (P < 0.05) decrease in acrolein in the CER of PCAD
subjects compared to NC subjects.
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Figure 4.
Levels of extractable HNE expressed as the median and range (pmol/mg of protein) in
hippocampus/parahippocampal gyrus (HPG), superior and middle temporal gyri (SMTG), and
cerebellum (CER) of preclinical Alzheimer’s disease (PCAD) and NC subjects. There were
no significant differences in levels of extractable HNE in any brain region studied.
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Figure 5.
Levels of protein-bound HNE expressed as mean ± SEM (% of normal control [NC]) in
hippocampus/parahippocampal gyrus (HPG), superior and middle temporal gyri (SMTG), and
cerebellum (CER) of preclinical Alzheimer’s disease (PCAD) and NC subjects. There was a
significant (P < 0.05) increase in protein bound HNE in the HPG of PCAD subjects compared
to NC subjects. There was a significant (P < 0.05) decrease in protein bound HNE in the CER
of PCAD subjects compared to NC subjects.
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Figure 6.
Levels of protein-bound acrolein expressed as mean ± SEM (% of normal control [NC]) in
hippocampus/parahippocampal gyrus (HPG), superior and middle temporal gyri (SMTG), and
cerebellum (CER) of preclinical Alzheimer’s disease (PCAD) and NC subjects. There were
no significant differences between PCAD and NC subjects for any brain region studied.
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Figure 7.
Protein carbonyl content expressed as mean ± SEM (% of normal control [NC]) in
hippocampus/parahippocampal gyrus (HPG), superior and middle temporal gyri (SMTG), and
cerebellum (CER) of PCAD and NC subjects. There were no significant differences for any
brain region studied.
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Table 1

Subject demographic data

Group Mean ± SEM age
(years)

Sex Mean ± SEM PMI (h) Median Braak
Score

NC 85.4 ± 1.9 N=10; 1M, 9W 2.8 ± 0.7 I

PCAD 86.0 ± 2.1 N=10; 2M, 8W 2.9 ± 0.6 IV*

*
P < 0.05

NC = normal control; PCAD = preclinical Alzheimer’s disease; PMI = postmortem interval; SEM = standard error of the mean
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