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Abstract
Multiple studies have demonstrated elevations of α, β-unsaturated aldehydes including, 4-
hydroxynonenal (HNE) and acrolein, in vulnerable regions of mild cognitive impairment (MCI),
preclinical Alzheimer’s disease (PCAD), and late-stage Alzheimer’s disease (LAD) brain.
However, there has been limited study of a third member, 4-hydroxyhexenal (HHE), a diffusible
lipid peroxidation product of the ω-3 polyunstataturated fatty acids (PUFAs). In the present study
levels of extractable and protein-bound HHE were quantified in the hippocampus/
parahippocampal gyrus (HPG), superior and middle temporal gyri (SMTG), and cerebellum
(CER) of MCI, PCAD, LAD, and normal control (NC) subjects. Levels of extractable and protein-
bound HHE were increased in multiple regions in the progression of AD. Extractable HHE was
significantly elevated in the hippocampus/parahippocampal gyrus (HPG) of PCAD and LAD
subjects and protein-bound HHE was significantly higher in MCI, PCAD, and LAD HPG. A time-
and concentration-dependent decrease in survival and a concentration dependent decrease in
glucose uptake were observed in primary cortical cultures treated with HHE. Together these data
support a role for lipid peroxidation in the progression of AD.
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1. Introduction
Oxidative damage to cellular macromolecules, including, nucleic acids, proteins, and lipids,
is a feature of aging as well as many neurodegenerative diseases including Alzheimer’s
disease (AD). Multiple studies have shown oxidative damage, including nucleic acid
oxidation (Gabbit et al., 1998; Lovell et al., 1999; Mecocci et al., 1994; Nunomura et al.,
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2001; Shan et al., 2003), protein modifications (Ding et al., 2006; Drake et al., 2004; Lovell
et al., 2000b, et al., 1998; Pocernich et al., 2003; Shao et al., 2008; Sultana et al., 2006), and
generation of by-products of lipid peroxidation (Lovell et al., 2001; Markesbery et al., 1998;
McGarth et al., 2001), are significantly increased in late-stage Alzheimer’s disease (LAD)
compared to age-matched normal control (NC) subjects. In addition, markers of oxidative
damage have been observed in mild cognitive impairment (MCI), the earliest clinical
manifestation of AD (Butterfield et al., 2006; Ding et al., 2005; Markesbery et al., 2005;
Shao et al., 2008; Wang et al., 2006; Williams et al., 2006). These observations suggest
oxidative damage may play a potential role in the pathogenesis of AD.

Lipids represent a class of biomacromolecules whose proper function is vital to cellular
homeostasis, but are also vulnerable to oxidative damage by reactive oxygen species (ROS).
Peroxidation of lipids results in compromised integrity of cellular membranes and the
generation of diffusible aldehydic by-products including the α, β-unsaturated aldehydes
acrolein, 4-hydroxyhexenal (HHE), and 4-hydroxynonenal (HNE). The toxicity of α, β-
unsaturated aldehydes is attributed to their soft electrophilic nature that is highly reactive
with cysteine, histidine, and lysine amino acid residues (LoPachin et al., 2009). HNE and
acrolein are elevated in MCI and LAD brain (Butterfield et al., 2006; Lovell et al., 2001;
Markesbery et al., 1998; Reed et al., 2008; Williams et al., 2006) and have been shown to be
toxic in neuron cultures (Lovell et al., 2000a, et al., 2001; Pocernich et al., 2003). HHE is a
by-product of oxidative damage to ω-3 polyunsaturated fatty acids (PUFAs) including
docasahexaenoic acid, the predominate ω-3 PUFA in grey matter (Long et al., 2008; Van
Kuijk et al., 1990). Concentrations of DHA are approximately 30-50 times higher than the
predominate ω-6 PUFA, arachidonic acid (Lim et al., 2005; Pawlosky et al., 2001; Salem et
al., 2001) making it an abundant target for oxidative attack.

In the current studies levels of extractable and protein-bound HHE were quantified in
vulnerable brain regions, the hippocampus/parahippocampal gyrus (HPG) and superior and
middle temporal gyri (SMTG), and the cerebellum (CER), a non-vulnerable brain region
from preclinical AD (PCAD), MCI, LAD, and NC subjects. Levels of extractable HHE were
quantified using gas chromatography mass spectrometry with negative chemical ionization
(GC/MS/NCI) and protein-bound levels of HHE were determined by dot blot
immunochemistry and an HHE specific antibody. In addition, levels of protein carbonyls
were quantified by immunochemistry. To determine the rate of HHE generation in the
presence of AD physiologically relevant oxidative insults, DHA was treated with amyloid β
peptide (Aβ1-40, Aβ1-42), as well as iron (II)/ascorbic acid. Levels of extractable HHE
generated from oxidized DHA were determined by GC/MS/NCI. To investigate the effect of
HHE on primary cortical neurons, cell viability was assessed at 3, 6, 12, and 24 hours in
cultures treated with increasing HHE concentrations (1 – 100 μM). Additionally, the effect
of HHE (1 to 100 μM) on glucose uptake was assessed at 6 hr.

2. Methods
2.1 Neuron Cultures

Experimental protocols were in compliance with federal guidelines for animal
experimentation and were approved by the University of Kentucky Institutional Animal
Care and Use Committee (IACUC). Dissociated primary cortical neuron cultures were
established from E-18 rat embryos as previously described (Lovell et al., 2000a, et al.,
2001). Studies were carried out on cells 7 days in culture by switching to Locke’s solution
consisting of 1 mL of 154 mM NaCl, 5.6 mM KCl, 2.3 mM CaCl2, 1.0 mM MgCl2, 3.6 mM
NaHCO3, 10 mM glucose, 5 mM HEPES (pH 7.2) with 10 mg/L gentamicin sulfate and
treated with HHE (Cayman Chemical, Ann Harbor, MI, USA) at 1 μM, 10 μM, 25 μM, 50
μM, and 100 μM for increasing periods of time.
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2.2 Cell Viability Studies
Cell viability was assessed by quantifying reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazodium bromide (MTT) as a measure of mitochondrial viability as previously
described (Mosmann et al., 1983) or by counting the number of undamaged cortical neurons
in premarked microscopic fields before treatment and at each time point (0, 3, 6, 12, and 24
hr) as previously described (Xie et al., 2000). Cells were identified as damaged by the
presence of dendriditic beading and vacuolization of the cell body. A significant positive
correlation (r = 0.97) was observed between levels of reduced MTT and cell counts.

2.3 Glucose transport assays
The effect of HHE on glucose uptake was assessed by treating cortical neurons 7 days in
culture with 1 μM, 10μM, 25 μM, 50 μM, and 100 μM HHE for 6 hr and assessing glucose
transport as described by Mark et al. (Mark et al., 1997). Briefly, cultures were switched to
Locke’s with glucose and treated with HHE for 6 hr. Following treatment cultures were
switched to Locke’s without glucose and 1 μCi of 14C labeled glucose added for 5 minutes.
Cultures were washed 3X with PBS and immediately lysed by the addition of 200 μL of
0.5% SDS/0.5M NaOH. Blanks for glucose uptake assays included cultures treated with 10
μM phloretin prior to the addition of radio-labeled glucose. Protein content was determined
in 10 μL aliquots of the lysate using the Pierce BCA method and counts per minute (CPM)
were normalized to the total protein content for each individual sample. Results are
expressed as mean ± SEM % of control and represent the mean of 5-6 dishes per each
concentration per experiment and 3 separate experiments.

2.4 Brain Specimen Sampling
Tissue specimens from the HPG, SMTG, and CER of short post-mortem interval (PMI)
autopsies of 7 LAD subjects (4M: 3W), 8 MCI subjects (3M: 5W), 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). Samples were
flash frozen in liquid nitrogen and maintained at -80°C until used for analysis.

PCAD and NC subjects were followed longitudinally in the UK-ADC Normal Control
Clinic and underwent neuropsychological testing, and physical and neurological
examinations annually. All NC subjects had neuropsychological test scores in the normal
range and showed no 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 (Schmitt et al., 2000).

MCI subjects were normal on enrollment in the UK-ADC longitudinal study, but developed
MCI during follow-up. Clinical criteria for diagnosis of amnestic MCI were those of
Peterson et al. (Peterson et al., 1999) and included: (a) memory complaints corroborated by
an informant, (b) abnormal memory impairment when corrected for age and education, (c)
normal general cognitive function, (d) intact activities of daily living, and (e) does not meet
criteria for dementia. AD subjects met both the clinical criteria for probable AD and
standard histopathological criteria for the diagnosis of AD (McKhann et al., 1984; National
Institute on Aging, 1997). 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
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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. The Braak staging scores of MCI subjects ranged from III-IV. MCI subjects showed
a significant increase in neuritic plaque density in neocortical regions and a significant
increase in neurofibrillary tangle density in entorhinal cortex, hippocampus, and amygdala
compared to NC subjects (Markesbery et al., 2006). PCAD subjects had moderate or
frequent neuritic plaque scores with median Braak staging scores of III-IV. LAD subjects
met accepted guidelines for the histopathologic diagnosis of AD with Braak staging scores =
VI. Neuritic plaque counts and Braak staging scores were provided by the Neuropathology
Core of the UKADC.

2.5 Measurement of Aβ and Aβ1-42 Levels
Total levels of Aβ and Aβ1-42 in specific fractions (detergent soluble and formic acid
fractions) were provided by the Sanders Brown Amyloid Core (Dr. Paul Murphy) as
previously described (Murphy et al., 2007).

2.6 Tissue Processing for HHE Quantification
Tissue samples were prepared as described by Fitzmaurice et al. (Fitzmaurice et al., 2006)
with the following modification. Following tissue homogenization, 1 nmol of stable labeled
benzaldehyde (d5-benzaldehyde) (CDN Isotopes, Pointe-Claire, Quebec, Canada) was added
as an internal standard. For quality control blank, spiked, and duplicate analyses were
carried out for representative samples from each brain region.

2.7 In vitro Oxidation of Docosahexaenoic Acid (DHA)
Docosahexaenoic acid (DHA) was oxidized as described by Kawai et al. (Kawai et al.,
2006) with the following modifications. Briefly DHA (3 μmol) was oxidized at 37°C with
Aβ1-40 (19 nM), or Aβ1-42 (19 nM) (Gift of Dr. Harry LeVine III), or iron (II) sulfate (10
mM) /ascorbic acid (1 mM) for 0, 2, 4, 8, or 24 hours in sodium phosphate buffer (pH 7.4).
Following incubation, 1 nmol of d5-benzaldehyde was added as an internal standard. For
quality control of in vitro oxidation of DHA, triplicate analyses were carried out for each
treatment at each incubation time.

2.8 Aldehyde Derivatization and Gas Chromatography/Mass Spectrometry
Aldehydes were derivatized as described by Fitzmaurice et al. (Fitzmaurice et al., 2006) and
transferred to GC autosampler vials. 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; Agilent, Santa Clara, CA, USA) as described by
Fitzmaurice et al. (Fitzmaurice et al., 2006). Mass spectra of derivatized aldehydes were
acquired using selective ion monitoring (SIM) at m/z ratios of 241 for HHE and 286 for d5-
benzaldehyde. An instrument response plot of integrated peak area of unlabeled analyte
signal (m/z = 241) was normalized to integrated peak area of internal standard (m/z = 286)
signal as a function of unlabeled analyte over a range of 30 pmol to 1 nmol in both a tissue
matrix and sodium phosphate buffer at pH 7.4 in triplicate. Plots of instrument response
versus concentration showed a positive significant correlation for HHE (r = 0.99) in both the
tissue matrix and sodium phosphate buffer at pH 7.4. The integrated area of analyte signal
was normalized with respect to the integrated area of the corresponding internal standard for
all samples.
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2.9 Dot Blot Analysis
Total levels of protein-bound HHE were determined by dot blot immunochemistry using a
Schleicher & Schuell Dot-Blot apparatus as described by Saiki et al. (Saiki et al., 1986) with
the following modification. Blots were probed with 1:1500 dilution of primary mouse anti-
HHE antibody (Genox, Baltimore, MD, USA) overnight at 4°C. 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 intensities for PCAD, MCI, LAD, and NC subjects
were normalized to mean NC levels for each blot. To verify the specificity of the HHE
antibody used in this study, bovine serum albumin (BSA) was treated with HHE, HNE
(Cayman Chemical), or acrolein (Sigma) for 16 hr at 37°C at a 1:1 molar ratio. Samples of
HHE, HNE, or acrolein modified BSA were loaded in triplicate and subjected to dot blot
analyses as described above using HHE antibody or HHE antibody pre-incubated with HHE.
To determine a linear response of HHE immunoreactivity, BSA was treated with increasing
concentrations of HHE or acrolein (3.12, 6.25, 12.5, and 25 μM) for 16 hr at 37°C and
subjected to dot blot analyses as described above.

2.10 HHE Modified Protein Immunoprecipitation (IP)
To further verify HHE alterations in the CER we subjected representative LAD and NC
CER specimens to immunoprecipitation of HHE modified proteins as previously described
(Bonifacino et al., 2001) to determine if specific proteins showed increase HHE
modification in LAD. Briefly, samples were homogenized in RIPA buffer (20 mM Tris HCl
pH 7.5, 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% NP-40, 1% sodium
deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM sodium
vanadate, 1 μg/mL leupetin, 1 mM phenylmethylsulfonyl fluride) and centrifuged at 100,000
× g for 1 hr at 4°C. Protein samples (150 μg) were incubated with 50 μL of rabbit serum
overnight at 4°C followed by the addition of 100 μL of Protein A/G Sepharose
(Calibiochem, Gibbstown, NJ, USA) slurry. The solution was then rotated for 1 hr at 4°C
and the Protein A/G Sepharose complex was precipitated by centrifugation at 14,000 × g for
10 min at 4°C. The resulting pellet was washed 3X in lysis buffer. Pre-cleared protein
solutions were then incubated and rotated with 5 μL of primary mouse anti-HHE antibody
overnight at 4°C followed by the addition of 100 μL of Protein A/G Sepharose slurry. The
solution was rotated for 4 hr at 4°C and the Protein A/G complex was precipitated by14,000
× g for 10 min at 4°C and the pellet washed 3X in lysis buffer. Samples were prepared for
SDS-PAGE gel electrophoresis by the addition of 25 μL of SDS loading buffer to the
resulting Protein A/G-IgG pellet and boiled for 5 min. Immunoprecipitated proteins were
separated on a SDS-PAGE gel and the gel stained with coomassie blue. Bands differentially
expressed in LAD subjects were sampled and subjected to trypsin digestion and MALDI
mass spectrometry as previously described (Pocernich et al., 2005).

2.11 Protein Carbonyl Content
Protein carbonyl content was determined using an OxyBlot™ Protein Detection Kit per
manufacturer’s instructions. 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, MCI, LAD, and NC subject was normalized to
mean control levels for each blot.
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2.12 In vitro HHE Modification of Albumin and Tau 441
To determine the relative reactivity of HHE with proteins of varying numbers of reactive
amino acids, bovine serum albumin and tau 441 (3 μmol) were treated at 37°C with acrolein,
HNE, or HHE (1 mM) for 0, 0.5, 1, 2, 4, or 8 hours in sodium phosphate buffer (pH 7.4).
Total levels of protein-bound HHE were determined by dot blot immunochemistry using a
Schleicher & Schuell Dot-Blot apparatus as described by Saiki et al. (Saiki et al., 1986). The
dot intensities of replicates were averaged and average dot intensities for each treatment
were normalized to mean 0 hr values for each respective protein.

2.13 Statistical Analysis
All data were tested for normality using the Wilkes-Shapiro test. Levels of extractable HHE
in the HPG and CER and Braak staging scores were non-normally distributed. All other data
demonstrated a normal distribution. Normalized dot blot values of protein-bound HHE and
total protein carbonyl content, age, time dependent levels of extractable HHE expressed as
pmol/μmol, time dependent levels of protein-bound HHE, levels of extractable HHE in the
SMTG expressed as pmol/mg protein, and PMI were compared using ANOVA. Levels of
extractable HHE in the HPG and CER and Braak staging scores were compared using the
Mann-Whitney U-test and are reported as median values. All statistical comparisons were
carried out using ABSTAT software (AndersonBell, Arvada, CO, USA). Statistical
significance was set at P ≤ 0.05.

3. Results
Subject demographic data are shown in Table 1. There were no significant differences in
PMI or age of subjects except for a significant (P < 0.05) increase in the age of MCI subjects
(90.1 ± 2.1 y) compared to LAD subjects (80.9 ± 2.0 y). Median Braak staging scores were
significantly (P < 0.05) higher for PCAD subjects (IV), MCI subjects (III), and LAD
subjects (VI) compared to age-matched NC subjects (I).

To assess the specificity of the HHE antibody used in this study, BSA was treated with
HHE, HNE, or acrolein and subjected to dot blot analysis using HHE antibody with or
without pre-incubation with HHE. The HHE antibody only recognized HHE modified BSA
(Fig. 1A) and pre-incubation of the HHE antibody with HHE blocked immunoreactivity
(Fig. 1B). Figs. 1C and 1D show a statistically significant linear response between
immunostaining and increasing HHE levels (r = 0.94, P < 0.05).

Median extractable HHE levels were significantly (P ≤ 0.05) higher in the HPG of PCAD
subjects (15.4 pmol/mg protein) and LAD subjects (24.0 pmol/mg protein) compared to NC
subjects (11.3 pmol/mg protein) (Fig. 2A). There were no significant changes in the level of
extractable HHE in the HPG of MCI subjects (13.7 pmol/mg protein) compared to NC
subjects (11.3 pmol/mg protein). No significant changes were observed in levels of
extractable HHE in the SMTG of MCI subjects (5.3 ± 1.3 pmol/mg protein), PCAD subjects
(9.1 ± 2.1 pmol/mg protein) or LAD subjects (4.9 ± 0.9 pmol/mg protein) compared to NC
subjects (9.5 ± 1.4 pmol/mg protein) (Fig. 2B). Median levels of extractable HHE were not
significantly altered in the CER of MCI subjects (3.4 pmol/mg protein) or PCAD subjects
(6.9 pmol/mg protein) compared to NC subjects (5.3 pmol/mg protein) (Fig. 2C) although
levels of extractable HHE in the CER of LAD subjects (23.1 pmol/mg protein) were
significantly (P < 0.01) elevated compared to MCI subjects (3.4 pmol/mg protein), PCAD
subjects (6.9 pmol/mg protein), and NC subjects (5.3 pmol/mg protein) (Fig. 2C). In general,
levels of extractable HHE tended to be higher in HPG compared to other areas studied in the
each subject group, except LAD subjects. Levels of extractable HHE were significantly (P <
0.05) higher in HPG compared to CER in MCI, PCAD, and NC subject populations. There
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was no significance difference in the level of extractable HHE in HPG compared to the CER
in LAD subjects.

Similar to levels of extractable HHE in the HPG, levels of protein-bound HHE were
significantly (P ≤ 0.05) increased in the HPG of MCI subjects (135.1 ± 13.3% NC), PCAD
subjects (169.7 ± 27.8% NC), and LAD subjects (150.6 ± 22.8% NC) compared to NC
subjects (100 ± 14.2% NC) (Fig. 3A). Protein-bound HHE was elevated in the SMTG of
MCI (123.0 ± 12.1%) and LAD (125.3 ± 11.8%) subjects compared to NC subjects (100.0 ±
4.6%) although the difference was not statistical significant. No significant changes in levels
of protein-bound HHE in the SMTG or CER of MCI, PCAD, or LAD subjects compared to
NC subjects (Figs. 3B, 3C) were observed. Additionally, protein carbonyls were not
significantly different in the HPG, SMTG, or CER for any subject group studied (Figs. 3A-
C).

To determine if HHE levels correlated with neuropatholigcal parameters, levels of
extractable HHE and protein-bound HHE in the HPG, SMTG, and CER were correlated
with Braak staging scores and neuritic plaque counts in the SMTG and the CA1/subiculum
of the HPG. Additional correlations analyses were carried out between levels of extractable
and protein-bound HHE and Aβ1-42 in detergent and formic acid soluble fractions of the
HPG, SMTG, and CER. Correlation of Braak staging scores and levels of extractable (r =
0.31 P = 0.08) and protein-bound HHE (r = 0.33 P = 0.08) in the HPG trended toward
significance. A significant correlation was observed between Braak staging scores and
extractable HHE (r = 0.35 P = 0.05) in the CER. No significant correlations were observed
between levels of extractable or protein bound HHE and Braak staging scores in the SMTG.
Additionally, no significant correlations were observed between the levels of either
extractable or protein-bound HHE and either total Aβ and Aβ1-42 in the HPG, SMTG, or
CER.

Primary cortical neuron survival showed a significant positive correlation between MTT
reduction and cell counts (r = 0.97). Comparison of survival data showed a significant
decrease (P < 0.05) in cell viability at 16 hr when treated with 25 μM HHE (52.6 ± 15.6%)
and 50 μM (11.0 ± 1.3%) compared to control cultures (100.0 ± 1.8%). Treatment of
primary cortical neuron cultures with HHE lead to a time- and concentration-dependent
decrease in cell survival (Fig 5A) although, survival of cultures was not significantly altered
for any concentrations of HHE at 3 and 6 hrs. Treatment of primary cortical neurons for 6 hr
with HHE over a range of 0 to 100 μM of HHE resulted in no visible vacuolization of cell
bodies or extensive neurite fragmentation (Fig. 5B-G). In contrast, treatment with HHE at
these levels led to a concentration dependent decrease in glucose uptake. Treatment with 25
μM (82.8 ± 3.0%), 50 μM (73.9 ± 3.1%), and 100 μM (49.4 ± 2.2%) HHE lead to
significantly (P < 0.001) decreased glucose uptake in cultures compared to control cultures
(100.0 ± 3.7%) (Fig. 5H).

Levels of extractable HHE from in vitro oxidation of DHA treated with Aβ1-40, Aβ1-42, or
iron (II)/ascorbic acid are shown in Table 2. Levels of extractable HHE from oxidized DHA
were significantly (P < 0.05) higher at 24 hr incubation for all treatments. Levels of
extractable HHE generated from the treatment of DHA with Aβ1-40 (10,491.4 ± 499.3 pmol/
μmol DHA) and Aβ1-42 (11,951.1 ± 637.6 pmol/μmol DHA) at 24 hr were comparable to
those resulting from treatment with a strong oxidizing system, iron (II)/ascorbic acid
(10,796.4 ± 285.8 pmol/μmol DHA).

Immunoprecipitation of HHE positive proteins from CER of representative LAD (n = 3)
subjects compared to NC subjects (n =3) showed 6 distinctive proteins bands that were
elevated in LAD specimens. Differentially expressed bands were elevated ~15% in LAD
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CER compared to NC CER specimens and included: α-2-macroglobulin and myomesin-1 at
~ 19 kDA, gelsolin, glucogen phosphorylase, and lactotransferrin at ~115 kDa,
glyceraldehydes-3-phosphate dehyrogenase, L-lactate dehyrogenase, pyruvate dehyrogenase
E1 (β subunit), malate dehyrogenase, guanine nucleotide-binding protein (α subunit),
apolipoprotien E, and aldose reductase at ~30 kDa, myelin proteolipid protein, ubiquitin
carboxyl-terminal hyrolase isozyme, apolipoprotein A-I, ATP synthase (subunit b),
glutathione S-transferase, and heat shock protein (β1) at ~24 kDa, cytochrome c oxidase
(subunit 2), proteasome subunit (β type-2, type-5, and type-6), retinol-binding protein,
peptidyl-prolyl cis-trans isonmerase, and heat shock protein (β1) at ~20 kDa, and
hemoglobin subunit (α, β, and δ), fatty acid binding protein, and ATP synthese (subunit e) at
~15 kDa.

4. Discussion
Determining the pathogenesis of Alzheimer’s disease is critical for advancements in the
field, yet difficult. Although earlier studies focused on changes of markers of oxidative
damage in the brain of late stage AD subjects, analysis of brain specimens from subjects in
earlier stages of disease progression are critical to determine the role of oxidative damage in
the pathogenesis of AD. The current study incorporated tissue specimens from
longitudinally followed, well characterized NC, MCI, PCAD, and LAD subjects with short
postmortem intervals. MCI and PCAD subjects represent distinct intermediate stages
between normal aging and LAD. While PCAD subjects retain cognitive function in the
presence of pronounced AD neuropathology, MCI subjects present with cognitive
impairment in a clinical environment. Based on imaging studies it is hypothesized that had
PCAD subjects lived longer they would have developed AD (Smith et al., 2008).

The present study shows levels of extractable HHE are significantly increased in the HPG of
PCAD and LAD subjects, and the CER of LAD subjects. Significant elevations in the HPG,
an area vulnerable to early AD associated pathology, suggest that the extent of associated
pathology and levels of extractable HHE are related. Additionally, levels of extractable HHE
were significantly elevated in HPG of MCI, PCAD, and NC subject populations compared
to measured levels in the CER. Similarly there were significant elevations in the level of
protein-bound HHE in the HPG of MCI, PCAD, and LAD subjects compared to NC
subjects. Elevations of protein-bound HHE in the HPG of MCI and PCAD subjects and
extractable HHE in the HPG of PCAD subjects suggest that lipid peroxidation of the ω-6
PUFA is an early event in the pathogenesis of AD. It remains to be determined if additional
markers of oxidative damage including, RNA or nuclear/mitochondrial DNA are also
elevated in these subject populations. While these studies were carried out in bulk brain
tissue rather than a homogenous population of neurons, previous immunohistochemical
studies indicate related α,β-unsaturated aldehydes generated from peroxidation of DHA and
ARA (HNE and acrolein) are largely associated with neurons (Calingansan et al., 1999;
Montine et al., 1997). Additionally, Long et al. demonstrated that HHE-modified proteins
were localized in the nuclear/perinuclear area of primary cortical neurons (Long et al.,
2008).

Previous studies utilizing the same tissue preparation and analytical methods in our
laboratory showed median levels of extractable acolein were comparable to previous studies
that made use of straight chain aldehydes (heptanal and octanal) as internal standards and
LC/MS (Bradley et al., 2010) and levels of extractable HNE were comparable to those
reported by Fitmaurice et al. (Fitzmaurice et al., 2006). The current study is the first to
quantify levels of extractable HHE in the NC, MCI, PCAD, and AD brain by GC/MS/SIM
using a deuterated internal standard, d5-benzaldehyde.
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It remains unclear why we observed a significant elevation in the level of extractable HHE
in the CER of LAD subjects. While the CER has long been considered an internal control
due to minimal neuropathology, recent studies suggest that disease related changes do occur
in the CER. Large numbers of diffuse amyloid plaques in the molecular layer of the
cerebellar cortex of AD subjects were visualized by Braak et al. (Braak et al., 1989) and
Yamaguchi et al. (Yamaguchi et al., 1989). Additionally, Wegiel et al. (Wegiel et al., 1999)
documented a significant decrease in the volume of the molecular and granular layers of
LAD subjects compared to NC subjects further supported by a more recent MRI imaging
study by Thomann et al. (Thomann et al., 2008) who found shrinkage of the posterior
cerebellar regions associated with poorer cognitive performance in AD subjects relative to
NC subjects. Levels of extractable HHE in the CER of subjects were normally distributed in
the NC, MCI, and PCAD subject population, but were non-normally distributed in LAD
subjects. Within the LAD group two subjects exhibited significantly elevated levels of HHE
compared to the five other LAD subjects suggesting that the changes in the cerebellum may
be more variable consistent with more variable pathology in the area. It should be noted that
duplicate and spike analyses of CER samples from LAD subjects was conducted
simultaneously and were consistent with other data. Additionally, CER samples from LAD
and MCI subjects were analyzed during the same period of time. Interestingly, a significant
correlation between the level of extractable HHE in CER and Braak staging scores was
observed. Previous studies of fatty acid composition of rat brain showed the CER has an
increased abundance of DHA relative to neocortical brain regions (Siesjo et al., 1982). Our
observation of increased HHE in CER is consistent with elevated levels of DHA in CER.

Although we observed elevated extractable HHE in CER we did not observe elevated total
protein-bound HHE observed in the CER. It is possible that HHE has reduced reactivity with
proteins in CER. Preliminary proteomics studies of immunoprecipitated HHE modified
proteins identified several proteins that were differentially HHE modified in LAD CER
specimens. These preliminary findings suggest that HHE modification of proteins is targeted
based on amino acid composition. To investigate whether amino acid composition affects
HHE reactivity, bovine serum albumin (BSA) and tau 441 were incubated with HHE and the
degree of HHE immunoreactivity determined. Both BSA and tau 441 have comparable
numbers of lysine residues and histidine residues, (48/14 and 43/11 respectively) but a large
disparity between the number of cysteine residues (BSA – 31; Tau 441 – 1). Dot blot
analysis showed that levels of HHE modified albumin (444.3 ± 2.2%) were significantly (P
> 0.05) elevated compared to levels of HHE modified tau 441 (122.5 ± 2.3%) at 8 hr.

Correlations of extractable and protein-bound HHE and levels of both total Aβ and Aβ1-42 or
neuritic plaque counts were not significant in the HPG, SMTG, or CER of any subject
group. These findings are consistent with previous studies of acrolein and HNE (Bradley et
al., 2010) in the same PCAD and NC subjects. The lack of correlation between HHE levels
and measures of amyloid burden suggest that other oxidants, including iron, may be more
relevant in the oxidation of DHA. The lack of correlation is unexpected considering
comparable levels of extractable HHE were generated in vivo from DHA oxidation by
treatment both Aβ1-42 and Aβ1-40 species and iron (II)/ascorbic acid, a strong oxidizing
system.

Previous studies have indicated that aldehydric lipid peroxidation by-products, specifically
HNE, are effectors in the formation the primary sequence (TG-5) of tau (Liu et al., 2005;
Perez et al., 2000, et al., 2002; Takeda et al., 2000; Wataya et al., 2002; Zambrano et al.,
2004). In a more recent study, Liu et al. demonstrated that antibodies recognizing
phosphoepitopes (PHG-1, TG-4, and MCI15) and conformation-dependent eipitopes (MC1,
Alz-50, and TG-3) of tau share enhanced recognition following HNE modifications of tau.
Additionally, HNE has been shown to facilitate the formation of paired helical filament
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(PHF) like structures of phosphorylated tau in vitro and in vivo (Perez et al., 2000, et al.,
2002). It remains unclear if additional α, β-unsaturated aldehydes generated via lipid
peroxidation may also effect the formation of NFTs or if levels of extractable and/or protein-
bound HHE are correlated to levels of multiple tau phospho and conformation-depenedent
epitopes.

Cellular disruption attributed to α,β-unsaturated aldehydic by-products is the result of
Michael addition reactions with key amino acids lysine, cysteine, and histidine (LoPachin et
al., 2009). While HHE, HNE, and acrolein are all members of the α, β-unsaturated family
HNE and acrolein are considered more reactive resulting in more severe and extensive
disruption of homeostasis. Yet, multiple studies have demonstrated that HHE, like HNE and
acrolein leads to adverse cellular events (Chen et al., 1995; Je et al., 2004; Kristal et al.,
1996; Lee et al., 2004a; Lee et al., 2004b; Long et al., 2008). HHE at femtamolar
concentrations has been shown to induce the mitochondrial permeability transition pore
(PTP) in mitochondria isolated from livers of male rats (Kristal et al., 1996). Induction of
reversible PTP by HHE results in the loss of the proton gradient as well as the ability to
carry out oxidative phosphorylation. Addition of thiol reagents, dithiothreitol or glutathione,
which commonly prevent induction of the PTP, was ineffective in preventing HHE
induction of the PTP. Treatment of mitochondria isolated from livers of male rats with HHE
resulted in a significant decrease in the activity of adenine nucleotide translocator (ANT),
which is located on the inner mitochondrial membrane, and is responsible for translocation
of ADP and ATP (Chen et al., 1995). In the current study, treatment of cortical neuron
cultures with increasing concentrations of HHE resulted in a time and concentration
dependent cell death consistent with previous reported LD50’s by Long et al. (Long et al.,
2008). While treatment of cortical neuron cultures with increasing concentrations of HHE
for 6 hours did not affect cellular viability as assessed by cell morphology or MTT
reduction, treatment with increasing concentrations of HHE did result in a concentration
dependent decrease in glucose uptake at concentrations greater than the LD50 reported by
Long et al. (Long et al., 2008). However, deleterious effects of HHE are not limited to the
mitochondria. Rapid depletion of glutathione (GSH) content was observed in primary
cortical cells treated with HHE following 1 hr exposure (Long et al., 2008). Treatment of
endothelial cell cultures with HHE has been shown to result in the induction of inducible
endothelial nitric oxide synthase (iNOS) by transcriptional regulation the nuclear factor κB
(NF-κB) leading to activation of various proinflammatory genes (Je et al., 2004; Lee et al.,
2004a). Lee et al. have also shown that treatment of endothelial cultures with HHE results in
apoptosis mediated via Bax accompanied by a decrease in anti-apoptotic Bcl-2 (Lee et al.,
2004b).

Overall this study suggests lipid peroxidation occurs early in the progression of AD further
supporting the hypothesis that oxidative stress is an early even in the pathogenesis of AD.
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Figure 1.
Specificity of mouse monoclonal antibody against HHE. Acrolein modified BSA loaded in
triplicate in Row 1, HHE modified BSA loaded in triplicate in Row 2, and HNE modified
BSA loaded in triplicate in Row 3 incubated with anti-HHE (A) or with anti-HHE pre-
incubated with HHE (B). Figure 1C shows representative dot blots of HHE modified BSA
with increasing HHE concentrations (3.125, 6.25, 12.5, and 25 μM). Each modified BSA
sample was loaded in triplicate. Figure 1D shows a linear response between HHE
concentration and immunochemical response (r = 0.94, P < 0.05).
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Figure 2.
(A) Levels of extractable HHE expressed as nmol/mg of protein in HPG of NC, MCI,
PCAD, and LAD subjects. There was a significant (P ≤ 0.05) increase in the level of
extractable HHE in HPG of PCAD and LAD subjects compared to NC subjects. No
significant difference was observed in the level of extractable HHE in HPG of MCI subjects
compared to NC subjects. (B) Levels of extractable HHE expressed as nmol/mg of protein in
SMTG of NC, MCI, PCAD, and LAD subjects. There was no significant difference in levels
of extractable HHE in SMTG of MCI, PCAD, or AD subjects compared to NC subjects. (C)
Levels of extractable HHE expressed as nmol/mg protein in CER of NC, MCI, PCAD, and
LAD subjects. There was a significant (P > 0.01) elevation in CER of LAD subjects
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compared to NC, MCI, and PCAD subjects. No significant changes were observed in the
level of extractable HHE in CER of MCI or PCAD subjects compared to NC subjects.
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Figure 3.
Levels of protein-bound HHE and protein carbonyl content expressed as mean ± SEM (%
NC). (A) Levels of protein-bound HHE and protein carbonyl content in HPG of NC, MCI,
PCAD, and LAD subjects. There was a significant (P ≤ 0.05) elevation in protein-bound
HHE in HPG of MCI, PCAD, and LAD subjects compared to NC subjects. No significant
changes were observed in levels protein carbonyl content in any disease in the HPG. (B)
Levels of protein-bound HHE and protein carbonyl content in SMTG of NC, MCI, PCAD,
and LAD subjects. No significant changes were observed in either levels protein-bound
HHE or protein carbonyl content in any disease stage in the SMTG. (C) Levels of protein-
bound HHE and protein carbonyl content in CER of NC, MCI, PCAD and LAD subjects.
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No significant changes were observed in levels of protein-bound HHE or protein carbonyl
content in any disease stage in the CER.
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Figure 4.
(A) Survival of primary cortical neurons in response to treatment with 4-hydroxyhexenal
(HHE) at 1 μM, 10 μM, 25 μM, and 50 μM for 16 hr by the reduction of reduction of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazodium bromide (MTT). Survival was significantly
reduced (P < 0.05) at 16 hr when treated with 25 μM and 50 μM HHE compared to control
cultures. (B) Survival of primary cortical neurons in response to treatment with 4-
hydroxyhexenal (HHE) as assessed by cell counts at 0, 3, 6, 12, and 24 hr in response to
increasing concentrations of HHE treatment (1, 10, 25, 50, and 100 μM). A time and
concentration dependent decrease in cell survival was observed with HHE treatment. Phase
Contrast micrographs of primary cortical neurons at 6 hr incubation period with increasing
concentration of HHE: (C) Control cultures, (D) Cultures treated with 1 μM HHE, (E)
Cultures treated with 10 μM HHE, (F) Cultures treated with 25 μM HHE, (G) Cultures
treated with 50 μM HHE, and (H) Cultures treated with 100 μM HHE. Absence of
vacuolization of cell bodies and extensive neurite fragmentation indicates that no
concentration of HHE at 6 hr incubation resulted in cell death. (H) Glucose uptake in
primary cortical cultures treated with increasing concentrations of HHE (0, 1, 10, 25, 50,
100 μM of HHE) for 6 hrs or with phloretin for 1 hr. Treatment with 25, 50, and 100 μM of
HHE resulted in a significant (P < 0.001) decrease in glucose uptake compare to control
cultures. Uptake of glucose in cultures treated with phloretin was significantly (P < 0.05)
decreased compared to control cultures and cultures treated with all concentrations of HHE.
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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 ± 0.2 I

MCI 90.1 ± 2.1* N=8; 3M, 5W 2.7 ± 0.2 III*

PCAD 86.0 ± 2.1 N=10; 2M, 8W 2.9 ± 0.2 IV*

AD 80.9 ± 2.0 N=7; 4M, 3F 3.3 ± 0.2 VI*

*
P < 0.05

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