
Introduction

Alzheimer’s disease (AD) is a progressive neurode-
generative disorder characterized by progressive 

cognitive impairment, deficits in acquiring memory,
disordered spatiotemporal relationships and altered
personality effects [1]. Characteristic neuropathologi-
cal features of AD include: neuronal loss, gliosis,
neurofibrillary tangles, proliferated and dystrophic
neurites, neuritic plaques and fibrils and deposits of
amyloid �-peptide in the cerebral cortex [2–4]. The
symptoms of this disease result from degeneration
and death of specific populations of synapses and
neurons [1, 5]. A wide variety of cellular and molecular
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processes have been proposed to underlie the rela-
tionship between neuronal death and AD, but the
actual correlation has yet to be elucidated.

There is much evidence to suggest that p53, a tumor
suppressor protein, is a key mediator of neuronal death,
as this protein plays an essential role in the death of
many cell types. Data from in vivo and in vitro models
documented an increase of p53 levels in affected neu-
rons, supporting a potentially pivotal role of this protein
in neuronal loss in neurodegenerative conditions [6–9].

p53 is a multifunctional protein whose main role is
to maintain genomic integrity [10]. Exposure to differ-
ent signals such as radiation, genotoxic chemicals,
hypoxia, oxidative stress, and depletion of ribonu-
cleotides, induces p53 to accumulate in the nucleus,
to bind to specific DNA sequences and to transacti-
vate several genes (transcriptional-dependent path-
ways), most of which are involved in cell-cycle control,
DNA repair and apoptosis [11]. However, evidence
for transcription-independent pathways of p53-medi-
ated apoptosis is growing [12, 13]. This evidence
shows that p53 might contribute to apoptosis by
direct signaling to mitochondria [14], thus leading to
cytochrome c (cyt-c) release and caspase activation
[15]. Lack of p53 activity could be essentially due to
gene mutations, as it often occurs in tumors, or post-
transcriptional modification, both possibilities poten-
tially altering p53 tertiary structure and preventing its
binding to specific DNA sequences [16–18].

Oxidative stress has been implicated as an impor-
tant factor in the etiology and pathogenesis of neu-
rodegenerative diseases, including AD [19–22].
Increased protein oxidation, protein nitration and lipid
peroxidation occur in neurofibrillary tangles and neu-
ritic plaques of AD patients, and levels of oxidation
products are also increased in cerebrospinal fluid of
AD patients [23]. In particular, one product of lipid
peroxidation, 4-hydroxy-2-nonenal (HNE), has been
shown to be elevated in AD brain [24, 25]. HNE is
highly reactive with cellular components, including
proteins and DNA. In particular, HNE-DNA adducts
are a potent mutagen in human cells and are prefer-
entially formed at codon 249 of the p53 gene, a
mutational hotspot in human cancers [26]. HNE
causes disruption of Ca2+ homeostasis, membrane
damage and cell death [27]. Several authors have
investigated the mechanisms by which HNE causes
cell death in human colorectal carcinoma cells.
These authors found out that such mechanisms lead
to apoptosis by inducing alterations of mitochondrial

function, yielding release of cyt-c and subsequent
activation of the caspase cascade [28]. HNE can also
activate the Fas/FasL signaling-mediated apoptotic
pathway in epithelial cells [29]. In addition, it has
been shown that exogenous application of HNE
induces apoptotic death in PC12 cells and hip-
pocampal neuronal culture [30].

Mild cognitive impairment (MCI) represents a tran-
sition stage between the cognitive changes of normal
aging and the more serious problems caused by AD
[31]. Therefore, for those patients who convert to AD,
MCI arguably is the earliest stage of this dementing
disorder. MCI is characterized by a memory deficit
without loss of general cognitive and functional abili-
ties. Recently, data have suggested that there are
increased HNE levels in MCI brain, including the infe-
rior parietal lobule (IPL) [32, 33]. These observations
suggest that oxidative stress occurs as an early
event in the progression of AD.

The aim of the current study was to investigate
whether p53 levels were altered in AD and MCI IPL,
thereby implicating p53 in apoptosis in MCI and AD,
and to know whether HNE is implicated mechanisti-
cally in the activation of the apoptosis mediated by
p53. The identification of HNE as a trigger of p53 sig-
naling may provide new clues to apoptotic mecha-
nisms in neurodegenerative diseases.

Materials and methods

Materials 

All chemicals used were purchased from Sigma-Aldrich
(St. Louis, MO, USA) with exceptions of nitrocellulose
membranes (Bio-Rad, Hercules, CA, USA), electrophoret-
ic transfer system (Trans-blot semi-dry Transfer Cell; Bio-
Rad), anti-p53 monoclonal antibody used for immunopre-
cipitation and Western blotting (Calbiochem, LA Jolla, CA,
USA), anti-HNE polyclonal antibody (Alpha diagnostic
International, St. Antonio, TX, USA), and anti-mouse IgG
alkaline phosphatase secondary antibody (Chemicon
International, Temulca, CA, USA).

Patients

Frozen IPL samples from MCI, AD and age-matched con-
trols were obtained from the University of Kentucky Rapid
Autopsy Program of the Alzheimer’s Disease Clinical
Center (UK ADC). The diagnosis of probable AD was made
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according to criteria developed by the National Institute of
Neurological and Communicative Disorders and Stroke
(NINCDS) and the Alzheimer’s Disease and Related
Disorders Association (ADRDA) [34]. All AD patients dis-
played progressive intellectual decline. Control subjects
were without history of dementia or other neurological dis-
orders and underwent annual mental status testing and
semi-annual physical and neurological exams as part of
the UK ADC normal volunteer longitudinal aging study. In
addition, patients had test scores in the normal range
(Table 2). Samples and demographics used for the AD
study were described previously [35]. Other demographic
parameters of control, MCI, and AD subjects are provided
in Tables 1 and 2.

Sample preparation

Samples were prepared as described previously [36], with
small changes. The brain tissues (IPL) from control, MCI
and AD were sonicated in lysis buffer (pH 7.4) containing
10 mM HEPES buffer, 137 mM NaCl, 4.6 mM KCl, 1.1 mM
KH2PO4 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 14,000 ( g for 10
min to remove debris. Protein concentration in the super-
natant was determined by the Pierce BCA method (Pierce,
Rockford, IL, USA).

Western blotting analysis 

For immunoblot analysis, 75 µg of protein extracts were
electrophoresed on 10% SDS-PAGE, and transferred to
nitrocellulose paper (Bio-Rad Trans-blot semi-dry Transfer
Cell) at 45 mA for 2 hrs. Subsequently, the membranes
were blocked at 4°C for 1 hr with fresh blocking buffer made
of 5% non-fat dried milk in phosphate-buffered saline con-
taining 0.01% (w/v) sodium azide and 0.2% (v/v) Tween 20
(PBST). The membranes were incubated for 3 hrs at room
temperature with primary antibodies: Anti-p53 monoclonal
antibody (1:500). After washing the blots three times in
PBST for 5 min each, blots were incubated with anti-mouse
IgG alkaline phosphatase secondary antibody (1:2000) in
PBST for 1 hr at room temperature. Membranes were then
washed three times in PBST for 5 min and developed using
5-bromo-4-chloro-3-indolyl-phosphate/nitroblue tetrazoli-
um (BCIP/NBT) color developing reagent. Blots were dried
and scanned with Adobe Photoshop and quantitated with
Scion Image (PC version of Macintosh-compatible NIH
Image) software.

Immunoprecipitation analysis 

For immunoprecipitation experiments, 150 µg of protein
extracts were resuspended in 500 µl RIPA buffer (10 mM
Tris, pH 7.6; 140 mM NaCl; 0.5% NP40 including protease
inhibitors) and then incubated with 1 µg of conformation-
specific antibody against p53 protein (wild-type specific–-
PAb11) at 4°C overnight. Immunocomplexes were collect-
ed by using protein A/G suspension and washed five times
with immunoprecipitation buffer. Immunoprecipitated p53
was recovered by resuspending the pellets in loading
buffer, and protein was detected by Western blotting with
rabbit antibody against HNE (1:2000).

Statistics

All statistical analysis was performed using a two-tailed
Student’s t-test. P < 0.05 was considered significantly dif-
ferent from control.

Results and discussion

A major hallmark of AD is the progressive neuronal
loss associated with reduced memory function.
Previous studies suggested an involvement of p53 in
degenerating neurons in AD. For example, de la
Monte et al. [7], showed increased p53 and Fas
expression in specific populations of cortical neurons.
Kitamura et al. [8] reported increased levels of p53 in
temporal cortex, in particular in glial cells.The present
study was conducted in another region of cerebral
cortex, namely the IPL, in MCI, AD and control brains.

The IPL region exhibits severe histopathologic
alterations in AD, that correlate to oxidative damage
[37], including elevated lipid peroxidation [25, 38]. To
determine whether p53 levels were elevated in MCI
(Fig. 1A) and AD (Fig. 1B), the results of Western
blotting of IPL were compared to control. Statistical
analysis of p53 expression data found a significant
increase of p53 levels in both MCI (*P < 0.04) and AD
(#P < 0.015), compared to controls.These results are
consistent with the notion that neurons are degener-
ating in this particular region of the cerebral cortex by
p53-dependent pathways from an early stage of AD.
p53 levels are largely regulated in response to injury
by changes in protein degradation, although this may
not necessarily apply to post-mitotic cells such as
neurons. In fact, most studies of p53 were performed
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Table 1 Characteristics of control and MCI patients (mean ± SD)

Demographic variables Control subjects MCI subjects

Number of subjects 7 7
Gender (male/female) 3/4 3/4

Postmortem interval (hr) 2.87 ± 1.14 3.125 ± 1.033

Brain weight (g) 1260 ± 120 1120 ± 61
Braak stage I--II III--V

MCI, mild cognitive impairment.

Table 2 Characteristics of control and AD patients (mean ± SD)

Demographic variables Control subjects AD subjects

Number of subjects

Gender (male/female)

Age at death (yrs)

Postmortem interval (hr)

MMSE; number of months prior to death test
taken

APOE genotype, if known (N)

5

3/2

87.0 ± 3.94

2.9 ± 0.70

28 ± 0.8; 6.6 ±1.4 

3/3 (3) 3/4 (2)

5

3/2

85.8 ± 6.02

3.4 ± 1.4

15.7 ± 2.6; 19.7 ± 1.0

ND

AD, Alzheimer’s disease; MMSE, mini-mental state examination; APOE, 
apolipoprotein E; ND, not determined; N, number of individuals; SD, standard deviation;
COPD, chronic obstructive pulmonary disease (adapted from [35]).

Fig. 1 (A) and (B) represent blots of the levels of p53 in the IPL from MCI, AD and control, respectively. (C) and (D) rep-
resent densitometric analysis of (A) and (B), respectively. Equal amounts of protein (75 mg/lane) were electrophoresed
using SDS-PAGE. Proteins were transferred to nitrocellulose membranes and probed with the primary anti-p53 antibody.
(A) is a representative blot of data obtained from seven control and MCI samples, and (B) is a representative blot of data
obtained from five control and AD samples, respectively. The control value was set to 100%, to which experimental val-
ues were compared. *P < 0.04; AD, #P < 0.015
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on non-neuronal cells, but some laboratory investi-
gated the role of p53 in neuronal cell death. They
found in the primary culture of rat cerebellar granule
cells an increase of p53-immunoreactivity and p53
DNA binding activity after exposure to excitatory con-
ditions [39]. These data in total suggest that neuronal
cells are very sensitive to apoptosis, and different trig-
gers, such involved also in neurodegenerative condi-
tions as excitotoxicity, increasing of intracellular cal-
cium concentration, oxygen free radical production,
could activate the apoptotic pathway by p53.

HNE has been reported to be one to the most cyto-
toxic products of lipid peroxidation [40]. The reactive
sites on HNE (aldehyde functionality, double bond and
hydroxy functionality) allow for reactions with cysteines,
histidines and lysines by Michael addition to form cova-
lent adducts [40–42]. HNE can cause further cross-
linking through the side chain of lysine residues on
other protein molecules via formation of a Schiff base
[40, 42]. Modified and/or cross-linked proteins cause
increased protein-protein interactions and/or lead to
proteins with altered conformation. If generated at high

concentrations, HNE can alter the physical state of
lipids in the cell membranes, which can affect the func-
tion of transmembrane proteins [43]. HNE is a relative
stable aldehyde that can diffuse to different sub-cellular
compartments and interacts with many different cell
proteins, like histones [44] and tau [45].

To determine if HNE also binds to p53 protein to
potentially influence its pro-apoptotic activity, an
immunoprecipitation experiment was performed using
an antibody that binds to and precipitates p53. This
complex was then probed with an antibody against
HNE-bound proteins by Western blotting analysis. The
results showed a significant difference in AD IPL com-
pared to the controls (Fig. 2B; #P < 0.004), but no sig-
nificant difference in HNE bound to p53 in MCI sam-
ples (Fig. 2A), though the mean level was elevated.

HNE is correlated to neuronal death since, when
HNE is generated in response to apoptotic oxidative
insults, it can induce neuronal apoptosis [30]. In addi-
tion, increased production of HNE is an index of
increased level of oxidative damage [25, 32, 33, 46].
Recent work has shown that p53 was present in
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Fig. 2 (A) and (B) represent blots of p53-HNE adduction studied from MCI, AD and control, respectively. (C) and (D) rep-
resent densitometric analysis of (A) and (B), respectively. Equal amount of protein (150 mg/lane) were immunoprecipitat-
ed by anti-p53 antibody, and immunoprecipitates were analyzed for HNE immunoreactivity by Western blotting. (A) is a
representative blot of data obtained from seven control and MCI samples, and (B) is representative blot of data obtained
from five control and AD samples, respectively. The control value was set to 100%, to which experimental values were
compared. AD, #P < 0.004.
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synapses and was increased in response to DNA
damage, and oxidative and excitotoxic insults [6]. In
many types of post-mitotic neurons, p53 may medi-
ate apoptosis induced by a range of insults including
DNA damage and oxidative stress [47, 48].

Lipid peroxidation is present in the brain of MCI
patients [32] and suggests that oxidative stress may
play a role in the pathogenesis of AD. HNE and
acrolein are significantly increased in specific
regions of MCI brains in comparison to control brains
[32, 33]. Moreover, plasma, cerebrospinal fluid and
urine of MCI patients showed significantly higher lev-
els of isoprostanes, another product of lipid peroxida-
tion, compared with cognitively normal elderly sub-
jects [49, 50]. These results suggest that individuals
with MCI have increased of oxidative damage before
the onset of dementia.

The results in this report provide additional evi-
dence confirming the link between oxidative stress
and neuronal death of MCI and AD. For the first time,
elevated p53 levels in MCI IPL have been demon-
strated. Based on these studies, p53 is hypothesized
to be involved in apoptotic pathways in brain from
subjects with both MCI and AD, as shown by a signif-
icant increase of the levels of this transcription factor.
HNE significantly binds p53 in AD IPL, but not in MCI
IPL. This difference may suggest a direct involvement
of lipid peroxidation product in p53 pathway in an
advanced stage of neurodegeneration, but not in an
earlier phase. It is not possible to speculate at this
time if HNE causes activation of p53 and, as a 
consequence, apoptosis by changes in p53 conforma-
tion. Consequently, further studies of HNE in apoptot-
ic neuronal death are ongoing to clarify its role in this
important pathway for neurodegeneration and AD.
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