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Alzheimer’s disease and oxygen radicals: new insights

. . N
Domenico Pratico

Department of Pharmacology, Center for Experimental Therapeutics School of Medicine,
University of Pennsylvania, 421 Curie Blvd., BRB 2/3, Room 812, Philadelphia, PA 19104, USA

Abstract

Alzheimer’s disease (AD) is the most common form of neurodegenerative disease, with dementia, in the elderly. In addition to the
presence of senile plaques and neurofibrillary tangles, the AD brain exhibits evidence for oxygen radical-mediated damage, a situation
commonly known as oxidative stress. However, the ability to directly implicate this mechanism in AD has been a difficult task for several
reasons. First, most of the analytical approaches used to investigate oxidative stress turned out to be unreliable. Second, the majority of the
published studies have been performed in post-mortem tissues with advanced disease, leaving open the question as to whether oxidative
stress is an early event or a common final step secondary to the degenerative process. The discovery of the isoprostanes, recent studies
performed in living patients, and the development of transgenic animal models of AD-amyloidosis are three important factors that are
helping us to better understand and define the role that oxygen radicals might play in AD pathogenesis. Here we review some of the most
recent works that have supported the importance of oxygen radical-mediated damage in AD. The accumulated information points toward
an earlier involvement than previously thought of oxidative stress in the pathogenesis of the disease, making this a potential target for
therapeutic intervention, especially in subjects at high risk for developing AD. © 2002 Elsevier Science Inc. All rights reserved.

Keywords: Alzheimer’s disease; Oxygen free radicals; Oxidative stress; Isoeicosanoids; Amyloid; Transgenic animals

1. Introduction

AD is the most common neurodegenerative disorder of
the elderly. Clinically, it is characterized by progressive
memory loss, decline in language skills, and other cogni-
tive impairments. AD affects approximately 4 million
people in the US, with an incidence rate from 0.5% per
year at 65 years to 8-10% at age 85 years [1,2]. While
early-onset familial AD is caused by multiple mutations in
different genes, late-onset AD, which is sporadic and
accounts for 90% of total patients, is probably due to
the effects of genetic risk factors combined with different
epigenetic events [3]. Although the initiating causes lead-
ing to AD are unknown, it is clear that its pathophysiology
is complex and most likely involves multiple distinct and
overlapping pathways of neuronal damage [4]. This is
supported by the fact that in addition to the pathological
hallmarks of the disease, which include senile plaques and
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neurofibrillary tangles, AD brains exhibit a number of
other abnormalities: loss of synapses, gliosis, microglia
activation, signs of inflammation, and damage secondary to
oxygen radicals [5-7]. Oxygen radicals are chemically
unstable and highly reactive compounds, which are formed
during normal cellular metabolism. Due to their reactivity,
they can be responsible for cellular and tissue damage
anytime their generation exceeds the endogenous ability to
destroy them. This condition is also known as oxidant or
oxidative stress.

2. Oxidative stress and AD

A role for oxidative stress has been widely discussed in
the pathogenesis of AD [6,8,9]. However, the ability to
implicate this mechanism directly has been confounded
mainly by two factors: the evanescent nature of the oxygen
radicals, and the use of non-specific analytical approaches
[10]. Isoprostanes are members of a complex family of
lipids, isomers of conventional enzymatically derived
prostaglandins, which are produced by oxygen radical-
catalyzed peroxidation of polyunsaturated fatty acids [11].
Most of the work has been focused on a group of isomers of
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the prostaglandin F,,, called iPF,,, and an abundant
literature has established that their measurement provides
areliable marker of in vivo lipid peroxidation and oxidative
stress [12]. The brain is particularly vulnerable to oxygen
radical-mediated damage because of its high energy and
oxygen consumption rate, and its abundance of peroxidiz-
able fatty acids. In addition, it contains high levels of
transition metals, which can catalyze the formation of
oxygen radicals, and a scarcity of antioxidant defense
systems compared with other organs [13]. Thus, oxidative
damage to brain tissue manifests itself predominantly as
lipid peroxidation, and in the last decade, although not
always consistently, the majority of published studies have
provided evidence for this [6,8,9]. In this commentary, I
will review recent data supporting a role for oxygen
radicals in AD, with particular emphasis on lipid perox-
idation in its pathogenesis.

3. Human studies

An impressive number of studies have been published on
oxidative injury and lipid peroxidation in AD. Most of
them have been biochemical or histological studies per-
formed on AD post-mortem brain tissues. Historically,
malondialdehyde (MDA) and (thiobarbituric acid reactive
substances) TBARS assays have been the first and prob-
ably the most popular techniques employed to quantitate,
biochemically, lipid peroxidation in AD. The majority of
these investigations have shown higher MDA and/or
TBARS levels in AD than in control brains [14-16].
However, it is now widely accepted that while these assays
work well when applied to in vitro systems, they are not
reliable in complex biological systems [17]. Another by-
product of the oxidation of polyunsaturated fatty acids that
has been quantified is 4-hydroxynonenal. This highly
reactive aldehyde has been found elevated in AD brain
tissue as well as in ventricular cerebrospinal fluid (CSF)
[18,19]. However, since its levels are generally low and
there is a need for large quantities of samples in order to
measure it, its use in biological systems has been relatively
limited.

Initially, we investigated post-mortem brain tissues from
AD patients and compared them with tissues from patients
with Parkinson’s disease or schizophrenia, or with brains
from neurological normal controls [20]. We found that two
distinct isoprostane isomers, iPF,,-III and iPF,,-VI, were
elevated markedly in both frontal and temporal poles of
brains affected with AD but not in the other groups.
Remarkably, no such difference was observed in the cer-
ebellum, an area traditionally devoid of the pathological
hallmarks of the disease. Levels were also elevated in the
ventricular CSF of AD patients compared with that of
the non-AD group [20]. This study confirmed that oxida-
tive stress is a feature of AD, and at the same time clearly
indicated that it is not a diffuse process, but rather localizes

in areas affected by the disease. Interestingly, it showed
that isoprostane levels are readily detectable, not only in
AD but also in controls, and that determination of their
levels in CSF could be potentially exploited to develop
tests reflecting disease activity in living patients with AD.
However, our study, like any of the others performed in AD
post-mortem brain tissues, has still left open the important
question of whether or not oxidative stress is a component
early in the evolution of AD or is a final common step of the
neurodegenerative process. Several studies have attempted
to measure serum and plasma levels of MDA in living
patients with AD, but conflicting results have been reported
[21-23].

In 1999, a study suggested for the first time that the
increase in lipid peroxidation is present before the end-
stage of the disease. Total CSF isoprostane-F,, (iPF,,) was
higher in patients with probable AD than in controls, but no
correlation was found with age, cognitive performance, or
other considered variables [24]. We confirmed and
extended this observation in living subjects with clinical
diagnosis of AD [25]. Urine, plasma, and CSF were
collected from patients with probable AD and matched
controls. We found that, compared with controls, patients
with a clinical diagnosis of AD had increased CSF, plasma,
and urinary levels of a major isoprostane, 8,12-iso-iPF,-
VI (Fig. 1) [25]. Urinary and circulating levels of this
isoprostane directly correlated with levels in the CSF of
AD patients, suggesting a common origin and mechanism
of formation: brain oxidative stress. Further, we found a
significant correlation between the level of 8,12-iso-iPF,,-
VI in the CSF and the severity of the dementia in AD
patients as measured by two of the most common cognitive
tests: the mini-mental state examination and the dementia
severity rating scale. Previous works have shown that CSF
tau protein levels increase and the percentage ratio of
amyloid B 1-42 (AP _4») decreases with the progression
of AD [26,27]. Remarkably, we observed a direct correla-
tion between CSF 8,12-is0-iPF,,-VI levels and CSF tau
and an inverse correlation with CSF AB;_4, in AD patients
[25]. These findings suggest that elevation of isoprostane
not only reflects an increase in central nervous system
oxidative damage but also correlates with the progression
of the disease. In summary, our study strongly supports the
hypothesis that oxidative stress occurs early in the course
of this dementing disorder, thereby implicating it as a
potential contributor to brain degeneration in AD. Further,
the fact that urine correlated with CSF levels offers for the
first time the potential for using a non-invasive tool to
investigate brain oxidative damage and monitor therapeu-
tic responses in AD. The peripheral increase in isoprostane
levels in AD was confirmed recently by another group [28].
Finally, to further confirm that brain oxidative stress is an
early event in AD, we assayed levels of 8,12-is0-iPF,,-VI
in young patients with Down’s syndrome. These subjects
suffer from a variety of symptoms secondary to extra gene
copies present on an extra chromosome 21 [29]. One of
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Fig. 1. Urinary (top), plasma (center), and CSF (bottom) 8,12-is0-iPF,,-
VI levels in patients with probable (pro) or possible (pos) Alzheimer’s
disease (AD) and age- and sex-matched controls (Con). Reprinted with
permission from[25]. Copyright @ 2000 John Wiley & Sons Inc.

these genes is the one that codifies for the amyloid pre-
cursor protein (APP). This would increase the concentra-
tion of amyloid beta peptide (AP) in the brain of these
subjects and account for the precocious AD-like pathology
and dementia they develop later in life. We found elevated
8,12-is0-iPF,,-VI levels in urine samples of subjects with
Down’s syndrome compared with those of matched con-
trols, which correlated with the duration of the disease
[30].

4. Transgenic animal studies

An ideal transgenic mouse model for AD should mimic
the age-dependent accumulation of amyloid plaques, neu-
rofibrillary tangles, and neuronal cell death, and should
also display memory loss and behavioral deficits. Several
transgenic mouse lines have been established in the last 5

years, all of which manifest a time-dependent increase in
AP accumulation in the brain, and some of which also
display behavioral impairments [31]. Even though not
perfect, these animal models are valuable tools to study
pathogenetic mechanisms leading to and/or following AP
deposition in vivo. This and the availability of specific and
sensitive assays for measuring oxidative stress are now
allowing us to better define the functional role of oxidative
stress and lipid peroxidation in AD.

Initially, two studies reported that aged transgenic mice,
over-expressing the double Swedish mutant of APP
(APPswe 695), also known as Tg2576 mice, have immu-
nohistochemical evidence of oxidative stress in brain tissue
[32,33]. Again, from these studies it is not possible to
distinguish whether oxidative stress is an event that pre-
cedes, coincides, or follows AP accumulation. Recently,
we completed a study with the same model. We performed
a time-course experiment using these mice and wild type
(WT) littermates as controls starting at 4 months, an age
when there is no sign of A} deposition, until 18 months of
age, when AP levels are very high and abundant plaques
are present in their brains [34]. Urine and plasma were
collected at monthly intervals and assayed for 8,12-iso-
iPF,,-VI levels. No difference was found in urinary levels
between 4- and 7-month-old Tg and WT mice. However,
these levels significantly increased in Tg mice starting at 8
months of age, and reached a 3-fold increase by 10-11
months of age [35]. Similar results were observed for
plasma levels; again there was no difference until 7 months
of age. In contrast, Tg mice had higher levels than WT
mice starting at 8§ months until the end of the study, i.e. 18
months of age. Small cohorts were killed at 4, 8, 12, 15, and
18 months of age, and their brains harvested for 8,12-iso-
iPF,,-VI, AP levels, and immunohistochemistry. Homo-
genates from the cerebral cortex and hippocampus of Tg
mice had higher 8,12-is0-iPF,,-VI levels than those from
WT mice starting at 8§ months of age (Fig. 2). In contrast, a
surge in AP levels as well as plaque deposition in Tg mice
occurred later at 12 months of age. A direct correlation was
found between 8,12-is0-iPF,,-VI and AP (+* = 0.77,
P < 0.001), and AB;_4> (r* = 0.64, P < 0.001). Finally,
we monitored brain AP plaques using immunohistochem-
istry. No immunoreactivity was observed in any WT
brains. Starting at 12 months of age, Tg2576 mice had
only a few scattered AP deposits in the cerebral cortex and
hippocampus, which became abundant by 18 months of
age. Taken together, these results clearly show that lipid
peroxidation is elevated in the brains of young Tg mice,
and that, most importantly, this elevation precedes the
surge in AP levels and amyloid plaque formation. This
suggests that oxidative damage to the brain may contribute
to the pathogenesis of AD independent of amyloid accu-
mulation. These findings support the hypothesis that oxy-
gen radical-mediated lipid peroxidation plays an earlier
role than previously anticipated in the pathogenesis of AD.
A recent study confirmed this hypothesis by showing that
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Fig. 2. Total brain cortex (A) and hippocampus (B) levels of 8,12-iso
iPF,,-VI in Tg2576 mice (filled bars) and WT littermates (open bars) at
different ages (*P < 0.01, **P < 0.003). Values are means = SEM,
N = 6. Reprinted with permission from[35]. Copyright @ 2001 Society
for Neuroscience.

feeding Tg2576 mice the antioxidant curcumin reduces
oxidative stress and amyloid pathology in the brain [36].

5. Conclusions

AD is a challenging brain disorder with enormous
medical and social consequences. The fact that age is a
risk factor in AD has provided initial support to the
hypothesis that oxygen radicals, like in the aging process,
could be involved. Although AD is likely to be associated
with multiple etiologies and mechanisms, it is evident that
oxidative stress is part of it. For years we have been
accumulating evidence that oxidative stress is a feature
of AD. However, only recently with the development of
sensitive and specific assays, studies in living patients, and
transgenic models of the disease has new light been shed
into the central issue of whether oxidative stress is a result
of the pathology of AD or serves as an initiator of the
pathological damage. Today we have enough data to state
that oxidative stress is an early event in AD and is likely to
play a more active role in the pathogenesis than previously
hypothesized.
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