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Review
Alzheimer’s disease (AD) is the most common form of
neurodegenerative disorder with dementia. In its spora-
dic form, AD results from the combination of genetic
factors with different epigenetic events. Among them,
oxidative metabolic reactions and their by-products
have been consistently implicated in AD pathogenesis
and represent the biological basis for the ‘oxidative
stress hypothesis’ of AD. Numerous studies demon-
strate that different biomarkers of oxidative-stress-
mediated events are elevated in the AD brain. Studies
in animal models of the disease with antioxidants report
significant improvements of their AD-like phenotype.
Although epidemiologic studies show that dietary
intake of antioxidants reduces the risk of AD, clinical
trials with antioxidants show only a marginal positive or
no effect. These conflicting results have created a wave
of criticism towards the oxidative stress hypothesis of
AD. Here, I review the available data and discuss the
necessary paths for a fair reappraisal of the hypothesis.

Introduction
As people worldwide live to an older age, dementia, of
which the best-known risk factor is aging, has become a
serious growing public-health problem. Alzheimer’s dis-
ease (AD) is the most frequent form of neurodegenerative
disorder associated with dementia in the elderly. Approxi-
mately 5% of AD is caused by missense mutations in the
gene for either the Alzheimer amyloid b (Ab) precursor
protein (APP) or some of the enzymes involved in its
metabolism (i.e. presenilin 1 and 2) [1]. However, the
cause(s) of sporadic AD remains unclear, although it has
long been proposed that abnormal metabolic oxidative
reactions in the central nervous system (CNS) might have
a pathological role. Thus, besides the pathological hall-
marks of the disease, which include the accumulation of
protein deposits in the brain as Ab plaques and as neuro-
fibrillary tangles (NFT), AD brains exhibit constant evi-
dence of reactive oxygen species (ROS)- and reactive
nitrogen species (RNS)-mediated injury [2] (Box 1). These
reactive species are formed during normal metabolic reac-
tions, are usually instable from a chemical point of view
and are highly reactive (for this reason their levels are kept
low by efficient antioxidant systems). The term antioxidant
typically refers to a large and heterogeneous group of
compounds that function by preventing the formation,
detoxifying or scavenging of oxidant species. Antioxidants
can be grouped under different criteria, such as vitamins
(e.g. a-tocopherol, ascorbic acid and b-carotene), synthetic
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(e.g. butylated hydroxytoluene), natural (e.g. plant-derived
polyphenols) and inorganic (e.g. selenium). Some antiox-
idants act as chain-breaking molecules because they pre-
vent the propagation of or stop radical chain reactions (i.e.
a-tocopherol). By contrast, other antioxidants such as
glutathione peroxidase and catalase detoxify hydrogen
peroxide (H2O2). This chemical reaction is crucial in cell
biology because H2O2 in the presence of transition metals,
such as Fe2+, generate hydroxyl radicals (OH�) for which
there is no known detoxifying system.

In some circumstances the production of oxidant
species can exceed the endogenous antioxidant ability to
destroy them and an oxidative imbalance occurs. This
event results in cellular oxidative stress and subsequent
molecular oxidative damage, which can translate into
altered cellular functions and, as final result, cell death
[3] (Box 2).

The CNS is very prone to oxidative imbalance because it
is very rich in polyunsaturated fatty acids (PUFAs), has a
high metabolic oxidative rate and has a high content of
transition metals and ascorbate levels, which together act
as potent pro-oxidants; but, by contrast, it possesses a
relative paucity of antioxidant systems compared with
other organs.

The source of oxidant species in the CNS includes
altered mitochondrial function, the Ab peptides them-
selves and the presence of unbound transition metals [4]
(Box 2). All of these factors are not independent from each
other, and it is plausible that, especially in the early stages
of the disease process, Ab could enter the mitochondria
where it would increase the generation of ROS and induce
oxidative stress. Interestingly, recent AD-brain post-mor-
tem and AD transgenic-mice studies show that Ab and
APP can be found inmitochondrial membranes where they
can block transport of protein and disrupt the electron-
transport chain with final, irreversible cell damage [4].
Depending on the substrate attacked by ROS, oxidative
stress will manifest as protein, DNA, RNA oxidation or
lipid peroxidation. All of these signature markers of oxi-
dative stress have been described in the AD brain, and this
concept has been originally used to support the ‘oxidative
stress hypothesis’ of AD [5–7] (Box 3). A simplistic
interpretation of this hypothesis is that antioxidant thera-
pies should be beneficial in AD treatment. However, con-
flicting data regarding this aspect have generated a wave
of criticism toward the validity of the hypothesis. Consid-
ering that it is now 11 years since it was originally for-
mulated, its reappraisal seems timely and appropriate to
reach a fair conclusion on the ‘case’.
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Box 1. Molecular mechanism(s) and pathology in AD

Genetic mutations of the amyloid b (Ab) precursor protein (APP) or

presenilin-1 (PS1) increase the rate of Ab formation. Oxidative stress

can influence Ab formation by increasing APP levels or, indirectly, Ab

processing by modulating the activity and levels of key enzymes such

as b-secretase (BACE) and g-secretase. Ab itself has oxidant ability

and, by inducing more oxidative stress, creates positive feedback on

APP levels and on its proteoltyic pathway. The elevated levels of Ab

oligomers favor the phosphorylation of tau protein. With time, Ab

oligomers deposit in the extracellular space forming senile plaques

(SPs), whereas inside neurons the hyperphosphorylated tau form

neurofibrillary tangles (NFTs). Both lesions trigger further oxidative

stress reactions and sustained inflammatory responses, which

ultimately will translate into irreversible cell damage, slow degenera-

tion and eventual cell death. These cell-biologic events will clinically

manifest with progressive cognitive decline, early signs of dementia

and, finally, full clinical AD (Figure I).

Figure I. Molecular mechanism(s) and pathology in AD.
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With this concept in mind, first, the evidence for the
presence of oxidative stress biomarkers in the CNS of
human AD and animal models of AD-like pathology is
presented. Second, the results of epidemiological and inter-
ventional studies in AD are summarized, and how they fit
with the oxidative stress hypothesis of AD is explained. In
the final part, both promises and caveats of these available
data are weighted and future directions to be taken for
addressing them are proposed.

Post-mortem human studies
Consistent data show that lipid peroxidation, the mech-
anism by which lipids are attacked by ROS, is increased in
the brain of AD subjects compared with controls. Several
biomarkers of this phenomenon have been used (Box 3),
among them malondyaldehyde and 4-hydroxynonenal are
increased in multiple brain regions and in cerebrospinal
fluid (CSF) of AD subjects [8–11]. F2-isoprostanes, prosta-
glandin-like compounds also formed by ROS-induced
PUFA oxidation, are elevated in AD brain regions rich
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in the typical lesions such as frontal and temporal cortex
and hippocampus but not in the cerebellum, an area
typically without senile plaques or NFT [12,13]. A similar
increase is seen in post-mortem ventricular CSF and lum-
bar CSF from AD and mild cognitive-impairment (MCI)
patients compared with age-matched controls [12–14], and
in brain tissues from MCI patients [15,16].

ROS-oxidized proteins such as carbonyls are increased
in the frontal and parietal lobes and in the hippocampus of
AD and MCI subjects [17–20]. Levels of 3-nitrotyrosine,
anothermarker of protein oxidation (Box 3), are elevated in
brains fromMCI subjects compared with controls [21], who
also manifest oxidative modification of several specific
protein enzymes, including a-enolase and glutamine
synthase [22].

ROS can attack nucleic acids causing oxidative modifi-
cations of purine and pyridine bases. Among them, the
most popular base assayed is hydroxylated guanine,
measured as the base 8-hydroxy-2-deoxyguanosine, which
is increased in AD andMCI brain samples when compared



Box 2. In vivo sources of oxidant species

Oxidant species, which include reactive oxygen species (ROS) and

reactive nitrogen species (RNS), can be formed outside the cell by UV

irradiation, ozone, pollutants and cigarette smoke. Their formation

can also be facilitated by genetic mutations. Membrane-linked

sources of oxidant species include the NAD(P)H oxidase (NOx) and

the cytochrome P450. Mitochondrial sources include the electron-

transport chain (ETC) and the monoamino oxidase (MAO). Once the

superoxide anion (O2
��) is formed it is readily converted by

manganese superoxide dismutase (MnSOD) to hydrogen peroxide

(H2O2), which easily crosses the mitochondrial membrane. Cytosolic

O2
�� can also be converted by copper/zinc SOD to H2O2. Other

cytosolic sources of oxidant species include xantine oxidase (XO),

P450 reductases and nitric oxide synthase (NOS). The latter catalyzes

the synthesis of nitric oxide (NO�), which can then react with O2
�� to

generate the potent pro-oxidant peroxynitrite (ONOO�). Myeloperox-

idase (MPO) uses H2O2 to make hypohalous acids (HOx). Finally, H2O2

can undergo Fenton reaction chemistry in the presence of metals such

as iron (Fe2+) to generate hydroxyl radical (OH�). Other sources not

represented in the diagram are two main enzymes: the lipoxygenases

and cylcoxygenases, which can oxidize membrane phospholipids

generating potent biologically active oxidized lipids (i.e. prostaglan-

dins and isoprostanes).

As a consequence of oxidative and/or nitrative stress, some

proteins, lipids and nucleic acids are irreversibly modified, with

subsequent reduction in the cell endogenous-antioxidant capacity

(glutathione levels), inhibition of mitochondrial respiration and

decline in ATP levels. Other consequences are Ca2+ dyshomeostasis

(with further alteration in mitochondrial function), membrane damage

and protein aggregation (with subsequent formation of insoluble

aggregates that slow proteasome function). With time, these

phenomena, if not properly counteracted, can cause progressive cell

damage, degeneration and eventual cell death (Figure I).

Figure I. In vivo sources of oxidant species.
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with matched controls [23,24]. High levels of 8-hydroxy-
guanine (a marker of RNA oxidation) have also been
reported in early AD and MCI patients [25,26].

Animal studies
Since the early nineties several animalmodels reproducing
some of the AD pathologic hallmarks have been developed
and are available to the scientific community. This fact
enabled, for the first time, the opportunity to test the
oxidative stress hypothesis of AD in an in vivo biologic
system. Interestingly, most of the human data described so
far have been confirmed in several experimental studies
using some of these transgenic animal models. Thus, the
Tg2576 mouse model of AD-like amyloidosis manifests
611



Box 3. Biomarkers of oxidative stress in AD brains

Lipid peroxidation

� Thiobarbituric-acid-reactive substances

� Malondyaldehyde

� 4-Hydroxy-2-nonenal

� Acrolein

� Isoprostanes

� Neuroprostanes

Protein oxidation

� Protein carbonyls

� Nitrotyrosine

DNA oxidation

� 8-hydroxy-2-deoxyguanosine

� 8-hydroxyguanosine

RNA oxidation

� 8-hydroxyguanine
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evidence of brain lipid peroxidation [27], which is increased
at a young age before the surge in Ab levels and deposition
[28,29]. In the same model there is a coincidental increase
in nitrogen reactive species and antioxidant enzymes with
the onset of Ab deposition [30]. Similarly, the APP/PS1
double knock-in mice manifest features of lipid and protein
oxidation at early stages of their phenotype [31–33]. Exper-
imental thiamin deficiency, an establishedmodel of altered
oxidative metabolism, exacerbates amyloid pathology in
the Tg19959mice by inducing oxidative stress [34]. Dietary
copper, by stabilizing brain superoxide dismutase (SOD)
activity, reduces Ab production in the APP23 transgenic
mice [35,36]. By contrast, dietary aluminum modulates
brain amyloidosis by increasing oxidative stress in the
Tg2576 mice [37].

A recent report shows that, in a triple transgenic mouse
model (3xTg-AD), which develops plaques andNFTs, levels
of antioxidants are decreased and, by contrast, lipid per-
oxidation is increased before the appearance of anyAD-like
pathology [38].

APP transgenic mice crossed with manganese SOD-
heterozygous-deficient mice show increased brain lipid
peroxidation, which associates with a significant increase
in Ab levels and plaque deposition [39]. By contrast, mice
deficient for the a-tocopherol (vitamin E) transfer protein
when crossed with the Tg2576 manifest earlier and more
severe cognitive dysfunction and have more Ab brain
deposits, which are ameliorated by vitamin E supplement-
ation [40]. Deletion of the prostaglandin E2 receptor (EP2)
in the double mutant APP/PS1 mice results in less brain
lipid peroxidation and a significant decrease in Ab levels
Table 1. Cross-sectional studies of antioxidants and cognitive fun

Study Subjects Findings

MoVIESa Project n = 1059 Use of antioxidant supplem

NHANES III n = 4809 Lower levels of vitamin E a

Honolulu-Asia Aging Study n = 3385 Supplementary intake of vi

Chicago Health Aging Study n = 2889 Vitamin E intake inversely c

Nurse’s Health Study n = 14 968 Supplementation with vitam
aMonongahela Valley Independent Elders Survey.
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and deposition [41]. We have recently shown that pharma-
cological inhibition of the thromboxane receptor, TP, sig-
nificantly reduces amyloid pathology in the Tg2576mice by
modulating oxidative stress [42].

Several studies using antioxidants have also been pub-
lished in these AD models, all of which show a consistent
beneficial effect towards their behavioral and amyloidotic
phenotype. The curry spice curcumin, a well-known anti-
oxidant and anti-inflammatory compound, significantly
reduces oxidative stress and amyloid pathology in the
Tg2576 [43]. Early vitamin E supplementation in the same
model significantly reduces Ab levels and deposition [44].
The same therapeutic regimen prevents the surge in amy-
loidosis and improves cognitive function after experimen-
tal traumatic brain injury, a known risk factor for
developing AD [45]. Finally, melatonin, a drug with anti-
oxidant properties, partially inhibits the expected time-
dependent elevation in Ab levels, reduces the abnormal
nitration of proteins and increases survival in the Tg2576
mice [46].

Antioxidants and AD
Five cross-sectional studies have been reported so far. The
majority of them (4 out of 5) show a direct relationship
between antioxidant intake and better cognitive functions
(Table 1). One study first reported an association between
antioxidant use and a better performance on several cog-
nitive tests. However, after adjusting the data for age,
education and sex there was no significant difference in
test performance between antioxidant users and nonusers
[47]. Another study of >4000 elderly patients shows that
decreased circulating levels of vitamin E, but not vitamin
A, vitamin C, b-carotene and selenium, are consistently
associated with decreasing memory levels [48]. The
Honolulu-Asia Aging Study [49] reports that supple-
mentary intake of vitamin E or C are both associated with
a better cognitive performance, and the Chicago Health
and Aging Project [50] reports that supplementary or
dietary intake of vitamin E, but not vitamin C, is inversely
correlated with cognitive decline. Finally, the Nurses’
Health Study [51], which includes almost 15 000 women
aged 70–79 years, shows that a long-term use of vitamin C
and vitamin E supplements results in a better cognitive
status.

By contrast with the cross-sectional studies, the pro-
spective studies published so far present us with a more
complex picture (Table 2). In one study, which followed a
large sample size of individuals (>5000) for a mean of 6.0
years, dietary intake of vitamin E associates with a lower
risk of developing AD [52]. By examining Canadians aged
>65 years, a recent study concluded that antioxidant
vitamin supplement affords a possible protective effect
ction

Refs

ents does not associate with a better cognitive performance [47]

ssociated with poor memory performance [48]

tamin E or C associated with better cognitive functions [49]

orrelated to cognitive decline [50]

in E and vitamin C associated with better cognitive function [51]



Table 3. Controlled, randomized clinical trials with antioxidants

Study Subjects Findings Refs

AD Cooperative Study AD Vitamin E delayed the time to institutionalization [60]

AD Cooperative Study MCI No benefit of vitamin E on progression to AD [61]

Age-Related Eye Disease Study Elderly No effects of a mix of antioxidants (vitamin C, vitamin E and b-carotene) on cognitive function [63]

Women’s Health Study Elderly No benefit of vitamin E on cognitive function [64]

Table 2. Prospective studies of antioxidants and risk of AD

Study Follow-up Findings Refs

Rotterdam Study 6 years Dietary vitamin E effective (more among current smokers) [52]

Chicago Health Aging Study 3.9 years Dietary vitamin E was effective only among non-apoE4 carrier [54]

Washington Heights-Inwood Columbia Aging Project 4 years No effect of vitamin E (diet or supplement) [55]

Cache County Study 3 years Vitamin E alone was not effective, but combined with vitamin

C was effective

[56]

Honolulu-Asia Aging Study 30 years Dietary vitamin E was not effective [57]

Canadian Study of Health and Aging 5 years Combination of vitamin E and vitamin C supplements and/or

multivitamin consumption effective

[53]

Duke Established Populations for Epidemiologic

Studies of the Elderly

10 years No effect of vitamin C and/or vitamin E [58]

Group Health Cooperative 5.5 years No effect of supplemental vitamin E and vitamin C alone or in

combination

[59]
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for cognitive decline [53]. Another report shows that
dietary and not supplement-derived vitamin E intake
associates with a lower risk for AD only in individuals
who are not carrier of apolipoprotein E4 (apoE4) [54]. By
contrast, two studies demonstrate no association between
dietary or supplementary vitamin E intake alone and a
decrease in the risk for AD [55,56]. Finally, in the Hono-
lulu-Asia Aging Study [57], dietary intake of vitamin C,
vitamin E, b-carotene or flavonoids does not associate with
a reduced risk of late-life dementia. More recently, two
other studies reported that the use of supplemental vita-
min E and/or vitamin C did not delay the incidence of
dementia or AD onset [58,59].

Clinical trials
High-dose vitamin E (2000 international units day�1) was
used in a double-blind, placebo-controlled, 2-year, random-
izedmulticenter trial in AD patients. In this trial, although
vitamin E did not influence the rate of decline of cognitive
functions, it significantly delayed the time to institutiona-
lization, loss of ability to perform basic activities and
severe dementia [60]. Similar results were obtained when
the selectivemonoamine oxidase B inhibitor selegiline, or a
combination or vitamin E and selegiline, were adminis-
tered [60] (Table 3). By contrast, the same dose of vitaminE
had no benefit in subjects with a clinical diagnosis of MCI
in a double-blind, 3-year follow-up study. Thus, the sub-
jects receiving the antioxidant did not show any difference
with placebo in preventing the progression fromMCI to AD
[61] (Table 3). However, in a follow-up publication the same
authors show that, in a subgroup of these patients, the
magnetic resonance imaging annualized-percentage
changes of the volumes for some areas of the brain (hippo-
campus and entorhinal cortex) are less evident in the
vitamin E than in the placebo group [62].

There are two other published negative randomized
clinical trials of antioxidants and age-related cognitive
decline [63,64]. All of these reports are ancillary studies
to larger randomized controlled trials with an aging-
related primary end-point. Although they do not directly
investigate AD or MCI patients, they are important pieces
of information because they inform us of the effects of
antioxidants in preventing cognitive decline, a recognized
prelude to MCI and then AD (Table 3).

Summary
Abundant human data consistently support the idea that
oxidative stress occurs and is a constant feature of the AD
brain pathology. Some recent evidence even indicates that
this phenomenon is an early event and might have a
pathological role in the pathogenesis of this disease. Exper-
imental data from animal models of AD confirm the pre-
sence of oxidative stress during the early development of
their phenotype. Genetic, dietary and pharmacologic
approaches in these models also support the concept that
oxidative stress has a contributing role to the pathogenesis
of the disease. Human observational epidemiology studies
are, in general, consistent with the hypothesis that there is
an inverse relationship between antioxidant levels and
intake, cognitive function and ultimately the risk of devel-
oping AD. However, randomized clinical trials with anti-
oxidants do not fulfill the promises of those studies.

Does the latter observation mean that the oxidative
stress hypothesis of AD is not valid anymore? Does it mean
that oxidative stress does not play a functional part and is a
simple secondary event in the pathogenesis of this complex
disease? Based on the current knowledge, we do not have
enough information to clearly answer those important
questions.

There is no doubt that the conflicting data between the
animal and the human studies, andwithin the human data
per se, call for a rethinking of the oxidative stress hypoth-
esis of AD. The most simplistic interpretation of the hy-
pothesis would have predicted that, because oxidative
stress is increased and has a pathological role in AD,
antioxidants should be beneficial. Unfortunately, the
scenario is not so simple and we need to critically look
at the evidence we have.

If we look at the negative clinical trials it is curious that
they all lack some important and necessary information
613
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when an antioxidant therapy is administered, such as
drug-level monitoring and/or a surrogate marker for an
in vivo therapeutic effect of the drug of interest. In other
words, we still do not know whether, in these studies, the
subjects receiving the antioxidant(s) have circulating
therapeutic levels of the substances received and, most
importantly, whether the antioxidant(s) significantly
reduces the in vivo oxidative stress levels, which is charac-
teristic of the disease evolution.

Furthermore, the human studies with antioxidants
have used different preparations of them (natural versus
synthetic), a wide range of dosages and for a variable
length of time. Taken together, these aspects make a
comparison of the obtained results very difficult, if not
impossible.

For all these reasons, the negative trials should be
considered inconclusive and these examples unbalanced,
and in consequence should not be considered to rule out the
oxidative stress hypothesis of AD.

Conclusions: the road ahead
Here are summarized some basic aspects of oxidative
biology, the knowledge of which is very important especi-
ally when we are dealing with a complex biologic system
and multifactorial disease such as AD. They all need to be
taken into account and addressed before ruling out or
accepting the hypothesis and, most importantly, should
serve as a guide for the future.

(i) I
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t is possible that long-term exposure to antioxidants
will be necessary to have an effect on the underlying
pathologic process linked to changes in cognition,
which takes decades (timing of the treatment).
(ii) C
onsidering the complexity of the redox system in
vivo, we will probably need better and more selective
antioxidants. We will need molecules that can easily
be delivered to neuronal cells and that will target
specific sources of ROS, such as mitochondria. To this
end, an exciting new research area is emerging aimed
at developing mitochondria-targeted antioxidant
therapies.
(iii) B
efore starting any antioxidant-therapy trial it will
be extremely important to have information on the
endogenous antioxidant levels of the participating
subjects to identify ‘responders’ (subjects with low
antioxidants) versus ‘non-responders’ (subjects with
high or normal antioxidant levels) to a drug with
antioxidant properties.
(iv) I
t will be imperative to monitor therapy compliance of
the subjects enrolled to receive any drug with
antioxidant activity. This goal can be reached only
if we monitor not only the drug levels but also, most
importantly, the in vivo antioxidant effect by measur-
ing, before starting and during the treatment,
surrogate markers of oxidative stress in each subject.
These aspects will help in assessing and critically
choose the best and most effective therapeutic dosage
for each antioxidant selected.
(v) B
ecause some antioxidants might also act as oxidants
when oxidized, the use of a singlemolecule, like in two
large randomized clinical trials [60,61], could not be
sufficient to reach the best therapeutic effect. For
instance, it is known that vitamin C is necessary to
recycle the vitamin E radical (oxidized) to the reduced
(antioxidant) form.
In conclusion, the oxidative stress hypothesis of AD is

still very much alive and viable, but a great deal of work
needs to be done to design future studies and appropriate
clinical trials that will conclusively establish the role of
oxidative stress in AD pathogenesis.
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