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Abstract. Oxidative stress is one of the earliest events
of Alzheimer disease (AD), with implications as an
important mediator in the onset, progression and
pathogenesis of the disease. The generation of reac-
tive oxygen species (ROS) and its consequent cellular
damage/response contributes to much of the hallmark

AD pathology seen in susceptible neurons. The
sources of ROS-mediated damage appear to be
multi-faceted in AD, with interactions between ab-
normal mitochondria, redox transition metals, and
other factors. In this review, we provide an overview of
these potential causes of oxidative stress in AD.
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Mitochondria

A large number of studies implicate metabolic defects
in Alzheimer disease (AD), such that a reduced rate of
brain metabolism is one of the best-documented
abnormalities in AD [1]. Substantial data from
positron emission tomography (PET) consistently
demonstrates reduced cerebral metabolism in tem-
poroparietal cortices in AD [2]. An increased oxida-
tive utilization in comparison with glucose utilization
in AD patients is also well documented [3, 4]. Most
importantly, such cerebral metabolic rate abnormal-
ities precede, rather than follow, any evidence for
functional impairment by neuropsychological testing
and also precede brain atrophy [1]. Notably, meta-
bolic derangements (e.g. hypoxia, hypoglycemia,
vitamin deficiency) are sufficient by themselves, to
induce mental and neurological deficits similar to
those in AD [5]. These findings suggest that mito-
chondrial dysfunction may play very important roles
early in AD.
Damaged mitochondria are less efficient producers of
ATP and more efficient producers of reactive oxygen
species (ROS), and it is likely not coincident that

reduced energy production and increased oxidative
stress, as well as damaged mitochondria, are charac-
teristics of AD [6, 7]. The most consistent defect in
mitochondria in AD are deficiencies in several key
enzymes of oxidative metabolism, including a-keto-
glutarate dehydrogenase complex (KGDHC) and
pyruvate dehydrogenase complex (PDHC), two en-
zymes involved in the rate-limiting step of tricarbox-
ylic acid cycle, and cytochrome oxidase (COX), the
terminal enzyme in the mitochondrial respiratory
chain that is responsible for reducing molecular
oxygen [7 – 13]. The function of mitochondria is
dependent on their intact structure. Previously, we
demonstrated that mitochondrial-derived lysosomes
and lipofuscin deposits of various densities and sizes
were prominent and unchanging features of neuronal
abnormalities [14]. Different stages of mitochondrial
abnormality, such as formation of mitochondrial-
derived lysosomes and lipofuscin, were evident in
almost all AD neurons [14]. Studies examining the
presence of mitochondrial DNA in AD neurons have
further shown that mitochondria are degraded in AD
[15]. Quantitative morphometric measurements of
the percentage of the different types of mitochondria
(normal, partially damaged, and completely dam-
aged) confirm that neurons in AD show a significantly
lower percentage of normal mitochondria and a* Corresponding author.

Cell. Mol. Life Sci. 64 (2007) 2202 – 2210
1420-682X/07/172202-9
DOI 10.1007/s00018-007-7218-4
� Birkh�user Verlag, Basel, 2007

Cellular and Molecular Life Sciences

\C�Birkh�user Verlag, Basel, �<!?show =1?^[fish 0,Pool]20$0,-2,'0'^[perl ${CAP::kurzname}=~/(\d\d)$/; return $1]>�<?show =1?^(?=^[perl ${CAP::kurzname}=~/OD(\d\d)/; return $1],")$^{^11502_jahr}>�<?show =0?^(?=^[perl ${CAP::kurzname}=~/OD(\d\d)/; return $1],")20$0,-2,'0'^[perl ${CAP::kurzname}=~/OD(\d\d)/; return $1]>�<!?show =0?^[fish 0,Pool]$^{^11502_jahr}>�


significantly higher percentage of the completely
damaged mitochondria compared to an aged-matched
control group. The following is a ranking of factors
which likely contribute to mitochondrial dysfunction
in AD: 1) Low vascular blood flow is a prominent
feature of the brain during chronic hypoxia/hypoper-
fusion and has been implicated in the development of
AD [16]; 2) Many more sporadic mutations in the
mitochondrial DNA (mtDNA) control region, with
some being unique to AD, were found in AD patients
compared to controls, which is associated with dele-
terious functional consequences for mitochondrial
homeostasis once they reach a critical mass in post-
mitotic cells in the brain [17]; 3) Amyloid-b (Ab) and
the majority of amyloid-b protein precursor (AbPP)
processing machinery are found in mitochondria
[18,19]. In fact, AbPP is present in the mitochondrial
import channel and potentially impedes mitochon-
drial import [20] thus impairing mitochondrial func-
tion; 4) Hyperhomocysteinemia is a strong, independ-
ent risk factor for the development of AD [21], and it
is demonstrated that homocysteine inhibits several
genes encoding mitochondrial proteins and promotes
ROS production [22].

Redox-active metals: iron and copper

Most types of oxidative damage noted in AD, includ-
ing glycation, protein oxidation, lipid peroxidation,
and nucleic acid oxidation, result directly or indirectly
from metal-catalyzed hydroxyl radical formation.
Therefore, it is not surprising that the loss of homeo-
stasis of iron and copper in the brain is accompanied
by severe neurological consequences characterized
with increased oxidative damage.
In AD, overaccumulation of iron in the hippocampus,
cerebral cortex, and basal nucleus of Meynert coloc-
alizes with AD lesions, senile plaques, and neuro-
fibrillary tangles [23, 24]. Iron is an important cause of
oxidative stress in AD because it accumulates in the
brain [25] and, as a transition metal, is involved in the
formation of *OH via the Fenton reaction [24, 26].
Recently, we showed that RNA-bound iron plays a
pivotal role for RNA oxidation in vulnerable neurons
in AD [27]. We observed that the cytoplasm of
hippocampal neurons showed significantly higher
redox activity and iron staining than age-matched
controls. Notably, both were susceptible to RNase,
suggesting a physical association of iron with RNA,
and both ribosomal RNA (rRNA) and messenger
RNA (mRNA) showed twice the iron binding as
transfer RNA (tRNA). rRNA, extremely abundant in
neurons, was considered to provide the greatest
number of iron binding sites among cytoplasmic

RNA species. Reflecting these differences in iron
binding capacity, oxidation of rRNA by the Fenton
reaction formed 13 times more 8-hydroxyguanosine
(8OHG) than tRNA, and consistent with such in situ
findings, ribosomes purified from hippocampus of
cases of AD contained significantly higher levels of
RNase-sensitive iron and redox activity than controls.
Furthermore, only rRNA from cases of AD contains
8OHG in an immunoprecipitation reverse transcrip-
tase-PCR. Addressing the biological significance of
ribosome oxidation by redox-active iron, in vitro
translation with oxidized ribosomes from rabbit
reticulocyte showed a significant reduction of protein
synthesis. These results suggest that rRNA provides a
binding site for redox-active iron and serves as a redox
center within the cytoplasm of vulnerable neurons in
AD in advance of the appearance of morphological
changes indicating neurodegeneration [27].
Copper has a functional role in many enzymes that
require oxidation-reduction reactions. For example,
copper is found in the catalytic site of COX, of the
mitochondrial electron transport chain, and Cu-Zn
superoxide dismutase (SOD). In AD, copper inter-
actions have the potential to yield oxidative damage
by at least two pathways: (1) alterations in cerulo-
plasmin and (2) copper interaction with AbPP. The
entry of copper to the brain is mainly mediated by
ceruloplasmin, a copper binding protein that plays a
role in protecting cells against oxidative stress. Spe-
cifically, ceruloplasmin is a key protein involved in the
regulation of the redox state of iron by converting the
ROS catalytic-Fe(II) to a less reactive Fe(III). While
ceruloplasmin is increased in brain tissue and cere-
brospinal fluid in AD [28], neuronal levels of cerulo-
plasmin remain unchanged [29]. Thus, while increased
ceruloplasmin may indicate a compensatory response
to increased oxidative stress in AD, its failure to do so
in neurons may play an important role in metal-
catalyzed damage [29]. In fact, studies directed at
clarifying the relationship between oxidative stress
and tissue metal ion levels indicate that the ratio of
copper to zinc and levels of ceruloplasmin are
significantly higher in cases with neurodegeneration
[30]. Copper has also been shown to play a role in
generating ROS through its binding to AbPP. AbPP
can reduce Cu(II) to Cu(I) involving an electron-
transfer reaction that could enhance the production of
*OH through formation of an AbPP-Cu(II)-hydroxyl
radical intermediate. As with iron, copper concen-
trations are also highly concentrated within Ab

plaques, setting up conditions for Fenton-type chemis-
try through the reduction of Cu(II) by Ab-H2O2

reactions.
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Lesions

While oxidative damage was first established in AD,
the source of ROS was initially suspected to be the
lesions. However, this is now far more controversial,
and in fact, it appears more likely that oxidative
damage associated to AD elicits compensatory mech-
anisms, such as Ab deposition and hyperphosphory-
lated tau, that restore redox balance in an attempt to
avoid neuronal death [31]. However, during the
progression of the disease the antioxidant activity of
both agents evolves into pro-oxidant representing a
typical gain-of-function transformation, which can
result from an increase in reactive species and a
decrease in clearance mechanisms.
Ab peptide is formed upon proteolytic processing of
AbPP by b- and g-secretases. Ab was commonly
considered a dangerous byproduct of AbPP process-
ing, despite the fact that this peptide is present in the
cerebrospinal fluid and plasma of healthy individuals
throughout life [32]. Recently, Kamenetz et al. [33]
reported that Ab is secreted from healthy neurons in
response to activity and that Ab, in turn, downregu-
lates excitatory synaptic transmission. This negative
feedback loop provides a physiological homeostatic
mechanism aimed to maintain normal levels of neuro-
nal activity. Previous studies also suggest that Ab

might act as a regulator of ion channel function in
neurons [34, 35].
An antioxidant role for Ab in vivo is in agreement with
recent data on the distribution of oxidative damage to
AD neurons. As said above, 8OHG markedly accu-
mulates in the cytoplasm of cerebral neurons in AD.
However, as Ab increases in the AD cortex, there is a
decrease in neuronal levels of 8OHG, i.e., decreased
oxidative damage [36, 37]. Similar negative correla-
tion between Ab deposition and oxidative damage is
found in patients with Down�s syndrome [38]. Ab

deposits observed in both studies mainly consist of
diffuse plaques, suggesting that these diffuse amyloid
plaques may be considered as a compensatory re-
sponse that reduces oxidative stress [39 – 41].
The strong chelating properties of Ab for zinc, iron
and copper explain the reported enrichment of these
metals in amyloid plaques in AD [25] and suggest that
one function of Ab is to sequester these metal ions
[42]. Chelation of transition metals in a redox-inactive
form may theoretically serve to inhibit metal-cata-
lyzed oxidation of biomolecules. Methionine at resi-
due 35 in the Ab sequence can both scavenge free
radicals [43] and reduce metals to their high-active
low-valency form [44], possessing thereby both anti-
and pro-oxidative properties. As discussed above,
reduced metal ions are highly active oxidants and can
catalyze further oxidation of biomolecules. These data

indicate that Ab is a lipophilic metal chelator with
metal-reducing activity. However, an intricate combi-
nation of metal chelation, metal reduction and radical
scavenging can thus be expected to govern the overall
activity of Ab towards oxidation, which may basically
embrace the full spectrum of anti- and pro-oxidative
effects. Indeed, it has been shown that Ab efficiently
initiates oxidation of different biomolecules. It indu-
ces peroxidation of membrane lipids [45] and lip-
oproteins [46], generates H2O2 [47] and hydroxyno-
nenal (HNE) [48] in neurons, damages DNA [49] and
inactivates transport enzymes [50].
However, three important conditions are required for
Ab to induce oxidation: fibrillation, the presence of
transition metals, and methionine 35. Indeed, aggre-
gation and fibrillation of Ab occurs only if the peptide
is �aged� and present in a relatively high concentration
(micromolar range) [51, 52]. The presence of tran-
sition metals is a requisite for Ab aggregation and its
pro-oxidant activity [42, 53, 54]. The toxicity of Ab is
likely to be mediated by a direct interaction between
this peptide and transition metals with subsequent
generation of ROS [42, 55]. Another factor essential
for the pro-oxidative activity of Ab seems to be the
presence of methionine 35. It has been demonstrated
that the substitution of this residue by another amino
acid abrogates or diminishes significantly the pro-
oxidant action of Ab [45, 56, 57]. Methionine 35 can
scavenge free radicals [58] and reduce transition
metals to their high-active low-valency form [59],
thereby exhibiting both anti- and pro-oxidative prop-
erties.

Glycation, glycoxydation and advanced glycation end
products

Advanced glycation end products (AGEs), a diverse
class of posttranslational modifications, are generated
by the non-enzymatic reaction of a sugar ketone or
aldehyde group with the free amino groups of a
protein or amino acid, specifically lysine, arginine and
possibly histidine. In the first step of protein glycation,
a labile Schiff base is formed, which subsequently
rearranges into a stable Amadori product. Finally,
through a complex cascade of dehydration, fragmen-
tation, oxidation and cyclization reactions, AGEs are
formed as a mixture of protein-bound nitrogen- and
oxygen-containing heterocyclic compounds [60].
Monosaccharides, in equilibrium with their enediol,
undergo autooxidation in the presence of transition
metals to form an enediol radical which can reduce
molecular oxygen to generate the superoxide radical.
The Amadori products are converted to protein
dicarbonyl compounds in the presence of transition
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metals and molecular oxygen via protein enediol,
generating the superoxide radical. AGEs in the
presence of transition metals can also undergo redox
cycling with consequent ROS production. Accumu-
lation of AGEs in the brain is a feature of aging [61],
and the Maillard reaction is implicated in the develop-
ment of pathophysiology in age-related diseases such
as diabetes mellitus, atherosclerosis and AD [62 – 64].
Since advanced glycation endproducts are accelerated
by, and result in formation of, oxygen-derived free
radicals, they represent an important source of the
oxidative stress in AD [65].
The possible role of AGEs in AD pathogenesis was
initially proposed because of a drastic three times
increase of their content in AD brains when compared
to age-matched controls [66 – 68]. Shuvaev et al. [69]
reported an increased accumulation of Amadori
products in all major proteins of cerebrospinal fluid
(CSF) of AD patients. In addition, in vitro studies
demonstrated that AGE-modified Ab promotes rapid
aggregation [67]. AGEs were detected in neurofibril-
lary tangles, and the glycation of tau has been
proposed to play a role in stabilizing paired helical
filament aggregation leading to neurofibrillary tangle
formation [67, 70– 72]. We and others have identified
increased levels of several specific and non-specific
products of Maillard chemistry, including pyrraline,
pentosidine, carboxymethyl lysine and hexitol lysine,
in association with neurofibrillary pathology in AD
[64, 73]. Importantly, the detection of hexitol-lysine
following borohydride reduction indicates the pres-
ence of the metastable Amadori intermediates gen-
erated upon early lysine glycation [73], which clearly
demonstrate that active glycation is still occurring in
these lesions throughout their existence. That AGEs
play an active role in the disease process is also
demonstrated both by the neurotoxicity and their
ability to increase levels of Ab [74, 75]. Furthermore,
AGEs and Ab activate specific receptors such as the
receptor for advanced glycation end products
(RAGE) and the class A scavenger-receptor to
increase intracellular ROS production and modulate
gene transcription of various factors involved in
inflammation through NFkB activation [76, 77].

Activated microglia/astrocytes

Similar to situations in the periphery where damaged
tissue and the chronic presence of inert abnormal
materials cause inflammation, senile plaques, neuro-
fibrillary tangles and injured neurons may well
provoke inflammation in the AD brain. Indeed, both
microglia and astrocytes cluster at sites of Ab depo-
sition [78, 79]. The altered morphology and increased

expression of MHCII and various cytokines, chemo-
kines and complement components indicate that these
microgla are activated [80]. Astrocytes, and to a lesser
extent, neurons, are also capable of expressing a wide
range of inflammatory mediators, including comple-
ment, cytokines and cyclooxygenase [80]. Obviously,
the secretion of ROS/reactive nitrogen species (RNS)
by inflammatory cells is a major mechanism for
attacking opsonized targets, and activated microglia/
astrocytes have the potential to produce large
amounts of ROS/RNS by various mechanisms. Ab

peptide can also directly activate the NADPH oxidase
of microglia, which results in a burst of superoxide
radicals and increased production of hydrogen perox-
ide [81,82]. Not surprisingly, microglial expression of
NADPH oxidase subunit p22-phox is enhanced in AD
brain [80], implicating increased microglial respira-
tory burst activity. Following induction of the iNOS
gene, activated microglia and astrocytes can produce
large amounts of nitric oxide (NO), which in turn can
react with superoxide to form peroxynitrite, leaving
nitrotyrosine as an identifiable marker. The footprint
of excess NO production in AD is confirmed by the
increased amounts of nitrotyrosine-modified proteins
[83, 84]. Increased expression of iNOS is also detected
in astrocytes surrounding plaques in AD brain [85,
86]. Another free-radical-generating mechanism in
AD microglia involves the enzyme myeloperoxidase
(MPO), and there is evidence that MPO immunor-
eactivity is present in selective highly activated micro-
glia around amyloid plaques in the AD brain and that
Ab aggregates increase MPO mRNA expression in
microglia-like cells in vitro [87]. MPO catalyzes a
reaction between hydrogen peroxide and chloride to
form hypochlorous acid, which can further react with
other molecules to generate other ROS, including
hydroxyl ions. MPO can also catalyze the formation of
nitrotyrosine-modified proteins [88] as well as cause
advanced glycation end product modifications [89],
both of which are evident in AD [70, 84].

Proteolysis dysfunction

Cells possess a remarkable and complex intracellular
organization, which guarantees, among other things,
that the potentially harmful and irreversible processes
of proteolysis remain restricted to certain compart-
ments such as the proteasome and lysosome. The
degradation of non-functional, oxidized proteins is an
essential part of the antioxidant defenses of cells. The
proteasome is a large intracellular protease (26S) with
more than 60 subunits that is principally responsible
for the turnover of most short-lived, misfolded,
oxidized and truncated proteins, which involves
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ubiquitination of target proteins through sequential
steps [90]. The 26S proteasome contains a core
catalytic complex (i.e., 20S) with multiple active sites
and two distally positioned regulatory complexes (i.e.,
19 S). All of these components are affected by
oxidative stress to various degrees, with the 26S
proteasome being most sensitive to oxidative stress
[91]. Proteasomal activity declines with age [92], and
dysfunction of the proteasome is implicated in AD
pathogenesis by the fact that PHF-t is extensively
ubiquitinated [93]. Further studies demonstrate dis-
ease-specific alterations in the level and distribution
of proteasomal subunits and deubiquitinating enzyme
ubiquitin carboxyl-terminal esterase L1 (UCH-L1)
[94] and decreased proteasome activity in the AD
brain [95]. In fact, inhibition of proteasomal activity,
in many regards, recapitulates neuropathology and
neuronal death both in vitro and in vivo similar to that
observed in AD [96,97]. Interestingly, chronic low-
level proteasome inhibition, in addition to increased
protein insolubility, induces elevated levels of protein
oxidation and dramatically inhibits the activity of
mitochondrial complexes I and II and alters specific
aspects of mitochondrial homeostasis and turnover in
neuronal cells [98 – 100], which could potentially
proceed in a feed-forward fashion and greatly add to
the oxidative burden observed in AD brain.
The lysosome, by a process called autophagy, is
involved in the normal turnover of organelles as well
as most long-lived proteins. Autophagic degradation
of iron-containing proteins such as ferritin and
mitochondrial electron-transport complexes results
in the intralysosomal occurrence of redox-active low
molecular weight iron [101], which can result in
lysosomal oxidative stress with consequent membrane
labilization and rupture [102]. Therefore, the release
of lysosomal contents, including redox-active iron, not
only directly adds to the oxidative stress but also
induces mitochondrial damage with secondarily en-
hanced production of ROS [103]. In fact, studies using
antibodies to lysosomal hydrolases reveal striking
intracellular and extracellular manisfestations of al-
tered lysosomal function, including elevated acid
hydrolase-containing compartments in atrophic and
degenerating neurons or their processes [104 – 108]. In
a recent study, Nixon and colleagues [109], using
immunogold labeling with compartmental markers
and electron microscopy on neocortical biopsies from
AD brain, identified autophagosomes and other
prelysosomal autophagic vacuoles in AD brains,
particularly within neuritic processes, including syn-
aptic terminals. Lysosomes also gradually accumulate
non-degradable, polymeric lipofuscin, which is be-
lieved to be a result of not only continuous oxidative
stress, causing oxidation of mitochondrial constituents

and autophagocytosed material, but also of the
inherent inability of cells to completely remove
oxidatively damaged structures [110, 111]. Although
lipofuscin-loaded lysosomes continue to receive
newly synthesized lysosomal enzymes, the pigment is
non-degradable. Therefore, advanced lipofuscin ac-
cumulation may greatly diminish lysosomal degrada-
tive capacity by preventing lysosomal enzymes from
targeting functional autophagosomes, further limiting
mitochondrial recycling and thus increasing oxidative
burden [111]. In this regard, it is likely not coincident
that neurons showing increased oxidative damage in
AD also have a striking and significant increase in
mtDNA in neuronal cytoplasm and in vacuoles
associated with lipofuscin [15], the proposed site of
mitochondrial degradation by autophagy [112]. Elec-
tron microscopic analysis also shows that COX-1, a
mitochondrial protein, is increased in the cytosol and
is associated with mitochondria undergoing phagocy-
tosis. These observations highlight the interrelated
nature of lysosomal and mitochondrial damage which
may irreversibly lead to functional decay of neuronal
cells (for review see [111]).

Concluding remarks

An exact determination of the contribution of each
source of oxidative stress is complicated, if for no other
reason than that these sources of oxidative stress interact
with each other, acting like a web, and most sources have
positive feedback. In fact, for this same reason, it is
possible, even likely, for whichever particular source that
first comes into play to ultimately induce most of the
others. However, what may be the initiating factor and
how this whole process is set off is still unclear. None-
theless, the overall result is damage, including advanced
glycation end products [113], nitration [83, 84, 114, 115],
lipid peroxidation adduction products [116–122] as well
as carbonyl-modified neurofilament protein and free
carbonyls [68, 113, 122–125], with the involvement
extending beyond the lesions to neurons not displaying
obvious degenerative change.
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