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Abstract

Alzheimer’s disease (AD) is the most common cause of dementia and a progressive neurodegeneration that
appears to result from multiple pathogenic mechanisms (including protein misfolding/aggregation, involved in
both amyloid b-dependent senile plaques and tau-dependent neurofibrillary tangles), metabolic and mito-
chondrial dysfunction, excitoxicity, calcium handling impairment, glial cell dysfunction, neuroinflammation,
and oxidative stress. Oxidative stress, which could be secondary to several of the other pathophysiological
mechanisms, appears to be a major determinant of the pathogenesis and progression of AD. The identification of
oxidized proteins common for mild cognitive impairment and AD suggests that key oxidation pathways are
triggered early and are involved in the initial progression of the neurodegenerative process. Abundant data
support that oxidative stress, also considered as a main factor for aging, the major risk factor for AD, can be a
common key element capable of articulating the divergent nature of the proposed pathogenic factors. Pathogenic
mechanisms influence each other at different levels. Evidence suggests that it will be difficult to define a single-
target therapy resulting in the arrest of progression or the improvement of AD deterioration. Since oxidative
stress is present from early stages of disease, it appears as one of the main targets to be included in a clinical trial.
Exploring the articulation of AD pathogenic mechanisms by oxidative stress will provide clues for better un-
derstanding the pathogenesis and progression of this dementing disorder and for the development of effective
therapies to treat this disease. Antioxid. Redox Signal. 16, 974–1031.
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I. Introduction

A. Overview of Alzheimer’s disease
and scope of the review

Originally described by Alois Alzheimer in 1906,
Alzheimer’s disease (AD) is the most common cause of

dementia, being clinically characterized by cognitive impair-
ment and memory loss. According to the World Health Or-
ganization, an estimated 37 million people currently have
dementia worldwide, and about 50% of them are being af-
fected by AD (29). AD has a very high personal impact, and a
high social cost. In the United States, the total cost of illness,
including informal care and caregivers’ reimbursement, is
estimated at 100 billion U.S. dollars per year (437).

Population demographics are rapidly changing as a result
of the increasing life expectancy with a fast increase of aged
population, favoring prevalence of dementing disorders. As a
group, the main risk factor for AD is age (14, 196, 256, 412,
617). In fact, the incidence of sporadic AD increases expo-
nentially as function of age after the sixth decade of life (256).
Epidemiologic data identify two different AD populations
depending on age of appearance. The named late onset or
sporadic AD is the most prevalent group accounting for over
95% of cases (256). According to the Alzheimer’s Association,
11–16 million cases of AD are projected just in the United
States by 2050, and 95%–99% of AD cases, besides the rare
familial AD, will be observed in the older population, with
prevalence above 30% for individuals older than 85 years.

There is near consensus that AD is not a unique nosological
entity, as considerable heterogeneity exists in its risk factors,
pathogenesis, and neuropathological findings (294). Even
more, a mixture of AD and a second pathological identity is
present in most dementia patients; being the most frequent,
the coexistence of AD and cerebrovascular disease. For that
reason, at present days, the recommended preventive mea-
sures for AD are similar to those for cerebrovascular diseases
(165, 254, 421).

Despite intensive research in neuropsychological evalua-
tion, biomarkers, and imaging techniques, AD still remains as
an exclusion diagnosis. Currently, clinical evaluation allows

for the diagnosis of probable AD. However, the unequivocal
AD diagnosis requires confirmation by anatomopathological
analysis, in which the observation of amyloid b (Ab) plaques
and fibrillary tangles in defined regions of the brain, in con-
junction with the clinical evolution of the patient, constitute
the gold standard (294, 569). AD patients are identified by
neuropsychological testing to evaluate neurocognitive per-
formance in various areas and by assessing their cognitive
decline and impairment on everyday life activities. During the
last decade, an early stage of cognitive impairment without
dementia has been defined. On the basis of histopathology,
imaging, and cognitive evaluation scores, mild cognitive im-
pairment (MCI), an intermediary stage between a cognitively
intact person and AD, is considered an early stage of AD
progression (501). MCI is further divided into two broad
subtypes: amnesic MCI (affects memory) or nonamnesic MCI
(602). The rate of amnesic MCI conversion to AD is roughly
10%–15% per year.

As a neurodegenerative disease, the pathology of AD is
characterized by the presence of senile plaques, a heteroge-
neous set of aggregated Ab, and by the presence of neurofi-
brillary tangles (NFTs), constituted by highly phosphorylated
tau proteins. In addition, the histopathology involves synapse
loss, neuronal loss (hippocampus, entorhinal, and tempor-
oparietal cortex being the most affected brain regions) (656),
and glial cell activation (257, 294, 319, 669, 674). Already in his
original proposal, Alzheimer stated that these histopatho-
logical lesions were a marker of an upstream process instead
of the disease cause (163). However, the most popular hy-
pothesis for AD, the amyloid cascade hypothesis, still views
Ab as the cause of the neurodegenerative changes, stating that
the first event of the pathogenic cascade of AD depends on Ab
accumulation.

On the 1980s, Ab and the whole gene of amyloid precursor
protein (APP) were characterized on the chromosome 21
(628). Once defined as one of the main components of plaques,
Ab was quickly associated to the early-onset, inherited auto-
somal dominant dementia (308, 546) familial AD. Later, mu-
tation on two other genes encoding for enzymes processing
APP, presenilin 1 (PS1) (441) and presenilin 2 (PS2) (714), were
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also shown to cause familial AD. PS mutations affect APP
processing, resulting in an increasing amount of Ab available
to aggregate (214, 560). The most prominent feature of familial
AD is its young age of appearance, as early as the fourth
decade of life. Finally, the presence of apolipoprotein E4
(ApoEe4) was associated to sporadic AD, which could result
in an increase of production or reduction of removal of Ab
(Fig. 1). In addition to these four original genes involved in
AD, recent studies show that other genes could be also in-
volved, including ADAM10 (316), ATXN1 (718), CD33 (447),
as well as polymorphisms of various receptors, like alpha(2)-
macroglobulin (270) and Vitamin D receptors APA1 and
TAQ1 (349) and cytokine polymorphisms, such as interleu-
kins (ILs), IL1b, IL1a, IL-6, and tumor necrosis factor a (TNFa)
(219, 229, 518, 715).

Similarities between familial and sporadic AD prompted
the notion that both diseases share a common pathological
mechanism dependent on Ab. However, familial AD com-
prise around 2% of patients, and appears unreasonable to
extrapolate this etiological mechanism to the sporadic form
dismissing the possibility that such amyloidosis could be a
secondary event to a totally different etiology (617). Indeed,
familial AD and sporadic AD could represent the final clinical
stages of different diseases (294, 421).

The precise mechanism by which Ab produces synaptic
impairment and neurodegeneration is still under intense

discussion. Previous studies led us to propose that glial cell
dysfunction is involved in the pathogenics of AD, through the
generation of a cytotoxic environment (669) that would favor
both Ab aggregation and neuronal dysfunction and neuro-
degeneration. Over the years, other hypotheses have been
proposed to explain the pathogenesis of AD. In addition to
glial cell dysfunction (section I.C), these theories include oxi-
dative stress (section II.A); protein misfolding/aggregation
(section II.F), which can result in both Ab-dependent senile
plaques and tau-dependent NFTs (section II.B); mitochondrial
dysfunction and impairment of calcium metabolism (section
II.C); and neuroinflammation (section II.D), among others.
Most of these hypotheses are not mutually exclusive, but
could co-participate. Moreover, instead of the highly se-
quential view regarding the progression of AD traditionally
held, an emerging view is that several mechanisms co-exist
simultaneously affecting each other at multiple levels, estab-
lishing triggering loops that feedback on the cascade of de-
generative changes.

On the other hand, despite such mechanistic diversity,
common factors can be articulated in a convergent way for
generating the disease, one of the axes being glial cell dys-
function (Fig. 2) (669) and another, oxidative stress. In this
review, we discuss evidence supporting the role of oxidative
stress in the pathogenesis and progression of AD, focusing on
elements that allow recognition of oxidative conditions as a

FIG. 1. Neurobiological mechanism of Alzheimer’s disease (AD). Hypothetical sequence of events in the pathogenic
cascade of AD. Ab aggregates are present in familial and sporadic AD. However, whereas increased production of Ab is
consistently observed in the familial AD, the sporadic form could depend either on increased production or on reduced
removal of Ab—both mechanisms potentially being associated to aging, oxidative stress, and the inflammatory status of the
nervous tissue, which can also influence synaptic function and eventually neuronal viability. In addition to the sequential
events proposed by the amyloid cascade hypothesis, there is evidence that Ab and inflammation can directly affect neuronal
function, as well as the existence of feedback of neuronal damage and inflammation that favors accumulation of Ab. AD,
Alzheimer’s disease; Ab, amyloid b.
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common factor for several biological mechanisms. Such rec-
ognition is especially relevant for therapeutic strategies ca-
pable of targeting effectively on common mechanisms
responsible for disease evolution.

B. Oxidative stress: General concepts

Oxidants, such as reactive oxygen species (ROS) and reac-
tive nitrogen species (RNS), are normally produced, although
at low concentrations, as part of aerobic metabolism. ROS
include superoxide radical anion (O2

$ - ), hydrogen peroxide
(H2O2), and hydroxyl radical ($OH), among others. O2

$ - can
be dismutated to H2O2 and oxygen by superoxide dismutase
(SOD), an antioxidant enzyme. These reactive species can
accomplish functions as intracellular messengers. Never-
theless, reactive species, especially when produced at high
concentration, can result in oxidative stress associated with
cell damage (Fig. 3). O2

$ - can act as an intermediate in the
generation of more reactive ROS, like hypochlorous acid and
$OH; by reaction with nitric oxide (NO$), it can form the
highly oxidizing agent peroxynitrite (ONOO - ). NO$ is a free
radical gas that participates in the physiological regulation of
cerebral blood flow and neurotransmission, but also exhib-
its pro-oxidative, cytotoxic effects by inducing oxidative
and nitrosative stress (95, 157). Both NO$ and ONOO - are
relatively long-lived diffusible oxidants, thus RNS/ROS-
mediated damage may spread over relative long distances. At
physiological pH, ONOO - can be protonated to form per-
oxynitrous acid (ONOOH), which then generates $OH and
nitrate (NO2

$), leading to lipid peroxidation and nitration of
aromatic amino acids (157). In addition, in the presence of
SOD, or upon interaction with carbon dioxide (CO2), ONOO -

can also generate nitrosonium cations (NO + ) that causes the
nitration of tyrosine residues in proteins. Finally, since NO$ is
capable to release iron from the Fe-binding protein ferritin, it

may also facilitate the production of $OH via the Fenton re-
action (690).

Oxidative stress is caused by the imbalance between pro-
duction of ROS and breakdown of the chemically reactive
species by reducing agents and antioxidants enzymes. This
imbalance may be due to environmental factors, stressors, or
disease. Thus, in practical terms, oxidative stress is deter-
mined by excessive exposure to oxidant molecules when there
is insufficient availability of antioxidant mechanisms (238).

1. Sources of oxidative stress. There are two major
sources of oxidative stress, one associated with the chronic
formation of ROS derived from the mitochondrial electron
transport chain (34), and another related to the acute and high
output formation of ROS derived from nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase, a mechanism es-
pecially relevant during the activation of the innate immune
system, including microglial cells in the central nervous sys-
tem (CNS) (285). NADPH oxidase is a transmembrane protein
complex that transports electrons across biological mem-
branes for accomplishing the reduction of oxygen to O2

$ - .
NOX2, the prototype homolog for the six members NOX
family of NADPH oxidases, also known as phagocytic oxi-
dase gp91phox, is activated in macrophagic cells, such as
microglia, to catalyze the production of O2

$ - during host
defense (see section I.C). NOX2 is activated when the cytosolic
subunits are phosphorylated and Rac is activated in the cy-
tosol (Fig. 4a), resulting in their translocation to the membrane
and formation of the active NADPH oxidase complex with
cytochrome b558 (24, 25).

Other enzymatic sources of ROS are xanthine oxidase and
uncoupled endothelial NO$ synthase (eNOS). Uncoupling
refering to the fact that, in the absence of critical cofactor for
NO$ synthesis like tetrahydrobiopterin, NOSs (including

FIG. 2. Disease mechanisms as viewed by the amyloid cascade hypothesis and the glial cell dysregulation hypothesis.
Several pathogenic events contribute to neurodegeneration in AD. The amyloid cascade hypothesis states that the disease
depends on the accumulation and aggregation of Ab, and all the other biological mechanisms, including oxidative stress,
inflammation, excitotoxicity, and neurodegenerative changes, depend directly or indirectly on Ab accumulation. In contrast,
glial cell dysregulation hypothesis states that the cause of AD depends on changes on microglial cell activation, which
become increasingly cytotoxic loosing their defensive functions. Impaired activation results in oxidative stress, persistent and
neuronal dysfunction, and in turn will induce production and aggregation of Ab and additional neuronal dysfunction.
Inflammatory activation, either secondary to aging or to various forms of stimuli or injury, can be responsible of glial cell
dysregulation. APP, amyloid precursor protein; hyperphos tau, hyperphosphorylated tau.

REDOX DYSREGULATION IN ALZHEIMER’S DISEASE 977

http://online.liebertpub.com/action/showImage?doi=10.1089/ars.2011.4082&iName=master.img-001.jpg&w=360&h=178


eNOS) produce ROS rather than NO$, with the resulting in-
creased oxidative stress and reduced levels of NO$. An usual
way to measure oxidative stress in biological samples is
to determine the level of oxidative stress markers, such as
protein carbonyls, 3-nitrotyrosine (3-NT), thiobarbituric acid
reactive substance (TBARS), free fatty acid release, iso- and
neuroprostane formation, acrolein, 4-hydroxy-2-nonenal
(HNE), carbohydrate-mediated advanced glycation end
products (AGEs), and 8-OH-2¢-deoxyguanosine (8-OHd6)
and 8-oxo-7,8-dihydroguanosine (8-OHG) and other oxidized
bases, and altered DNA repair mechanisms (79, 405, 529).

2. ROS in physiology and pathology. ROS, at low con-
centrations, can serve physiological functions (571). Cells
produce ROS at low levels largely due to monoelectronic re-

duction of oxygen, generating O2
$ - at the mitochondrial re-

spiratory chain (296, 321, 350, 658). ROS play a necessary role
in cell signaling cascades (571). For example, small amounts of
ROS participate in synaptic signaling, with ROS acting as a
messenger in long-term potentiation (LTP), a well-known
model for synaptic plasticity (536). Likewise, H2O2 traverse
biological membranes and can oxidize cysteine residues ex-
erting actions on intracellular protein tyrosine phosphatases
and lipid phosphatases as part of their reversible modula-
tion (536).

Overabundance of ROS is observed during neuronal de-
velopment, as well as in neuropathological conditions asso-
ciated with chronic oxidative stress, such as Parkinson’s
disease (PD) (295) and AD (503), and in more acute settings
such as ischemic reperfusion injury after stroke (131).

FIG. 3. Generation and effect of radical species in the cell. Mitochondria are the main producer of ROS in the cell, with
NADPH oxidase taking this place under conditions of inflammatory activation. Additional radicals are produced secondary
to the activation of AA metabolism and activation on NOS; both pathways are activated by the increase of intracellular
calcium. Presence of high amounts of O2

$ - and nitrites (NO $) results in the production of ONOO - that is especially reactive
with proteins and lipids. Some transition metals (e.g., Fe2 + , Cu + , and others) as well as Ab can breakdown H2O2 to the
reactive hydroxyl radical (Fenton reaction). The hydroxyl radical can subtract an electron from polyunsaturated fatty acid
giving rise to a lipid radical cascade resulting in production of lipid peroxyl radicals (LP $), which is not reduced by
antioxidants, and the lipid peroxidation process occurs. Lipid peroxidation products such as HNE can covalently modify
proteins and impair their function. LP is reduced within the membrane by the reduced form of vitamin E, resulting in the
formation of a lipid hydroperoxide and a radical of vitamin E. Regeneration of vitamin E depends on vitamin C, and
intermediate radicals enter the antioxidant GSH cycle. For the lipid peroxidation process, LP reacts with Fe2 + to form lipid
alkoxyl radicals forming hydroperoxide. Superoxide radical is dismutated by the SOD to H2O2. H2O2 is most efficiently
scavenged by the enzyme GPx, which requires GSH as the electron donor. The GSSG is reduced back to GSH by the enzyme
GSHR. Radical species have multiple targets in the cell, including carbohydrates, proteins, lipids, and nucleic acid. Oxidation
of these macromolecules is associated to their lost of function. Cells also have several protective mechanisms and pathways,
including enzymes like SOD and catalase, GSH, and other antioxidants (vitamin E among others) for the management of
oxidative stress. AA, arachidonic acid; COX, cyclooxygenase; GPx, glutathione peroxidase; GSH, glutathione; GSHR, glu-
tathione reductase; GSSG, oxidized glutathione; HNE, 4-hydroxy-2-nonenal; H2O2, hydrogen peroxide; LOX, lipoxygenase;
NADPH, nicotinamide adenine dinucleotide phosphate; NO $, nitric oxide; NOS, NO$synthase; O2

. - , superoxide; ONOO - ,
peroxynitrite; ROS, reactive oxygen species; SOD, superoxide dismutase.
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Neurons are highly susceptible to oxidative stress because
they are intrinsically ill-equipped to defend themselves
against an increase in ROS, having low levels of antioxidants
compared with those in other mammalian cells. Nonetheless,
glial cells, including astrocytes, play a key supplementary role
in antioxidant defense of neurons (264)—an important de-
fense mechanism that will be discussed at the neuroin-
flammation section (section II.D). Nevertheless, particularly
in the brain, even small imbalances can be deleterious. Ab-
normally elevated ROS is implicated in age-related LTP im-
pairment (571).

NADPH oxidase plays a role in N-methyl-D-aspartic acid
(NMDA)-induced O2

$ - production (71), linking oxidative

stress with excitoxicity. Neurons in culture and in mouse
hippocampus responded to NMDA with a rapid increase of
O2

$ - production, followed by neuronal death. ROS produc-
tion and neurotoxicity were inhibited by the NADPH oxidase
inhibitor apocynin and in neurons lacking the p47phox sub-
unit, needed for NADPH oxidase assembly (Fig. 4). O2

$ -

production was also blocked by inhibiting regeneration of the
NADPH substrate, and by inhibiting the protein kinase C
(PKC) zeta, which activates the NADPH oxidase complex
(71). Activation of NMDA receptors is associated with intra-
cellular free calcium increase, which again will participate in
both signaling and O2

$ - production (55, 535) as well as po-
tentiating NMDA-induced neurotoxicity (284).

FIG. 4. Scheme showing the role of NOX2 in ROS production and activation of inflammatory pathways. (A) NOX2
complex: membrane-bound enzyme complex found in the plasma membrane. It is made up of six subunits: a Rho GTPase, in
this case Rac1, and five oxidase subunits (NOX2 or gp91-PHOX, p22phox, p40phox, p47phox, and p67phox). (B) NOX2
requires p22phox subunit to be stabilized at the membrane and for recruitment of cytoplasmic subunits for its activation:
Phosphorylation of p47phox (organizer subunit) allows its interaction with p22phox to be localized itself at the membrane
and recruits the activator subunit p67phox into the complex to make contact with NOX2 and the small subunit p40phox. The
achievement of this chain of steps makes possible the interaction of GTPase Rac with NOX2. Once assembled, the complex
generates superoxide by transferring an electron from NADPH in the cytosol to oxygen on the luminal or extracellular space.
Ab interacts with NMDA, as well as other putative receptors, resulting in the phosphorylation and activation of the subunits
of NOX2 that assemble in the membrane as an active complex, producing ROS. The activation of NOX2 by Ab appears to be
mediated by an increase in intracellular calcium, which directly, or indirectly through ERK1/2 phosphorylation and PKC-
dependent cPLA2a phosphorylation, phosphorylates NADPH oxidase subunits. In neurons there is also evidence of AA
release in response to stimulation by Ab and NMDA. ROS produced by NOX2 further activates ERK and PKC. Memantine
acts as an antagonist blocking the effect of Ab on NMDA receptor. Dotted arrows are putative pathways. cPLA2, cytosolic
phospholipase A2; ERK, extracellular signal-regulated kinases; GTPase, guanosine triphosphatase; LP, lysophospholipids;
NMDA, N-methyl-D-aspartic acid; NOX2, NADPH oxidase; PKC, protein kinase C.
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Because ROS can be simultaneously useful as well as de-
letereous, it has become quite problematic to experimentally
establish a cause-and-effect relationship of their involvement
in various pathophysiological processes (525). For example,
expression of ectopic catalase (CAT) in mitochondria in
combination with overexpression of manganese superoxide
dismutase (MnSOD), which results in a decreased mito-
chondrial H2O2 production, was found to shorten rather than
prolong the life span of Drosophila (39). In consequence, en-
hancement of antioxidant defenses will not be necessarily
protective. Similarly, although the role of inducible nitric ox-
ide synthase (iNOS) and high levels of NO$ in neuropathology
have been associated with neuronal damage and death (72),
there is strong evidence that iNOS activity can be neuropro-
tective (114, 586, 627), and NO$ under conditions of long-term
injury or disease reduces functional loss and pathological
changes of the brain (5, 476), through the ability of NO$ (i) to
block apoptosis via inhibition of caspases (317, 318); (ii) to
interact and regulate two signaling pathways that are key to
cell survival, extracellular signal-regulated kinase/mitogen
activated protein kinases (ERK/MAPK) and the phosphati-
dylinositol 3-kinase/Akt pathways (638, 704); and (iii) to up-
regulate other cytoprotective proteins such as MnSOD and
Bcl-2 (75, 114). Furthermore, NO$ is an effective antioxidant,
preventing oxidative modification of proteins and lipids
caused by other oxidizing species such as H2O2 (191, 399). All
these factors could explain the greater cognitive impairment
after head injury observed in iNOS KO mice than in wild-type
animals (586) and that iNOS-deficient mice have increased
brain oxidative stress (38). Similarly, aged hypertensive rats
with poor cognitive performance have a fourfold decrease in
hippocampal levels of iNOS compared with cognitively nor-
mal animals (279). Again, these rats showed decreased iNOS
levels, which were associated with increased oxidative stress.

There is an important controversy. Tg2576 APP transgenic
mice crossed with iNOS KO mice develop extensive NFT-like
pathology, showing evidence of neurodegeneration (120).
APPSwDI/iNOS KO mice displayed impaired spatial memory
and significant neuron loss in the hippocampus and subiculum
compared with the APPSwDI mice, but had unaltered levels of
Ab. These results show that removal of iNOS from an APP
transgenic mouse results in development of a more robust AD-
like pathology and behavioral impairments (694). In contrast,
Nathan et al. (452) reported that in APP/PS1-double transgenic
mice with iNOS ablation, deficiency of iNOS resulted in de-
creasing premature mortality, substantially protecting mice
from cerebral plaque formation and from increased Ab levels,
protein tyrosine nitration, astrocytosis, and microgliosis. Thus,
for this Ab accumulation model, iNOS appears to favor Ab
deposition and disease progression (452).

Oxidative stress is implied in the pathogenesis of diseases,
including ischemia, cancer, and neurodegenerative disorders,
among many others (658). Diverse molecular machinery
converges to generate highly reactive species to oxidize target
molecules that include proteins, nucleic acids, polysaccha-
rides, and lipids. Oxidative modification of proteins may lead
to defects in their structure and function that consequently
will result in the progression of degenerative modifications.
Among nucleic acids, RNA, being single stranded, is more
susceptible to oxidative damage because, unlike DNA, its
bases are not protected by hydrogen bonding or histones, and
their oxidation will result in impairments on translation or on

its regulatory functions. Oxidation of lipids (glycolipids,
phospholipids, and sphingolipids) will affect membrane
properties, and several complex functions mediated by spe-
cific receptors will be also affected. In contrast to the oxidative
attack occurring inside the endocytic vacuole, reactive species
released to the interstitial space are unable to discriminate
between friend and foe, and could result in self-damage. Im-
portant self-targets are mitochondrial components, for in-
stance, mitochondrial DNA (mtDNA) (502), which in turn
leads to dysfunction of mitochondrial oxidative phosphory-
lation and increased production of ROS, potentially triggering
an oxidative vicious cycle (26, 204).

3. Metal ions and oxidative stress. Accumulation of
metal ions, especially iron (Fe), has been observed in the aged
CNS in humans (18) and animal models (237) as well as in AD
(12, 269). Strong evidence indicates that dyshomeostasis of re-
dox-active biometals, copper (Cu) and Fe, and oxidative stress
contribute to the neuropathology of AD (12). Metals can in-
teract directly with Ab, modulating several physicochemical
properties of Ab. They can promote the in vitro aggregation of
Ab. Moreover, Ab toxicity is linked with the presence of redox
metals, mainly Cu and nonredox zinc (Zn) (76, 78, 659). Studies
have confirmed that amyloid plaques in postmortem AD brain
are abnormally enriched in Cu, Fe, and Zn (134, 281). Con-
versely, metal chelators dissolve these plaques from postmor-
tem AD brain tissue and attenuate cerebral of Ab burden in
APP transgenic mice (77, 263, 589). The role of magnesium
(Mg) in neurodegenerative disorders and its effect in AD have
also been investigated. Mg appears to be decreased in AD
patients in clinical and autopsy studies (15, 116).

The generation of free radicals is tightly linked with redox-
active trace metals (299). The redox state of the cell is main-
tained within strict physiological limits and is associated with
Fe and Cu redox couples. Normally, there is no free intracel-
lular Fe; however, under stress conditions, O2

$ - in excess acts
as an oxidant of Fe-containing enzymes releasing free iron
(372). The released Fe2 + can participate in the Fenton reaction,
generating highly reactive HO$. NO$ also readily binds cer-
tain transition metal ions, and many physiological effects of
NO$ are exerted as a result of its initial binding to Fe(II)-Heme
groups in the enzyme guanylate cyclase (168).

Metals are not only associated to oxidative stress mecha-
nisms, but are also essential components for multiple anti-
oxidant defense systems. Glutathione peroxidase (GPx),
cytoplasmic SOD, and CAT enzymes contain selenium (Se),
Cu–Zn, and Fe metals as cofactors, respectively. Essential
trace elements play a major role in metabolic pathways, and
they have been studied in many diseases, including autoim-
mune, neurological, and neuropsychiatric disorders, includ-
ing AD, suggesting that both excess and deficiency of these
elements could be related to the pathophysiology of AD (133).

4. Redox state and redox buffering. The redox state
depends upon the ratios of reduced and oxidized forms
of redox couples, which include glutathione/oxidized gluta-
thione (GSH/GSSG), NADH/NAD + , NADPH/NADP + ,
cysteine/cystine, thioredoxinred/thioredoxinoxid, and glutar-
edoxinred/glutaredoxinoxid. The GSH/GSSG ratio is the pri-
mary determinant of the cellular redox state because it is 1000
to 10,000-fold more abundant than other redox couples, and
because of its low standard redox potential (Eo = - 240 mV).
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GSH is the most abundant intracellular nonprotein thiol,
reaching concentrations of up to 10 mM in mammalian cells,
with astrocytes being the major source (266). Furthermore,
GSH is also tightly linked to other redox couples, either
metabolically or because of its ability to form thiol-GSH
mixed disulfides (130, 525). GSH acts as an oxyradical scav-
enger by scavenging NO$ and other oxidants, thereby pro-
tecting cells against oxidative damage by reducing oxidized
or nitrosylated protein thiols (241). In addition, GSH is in-
volved in the elimination of toxic oxidation products such as
HNE, a product of lipid peroxidation (324, 689), and is able to
detoxify various oxidants by directly scavenging free radical
or acting as coenzyme in GSH-peroxidase-catalyzed reactions
(375). Within the cell, GSH is kept in its thiol-reduced form
( > 98%) by GSSG reductase, an NADPH-dependent enzyme;
additional amounts of GSH are present as GSSG and as GSH
conjugates. Maintaining optimal GSH/GSSG ratios in the cell
is critical because GSH is a major endogenous antioxidant
defense system of the brain, removing hydrogen- and lipid-
peroxides (418). Activation of several signaling pathways,
including PKB, calcineurin, nuclear factor jB, and MAPK, is
associated with changes in redox status of neurons after oxi-
dation of GSH (698).

Peroxiredoxins (Prxs), also called thioredoxin (Trx) perox-
idases, is a family of antioxidant enzymes that reduce H2O2,
ONOO - , and a range of organic hydroperoxides using re-
ducing equivalents provided by Trx/thioredoxin reductase
(TrxR) system (697), which have been studied as a stress re-
sponsive system (21). Several Prx isoforms are induced in the
brain in response to insults (330), as well as the presence of
aberrant patterns of Prx expression in the CNS of patients
affected by neurodegenerative disorders (463), being sug-
gested that they can serve neuroprotective functions.

Trx is an ubiquitous thiol oxido-reductase system that
regulates cellular redox balance, undergoing reversible oxi-
dation of the cysteine pair while reducing disulfide bridges of
proteins (21), and appears to mediate signal transduction
elicited by several growth factors and cytokines (536, 537). Trx
plays an essential role in cell function by limiting oxidative
stress directly via antioxidant effects and indirectly by pro-
tein–protein interactions (158). In fact, cellular redox regula-
tion for many processes is provided in mammalians by
interaction between the Trx and GSH systems (147). Together,
they form a powerful system controlling redox regulation of
gene expression, signal transduction, cell proliferation, pro-
tection against oxidative stress, anti-apoptotic functions,
growth factor and co-cytokine effects, as well as regulation of
the redox state of the extracellular environment (614). Besides
the role as a source of reducing equivalents, Trx by itself acts
as antioxidant or ROS scavenger (159).

In mitochondria, the main redox buffering systems are
GSH, glutaredoxin, and Trx systems. GSH, besides acting as
reducing agent and antioxidant, also acts as mediator of
several physiologic reactions, including metabolism of xeno-
biotics, thiol disulfide exchange reactions, and cell signaling
(cell-cycle regulation, proliferation, and apoptosis). In the
nucleus, GSH maintains critical protein sulfhydryls (PSHs)
that are necessary for DNA repair and expression (658). Cer-
ebellar granule neurons in culture exhibit marked functional
deterioration and die in response to loss of both mitochondrial
and cytoplasmic GSH, but not after cytoplasmic GSH loss
alone (585, 700). Additionally, although mtGSH depletion

does not affect astrocytes’ viability, they become more sus-
ceptible to NO$ exposure (444).

The brain is particularly vulnerable to oxidative stress due
to (i) its high demand of oxygen, showing the highest oxygen
metabolic rate of the economy, consuming around 20% of the
total amount of oxygen in the body, (ii) its dependence on
oxidative metabolism for obtaining metabolic energy, (iii) its
high content of iron, which can catalyze the generation of ROS
and RNS, (iv) its content of antioxidant enzymes, which is
lower than in other organs (198, 412), and (v) the postmitotic
nature of neurons, which make them especially vulnerable by
accumulating mutations and impairments that are not re-
moved by cell replacement. In particular, aged, AD or injured
brains of any sort, show oxidative modifications in nucleic
acids, proteins, lipids, and sugars (Fig. 5); oxidative damage;
and changes deriving in loss of function (239, 381, 405). Most
of cells have protective mechanisms, responsible for enzy-
matic breakdown or scavenging of ROS (Fig. 3). For example,
H2O2 is converted to water and O2 by CAT or glutathione
peroxidases (GPxs). However, in the brain, antioxidant sys-
tems are reported to be less functional, which can lead to
further increase of ROS and RNS reacting with the various
target molecules (239).

C. Microglia, astrocytes, and oxidative stress

Microglia are the brain-resident macrophages (255, 522,
539) representing its innate immune system, and providing
the first line of defense for injury or disease. They colonize the
brain at late stages of prenatal life, before the development of
the blood–brain barrier (BBB) (522). In the healthy adult brain,
microglia display a characteristic ramified morphology, and

FIG. 5. Modification of proteins, nucleic acids, and lipids
by glycation, oxidation, and peroxidation. The various ROS
generated during oxidative stress have preferences on the
type of macromolecule they oxidize, also generating complex
metabolic interactions and newly generated reactive species.
Protein modification and protein–protein cross linking by
glycation, autoxidation, and the reactive aldehydes gener-
ated from lipid peroxidation are synergistic processes. Gly-
cation and lipoperoxidative modification involve adduction
of redox-active moieties that potentiate free radical autoxi-
dation. AGEs, advanced glycation end products.
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serve a surveillance role, dynamically monitoring brain mi-
croenvironment (161, 458). Microglia can sense a wide range of
stimuli, including CNS trauma, ischemia, infection, toxic insult,
and autoimmune injury (319, 332, 385, 566, 603, 674), recog-
nizing a wide range of targets, such as peptides, lipoproteins,
glycolipids, and nucleotides (450, 496, 661). In addition to ab-
normally processed, modified, or aggregated proteins (e.g.,
Ab), stimuli include inflammatory cytokines, which can trigger
microglia activation, damaged neurons, which provide the
strongest signal for microglia proliferation, inducing reactive
microgliosis, membrane breakdown products, altered mole-
cules (e.g., active forms of matrix metalloproteinase), impaired
neurotransmitter function (e.g., elevated glutamate concentra-
tion), and cytosolic compounds (240, 385, 450, 522, 563).

When stimulated, microglia become activated presenting
structural and morphological changes, enlarging their size
(200, 458) as well as modifying their functional properties
(374, 385, 671). Microglial cell can undergo at least three ac-
tivation pathways (and probably several intermediate ones)
starting from the quiescent, surveillance state (222, 407, 434):
(i) classical activation (M1 type activation), which under cer-
tain conditions will tend towards cytotoxicity, (ii) alterna-
tively active/phagocytic/neuroprotective (M2) (222, 407), or
(iii) regulatory (434). In fact, activation of microglial cells, far
from a single phenotype, represents a continuum change from
innate to adaptive activation with the expression of different
cytokines and cytokine receptors (645).

Activation of interferon-regulatory factor 5 (IRF5), member
of the IRF family, defines commitment to the M1 macrophage
lineage (558). IRF5 activates genes encoding for type I inter-
feron, inflammatory cytokines (including TNFs, IL6, IL12, and
IL23) and tumor suppressors (331, 473). In mice, IRF4 controls
M2 polarization by stimulating the expression of specific M2
macrophage markers (331, 558). For M2 macrophages, acti-
vation of nuclear factor-kappa B (NF-jB) subunit p50 has been
associated with the inhibition of M1-polarizing genes (500),
whereas CREB-mediated induction of transcription factor C/
EBPb has been shown to up-regulate M2-specific genes (548).
M2-type induction, through secretion of IL4, IL10, and
transforming growth factor b (TGFb), secrete IL4, IL6, IL10,
and IL13, cytokines that promote humoral immune responses
and down-regulate M1-mediated responses, inhibiting nu-
merous macrophage inflammatory functions (645). M2 po-
larization is further subdivided according to the production of
IL10 or IL12, depending on specific associations, like wound-
healing, tumor-associated, or heterogeneous macrophages
(434). A priori, it may appear that M2 activation is the one
associated with protective functions. However, there is strong
evidence that chronic allergic inflammatory processes like
asthma depend on expression of M2 cytokines IL4, IL5, IL9,
and IL13 (230, 701). Finally, regulatory macrophages can arise
during the later stages of adaptive immune responses, and
their primary role appears to limit inflammation (433). There
are many different ways to generate regulatory macrophages,
although ERK/MAPK has emerged as a potential candidate
to be the mediator (384, 434).

Microglia are activated in virtually all CNS diseases (240,
332, 453). Activated microglia produce and secrete a spectrum
of inflammatory mediators, such as eicosanoids, cytokines
(319, 450, 642), chemokines, ROS, NO$, small metabolites
acting as mediators, proteases like a-antichymotrypsin and a-
antitrypsin, and inflammatory markers, such as serum amy-

loid P and C-reactive protein (45, 361, 385, 450, 453, 603, 642).
These inflammatory mediators both regulate innate immune
defense and act on neuronal properties, specially modifying
synaptic function (10, 11, 173, 570). Furthermore, initially in-
tended to destroy pathogens and injured brain cells as part of
their protective response, they are also responsible for by-
stander damage of neurons at later stages, depending on the
environmental context (361, 669). In fact, their cytotoxic acti-
vation is often associated to neuronal loss and decline of
cognitive function in literature (61, 93, 319). Nevertheless, in
addition to deleterious effects, microglia are also capable of
secreting trophic factors and modulator cytokines, and in that
sense, they have the repertoire to mediate neuroprotection.

As we discuss on section I.D, the inflammation hypothesis
stresses the notion that hyperactive microglia are the primary
cause of neurotoxicity in AD. In contrast, we propose that
neurotoxicity is not a consequence of hyperactive but rather of
mis-active, dysfunctional microglia (669). Thus, the innate
immune response, initially protective, becomes a chronic mis-
activation contributing to brain cytotoxicity (Fig. 6) (455, 559,
669, 703). The distinction is not trivial when interested in the
development of therapeutical approaches. Adequately acti-
vated microglial cells are needed as scavenger cells in the
CNS; however, by not responding to normal regulatory
feedback and/or by having an impaired ability to clear Ab
(479, 669), glial cells could develop a predominantly cytotoxic
feature. Thus, the aim of therapy should be oriented to po-
tentiate a certain mode of microglial cell function rather than
functionally inhibiting the whole microglial cell population,
an approach that likely has a major bearing in the limitations
of past and current thinking about how one might use im-
munoinhibitory drugs simply to turn microglia off for thera-
peutic benefit of neurodegenerative diseases.

Regarding AD, the activation of microglia induced by Ab
(249, 326, 584) results in several cell transformations (282)
making glia highly competent for phagocytose Ab plaques
(31, 541, 584). Microglia are intimately associated with Ab
plaques in AD, but not with the diffuse Ab plaques charac-
teristic of aging (249, 262, 287, 669, 672). The trigger for acti-
vation in AD is unclear, but the invasion of plaques by
morphologically active microglia is seen in AD transgenic
mice models, as well as when Ab is injected into the brain of
otherwise healthy mice or in in vitro experiments (9, 462, 528,
635, 672). Multiple receptors have been reported to mediate
this process: for instance, the receptor for advanced glycation
end products (RAGE) (706), scavenger receptors (9, 123, 635),
the G-protein-coupled chemo-attractant receptor (341), the
formylpeptide receptor 2 (262), and toll like receptors (528).
Cytotoxic activation of glia can be associated with the acti-
vation of reduced NADPH oxidase (665) or the induction of
the novo expression of inducible NO$ synthase (iNOS); both
critical enzymes responsible for the generation of oxidants.
Importantly, Ab is also clearly indicated as a source of oxi-
dative stress (662), as Ab activates microglia to produce ex-
tracellular O2

$ - (30, 510) as will be discussed in section II.B.
Astrocytes and neurons play a critical role in propagating

and modulating the nature of neuroinflammatory activation,
signaling reciprocally to microglia to either accelerate or slow
microglial components of autocrine neuroinflammatory cy-
cling. There is an intense cross-talk between neurons and glial
cells manifested not only in the regulation of normal neuronal
function but also in disease mechanisms (173, 559, 668).
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Microglia and astrocytes are strongly activated in AD, pro-
ducing an array of inflammatory mediators and fulfilling
phagocytic functions (9, 45, 453, 541, 669, 672, 674). Such robust
activation in AD includes (i) the activation of complement
pathway (3, 540), (ii) the up-regulation of cytokines, including
IL1, IL6, IL8, TNFa, TGFb, and chemokines like the macro-
phage inflammatory protein 1 (MIP-1) (6), and (iii) a strong
innate immune cellular system activation (257, 385). Indeed,
immunohistochemical studies reveal that activated microglia
and astrocytes gather around senile plaques in AD (249, 287,
413) and appear to facilitate amyloid plaque clearance (7, 262).

At the cellular level, it is well established that astrocytes
modulate production of cytokines, proteases, phagocytosis,
and microglial cytotoxic activation (642, 671). The astrocytic
modulation of microglial cell production of RNS and ROS can
be lost under certain conditions of pathological astrocytic
activation (562). Furthermore, whether microglial cell cyto-
toxic activation occurs or not will depend also on the interplay
of cytokines that are released by microglia and astrocytes

(Fig. 7). TNFa acts as a positive feedback signal, helping to
potentiate glial cell activation, and as a consequence, enabling
them to produce IL1b, and promote the feed-forward activa-
tion of astrocytes. This escalating cascade, however, is also
under systemic inhibitory control, for example, by IL6, which
is known to exert a negative feed-back on TNFa signaling.
Inhibition of the stimulatory signals and maintenance or re-
inforcement of the inhibitory signal loops can be a strategy to
prevent escalating microglial cytotoxicity. Another alterna-
tive would be the immunomodulation of reactive microglia
that brings them back into a more protective activation state.

Astrocytes interact with neurons by nourishing, protecting,
and modulating growth and function, and providing a robust
antioxidative potential (397), favoring survival of neurons in
conditions of oxidative stress (187). Regardless the strong
antioxidative potential of astrocytes, hippocampal neurons
show a more robust effect than astrocytes on the regulation of
cytotoxic activation of microglia (259) modulating the pro-
duction of RNS and ROS (Fig. 8), an effect that was shown to

FIG. 6. Microglia drives both neuroprotection and progressive neurotoxicity depending on their activation state. Mi-
croglia serves multiple beneficial functions by promoting neurotrophic effects, innate immune responses, and modulation of
neuronal function. Nevertheless, microglia can become mis-activated and cause neurotoxicity through mechanisms de-
pending on their activation by inflammatory stimuli, such as oxidative stress, ischemia, or Ab among others, producing
neurotoxic inflammatory factors. In addition, microglia can become overactivated in response to neuronal damage (reactive
microgliosis), becoming also toxic to neighboring neurons and perpetuating the cycle of neurotoxicity. Reactive microgliosis
could be an underlying mechanism of progressive neuron damage across numerous neurodegenerative diseases, regardless
of the instigating stimuli. IL1b, interleukin 1b; PGE2, prostaglandin E2; TNFa, tumor necrosis factor a.
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be mediated by TGFb (259, 655). However, under conditions
of strong inflammatory activation, their capacity of regulating
Ab- and APP-induced microglia-mediated cytotoxicity and
phagocytic activity of microglia are reduced. These results
support the hypothesis that, in neuroinflammation, microglial
cell scavenger function is impaired and reactivity is enhanced
as an initial step for neurodegeneration (673). Furthermore,
under inflammatory conditions, neurotoxicity induced by Ab
or APP is greatly enhanced in the presence of cytotoxic mi-
croglia. The observed cytotoxicity could be consequence of a
persistent mis-activation, in which elevated concentrations of
IL1b and radical species support chronic cytotoxic activation
of glial cells and cell damage (519). In agreement with our
hypothesis, hippocampal cells exposed to inflammatory
stimuli do not retain their ability to modulate production of
ROS by microglia (Fig. 8).

D. Aging and oxidative stress

ROS are an unavoidable by-product of cell metabolism. A
small percentage (*1%–4%) of electron transfer normally
goes toward basal production of O2

$ - (40). Oxidative stress is
increased at basal conditions in aging (61, 350, 571, 581, 631).
The increased production of radical species is proposed by the
free radical theory of aging. Electron transport chain activity

in mitochondria declines with age (470), whereas basal oxi-
dative stress increases with age (350). This means that there is
a decrease on electron transfer efficiency, resulting in an in-
crease on the production of ROS, relevant for the accumula-
tion of mitochondrial oxidative damage. In fact, accumulation
of ROS and RNS appears to be the most important causal
factor for aging (40).

Robust evidence indicates that the magnitude of the im-
balance between antioxidant defenses and oxidants, or the
level of oxidative stress, widens during the aging process. The
age-associated increase in oxidative stress appears to depend
on the fact that antioxidant defenses do not keep pace with the
age-related increases in ROS production (525). Thus, the bal-
ance shifts progressively toward a more pro-oxidant state
with aging.

In this context, an age-related loss of GSH can be predicted
to have at least two potentially deleterious consequences: (i)
increase of basal levels of H2O2, leading to a rise in the for-
mation of $OH, and in consequence, in greater molecular
structural damage. Enhanced lipid peroxidation would result
in increased level of malondialdehyde and hydroxynonenals,
which can form adducts with DNA or proteins, modifying
their structure and function (652). (ii) Protein oxidation can
interfere with the catalytic efficiency of enzymes, which could
reduce their ability to mount adaptive responses under stress

FIG. 7. Endogenous control of the cascading activation of microglial cells and astrocytes. Astrocytes—via the cytokine
TGFb—exert a negative feedback regulation of cytotoxic microglia. This is an important endogenous mechanism by which
ROS production (especially the highly reactive ONOO - ) can be controlled and restricted at the microglial cell level. The
inhibitory effect of astrocytes on microglial NO$ and ROS release is dependent on the astrocytic differentiation state. Whereas
differentiated (regulatory activation) effectively inhibited microglial release of ROS and RNS, highly inflammatory activated
astrocytes showed little if any inhibitory effect on the production of reactive species. Cascading glial activation also depends
on the level of microglial activation, which is regulated by cytokines released from microglia and astrocytes. TNFa potentiates
microglial cell cytotoxic activation. This, in turn, increases the microglial release of IL1b, which promotes the activation of
astrocytes. In contrast, the microglial release of cytokine IL6 exerts a negative feedback on TNFa actions. RNS, reactive
nitrogen species; TGFb, transforming growth factor b.
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conditions (181). Both types of alterations indeed occur during
the aging process (524). Thus, maintenance of an optimal GSH
redox state is imperative for limiting the level of macromo-
lecular oxidative damage.

Aging, especially of the nervous system, is also character-
ized, among other changes, by an inflammatory status that
induces functional changes of the immune responses (345,
414, 669, 674, 702) and increased oxidative stress state (525).
So, through oxidative stress, increased level of inflammatory
cytokines and glial cell activation (674) set the stage for a
neuroinflammatory environment that could facilitate pro-
gression of neurodegenerative changes. Microglia become
activated in a more cytotoxic fashion as function of age. Aged
microglia increase their production of inflammatory cyto-
kines (see section II.D) and reduce some of their protective
functions, like induced phagocytotic activity—condition that
could lead to their failure to efficiently clear Ab (669). These
changes represent a shift in basal cell reactivity and defense
activity that can result in a regulatory impairment that can
favor the genesis and progression of neurodegenerative pro-
cesses (563). The role of aged microglia is also relevant to
understand therapy failures in AD. It is possible that anti-
inflammatory drugs may not work in AD patients because, in
the brain, neuroinflammation is mediated by microglia rather
than by activation of an eicosanoid pathway. As we men-
tioned in section I.C, the inflammation hypothesis stresses the
notion that hyperactive microglia are the cytoxicity entity,
whereas we propose that AD is rather a consequence of
dysfunctional microglia (669). Neuroprotective microglial
cells are needed in the CNS. However, when glia are dysre-
gulated, cytotoxic activation could predominate.

During aging there are numerous documented changes at
cellular, tissular, and organ levels (Fig. 9). There are well-
known biomarkers of aging, such as cross-linking of collagen,
the accumulation of AGEs, lipofuscin, and accumulation of
damage induced by ROS and RNS (40) at the DNA and pro-
tein level. Accumulation of AGEs is also observed in neuro-
logical disorders such as multiple sclerosis and AD. The
receptor for AGEs, RAGE, is increased after oxidative stress,
immune and/or inflammatory responses, and upon altered
cell functions, suggesting that AGE accumulation is not a
process privative of aging (598). Engagement of RAGE in-
duces the release of inflammatory cytokines and free radicals,
thus perpetuating a cycle of damage. RAGE is increased in
AD, where it is found to be expressed on neurons and astro-
cytes. In astrocytes, AGE-conjugated proteins form granules,
suggesting that astrocytes uptake and degrade glycated pro-
teins (598).

When assessing the effect of aging on CNS function, it is
necessary to keep in mind that at every level of complexity,
the nervous tissue depends on a finely tuned cross talk of glial
cells and neurons, as well as on its capacity to respond to
information being delivered from outside of the CNS, via
endothelial cells and sensory neurons input. Glia secrete
growth factors, such as nerve growth factor (NGF), basic fi-
broblast growth factor, glioma-derived growth factor, and
insulin-like growth factor, as well as cytokines, including
ILs, TNFa, and TGFb. Glial cells and neurons maintain a re-
ciprocal trophic and regulatory interaction, allowing for a
regulated activation of the immune response, including lim-
ited production of radical species when needed (Fig. 10A).
Under this view, cytotoxic activation could depend on the

FIG. 8. Inflammatory conditioning of hippocampal cul-
tures abolishes their modulatory effect on the production
of ROS by microglia. CM from hippocampal cultures under
control condition (not exposed to inflammatory conditions)
reduces O2

$ - production by microglial cells. Glial cultures
were cultured under control conditions (control) or with
10 ng/ml IFNc, or 1 lg/ml lipopolysaccharide + 10 ng/ml
IFNc (LI) in NbB27 or hippocampal-CM obtained under
control condition (CM control) or after stimulation with the
same inflammatory mediators (CM Inflam) for 24 h. O2

$ -

production was triggered with phorbol 12-myristate 13-
acetate for the last 1.5 h of culture. (A) In mixed glial cultures,
microglial cells produced superoxide radicals (dark cells)
when exposed to inflammatory molecules. O2

$ - production
was inhibited when glial cells were cultured with hippo-
campal CM. However, exposure to inflammatory conditions
abolished the modulation of ROS production by the hippo-
campal cells. (B) Quantification of O2

$ - production by mi-
croglial cells. Results are expressed as fold-number increase
of O2

$ - production compared with control cultures. Values
correspond to the mean + standard error of the mean of three
independent experiments performed in triplicate evaluated
by the nitro blue tetrazolium chloride colorimetric assay.
**p < 0.001 compared with control conditions, #p < 0.05 and
##p < 0.001 compared with stimulated cultures maintained in
fresh Neurobasal/B27 media. CM, conditioned media; IFNc,
interferon c.
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impairment of any of the interacting members of this regu-
latory cross-talk. In aging, there is a decrease on trophic
support, as well as in the modulatory effect exerted by neu-
rons and astrocytes (Fig. 10B). Microglial cell reactivity is
greatly increased, which in turn increases the production of
inflammatory cytokines, NO$, and ROS both at basal condi-
tions and in response to any activating stimulus.

Age-dependent mitochondrial oxidative stress involves
controversy and there are detractors questioning its signifi-
cance (see section II.C). In any case, oxidative stress appears to
influence life span extension. Life span extension by caloric
restriction appears to depend on the reduction of superfluous
oxidative metabolism. Furthermore, mitochondrial dysfunc-
tion is involved in apoptosis associated to mitochondrial
membrane instability occurring when mitochondrial depo-
larization, oxidative stress, or energetic failure surpass a cer-
tain threshold level, with subsequent activation of cell death
cascades (264, 371, 445).

II. Oxidative Stress in AD

Available data are consistent with the oxidative stress hy-
pothesis of AD. Oxidative stress appears to be an early event
in AD (491, 581), and deficiency in antioxidant enzymes oc-
curring in AD, such as SOD, exacerbates the disease’s phe-
notype (356), increasing amyloid and tau aggregation (356),
phosphorylation (419), and accelerating the onset of behav-
ioral impairment (192). Oxidative damage, observed in brains
of AD patients and animal models, is significantly more in-
tense than that observed in brains of age-matched control
individuals. In experimental models, severity and early onset
of AD shows an inverse correlation with the presence of an-
tioxidant enzymes. Conversely, overexpression of antioxidant
enzymes attenuated AD phenotype (183).

In addition to the role of oxidative stress secondary to
Ab neurotoxicity, excitotoxicity, accumulation of aggregated

proteins, and impaired metabolism of calcium (226, 333, 377,
554) in neuron dysfunction and degeneration, oxidative stress
appears to be a common mediator unifying the spectrum of
cellular mechanisms leading to AD. Studies in in vivo and in
cell culture models strongly support the notion that AD, as
well as other chronic neurodegenerative diseases, involve
several converging disease mechanisms, generating a func-
tional interplay between neurons and glial cells (Fig. 11). It is
clear that glia actively promote neuronal dysfunction and
neurodegeneration (669) through oxidative stress mecha-
nisms. Their deleterious activity (Fig. 11) could be exerted (i)
by exacerbating the production of ROS (4, 722) and as con-
sequence of this, by modifying intracellular proteins and lip-
ids (239, 381, 722); (ii) by inducing mitochondrial dysfunction,
which will increase production of ROS, and will further acti-
vate caspases, promoting cell death pathway (27, 370, 371)
and ATP depletion (27); (iii) by facilitating the formation of
ubiquitinated aggregates due to protein misfolding (468) as
consequence of the impairment of energy-dependent cellular
processes, like the ubiquitin–proteasome pathway necessary
for the elimination of aberrant or misfolded proteins and ab-
normal phosphorylation of cytoskeleton components (20); (iv)
by inhibiting the activity of the glial cell excitatory amino acid
(glutamate) transporter 2 (641) or by inducing liberation of
glutamate by astrocytes (338); overactive glutamate receptors
will increase enormously the intracellular free calcium, which
can cause mitochondrial toxicity (310, 395) and affects several
calcium-dependent enzymatic pathways leading to dysfunc-
tion of the cell machinery and the potential initiation of apo-
ptosis (411); and (v) by activating microglia and astrocytes to
produce and release inflammatory cytokines (4, 348, 669, 674)
and other potential toxic mediators (NO$, ROS) (4, 59, 669,
674, 722). These factors activate several inflammatory signal-
ing pathways, as well as other inflammatory pathways de-
pending on eicosanoids produced by cyclooxygenase (COX)-
2 (647, 683).

FIG. 9. Aging-dependent cell chang-
es. Aging induces several functional
and structural changes. Several of those
changes can be linked to inflammation
and oxidative stress. In general, organ-
isms also present adaptive changes to
aging for maintaining an adequate
function. Genetic factors and environ-
mental factors, depending on diet and
other lifestyle factors, have also special
relevance for the aging process. If ge-
netic or environmental factors are del-
eterious, or if adaptive mechanisms fail
or are insufficient to compensate aging
changes, aging will result in impair-
ment of glial (further promoting acti-
vation and cell damage) and neuronal
function.
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Among additional factors that could induce oxidative
stress in AD, recent evidence shows that the risk of AD is
increased by diabetes (54), which is also closely linked with
inflammation. Hyperinsulinemia promotes inflammation and
the formation of ROS, inhibits the degradation of oxidized
proteins, and increases the risk for lipid peroxidation (127).

Insulin acts synergistically with endotoxins to raise inflam-
matory markers like cytokines and C-reactive proteins (42).
Chronic hyperglycemia is associated with an increased pro-
duction of ROS (42, 290), and neuronal and mitochondrial
calcium influx. ROS also potentiate the inflammatory activa-
tion, and together with chronic hyperglycemia, are associated
with increased production of AGEs, which further favor
neuroinflammation (290).

Epidemiologic observations identified midlife hypercho-
lesterolemia as another major risk factor for AD (16, 695).
In vitro studies (304) support this notion showing that mem-
brane cholesterol promotes the amyloidogenic processing of
APP. Recent studies with genetic mouse models of brain
cholesterol accumulation, such as Tg-SREBP-2 (118, 195), ex-
panded the role of cholesterol and mtGSH in AD, indicating
that, in addition to fostering Ab-production, mitochondrial
cholesterol modulates Ab neurotoxicity through selective
mtGSH depletion. In addition to GSH depletion and altered
GSH redox cycle described in AD (67, 533), mtGSH depletion
specifically can account for the increased susceptibility to Ab.
First, mtGSH levels determine the sensitivity of brain mito-
chondria to Ab-mediated oxidative stress and release of ap-
optotic proteins. Second, treatment with GSH ethyl ester,
which recovers the depleted pool of mtGSH, prevents the
enhanced neuroinflammation and neuronal damage ob-
served in Tg-SREBP-2 mice after Ab intracerebroventricular
infusion (195). Collectively, these results suggest that a pos-
sible therapeutic approach to slow disease progression could
be to replenish mtGSH (404).

The GSH:GSSG ratio could be a determinant factor in AD
pathogenesis. In AD brains, this ratio becomes pro-oxidizing
during aging due to an elevation in the GSSG content with a
concomitant reduction in GSH content (8). Decrease in GSH
concentrations is the result of a decline in the ability for de novo
GSH biosynthesis due to the increase during aging of the Km of
glutamate-cysteine ligase, the rate-limiting enzyme for de novo
GSH biosynthesis. (376). Reduction of GSH is associated with
an increasing vulnerability to oxidative stress (135, 593), man-
ifested by the intensification of several markers of oxidative
stress damage in AD brains, like 4-hydroxynonenal, indicative
of oxidative damage to lipids, and 3-NT, indicative of ONOO-

production (380). During chronic inflammation and oxidative
stress, as seen in AD, astrocytes, the main source of GSH,
switch from a neurosupportive to a cytotoxic and neurode-
generative role by releasing inflammatory cytokines and free
radicals (61, 205). In fact, under oxidative stress, intracellular
reduced or oxidized GSH is actively secreted (180, 266, 564).
Furthermore, depletion of GSH during aging or neurological
diseases may not only lead to cytotoxic activation of glia, but
may also render neurons sensitive to cell death.

In aging and AD there are also changes in other enzymes
involved in GSH metabolism [for a complete view on GPxs, see
(644)]. GST activity is decreased in the AD amygdale, hippo-
campus, parietal lobe, and nucleus basalis of Meynert (380).
Decreased levels of glutathione S-transferase family members
mu (GSTM1) in cerebrospinal fluid (CSF) (380) and decreased
transcript levels of GSTM3 were reported in AD-affected hip-
pocampus (58), suggesting a role for GSTs in the pathogenesis
of AD. Moreover, glutathione S-transferase omega-1 (GSTO1),
whose transcripts are down-regulated in the hippocampus of
AD patients (363), can be involved in the activation of IL1b
(336), a fundamental component in the inflammatory response

FIG. 10. Modulation of central nervous system inflam-
matory activation by neuron–glia interaction. The homeo-
stasis of the nervous tissue is maintained by a finely tuned
cross talk of glial cells and neurons. (A) Astrocytes (also
microglia) secrete growth factors and cytokines, with recip-
rocal regulation of glial cells and neurons. Inflammatory
cytokines are deemed as potentially responsible for cell
damage in neurodegenerative diseases, inducing the pro-
duction of NO $ and ROS, which appears to be responsible of
cell damage. Factors, such as TGFb, induced by inflamma-
tory stimulation, modulate the activation of glial cells toward
a protective role. (B) In aging, there is reduction on the tro-
phic support and on the modulator activity of neurons and
astrocytes. Microglial cell cytotoxic activation is increased,
with increased secretion of inflammatory cytokines, NO $,
and ROS. TGFb level is also elevated, but there are reports
indicating that its canonic transduction pathway—Smad 3—
is reduced (at least in AD patients). In addition to this in-
creased inflammatory reactivity, in aging there is an in-
creased frequency of noxius stimuli depending on hypoxia,
acidosis, and diverse forms of injury. Overall, in aged indi-
viduals, neurodegenerative processes could be facilitated by
the basal inflammatory activation and for the relative diffi-
culty of microglia to respond to the modulation by neurons
and astrocytes, or, as an alternative, by the failure of the
modulatory mechanism itself.
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involved in the pathogenesis of AD (227, 229). Since GSTO1 can
control the calcium efflux through ryanodine receptors present
in the endoplasmic reticulum (ER) of pre- and postsynaptic
terminals, it could contribute to the modulation of synaptic
transmission and structural plasticity (182).

Decrease of the GSH:GSSG ratio results in oxidation
that may induce reversible formation of mixed disulfides
between PSH groups cysteine side chains and GSH originat-
ing S-glutathionylated proteins (PSSG) of a large number of
proteins (155, 156, 324). S-glutathionylation is a reversible
posttranslational modification from which the release of GSH
can be catalyzed enzymatically by glutaredoxin (129, 579).
Redox proteomics has allowed identification of specific tar-
gets of protein S-glutathionylation in AD, including proteins
involved in glucose and energy metabolism (454). In AD,
deoxyhemoglobin, a-crystallin B, glyceraldehyde phosphate
dehydrogenase (GAPDH), and a-enolase are S-glutathionylated
(136, 138). S-glutathionylation often results in a reduction of
activity of proteins (454). For example, GAPDH that would
act as an NO$ sensor shows drastic reduction in its activity
when nitrosylated (109, 242, 610). Activity is recovered
with the addition of GSH (36). So, S-glutathionylation could
be a form of redox regulation of protein function and activity
(104, 155, 156, 324). Even more, S-glutathionylation could

serve as a temporary shield from irreversible, more dangerous
oxidation of cysteine residues (37, 155) allowing GAPDH
to resume function once the redox state normalizes. Thus,
S-glutathionylated p53 can also protect the integrity of its
sulfhydryl groups from irreversible modification that occurs
in the progression of AD, leading to permanent inactivation
(171, 664). Selective glutathionylation of p53 in AD brain
could prevent aggregate formation involved in oxidative
stress conditions and neurodegeneration (171). On the other
hand, S-glutathionylated tau undergoes rapid polymerization
in vitro. Future studies are needed to address the formation
and role of S-glutathionylated tau during neuronal oxidative
stress (176).

NADPH is essential for maintaining GSH and Trx in a re-
duced state through reactions catalyzed by GSH reductase
and TrxR, respectively (21). In AD patients, decreased Trx and
increased TrxR levels have been reported in the amygdala and
hippocampus (379). Several studies have shown that Prx (Trx
peroxidases) expression is elevated in neurodegenerative
diseases such as AD, PD, Creutzfeldt-Jakob disease, and
amyotrophic lateral sclerosis (ALS) (100, 330). Thus, it has
been suggested that Trx might play a protective role in AD,
and Trx deficit might eventually contribute to increased oxi-
dative stress and subsequent neurodegeneration in AD (379).

FIG. 11. Convergent molecular mechanisms for neuronal death in AD. Experimental models support the view that
neuron–glia interactions are crucial determinants for the induction of neuronal death in AD. Although neurons appear to be
induced to die by Ab neurotoxicity, excitotoxicity, accumulation of aggregated proteins, and impaired metabolism of cal-
cium, also glia actively participate in the generation of neuronal dysfunction and neurodegeneration. Glial deleterious
activity could be exerted by (i) exacerbating the production of oxygen radicals (oxidative stress); (ii) inducing mitochondrial
dysfunction; (iii) facilitating the formation of ubiquitinated aggregates; (iv) increasing extracellular glutamate; and (v) acti-
vating microglia and astrocytes to produce and release pro-inflammatory cytokines and other potential toxic mediators (NO $
and ROS). These factors activate several inflammatory signaling pathways, as well as other inflammatory pathways de-
pending on eicosanoids generated by COX2. EAAT2, excitatory amino-acid transporter; UPS, ubiquitin proteasome system.
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However, it is not known if increased Prx expression occurs as
a general response to nerve cell death or is a protective
mechanism elicited by disease-specific stimuli. Exposure of
cortical neurons to Ab causes a time-dependent increase in
Prx oxidation that is countered by a thiol-specific antioxidant
(137). Ab-resistant neurons not only survive exposure to high
concentrations of Ab but are also less sensitive to H2O2, in part
due to increased activity and expression of the antioxidant
enzymes GPx and CAT (551), as well as high levels of NADPH
(596). Noteworthy, nerve cells selected for Ab-resistance ex-
hibit increased expression of specific Prx isoforms that are less
susceptible to oxidative inactivation. Concomitant with en-
hanced TrxR activity, other main antioxidant enzymatic ac-
tivities such as GPx, GSSG reductase, CAT, and SOD1 were
also found elevated in regions of AD brain, where lipid per-
oxidation and protein denaturation were most pronounced.
This elevation of antioxidant enzyme status was suggested to
reflect a compensatory response to counteract increased oxi-
dative stress characterizing this pathology (379). These ob-
servations strongly support a role for nitrosative stress in the
pathogenesis of AD and indicate that the stress responsive
genes, such as TrxR, may represent important targets for no-
vel cytoprotective strategies (100).

In neurodegenerative diseases, like AD, there are often in-
creased generation of RNS and ROS, which can contribute
(discussed in section II.E) to neuronal cell injury via a series of
redox reactions. In addition, NO$ can react with cysteine
residues of target proteins to form S-nitrosothiols. A key de-
terminant of the specificity in NO$ signal transduction is the
interaction between NOS enzymes and proteins that are tar-
gets of S-nitrosylation (261). S-nitrosylation, the coupling of a
NO + moiety (nitrosonium cation, generated by the oxidation
of NO$) to a cysteine, has emerged as a ubiquitous protein
posttranslational modification. In a manner akin to protein
phosphorylation, S-nitrosylation switches the on-off functions
of receptors, GTPases, and transcription factors, among other
proteins. In that sense, cysteines are critical in driving protein
folding, metal ion chelating, posttranslational modifications,
such as palmitoylation and prenylation, and thiol-based re-
dox regulatory switches (117).

Nitrosative modifications can result in changes in mito-
chondrial function. For example, NO$ reversibly inhibits
Complexes I and IV (117), thus inducing release of ROS by
mitochondria. Nitrosative and oxidative stress can also elicit
dysfunction of mitochondrial dynamics (35, 65). Physiological
and chemical evidence shows that S-nitrosylation modulates
GTPase activity of the mitochondrial fission protein dynamin-
related protein 1 (Drp1), thus contributing to altered mito-
chondrial dynamics, synaptic damage, and eventually
neuronal death (148) as discussed on section II.C. Other ex-
amples follow: (i) The S-nitrosylation of protein-disulphide
isomerase (PDI), an enzyme assisting the maturation and
transport of unfolded secretory proteins. Its S-nitrosylation
abolishes PDI-mediated attenuation of neurodegeneration
triggered by ER stress, or misfolded proteins, or proteasome
inhibition (653), and (ii) the S-nitrosylation of ApoE, which is
discussed in section II.B, resulting in changes of its interaction
with low-density lipoprotein (LDL) receptors (1).

Oxidative damage of the brain of AD patients and AD
animal models includes peroxidation of lipids (83, 504), and
oxidation of proteins and nuclei acids (465, 466). The oxida-
tion of RNA and DNA could impair protein synthesis, DNA

repair, and transcription, and could eventually lead to cell
death (175). Furthermore, oxidation of mtDNA is *10-fold
higher than nuclear DNA (nDNA). High levels of mtDNA
oxidation could support the reported mitochondrial abnor-
malities in the AD brain, which may contribute to the increase
of O2$ - leakage, ultimately leading to elevated oxidative
stress (see section II.C), one on the new hypothesis for the
pathogenesis of AD (617, 618).

Protein carbonyls are increased in the hippocampus and
parietal cortex, the brain regions that are most severely af-
fected in AD, but not in the cerebellum, where little patho-
logical damage is found. Increased levels of dityrosine and
3-NT levels are found in hippocampus, inferior parietal
lobule, neocortical regions, and in the CSF of AD patients
(109, 610). High levels of free HNE, an a,b-unsaturated
hydroxyalkenal metabolite derived from lipid peroxidation,
are reported in amygdala, hippocampal structures, and CSF
(504). In addition, in vitro studies using Ab1–42- or HNE-
treated synaptosomes show an antioxidant-inhibited loss of
lipid asymmetry, suggesting a role for Ab and its associated
oxidative stress in the loss of lipid asymmetry and conse-
quently in neuronal loss of AD (198, 570).

Increased levels of HNE-bound proteins were also reported
in AD brain (83, 86, 489). Increased levels of 8-hydroxyaguanine
(8-OHG) have been reported in frontal cortex of familial
AD subjects (465). The elevated level of 8-OHG in RNA
of AD hippocampus correlates with the Ab load, suggest-
ing that RNA damage is an early event in AD (378, 466,
573). Markers of DNA damage like 8-oxo-7,8-dihydro-
2-deoxyguanosine (8-OHdG), 8-hydroxyadenine, and 5-
hydroxyuracil are also elevated in temporal, parietal, and
frontal cortex in AD (207). 8-OHdG is also increased in CSF
from AD patients and appears to be associated to the age-
associated decrease of hydrolytic enzymes (594).

Protein oxidation affects many proteins and lipids in AD.
However, a relatively few protein appears to be especially
relevant for the pathology (609). Several irreversible protein
modifications correspond to protein nitration and HNE
modification. During progression of AD, there is an increased
protein nitration and HNE modification that lead to decreased
enzymatic activity, especially affecting energy metabolism,
mitochondrial dysfunction, and cholinergic neurotransmis-
sion, in addition to changes on cytoskeleton components (90,
499). Several of the up-regulated and oxidized proteins in
aging are known to be oxidized in neurodegenerative diseases
as well, suggesting that these proteins may be particularly
susceptible to processes associated with neurodegeneration
(499) and can be relevant for the pathogenesis and progres-
sion of AD (87, 90).

A. Oxidative stress and progression of AD

Although the exact mechanism by which Ab produces
synaptic and neuronal loss is highly controversial, there are
reports showing that antioxidant compounds block Ab-
induced neurotoxicity in culture and in in vivo and ex vivo
AD models, consistent with a role of oxidative stress in AD
pathogenesis and disease progression (611, 710).

The important number of proteins oxidatively modified in
the MCI brain support the involvement of oxidative stress in
dysfunction of glucose utilization and oxidative-dependent
impairment leading to energy dysfunction, neuritic length,
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excitotoxicity, lipid peroxidation, cholinergic dysfunction, pH
buffering and CO2 transport, regulation of the cell cycle, APP
processing, tau hyper phosphorylation, antioxidant defense,
cell signaling, and protein synthesis (88, 529). The proteomics
to identify oxidized brain proteins show that most changes
are common for MCI, early and late AD, suggesting that
certain key pathways are triggered early and are maintained
during the progression of AD (609).

An example of a protein oxidatively modified in both MCI
and AD is provided by peptidyl prolys cis/trans isomerase
(Pin-1). In addition to its role for the cell cycle, Pin-1 also
regulates other biological functions such as protein assembly
and folding, intracellular transport, intracellular signaling,
transcription, and apoptosis (80). An additional important
function of Pin-1 in the specific case of AD is its ability to
regulate APP function (484), by regulating the production of
Ab (80, 484). Proteomics have facilitated the identification of
of other proteins oxidatively modified that are involved in
energy and glucose metabolism. The content of oxidatively
modified energy-related proteins in MCI and AD brains cor-
relates well with the decrease of glucose utilization and al-
tered activity of enzymes involved in glucose metabolism (88,
272), including oxidation of proteins involved with glycolysis
and tricarboxylic acid (TCA) cycle, and significant decreases
in TCA enzyme levels (91, 607). Positron emission tomogra-
phy (PET) studies showed that glucose uptake is reduced in
early AD brains (164, 596). Alpha-enolase, triosephosphate
isomerase, and phosphoglycerate mutase 1 are enzymes
contributing to the glycolytic pathway, and together with
ATP synthase-alpha, are common targets of oxidation in AD
brains (109, 489, 608, 610). Alteration of the function of the
above-mentioned enzymes may lead to increased production
of methyl glyoxal (MG), a small ketoaldehyde compound,
derived from triosephosphate, a glycolytic intermediate. MG
can react with lysine, arginine, histidine, and cysteine residues
and glycate them to form AGEs products and can ultimately
lead to altered structure and function of proteins (226, 707).
The proteins enolase, neuropolypeptide h3, ATP synthase,
and aldolase appear to be oxidized in brain as early as MCI
and at every stage of AD (88, 109, 489, 608, 610).

In MCI brain, there are decreased activity and levels of
enzymatic and nonenzymatic antioxidants (231), which can
lead to increased production of free radicals during the pro-
gression from MCI to AD. Coherent with a decreased anti-
oxidant activity, there are elevated protein carbonyls, protein-
bound HNE, free HNE, TBARS, and MDA and 3-NT in the
brain of MCI subjects compared to age-matched controls (88,
89, 313). MCI subjects also show high levels of isoprostanes in
plasma, urine, and CSF compared with those of healthy
subjects (406). Further, in MCI, increased oxidative damage in
nDNA and mtDNA, with increased levels of 8-OHdG,2,6-
diamino-4-hydroxy-5-formamidopyrimidine, 8-OHG, 4,6-
diamino-5-formamidopyrimidine, and 5-hydroxycytosine is
reported (679). Augmented 8-OHG, reported in cytosol of AD
brains, decreases when Ab and NFT burden increases, sug-
gesting that the oxidative damage to RNA is an early event in
the progression of AD (466). Brains from early AD patients
also show increased levels of protein nitration, indicative of
increased levels of RNS, and elevated protein-bound HNE
(530). Interestingly, it has been proposed that Ab, at low
concentrations, has protective effects (112, 342), on the basis
that Ab could be part of the antioxidant defense in conditions

of aging and disease (467). This notion is especially relevant
considering the therapeutical strategies based on decreasing
Ab levels, which could worsen the disease (492, 590).

Genes whose products participate in reducing oxidative
stress, inflammation, and accumulation of toxic metabo-
lites contain the antioxidant response element (ARE). ARE-
containing gene promoters include GST, coenzyme Q10
(Q10), NAD(P)H:quinone oxidoreductase, SOD1, TrxR, and
HO-1 [also referred to as heat-shock protein (Hsp)32], and
GPx (292, 343). The ARE promoter element is bound by sev-
eral transcription factors, being the nuclear factor E2-related
factor 2 (Nrf2) responsible for activating transcription in re-
sponse to oxidative stress. Nrf2 coordinates the up-regulation
of cytoprotective genes via ARE.

Nrf2 is expressed in both the nucleus (predominant ex-
pression) and the cytoplasm of neurons in normal hippo-
campi. In AD hippocampus, Nrf2 levels are reduced (521) and
it is not translocated to the nucleus, resulting in a significant
reduction in Nrf2 nuclear content. The opposite occurs in PD,
where Nrf2 label remains strongly nuclear in nigral neurons
(521). These findings suggest that in AD neuronal Nrf2-
mediated transcription is not induced despite the presence of
oxidative stress.

The ability of Nrf2 to up-regulate the expression of anti-
oxidant genes suggests that increasing Nrf2 activity may
provide a useful system to combat oxidative insults. In fact,
overexpression of Nrf2 in cell culture protects against oxida-
tive damage elicited by H2O2, NO$, and glutamate (170, 582),
whereas neurons from Nrf2 KO mice show an increased
vulnerability to neurotoxic insults. Boosting the activity of the
Nrf2-ARE pathway by tert-butylhydroquinone treatment or
adenoviral Nrf2 gene transfer protects against Ab toxicity, a
neuroprotection associated with increased expression of Nrf2
target genes and reduced phosphorylation of p66Shc, a mar-
ker of increased susceptibility for oxidative stress (307, 329).
On the other hand, in transgenic AD mice model APP/PS1,
the Nrf2-ARE pathway is attenuated at the time of Ab depo-
sition (307). Increasing levels of Nrf2 in the brain of aged
APP/PS1 mice significantly reduce their spatial learning
deficits (306).

Nrf2 gene transfer is associated with a robust reduction in
astrocytic, but not microglial activation and induction of Nrf2
target gene HO-1. Similarly, whereas Nrf2-ARE regulated
gene expression attenuates inflammatory responses, disrup-
tion of Nrf2 expression can result in autoimmune disease and
enhanced oxidative stress-induced inflammatory response
(360). The association between neuropathological abnormal-
ities and changes in expression of ARE-driven genes suggests
that Nrf2-ARE signaling pathway could represent an endog-
enous protective response aimed to limit oxidative neural
injury and to restore the redox-balance. Interestingly, recent
cDNA profiling studies performed in Nrf2 KO mice, and
various in vitro models have led to the discovery of several
Nrf2-dependent genes that could be implicated in neuronal
protection and survival (327, 344, 358, 359, 582).

There are additional processes that are regulated by cellular
stress responses. The brain detects and overcomes oxidative
stress by a complex system of longevity assurance processes.
Hsps are highly conserved and facilitate correct protein
folding. HO-1/Hsp32, an inducible redox-regulated enzyme
and its interplay with TrxR, appears to have an important role
in cellular antioxidant defense (96). Hsp serve as chaperones
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that bind to other proteins and regulate their conformation,
preventing protein misfolding and oligomerization, protein
movement across membranes, availability of receptor, or en-
zyme activity (497). Hsps are induced under conditions of
cellular stress (396), and have been reported in a variety of
disorders and injuries, including stroke, epilepsy, cell trauma,
aging, and neurodegenerative disease (97, 99). Molecules that
activate this defense mechanism are therefore possible can-
didates for cytoprotection (498). Some of the Hsps include
ubiquitin, Hsp10, Hsp27, Hsp32, Hsp47, Hsp60, Hsc70,
Hsp70, Hsp90, and Hsp100/105 (100, 172, 306).

Hsp response is also involved in cellular homeostasis
during brain development, brain differentiation, cell cycle,
apoptosis, growth factors action, mRNA, and protein half-life.
Hsp can also be activated by non-noxious stimuli, such as
nutritional antioxidants or acetylcarnitine. Acetylcarnitine,
through activation of the redox-sensitive transcription factor
Nrf2, and its consequent binding to the ARE in the HO gene,
up-regulates HO-1 and TrxR, thus counteracting nitrosative
stress and NO$-mediated neurotoxicity (96). Mitochondria are
specific targets of the protective effect of Hsp against oxida-
tive injury (394).

The antioxidant protein HO could sense NO$ and thus
protect against ROS and RNS insults. This notion is supported
by the fact that NO$ and NO$-related species increase HO
activity and induce HO-1 expression, and besides, that cells
pretreated with NO$-releasing molecules acquire increased
resistance to H2O2-mediate cytotoxicity in association with
HO activation (436). In fact, NO$ could act as a signaling
molecule that, by triggering expression of cytoprotective
genes such as HO-1 and Hsp70, may lead to adaptation and
resistance to subsequent more severe nitrosative and oxida-
tive stress (435). Acetylcarnitine treatment of astrocytes ex-
posed to cytokine-induced nitrosative stress restores GSH/
GSSG ratio and complex IV inhibition, an effect associated
with up-regulation of HO-1 and nuclear translocation of
Nrf-2. In in vivo experiments, GSH is a critical factor for
induction of cytoprotective Hsps (98).

Hsp60, Hsp70, and Hsp90 alone or in combination protect
against intracellular Ab stress through the maintenance of
mitochondrial oxidative phosphorylation and functionality of
tricarboxylic acid cycle. Notably, Ab inhibition of complex IV
activity is selectively neutralized by Hsp60. The combined
effect of HSPs reduces free radical burden, preserve ATP
generation, decrease cytochrome c release, and prevent cas-
pase-9 activation, all important mediators of Ab-induced
neuronal degeneration (663).

Oxidation of specific brain proteins in common for MCI
and AD indicates that certain key pathways are affected early
and become triggers for additional pathological changes, thus
affecting the progression of AD. Similarly, there are also
protective changes being induced by oxidative stress. Ex-
ploring these deleterious and protective pathways in detail
will provide clues for better understanding the pathogenesis
and progression of AD and also for the development of ef-
fective therapies to treat or delay this disorder.

B. Ab, Tau, ApoE4, and oxidative stress

1. Amyloid b. As already mentioned, the amyloid hy-
pothesis (244, 245) proposes that the deleterious effects of Ab
and amyloid plaques are the causative agent of neuronal

dysfunction and death in AD (355). The main component of
senile plaques are peptides of approximated 4 kDa, being
Ab1–40 and Ab1–42, the most abundant components. In vitro
and in vivo studies indicate that Ab1–42 is both more amyloi-
dogenic and more toxic than Ab1–40 (66, 81, 426). The self-
association of Ab is dynamically structured from monomers
passing through dimers and protofibrils to organized oligo-
meric and multimeric fibrils (167, 169, 262, 570, 574, 677).
Almost every Ab structural entity (169, 236, 244, 351, 574, 671)
can lead to the impairment of various neuronal functions
ranging from in vitro hippocampal neuron LTP (677, 681), or
synaptic pruning (94, 574) to reduced learning ability in vivo
(274, 351), and to excitotoxicity and progressive synaptic
damage and neuronal death. The progressive accumulation of
Ab adds chronic inflammatory activation to the neuronal
dysfunction (especially for some oligomeric forms of Ab). In
sporadic AD, both increased production and reduced removal
of Ab can be linked to aging, oxidative stress, and the in-
flammatory status of the nervous tissue, which can also in-
fluence neuronal function and eventually neuronal viability
(206, 669). In fact, signal transduction cascades activated by
Ab can be linked with cell injury and neurodegenerative
changes (364). However, aggregated Ab fails to show this
correlation with pathological lesions or clinical compromise
(29, 294, 517, 602). In contrast, recent evidence shows that the
level of nonfibrillar Ab appears to be directly correlated with
the severity of the pathology (386, 416), suggesting that small
Ab oligomers are the actual toxic species rather than fibrillar
Ab (667).

As many as 30% of cognitively normal individuals in their
70s have Ab plaques in their brains as revealed by PET scans,
without showing signs of cognitive impairment or dementia
(193, 431). Similarly, autopsy studies also highlight that Ab
plaques are present in cognitively normal individuals (14,
294). In an autopsy-based cross-sectional study, it was found
that Ab plaques accumulated before the development of
cognitive impairment; thereafter, the amount of Ab in the
brain remained nearly constant and was similar across a wide
range of patients showing different clinical severity. In con-
trast, atrophy, neuronal and synaptic loss, and tangles in-
crease with severity of illness (94, 570, 667).

Three broad types of plaques can be recognized. The first
type is nonamyloid Ab-deposits, which can be further dis-
tinguished as diffuse and focal. The other two have amyloid
structure (i.e., Congo red or thioflavin S positive), a focal type
of deposits and the neuritic plaque, which is surrounded by a
neuritic corona of neurofibrillary degeneration. In addition,
other categories can be recognized depending on structure,
morphology, and staining [for a detailed description, see (184,
632)]. Diffuse Ab-deposits are poorly immunoreactive and ill-
limited. There is no association with glial cells and show no
inflammatory activation. Thus, diffuse plaques appear to be
associated to the aging process and have no correlation with
AD. In contrast, in neuritic plaques, the focal deposit consti-
tutes the core, which commonly shows microglia directly
associated with it. Indeed, focal deposits with and without
amyloid aggregation (234) are associated with morphologi-
caly activated microglia (19), which is a hallmark of AD pa-
thology (217, 577), although this point is not devoid of
controversy (555). The corona surrounding the Ab deposit
contains neuritic and astrocytic components. Neuritic plaques
are always associated with congophilic deposits (420). This
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characteristic could depend either on the fact that microglia
themselves are necessary for the transformation of the diffuse
deposit into amyloid (691) or because the amyloid confor-
mation is what activates microglia. Furthermore, it is unclear
if amyloid plaques originate from diffuse plaques or if they
arise by independent pathways (568, 599, 705).

There are also other special plaques, like the cotton wool
plaque, formed by N-truncated Ab (423); the inflammatory
plaque, characterized by a strong microglial reaction, sur-
rounding an amyloid core without Ab reactivity, observed in
PS1 mutations (580); and the vascular deposits of Ab in the
vessel walls, of the hereditary cerebral hemorrhages Dutch
type, related to a mutation of the APP gene (354). It should be
emphasized that plaques are not pathognomonic of AD. They
have been described in chronic head trauma (297, 464) and
prion disease (478), and they can be also observed in cogni-
tively normal population, and MCI population (23, 68, 505),
although the density of neuritic plaques and of NFTs is, on
average, higher in early AD cases than in MCI patients (43,
221). The major difference of Ab deposits found in AD is their
distribution (22, 68, 633). In cognitively normal individuals,
parenchymal and vascular Ab deposits are usually restricted
to the cerebral cortex, the basal ganglia, the thalamus, and the
hypothalamus. In contrast, in AD patients, Ab deposits are
found in the midbrain, brain stem, and cerebellum, in addi-
tion to the brain regions potentially affected in cognitively
normal individuals (633, 634).

Some propose nowadays that AD can be a two-stage pro-
cess, in which Ab initiates a cascade of early damage, which
when progresses, becomes independent of Ab. This in-
dependence of Ab would explain the mild efficacy of thera-
pies targeting Ab after AD is well established, because in this
later stage biological processes like calcium elevation, calci-
neurin and caspase activation, mitochondrial dysfunction,
impairment of axonal transport, neuronal impairments, and
inflammation predominate (333). An alternative view held by
others is that once Ab has aggregated in plaques, the damage
to the brain is done, and cannot be reverted. Furthermore,
plaques represent a source of persistent insult for the brain
(either by its mere presence, by its effect on neuroinflamma-
tion and oxidative stress, or by being a source of soluble
oligomers). Under this view, even if the downstream effects of
plaques are targeted therapeutically, if the plaque is not
neutralized, the insult persists and the therapy fails to be ef-
ficacious (669, 671, 672). In this way, depending upon the
hypothesized pathogenic process of AD, the plaque has a
different meaning for a therapy to be effective.

Although the mechanism of damage induced by Ab re-
mains elusive, there is evidence suggesting that oxidative
stress is at least partially responsible for Ab-induced damage
(Fig. 12), as it appears to be a mechanism shared with several
neurodegenerative diseases (215, 218, 456, 596). In particular,
markers of oxidative stress in AD brains co-localize with Ab
plaques (477, 591), situation also observed in animal AD
models (591).

It has been reported that Ab exerts toxicity that correlates
with the generation of cellular H2O2 (41), and becomes abol-
ished by activation of SOD (639), O2

$ - /H2O2 scavengers (73),
and vitamin E (247). Conversely, oxidative stress increases Ab
levels (707), implicating the perpetuation of the damage in-
duced by oxidative stress. One current controversy is whether
or not Ab fibrils are required for toxicity. Interestingly, oxi-

dative stress significantly precedes the appearance of Ab
plaques and neurofibrillar tangles in AD brains (427, 429).
However, in vitro studies indicate that exposure to aggregate
Ab leads to cytotoxicity due to calcium influx and the in-
duction of oxidative free radical damage (409). Several dif-
ferent hypotheses have been proposed to explain this toxic
effect, including the formation of ion channels in cell mem-
branes (516), the spontaneous fragmentation of Ab to generate
peptidyl radicals, and the direct formation of H2O2 by
Ab (623), by mechanisms at least partially dependent on a
Fenton-type reaction (276).

Respiratory burst of microglia is triggered by several fac-
tors, and Ab also appears to be a potent trigger, indirectly
contributing to oxidative stress (119). Ab is partly targeted to
mitochondria and, under pathologic conditions, appears to
induce mitochondrial dysfunction and oxidative stress. Oxi-
dative stress, in turn, can induce proteins to adopt insoluble b-
pleated sheet conformations. Some authors propose that Ab is
not toxic in absence of redox metal ions (277). Because Cu and
Fe are required for electron transport, their chelation could
inhibit indirectly oxidative phosphorylation. Accordingly,
in vitro studies show that chelation of Cu and Fe inhibited the
formation of ROS (77, 263, 589). Thus, the oxidative damage of
Ab would be linked with the presence of redox metals, Cu, Zn,
and Fe abundant in mitochondria. Ab has unusual high
affinity for both transition metal ions Cu and Fe and has the
capacity to reduce these metals and, subsequently, produce
H2O2 (134) and OH$ (232). These readicals will contribute to
the generation of oxidized amyloid, cross-linked forms of Ab,
which in turn, will promote the oligomerization of monomer
Ab and the formation of insoluble precipitates. Precipitates, in
turn, will sequester the ions that enable their aggregation (76,
178, 252, 278). Subsequent extracellular secretion of metal-Ab
complexes would give rise to insoluble Ab plaques, which
presumably would promote microglial cell cytotoxic activa-
tion and invasion. In turn, aggregated Ab triggers ROS pro-
duction by microglia, thereby potentiating deposition of Ab.
Both Ab plaques and NFTs are enriched in Zn, Cu, and Fe.
Furthermore, Fe, by activating the Fe-response element (IRE)
in the 5¢ UTR of APP mRNA, or by modulating the activity of
a-secretase, can promote the generation of Ab (543). In con-
cordance with those observations, concentration of metal
ions, such as Fe, Zn, and Cu, are markedly elevated in AD
patient brains, particularly in those areas most severely af-
fected (76). Hence, Ab aggregation and oxidative stress ap-
pear to be potent reinforcing phenomena (278).

Cu(II) is known to bind to Ab with a high affinity via
histidine and tyrosine residues (281). Cu(II) promotes Ab-
dependent neurotoxicity by promoting the formation of H2O2

(134) and influencing its aggregation. Moreover, Cu–Ab pro-
duces$OH (232), at least partly by inducing conformational
changes that enable SOD-like activity (111). Furthermore, Cu
appears to play a role in generating ROS through its binding to
APP, which reduces Cu(II) to Cu(I) through an electron-trans-
fer reaction that could enhance the production of$OH (722).

The role of Zn in the etiology of AD is very intriguing.
Several reports indicate that Zn in micromolar concentration
inhibits Ab-induced toxicity (134, 212). The exact mechanism
of the protective effect of Zn against Ab toxicity is unclear;
however, one of the hypotheses is that Zn competes with Cu
(or Fe) for Ab binding. Binding of Zn changes Ab conforma-
tion and Cu ions cannot reach its metal-binding sites.
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Despite the overwhelming correlations between oxidative
stress and Ab, the fine tune mechanism is still a matter for
active research. In addition, Ab-induced oxidative stress and
neurotoxicity can involve methionine-associated formation of
ROS (82). Finally, there are also reports that Ab can increase
oxidative stress through its effects on mitochondria, which
will be described in the next section.

2. Tau. The hypothesis stating that tau pathology causes
AD has been the main alternative to the amyloid hypothesis
(440). As mentioned, intraneuronal tangles containing hy-
perphosphorylated tau are a hallmark of AD pathology (328)
and tau has been considered a mediator for Ab cytotoxicity
(588). Tau is a protein that binds to tubulin, stabilizing mi-
crotubules (MTs). In AD, tau is abnormally phosphorylated,
resulting in its aggregation as NFTs, which are toxic to neu-

rons. Cytotoxic activation of microglia may also participate in
tau phosphorylation and formation of NFTs (223). Never-
theless, as mentioned for Ab plaques, neurofibrillar tangles
are also present in various kinds of dementia besides AD (243,
283), suggesting that they are, more than a cause of neuro-
degenerative disease, a sign of degenerative changes.

The toxicity of tau aggregates depends on the loss of
physiological functions and the gain of pathological functions
(213, 382). In the first case, tau aggregates are unable to bind
and stabilize MTs, while in the second, soluble oligomeric tau
appears to be more toxic than aggregated tau (48). Early tau
oligomers appear to be constituted by highly phosphorylated
or truncated tau (724). Tau oligomers are rich in b-sheet
structures and promote formation of fibrils once they reach a
size of 20 nm (392). In AD, during the transition of an un-
folded conformation to the aggregated state, formation of

FIG. 12. Induction of oxidative stress by Ab. Ab accumulation may be secondary to specific mutations of APP or c
secretase (presenilin-1), one of the enzymes processing APP, in familial AD, or may be due to the presence of apolipoprotein
E4 (not indicated in the figure) or another undefined cause in case of sporadic AD, which could result in an increase of
production or a reduction of the removal of Ab. Ab can promote cellular alterations, including increased ROS production,
perturbed energy and calcium homeostasis, intracellular (and extracellular) protein aggregates, and activation of apoptotic
cascades. These effects are additives to the age-related increases in oxidative stress, metabolic compromise, DNA instability,
and ion homeostasis dysregulation to disrupt neuronal integrity, thereby resulting in synaptic dysfunction and cell death. In
addition, although not shown in this figure, changes in glial cell homeostasis occur and contribute to inflammatory processes,
oxidative stress, and excitotoxicity. ETC, electronic transfer chain; I (1,4,5)P3, inositol 1,4,5-trisphosphate; JNK, c-Jun N-
terminal kinases/stress-activated protein kinase; mtDNA, mitochondrial DNA; P38 MAPK, P38 mitogen-activated protein
kinases.
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oligomers plays a key role in the formation of intracellular
aggregates of tau. In vitro assays suggest that tau oligomeri-
zation is required for stabilization of MTs through neuronal
development (398) and oligomers act as an electrostatic zipper
during MT stabilization (545). Furthermore, tau oligomers
appear to be able to induce neurodegeneration and memory
impairment in the absence of Ab plaques (311, 425, 552).

Other factors also affect tau aggregation. Pin-1, one of the
proteins we mentioned that is oxidized in AD, regulates the
function of proteins involved in cell cycle regulations such as
cell cycle-dependent protein kinase 5, which is involved in the
phosphorylation of tau and the genesis of NFTs via its action
on both kinases and phosphatases (80). Thus, decreased levels
and oxidative dysfunction of Pin-1 could promote tangle
formation and Ab production and lead to neuronal dysfunc-
tion (80, 88, 608).

Acting together, increased calcium concentration, oxidative
stress, and mitochondrial dysfunction induced by Ab plaques
(333) can activate two interactive cell effector systems, calci-
neurin and caspases (154). One of the targets of caspases is
calcineurin, generating a constitutively active form of the
enzyme. Activated caspases also cleave tau, generating a
shortened molecule that aggregates and also can lead to cal-
cineurin activation, oxidative stress, and mitochondrial dys-
function, as it will be discussed in the next section.

Oxidative modification and altered function of tau can af-
fect cytoskeleton protein properties that are crucial for
maintaining neuronal structure, connections, and axonal
transport, which in turn could also contribute to the reported
loss of synaptic and neuronal structural integrity in AD brain
(597). Cytoskeleton proteins are also oxidatively modified in
in vitro and in vivo Ab models of AD, suggesting again that Ab
could have a role in triggering the oxidation of these proteins
and in the consequent development or progression of AD (66).

3. Apolipoprotein E4. ApoE is the major component of
lipoprotein particles in the brain that mediate transport of
cholesterol and other lipids between neurons and glial cells.
The only difference among various ApoE isoforms is the
number of cysteine residues (two in ApoE2, one in ApoE3,
and none in ApoE4) that may serve as potential targets for S-
nitrosylation. Data reported by Abrams et al. (1) suggest that
S-nitrosylation of ApoE3 can result in changes of its binding
and/or substrate specificity for LDL receptors. However, the
authors also note that direct measurement of binding affinities
is still missing (1). S-nitrosylation affecting ApoE3 can be in-
volved in regulating lipid metabolism and play important
roles in the pathogenesis of neurodegenerative disorders such
as AD and PD (148, 153, 653).

Among the several potential risk factors for AD, the most
consistently associated risk gene is ApoE (294). This suggests
that cerebral lipid metabolism may be involved in the path-
ogenesis of AD. Individuals with two ApoEe4 alleles have a
more than seven times increased risk of developing AD
compared with those with ApoEe3 and ApoEe2 alleles. How
ApoE4 increases the incidence and lowers the onset age of AD
is not well understood. ApoE4 could be more vulnerable than
other isoforms to degradation, limiting lipid mobilization for
neuronal repair, neuroplasticity, and cognitive reserve in re-
sponse to the neurodegenerative process (2); b-amyloid
clearance is less efficient, and deposition of the neurotoxic
peptide more pronounced in the brains of aging e4 carriers

(44). The O2-mediated interaction between ApoE4 and soluble
Ab peptides suggests that the reaction of tissue O2 with
ApoE4 may catalyze oxidative changes of nonaggregated Ab,
a process that is normally slow and results in formation of
aggregates (246). Thus, when H2O2-induced microglial cell
activation occurs, as observed in neuroinflammatory activa-
tion, the time required to complete the transformation is re-
duced. Also, it has been proposed that enhanced formation of
C-terminal-truncated fragments of ApoE4 stimulates tau hy-
perphosphorylation and formation of NFTs (246). ApoE4 has
been linked with increased levels of LDL and as a risk factor
for cardiovascular disease, with increased levels of athero-
sclerosis (188, 225), which could have detrimental effects on
brain function through decreased blood flow and altered
metabolic properties (246). Indeed, ischemia and hyperten-
sion-related vascular lesions are more frequent in e4-positive
patients (166), which can contribute to an altered oxidative
stress environment. Nondemented ApoE4 patients show a
similar regional pattern of hypometabolism before the onset
of disease that correlates with changes seen in the AD brain,
suggesting that an ApoE-related decrease in brain metabolism
could contribute to development of AD (531, 532, 587). Fi-
nally, ApoE genotype may indirectly impact patterns of pro-
tein synthesis in AD by influencing the expression of
microRNAs (561). In AD, there is up-regulation of micro-
RNAs that correlates with down-regulation of target genes
grouped in functional categories like synapse activity, tran-
scription, redox homeostasis, and DNA damage (393, 561).

C. Mitochondrial impairment, mitophagy,
and oxidative stress

In neurons, synaptic transmission, cellular remodeling, and
cell death are processes tightly associated with mitochondrial
function (445, 565). On the other hand, mitochondrial dys-
function, oxidative stress, and cellular death are common
denominators in many neurodegenerative diseases (371). The
mitochondrial cascade hypothesis proposes that the life span
of mitochondria is finite and, when it is overpassed, mito-
chondrial functions are impaired; this propasal offers inter-
esting insight for understanding the biochemical, histological,
and clinical features of AD (619). Evidence supporting this
hypothesis is multiple and include altered morphology, de-
pressed metabolic activities, and the release of mitochondrial
pro-apoptotic protein in both animal models and cell culture
assays of neurodegeneration (Fig. 13) (164, 428). Electron
microscopy analysis of mitochondria in AD brains revealed
significant morphological alterations (27). Mitochondria are
vital organelles and the main energy source for cells; they are
also critical regulators of intracellular Ca2 + level, and cell
death (194, 713). Nevertheless, they are also one of the main
intracellular sources of ROS (350). Overexpression of mito-
chondrial uncoupling proteins would reduce production of
ROS and would provide neuroprotection (122, 315, 408, 612).
However, a direct link between respiratory uncoupling and
these two activities has not been conclusively provided (296).

For neurons to generate the large amounts of energy they
require, mitochondria undergo fission and fusion (referred as
mitochondrial dynamics) to generate smaller or elongated
organelles (684). Normal mitochondrial fission and fusion
facilitate biogenesis of mitochondria, repair of defective
mtDNA, and redistribution of mitochondria to sites requiring
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high-energy production (141, 203, 325). The complex mor-
phology of neurons adds additional complexity to mito-
chondria dynamics, which should be moved into different
neuronal regions for satisfying local demands of energy and
calcium buffering. Indeed, mitochondria are highly mobile in
neurons and become abundant in neuronal segments with
high metabolic demands such as active growth cones and
synapses (305), where mitochondrial biogenesis is particu-
larly required for synaptic transmission and maintenance of
synaptic structure (141, 357, 365, 388). The dynamic balance of
mitochondrial fission and fusion not only controls mito-
chondrial morphology, length, size, and number but also
regulates mitochondrial function and distribution, having
profound impact on neuronal function (139, 684). In AD,
mitochondria accumulate in the somata and are reduced in
neuronal processes of some neuron populations (684) likely
contributing to the observed synapse dysfunctions. Impaired
mitochondrial dynamics is manifested in altered mitochon-
drial morphology and reduced cell bioenergetics and thus
contributes to neuronal injury in many neurodegenerative
disorders, including AD, PD, and Huntington’s disease (HD)
(35, 65, 325). Mitochondrial abnormalities correlate with
dystrophic neurites, the loss of dendritic branches, and the
pathological alteration of the dendritic spines in brains of AD
patients (28, 619, 620).

The mitochondrial cascade hypothesis establishes that in
sporadic AD, Ab deposition, NFT formation, and neurode-
generation may be consequences of mitochondria mal-
functioning. Mitochondrial fragmentation is an early event
during apoptosis that precedes cytochrome c release and
caspase activation (201). Excessive mitochondrial fission is
correlated with increased ROS production (684, 685, 716), but
there is no total agreement on what causes mitochondrial
malfunction in sporadic AD. It is possible that accumulation
of oxidative stress-induced mtDNA damage during aging
and subsequent mitochondrial dysfunction may serve as a
trigger. There is increased oxidation in both mtDNA and
nDNA in frontal, parietal, and, especially, in temporal lobes of
AD cases compared with age-matched controls, with a 10-fold
predominance of mtDNA oxidation over nDNA oxidation
(680). There are also mtDNA mutations associated with in-
creased incidence of AD (128). It has been found that AD
brains show increased unique mtDNA mutations compared
with control cases. These mtDNA mutations are enhanced in
an age-dependent fashion and preferentially occur in mtDNA
regulatory elements, such as the control region (128).

Therefore, in neurodegeneration, abnormal mitochondrial
morphology is frequently observed (27, 265, 684), and patients
in early stage of AD exhibit declining mitochondrial energy
metabolism and ATP production (366, 526, 686). Posttransla-
tional modification of mitochondrial fission and fusion pro-
teins contributes to altered mitochondrial dynamics.
Phosphorylation, ubiquitination, sumoylation, and proteo-
lytic cleavage of the mitochondrial fission protein Drp1 (also
referred as DLP1), which is found in AD brains (148, 684),
regulate mitochondrial fission by affecting its activity in cul-
ture (140, 448, 688, 711). Excessive accumulation of nitrosative
stress triggers abnormal mitochondrial morphology in brains
of neurodegenerative patients via S-nitrosylation of Drp1
(148). Exposure of neurons to aggregated Ab25–35 induces an
acute impairment in mitochondrial axonal transport (550) and
striking mitochondrial fragmentation before neuronal de-

mise. In fact Ab is associated to S-nitrosylation and hyper-
activation of Drp1 (148), which leads to mitochondrial
fragmentation (684, 685), bioenergetics impairment, and
synaptic damage in cell models of AD (449). Besides, Ab
treatment is associated to abnormally distributed mitochon-
dria (35, 685), suggesting that Ab may trigger excessive mi-
tochondrial fission in AD patients, which can lead to an
increase in NO$. Ab-induced axonal and dendritic swelling
and Ab-decreased axonal transport in hippocampal neurons
(572) can contribute to altered mitochondrial distribution.
Other studies also suggest that overexpression of APP and
treatment with amyloid-beta-derived diffusible ligands in-
duce mitochondrial fragmentation and abnormal distribution
without cell death (684, 685), suggesting that Ab-induced
abnormal mitochondrial dynamics may play a role at early of
AD pathogenesis. In fact, synaptic dysfunction is one of the
early and most robust correlates of AD-associated cognitive
deficits (684).

Ab inhibits enzyme complex IV, a major source of ROS
generation, even in in vitro preparations lacking biological
membranes (105). In vivo, Ab interacts with several proteins
belonging to the outer mitochondrial membrane and affects
the transport of nuclear-encoded mitochondrial proteins, such
as subunits of the electron transport chain complex IV, as well
as inner mitochondrial membrane and mitochondrial matrix
proteins. Reduction of the complex IV reduces the amount of
hydrogen that is translocated, thus lowering mitochondrial
membrane potential. These events cause abnormal mito-
chondrial electron activities, resulting in the reduction of
complex V activity, the decrease in ATP levels, and the in-
crease in ROS generation [reviewed in (186)]. The 50% inhi-
bition of complex IV by Ab is, likely, the cause for a similar
reduction in ATP generation. However, inhibition of the re-
spiratory chain and depletion of ATP could result in oxidative
stress through the production of ROS from electron leak at
complexes III and I or through the previous formation of ROS
damage complex IV. Moreover, ROS induce peroxidation of
mtDNA and mitochondrial lipids. The complex of Ab bound
to alcohol dehydrogenase changes mitochondrial membrane
permeability and reduces activities of respiratory enzymes,
exacerbating ROS production and leading to mitochondrial
failure. As already discussed, Ab binding also activates Fis1
(fission protein) and promotes increased mitochondrial frag-
mentation, and favors the opening of the mitochondrial per-
meability transition pore (PTP) (186).

As we age, we accumulate wear-and-tear from oxidative
mitochondrial damage, especially accumulation of toxins that
reduce cell metabolic activity, favoring neurotoxicity and
ROS-induced oxidative stress. This triggers the 3-R response
(Fig. 14) characterized by Reset of neurons trying to repair
themselves by manufacturing Ab, which behaves as a sig-
naling molecule that reduces energy production; removal of
neurons by undergoing programmed cell death when faced
with oxidative stress; and replacement of cells that faced with
metabolic stress undergo cell division (619). Neurons, how-
ever, are terminally post mitotic and die if they try to divide.
In fact, one of the proposed mechanisms for the generations of
NFTs (others are discussed in the previous section) is this
attempted remodeling of the cytoskeleton, furthering neuro-
nal dysfunction (179).

Mitochondria are both source and target of ROS, because
an important part of oxidative damage occurs near the site of
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their production (658). Exposure to high levels of oxidants,
especially in presence of calcium, can also induce the opening
of the mitochondrial PTPs, a voltage-sensitive, nonselective
ion channel that opens between the mitochondrial matrix and
cytoplasm (126, 719). The opening of the mitochondrial PTPs
appears to be a mediator of cell death due to an inhibition of
the electron transport chain. This in turn results in oxidative
stress and increased leakage of Ca2 + currents that induce
apoptosis, by the release of cytochrome c (264, 300). In situ
hybridization to mtDNA, immunocytochemistry of cyto-
chrome c oxidase (Cyt-c), and electron micrographs of brain
biopsies confirm that mitochondrial abnormalities are present
in AD brains (110, 265). These studies also show that in AD
patients, neurons with increased oxidative damage had in-
creased levels of mtDNA and Cyt-c in the cytosol, which
correlated with the significantly reduced number of mito-
chondria in these tissues.

In some AD cases, decreased Cyt-c activity was accompa-
nied by increased free-radical generation and reduced energy
metabolism (27, 265, 370). Analysis of mitochondria, isolated
from platelets of AD patients, showed a decrease in Cyt-c
activity and in ATP levels, associated with an increase in
ROS (101). In transgenic AD mice with mutations of the
mitochondria-specific antioxidant enzyme MnSOD, the par-
tial enzymatic deficiency of mitochondrial MnSOD exacer-
bated AD phenotype, increasing amyloid deposition (356),
tau phosphorylation (419), and accelerating behavioral im-
pairment (192). Conversely, MnSOD overexpression attenu-
ated the AD phenotype (183).

Inhibition of the electron transport chain (208) or en-
hancement of beta secretase (BACE) activity induced by oxi-
dative stress (626) increases APP processing toward
production of Ab, strengthening the notion that not only Ab
lays at the origin of AD. Distinct mitochondrial enzyme

FIG. 13. Oxidative stress and mitochondrial failure. As part of an Ab-centered scheme, Ab either interacts with membrane
receptors or crosses the cell membrane and enters the mitochondria, affecting its stability and inducing the production of ROS and
RNS. The mitochondrial-binding target for Ab has been identified to be alcohol dehydrogenase. Their peroxydative attack on cell
and organelle membrane lipids yields the mitochondrial toxins HNE and malondialdehyde. Oxidative damage of membrane-
bound, ion-specific ATPases and stimulation of calcium (Ca2 + ) entry mechanisms (e.g., NMDA glutamate receptors, MAC of
complement, and ion-selective amyloid pore formation) cause cytosolic and mitochondrial Ca2 + overload. Ab directly attacks
electron transport complex IV (Cyt-c) and a-ketoglutarate and pyruvate dehydrogenase, which are key enzymes of the Krebs-
cycle, and damages mtDNA. Lipid peroxidation products also promote tau phosphorylation and aggregation, which in turn
inhibit complex I. Exaggerated amounts of ROS and RNS are generated at complexes I and III. As the mitochondrial membrane
potential collapses and permeability-transition pores (wm) open, caspases are activated. Ab also induces the stress-activated
protein kinases p38 and JNK, as well as p53, which are further linked with inflammatory activation and apoptosis. MAC,
membrane-attack complex; NMDAr, glutamatergic N-methyl D-aspartate receptor.
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deficiencies have been reported in AD brains, including de-
creased activity of pyruvate dehydrogenase complex and the
enzymatic step linking the glycolysis metabolic pathway to
the citric acid cycle (490, 709). As mentioned in section II.A,
glucose metabolism impairment is part of the constellation of
mechanisms involved in the pathogenesis of AD.

Interestingly, decreasing tau levels prevented deleterious
Ab-induced effects in hippocampal neurons (675). Notably,
Ab injections amplify tau pathology (64, 224), whereas ab-
sence of tau abolishes Ab toxicity (288, 289), indicating that
mitochondria show enhanced vulnerability toward Ab insult
in tau transgenic mice (162, 185), and suggesting the existence
of a synergistic action of tau and Ab pathologies. When ex-
pression of truncated tau was combined with Ab at sublethal
concentrations, a decrease in moving mitochondrial popula-
tion (401, 637), a decrease in oxidative stress levels, and an
enhancement of Ab-induced mitochondrial potential loss
were observed in neurons (514).

It is also proposed that reduced cell energy promotes tau
phosphorylation in both sporadic and autosomal dominant
AD (618). Accordingly, induction of tau phosphorylation is
produced by prolonged fasting, complex I inhibition, carbon
monoxide (CO) inhibition, mitochondrial uncoupling, and

hibernation (state associated with mitochondrial uncoupling)
(189, 621, 708). Tau may also contribute to mitochondrial
fragmentation in AD brains. Tau is an in vitro substrate for the
mitochondria caspase-3 (152, 209). Caspase-cleaved tau and
tau truncated at Asp-421 to mimic caspase cleavage (T4C3)
induced mitochondrial fragmentation and mitochondrial fis-
sion in a calcineurin-dependent manner (515). The expression
of caspase-cleaved tau fragments in neurons can impair mi-
tochondrial function, leading to changes in mitochondrial
membrane potential, dysregulation of mitochondrial calcium
level, mitochondrial integrity, and increase in mitochondrial
O2

$ - (515). Conversely, it has been shown that antioxidant
treatments inhibit glycogen synthase kinase 3b, the major
kinase for tau phosphorylation (624), and that MnSOD over-
expression can reduce tau phosphorylation back to normal,
indicating the role of mitochondrial O2

$ - in tau dysfunction
and, by extension, in AD.

Ab and NFTs induce deficits in the function of the respi-
ratory chain: acting independently as well as synergistically
on mitochondrial dysfunction—dysfunction that is intrinsi-
cally tied to oxidative stress. Both events occur early in aging
and in the pathogenesis of aging-related neurodegenerative
diseases. In triple transgenic mice (triple AD) that combine

FIG. 14. Histopathological lesions of AD according to the view of the mitochondrial cascade hypothesis. Mitochondria
serve different function as the individual ages, regulating cell proliferation, differentiation, and senescence. In agreement with
this specific functions, production of ROS, as well as mutations in the mtDNA and nDNA, will increase as the individual
ages. Mitochondrial dysfunction initiates compensatory events that result in the neurodegenerative sequel of AD. These
compensatory responses will result in the formation of Ab plaques and neurofibrillary tangles, and eventually will lead the
cell into neurodegeneration. G2-M arrest, arrest of the cell cycle during the gap between DNA synthesis and mitosis; nDNA,
nuclear DNA. Bold arrows indicate the aging process.
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P301L tau transgenic pR5 mice and APPswPS2N141I double-
transgenic APP152, it was possible to determine functional
consequences of the combined Ab and tau pathologies. Pro-
teomic and functional analysis showed deregulation of 24
proteins of which one-third were mitochondrial proteins
mainly related to complexes I and IV. Deregulation of com-
plex I was tau dependent, whereas deregulation of complex
IV was Ab dependent. Synergistic effects of Ab became more
robust as animals aged (538). A similar synergistic effect of
aging and Ab pathology was also observed in double Swedish
and London mutant APP transgenic mice. Pronounced mi-
tochondrial dysfunction in adult Thy-1 APP mice, with re-
duction of mitochondrial membrane potential and reduced
levels of ATP, was already observed at 3 months of age, when
elevated intracellular, not extracellular, Ab deposits are
present. Mitochondrial dysfunction was associated with
higher levels of ROS, an altered Bcl-xL/Bax ratio, and re-
duction of complex IV activity (251). Aberrant expression of
proapoptotic molecules probably contribute to neuronal loss
in the late stages of AD pathology. Up-regulation of mito-
chondrial apoptotic molecules, including Bax and other pro-
apoptotic members of the Bcl-2 familiy, is observed in AD
(323, 391, 446). It has been proposed that mitochondrial pro-
tection and reduction of oxidative stress are important com-
ponents of a neuroprotective treatment (352). Addition of Vits
C and E effectively scavenged intracellular Ab-mediated ROS
generation, but was less effective in protecting the activity of
oxidative phosphorylation enzymes and ATP generation
(663). These data argue that Ab directly interferes with oxi-
dative phosphorylation resulting in oxidative stress.

In addition, Ab appears to inhibit directly or indirectly key
mitochondrial enzymes in the brain and isolated mitochon-
dria, such as Cyt-c (107, 250, 527). It also reduces the activity of
the respiratory chain (102, 488), pyruvate dehydrogenase, a-
ketoglutarate dehydrogenase, and decreasing NADH, and,
when entering the mitochondria, compromises mitochon-
drial function by inactivation of MnSOD, with subsequent
increase of reactive species (13, 335). Other proposed target for
Ab is the PTP (105, 106). Additionally, a mitochondrial
dehydrogenase/reductase, the amyloid-b peptide alcohol
dehydrogenase (ABAD), that interacts with Ab has been
identified (400). Interactions between mitochondrial functions
and Ab were also validated in AD patient brains and in a
transgenic mouse model overexpressing APP/ABAD, which
also has elevated levels of oxidative stress and impairment of
memory (387). In vitro, it has been shown that Ab impairs
mitochondrial movement inside dendritic spines (549) in
cultured hippocampal neurons (550).

1. Mitophagy. Mitophagy is the specific autophagic
elimination of mitochondria. Autophagy is discussed in sec-
tion II.F. The fact that mitochondria are central to the cell
death process has also relevance for autophagic cell death,
specifically in relation to the process of mitophagy (264, 445,
643). Mitochondrial damage can induce selective mitophagy
(712), but beyond quality control, to remove damaged mito-
chondria is also a normal constitutive process, being required
for steady-state turnover of mitochondria (625), for the
adjustment of mitochondrion numbers to match changing
metabolic requirements (322), and during specialized devel-
opmental stages in mammalian cells, such as during red blood
cell differentiation (334, 567). However, it is not well under-

stood how mitophagy is able to selectively target mitochon-
dria, and whether mitophagy is beneficial or detrimental for
cells under pathological conditions. In mammalian cells (650),
mitophagy is preceded by mitochondrial fission (693), which
divides elongated mitochondria into pieces of manageable
size for encapsulation and also serves as quality control of
damaged mitochondria for selective removal by mitophagy.

D. Neuroinflammation and oxidative stress

Neuroinflammation is a choreographed process involving
numerous cells, including neurons, astrocytes, macrophages
(mainly microglia), and lymphocytes. In contrast to the clas-
sical inflammation involving the peripheral immune system
(hot, painful, swollen, and red being its key features, reflecting
intense vascular reactivity), neuroinflammation is defined
mainly by the activation of microglia and astrocytes, as well as
by the increased levels of many molecular mediators, in-
cluding cytokines like IL1b, TNFa, and TGFb, all of which
increase with aging (248, 414, 669, 674). Microglial cell cyto-
toxic activation and elevated levels of inflammatory cytokines
further induce the secretion of more cytokines and ROS (674).

Herrup proposes that age-dependent changes gradually
take their toll on the brain (260, 674), changing, among several
things, glial cell reactivity (669). Under those conditions,
stimulatory event or injury will be capable of initiating the
disease process. The injury triggers a protective response, but
the age-related impairment of normal homeostatic mecha-
nisms determines persistance of responses, associated, for
example, to a robust induction of oxidative stress that deter-
mines progression of degenerative changes (260, 669).

Neuroinflammation emphasizes crosstalk between neu-
rons and glia and establishes a complex interaction with oxi-
dizing agents through redox sensors localized in enzymes,
receptors, and transcription factors. The redox status modu-
lates the participation of cytokines in signaling processes,
which are critical mediators of oxidative stress, neuroin-
flammation, and neurodegeneration in the CNS (314, 439).
Oxidative stress, in turn, results in increased inflammatory
cytokine production. Additionally, neuroinflammatory cyto-
toxic activation induces oxidative changes, creating a vicious
cycle between oxidative stress and neuroinflammation
[comprehensive review in (544)]. This close relationship be-
tween neuroinflammation and altered redox state has physi-
ological implications in the maintenance of the cellular
homeostasis and survival (557).

Neuroinflammation, whereas cause or consequence of
neurodegeneration, can be visualized as a consequence of
oxidative stress, depending on its various origins (534).
Neuroinflammation promotes increased formation and ag-
gregation of Ab and NFT. Increased Ab plaque and NFT then
exacerbate inflammatory stress, establishing a dysregulated
activation cascade with a positive feedback loop that rapidly
and irreversibly progresses toward cytotoxicity (649). Besides,
microglial activation combined with impaired ability to cope
with increased oxidative stress in the aging brain becomes
deleterious (121), producing a free-radical-mediated oxidative
stress that results in neuronal injuries (61).

In the 1990s, findings of activated complement factors,
cytokines, and a wide range of related receptors in the brain of
AD patients led to the concept of neuroinflammation and the
inflammation hypothesis for AD, which states that the innate
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immune response of the brain is likely to be involved in the
pathology of degenerative diseases of the CNS (57, 455,
674). This new pathogenic mechanism determined the re-
consideration of the role of Ab aggregation in the pathology of
AD at least for some groups, which considered glial cells to be
a leading factor for this disease (669). However, for most sci-
entists studying AD who adhere to the amyloid hypothesis,
neuroinflammation is still considered as a consequence of the
activation of microglia by Ab, which initiates an inflammatory
cascade, leading to degenerative changes of neurons (6) in AD
(257), PD (267), and HD (57). However, the exact role of in-
flammation in the pathology of AD and its mechanisms in
terms of the cell type that are involved—microglia, astrocytes,
or other cells—are still debated.

1. Interleukin 1. There are two distinct isoforms, IL1a and
IL1b, but their actions are regulated through the type I IL1re-
ceptor, IL1RI, which elicits similar effects after binding of both
isoforms, and also binds the IL1RI antagonist, IL1ra. In the
brain, IL1 is primarily released by activated microglia. How-
ever, IL1 is expressed by and targeted to many other CNS cell
types, including astrocytes, endothelial cells, neurons, and ol-
igodendrocytes. In turn, IL1 stimulates back specially on mi-
croglia, astrocytes, and endothelial cells (216), presenting a
broad response to IL1 constituted by mediators favoring the
propagation of neurodegenerative diseases such as inflamma-
tory cytokines, chemokines, adhesion molecules, prostaglan-
dins (PGs), ROS, RNS, and matrix metalloproteases (439).

IL1 is thought to be an influential cytokine in AD, as sug-
gested by the high concentration of IL1, over control, found
within brain lesions from AD patients, in reactive microglia
surrounding amyloid plaques (228, 600). High concentration
of IL1 is also observed in AD animal models (46, 368). In
Down’s syndrome that predisposes to AD neuropathological
changes, IL1 elevation and neuroinflammation precede pla-
que formation (438). Furthermore, specific polymorphisms in
the IL1 genetic loci appear to be associated with increased risk
for AD (414), although a meta-analysis has not supported
such association (49).

IL1b up-regulates expression of APP in vitro (74, 367, 542)
and when it was injected into rat brain (576). Furthermore,
IL1ra KO mice demonstrate enhanced Ab-induced neuropa-
thology (132). Also, after neuronal injury, increased IL1 levels
can induce overexpression of APP. Reciprocally, increased
APP and Ab can lead to up-regulation of IL1 in vitro (32). In
addition to association with modulation of APP processing,
IL1 activity can also favor NFT development (578). These
studies suggest that neuronal injury can influence IL1 levels at
the CNS. These increased levels contribute to the Ab burden
in the CNS, which also contributes to IL1 overexpression.
In consequence, increased release of IL1 can result in a self-
sustaining cycle of IL1 production, which can lead to cell
injury and death.

Finally, in addition to data implicating IL1 in deleterious
effects, there is evidence for beneficial effects of IL1 (702),
being associated with neuroprotective mechanisms. Activa-
tion of microglia by intratecal injection of lipopolysaccharide,
which up-regulates IL1b and microglial activation, induces
reduction of Ab load (258). Also, IL1b reduces excitotoxicity in
pure mouse and rat neuronal cultures (103, 604), whereas in
mixed glia/neuron cultures, IL1b induces neurotoxicity
through the release of free radicals (640).

2. Tumor necrosis factor. TNFa is one of the inflamma-
tory cytokines significantly increased in AD, and it plays a
central role in initiating and regulating the cytokine cascade
during inflammatory responses (6, 197). TNFa is produced in
response to oxidative stress and the presence of Ab. TNFa is
produced by microglia and its overproduction has been
linked with neuronal cell death (226, 562, 647). It exists in two
main forms, TNFa and TNFb. TNFa exerts its biological
functions via two distinct receptors: TNF receptor 1 (TNFR1)
and TNF receptor 2 (TNFR2). TNFR1 is a membrane-receptor
that is expressed in most tissues. It binds both membrane-
bound and soluble forms of TNFa. Its functions range from
mediating cell death to activation of NF-jB-mediated cell
survival (273). Similar to TNFR1, the 75 kDa TNFR2 is also a
membrane-receptor, but with low affinity for soluble TNFa,
being fully activated only by membrane-bound TNFa. The
functions of TNFR2 are not understood in all its detail.
However, they appear to be strongly dependent on the cell
type. Thus, TNFR2 amplify apoptotic signals from TNFR1 in
cancer cell lines (676), whereas it mediates neuroprotection in
glutamate-induced excitotoxicity (403). TNFR2 exerts its
protective properties when prestimulated with TNFa, which
suggests a neuroprotective role in the CNS (177, 403).

In AD patients, TNFR1 levels are high (197), whereas
TNFR2 levels are low (197). Animal models of AD show TNFa
up-regulation. Spinal levels of TNFa are increased up to 25-
fold in AD patients compared with control subjects, and the
increase correlates with clinical deterioration of AD. TNF
pathway activation in the brain influences APP processing,
Ab deposition, immune activation, and cell survival (462),
leading to increased Ab and NFT formation. In correspon-
dence with that effect, TNFR deletion prevents Ab formation
and diminishes plaque formation. Although TNF has been
suggested to play a protective role after acute brain insults,
sustained or chronic perturbations of the brain can determine
that TNF role shifts to one of the agent inductors of damage.

Extrinsic signals can trigger degeneration via proapoptotic
receptors, including some members of the TNFR super family
like p75NTR, Fas, and TNFR1 (235). Expression of TNF-
related apoptosis inducing ligand (TRAIL) seems to form a
direct link with AD pathogenesis and represents a promising
venue in development of future therapeutic targets. Binding
of TRAIL with some receptors of the TNF/NGF family, like
death receptors (e.g., DR4 and DR5), can induce cellular ap-
optosis (651). After Ab exposure, expression of the DR5 has
been shown to be increased (651). Furthermore, inhibition of
TRAIL signaling pathway can protect human neuronal cells
from Ab toxicity (651). Similarly, DR6 (a.k.a. TNFR super
family member 21, one of eight members possessing a cyto-
plasmic death domain) and APP activate a widespread
caspase-dependent self-destruction program (457). DR6 is
widely expressed by neurons as they differentiate and become
pro-apoptotic. In transfected cells, it triggers cell death in a Jun
N-terminal kinase-dependent manner (474). It is reported that
DR6 links passive and active degeneration mechanisms (457).
After trophic deprivation, DR6 triggers neuronal degenera-
tion. DR6 signals via Bax and caspase-3 in cell bodies, Bax, and
caspase-6 participate in axonal degeneration. Nevertheless,
DR6 is also activated by a pro-degenerative ligand that is
associated to the cell membrane but released in active form
upon trophic deprivation. The candidate ligand appears to be
APP, a transmembrane protein that undergoes regulated
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shedding associated to cell damage and stimulation, in which
trophic deprivation leads to its cleavage by beta-secretase
(BACE1), followed by further cleavage by an as yet uniden-
tified mechanism generating an *35-kDa fragment (N-APP)
(457). Interestingly, DR6 is unregulated in injured neurons
(146), raising the question whether overexpressed DR6 can
trigger ligand-independent degeneration, as reported for
p75NTR (495).

As a consequence of innate immune activation in many
neurodegenerative disorders, the levels of the inflammatory
cytokines TNFa and IL6, and of the chemokine CXCL8, are
increased. Whereas IL6 could block inflammatory response
by inhibiting TNFs and IL1R, or promote the inflammatory
response by influencing chemotaxis, there is little under-
standing of the role of IL6 in the development of neuroin-
flammation in AD. Downstream effects, including an increase
in caspase activity, in intracellular calcium levels, and in the
production of ROS have been implicated in AD, traumatic
brain injury, and Huntington’s chorea (615).

3. Transforming growth factor b. The hippocampus, the
principal region affected by neurodegeneration in AD, is also
one of the most densely populated by microglia. Differences
in microglial cell cytotoxicity could depend on multiple fac-
tors related to cell identity and environmental conditions. One
of the factors could be the differential secretion of TGFb. TGFb
is found at low concentrations in normal brains, whereas its
expression is increased in the injured or diseased brain (62).
IL1b, TGFb, and inducible COX-2 are elevated in CSF and the
brain tissue of AD patients. The induction of TGFb1 by in-
flammatory molecules could limit the temporal and spatial
extent of the inflammatory response (520, 559). Interestingly,
TGFb1 produced by neurons modulates several glial cell
functions, including microglial cell activation, inhibiting
production of inflammatory molecules like IL1b and TNFa,
and NO$ release. Unregulated neuroinflammation, due to
impairment of normal control processes, can ultimately result
in cellular damage. In late-onset AD unregulated neuroin-
flammation likely contributes to amyloid plaque and NFT
formation, and ultimately to clinical deterioration.

4. Prostaglandins. The inflammatory state is recognized
as a risk factor for AD, and it is also supported by epidemi-
ological retrospective observations that patients regularly
taking nonsteroidal anti-inflammatory drugs (NSAIDs) or
steroids because of suffering from chronic, systemic inflam-
matory diseases have a 45%–60% reduction of risk for suf-
fering AD (70, 601, 622). However, clinical trials in AD
patients have failed to show the benefit of taking anti-
inflammatory drugs. Some small reports have suggested that
indomethacin and ibuprofen could be beneficial, but most of
studies show little, if any, beneficial effect. PGs are ubiquitous
signaling molecules with pleiotropic effects. Synthesis de-
pends on COX, enzyme that exists in constitutive (COX-1) and
inducible (COX-2 and COX-3) forms, all of which are in-
hibited by NSAIDs. In the brain, PG formation is regulated by
COX activity primarily in astrocytes and microglia. COX-2
activity has been found to be elevated in AD patients com-
pared with controls, and it has been linked to promotion of
APP processing and cognitive decline in AD animal models
(415, 647). Although there is not an abundance of clinical data
regarding the action of PGs in AD, evidence from animal

models suggests that prostaglandin E2 (PGE2) has both pro-
inflammatory and pro-amyloidogenic effects (683). As a
whole, these results suggest that anti-inflammatory benefits
can be reached as a prophylactic method before AD is already
installed, but not as a treatment for patients already present-
ing dementia.

5. Oxidative stress mediators. As described in section I.B,
NADPH oxidase is associated with neurodegenerative disor-
ders, being activated in the brain of AD patients (583). Several
inflammatory stimuli activate microglial cell NADPH oxidase
to cause neuronal damage, including Ab (53, 512), APP (508),
rotenone (210), paraquat (PQ) (699), substance P (60), and a-
synuclein (721). ROS generated by NADPH oxidase mediates
Ab-induced cerebrovascular dysfunction (483), and it also
plays a role in the mechanism by which reactive microgliosis
causes additional neuron damage (211). Neurotoxicity ob-
served in inflammatory microglial activation is significantly
decreased in both NADPH - / - mice (in vivo) as well as in
in vitro assays using cell cultures derived from NADPH- / -

mice (512). Similarly, inhibition of NADPH oxidase by diphe-
nyliodonium (506), some peptides, like dynorphin and leucine
enkephalin (509, 511), the antibiotic minocycline (150), or small
molecules such as dextromethorphin, statins, and naloxone
(124, 507, 509), have an anti-inflammatory and by extension, a
neuroprotective effect in culture, strongly suggesting that
NADPH oxidase may be a common pathway of microglia-
mediated inflammatory neuronal damage.

Furthermore, within the mammalian brain, in conditions of
inflammatory stimuli, or in response to various forms of in-
jury, NO$ is produced predominantly by the inducible form of
NOS, iNOS (233). NO$ can activate cellular signaling cas-
cades. However, under conditions of high concentration of
NO$ and ROS, as observed during inflammatory processes,
their interaction generates peroxynitrites, which can oxidize
proteins. Localized increases in carbonylated-, 4-hydro-
xynonenal-, and 3-NT-modified proteins have been reported
in hippocampus and parietal cortex of AD brains, demon-
strating disease-specific modifications due to RNS (84, 109,
610), including tau nitration (271). Those results indicate that
nitrosative stress secondary to an increase in RNS (61, 455)
also plays a role in AD pathology.

6. Oxidative stress signal transduction pathways. In
addition to various trophic factors and hormones molecules,
ROS regulates several signal transduction pathways. Hypoxia
inducible factor a (HIFa) is regulated by ROS (125, 408). In-
hibition of ROS through pharmacological inhibition and an-
tioxidant treatments leads to increased HIFa stability. Recent
evidence demonstrates that HIF activation plays a protective
role in neurodegenerative diseases (125).

NF-jB is a transcription factor presenting both pro-survival
and deleterious effect that is activated by ROS and inflam-
matory mediators. NF-jB regulates several important cellular
defense mechanisms, including the activation of genes regu-
lating cellular survival, growth, differentiation, inflammation,
and cell death. At basal, nonstimulated conditions, NF-jB
is bound and held inactive by inhibitor of jB (IjB) in the
cytoplasm. Moderate ROS levels lead to phosphorylation,
polyubiquitination, and degradation of IjB, allowing the
activation of NF-jB. Once activated, NF-jB regulates the
transcriptional activation of anti-apoptotic proteins, such as
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X-chromosome-linked inhibitor of apoptosis and growth ar-
rest and DNA damage-inducing protein b (GADD45b), and
genes involved in decreasing mtROS, especially MnSOD
(486). NF-jB also plays a pro-survival role by inhibiting the c-
Jun N-terminal kinases/stress-activated protein kinase ( JNK)
and caspase cell death pathways. In contrast to the effect of
moderate ROS levels that activate NF-jB, high ROS levels
inactivate NF-jB through oxidation of the cysteine in position
62 of its p50 subunit, inhibiting its DNA binding.

However, NF-jB activation can be also detrimental and
associated with decreased cell survival. In fact, robust acti-
vation of NF-jB and MAPK pathways are paramount signals
in neuronal cell death induced by oxidative stress (143, 151)
and Ab (595). NF-jB also plays a central role in the initiation
and amplification of inflammation by responding to inflam-
matory stimuli such as TNFa or IL1 and lead to the expression
of a large variety of cytokines and chemokines, which could
be in part responsible for neurotoxicity.

TNFa also activates NF-jB associated with neuroprotection
against Ab toxicity in cultured neurons (33). In fact, Ab can be
a potent inducer of NF-jB in neuronal cell death via the in-
duction of intracellular ROS (347, 657). Thus, inhibition of
these pathways could be beneficial in the treatment of neu-
rodegenerative diseases, including AD (346, 347, 442, 482,
682). The effect appears to involve attenuation of Ab-induced
activation of ERK1 and p38 MAPKs, which are upstream NF-
jB signaling pathways (475, 657). Ab has been also shown to
activate NF-jB through the TNFR1 signaling, which results in
neuronal apoptosis (362, 657). However, there are also reports
that NF-jB activates anti-apoptotic responses and protects
neurons from excitotoxicity and ischemic injury in the mature
brain (51, 410, 487). Furthermore, NF-jB is not the only
transcription factor activated under inflammatory conditions.
Activation of other transcription factors such as peroxisome
proliferator-activated receptor gamma (PPARc) and signal
transducers and activators of transcription 1 (STAT-1) has also
been implicated in AD (149, 556).

There are interesting differences on NF-jB response de-
pending on age. TNFa activates signaling involving NF-jB,
with a beneficial or detrimental response depending on age
and the type of stimuli. For example, compared with treatment
with Ab alone, TNFa plus Ab is toxic for 24-month-old rat
neurons, whereas the same stimuli are protective for 10-month-
old neurons (485). Patel and Brewer hypothesize that age-re-
lated down-regulation to the TNFR1 and TNFR2 signaling
results in defective NF-jB activation and fails to provide a
neuroprotective response against Ab toxicity by TNFa (485).
NF-jB accumulates in old neuron nuclei—an effect that is
mimicked by blocking TNFR2. An explanation for failure of
NF-jB to activate protective pathways could depend on high
ROS production (480), and an oxidized redox state in aged cells
(481). The redox state of NF-jB could be a control mechanism
regulating the amount of NF-jB (606). Available data indicate
that NF-jB activation is associated to both protective and del-
eterious effects, depending on the context of stimulation and
the co-activation of various signaling pathways.

A different aspect of ROS-activated transcription factors is
represented by the p53 tumor suppressor, because it appears
to promote both cell survival and death (337, 373). Cellular
damage activates p53, leading to the inhibition of cell cycle or
initiation of apoptosis. In addition to these classical roles, p53
also presents a pro-survival role in response to increased ROS

levels by up-regulating several antioxidants, including GPx,
MnSOD, and aldehyde dehydrogenase 4. In addition, p53 also
regulates TP53-induced glycolysis and apoptosis regulator
(TIGAR). TIGAR inhibits glycolysis and directs glucose to the
pentose phosphate pathway producing NADPH, which is
required to reduce GSH and thus lower ROS levels (301, 302).
This antioxidant function of p53 is activated during low cel-
lular stress, playing an integral role in pro-survival pathways,
whereas high stress and ROS concentrations result in p53-
mediated apoptosis through activation of several pro-
apoptotic genes and p53-induced genes (PIGs). Although the
exact mechanism by which p53 senses ROS and responds via
either pro-apoptotic or anti-apoptotic functions is not well
known, these differing functions possibly depend on the level,
posttranslational modification, and cellular localization of
p53 (373).

E. Neurotoxicity, excitotoxicity, and oxidative stress

Atrophy, neuronal loss, synaptic loss, and morphological
alterations by NFT, in addition to functional impairment, in-
crease with severity of AD. Many of the pathophysiological
mechanisms discussed here are involved directly or indirectly
with neurodegenerative changes of the disease. Ab at its
various molecular forms, inflammatory mediators, and radi-
cal species induce functional changes and damage, either
locally, at process terminals, or along the neuron as a whole,
leading to loss of dendritic spines, remodeling of neurites, and
inflammatory changes. Cytoskeleton changes also have a key
role in neuron energetic and in the conformation and alter-
ation of synapses and dendritic spines. Mitochondrial dys-
function, energetic impairment, calcium mishandling, and
accumulation of aggregated proteins impose additional bur-
dens, further promoting neuronal loss, with generalized
neurodegeneration, ultimately leading to brain atrophy.

1. Neurotoxicity. Neurotoxicity initial events probably
include activation of macrophages and microglia as a result of
inflammatory stimuli mediated by pattern recognition re-
ceptors, such as Scavenger receptors (9, 443), key molecules
that drive the innate immune responses. Neuronal death may
occur via several mechanisms, including necrosis, apoptosis,
and autophagy. Necrosis is generally observed in acute injury
as a result of the release of L-glutamic acid (glutamate), NO$,
ROS, and calcium (169, 309). There are diverse mechanisms
associated with neurodegeneration, like glutamate-induced
excitotoxicity that can be facilitated by aging. For example,
age-dependent changes, such as accumulation of mutations
associated to misfolded or aggregated proteins, macrophage
and microglia activation stimulating ROS production, or in-
duction of mitochondrial dysfunction, facilitate that neurons
exposed to excess glutamate could follow a route to ex-
citotoxicity and succumb to a neurodegenerative process.

2. Excitotoxicity. Ionotropic glutamate receptors, espe-
cially the NMDA subtype, have been implicated in AD (570).
Glutamate, the major excitatory neurotransmitter of the
mammalian CNS playing important roles in development,
when massively released, induces neuronal death. Necrotic
death of neurons caused by glutamate excitotoxicity in AD
and PD depends on increased Ca2 + influx, activation of Ca2 + -
dependent enzymes, induction of ROS and NO$ (Fig. 15), and
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oxidative stress. There is evidence that Ab can induce gluta-
mate release from primary cortical neurons and, in turn, alter
signaling cascades that are required for long-term potentia-
tion (646). As an additional mechanism, there is also evidence
that activation of NMDA receptor is linked to ROS production
from NADPH oxidase (Fig. 4b), which in turn leads to altered
synaptic plasticity and memory (321).

Neuronal excitation secondary to the stimulation of NMDA
receptors is linked to the activation of the Ca2 + -dependent
cytosolic phospholipase A2a (cPLA2a) and release of arachi-
donic acid (AA), which besides being a precursor for prosta-
noid synthesis, is also a retrograde messenger implicated in

memory formation. Activation of cPLA2a depends on phos-
phorylation by MAPK and PKC. Overactivation of cPLA2a is
involved in different forms of neurodegenerative diseases,
including AD (613).

Increasing evidence supports a link between Ab and the
NMDA receptors (592). This link involves a novel oxidative
mechanism for Ab-mediated neurotoxicity through crosstalk
with the NMDA receptor contributing to the oxidative stress
hypothesis and synaptic failure that underlies the pathogen-
esis of AD. Similar to NMDA, oligomeric Ab can induce ROS
production from cortical neurons through activation of
NADPH oxidase (575). ROS derived from NADPH oxidase

FIG. 15. Aging and neuron vulnerability in neurodegenerative diseases. Once triggered, the death of neurons appears to
be unavoidable. Excitotoxicity and other death signals activate intracellular cascades involving increased levels of ROS and
Ca2 + , production of PAR4 and p53, and translocation of pro-apoptotic BCL2 family members (BAX and BAD) to the
mitochondrial membrane. These events are followed by increased mitochondrial dysregulation and release of cytochrome c
into the cytosol. Cytochrome c forms a complex with APAF1 and caspase 9. Activated caspase 9 activates caspase 3, which, in
turn, cleaves proteins that result in changes in the plasma membrane, cytoskeleton, and nucleus. Caspases (e.g., caspase 8) can
also be directly activated through death ligands, and can act in the absence of mitochondrial changes. Apoptosis can be
inhibited at different stages through anti-apoptotic mechanisms, such as IAPs or BCL2 and BCL-XL. In general, cell fate is
decided by a balance between survival factors and potentially harmful factors. AMPAR, glutamatergic a-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid receptor; APAF1, apoptotic protease-activating factor 1; atPKC, atypical protein kinase C;
BAD, BCL-associated death promoter; BAX, BCL2-associated protein X; BCL2, B-cell leukemia/lymphoma 2; FADD, Fas-
associated death domain protein; IAP, inhibitor of apoptosis protein; PAR4, prostate apoptosis response 4 factor.

1002 VON BERNHARDI AND EUGENÍN
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triggers the activation of ERK1,2, phosphorylation of cPLA2a,
and AA release (Fig. 4b). In addition, Ab-induced AA release
can be inhibited by memantine, an NMDA receptor antago-
nist, suggesting that Ab triggers these effects through the
NMDA receptor (575).

An alternative mechanism suggested to contribute to the
loss of neuronal cells by excitotoxicity induced by oxidative
stress is based on the observation that in vitro and in vivo ex-
posure to Ab increases the content in protein carbonyls, HNE,
and 3-NT in synaptosomes and neuronal cells (338). In both
MCI and AD brain, the glutamate-related enzyme, glutamine
synthetase (GS), is found to be oxidatively modified (88, 108),
which reduces its enzymatic activity. GS is important in the
conversion of extracellular glutamate into glutamine. Hence,
oxidative modification and altered function of GS may acutely
exacerbates the excitation of postsynaptic neurons, Ca + 2 ac-
cumulation, and free radical formation, all contributing to
synaptic dysfunction and excitotoxic neuronal cell death (85).

F. Ubiquitin proteasome system, unfolded protein
response, and autophagy in oxidative stress

1. Ubiquitin proteasome system. Studies in animal
models have demonstrated participation of ubiquitin protea-
some system (UPS) in normal synaptic function (56, 253), in-
cluding UPS-mediated degradation of numerous substrate
proteins to phenomena as synaptic plasticity. On the other
hand, dysfunction of UPS has been connected to several neu-
rodegenerative diseases (253, 654). Abnormal deposition of
highly insoluble protein aggregates or inclusion bodies within
nerve cells is commonly observed in association with chronic
neurodegenerative diseases, including AD (115), suggesting
that impairment of UPS function could be involved in AD
pathogenesis. These inclusion bodies show ubiquitin immu-
noreactivity, along with immunoreactivity to other proteins,
like Ab (199, 340). In AD brains, ubiquitin co-localizes with
both plaques and tangles (468) being both tau (312) and Ab
aggregates capable of inhibiting the proteasome function (469,
648). Several aggregated proteins can inhibit the UPS (298, 339),
an effect that could be relevant for the genesis and progression
of neurodegenerative disorders, in which protein aggregates
are a common trait. In the AD context, diverse studies have
shown that Ab directly binds and selectively inhibits the ac-
tivity of the proteasome, similar to the effect of a known pro-
teasome inhibitor (469). Aggregation of Ab appears to have an
especially robust inhibitory effect on proteasome activity—an
inhibition that is rescued by Ab immunotherapy (648).

Protein oxidation, which can be abundant in AD brains as
we have previously described, also inhibits proteasome ac-
tivity (722). In particular, the oxidization of ubiquitin carboxy-
terminal hydrolase L1 (UCH-L1), an enzyme that removes
ubiquitin from ubiquitinated proteins, is down-regulated in
brain regions affected in early AD cases (108). Remarkably,
different brain regions show different UPS susceptibility.
Consistently, there is a selective decrease in proteasome ac-
tivity in the hippocampus, which is a main area damaged in
AD brains, whereas another brain regions, like the cerebel-
lum, maintain their proteasome activities (108).

2. Unfolded protein response. Associated to the accu-
mulation of abnormal proteins, additional cellular processes
capable of inducing cell damage can be activated. In fact,

several stimuli known to be present in neurodegenerative
diseases, such as perturbation in calcium homeostasis or re-
dox status, expression of misfolded proteins, altered glyco-
sylation, overloading of cholesterol, and proteasome
dysfunction, can disrupt ER homeostasis, imposing stress to
the ER, and activating a highly specific signaling pathway
response named the unfolded protein response (UPR) (309).

In general terms, proper protein folding, essential for cell
function and viability, is a delicate and energy demanding
process. The failure of any of the aforementioned mechanisms
inducing ER stress results in the accumulation of misfolded
proteins (523, 720). Unfolded or misfolded proteins in the ER
lumen are retro translocated to the cytoplasm, where they are
ubiquitinated and degraded by the proteasome (692). Pro-
teasomal degradation of ER-associated misfolded proteins is
required for protection from the UPR activation. Proteasomal
inhibition is sufficient to activate the UPR, and if the noxious
condition is not properly resolved, the UPR can lead to cell
death (445).

In familial AD, mutated PS1 affects the ER stress response
by reducing the activation of the ER stress transducers IRE1,
PERK, and ATF6. The reduced global ER response to stress
augments the vulnerability of AD patient cells (445). Likewise,
in sporadic AD, the spliced isoform of PS2 induces the ex-
pression of the high mobility group A1a protein, and down-
regulates the UPR signaling pathway in a manner similar to
that of PS1 mutant in familial AD, increasing ERstress-in-
duced neuronal cell death in AD (309).

3. Autophagy. Autophagy or programmed cell death-
type II is a homeostatic turnover of cellular contents, organ-
elles, and misfolded proteins through the lysosomal system
(643). The brain normally shows basal low levels of autop-
hagy, which is tightly regulated. Due to the postmitotic nature
of neurons, it is thought that a robust autophagy mechanism
maintains homeostasis of functional organelles, such as mi-
tochondria (630, 631). The prominence of autophagy in neu-
rons, cells that do not divide, depends on the build-up of
dysfunctional mitochondria and protein aggregates (i.e., Ab
or alfa synuclein [aSN]) and chronic oxidative stress condi-
tions (445, 553, 643).

Autophagy is up-regulated under trophic stress or with the
formation of misfolded protein aggregates that cannot be de-
graded by the UPS (190, 459). Misfolded proteins are problematic
because they impair normal cell function when they accumulate.
The deregulation of autophagy has been linked to the patho-
physiology of neurodegenerative diseases. Autophagy involves
the delivery of organelles (including mitochondria; discussed in
section II.C) or cytoplasmic proteins to lysosomes for degrada-
tion. Depending on the mechanism of cargo delivery, several
types of autophagy are identified, namely, macroautophagy,
microautophagy, and chaperone-mediated autophagy. Various
pathways are implicated in the turnover of proteins that are
prone to aggregation [see (145)]. The autophagosome fuses with
endosomes to form an amphisome, which combines with lyso-
somes for degradation of its cargo, or it can fuse directly with
lysosomes to form an autolysosome and become degraded by
lysosomal enzymes (424, 547).

In aging, many mitochondria undergo enlargement and
structural disorganization, while lysosomes gradually accu-
mulate the nondegradable, polymer lipofuscin. It is believed
that this is a result not only of oxidative stress, causing
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oxidation of mitochondrial constituents and autophagocy-
tosed material, but also of the inherent inability of cells to
completely remove oxidatively damaged structures. Lipo-
fuscin accumulation may diminish lysosomal degradative
capacity, further limiting mitochondrial recycling. Terman
and Brunk proposed the mitochondrial–lysosomal axis theory
of aging, according to which mitochondrial turnover pro-
gressively declines with age, resulting in increased oxidative
damage, accumulation of damaged organelles and lipofuscin,
decreased ATP production, release of apoptotic factors, and
cell death (629).

Cells showing induction of autophagy share several fea-
tures with neurodegenerative diseases, including the pres-
ence of apoptotic neuronal loss, excitotoxicity, oxidative
stress, intracellular protein aggregates, synaptic abnormality,
and, more recently, deregulation of the autophagic pathway
(69). Autophagosome–lysosome pathway is compromised in
AD (460). In fact, there is accumulation of autophagic vacu-
oles in the brain of AD, PD, and HD patients (353, 461, 547,
717) and autophagy activation is elevated after Ab stimula-
tion and in the AD mouse model APP/PS1 (280, 678, 717). In
AD, autophagy seems to have a dual role in Ab accumulation.
It is implicated in degradation of APP and Ab (92, 291, 666),
but may also have a role in Ab formation and aggregation
(275), as Ab also appears to be generated in autophagic vac-
uoles, suggesting that autophagy could exacerbate AD path-
ogenesis by increasing Ab levels (461, 717). Autophagy has
also been implicated in the modulation of tau level and
fragmentation, and its inhibition elevates tau aggregation and
toxicity (47, 687). Moreover, clearance of autophagic vacuoles
is impaired in AD brains (63).

The autophagic key regulator protein beclin1 appears to be
decreased in affected brain regions of AD patients (494). APP
transgenic mice with reduction of beclin1 show an increase in
intraneuronal Ab accumulation, extracellular Ab deposition,
and neuronal abnormalities. Increase of beclin1 reduced Ab
pathology (494), indicating a strong correlation between au-
tophagy and APP metabolism. Studies of AD patient brains
have shown an elevated incidence of apoptosis as compared
to age-matched controls. DNA fragmentation is associated
with increased expression of JNK pathway, an early pro-
apoptotic signaling pathway, decreased expression of anti-
apoptotic Bcl-2, an increased expression of pro-apoptotic Bax
in neurons with NFTs, and increase in active caspase-3 ex-
pression levels as compared to age-matched controls (515). In
addition, reduced complex II, III, IV, and cytochrome oxidase
activities have been found, indicating mitochondrial in-
volvement in the apoptotic cascade, as well as the presence of
activated caspase-3 within autophagic granules (113).

III. Therapeutic Approaches for AD Aimed
to Oxidative Stress

The existence of converging disease mechanisms demands
that any therapeutic proposal for the treatment of AD should
be multi-targeted, aiming at the simultaneous management of
pro-oxidant, pro-inflammatory, and death-inducing changes,
which in turn depend on impairment of proteasome system,
induction of stress because of protein aggregation, mitochon-
drial dysfunction, and excitotoxicity, among other factors.

In addition to the symptomatic treatment targeting cho-
linergic and glutamatergic neurotransmission presently used

for AD patients, efforts to modify the progressive course of
AD have been mostly based on altering the production or
clearance of Ab, including the most recent attempts with
immunotherapy (670). Results have been mostly disappoint-
ing, possibly because our disease animal models—mostly
based on the rare familial form—may not be applicable to the
much more common sporadic form. On the other hand, be-
cause of the close association of sporadic AD with vascular
disease and type 2 diabetes mellitus, efforts focused in the
treatment and prevention of these conditions may be an in-
teresting approach for reducing the incidence of AD. In that
sense, management of risk factors linked to metabolic syn-
drome and cerebrovascular disease, as well as treatment for
neuropsychiatric symptoms, if needed, should be used for
improving clinical practice standards. However, there is in-
sufficient overall evidence from epidemiological studies to
support with certainty any association between dietary or
supplementary intakes of antioxidants or vitamins with
augmented risk or higher incidence of dementia, although
several cohort studies have reported the potential of a Medi-
terranean diet for reducing the risk of incidence of AD.

A. Nonsteroidal anti-inflammatory drugs

Therapeutic approaches with NSAIDs, regardless the fact
that neuroinflammation is involved in the pathogenic mech-
anisms of AD, has proven to have some effect in preven-
tion but is ineffective for patients who already have AD.
However, therapies with COX-2 inhibitors target a single pro-
inflammatory factor (PGE2) among a large number of in-
flammatory factors released by activated microglia, which
could explain why an anti-inflammatory monotherapy could
be inefficacious.

B. Modulation of microglial cell activation

Existing evidence indicates that microglia is important for
maintenance, repair, and defense, and even that microglial
overactivation is deleterious. Therefore, an effective therapy
should target early attenuation of the microglial response to
levels that are beneficial, rather than the elimination of the
microglial response. Because microglial function, as well as
their potential deleterious effects are regulated by NADPH
oxidase and the production of intracellular and extracellular
ROS (60, 61), this enzyme complex appears as an ideal ther-
apeutic target. Recently, several peptides, antibiotics, and
small molecules have been identified as inhibitors of NADPH
oxidase and, hence, potential neuroprotective agents (150,
509). Inhibition of NADPH oxidase activation might be a
more efficacious approach because it targets the predominant
enzyme complex by which microglia produce high amounts
of ROS. Its inhibition would down-regulate multiple inflam-
matory factors, including PGE2 (683). In addition, although
they are not discussed here, because they are outside the scope
of this review, some cytokines released by microglia have
been considered as possible targets of drug therapy for AD
patients (226, 257, 348).

C. Activation of antioxidant pathways

An alternative approach for decreasing the production of
ROS would be the activation of antioxidant pathways, an
approach that could be particularly important for the brain,
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an organ that has relatively weak antioxidant defenses.
Moreover, aging leads to some loss of the free radical scav-
enging ability depending on endogenous mechanisms. Even
more, reduced cellular expression and activity of antioxidant
proteins are fundamental triggers for AD. Among cellular
antioxidant defenses, Hsps have been regarded as cytopro-
tectors from oxidative damage in neurodegenerative diseases.
HO-1 polymorphisms have been considered associated with
increased AD susceptibility. Deregulation of the HO system
has been associated with the pathogenesis of both AD, and
brain aging (405, 477). Among the stress proteins, HO-1 is
encoded by the HO-1 gene that is regulated by redox, and its
activation represents a protective system potentially active
against brain oxidative injury. Its expression in AD patient
brains is significantly increased in neurons and astrocytes of
the hippocampus and cerebral cortex. In individuals with AD,
HO-1 co-localizes in senile plaques and NFTs being its spatial
distribution, similar to that found in the pathological ex-
pression of tau. There are reports that strongly suggest that
activation of HO-1 is strongly protective against oxidative
damage and cell death in neurons. Thus, modulation of HO-1
should represent a potential pharmaceutical strategy for the
treatment of neurodegenerative disorders (517).

D. Mitochondrial antioxidants

Considering the important component of cell death ob-
served in AD and the fact that mitochondria also have a key
role in production of ROS and in apoptosis signaling, thera-
peutic strategies aimed to reduce mitochondria damage
appears as an interesting approach for the treatment of
neurodegenerative diseases. Several compounds targeting
mitochondria are currently undergoing clinical trials. Mi-
tochondrial antioxidants appear to be especially efficient at
preclinical level. Coenzyme Q10 (CoQ10, an electron carrier
embedded in the inner mitochondrial membrane, part of
the electron transport chain of oxidative phosphorylation), has
been shown to have neuroprotective effects in several neuro-
degenerative diseases by attenuating mitochondrial dysfunc-
tion. However, the poor capability of these oral antioxidants to
cross the BBB has slowed down their therapeutical use, fo-
cusing the investigation on more soluble, shorter chain anti-
oxidants of the family of CoQ10 derivatives, such as idebenone
[6-(10-hydroxydecyl-2,3-dimethoxy-5-methyl-1,4-benzoqui-
none], decylubiquinone, and the ubiquinone derivative Mi-
toQ10, which appears to be the most successful. MitoQ10 has
the advantage of being accumulated within mitochondria,
where it is reduced into its active ubiquinol form, which can
prevent mitochondrial oxidative damage (383).

Szeto-Schiller (SS) peptides represent another class of mi-
tochondrial antioxidants that offer the advantage of localizing
within mitochondria at all mitochondrial membrane poten-
tial; a characteristic that may improve their therapeutic use.
In vivo experiments have revealed that SS peptides are pro-
tective in a mouse model of ALS, increasing survival and
motor performance, and decreasing cell loss (430). SS peptides
also protect dopaminergic neurons against 1-methyl-4- phenyl-
1,2,3,6-tetrahydropyridine neurotoxicity, both in vitro and in a
PD animal model (430).

A drug rising high expectations over the last few years has
been latrepirdine (dimebon), known antihistaminic drug,
with a novel mitochondrial mechanism of action, associated

to the improvement of mitochondrial stability by preventing
mitochondrial permeability pore transition, in addition to
effects as an NMDA receptor inhibitor. However, a phase III
AD trial of Dimebon in 598 patients failed to show any sig-
nificant improvement in primary or secondary outcomes (50).

E. Free radical scavengers

Another area of therapeutic development has been the use
of free radical scavengers, in order to slow neuronal damage
associated with Ab-induced oxidative stress, acting as neu-
roprotective agents. Various herbs and fruits contain active
phenolic substances endowed with potent antioxidant and
chemopreventive properties, which have been studied for
potential neuroprotective effects. A promising antioxidant
already being tested in clinical trials is curcumin, a polyphe-
nolic substance derived from the root Curcumin longa. Epi-
demiological studies have suggested that curcumin, one of the
most prevalent nutritional and medicinal compounds used in
India, appears to be responsible for the significantly reduced
(4.4-fold) prevalence of AD in India compared with the Uni-
ted States. Consistent with these data, convincing evidence
has been provided that chronic (6 months) dietary curcumin
given to an AD transgenic mouse model resulted in a sup-
pression of indices of inflammation and oxidative damage in
the brain of these mice and reversed Ab-induced cognitive
deficits (220, 723). Curcumin attenuates oxidative damage in
cortical neurons by reducing the intracellular production of
ROS and protecting mitochondria (723). Curcumin inhibits
lipid peroxidation and effectively intercepts and neutralizes
ROS (superoxide, peroxyl, and hydroxyl radicals) and NO$-
based free radicals (NO $ and ONOO - ). In addition, it has the
potential to reduce cytochrome c release, block caspase-3 ac-
tivation, and alter the expression of Bcl-2 family proteins (412,
517, 723). Of particular interest is the capacity of curcumin to
inhibit COXs and to reduce the activation of nuclear tran-
scription factor NF-kB, key in inflammatory signaling path-
way. As for its ability of increasing antioxidant capacity, low
concentrations of curcumin show a robust induction of the
expression and activity of HO-1 in vascular endothelial cells,
in rat astrocytes, and in cultured hippocampal neurons (412,
517, 723). Such ability of curcumin to induce HO-1 has been
associated to its strong antioxidant and anti-inflammatory
properties (220). Preincubation of neurons with a low con-
centration of curcumin in culture enhanced cellular resistance
to oxidative damage. Also, depending apparently on a dif-
ferent mechanism, curcumin is effective protecting cortical
neurons against apoptotic death induced by Ab.

Curcumin is highly lipophilic and might cross the BBB, and,
regardless its low bioavailability, because it is rapidly me-
tabolized, curcumin may reach high brain concentrations to
decrease Ab aggregation at least in animal models. Nowa-
days, there is a randomized, controlled trial study of curcu-
min (ClinicalTrials.gov Identifier: NCT00528151), but it is
oriented to a different degenerative disease and not to AD
patients.

Curcumin is safe, is well tolerated, and appears to lack side
effects at doses up to 12 g/day (220, 268). However, there are
reports showing some effects that potentially could be dele-
terious. Inhibition of NF-jB by curcumin (17) could affect
survival mechanisms associated to inflammatory activation.
Similarly, curcumin is a specific inhibitor of iNOS (369), effect
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that also can depend on its inhibition of NF-jB, responsible
for initiating the expression of iNOS. As inhibition by curcu-
min attenuates induction of NO production, this effect leads
to an overall increase in ROS levels due to a failure in the
scavenging of superoxide by NO.

Moreover, in PD animal models, exposure of rat mesence-
phalic cells to curcumin induces the expression of LRRK2 at
the mRNA and protein level; LRRK2 overexpression is
strongly associated with pathological cellular inclusions
found in several neurodegenerative disorders (472). Curcu-
min has also been identified as an activator of apoptosis.
Subtoxic concentrations of curcumin in a PD model sensitize
mesencephalic cells to PQ-mediated apoptosis (471). Apop-
tosis appears to be enhanced via a mechanism that is depen-
dent on the generation of rROS (52, 160, 303, 605, 636, 696),
although other reports show that curcumin inhibits ROS, and
consequently apoptosis, through its well-known antioxidant
properties (142, 144).

Curcumin, although a potent antioxidant with ROS scav-
enging properties, is able to increase ROS production in
different models (293, 451). Interesting enough, although
cell death after the PQ + curcumin exposure was an ROS-
dependent event, antioxidants were able to significantly
protect against cell death generated by the exposure of cells to
PQ alone, but were unable to prevent cell death in PQ +
curcumin co-treatment, suggesting that the co-incubation sets
cells into a no-way-back cascade leading to cell death that
could not be retrieved by antioxidants (471).

Other plant-derived phenolic agents, with analogous che-
mical structures to curcumin, produce also a strong activation
of HO-1 expression and enhancement of cellular defense
against oxidative stress. On the same line of antioxidants, in
principle, iNOS inhibitors could be used for AD treatment.
However, there are no specific drugs being tested (476). There
is evidence of beneficial effects of resveratrol on Ab cytotox-
icity in culture. However, protection by resveratrol was not
associated exclusively to inhibition of iNOS expression, but it
also attenuated PGE2 release, suppression of COX-2 expres-
sion, and suppression of nuclear translocation of NF-jB. The
multiplicity of anti-inflammatory effects precludes the as-
signment of resveratrol protective effect to iNOS inhibition
(320). There are also reports on the in vivo effect of three
NSAIDs, lysine clonixinate, indomethacine, and meloxicam
on NO production and iNOS expression in rat cerebellar slices
(174). However, as resveratrol, reduction of iNOS and nNOS
levels is only one of several anti-inflammatory effects of these
NSAIDs (174). Nevertheless, the decrease in NOS expression
after in vivo treatment with NSAIDs could represents a novel
mechanism of therapeutic action of these NSAIDs, and may
also be of importance in the prevention of NO$-mediated
neuronal injury and as new strategies to reduce the risk of AD.
Currently, a phase-III, randomized, double-blind clinical trial
oriented to AD patients (ClinicalTrials. gov identifier:
NCT00678431) to evaluate primary efficacy of resveratrol for
disease progression is being done. Results in terms of the
disease outcome are not available yet.

Antioxidant treatment with vitamin E (a-tocopherol) has
been pursued with phase II and III clinical trials. Despite
initial promise, recent randomized, controlled trials in MCI
fail to report any benefit (286, 493). A problem of the antiox-
idant studies is the dissimilar nutritional status of patients, as
well as the potential need of using co-administration of sev-

eral antioxidants. Furthermore, a-tocopherol may also have
different effects within any given population of AD patients
(390), recognizing groups of responders and nonresponders
a-tocopherol. In a recent meta-analysis of 19 clinical trials,
only small trials show either an increase or a decrease in
all-cause mortality and that the overall effect is near zero
(422). In an effort to understand the lack of effect, AD patients
were stratified into a-tocopherol respondents and non-
respondents (389), based on measures of plasma GSSG, the
oxidized form of the common antioxidant GSH. Even at high
doses of a-tocopherol, half of the patients failed to lower the
plasmatic levels of plasma-GSSG, and showed a continuous
deterioration in their cognitive performance (389). The other
half of the patients, those showing decrease of plasmatic levels
of plasma-oxidized GSH with a-tocopherol treatment, had no
significant difference in the cognitive performance compared
with the first group.

Considering the increase of oxidized macromolecules with
aging and AD, one wonders why the antioxidant a-tocopherol
is ineffective. The answer may be that a lipid-soluble antiox-
idant like a-tocopherol, with a high membrane/water parti-
tion, could be ineffective protecting against oxidation of
aqueous phase nucleic acids and proteins. In addition, if the
oxidized a-tocopherol is not removed from the membrane, it
will either accumulate or pass the electron to another lipid,
inducing further damage to the membrane. Because oxidized
a-tocopherol can be recycled by passing the extra electron to a
water-soluble electron acceptor such as vitamin C or other
compounds, combining antioxidants could be a good strategy
for improving their antioxidant effects. There are some reports
showing better results with the combined use of vitamins E
and C for enhancing the reduction in lipid peroxidation seen
in AD patients after treatment with a-tocopherol (513). Effects
may depend on the intrinsic antioxidant potential of vitamin
C or on its interaction with a-tocopherol, as it is known to
recycle a-tocopherol radical to maintain its antioxidant
properties. However, several trials have failed in showing
improvement of cognitive performance. Failure could depend
on the fact that even more complex mixtures of antioxidants,
including flavonoids and polyphenols—which have shown
efficacy in animal models of aging—may be needed, or on the
fact that aging persons have an increasingly oxidized plasma
redox potential, which can interfere with removal of radicals
(302).

A recent study showed that serum a- and c-tocopherol
levels were not associated with the risk of developing AD
(616). However, the use of various tocopherol forms, other
than just a-tocopherol, may be key conditions for AD (432). A
dementia-free cohort was followed for 6 years to detect inci-
dent AD, focusing on a-, b-, c-, d-tocopherols and a-, b-, c-, d-
tocotrienols. The authors found that the risk of developing AD
was reduced only for high plasma levels of b-tocopherol,
while the other subunits had only a small effect (402).

Another possibility for the failure of simple antioxidants to
reverse damage could be that we are aiming at the wrong
target: ROS signaling is required for processes as diverse as
transcription factor activation, insulin signaling, endothelial
function, or LTP model of memory. Also, ROS damage could
depend on a variety of co-morbidities. We may need a dose–
response targeted reductive shift in the metabolically oxi-
dized redox potential seen in many aging individuals. Thus,
vitamin E therapy trials are needed, with a special focus on
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individual monitoring of redox potential to avoid toxicity and
assess biomarkers of efficacy (389).

F. Cyto- and neuroprotective therapies

As previously outlined, Nrf2-induced ARE-Nrf2 signaling
leads to a broad cytoprotective response associated with en-
hanced antioxidant capacity and attenuation of neuroin-
flammation (660). In view of the multiple mechanisms of its
protective effects, Nrf2-ARE pathway could represent a po-
tential therapeutic target for AD treatment (306). In vitro and
in vivo studies show that monofunctional inducers exhibit
profound neuroprotective effects in an Nrf2-ARE-dependent
manner. In contrast, in Nrf2 KO mice and after Nrf2 disrup-
tion, the chemically induced ARE-mediated transcriptional
response, as well as the chemopreventive efficacy of mono-
functional inducers, is completely abolished (344, 417). In
addition, it has been shown that curcumin and pyrrolidine
dithiocarbamate, capable of inducing Nrf2, alleviate cognitive
defects in AD transgenic models (202). Because clinically safe
compounds are widely available in the form of chemopre-
ventive agents, the Nrf2-ARE signaling pathway can become
a key drug target for neurodegenerative disorders.

IV. Concluding Remarks

Aging populations is increasing all over the world, and
many countries are facing an increased prevalence of age-re-
lated diseases, such as AD, with escalating material and emo-
tional burden and health-care costs. Understanding AD
pathophysiology has a prominent role in developing new
therapeutic strategies, especially considering that prevention
and treatment are important public health goals for the disease.
As discussed here, events contributing to the initiation and
progression of AD are numerous, complex, and intermingled.

The data reviewed here provide evidence that oxidative
stress is present in conditions of Ab accumulation, mito-
chondrial impairment, cytotoxic activation of microglia, pro-
teasome dysfunction, and protein misfolding, all of which
appears to be involved in AD pathogenesis. Participation of
oxidative stress can be both as a trigger and as a consequence
of these processes, and often is part of both, contributing to the
interaction and potentiation of these otherwise seemingly
independent disease mechanisms. Combined age-dependent
changes, including increased microglia and neuroin-
flammatory mis-activation, production of ROS, and de-
creased proteasome activity, could favor the establishment of
the necessary grounds for microglial cell dysfunction that
may lead to both cytotoxicity and the accumulation of Ab.
Additionally, once oxidative stress, cytotoxicity, and Ab ag-
gregation are established, they further decrease proteasome
activity creating a vicious circle leading to more Ab and tau
aggregation. Whereas each of the age-dependent changes are
mild and part of a normal aging process, their combined ef-
fect, in addition to some characteristics of the genetic back-
ground and environmental stimuli mechanism, may initiate
this vicious circle of cytotoxic activation, reflecting an abnor-
mal function of the innate immune system.

Innate immune responses, with microglia as the key player,
but in an intimate interplay with astrocytes, neurons, and
other brain cells, and often in collaboration with the adaptive
immune system (not discussed in this review), are crucial for
the elimination of abnormal proteins, damaged cells, and

pathogens for clearing debris and stimulate tissue repair in
the CNS. In this sense, microglial cell responses in the CNS are
primarily beneficial. However, chronic activation and dysre-
gulation of microglia can lead to deleterious effects that in-
duce malfunction and damage of the CNS cells.

Although triggered by different initiating events, most
neurodegenerative diseases share the chronic glial cell activa-
tion as a common feature. What drives chronic inflammation is
not fully understood in most cases. Possibly, it is the incapa-
bility of the innate response against certain stimuli, such as
misfolded and/or aggregated proteins, or the impairment of
their regulatory mechanisms that triggers cytotoxic activation
with production of ROS, high levels of inflammatory cytokines,
and activation of damage signaling that contribute to the es-
tablishment of a final pathogenic pathway. Conceivably, a vi-
cious cycle is established when the initial response of glial cells
is unable to fully process the original trigger, and keep being
stimulated by its reappearance, either directly or indirectly, in
an increasingly vulnerable environment. For that reason, de-
spite the undeniable potential of microglial cell responses to
become pathogenic, it must be kept in mind that the innate
immune responses in the CNS have a profound immune-
modulatory and reparative potential. Instead of turning off
microglial cell activation as a whole as it has be proposed,
identification of protective and modulatory pathways of im-
mune activation, to potentiate them while inhibiting cytotoxic
activation, may well constitute the way to treat neurodegen-
erative disorders. A better understanding of these mechanisms
is needed for the identification of new pathways that may de-
crease the impact of microglial cell dysfunction, thus breaking
the abovementioned vicious circle.

As efficient antioxidants become available, there are a
several matters to consider. First of all, antioxidant treatments
could inhibit ROS-dependent cell death, but be ineffective for
the underlying mitochondrial defects and may therefore re-
sult in other cell death pathways that are ROS independent.
Second, and extremely important for the use of a therapy,
since ROS are involved in physiological cell signaling, in-
cluding some pro-survival signaling pathways, it will be
necessary to avoid blockage of this effect by these treatments.

A. Future directions of research in this field

The role of microglia in AD has received increasing atten-
tion as possible avenues for therapies that modify disease
outcome in AD. For example, minocycline studies point out
the complexity of the effects of microglial manipulation in AD
models. Various effects of minocycline on microglial activa-
tion and cognitive function predominate during different
phases of the life spans of experimental animals, suggesting
that microglial inhibition may be beneficial at one phase of
disease progression but detrimental at others. A critical area
of research involves the dissection of these mechanisms that
may lead to the development of drugs with more clearly de-
fined profiles of efficacy and fewer side effects. It is clear
that causes and consequences of microglial cell activation
are complex, and pharmacologic manipulation should be
directed to selected properties of microglial cell function ori-
ented to the promotion of protective functions while mini-
mizing oxidative and neuroinflammatory damage.

An interesting combination for immunomodulatory ther-
apy would be the use of antioxidants. Once again, antioxidant
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therapy should take into account that low concentrations of
radical species serve physiological functions, including im-
portant roles in cell signaling. Thus, any treatment should be
oriented to modulate ROS and RNS production rather to
abolish them. Furthermore, if it probes possible to target mi-
croglia and oxidative stress modulations as an effective ther-
apy for AD, other neurodegenerative diseases may prove
similarly susceptible to their benefit.
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vitamin E supplementation may increase all-cause mortal-
ity. Ann Intern Med 142: 37–46, 2005.

423. Miravalle L, Calero M, Takao M, Roher AE, Ghetti B, and
Vidal R. Amino-terminally truncated Abeta peptide species
are the main component of cotton wool plaques. Biochem-
istry 44: 10810–10821, 2005.

424. Mizushima N, Levine B, Cuervo AM, and Klionsky DJ.
Autophagy fights disease through cellular self-digestion.
Nature 451: 1069–1075, 2008.

425. Mocanu MM, Nissen A, Eckermann K, Khlistunova I,
Biernat J, Drexler D, Petrova O, Schonig K, Bujard H,
Mandelkow E, Zhou L, Rune G, and Mandelkow EM. The
potential for beta-structure in the repeat domain of tau
protein determines aggregation, synaptic decay, neuronal
loss, and coassembly with endogenous Tau in inducible
mouse models of tauopathy. J Neurosci 28: 737–748, 2008.

426. Mohmmad Abdul H, Sultana R, Keller JN, St Clair DK,
Markesbery WR, and Butterfield DA. Mutations in amyloid
precursor protein and presenilin-1 genes increase the basal
oxidative stress in murine neuronal cells and lead to in-
creased sensitivity to oxidative stress mediated by amyloid
beta-peptide (1–42), HO and kainic acid: implications for
Alzheimer’s disease. J Neurochem 96: 1322–1335, 2006.

427. Moreira PI, Cardoso SM, Santos MS, and Oliveira CR. The
key role of mitochondria in Alzheimer’s disease. J Alzhei-
mers Dis 9: 101–110, 2006.

428. Moreira PI, Carvalho C, Zhu X, Smith MA, and Perry G.
Mitochondrial dysfunction is a trigger of Alzheimer’s disease
pathophysiology. Biochim Biophys Acta 1802: 2–10, 2010.

429. Moreira PI, Zhu X, Lee HG, Honda K, Smith MA, and Perry
G. The (un)balance between metabolic and oxidative ab-
normalities and cellular compensatory responses in Alz-
heimer disease. Mech Ageing Dev 127: 501–506, 2006.

430. Moreira PI, Zhu X, Wang X, Lee HG, Nunomura A, Pe-
tersen RB, Perry G, and Smith MA. Mitochondria: a ther-
apeutic target in neurodegeneration. Biochim Biophys Acta
1802: 212–220, 2010.

431. Morris JC, Roe CM, Grant EA, Head D, Storandt M, Goate
AM, Fagan AM, Holtzman DM, and Mintun MA. Pitts-
burgh compound B imaging and prediction of progression
from cognitive normality to symptomatic Alzheimer dis-
ease. Arch Neurol 66: 1469–1475, 2009.

432. Morris MC, Evans DA, Tangney CC, Bienias JL, Wilson RS,
Aggarwal NT, and Scherr PA. Relation of the tocopherol
forms to incident Alzheimer disease and to cognitive
change. Am J Clin Nutr 81: 508–514, 2005.

433. Mosser DM. The many faces of macrophage activation. J
Leukoc Biol 73: 209–212, 2003.

434. Mosser DM and Edwards JP. Exploring the full spectrum of
macrophage activation. Nat Rev Immunol 8: 958–969, 2008.

435. Motterlini R, Foresti R, Bassi R, Calabrese V, Clark JE, and
Green CJ. Endothelial heme oxygenase-1 induction by
hypoxia. Modulation by inducible nitric-oxide synthase
and S-nitrosothiols. J Biol Chem 275: 13613–13620, 2000.

436. Motterlini R, Green CJ, and Foresti R. Regulation of heme
oxygenase-1 by redox signals involving nitric oxide. Anti-
oxid Redox Signal 4: 615–624, 2002.

437. Mount C and Downton C. Alzheimer disease: progress or
profit? Nat Med 12: 780–784, 2006.

438. Mrak RE and Griffin WS. Trisomy 21 and the brain. J
Neuropathol Exp Neurol 63: 679–685, 2004.

439. Mrak RE and Griffin WS. Glia and their cytokines in pro-
gression of neurodegeneration. Neurobiol Aging 26: 349–354,
2005.

440. Mudher A and Lovestone S. Alzheimer’s disease-do tauists
and baptists finally shake hands? Trends Neurosci 25: 22–26,
2002.

441. Mullan M, Houlden H, Windelspecht M, Fidani L, Lom-
bardi C, Diaz P, Rossor M, Crook R, Hardy J, Duff K, et al.
A locus for familial early-onset Alzheimer’s disease on the
long arm of chromosome 14, proximal to the alpha 1-an-
tichymotrypsin gene. Nat Genet 2: 340–342, 1992.

442. Munoz L, Ralay Ranaivo H, Roy SM, Hu W, Craft JM,
McNamara LK, Chico LW, Van Eldik LJ, and Watterson
DM. A novel p38 alpha MAPK inhibitor suppresses brain
proinflammatory cytokine up-regulation and attenuates
synaptic dysfunction and behavioral deficits in an Alzhei-
mer’s disease mouse model. J Neuroinflammation 4: 21, 2007.

443. Murgas P, Godoy B, and Von Bernhardi R. Ab potentiates
inflammatory activation of glial cells induced by Scavenger
receptor ligands and inflammatory mediators in culture.
Neurotoxicity Res 2012 [Epub ahead of print]; DOI: 10.1007/
s12640-011-9306-3.

444. Muyderman H, Nilsson M, and Sims NR. Highly selective
and prolonged depletion of mitochondrial glutathione in
astrocytes markedly increases sensitivity to peroxynitrite. J
Neurosci 24: 8019–8028, 2004.

445. Nagley P, Higgins GC, Atkin JD, and Beart PM. Multi-
faceted deaths orchestrated by mitochondria in neurones.
Biochim Biophys Acta 1802: 167–185, 2010.

446. Nagy ZS and Esiri MM. Apoptosis-related protein expres-
sion in the hippocampus in Alzheimer’s disease. Neurobiol
Aging 18: 565–571, 1997.

447. Naj AC, Jun G, Beecham GW, Wang LS, Vardarajan BN,
Buros J, Gallins PJ, Buxbaum JD, Jarvik GP, Crane PK, Larson
EB, Bird TD, Boeve BF, Graff-Radford NR, De Jager PL, Evans
D, Schneider JA, Carrasquillo MM, Ertekin-Taner N, Younkin
SG, Cruchaga C, Kauwe JS, Nowotny P, Kramer P, Hardy J,
Huentelman MJ, Myers AJ, Barmada MM, Demirci FY,
Baldwin CT, Green RC, Rogaeva E, St George-Hyslop P,
Arnold SE, Barber R, Beach T, Bigio EH, Bowen JD, Boxer A,
Burke JR, Cairns NJ, Carlson CS, Carney RM, Carroll SL, Chui
HC, Clark DG, Corneveaux J, Cotman CW, Cummings JL,
DeCarli C, DeKosky ST, Diaz-Arrastia R, Dick M, Dickson
DW, Ellis WG, Faber KM, Fallon KB, Farlow MR, Ferris S,
Frosch MP, Galasko DR, Ganguli M, Gearing M, Geschwind
DH, Ghetti B, Gilbert JR, Gilman S, Giordani B, Glass JD,
Growdon JH, Hamilton RL, Harrell LE, Head E, Honig LS,
Hulette CM, Hyman BT, Jicha GA, Jin LW, Johnson N, Kar-
lawish J, Karydas A, Kaye JA, Kim R, Koo EH, Kowall NW,
Lah JJ, Levey AI, Lieberman AP, Lopez OL, Mack WJ, Marson
DC, Martiniuk F, Mash DC, Masliah E, McCormick WC,
McCurry SM, McDavid AN, McKee AC, Mesulam M, Miller
BL, Miller CA, Miller JW, Parisi JE, Perl DP, Peskind E, Pe-
tersen RC, Poon WW, Quinn JF, Rajbhandary RA, Raskind M,
Reisberg B, Ringman JM, Roberson ED, Rosenberg RN, Sano
M, Schneider LS, Seeley W, Shelanski ML, Slifer MA, Smith
CD, Sonnen JA, Spina S, Stern RA, Tanzi RE, Trojanowski JQ,
Troncoso JC, Van Deerlin VM, Vinters HV, Vonsattel JP,
Weintraub S, Welsh-Bohmer KA, Williamson J, Woltjer RL,
Cantwell LB, Dombroski BA, Beekly D, Lunetta KL, Martin
ER, Kamboh MI, Saykin AJ, Reiman EM, Bennett DA, Morris
JC, Montine TJ, Goate AM, Blacker D, Tsuang DW, Hako-
narson H, Kukull WA, Foroud TM, Haines JL, Mayeux R,
Pericak-Vance MA, Farrer LA, and Schellenberg GD. Com-
mon variants at MS4A4/MS4A6E, CD2AP, CD33 and
EPHA1 are associated with late-onset Alzheimer’s disease.
Nat Genet 43: 436–441, 2011.

REDOX DYSREGULATION IN ALZHEIMER’S DISEASE 1021



448. Nakamura N, Kimura Y, Tokuda M, Honda S, and Hirose
S. MARCH-V is a novel mitofusin 2- and Drp1-binding
protein able to change mitochondrial morphology. EMBO
Rep 7: 1019–1022, 2006.

449. Nakamura T, Cieplak P, Cho DH, Godzik A, and Lipton
SA. S-nitrosylation of Drp1 links excessive mitochondrial
fission to neuronal injury in neurodegeneration. Mitochon-
drion 10: 573–578, 2010.

450. Nakamura Y. Regulating factors for microglial activation.
Biol Pharm Bull 25: 945–953, 2002.

451. Nakamura Y, Ohto Y, Murakami A, Osawa T, and Ohi-
gashi H. Inhibitory effects of curcumin and tetra-
hydrocurcuminoids on the tumor promoter-induced
reactive oxygen species generation in leukocytes in vitro
and in vivo. Jpn J Cancer Res 89: 361–370, 1998.

452. Nathan C, Calingasan N, Nezezon J, Ding A, Lucia MS, La
Perle K, Fuortes M, Lin M, Ehrt S, Kwon NS, Chen J, Vo-
dovotz Y, Kipiani K, and Beal MF. Protection from Alz-
heimer’s-like disease in the mouse by genetic ablation of
inducible nitric oxide synthase. J Exp Med 202: 1163–1169,
2005.

453. Neumann H, Kotter MR, and Franklin RJ. Debris clearance
by microglia: an essential link between degeneration and
regeneration. Brain 132: 288–295, 2009.

454. Newman SF, Sultana R, Perluigi M, Coccia R, Cai J, Pierce
WM, Klein JB, Turner DM, and Butterfield DA. An increase
in S-glutathionylated proteins in the Alzheimer’s disease
inferior parietal lobule, a proteomics approach. J Neurosci
Res 85: 1506–1514, 2007.

455. Nguyen MD, Julien JP, and Rivest S. Innate immunity: the
missing link in neuroprotection and neurodegeneration?
Nat Rev Neurosci 3: 216–227, 2002.

456. Nicholls DG and Budd SL. Mitochondria and neuronal
survival. Physiol Rev 80: 315–360, 2000.

457. Nikolaev A, McLaughlin T, O’Leary DD, and Tessier-La-
vigne M. APP binds DR6 to trigger axon pruning and
neuron death via distinct caspases. Nature 457: 981–989,
2009.

458. Nimmerjahn A, Kirchhoff F, and Helmchen F. Resting mi-
croglial cells are highly dynamic surveillants of brain pa-
renchyma in vivo. Science 308: 1314–1318, 2005.

459. Nixon RA. Autophagy in neurodegenerative disease:
friend, foe or turncoat? Trends Neurosci 29: 528–535, 2006.

460. Nixon RA. Autophagy, amyloidogenesis and Alzheimer
disease. J Cell Sci 120: 4081–4091, 2007.

461. Nixon RA, Wegiel J, Kumar A, Yu WH, Peterhoff C, Cataldo
A, and Cuervo AM. Extensive involvement of autophagy in
Alzheimer disease: an immuno-electron microscopy study. J
Neuropathol Exp Neurol 64: 113–122, 2005.

462. Njie EG, Boelen E, Stassen FR, Steinbusch HW, Borchelt
DR, and Streit WJ. Ex vivo cultures of microglia from young
and aged rodent brain reveal age-related changes in mi-
croglial function. Neurobiol Aging 33: 195.e1–195.e12, 2012.

463. Nonn L, Williams RR, Erickson RP, and Powis G. The ab-
sence of mitochondrial thioredoxin 2 causes massive apo-
ptosis, exencephaly, and early embryonic lethality in
homozygous mice. Mol Cell Biol 23: 916–922, 2003.

464. Nowak LA, Smith GG, and Reyes PF. Dementia in a retired
world boxing champion: case report and literature review.
Clin Neuropathol 28: 275–280, 2009.

465. Nunomura A, Chiba S, Lippa CF, Cras P, Kalaria RN, Ta-
keda A, Honda K, Smith MA, and Perry G. Neuronal RNA
oxidation is a prominent feature of familial Alzheimer’s
disease. Neurobiol Dis 17: 108–113, 2004.

466. Nunomura A, Perry G, Aliev G, Hirai K, Takeda A, Balraj
EK, Jones PK, Ghanbari H, Wataya T, Shimohama S, Chiba
S, Atwood CS, Petersen RB, and Smith MA. Oxidative
damage is the earliest event in Alzheimer disease. J Neu-
ropathol Exp Neurol 60: 759–767, 2001.

467. Obrenovich ME, Joseph JA, Atwood CS, Perry G, and
Smith MA. Amyloid-beta: a (life) preserver for the brain.
Neurobiol Aging 23: 1097–1099, 2002.

468. Oddo S. The ubiquitin-proteasome system in Alzheimer’s
disease. J Cell Mol Med 12: 363–373, 2008.

469. Oh S, Hong HS, Hwang E, Sim HJ, Lee W, Shin SJ, and
Mook-Jung I. Amyloid peptide attenuates the proteasome
activity in neuronal cells. Mech Ageing Dev 126: 1292–1299,
2005.

470. Ojaimi J, Masters CL, Opeskin K, McKelvie P, and Byrne E.
Mitochondrial respiratory chain activity in the human brain
as a function of age. Mech Ageing Dev 111: 39–47, 1999.

471. Ortiz-Ortiz MA, Moran JM, Bravosanpedro JM, Gonzalez-
Polo RA, Niso-Santano M, Anantharam V, Kanthasamy
AG, Soler G, and Fuentes JM. Curcumin enhances para-
quat-induced apoptosis of N27 mesencephalic cells via the
generation of reactive oxygen species. Neurotoxicology 30:
1008–1018, 2009.

472. Ortiz-Ortiz MA, Moran JM, Ruiz-Mesa LM, Niso-Santano
M, Bravo-SanPedro JM, Gomez-Sanchez R, Gonzalez-Polo
RA, and Fuentes JM. Curcumin exposure induces expres-
sion of the Parkinson’s disease-associated leucine-rich re-
peat kinase 2 (LRRK2) in rat mesencephalic cells. Neurosci
Lett 468: 120–124, 2010.

473. Ouyang X, Negishi H, Takeda R, Fujita Y, Taniguchi T, and
Honda K. Cooperation between MyD88 and TRIF path-
ways in TLR synergy via IRF5 activation. Biochem Biophys
Res Commun 354: 1045–1051, 2007.

474. Pan G, Bauer JH, Haridas V, Wang S, Liu D, Yu G, Vincenz
C, Aggarwal BB, Ni J, and Dixit VM. Identification and
functional characterization of DR6, a novel death domain-
containing TNF receptor. FEBS Lett 431: 351–356, 1998.

475. Pannaccione A, Secondo A, Scorziello A, Cali G, Tagliala-
tela M, and Annunziato L. Nuclear factor-kappaB activa-
tion by reactive oxygen species mediates voltage-gated K +
current enhancement by neurotoxic beta-amyloid peptides
in nerve growth factor-differentiated PC-12 cells and hip-
pocampal neurones. J Neurochem 94: 572–586, 2005.

476. Pannu R and Singh I. Pharmacological strategies for the
regulation of inducible nitric oxide synthase: neurodegen-
erative versus neuroprotective mechanisms. Neurochem Int
49: 170–182, 2006.

477. Pappolla MA, Chyan YJ, Omar RA, Hsiao K, Perry G,
Smith MA, and Bozner P. Evidence of oxidative stress and
in vivo neurotoxicity of beta-amyloid in a transgenic mouse
model of Alzheimer’s disease: a chronic oxidative para-
digm for testing antioxidant therapies in vivo. Am J Pathol
152: 871–877, 1998.

478. Paquet C, Privat N, Kaci R, Polivka M, Dupont O, Haik S,
Laplanche JL, Hauw JJ, and Gray F. Cerebral amyloid an-
giopathy with co-localization of prion protein and beta-
amyloid in an 85-year-old patient with sporadic Creutz-
feldt-Jakob disease. Acta Neuropathol 116: 567–573, 2008.

479. Paresce DM, Chung H, and Maxfield FR. Slow degradation
of aggregates of the Alzheimer’s disease amyloid beta-
protein by microglial cells. J Biol Chem 272: 29390–29397,
1997.

480. Parihar MS and Brewer GJ. Simultaneous age-related de-
polarization of mitochondrial membrane potential and

1022 VON BERNHARDI AND EUGENÍN
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Immobilized amyloid precursor protein constructs: a tool
for the in vitro screening of glial cell reactivity. Eur J Neu-
rosci 14: 946–956, 2001.

673. von Bernhardi R, Ramirez G, Toro R, and Eugenin J. Pro-
inflammatory conditions promote neuronal damage medi-
ated by amyloid precursor protein and decrease its
phagocytosis and degradation by microglial cells in culture.
Neurobiol Dis 26: 153–164, 2007.

674. von Bernhardi R, Tichauer JE, and Eugenin J. Aging-depen-
dent changes of microglial cells and their relevance for neu-
rodegenerative disorders. J Neurochem 112: 1099–1114, 2010.

675. Vossel KA, Zhang K, Brodbeck J, Daub AC, Sharma P,
Finkbeiner S, Cui B, and Mucke L. Tau reduction prevents
Abeta-induced defects in axonal transport. Science 330: 198,
2010.

676. Wajant H. Death receptors. Essays Biochem 39: 53–71, 2003.
677. Walsh DM, Klyubin I, Fadeeva JV, Cullen WK, Anwyl R,

Wolfe MS, Rowan MJ, and Selkoe DJ. Naturally secreted
oligomers of amyloid beta protein potently inhibit hippo-
campal long-term potentiation in vivo. Nature 416: 535–539,
2002.

678. Wang H, Ma J, Tan Y, Wang Z, Sheng C, Chen S, and Ding
J. Amyloid-beta1-42 induces reactive oxygen species-me-
diated autophagic cell death in U87 and SH-SY5Y cells. J
Alzheimers Dis 21: 597–610, 2010.

679. Wang J, Markesbery WR, and Lovell MA. Increased oxi-
dative damage in nuclear and mitochondrial DNA in mild
cognitive impairment. J Neurochem 96: 825–832, 2006.

680. Wang J, Xiong S, Xie C, Markesbery WR, and Lovell MA.
Increased oxidative damage in nuclear and mitochondrial
DNA in Alzheimer’s disease. J Neurochem 93: 953–962, 2005.

681. Wang Q, Walsh DM, Rowan MJ, Selkoe DJ, and Anwyl R.
Block of long-term potentiation by naturally secreted and
synthetic amyloid beta-peptide in hippocampal slices is
mediated via activation of the kinases c-Jun N-terminal
kinase, cyclin-dependent kinase 5, and p38 mitogen-
activated protein kinase as well as metabotropic glutamate
receptor type 5. J Neurosci 24: 3370–3378, 2004.

682. Wang Q, Zhang JY, Liu SJ, and Li HL. Overactivated mi-
togen-activated protein kinase by anisomycin induces tau
hyperphosphorylation. Sheng Li Xue Bao 60: 485–491, 2008.

683. Wang T, Qin L, Liu B, Liu Y, Wilson B, Eling TE, Lan-
genbach R, Taniura S, and Hong JS. Role of reactive oxygen
species in LPS-induced production of prostaglandin E2 in
microglia. J Neurochem 88: 939–947, 2004.

684. Wang X, Su B, Lee HG, Li X, Perry G, Smith MA, and Zhu
X. Impaired balance of mitochondrial fission and fusion in
Alzheimer’s disease. J Neurosci 29: 9090–9103, 2009.

685. Wang X, Su B, Siedlak SL, Moreira PI, Fujioka H, Wang Y,
Casadesus G, and Zhu X. Amyloid-beta overproduction
causes abnormal mitochondrial dynamics via differential
modulation of mitochondrial fission/fusion proteins. Proc
Natl Acad Sci U S A 105: 19318–19323, 2008.

686. Wang X, Su B, Zheng L, Perry G, Smith MA, and Zhu X.
The role of abnormal mitochondrial dynamics in the

pathogenesis of Alzheimer’s disease. J Neurochem 109 Suppl
1: 153–159, 2009.

687. Wang Y, Martinez-Vicente M, Kruger U, Kaushik S,
Wong E, Mandelkow EM, Cuervo AM, and Mandelkow E.
Tau fragmentation, aggregation and clearance: the dual
role of lysosomal processing. Hum Mol Genet 18: 4153–4170,
2009.

688. Wasiak S, Zunino R, and McBride HM. Bax/Bak promote
sumoylation of DRP1 and its stable association with mito-
chondria during apoptotic cell death. J Cell Biol 177: 439–
450, 2007.

689. Watson WH, Chen Y, and Jones DP. Redox state of gluta-
thione and thioredoxin in differentiation and apoptosis.
Biofactors 17: 307–314, 2003.

690. Watts RN and Richardson DR. The mechanism of nitrogen
monoxide (NO)-mediated iron mobilization from cells.
NO intercepts iron before incorporation into ferritin and
indirectly mobilizes iron from ferritin in a glutathione-
dependent manner. Eur J Biochem 269: 3383–3392, 2002.

691. Wegiel J, Wang KC, Imaki H, Rubenstein R, Wronska A,
Osuchowski M, Lipinski WJ, Walker LC, and LeVine H.
The role of microglial cells and astrocytes in fibrillar plaque
evolution in transgenic APP(SW) mice. Neurobiol Aging 22:
49–61, 2001.

692. Werner ED, Brodsky JL, and McCracken AA. Proteasome-
dependent endoplasmic reticulum-associated protein deg-
radation: an unconventional route to a familiar fate. Proc
Natl Acad Sci U S A 93: 13797–13801, 1996.

693. Westermann B. Mitochondrial fusion and fission in cell life
and death. Nat Rev Mol Cell Biol 11: 872–884, 2010.

694. Wilcock DM, Lewis MR, Van Nostrand WE, Davis J, Previti
ML, Gharkholonarehe N, Vitek MP, and Colton CA. Pro-
gression of amyloid pathology to Alzheimer’s disease pa-
thology in an amyloid precursor protein transgenic mouse
model by removal of nitric oxide synthase 2. J Neurosci 28:
1537–1545, 2008.

695. Wolozin B, Kellman W, Ruosseau P, Celesia GG, and Siegel
G. Decreased prevalence of Alzheimer disease associated
with 3-hydroxy-3-methyglutaryl coenzyme A reductase
inhibitors. Arch Neurol 57: 1439–1443, 2000.

696. Woo JH, Kim YH, Choi YJ, Kim DG, Lee KS, Bae JH, Min
DS, Chang JS, Jeong YJ, Lee YH, Park JW, and Kwon TK.
Molecular mechanisms of curcumin-induced cytotoxicity:
induction of apoptosis through generation of reactive ox-
ygen species, down-regulation of Bcl-XL and IAP, the re-
lease of cytochrome c and inhibition of Akt. Carcinogenesis
24: 1199–1208, 2003.

697. Wood ZA, Schroder E, Robin Harris J, and Poole LB.
Structure, mechanism and regulation of peroxiredoxins.
Trends Biochem Sci 28: 32–40, 2003.

698. Wu G, Fang YZ, Yang S, Lupton JR, and Turner ND.
Glutathione metabolism and its implications for health. J
Nutr 134: 489–492, 2004.

699. Wu XF, Block ML, Zhang W, Qin L, Wilson B, Zhang WQ,
Veronesi B, and Hong JS. The role of microglia in paraquat-
induced dopaminergic neurotoxicity. Antioxid Redox Signal
7: 654–661, 2005.

700. Wullner U, Seyfried J, Groscurth P, Beinroth S, Winter S,
Gleichmann M, Heneka M, Loschmann P, Schulz JB, Weller
M, and Klockgether T. Glutathione depletion and neuronal
cell death: the role of reactive oxygen intermediates and
mitochondrial function. Brain Res 826: 53–62, 1999.

701. Wynn TA. IL-13 effector functions. Annu Rev Immunol 21:
425–456, 2003.

REDOX DYSREGULATION IN ALZHEIMER’S DISEASE 1029



702. Wyss-Coray T. Inflammation in Alzheimer disease: driving
force, bystander or beneficial response? Nat Med 12: 1005–
1015, 2006.

703. Wyss-Coray T and Mucke L. Inflammation in neurode-
generative disease—a double-edged sword. Neuron 35:
419–432, 2002.

704. Xu W, Charles IG, and Moncada S. Nitric oxide: orches-
trating hypoxia regulation through mitochondrial respira-
tion and the endoplasmic reticulum stress response. Cell
Res 15: 63–65, 2005.

705. Yamaguchi H, Sugihara S, Ogawa A, Saido TC, and Ihara
Y. Diffuse plaques associated with astroglial amyloid beta
protein, possibly showing a disappearing stage of senile
plaques. Acta Neuropathol 95: 217–222, 1998.

706. Yan SD, Chen X, Fu J, Chen M, Zhu H, Roher A, Slattery T,
Zhao L, Nagashima M, Morser J, Migheli A, Nawroth P,
Stern D, and Schmidt AM. RAGE and amyloid-beta pep-
tide neurotoxicity in Alzheimer’s disease. Nature 382: 685–
691, 1996.

707. Yan SD, Yan SF, Chen X, Fu J, Chen M, Kuppusamy P,
Smith MA, Perry G, Godman GC, Nawroth P, et al. Non-
enzymatically glycated tau in Alzheimer’s disease induces
neuronal oxidant stress resulting in cytokine gene expres-
sion and release of amyloid beta-peptide. Nat Med 1: 693–
699, 1995.

708. Yanagisawa M, Planel E, Ishiguro and K, Fujita SC. Star-
vation induces tau hyperphosphorylation in mouse brain:
implications for Alzheimer’s disease. FEBS Lett 461: 329–
333, 1999.

709. Yates CM, Butterworth J, Tennant MC, and Gordon A.
Enzyme activities in relation to pH and lactate in post-
mortem brain in Alzheimer-type and other dementias. J
Neurochem 55: 1624–1630, 1990.

710. Yatin SM, Varadarajan S, and Butterfield DA. Vitamin E
prevents Alzheimer’s amyloid beta-peptide (1–42)-induced
neuronal protein oxidation and reactive oxygen species
production. J Alzheimers Dis 2: 123–131, 2000.

711. Yonashiro R, Ishido S, Kyo S, Fukuda T, Goto E, Matsuki Y,
Ohmura-Hoshino M, Sada K, Hotta H, Yamamura H, In-
atome R, and Yanagi S. A novel mitochondrial ubiquitin
ligase plays a critical role in mitochondrial dynamics.
EMBO J 25: 3618–3626, 2006.

712. Youle RJ and Narendra DP. Mechanisms of mitophagy. Nat
Rev Mol Cell Biol 12: 9–14, 2011.

713. Young KW, Bampton ET, Pinon L, Bano D, and Nicotera P.
Mitochondrial Ca2 + signalling in hippocampal neurons.
Cell Calcium 43: 296–306, 2008.

714. Yu CE, Marchani E, Nikisch G, Muller U, Nolte D, Hertel
A, Wijsman EM, and Bird TD. The N141I mutation in
PSEN2: implications for the quintessential case of Alzhei-
mer disease. Arch Neurol 67: 631–633, 2010.

715. Yu JT, Tan L, Song JH, Sun YP, Chen W, Miao D, and Tian
Y. Interleukin-18 promoter polymorphisms and risk of late
onset Alzheimer’s disease. Brain Res 1253: 169–175, 2009.

716. Yu T, Robotham JL, and Yoon Y. Increased production of
reactive oxygen species in hyperglycemic conditions re-
quires dynamic change of mitochondrial morphology. Proc
Natl Acad Sci U S A 103: 2653–2658, 2006.

717. Yu WH, Cuervo AM, Kumar A, Peterhoff CM, Schmidt SD,
Lee JH, Mohan PS, Mercken M, Farmery MR, Tjernberg LO,
Jiang Y, Duff K, Uchiyama Y, Naslund J, Mathews PM,
Cataldo AM, and Nixon RA. Macroautophagy—a novel
beta-amyloid peptide-generating pathway activated in
Alzheimer’s disease. J Cell Biol 171: 87–98, 2005.

718. Zhang C, Browne A, Child D, Divito JR, Stevenson JA, and
Tanzi RE. Loss of function of ATXN1 increases amyloid
beta-protein levels by potentiating beta-secretase proces-
sing of beta-amyloid precursor protein. J Biol Chem 285:
8515–8526, 2010.

719. Zhang D, Lu C, Whiteman M, Chance B, and Armstrong JS.
The mitochondrial permeability transition regulates cyto-
chrome c release for apoptosis during endoplasmic reticu-
lum stress by remodeling the cristae junction. J Biol Chem
283: 3476–3486, 2008.

720. Zhang K and Kaufman RJ. From endoplasmic-reticulum
stress to the inflammatory response. Nature 454: 455–462,
2008.

721. Zhang W, Wang T, Pei Z, Miller DS, Wu X, Block ML,
Wilson B, Zhang W, Zhou Y, Hong JS, and Zhang J. Ag-
gregated alpha-synuclein activates microglia: a process
leading to disease progression in Parkinson’s disease.
FASEB J 19: 533–542, 2005.

722. Zhu X, Su B, Wang X, Smith MA, and Perry G. Causes of
oxidative stress in Alzheimer disease. Cell Mol Life Sci 64:
2202–2210, 2007.

723. Zhu YG, Chen XC, Chen ZZ, Zeng YQ, Shi GB, Su YH, and
Peng X. Curcumin protects mitochondria from oxidative
damage and attenuates apoptosis in cortical neurons. Acta
Pharmacol Sin 25: 1606–1612, 2004.

724. Zilka N, Filipcik P, Koson P, Fialova L, Skrabana R, Zilkova
M, Rolkova G, Kontsekova E, and Novak M. Truncated tau
from sporadic Alzheimer’s disease suffices to drive neuro-
fibrillary degeneration in vivo. FEBS Lett 580: 3582–3588,
2006.

Address correspondence to:
Dr. Rommy von Bernhardi

Department of Neurology
Faculty of Medicine

Pontificia Universidad Católica de Chile
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AA¼ arachidonic acid
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AGEs¼ advanced glycation end products
ALS¼ amyotrophic lateral sclerosis
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methyl-4-isoxazole propionic acid
receptor

APAF1¼ apoptotic protease-activating factor 1
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dehydrogenase
GPx¼ glutathione peroxidases

GS¼ glutamine synthetase
GSH¼ glutathione (antioxidant)

GSSG¼ oxidized glutathione
GSTO1¼ glutathione S-transferase omega-1

HD¼Huntington’s disease
HIFa¼hypoxia inducible factor
HNE¼ 4-hydroxy-2-nonenal
H2O2¼hydrogen peroxide

Hsp¼heat-shock proteins
I (1,4,5)P3¼ inositol 1,4,5-trisphosphate

IAP¼ inhibitor of apoptosis protein
IFNc¼ interferon c

IjB¼ inhibitor of jB
IL¼ interleukin

iNOS¼ inducible nitric oxide synthase
IRE¼ Fe-response element

IRF5¼ interferon-regulatory factor 5
JNK¼ c-Jun N-terminal kinase
LDL¼ low density lipoprotein
LOX¼ lipoxygenase
LTP¼ long-term potentiation

MAC¼membrane-attack complex
MAPK¼mitogen activated protein kinases

MCI¼mild cognitive impairment
MG¼methyl glyoxal

MMPs¼matrix metalloproteinases
mtDNA¼mitochondrial DNA

MTs¼microtubules
NAD¼nicotinamide adenine dinucleotide.

Coenzyme with oxidized (NAD+)
and reduced (NADH) forms.

NADPH¼nicotinamide adenine dinucleotide
phosphate

nDNA¼nuclear DNA
NF-jB¼nuclear factor-kappa B
NFTs¼neurofibrillary tangles
NGF¼nerve growth factor

NMDA¼N-methyl-D-aspartic acid
NMDAr¼ glutamatergic N-methyl D-aspartate

receptor
NO$¼nitric oxide
NOS¼nitric oxide synthase
Nrf2¼nuclear factor E2-related factor 2

NSAIDs¼nonsteroidal anti-inflammatory drugs
O2$-¼ superoxide radical anion

ONOO-¼peroxynitrite
PAR4¼prostate apoptosis response 4 factor

PD¼Parkinson’s disease
PDI¼protein-disulphide isomerase
PET¼positron emission tomography
PGs¼prostaglandins

Pin-1¼peptidyl prolys cis/trans isomerase
PK¼protein kinase
PQ¼paraquat

Prxs¼peroxiredoxins
PS¼presenilin (1 and 2)

PSHs¼protein sulfhydryls
PTP¼permeability transition pore

RAGE¼ receptor for advanced glycation end
products

RNS¼ reactive nitrogen species
ROS¼ reactive oxygen species
SOD¼ superoxide dismutase

SS¼ Szeto-Schiller
TBARS¼ thiobarbituric acid reactive substance

TCA¼ tricarboxylic acid
TGFb¼ transforming growth factor b

TIGAR¼TP53-induced glycolysis and apoptosis
regulator

TNFR(1 & 2)¼ tumor necrosis factor receptor (1 & 2)
TNFa¼ tumor necrosis factor a

TRAIL¼TNF-related apoptosis inducing ligand
UCH-L1¼ubiquitin carboxy-terminal hydrolase 1

UPR¼unfolded protein response
UPS¼ubiquitin proteasome system
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