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Abstract
Alzheimer’s disease (AD) is a late-onset dementia that is
characterized by the loss of memory and an impairment of
multiple cognitive functions. Advancements in molecular, cellular, and animal model studies have revealed that the formation of amyloid beta (Ab) and other derivatives of the amyloid
precursor protein (APP) are key factors in cellular changes in
the AD brain, including the generation of free radicals, oxidative
damage, and inflammation. Recent molecular, cellular, and
gene expression studies have revealed that Ab enters mitochondria, induces the generation of free radicals, and leads to
oxidative damage in post-mortem brain neurons from AD patients and in brain neurons from cell models and transgenic
mouse models of AD. In the last three decades, tremendous

progress has been made in mitochondrial research and has
provided significant findings to link mitochondrial oxidative
damage and neurodegenerative diseases such as AD.
Researchers in the AD field are beginning to recognize the
possible involvement of a mutant APP and its derivatives in
causing mitochondrial oxidative damage in AD. This article
summarizes the latest research findings on the generation of
free radicals in mitochondria and provides a possible model
that links Ab proteins, the generation of free radicals, and
oxidative damage in AD development and progression.
Keywords: in vitro studies, mitochondria, mitochondrial gene
expression, oxidative damage, reactive oxygen species,
transgenic mice.
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Alzheimer’s disease (AD) is a late-onset, progressive, agedependent neurodegenerative disorder, characterized clinically by the impairment of cognitive functions and changes in
behavior and personality (Selkoe 2001; Mattson 2004;
Reddy and McWeeney 2005; Tanzi and Bertram 2005).
AD is associated with the presence of intracellular neuroﬁbrillary tangles and extracellular amyloid beta (Ab)
plaques, a loss of neuronal subpopulations, synaptophysin
immunoreactivity of presynaptic terminals, cholinergic
ﬁbers, the proliferation of reactive astrocytes, and microglia
oxidative damage (Selkoe 2001; Reddy and Beal 2005;
Reddy and McWeeney 2005; Tanzi and Bertram 2005).
Although AD occurs in both familial and sporadic forms,
genetic mutations are responsible for causing AD in only 2%
of AD cases, but the causal factor(s) for the vast majority of
AD cases is still unknown. Recently, however, several
reports and reviews have suggested that mitochondrial

abnormalities and oxidative stress play a role in sporadic
AD (Hirai et al. 2001; Cash et al. 2002; Swerdlow and Kish
2002; Coskun et al. 2004; Keil et al. 2004; Manczak et al.
2004; Swerdlow and Khan 2004; Behl 2005; Reddy and Beal
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2005; Zhu et al. 2005). This study reviews research that
suggests a connection between derivatives of the mutant
amyloid precursor protein (APP) and the generation of free
radicals, and mitochondrial oxidative damage in the development and progression of AD.
Formation of reactive oxygen species in the
mitochondria

Reactive oxygen species (ROS) is a term used to describe
free radicals derived from molecular oxygen. Molecular
oxygen in the ground state is a bi-radical, containing two
unpaired electrons in the outer shell (Turrens 2003; Cadenas
and Davies 2000). Since the two unpaired electrons have the
same spin and since oxygen can only react with one electron
at a time, oxygen is not very reactive with the two electrons
in a chemical bond. On the other hand, if one of the two
unpaired electrons is excited and changes its spin, the
resulting species (known as a singlet oxygen) becomes a
powerful oxidant, as the two electrons with opposing spins
can quickly react with other pairs of electrons (Turrens
2003). The reduction of oxygen by one electron at a time
produces relatively stable intermediates. Superoxide anion
(O2 ), the product of oxygen that is reduced by one electron,
is the precursor of most ROS and is a mediator in oxidative
chain reactions. Dismutation of O2 , either spontaneously or
through a catalytic reaction by superoxide dismutases,
produces hydrogen peroxide (H2O2), which in turn may be
fully reduced to water or partially reduced to a hydroxyl
radical (•OH), one of the strongest oxidants in nature
(Turrens 2003). The formation of •OH is catalyzed by
reduced-transition metals, such as copper and iron, that, in
turn, may be re-reduced by O2 and may propagate the entire
ROS process (Liochev and Fridovich 1999). In addition, O2
may react with other radicals, including nitric oxide (NO) in
a reaction controlled by the rate that both radicals diffuse.
The resulting product, peroxynitrite, is also a very powerful
oxidant (Beckman and Koppenol 1996; Radi et al. 2002).
The oxidants derived from NO have been recently called
reactive nitrogen species.
The production of mitochondrial O2 occurs primarily at
discrete points in the electron transport chain (ETC) at
complexes 1 and 3, and in components of tricarboxylic acid
(TCA), including a-ketoglutarate dehydrogenase (Finkel and
Holbrook 2000; Starkov et al. 2004) (see Fig. 1). When the
ETC is inhibited, the electrons accumulate in the early stages
of the ETC (complex 1 and coenzyme Q), where they are
donated directly to molecular oxygen, to give an O2
(Wallace 1999). The O2 is detoxiﬁed by the mitochondrial
Mn-superoxide dismutase to give H2O2. Then H2O2 is
converted into H2O by either glutathione peroxidase or
catalase. Chronic exposure to ROS can result in oxidative
damage to mitochondrial and cellular proteins, lipids, and
nucleic acids, and acute exposure to ROS can inactivate

theTCA-cycle aconitase and the iron-sulfur centers of ETC at
complexes 1, 2, and 3, resulting in a shutdown of mitochondrial energy production (Wallace 1999; Reddy and Beal
2005).
Another important aspect of ETC is the generation of
ROS, which is a physiologically important by-product
of respiration (Reddy and Beal 2005). During the transfer
of electrons to molecular oxygen, an estimated 1% to 5% of
electrons in the respiratory chain lose their way and
participate in forming O2 . Molecular oxygen generated
from this loss of electrons ultimately activates the mitochondrial permeability transition pore and destroys the cell
apoptosis. In contrast with other oxidant-producing systems
of the cell, mitochondria are required for the production of
ATP and are present in relatively high numbers in essentially
all cells of the body (Reddy and Beal 2005).
Free-radical generation by the inner mitochondrial
membrane and matrix

Figure 1 illustrates the generation of free radicals in the
mitochondria. As shown in Fig. 1, respiratory complexes 1 and
3 leak electrons to oxygen, which produces primarily superoxide radicals (or O2 ). O2 anions are dismutated by
manganese superoxide dismutase and generate H2O2 and
oxygen. H2O2 is then converted to H2O and oxygen by means
of either catalase or glutathione peroxidase. Complex 1
generates O2 only in the matrix of mitochondria, in contrast
to complexes 2, 4, and 5, which seem to play no role in O2
generation in the ETC. Complex 3, on the other hand,
generates O2 toward both the intermembrane space and the
matrix (Muller et al. 2004). Recent biochemical studies
suggest that components of a TCA cycle, including aketoglutarate dehydrogenase, also generate O2 in the mitochondrial matrix (Starkov et al. 2004). Increased steady-state
concentrations of O2 may reduce transition metals, such as
iron and copper, which in turn may react with H2O2 to produce
•
OH, or the increased O2 may react with NO to form
peroxynitrite. Both •OH and peroxynitrite are strong oxidants
that indiscriminately react with nucleic acids, lipids, and
proteins (Turrens 2003; Cadenas and Davies 2000).
Generation of free radicals by the outer mitochondrial
membrane

Flavoprotein (monoamine oxidase), localized on the outer
mitochondrial membrane, catalyzes the oxidative deamination of primary aromatic amines. This deamination is a
quantitatively large source of H2O2 that contributes to an
increase in the steady-state concentrations of ROS within
both the mitochondrial matrix and the cytosol (Han et al.
2003). H2O2, produced during the oxidative deamination
of catecholamines, has been identiﬁed as likely involved in
neurodegenerative disorders, such as AD and Parkinson’s
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Fig. 1 Sites of free radical generation in the mitochondria. In the
respiratory chain, complexes 1 and 3 (C1 and C3) leak electrons to
oxygen, producing primarily superoxide radicals (or O2 ). The O2 are
dismutated by manganese superoxide dismutase (Mn-SOD) to generate H2O2 and oxygen. Complex 1 (C1) generates O2 only toward
the matrix, whereas in the electron transport chain, complexes 2 (C2),

4 (C4), and 5 (C5) seem to play no role in O2 generation. Complex 3
(C3), on the other hand, generates O2 toward both the intermembrane space and the matrix. In addition, the components of tricarboxylic acid (TCA), including a-ketoglutarate dehydrogenase, also
generate O2 in the matrix.

disease, presumably via oxidative damage to the
mitochondrial membrane (Cohen 1983; Fhan and Cohen
1992).
In vivo, O2 is produced both enzymatically and nonenzymatically. Enzymatic sources include NADPH oxidases,
which are located on the cell membranes of polymorphonuclear cells, macrophages, and endothelial cells (Babior
2000; Babior et al. 2002; Vignais 2002). The proteolytic
conversion of xanthine dehydrogenase to xanthine oxidase
provides another enzymatic source for both O2 and H2O2
(and therefore constitutes a source of •OH) and has been
proposed to mediate deleterious processes in vivo (Yokoyama et al. 1990). The nonenzymatic production of O2
occurs when a single electron is directly transferred to
oxygen by reduced coenzymes or to prosthetic groups (for
example, ﬂavins or clusters of iron sulfur) by xenobiotics
that certain enzymes have previously reduced. The mitochondrial ETC contains several redox centers that may leak
electrons to oxygen, constituting the primary source of O2
in most tissues.

Although several laboratories in the last three decades
have identiﬁed a variety of mitochondrial sources of O2 ,
the physiological link between disease progression in
neurodegenerative diseases, such as AD, and free radicals
is still not clear. Superoxide formation occurs on the outer
mitochondrial membrane, in the matrix, and on both sides
of the intermitochondrial membrane (Fig. 1). The O2 that
is generated in the matrix is eliminated in that compartment, whereas the O2 of the intermembrane space may
be carried to the cytoplasm via voltage-dependent anion
channels (see Fig. 1) (Han et al. 2003).
Generation of amyloid beta and free radicals

In the brains of AD patients, Ab plaques or deposits have
been found to result from a cleaved APP of 4 kDa, which is a
39–42 amino acid peptide (Selkoe 2001). This cleavage
occurs due to proteases – referred to as b and c secretase on
either side of the Ab sequence of APP molecule – and results
in the production of the full Ab peptide (Haass et al. 1992;
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Shoji et al. 1992). Ab, the primary constituent of Ab plaques
in AD, is hypothesized to cause neuronal damage and
cognitive failure via the generation of free radicals, mitochondrial oxidative damage, synaptic failure and inﬂammatory changes in the brains of AD patients (Selkoe 2001;
Mattson 2004; Reddy and Beal 2005; Reddy and McWeeney
2005; Tanzi and Bertram 2005). However, the precise
mechanisms of AD progression are still not clearly understood.
To determine the precise connection between Ab deposits
and the generation of free radicals, using multiphoton
imaging, McLellan et al. (2003) recently showed a direct
association between Ab deposits and free-radical generation
in vivo in live, transgenic mouse models of AD and in
analogous ex vivo experiments using postmortem brain tissue
from AD patients. Before imaging the neurons with a near
infrared laser, they applied two ﬂuorogenic compounds that
become ﬂuorescent only after oxidation. They observed
ﬂuorescence associated with dense core plaques, but not with
diffuse plaques, as determined by the subsequent addition of
thioﬂavine S and immunohistochemistry of the Ab plaques.
Systemic administration of N-tert-butyl-phenylnitrone, a
free-radical spin trap, greatly reduced the oxidation of the
ﬂuorescent. These data showed that a subset of Ab plaques
produces free radicals in living mouse models of AD and in
human AD tissue. Antioxidant therapy has been found to
neutralize these highly reactive molecules (McLellan et al.
2003) and may therefore be of therapeutic value in treating
patients with AD.
Free radicals, increased beta-secretase expression
and activity, and the production of amyloid beta

Several in vitro studies have shown that synthetic Ab
facilitates the generation of free radicals (Hensley et al.
1994), causing the peroxidation of membrane lipids and
the increased production of ROS in cells in culture,
resulting in toxic effects from Ab (Behl et al. 1994;
Mattson 1995; Keller et al. 1997; reviewed in Reddy and
Beal 2005).
In postmortem studies of the brains from AD patients and
in animal models of AD, indirect markers of oxidative
damage have been found to include changes in antioxidant
enzymes (Pappolla et al. 1998; Leutner et al. 2000),
advanced glycation end products (Wong et al. 2001), lipid
peroxidation (Behl et al. 1994; Mark et al. 1997; Mattson
et al. 1997; Montine et al. 1997; Sayre et al. 1997), free
carbonyls (Hensley et al. 1994; Smith et al. 1996), and
peroxynitration (Good et al. 1996; Smith et al. 1997).
However, evidence supports alternative hypotheses regarding
the deposition of Ab and the generation of free radicals.
Some researchers have suggested that oxidative stress
precedes Ab deposition (Yan et al. 1995; Nunomura et al.
2000; Pratico et al. 2001), and others have proposed that Ab

ﬁbrils act as free-radical scavengers that exhibit superoxide
dismutase-like activity in vitro (Bush et al. 2000). Further,
the role of Ab-associated microglia in the generation of free
radicals and in the subsequent damage to mitochondria is
unclear because, in AD, activated microglia are frequently
observed near compact senile plaques, and the activated
microglia can generate and release free radicals (Colton et al.
1994; Kiprianova et al. 1997).
The toxicity of Ab has been clearly shown in vitro.
When placed in a physiological solution, Ab precipitates
into ﬁbrils and generates free radicals (Hensley et al. 1994).
Ab fragments have been shown to induce the generation of
free radicals in cell culture (Behl et al. 1994; Casley et al.
2002) and have been found to have neurotoxic effects (Le
et al. 1995). Recent studies have suggested that, because
free radicals can promote protein cross-linking, they
mediate amyloid-ﬁbril formation, which is itself inﬂuenced
by the free radical-producing amyloid peptide (Mattson
1995). Thus, a vicious cycle may result, involving the
abnormal processing of APP and AB metabolism, which
may be further enhanced by oxidative stress (Yan et al.
1995).
Recently, several studies have suggested that the activity
of beta-secretase (BACE) increases in sporadic AD patients
(Fukumoto et al. 2002; Li et al. 2004). It remains inconclusive whether this elevated BACE activity is related to plaque
formation or Ab production in AD brains. Recently, Li et al.
(2004) used a sandwich ELISA assay to quantitate various
Ab species in the frontal cortex of AD brains homogenized
in 70% formic acid. They found that most of the Ab species
detected in rapidly autopsied brains (< 3 h) from patients
with sporadic AD were Ab (1–16) and Ab (1–42), as well as
Ab (36–42). To establish a link between Ab levels and
BACE, they examined BACE proteins, BASE mRNA
expression, and enzymatic activity in the same region of
different AD brains. They found both BACE mRNA and
protein expression elevated in vivo in the frontal cortex. The
elevation of BACE enzymatic activity in AD was found to
correlate with the production of Ab (1–16) and Ab (1–42) in
the brain of AD patients. Further, to determine whether
BACE elevation was due to mutations in the BACE-coding
region, they sequenced the entire open reading frame of the
BACE gene in the same region from AD brains and from
brains of non-demented persons, and performed allelic
association analysis. They found no mutations in the open
reading frame of the BACE gene. In addition, they found few
changes in the BACE protein and in mRNA levels in
Swedish-mutated APP-transfected cells. These ﬁndings
demonstrate a correlation between Ab loads and BACE
elevation in sporadic AD patients, and they also suggest that
as a consequence of the deposition of Ab, the increase in
BACE may lead to an increase in Ab production and may
enhance the deposition of Ab plaques (Li et al. 2004) (see
also Fig. 2).
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Fig. 2 A proposed model of a possible relationship between mitochondrial reactive oxygen species (ROS) and Alzheimer’s disease
(AD) in familial AD. In this model, mutant amyloid precursor protein
(APP) and/or soluble amyloid beta (Ab) localizes to neuronal mitochondria, which leads to the generation of free radicals, such as
hydrogen peroxide (H2O2). The free radicals, in turn, disrupt the
electron transport chain (ETC), enzyme activities, oxidized DNA,
oxidized protein, and lipid peroxidation, and they inhibit cellular ATP.
Based on studies of mitochondrial function in AD patients, we propose that these mitochondrial abnormalities occur selectively in

learning and memory regions of the AD brain because these regions
have greater oxidative stress. In this model, for sporadic AD, the free
radicals that are generated due to aging activate beta-secretase
(BACE) and facilitate the cleavage of the APP molecule. The cleaved
APP molecule (that is, Ab) further generates free radicals, leading to
the disruption of the ETC, enzyme activities, oxidized DNA, oxidized
protein, and lipid peroxidation, and to the inhibition of ATP. This
feedback loop of free radicals  Ab and Ab  free radicals ultimately leads to neuronal damage, neurodegeneration, and cognitive
decline.

Tamagno et al. (2002) showed that BACE is modulated
by the oxidative stress product 4-hydroxynonenal (HNE).
Exposure of NT2 neurons to the two classical pro-oxidant
stimuli ascorbate/FeSO4 and H2O2/FeSO4 resulted in a
signiﬁcant generation of HNE, which was temporally
followed by an increase in BACE protein levels. HNEmediated BACE induction was accompanied by a proportional elevation of carboxy-terminal fragments of APP.
Moreover, the direct relationship between BACE induction
and lipid peroxidation products was strongly conﬁrmed by
the protection exerted by a short pretreatment with alphatocopherol, the most important antioxidant known to
prevent the formation of aldehydic end-products of lipid
peroxidation, including HNE. The ﬁndings from Tamagno
et al. (2002) support their hypothesis that oxidative stress
and Ab production are strictly interrelated events, and their
ﬁndings suggest that the inhibition of BACE may have a
therapeutic effect that is synergic with antioxidant compounds. These studies suggest that an age-dependent
increase of ROS may be directly responsible for
BACE activation and Ab production in sporadic AD
patients.

In familial AD, recent molecular and cellular studies
suggest that Ab induces free radicals and promotes mitochondrial dysfunction. Casley et al. (2002) investigated the
connection between Ab and mitochondrial function using a
cell-culture system. They incubated rat mitochondria with
Ab, and rat mitochondria with Ab and NO, which is known
to be elevated in the brains of AD patients. They also
measured the enzyme levels of tricarboxyclic acid-cycle
enzyme complexes, the activity of a-ketoglutarate dehydrogenase, and the activity of pyruvate dehydrogenase. They
found that Ab signiﬁcantly reduces states 3 and 4 of
mitochondrial respiration and that Ab, together with NO,
further diminishes mitochondrial respiration. In addition,
they found that Ab inhibits the activities of cytochrome
oxidase, a-ketoglutarate dehydrogenase, and pyruvate dehydrogenase. These results suggest that Ab has a direct effect
on mitochondrial oxidative damage due to the generation of
free radicals (Casley et al. 2002). Kim et al. (2002) have
shown that the addition of Ab to isolated mitochondria from
brain tissues taken from rat directly induce the release of
cytochrome c and the swelling of mitochondria. The ﬁndings
from the study by Kim et al. (2002) suggest that in AD, Ab
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may accumulate intracellularly via abnormal APP processing
and that this accumulation may exert neurotoxicity by
interacting with mitochondria, oxidative damage, and apoptosis.
Overall, in AD neurons, free radicals are likely generated
in the mitochondrial matrix, in both sides of the inner
membrane of mitochondria and in the outer mitochondrial
membrane (Fig. 2). However, it is not clearly understood
how Ab induces free radicals, and it also remains unclear
what the precise sites (complex 1 or 3, or the TCA cycle) of
free radical production are in the mitochondria. These
critical issues are under intense investigation in many
laboratories.
Amyloid beta enters mitochondria, induces the
generation of free radicals, and disrupts
mitochondrial function

How does Ab induce free radicals? An obvious answer is
that mutant APP and soluble Ab enter mitochondria and
disrupt the ETC. Indeed, recently several studies have
reported that mutant APP and soluble Ab do enter
mitochondria and induce free radicals.
To determine whether mitochondria are critical for cellular
toxicity induced by Ab in cells, Cardoso et al. (2001)
investigated the effect of the Ab peptides (25–35 and 1–42)
in NT2 cells with mitochondria (NT2 -P+) and without
mitochondria (NT2 -P0). These investigators incubated Ab
(25–35) (1 lM) and Ab (1–42) (10 lM) with NT2 -P+ and
NT2 -P0 cells for 24 h and observed a decrease in cell
viability in NT2 -P+ cells, but that the viability of NT2 -P0
cells was maintained. Further, mitochondrial membrane
potential, enzyme activities, and ATP levels were decreased
in NT2 -P+ cells treated with Ab (25–35) but not in NT2 -P0
cells treated with Ab (25–35), suggesting that Ab peptides
require functional mitochondria to induce cell toxicity
(Cardoso et al. 2001). It is now well established that
mitochondria are the major source of free radicals. There is
a strong possibility that Ab enters mitochondria, induces free
radicals, disrupts the ETC, and ultimately causes mitochondrial dysfunction.
Recently, Anandatheerthavarada et al. (2003) studied the
relationship between mutant APP and mitochondrial dysfunction in neuronal cells of Tg2576 mice. They demonstrated that by virtue of its chimeric NH2-terminal signal, APP is
targeted to mitochondria of cortical neuronal cells in select
regions of the Tg2576 brain. The positively charged residues
at 40, 44, and 51 of the APP molecule were found to be
critical components of the mitochondrial-targeting signal.
Using chemical cross-linking, together with immuno-electron microscopy, Anandatheerthavarada et al. (2003) showed
that mitochondrial APP exists in the N-terminal transmembrane and is in contact with mitochondrial translocase
proteins. In mutational studies, they also showed that the

acidic domain, which spans sequence 220–290 of the APP
molecule, causes a transmembrane arrest with the carboxy
terminal 73-kDa portion of the protein facing the cytoplasmic
side. Further, the accumulation of full-length APP in the
mitochondrial compartment in a transmembrane-arrested
form caused mitochondrial dysfunction and impaired energy
metabolism (Anandatheerthavarada et al. 2003).
Recently, Lustbader et al. (2004) demonstrated that
Ab-binding alcohol dehydrogenase (ABAD) is a direct
molecular link between Ab and mitochondrial toxicity.
They found that Ab interacts with ABAD in the
mitochondria of AD patients and transgenic mice. The
crystal structure of ABAD showed substantial deformation
of the active site, preventing the binding of nicotinamide
adenine dinucleotide. An ABAD peptide speciﬁcally
inhibited the interaction between ABAD and Ab, and
suppressed the Ab-induced the generation of free radicals
and apoptosis in neurons. Furthermore, transgenic mice
that over-expressed ABAD when crossed with mice that
also over-expressed Ab showed exaggerated neuronal
oxidative stress and impaired memory. These ﬁndings
suggest that ABAD and Ab directly interact with mitochondria in AD and that this interaction may promote the
leakage of ROS, mitochondrial dysfunction, and cell death,
all of which may potentially underlie the mechanism of
Ab-induced mitochondrial toxicity in AD progression
(Lustbader et al. 2004).
Crouch et al. (2005) studied the inhibitory potential of the
Ab (1–42) on the activity of ETC enzyme complexes in
human mitochondria. They found that synthetic Ab (1–42)
speciﬁcally inhibits the terminal complex cytochrome c
oxidase in a dose-dependent manner that is dependent on the
presence of Cu2+ and the speciﬁc ‘aging’ of the Ab (1–40)
solution. Maximal cytochrome c oxidase inhibition occurred
when Ab (1–42) solutions were used after aging for 3–6 h at
30C. The level of Ab (1–42)-mediated cytochrome c
oxidase inhibition increased as the Ab (1–42) solutions
aged, up to approximately 6 h, and then the level declined
progressively as the Ab (1–42) solutions aged to 48 h.
Photo-induced cross-linking of unmodiﬁed proteins followed
by sodium dodecyl sulfate–polyacrylamide gel electrophoresis analysis revealed dimeric Ab as the only Ab species to
provide signiﬁcant temporal correlation with the observed
cytochrome c oxidase inhibition. Analysis of brain and liver
tissues from an AD transgenic mouse (Tg2576 mouse line)
revealed extensive Ab immunoreactivity within the mitochondrial fraction of the brain. These data indicate that
endogenous Ab is associated with brain mitochondria and
that Ab (1–42), possibly in its dimeric conformation, is a
potent inhibitor of cytochrome c oxidase, but only when in
the presence of Cu2+. Crouch et al. (2005) conclude that the
Cu2+-dependent, Ab-mediated inhibition of cytochrome c
oxidase may be an important contributor to the neurodegeneration process in AD.
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Does mitochondrial dysfunction trigger mitochondrial
gene expression?

There are several lines of evidence to support the hypothesis
that abnormal mitochondrial gene expression is initiated by
mitochondrial dysfunction in AD patients. To understand the
role of abnormalities in the mitochondrial ETC in AD
pathogenesis, several studies have investigated mtRNA
expression of mitochondrial-encoded genes in complexes 1
and 4 (Chandrasekaran et al. 1994, 1996, 1997; Simonian
and Hyman 1994) and mtRNA expression of nuclearencoded mitochondrial genes in complexes 4 and 5 (Chandrasekaran et al. 1994, 1997; Simonian and Hyman 1994).
These studies suggest that decreased mtRNA expression may
be due to mitochondrial DNA (mtDNA) mutations in AD
patients.
To determine the role of mitochondrial abnormalities in
AD, using in situ hybridization, electron microscopy, and
immunohistochemistry techniques, Hirai et al. (2001) studied postmortem brain specimens from AD patients and
healthy control subjects. They found increased oxidative
damage in AD patients, a striking and signiﬁcant increase in
mtDNA in pyramidal neurons, and cytochrome oxidase in
the neuronal cytoplasm, suggesting that the over-expression
of mtRNA may be the result of excess mtDNA replicating
selectively in neurons that undergo oxidative damage.
Further, Hirai et al. (2001) found that the increase of mtDNA
and the increase of mitochondrial proteins in the brains of
AD patients were not due to an increase in morphologically
normal mitochondria, but rather due to an accumulation of
products from degraded mitochondria.
Using quantitative real time PCR, Manczak et al. (2004)
investigated mtRNA expressions in mitochondrial-encoded
genes responsible for the ETC in brain specimens from early
AD and deﬁnite AD patients. Using immunoﬂuorescence
techniques, they found differentially expressed mitochondrial
genes – NADH 15 kDa subunit (complex 1), cytochrome
oxidase subunit 1 (complex 4), and ATPase delta-subunit
(complex 5) – in the same brain sections from AD patients
and control subjects. They also found a down-regulation of
mitochondrial genes in complex 1 of the ETC in both early
and deﬁnite AD brain specimens. In addition, they determined that the decrease of mtRNA fold changes was higher
for subunit 1 compared to all other subunits that they studied,
suggesting that subunit 1 is critical for the ETC. Contrary to
the down-regulation of genes in complex 1, complexes 3 and
4 showed increased mtRNA expression in the brain specimens from both early and deﬁnite AD patients, suggesting
that decreased cytochrome c oxidase places an increased
demand on energy production by increasing mtRNA expression of the complex 4 subunit. Based on these results,
Manczak et al. (2004) propose that an increase in cytochrome c oxidase gene expression might be the result of
functional compensation by the surviving neurons.

Several researchers reported that cytochrome c oxidase
activity was decreased in platelets and brains specimens from
AD patients (Parker et al. 1990; 1994; Kish et al. 1992;
Bosetti et al. 2002). The connection between decreased
cytochrome c oxidase and increased mtRNA has been
cautiously interpreted as a compensatory mechanism in AD
(Reddy and Beal 2005). It is possible that, to compensate for
the loss of cytochrome c oxidase activity (caused by the
disruption of the ETC), mtRNA from mitochondrial-encoded
genes is activated in the surviving brain neurons of AD
patients. The loss of mitochondrial function and the immediate compensation of mtRNA may likely be simultaneous
events in AD patients. Decreased cytochrome c oxidase
activity is well-established in the AD literature (Parker et al.
1990; 1994; Kish et al. 1992; Bosetti et al. 2002), but only a
few studies have reported compensatory mechanisms in AD
(Hirai et al. 2001; Strazielle et al. 2003; Manczak et al.
2004; Reddy et al. 2004).
The role of aging in the progression of Alzheimer’s
disease

The free-radical theory of aging, a prominent aging hypothesis, holds that during aging, an increase in ROS in
mitochondria causes mutations in the mtDNA and damages
mitochondrial components, resulting in senescence (Manczak et al. 2005). Findings from gene expression studies (Lu
et al. 2004; Reddy et al. 2004), mtDNA studies (Lin et al.
2002), and aging animal-model studies (Trifunovic et al.
2004; Manczak et al. 2005; review by Melov 2004) also
support this hypothesis, which, taken together, suggest that
an age-dependent increase in ROS may be a factor leading to
age-related diseases, such as sporadic AD, which is a lateonset disease. However, current knowledge of early cellular
changes in AD progression is limited, particularly for
sporadic AD, which is the form that involves the vast
majority of AD patients. Studies of familial AD (early onset)
and of recent in vivo and in vitro models of AD suggest that
mutations in APP, presenilin 1, and presenilin 2 may activate
beta and gamma secretases and may cleave 40–42 residues
(or 4 kDa) of the carboxy terminus of APP. The cleaved Ab
may lead to a sequence of events, including the generation of
free radicals, oxidative damage, mitochondrial dysfunction,
and inﬂammation in the progression of disease in AD
patients. However, if this process is found to be the case in
patients with sporadic AD, its initial trigger(s) is still not
known. Although studies of AD progression have been based
on models of familial AD, they may also provide information
applicable to sporadic AD, where an age-dependent increase
of ROS has also been identiﬁed as a possible key factor
leading to disease progression (Reddy and Beal 2005).
A challenging question is how mitochondrial ROS could
lead to AD progression. Based on ﬁndings from our
laboratory (Manczak et al. 2004, 2005; Reddy et al. 2004)
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and others (Cardoso et al. 2001; Lustbader et al. 2004;
Crouch et al. 2005), we propose a model (Fig. 2) of a
possible relationship between mitochondrial ROS and AD. In
this model, mutant APP or soluble Ab localizes to neuronal
mitochondria (Anandatheerthavarada et al. 2003; Lustbader
et al. 2004; Crouch et al. 2005; Reddy et al. unpublished
observations), which leads to the generation of free radicals
(such as H2O2) (Takuma et al. 2005). The free radicals, in
turn, disrupt the ETC, enzyme activities, oxidized DNA,
oxidized protein, lipid peroxidation, and inhibited cellular
ATP (Takuma et al. 2005). Based on studies of mitochondrial function in AD patients (see review by Reddy and Beal
2005), we suggest that this chain of events occurs selectively
in learning and memory regions of the AD brain because
these regions have greater oxidative stress (less oxidative
defenses and more free radicals). In this model, the free
radicals that are generated activate secretases and facilitate
the cleavage of the APP molecule. The cleaved APP
molecule (that is, Ab) further generates free radicals, leading
to the disruption of the ETC, enzyme activities, oxidized
DNA, oxidized protein, and lipid peroxidation, and to the
inhibition of ATP. This feedback loop of free radicals  Ab,
and Ab  free radicals ultimately leads to neuronal damage,
neurodegeneration, cognitive decline, and devastating symptoms for AD patients.
Can mitochondrially targeted antioxidants protect
neurons?

The recent work by Schriner et al. (2005) clearly demonstrates that mitochondrially targeted catalase decreases free
radicals (mainly H2O2), leads to reduced mitochondrial
oxidative damage, and increases the lifespan of catalase
transgenic mice. To determine the role of catalase in
mitochondrial function, they created an AD transgenic
mouse line that over-expresses human catalase localized to
peroxisomes, nuclei, and mitochondria, in order to study the
effects of aging from birth to death in this mouse line.
Interestingly, but not surprisingly, they found that these mice
experienced an increased life-span of 5.5 months longer than
the lifespan of control wild-type mice, suggesting that overexpressed catalase in mitochondria decreases ROS and
boosts the functioning of mitochondria.
As previously discussed, if Ab and aging are keys to the
generation of H2O2 in AD neurons, then mitochondrially
targeted catalase, glutathione, MitoQ (a derivative of ubiquinone targeted to mitochondria) (Kelso et al. 2001), or
MitoVit-E (a derivative of vitamin E targeted to mitochondria) (Smith et al. 1999) may likely, rapidly convert toxic
H2O2 into H2O and O2. This continuous conversion of H2O2
into H2O and O2 may lead to reduced oxidative damage (in
DNA, proteins, and lipid peroxidation) and may maintain
mitochondrial function in AD. The feedback loop of free
radicals  Ab and Ab  free radicals appears to be

preventable by antioxidant treatment that targets mitochondria in AD patients. These events may ultimately help reduce
Ab production and mitochondrial toxicity in the neurons of
AD patients, may increase O2 consumption, and may help
increase the life-span of AD patients.
Recently, several molecular and cellular studies of in vitro
and in vivo animal models of AD reported that mitochondrial
antioxidant treatments have beneﬁcial effects on AD patients.
A large body of data suggests that free radical oxidative
damage – particularly of neuronal lipids (Lovell et al. 1995;
Markesbery 1998; Markesbery and Carney 1999), proteins
(Lyras et al. 1998; Butterﬁeld et al. 2001), and nucleic acids
(Lyras et al. 1998) – is extensive in the brains of AD
patients. Increased oxidative stress is thought to result in the
generation of ROS, which is reported to be released by
microglia that are activated by Ab (Qin et al. 2002).
In vivo models of antioxidant treatments of
Alzheimer’s disease

Using a Tg2576 mouse model of AD and treating the
Tg2576 mice with a vitamin E-supplemented diet, in vivo
studies reported decreased Ab 1–40 and Ab 1–42 levels, and
in another study, the administration of vitamin E in a
transgenic mouse model of tau pathology ameliorated tau
aggregates (Nakashima et al. 2004), suggesting that vitamin
E may have a direct effect on AD pathology (Conte et al.
2004; Sung et al. 2004). The administration of Curcumin to
Tg2576 mice also showed encouraging results in reducing
both oxidative damage and Ab deposition (Lim et al. 2001;
Yang et al. 2005). Further, melatonin reduced brain levels of
Ab, abnormal protein nitration, and increased the life span of
Tg2576 mice (Matsubara et al. 2003). A synthetic superoxide, dismutase catalase mimetic prevented cataracts in
Tg2576 mice (Melov et al. 2005). In addition, other studies
showed the beneﬁcial effects from several other antioxidants,
gingko, and alpha lipoic acid that were added as supplements
to the water or the diet of AD transgenic mice (Hagen et al.
2002; Stackman et al. 2003; Feng et al. 2004). These
therapies were found to be safe and to result in no adverse
effects.
In vitro models of antioxidant treatments in
Alzheimer’s disease

Using in vitro cell culture and AD transgenic mice of AD,
several laboratories around the world are currently developing antioxidant therapies for AD patients. In vitro models of
AD have conferred protection against Ab-induced toxicity in
various cell culture systems. Curcumin extracts have prevented Ab ﬁbril formation (Ono et al. 2004) and have
protected PC12 cells (Park and Kim 2002) from insults
caused by Ab oligomers and ﬁbrils. For example, in brain
sections from Tg2576 mice, curcumin effectively blocked
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Ab 1–40 aggregation, Ab 1–40 ﬁbrils, and the formation of
oligomers.
Antioxidant clinical trials using Alzheimer’s disease
patients

Of the several clinical trials conducted thus far to use
antioxidants in the treatment of AD patients, only eight
studies were judged adequate in terms of appropriateness of
experimental design (Ahlemeyer and Krieglstein 2003).
Among these eight, seven studies showed positive effects
of the antioxidant EGb 761. However, even in the relatively
widely investigated EGb 761, only a few clinical trials
speciﬁcally focused on AD patients (Howes and Houghton
2003; Schulz 2003). In a randomized, double blind, placebocontrolled study, Le Bars (2003) reported that AD patients
who were administered EGb 761 (240 mg/day) for 52 weeks
showed improvements in visual constructional impairment, a
lesser degree of worsening in verbal deﬁcits, and an
improvement (although minimal) in both visual and verbal
deﬁcits. Similarly, AD patients with presenile and senile
primary degenerative dementia and multiinfarct dementia
from mild to moderate severity showed cognitive improvements when treated with EGb 761 (Kanowski and Hoerr
2003). In contrast, AD patients (66–76 years of age) who
were treated with EGb 761 (240 or 160 mg/day) for
24 weeks showed no improvement in vascular dementia or
in age-associated memory impairment compared to AD
patients treated with placebos (van Dongen et al. 2003).
In addition, several recent antioxidant studies using AD
patients revealed beneﬁcial effects of diets supplemented
with vitamin E (Morris et al. 1998, 2002; Grundman et al.
2004). The administration of vitamin E and vitamin C
supplements, in combination, was found to be associated
with a reduced prevalence and incidence of AD in an elderly
population (Zandi et al. 2004). Recently, Morris et al. (2005)
examined whether food intake of vitamin E, alpha-tocopherol
equivalents (a measure of the relative biologic activity of
tocopherols and tocotrienols), or individual tocopherols
protect against incident AD and cognitive decline. They
observed that higher intakes of vitamin E and alphatocopherol equivalents were associated with a reduced
incidence of AD in an elderly population, suggesting that
antioxidant treatments at the early onset of disease are
promising and may be effective in delaying AD progression
(Morris et al. 2005). However, the pathological effects of
oxidative stress are yet to be assessed in patients or elderly
individuals treated with antioxidants.
In another clinical study, to determine the neuroprotective
effects of cholinesterase inhibition and oxidative stress in AD
patients, huperzine A was administered to AD patients in
daily doses of 300 mg/day for the ﬁrst 2–3 weeks of drug
administration and then 400 mg/day for the next
4–12 weeks. These AD patients exhibited signiﬁcant

improvement in their cognitive, non-cognitive, and ADL
functions (Zhang et al. 2003). In addition, in placebocontrolled, double-blind, randomized clinical trials, Melissa
ofﬁcinalis and Salvia ofﬁcinalis were administered to patients
with mild and moderate AD, with their cognitive functions
also signiﬁcantly improved (Akhondzadeh et al. 2003a,
2003b). Thus far, these huperzine A clinical trials have been
conducted mostly in China. However, recently in the United
States, to determine the effectiveness of huperzine A on AD
patients, the NIH National Institute on Aging and Alzheimer’s Disease Cooperative Study have collaboratively initiated a Phase II clinical trial. More recently, the John Douglas
French Foundation Institute for the Study of Aging has
initiated a Phase II clinical trial using curcumin on AD
patients. These initial clinical trials may eventually become
precursors for antioxidant clinical trials for AD patients.
Concluding remarks

Recent advances in molecular, cellular, and animal model
studies of AD have revealed that mutant APP, Ab, and other
APP derivatives are key factors in the generation of free
radicals and oxidative damage in AD development and
progression. In the last three decades, tremendous progress
has been made in mitochondrial research, and a wide body of
evidence has emerged that provides clues to link mitochondrial oxidative damage and AD development and progression. Several molecular and cellular studies revealed that Ab
enters mitochondria and induces the generation of free
radicals, which leads to oxidative damage in AD neurons.
Researchers in the AD ﬁeld are beginning to recognize the
involvement of mutant APP and its derivatives in AD
progression and also the role of Ab in mitochondrial
oxidative damage. In treating AD patients, currently available FDA-approved drugs [Tacrine (Cognex), Donepezil
(Aricept), Rivastigmine (Reminyl) and Namenda)]
provide temporary relief from dementia, but they are
frequently associated with adverse drug effects and do not
modify AD pathology. There is an urgent need for developing alternative approaches to AD therapeutics. Recently,
several antioxidants have been systematically tested in
animal and cell models of AD and, to lesser extent, in
clinical trials. Antioxidants were found to be safe, had few
adverse effects, readily crossed the blood brain barrier, and,
to a certain extent, improved cognitive functions of AD
patients. Thus, antioxidants appear to be a promising
mitochondrial medicine to treat AD patients.
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Chandrasekaran K., Hatanpää K., Rapoport S. I. and Brady D. R. (1997)
Decreased expression of nuclear and mitochondrial DNA-encoded
genes of oxidative phosphorylation in association neocortex in
Alzheimer disease. Mol. Brain Res. 44, 99–104.

Cohen G. (1983) The pathobiology of Parkinson’s disease: biochemical
aspects of dopamine neuron senescence. J. Neural Transm. Suppl.
19, 89–103.
Colton C. A., Snell J., Chernyshev O. and Gilbert D. L. (1994) Induction
of superoxide anion and nitric oxide production in cultured
microglia. Ann. NY. Acad. Sci. 738, 54–63.
Conte V., Uryu K., Fujimoto S., Yao Y., Rokach J., Longhi L., Trojanowski J. Q., Lee V. M., McIntosh T. K. and Pratico D. (2004)
Vitamin E reduces amyloidosis and improves cognitive function in
Tg2576 mice following repetitive concussive brain injury.
J. Neurochem. 90, 758–764.
Coskun P. E., Beal M. F. and Wallace D. C. (2004) Alzheimer’s brains
harbor somatic mtDNA control-region mutations that suppress
mitochondrial transcription and replication. Proc. Natl Acad. Sci.
USA 101, 10 726–10 731.
Crouch P. J., Blake R., Duce J. A. et al. (2005) Copper-dependent
inhibition of human cytochrome c oxidase by a dimeric conformer
of amyloid-beta1–42. J. Neurosci. 25, 672–679.
van Dongen M., van Rossum E., Kessels A., Sielhorst H. and Knipschild
P. (2003) Ginkgo for elderly people with dementia and age-associated memory impairment: a randomized clinical trial. J. Clin.
Epidemiol. 56, 367–376.
Feng Z., Chang Y., Cheng Y., Zhang B. L., Qu Z. W., Qin C. and Zhang
J. T. (2004) Melatonin alleviates behavioral deﬁcits associated with
apoptosis and cholinergic system dysfunction in the APP 695
transgenic mouse model of Alzheimer’s disease. J. Pineal Res. 37,
129–136.
Fhan S. and Cohen G. (1992) The oxidant stress hypothesis in Parkinson’s disease: evidence supporting it. Ann. Neurol. 32, 804–881.
Finkel T. and Holbrook N. J. (2000) Oxidants, oxidative stress and the
biology of ageing. Nature 408, 239–247.
Fukumoto H., Cheung B. S., Hyman B. T. and Irizarry M. C. (2002)
Beta-secretase protein and activity are increased in the neocortex in
Alzheimer disease. Arch. Neurol. 59, 1381–1319.
Good P. F., Werner P., Hsu A., Olanow C. W. and Perl D. P. (1996)
Evidence of neuronal oxidative damage in Alzheimer’s disease.
Am. J. Pathol. 149, 21–28.
Grundman M., Petersen R. C., Ferris S. H. et al. (2004) Mild cognitive
impairment can be distinguished from Alzheimer disease and
normal aging for clinical trials. Arch. Neurol. 61, 59–66.
Haass C., Schlossmacher M. G., Hung A. Y., Vigo-Pelfrey C., Mellon A.,
Ostaszewski B. L., Lieberburg I., Koo E. H., Schenk D. and Teplow
D. B. (1992) Amyloid beta-peptide is produced by cultured cells
during normal metabolism. Nature 359, 322–325.
Hagen T. M., Liu J., Lykkesfeldt J., Wehr C. M., Ingersoll R. T.,
Vinarsky V., Bartholomew J. C. and Ames B. N. (2002) Feeding
acetyl-L-carnitine and lipoic acid to old rats signiﬁcantly improves
metabolic function while decreasing oxidative stress. Proc. Natl.
Acad. Sci. USA 99, 1870–1875.
Han D., Antunes F., Canali R., Rettori D. and Cadenas E. (2003) Voltagedependent anion channels control the release of the superoxide anion
from mitochondria to cytosol. J. Biol. Chem. 278, 5557–5563.
Hensley K., Carney J. M., Mattson M. P., Aksenova M., Harris M., Wu
J. F., Floyd R. A. and Butterﬁeld D. A. (1994) A model for betaamyloid aggregation and neurotoxicity based on free radical generation by the peptide: relevance to Alzheimer disease. Proc. Natl.
Acad. Sci. USA 91, 3270–3274.
Hirai K., Aliev G., Nunomura A. et al. (2001) Mitochondrial abnormalities in Alzheimer’s disease. J. Neurosci. 21, 3017–3023.
Howes M. J. and Houghton P. J. (2003) Plants used in Chinese and
Indian traditional medicine for improvement of memory and cognitive function. Pharmacol. Biochem. Behav. 75, 513–527.
Kanowski S. and Hoerr R. (2003) Ginkgo biloba extract EGb 761 in
dementia: intent-to-treat analyses of a 24-week, multi-center,

 2005 The Authors
Journal Compilation  2005 International Society for Neurochemistry, J. Neurochem. (2006) 96, 1–13

APP-mediated free radicals and oxidative damage 11

double-blind, placebo-controlled, randomized trial. Pharmacopsychiatry 36, 297–303.
Keil U., Bonert A., Marques C. A. et al. (2004) Amyloid beta-induced
changes in nitric oxide production and mitochondrial activity lead
to apoptosis. J. Biol. Chem. 279, 50 310–50 320.
Keller J. N., Pang Z., Geddes J. W., Begley J. G., Germeyer A., Waeg G.
and Mattson M. P. (1997) Impairment of glucose and glutamate
transport and induction of mitochondrial oxidative stress and
dysfunction in synaptosomes by amyloid beta-peptide: role of the
lipid peroxidation product 4-hydroxynonenal. J. Neurochem. 69,
273–284.
Kelso G. F., Porteous C. M., Coulter C. V., Hughes G., Porteous W. K.,
Ledgerwood E. C., Smith R. A. and Murphy M. P. (2001) Selective
targeting of a redox-active ubiquinone to mitochondria within
cells: antioxidant and antiapoptotic properties. J. Biol. Chem. 276,
4588–4596.
Kim H. S., Lee J. H., Lee J. P. et al. (2002) Amyloid beta peptide
induces cytochrome C release from isolated mitochondria. Neuroreport 13, 1989–1993.
Kiprianova I., Schwab S., Fandrey J. and Spranger M. (1997) Suppression of the oxidative burst in murine microglia by nitric oxide.
Neurosci. Lett. 226, 75–78.
Kish S. J., Bergeron C., Rajput A., Dozic S., Mastrogiacomo F., Chang
L. J., Wilson J. M., DiStefano L. M. and Nobrega J. N. (1992)
Brain cytochrome oxidase in Alzheimer’s disease. J. Neurochem.
59, 776–779.
Le Bars P. L. (2003) Response patterns of EGb 761 in Alzheimer’s
disease: inﬂuence of neuropsychological proﬁles. Pharmacopsychiatry 36, S50–S55.
Le W. D., Colom L. V., Xie W. J., Smith R. G., Alexianu M. and
Appel S. H. (1995) Cell death induced by beta-amyloid 1–40 in
MES 23.5 hybrid clone: the role of nitric oxide and NMDAgated channel activation leading to apoptosis. Brain Res. 686,
49–60.
Leutner S., Czech C., Schindowski K., Touchet N., Eckert A. and Muller
W. E. (2000) Reduced antioxidant enzyme activity in brains of
mice transgenic for human presenilin-1 with single or multiple
mutations. Neurosci. Lett. 292, 87–90.
Li R., Lindholm K., Yang L. B. et al. (2004) Amyloid beta peptide load
is correlated with increased beta-secretase activity in sporadic
Alzheimer’s disease patients. Proc. Natl Acad. Sci. USA 101,
3632–3637.
Lin M. T., Simon D. K., Ahn C. H., Kim L. M. and Beal M. F. (2002)
High aggregate burden of somatic mtDNA point mutations in
aging and Alzheimer’s disease brain. Hum. Mol. Genet. 11,
133–145.
Liochev S. I. and Fridovich I. (1999) The relative importance of HO*
and ONOO– in mediating the toxicity of O*–. Free Radic. Biol.
Med. 26, 777–778.
Lim G. P., Chu T., Yang F., Beech W., Frautschy S. A. and Cole G. M.
(2001) The curry spice curcumin reduces oxidative damage and
amyloid pathology in an Alzheimer transgenic mouse. J. Neurosci.
21, 8370–8377.
Lovell M. A., Ehmann W. D., Butler S. M. and Markesbery W. R. (1995)
Elevated thiobarbituric acid-eactive substances and antioxidant
enzyme activity in the brain in Alzheimer’s disease. Neurology 45,
1594–1601.
Lu T., Pan Y., Kao S. Y., Li C., Kohane I., Chan J. and Yankner B. A.
(2004) Gene regulation and DNA damage in the ageing human
brain. Nature 429, 883–891.
Lustbader J. W., Cirilli M., Lin C. et al. (2004) ABAD directly links
Abeta to mitochondrial toxicity in. Alzheimer’s disease. Science
304, 448–452.

Lyras L., Perry R. H., Perry E. K., Ince P. G., Jenner P. and Halliwell B.
(1998) Oxidative damage to proteins, lipids, and antioxidant
enzyme regions from patients with dementia with Lewy bodies.
J. Neurochem. 71, 302–312.
Manczak M., Park B. S., Jung Y. and Reddy P. H. (2004) Differential
expression of oxidative phosphorylation genes in patients with
Alzheimer’s disease: implications for early mitochondrial dysfunction and oxidative damage. Neuromolecular Med. 5, 147–162.
Manczak M., Jung Y., Park B. S., Partovi D. and Reddy P. H. (2005)
Time-course of mitochondrial gene expressions in mice brains:
implications for mitochondrial dysfunction, oxidative damage,
cytochrome c release in aging. J. Neurochem. 92, 494–504.
Mark R. J., Pang Z., Geddes J. W., Uchida K. and Mattson M. P. (1997)
Amyloid beta-peptide impairs glucose transport in hippocampal
and cortical neurons: involvement of membrane lipid peroxidation.
J. Neurosci. 17, 1046–1054.
Markesbery W. R. (1998) Oxidative stress hypothesis in Alzheimer’s
disease. Free Radic. Biol. Med. 23, 134–147.
Markesbery W. R. and Carney J. M. (1999) Oxidative alterations in
Alzheimer’s disease. Brain Pathol. 9, 133–146.
Matsubara E., Bryant-Thomas T., Pacheco Quinto J. et al. (2003) Melatonin increases survival and inhibits oxidative and amyloid
pathology in a transgenic model of Alzheimer’s disease. J. Neurochem. 85, 1101–1108.
Mattson M. P. (2004) Pathways towards and away from Alzheimer’s
disease. Nature 430, 631–639.
Mattson M. P. (1995) Free radicals and disruption of neuronal ion
homeostasis in AD: a role for amyloid beta-peptide? Neurobiol.
Mattson M. P., Begley J. G., Mark R. J. and Furukawa K. (1997)
Abeta25–35 induces rapid lysis of red blood cells: contrast with
Abeta1–42 and examination of underlying mechanisms. Brain Res.
771, 147–153.
McLellan M. E., Kajdasz S. T., Hyman B. T. and Bacskai B. J. (2003) In
vivo imaging of reactive oxygen species speciﬁcally associated
with thioﬂavine S-positive amyloid plaques by multiphoton
microscopy. J. Neurosci. 23, 2212–2217.
Melov S. (2004) Modeling mitochondrial function in aging neurons.
Trends Neurosci. 27, 601–616.
Melov S., Wolf N., Strozyk D., Doctrow S. R. and Bush A. I. (2005)
Mice transgenic for Alzheimer disease beta-amyloid develop lens
cataracts that are rescued by antioxidant treatment. Free Radic.
Biol. Med. 38, 258–261.
Montine K. S., Kim P. J., Olson S. J., Markesbery W. R. and Montine
T. J. (1997) 4-hydroxy-2-nonenal pyrrole adducts in human
neurodegenerative disease. J. Neuropathol. Exp. Neurol. 56, 866–
871.
Morris M. C., Beckett L. A., Scherr P. A., Hebert L. E., Bennett D. A.,
Field T. S. and Evans D. A. (1998) Vitamin E and vitamin C
supplement use and risk of incident Alzheimer disease. Alzheimer
Dis. Assoc. Disord. 12, 121–126.
Morris M. C., Evans D. A., Bienias J. L., Tangney C. C., Bennett D. A.,
Aggarwal N., Wilson R. S. and Scherr P. A. (2002) Dietary intake
of antioxidant nutrients and the risk of incident Alzheimer disease
in a biracial community study. JAMA 287, 3230–3237.
Morris M. C., Evans D. A., Tangney C. C., Bienias J. L., Wilson R. S.,
Aggarwal N. T. and Scherr P. A. (2005) Relation of the tocopherol
forms to incident Alzheimer disease and to cognitive change.
Am. J. Clin. Nutr. 81, 508–514.
Muller F. L., Liu Y. and Van Remmen H. (2004) Complex III releases
superoxide to both sides of the inner mitochondrial membrane.
J. Biol. Chem. 279, 49064–49073.
Nakashima H., Ishihara T., Yokota O., Terada S., Trojanowski J. Q.,
Lee V. M. and Kuroda S. (2004) Effects of alpha-tocopherol on

 2005 The Authors
Journal Compilation  2005 International Society for Neurochemistry, J. Neurochem. (2006) 96, 1–13

12 P. H. Reddy

an animal model of tauopathies. Free Radic. Biol. Med. 37, 176–
186.
Nunomura A., Perry G., Pappolla M. A., Friedland R. P., Hirai K., Chiba
S. and Smith M. A. (2000) Neuronal oxidative stress precedes
amyloid-beta deposition in Down syndrome. J. Neuropathol. Exp.
Neurol. 59, 1011–1017.
Ono K., Hasegawa K., Naiki H. and Yamada M. (2004) Curcumin has
potent anti-amyloidogenic effects for Alzheimer’s beta-amyloid
ﬁbrils in vitro. J. Neurosci. Res. 75, 742–750.
Pappolla M. A., Chyan Y. J., Omar R. A., Hsiao K., Perry G., Smith
M. A. and Bozner P. (1998) Evidence of oxidative stress and
in vivo neurotoxicity of beta-amyloid in a transgenic mouse
model of Alzheimer’s disease: a chronic oxidative paradigm for
testing antioxidant therapies in vivo. Am. J. Pathol. 152, 871–
877.
Park S. Y. and Kim D. S. (2002) Discovery of natural products from
Curcuma longa that protect cells from beta-amyloid insult: a drug
discovery effort against Alzheimer’s disease. J. Nat. Prod. 65,
1227–1231.
Parker W. D. Jr, Filley C. M. and Parks J. K. (1990) Cytochrome oxidase
deﬁciency in Alzheimer’s disease. Neurology 40, 1302–1303.
Parker W. D. Jr, Parks J., Filley C. M. B. K. and KleinschmidtDeMasters B. K. (1994) Electron transport chain defects in Alzheimer’s disease brain. Neurology 44, 1090–1096.
Pratico D., Uryu K., Leight S., Trojanoswki J. Q. and Lee V. M. (2001)
Increased lipid peroxidation precedes amyloid plaque formation in
an animal model of Alzheimer amyloidosis. J. Neurosci. 21, 4183–
4187.
Qin L., Liu Y., Cooper C., Liu B., Wilson B. and Hong. J. S. (2002)
Microglia enhance beta-amyloid peptide-induced toxicity in cortical and mesencephalic neurons by producing reactive oxygen
species. J. Neurochem. 83, 973–983.
Radi R., Cassina A., Hodara R., Quijano C. and Castro L. (2002) Peroxynitrite reactions and formation in mitochondria. Free Radic.
Biol. Med. 33, 1451–1464.
Reddy P. H. and Beal M. F. (2005) Are mitochondria critical in the
pathogenesis of Alzheimer’s disease? Brain Res. Rev. 49, 618–
632.
Reddy P. H. and McWeeney S. (2005) Mapping cellular transcriptosomes in autopsied Alzheimer’s disease subjects and relevant
mouse models. Neurobiol. Aging (in press).
Reddy P. H., McWeeney S., Park B. S. et al. (2004) Gene expression
proﬁles of transcripts in amyloid precursor protein transgenic mice:
up-regulation of mitochondrial metabolism and apoptotic genes is
an early cellular change in Alzheimer’s disease. Hum. Mol. Genet.
13, 1225–1240.
Sayre L. M., Zelasko D. A., Harris P. L., Perry G., Salomon R. G. and
Smith M. A. (1997) 4-Hydroxynonenal-derived advanced lipid
peroxidation end products are increased in Alzheimer’s disease.
J. Neurochem. 68, 2092–2097.
Schriner S. E., Linford N. J., Martin G. M. et al. (2005) Extension of
murine lifespan by overexpression of catalase targeted to mitochondria. Science 308, 909–911.
Schulz V. (2003) Ginkgo extract or cholinesterase inhibitors in patients
with dementia: what clinical trials and guidelines fail to consider.
Phytomedicine 10, 74–79.
Selkoe D. J. (2001) Alzheimer’s disease: genes, proteins, and therapy.
Physiol. Rev. 81, 741–766.
Shoji M., Golde T. E., Ghiso J. et al. (1992) Production of the Alzheimer
amyloid beta protein by normal proteolytic processing. Science
258, 126–129.
Simonian N. A. and Hyman B. T. (1994) Functional alterations in
Alzheimer’s disease: selective loss of mitochondrial-encoded

cytochrome oxidase mtRNA in the hippocampal formation.
J. Neuropathol. Exp. Neurol. 53, 508–512.
Smith M. A., Perry G., Richey P. L., Sayre L. M., Anderson V. E., Beal
M. F. and Kowall N. (1996) Oxidative damage in Alzheimer’s.
Nature 382, 120–121.
Smith M. A., Richey P. L., Sayre L. M., Beckman J. S. and Perry G.
(1997) Widespread peroxynitrite-mediated damage in Alzheimer’s
disease. J. Neurosci. 17, 2653–2657.
Smith R. A., Porteous C. M., Coulter C. V. and Murphy M. P. (1999)
Selective targeting of an antioxidant to mitochondria. Eur. J. Biochem. 263, 709–716.
Stackman R. W., Eckenstein F., Frei B., Kulhanek D., Nowlin J. and
Quinn J. F. (2003) Prevention of age-related spatial memory deﬁcits in a transgenic mouse model of Alzheimer’s disease by chronic
Ginkgo biloba treatment. Exp. Neurol. 184, 510–520.
Starkov A. A., Fiskum G., Chinopoulos C., Lorenzo B. J., Browne S. E.,
Patel M. S. and Beal M. F. (2004) Mitochondrial alpha-ketoglutarate dehydrogenase complex generates reactive oxygen species.
J. Neurosci. 24, 7779–7788.
Strazielle C., Sturchler-Pierrat C., Staufenbiel M. and Lalonde R. (2003)
Regional brain cytochrome oxidase activity in beta-amyloid
precursor protein transgenic mice with the Swedish mutation.
Neuroscience 118, 1151–1163.
Sung S., Yao Y., Uryu K., Yang H., Lee V. M., Trojanowski J. Q. and
Pratico D. (2004) Early vitamin E supplementation in young but
not aged mice reduces Abeta levels and amyloid deposition in
a transgenic model of Alzheimer’s disease. FASEB J. 18, 323–325.
Swerdlow R. H. and Khan S. M. (2004) A ‘mitochondrial cascade hypothesis’ for sporadic Alzheimer’s disease. Med. Hypotheses 63, 8–20.
Swerdlow R. H. and Kish S. J. (2002) Mitochondria in Alzheimer’s
disease. Int. Rev. Neurobiol. 53, 341–385.
Takuma K., Yao J., Huang J., Xu H., Chen X., Luddy J., Trillat A. C.,
Stern D. M., Arancio O. and Yan S. S. (2005) ABAD enhances
Abeta-induced cell stress via mitochondrial dysfunction. FASEB J.
19, 597–6088.
Tamagno E., Bardini P., Obbili A., Vitali A., Borghi R., Zaccheo D.,
Pronzato M. A., Danni O., Smith M. A., Perry G. and Tabaton M.
(2002) Oxidative stress increases expression and activity of BACE
in NT2 neurons. Neurobiol. Dis. 10, 279–288.
Tanzi R. E. and Bertram L. (2005) Twenty years of the Alzheimer’s
disease amyloid hypothesis: a genetic perspective. Cell 120,
545–555.
Trifunovic A., Wredenberg A., Falkenberg M. et al. (2004) Premature
ageing in mice expressing defective mitochondrial DNA polymerase. Nature. 429, 417–423.
Turrens J. F. (2003) Mitochondrial formation of reactive oxygen species.
J. Physiol. 552, 335–344.
Vignais P. V. (2002) The superoxide-generating NADPH oxidase:
structural aspects and activation mechanism. Cell. Mol. Life Sci.
59, 1428–1459.
Wallace D. C. (1999) Mitochondrial diseases in man and mouse. Science
283, 1482–1488.
Yan S. D., Yan S. F., Chen X. et al. (1995) Non-enzymatically glycated
tau in Alzheimer’s disease induces neuronal oxidant stress resulting
in cytokine gene expression and release of amyloid beta-peptide.
Nat. Med. 1, 693–699.
Yang F., Lim G. P., Begum A. N., Ubeda O. J., Simmons M. R., Ambegaokar S. S., Chen P. P., Kayed R., Glabe C. G., Frautschy S. A.
and Cole G. M. (2005) Curcumin inhibits formation of amyloid
beta oligomers and ﬁbrils, binds plaques, and reduces amyloid
in vivo. J. Biol. Chem. 280, 5892–5901.
Yokoyama Y., Beckman J. S., Beckman T. K., Wheat J. K., Cash T. G.,
Freeman B. A. and Parks D. A. (1990) Circulating xanthine

 2005 The Authors
Journal Compilation  2005 International Society for Neurochemistry, J. Neurochem. (2006) 96, 1–13

APP-mediated free radicals and oxidative damage 13

oxidase: potential mediator of ischemic injury. Am. J. Physiol. 258,
G564–G570.
Wong A., Luth H. J., Deuther-Conrad W., Dukic-Stefanovic S., GasicMilenkovic J., Arendt T., Munch G. (2001) Advanced glycation
endproducts co-localize with inducible nitric oxide synthase in
Alzheimer’s disease. Brain Res. 920, 32–40.
Zandi P. P., Anthony J. C., Khachaturian A. S., Stone S. V., Gustafson
D., Tschanz J. T., Norton M. C., Welsh-Bohmer K. A., Breitner
J. C.; Cache County Study Group. (2004) Reduced risk of

Alzheimer disease in users of antioxidant vitamin supplements: the
Cache County Study. Arch. Neurol. 61, 82–88.
Zhang Z. J., Qian Y. H., Hu H. T., Yang J. and Yang G. D. (2003) The
herbal medicine Dipsacus asper wall extract reduces the cognitive
deﬁcits and overexpression of beta-amyloid protein induced by
aluminum exposure. Life. Sci. 73, 2443–2454.
Zhu X., Lee H. G., Casadesus G., Avila J., Drew K., Perry G. and Smith
M. A. (2005) Oxidative imbalance in Alzheimer’s disease. Mol.
Neurobiol. 31, 205–217.

 2005 The Authors
Journal Compilation  2005 International Society for Neurochemistry, J. Neurochem. (2006) 96, 1–13

