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ABSTRACT

Extensive literature exists supporting a role for mitochondrial dysfunction and oxidative damage in the patho-
genesis of Alzheimer’s disease. Mitochondria are a major source of intracellular reactive oxygen species and
are particularly vulnerable to oxidative stress. This review discusses evidence supporting the notion that mi-
tochondrial dysfunction is intimately associated with Alzheimer’s disease pathogenesis. Furthermore, the po-
tential connection between mitochondrial dysfunction/oxidative stress and autophagy in Alzheimer’s disease
is also discussed. As a result of insufficient digestion of oxidatively damaged macromolecules and organelles
by autophagy, neurons progressively accumulate lipofuscin (biological garbage) that could exacerbate neu-
ronal dysfunction. The knowledge that mitochondrial dysfunction has a preponderant role in several patho-
logical conditions instigated the development of mitochondrial antioxidant therapies. Mitochondria-targeted

antioxidant treatments are briefly discussed in this review. Antioxid. Redox Signal. 9, 1621-1630.

INTRODUCTION

ALZHEIMER’S DISEASE (AD) 1S A PROGRESSIVE, degenerative
brain disorder resulting in cognitive and behavioral de-
cline and is the leading cause of dementia in the Western world.
Two pathological hallmarks are observed in AD brains at au-
topsy: intracellular neurofibrillary tangles (NFT) and extracel-
lular senile plaques (SP) in the neocortex, hippocampus, and
other subcortical regions essential for cognitive function (58).
NFT are formed from paired helical filaments composed of neu-
rofilaments and hyperphosphorylated tau protein. In turn,
plaque cores are formed mostly from deposition of amyloid 3
(AB) peptide that results from the cleavage of the amyloid 8
precursor protein (ABPP).

Oxidative stress is an important issue in understanding the
pathogenesis of AD. Indeed, there is accumulating evidence
suggesting that oxidative stress occurs prior to the onset of
symptoms in AD and oxidative damage is found not only in the
vulnerable regions of the brain affected in disease (44, 72), but
also peripherally (34, 59, 78). Moreover, it has been shown that
oxidative damage occurs before AB plaque formation (72).

The complex nature and genesis of oxidative damage in AD
can now be partly answered by mitochondrial abnormalities that
can initiate oxidative stress. Defective mitochondria are inca-
pable of producing enough energy (ATP) and often generate in-
creased amounts of reactive oxygen species (ROS), further en-
hancing oxidative stress. The increased levels of damaged
cellular components are not completely turned over by
macroautophagy (hereafter referred as autophagy) and other
cellular repair systems, leading to a progressive accumulation
of biological “garbage,” such as defective mitochondria, cyto-
plasmic protein aggregates, and an intralysosomal undegrad-
able material, lipofuscin. Along with oxidative damage and mi-
tochondrial dysfunction, activation of autophagy has been
reported to occur early in AD (71), implying that these early
neuronal changes might be interrelated.

This review is mainly focused on the discussion of evidence
supporting the involvement of mitochondria in AD pathogene-
sis. Then we will address the interplay between oxidative stress,
mitochondrial abnormalities, and autophagy. Finally, we will
briefly discuss antioxidant-based strategies aimed to improve
and protect mitochondrial function.
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THE TWO FACES OF MITOCHONDRIA

Mitochondria are uniquely poised to play a pivotal role in
neuronal cell survival or death after central nervous system
(CNS) injury because they are regulators of both energy me-
tabolism and apoptotic pathways (32, 33, 101). Maintaining mi-
tochondrial homeostasis and bioenergetics in neurons is even
more critical, due to their almost complete dependence on mi-
tochondrial-derived ATP (15, 69, 93, 94). However, the pro-
duction of energy is accompanied by the generation of ROS as
by-products of the oxidative phosphorylation process. In-
evitably, if the amount of ROS produced unbalances the few
antioxidants, oxidative stress occurs, followed by neuronal
damage. The CNS is particularly susceptible to ROS-induced
damage (for review, see Ref. 40) because (a) it has a high con-
sumption of oxygen; (b) it contains high levels of membrane
polyunsaturated fatty acids susceptible to free radical attack; (c)
it is relatively deficient in oxidative defences (poor catalase ac-
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tivity and moderate superoxide dismutase and glutathione per-
oxidase activities); and (d) a high content in iron and ascorbate
can be found in some regions of the CNS, enabling generation
of more ROS through the Fenton/Haber Weiss reactions.
Mitochondria also serve as high capacity Ca?>" sinks, which
allows them to stay in tune with changes in cytosolic Ca?>* loads
and aid in maintaining cellular Ca>* homeostasis that is required
for normal neuronal function (47, 83, 84). Conversely, exces-
sive Ca®>* uptake into mitochondria has been shown to increase
ROS production, inhibit ATP synthesis, induce mitochondrial
permeability transition pore (PTP), and release small proteins
that trigger the initiation of apoptosis, such as cytochrome ¢ and
apoptosis-inducing factor (AIF), from the mitochondrial inter-
membrane space into the cytoplasm (13, 14, 48, 95). Released
cytochrome ¢ binds apoptotic protease activating factor 1 (Apaf-
1) and activates the caspase cascade (42). Such alterations in mi-
tochondrial function have been proposed as a potential mecha-
nism in the development and pathogenesis of AD (Fig. 1).

Enhanced ROS production

Loss of ATP synthesis

/

PTP

Loss of Ca?* uptake

Activation of apoptosis

FIG. 1. Mitochondria in Alzheimer’s disease.

The mitochondrial permeability transition pore (PTP) is a conductance pore

that spans the inner (IMM) and outer (OMM) mitochondrial membranes. Under a combination of pathophysiological conditions,
such as high Ca®>* concentration, increased oxidative stress, low ATP, and mitochondrial depolarization, PTP opens allowing free
diffusion of solutes across the membranes. The opening of the PTP ultimately results in mitochondrial swelling, mitochondrial
Ca?* efflux and the release of apoptogenic proteins, such as cytochrome c (Cyt c), from the intermembrane space. Amyloid 3
precursor protein (ABPP) has a dual leader sequence, permitting targeting to the endoplasmic reticulum or to mitochondria. Mi-
tochondrial ABPP forms complexes with the protein importation translocases of the outer and inner membranes (TOM and TIM).
However, it seems that a stretch of acidic residues prevents the total importation of ABPP that clogs the importation machinery.
Consequently, the importation of respiratory chain subunits and other mitochondrial proteins is reduced. This reduced importa-
tion exacerbates the decreased activity of respiratory chain enzymes, increased reactive oxygen species (ROS) production, and
impaired energy production occurring in this pathology. Amyloid-8 (AfB) has been found in mitochondria, interacting with amy-
loid-B-binding alcohol dehydrogenase (ABAD) and producing ROS. Additional explanations are given in the text. ADP, adeno-
sine diphosphate; ATP, adenosine triphosphate; O, ™, superoxide anion; Pi, inorganic phosphate.
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MITOCHONDRIAL DYSFUNCTION IN
ALZHEIMER’S DISEASE

Recently, Swerdlow and Khan (96) purposed the mitochon-
drial cascade hypothesis to explain late-onset, sporadic AD.
This hypothesis states that, in the sporadic late-onset AD, mi-
tochondrial dysfunction is the primary event that causes AS de-
position, synaptic degeneration, and NFT formation. Indeed,
there is accumulating evidence from in vitro, in vivo, and hu-
man studies suggesting that mitochondrial abnormalities are a
common event in AD (reviewed in Ref. 61). Using in situ hy-
bridization to mitochondrial DNA (mtDNA), immunocyto-
chemistry of cytochrome oxidase (COX), and morphometry of
electron micrographs of biopsy specimens, it was shown that
mitochondrial abnormalities are intimately associated with AD
(20, 43). More direct evidence for mitochondrial dysfunction
in AD comes from several reports of COX deficiency in AD
brains (73). Interestingly, the cellular expression of COX sub-
unit II and IV is reduced during aging and these age-related
changes are more marked in AD (74), suggesting that aging is
a major risk factor for this disease. However, Cottrell and col-
laborators (23) observed that the distribution of amyloid plaques
is anatomically distinct from the COX-deficient hippocampal
pyramidal neurons, and the neurons containing NFT or apop-
totic labeling were always COX-positive. The authors con-
cluded that COX-deficient, succinate dehydrogenase-positive
hippocampal neurons indicative of high mtDNA mutation load
do not appear to be prone to apoptosis or to directly participate
in the overproduction of tau or 8-amyloid (23).

The technique of depleting cells of mtDNA has been employed
to investigate the mechanisms underlying mitochondrial disorders
(54). 1t was found that the addition of ethidium bromide to cul-
ture media resulted in a progressive depletion of intracellular
mtDNA levels, leading eventually to complete and permanent loss
of mtDNA. Such cells (termed p° cells) remain viable in culture
due to anaerobic metabolism. Cytoplasmic hybrid cells (cybrids)
were created by introducing mtDNA of interest into p° cells, and
have been a central tool in unravelling effects of disease-linked
mtDNA mutations. In this way, the nuclear genetic complement
is held constant so that the observed effects on oxidative phos-
phorylation can be linked to the introduced mtDNA. It has been
shown that AD cybrids replicate multiple abnormalities found in
AD brain. Specifically, AD cybrids show partial reduction of COX
activity that is less than that observed in AD brain and platelets,
implicating mtDNA transmission of at least some of the COX de-
ficiency (97). Associated with this COX deficiency is increased
oxidative stress (52, 75, 97). Accordingly, data from our labora-
tory show that human teratocarcinoma cells expressing mtDNA
from AD subjects display reduced COX activity, elevated ROS,
and reduced ATP levels, compared with the cells expressing
mtDNA from age-matched control subjects (17). These observa-
tions suggest that alterations in mtDNA may play a key role in
mitochondrial dysfunction in AD.

These observations suggest that alterations in mtDNA may
play a key role in mitochondrial dysfunction in AD. It has been
shown that mitochondria isolated from AD platelets have a 15%
decrease in COX activity, despite the fact that COX subunits
are present at normal levels. Furthermore, ATP levels are di-
minished in AD platelets while ROS are increased (16). These
results suggest that the diminished catalytic activity of COX is
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associated with ROS overproduction and energetic failure.
Bosetti ef al. (12) evaluated COX and FOF1-ATPase activities
of isolated mitochondria from platelets of AD patients and age-
matched control subjects. Compared with controls, COX ac-
tivity is significantly decreased in AD platelets. In contrast,
FOF1-ATPase hydrolysis activity is not significantly changed.
Moreover, the ATP synthesis rate is similar in mitochondria
of platelets from AD patients and controls. Using HCN-1A cells
transfected with ABPP Swedish mutation, Anandatheert-
havarada and colleagues (4) clearly demonstrated a time-de-
pendent accumulation of ABPP in the mitochondria with a de-
cline in COX activity, reduced ATP synthesis, and disruption
of mitochondrial transmembrane potential. Expression of a mu-
tant form of ABPP into PC12 cells and human embryonic kid-
ney cells results in substantial elevation of AS levels and is as-
sociated with increased levels of nitric oxide and reduced ATP,
finally leading to cell death (51). These findings lead to the pro-
posal that AB directly disrupts mitochondrial function and may
contribute to the deficiency of energy metabolism and neuronal
apoptosis seen in AD. Furthermore, P19 cells stably transfected
with human ABPP751 show abnormal mitochondria and de-
creased transmembrane potential (36).

A study by Aliev and collaborators (3) positively correlates
AP deposition with mitochondrial abnormalities in the vascular
walls of an overexpressing ABPP transgenic mice. Furthermore,
a gene expression profile was carried out in an ABPP transgenic
mouse model (82) to establish which genes may be critical for
cellular changes in AD progression. The authors observed that
genes related to mitochondrial energy metabolism and apoptosis
are upregulated before and during the appearance of AS plaques.
These results indicate that mitochondrial energy metabolism im-
pairment, possibly by intraneuronal A3, could lead to an upreg-
ulation of mitochondrial genes as a compensatory response. Eck-
ert and co-workers (26) reported that lymphocytes isolated from
PS1 mutant transgenic mice show an increase in ROS produc-
tion and altered Ca" regulation but no changes in mitochondr-
ial cytochrome c content. Moreover, these mice lymphocytes
show an increase in apoptotic cells as compared to nontransgenic
controls, indicating that other events may be needed to trigger
the mitochondrial dependent apoptotic pathway in PS1 mutations.
In addition, Keil and colleagues (51) demonstrated a decrease in
mitochondrial membrane potential and a reduction in ATP lev-
els in neurons of an ABPP transgenic mouse model when com-
pared to littermate nontransgenic mice. Those ABPP transgenic
mice exhibit no plaques but an increase in Af levels, reinforc-
ing the notion of a major role of intraneuronal A@B in inducing
mitochondrial dysfunction. Additionally, a recent study showed
that the alterations in mitochondrial proteome and function that
occur in Tg2576 mice brains appear before amyloid plaque de-
position (35).

Recent data indicate that AB interacts with a binding protein,
termed AB-binding alcohol dehydrogenase (ABAD), in mito-
chondria and directly causes mitochondrial dysfunction (56,
99). Neurons cultured from transgenic mice overexpressing
ABPP and ABAD display spontaneous generation of ROS, loss
of mitochondrial membrane potential, and decreased ATP, sub-
sequent release of cytochrome ¢ from mitochondria and induc-
tion of caspase-3-like activity followed by apoptotic cell death.
Consistent with these results, a decoy peptide that blocks
AB-ABAD interaction prevents the mitochondrial dysfunction
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and apoptosis in an AB-rich environment in vitro. These results
suggest that mitochondrial dysfunction and the resulting energy
deficit may trigger the onset of neuronal apoptosis in AD.
Moreover, Cardoso et al. (18) demonstrated that A3 requires
functional mitochondria to induce toxicity.

Previous studies from our laboratory also showed that
AB1-40 and AB25-35 in the presence of Ca>* induce the open-
ing of PTP (62, 63). As previously referred, PTP induction, a
phenomenon characterized by a sudden increase in the perme-
ability of the inner mitochondrial membrane, plays a key role
in apoptotic cell death by facilitating the release of apoptogenic
factors. We observed that A peptides in the presence of Ca>*
decrease the mitochondrial transmembrane potential and the ca-
pacity of brain mitochondria to accumulate Ca>", induce a com-
plete uncoupling of respiration and an alteration of the ultra-
structural morphology of mitochondria characterized by
swelling and disruption of mitochondria cristae (62, 63). We
also observed that diabetes-related mitochondrial dysfunction
is exacerbated by aging and/or by the presence of AfS, sup-
porting the idea that diabetes and aging are risk factors for the
neurodegeneration induced by these peptides (64—66). In addi-
tion, Casley and collaborators (19) reported that A causes a
significant reduction in states 3 and 4 of respiration and an in-
hibition of COX, B-ketoglutarate dehydrogenase, and pyruvate
dehydrogenase activities. Data from our laboratory (76, 77)
showed that AB25-35 and AB1-40 peptides decrease the ac-
tivity of mitochondrial respiratory chain complexes in PC12
and NT2 cells. Another study showed that the addition of AS
to isolated mouse brain mitochondria can directly induce cy-
tochrome c release and mitochondrial swelling (53). Similarly,
Clementi et al. (22) observed that exposure of isolated rat brain
mitochondria to AB31-35 and AB25-35 peptides leads to re-
lease of cytochrome c¢, mitochondrial swelling, and a signifi-
cant reduction in mitochondrial oxygen consumption. Abramov
and collaborators (1) also showed that AB25-35 and AB1-42
cause a loss of mitochondrial membrane potential by activat-
ing NADPH oxidase in astrocytes. It has also been shown that
AB25-35 induces translocation of the second-mitochondria de-
rived activator of caspase (Smac) from mitochondria to cytosol
via AP-1/Bim activation (104).

It has been demonstrated that monomeric A3 accumulates
within rat brain and muscle mitochondria (2). The authors ob-
served four different and additive modes of action of A3, which
were concentration-dependent: (a) an increase in mitochondr-
ial membrane viscosity with a concomitant decrease in ATP/O
ratio; (b) respiratory chain complexes inhibition; (c) an exac-
erbation of ROS production; and (d) cytochrome c release (2).
Another study showed that intracellular AB1-42 selectively
causes apoptosis in human neurons through p53 and Bax; the
latter activates caspases by promoting release of mitochondrial
cytochrome ¢ (108).

Altogether these studies indicate a tight correlation between
AP, mitochondrial dysfunction, and apoptosis in AD.

MITOCHONDRIAL DYSFUNCTION,
OXIDATIVE STRESS, AND AUTOPHAGY

Eukaryotic cells primarily use two distinct mechanisms for
large-scale degradation, the proteasome and autophagy; but
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only autophagy has the capacity to degrade entire organelles
(reviewed in Ref. 90). The first event in autophagy is the en-
velopment of a mitochondrion or other targeted cytoplasmic
structure in lamellae of endoplasmic reticulum. This process
captures the organelles targeted for autophagy and creates dou-
ble-walled structures that are isolated from the cytoplasm.
These autophagosomes then acidify and acquire acid hydrolases
by fusion with primary lysosomes. During this process, the in-
ner membrane of the double-walled autophagosomes disap-
pears, leaving behind single-membrane degradative autophagic
vacuoles whose contents are ultimately digested and sometimes
exocytosed (25). Autophagy occurs at basal levels in most tis-
sues and contributes to the routine turnover of cytoplasmic com-
ponents. In addition to turnover of cellular components, au-
tophagy is involved in development, differentiation, and tissue
remodeling in various organisms (reviewed in Ref. 90).

During brain aging, many mitochondria undergo enlargement
and structural disorganization, while lysosomes gradually ac-
cumulate the nondegradable, polymeric lipofuscin. It is believed
that this is a result of not only continuous oxidative stress, caus-
ing oxidation of mitochondrial constituents and autophagocy-
tosed material, but also of the inherent inability of cells to
completely remove oxidatively damaged structures. Although
lipofuscin-loaded lysosomes continue to receive newly synthe-
sized lysosomal enzymes, the pigment is nondegradable. There-
fore, lipofuscin accumulation may greatly diminish lysosomal
degradative capacity by preventing lysosomal enzymes from
targeting functional autophagosomes, further limiting mito-
chondrial recycling. Based on findings that autophagy is di-
minished in lipofuscin-loaded cells and that cellular lipofuscin
content positively correlates with oxidative stress and mito-
chondrial damage, Terman and Brunk (100) proposed the mi-
tochondrial-lysosomal axis theory of aging, according to which
mitochondrial turnover progressively declines with age, result-
ing in increased oxidative damage, accumulation of damaged
organelles and lipofuscin, decreased ATP production, release
of apoptotic factors, and, eventually, cell death (Fig. 2).

The accumulation of mutant or toxic proteins plays a major
role in chronic neurodegenerative diseases (38). Morphologic
evidence of autophagy has been reported in neurodegenerative
diseases including AD, Parkinson disease, Huntington disease,
and transmissible spongiform encephalopathies (5, 55, 80, 106,
107). Some studies suggest that autophagy activation may con-
tribute to neurodegeneration (107). However, there is a con-
trasting view that autophagy may be a protective mechanism
contributing to neuronal remodelling and regeneration (30, 89).
Faddis and collaborators (30) assessed the role of calpain in a
model of rapid, reversible dendritic injury in murine cortical
cultures. The authors observed that cortical cultures briefly ex-
posed to sublethal NMDA doses resulted in focal swellings, or
varicosities, along the length of neuronal dendrites. These vari-
cosities appeared within minutes of NMDA exposure and
recovered spontaneously within 2 h after NMDA removal.
Addition of the calpain inhibitors had little effect on the
development of NMDA-induced dendrite injury. However, the
resolution of varicosities was substantially delayed by addition
of calpain inhibitors after sublethal excitotoxic exposure. Us-
ing Western blots and immunocytochemistry, the authors ob-
served reactivity for a calpain-specific spectrin proteolytic frag-
ment during the period of recovery from dendritic swelling, but
not during its formation (30). These observations suggest that
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FIG. 2. The mitochondrial-lysosomal axis theory of
aging. This theory states that mitochondrial turnover pro-
gressively declines with age, resulting in increased production
of reactive oxygen species (ROS), accumulation of lipofuscin
(biological garbage) and damaged organelles, decreased ATP
production, release of apoptotic factors and, eventually, cell
death.

calcium-dependent proteolysis contributes to recovery of den-
dritic structure. In addition, it has been reported that distinct
proteolytic events, possibly involving more than one protease,
regulate the initiation and subsequent elongation and stabiliza-
tion of axonal neuritis (89). An early induction of macroau-
tophagy in AD might, therefore, be expected to support the or-
ganelle and protein turnover associated with cycles of neurite
degeneration and regeneration in affected neurons (30, 89),
which also revert to a more immature developmental state in
AD (6, 103).

Although the exact role of autophagy in AD is not fully de-
fined, recent studies have provided some insights. Using im-
munogold labeling with compartmental markers and electron
microscopy, Nixon and collaborators (71) identified au-
tophagosomes and other pre-lysosomal autophagic vacuoles in
AD brains particularly within neuritic processes. In dystrophic
neurites, the predominant organelles are autophagosomes,
multivesicular bodies, multilamellar bodies, and cathepsin-
containing autophagolysosomes. Autophagy was evident in the
perikarya of affected neurons, particularly in those with neu-
rofibrillary pathology where it was associated with a relative
depletion of mitochondria and other organelles. This study pro-
vides evidence that autophagy is extensively involved in the
neurodegenerative/regenerative process in AD. The authors hy-
pothesized that the accumulation of immature pre-lysosomal au-
tophagic vacuoles in dystrophic neurites indicate that the trans-
port of pre-lysosomal autophagic vacuoles and their maturation
to lysosomes may be impaired, thereby impeding the suspected
neuroprotective functions of autophagy (71). Using the PS1/
ABPP mouse model of B-amyloidosis, Yu and collaborators
(105) showed that neuronal autophagy is induced before extra-
cellular deposition of AB. Autophagosomes and late autophagic
vacuoles (AVs) accumulate markedly in dystrophic dendrites,
implying an impaired maturation of AVs to lysosomes. Puri-
fied AVs contain ABPP and are highly enriched in PS1, nicas-
trin, and PS-dependent 3-secretase activity (106). These results
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link B-amyloidogenic and cell survival pathways through au-
tophagy, which is activated and is abnormal in AD. Autophagy-
mediated AS generation has also been demonstrated by evi-
dence that AB production rises when autophagy and AVs
proliferation are stimulated and falls when autophagy is inhib-
ited by blocking either of two signaling pathways converging
on mTOR kinase (105). Interestingly, inclusion myositis, the
only known condition in which Af deposits outside the ner-
vous system (7), involves the accumulation of autophagy-re-
lated vacuoles containing ABPP, AB, and PS.

Although AVs accumulations are not specific to the degen-
erative phenomena of AD (5, 50, 107) autophagic—lysosomal
pathology in the brain is considerably more widespread and ro-
bust in AD than in other adult-onset neurodegenerative diseases
(70). Specifically, the extensive neuritic dystrophy (57, 87) and
the characteristic gross distension of these neurites in AD are
not typical in other neurodegenerative diseases lacking Af3 (10).
Fibroblasts from patients with early-onset familial AD caused
by mutations of presenilin-1 (PS1) abnormally accumulate AVs,
especially under conditions that stimulate autophagy. Surpris-
ingly, however, the turnover of long-lived proteins by au-
tophagy in these fibroblasts is markedly reduced. A direct role
for mutant PS1 in this defect is supported by observations that
autophagy-mediated protein degradation is nearly eliminated in
blastocysts from mice lacking PS1 and PS2 genes but rescued
by introducing PS1 (29). Combined with evidence that PS1 and
the B-secretase complex are enriched in AVs (106), these stud-
ies support that PS plays a key role in autophagy.

Recently, it has been reported that exposure of human neu-
roblastoma cells to hyperoxia induces the accumulation of large
Ap-containing lysosomes, which were not typical of control
cells, showing a distinct localization of A3 and lysosomal mark-
ers (110). To determine whether oxidative stress has any influ-
ence on the relationship between lysosomes and AB1-42,
Zheng and collaborators (111) studied the effect of hyperoxia
on the intracellular localization of AB1-42 in retinoic acid dif-
ferentiated SH-SY5Y neuroblastoma cells. The authors ob-
served that in control cells, AB1-42 was mainly localized to
small nonlysosomal cytoplasmic granules, only occasionally
AB1-42 was found in large lysosomal-associated membrane
protein 2 positive vacuoles, devoid of the early endosomal
marker rab5. These large AB1-42—containing lysosomes were
not detectable in the presence of serum (known to suppress au-
tophagy), while their number increased dramatically after ex-
posure of cells to hyperoxia during 5 days (111). Altogether
these results suggest a link between oxidative stress and lyso-
somes in AD.

As a pathogenically important pathway for AB generation
and mediator of both cell survival and degenerative phenom-
ena (reviewed in Ref. 85), autophagy represents a new direc-
tion for investigation into the pathogenesis and possible ther-
apy of AD.

MITOCHONDRIA-TARGETED
ANTIOXIDANTS

The knowledge that mitochondrial dysfunction has a pre-
ponderant role in AD opened a window for new therapeutic
strategies aimed to preserve/ameliorate mitochondrial function.
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In nearly all cases where mitochondrial dysfunction contributes
to disease, a major cause of damage is ROS produced by mi-
tochondria, either directly or as a secondary consequence of
other malfunctions (8, 31). Mitochondrial oxidative damage can
be decreased with clinically significant benefits by increasing
the expression of mitochondrial antioxidant enzymes, or by ec-
topically expressing antioxidant enzymes within mitochondria
(21, 88). Recently, it was shown that overexpression of cata-
lase in mitochondria increased life span by 20% in mice,
whereas overexpression of catalase in peroxisomes had no sig-
nificant effect (88). Thus, antioxidant efficacy may be deter-
mined by targeted delivery to the site of ROS production.

Some beneficial effects have been reported in AD patients
subjected to antioxidant supplements and diets based on CoQ10
(39, 102), vitamin E (27, 37, 67, 86), a-lipoic acid (41), and
acetyl-L-carnitine (11, 45, 60). However, a major limitation in
using antioxidant therapy to treat the age-related diseases, such
as AD, has been the inability of investigators to enhance the
antioxidant level in mitochondria (68). However, in the last
years, considerable progress has been made in developing mi-
tochondria-targeted antioxidants (i.e., antioxidants that are se-
lectively accumulated into mitochondria). Several mitochon-
dria-targeted antioxidants have been developed by conjugating
the lipophilic triphenylphosphonium (TPP*) cation to an anti-
oxidant moiety, such as coenzyme Q (MitCoQ) and a-toco-
pherol (MitoVitE) (68). This approach makes use of the po-
tential gradient across the mitochondrial inner membrane. As a
result of the proton gradient, a negative potential to 150 to 180
mV is generated across the inner membrane. Lipophilic cations
may therefore accumulate 100- to 1,000-fold in mitochondria.

Data from the literature showed that the MitoVitE is taken
up by mitochondria ~80-fold more than vitamin E (92). The
authors observed that MitoVitE is far more effective to protect
mitochondria against oxidative stress than vitamin E itself. Fur-
thermore, it has been shown that MitoVitE is 800-fold more
potent than idebenone in protecting against GSH depletion in
cultured fibroblasts from patients with Friedreich ataxia and is
350—fold more potent than trolox (49). Recently, it has been
shown that MitVitE mitigates ethanol-induced accumulation
of intracellular oxidants and counteracts suppression of gluta-
thione peroxidase/glutathione reductase functions, protein ex-
pression of B-glutamylcysteine synthetase and total cellular glu-
tathione levels in cerebellar granule cells (91).

MitoQ is a promising therapeutic antioxidant that has been
successfully targeted to mitochondria. Coenzyme Q (or
ubiquinone) is a respiratory chain component that accepts elec-
trons from complex I or II, to form the reduced product
ubiquinol, which donates electrons to complex III. The
ubiquinone pool in vivo exists largely in a reduced ubiquinol
form, acting as an antioxidant and a mobile electron transfer.
Ubiquinol has been reported to function as an antioxidant by
donating a hydrogen atom from one of its hydroxyl groups to
a lipid peroxyl radical, thereby decreasing lipid peroxidation
within the mitochondrial inner membrane (28). MitoQ exces-
sively accumulates in the mitochondria and reduces toxic in-
sults from free radicals in the mitochondria. This effect ulti-
mately leads to the protection of neurons from age-related
and/or disease-related mitochondrial insults. Recently, the ef-
fects of MitoQ on mitochondria in several in vitro cell models
were tested (9, 24, 46, 49). In cultured fibroblasts from Fried-
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reich ataxia patients, MitoQ prevented cell death known to be
caused by endogenous oxidative stress (49). In a study of PC12
cells, low concentrations of MitoQ selectively inhibited serum
deprivation-induced apoptosis in PC12 cells (9). These studies
suggest that MitoQ may reduce free radicals, decrease oxida-
tive damage, and maintain mitochondrial function. Since ox-
idative damage is part of the known pathophysiology of AD,
there is strong interest in determining whether mitochondria-
targeted antioxidants decrease oxidative damage in the neurons
of AD patients (81). In Phase I trials, MitoQ showed good phar-
macokinetic behavior with oral dosing at 80 mg (1 mg/kg), re-
sulting in a plasma Cmax = 33.15 ng/ml and Tmax 1 h. This
formulation is now proceeding to Phase II trials in Parkinson
disease and Friedreich ataxia (Antipodean Pharmaceuticals Inc.,
San Francisco, CA).

Recently, there was a report of a novel class of small cell-
permeable peptide antioxidants that target mitochondria in a po-
tential-independent manner (109). The structural motif of these
Szeto—Schiller (SS) peptides centers on alternating aromatic
residues and basic amino acids (reviewed in Ref. 98). SS-31
has a remarkable potency that can be explained by its exten-
sive cellular uptake and selective partitioning into mitochon-
dria. Intracellular concentrations of [3H]SS-31 were sixfold
higher than extracellular concentrations. Studies using iso-
lated mitochondria revealed that [3H]SS-31 was concentrated
~5,000-fold in the mitochondrial pellet. By concentrating in
the inner mitochondrial membrane, SS-31 became localized to
the site of ROS production, and protected against mitochondr-
ial oxidative damage and against further ROS production (109).
It has shown that daily injections of SS-31 to G93A SOD1 mu-
tants, an animal model of amyotrophic lateral sclerosis, before
onset of symptoms lead to a significant increase in survival and
improvement of motor performance (79).

The development and improvement of mitochondria-targeted
antioxidants that can protect mitochondria against oxidative
stress and prevent neuronal death seems a promising therapeu-
tic strategy in AD.

CONCLUSIONS

Many lines of evidence suggest that mitochondria have a cen-
tral role in AD. Apart from providing the cell with ATP, mito-
chondria are also central in the regulation of cell death since
they harbor several death factors that are released upon apop-
totic stimuli. Alterations in mitochondrial function, increased
oxidative stress, and neurons dying by apoptosis have been de-
tected in AD patients. These findings support the idea that mi-
tochondria may trigger the abnormal onset of neuronal degen-
eration and death in AD.

Until recently, autophagy has received limited attention in
relation to AD, despite its importance as a mechanism for re-
moving defective organelles and potentially toxic proteins. De-
fective autophagy leads to a progressive accumulation within
neurons of biological “garbage,” represented mainly by lipo-
fuscin, defective mitochondria, and cytoplasmic protein aggre-
gates. As a result of lipofuscin accumulation, the proportion of
functionally effective structures declines, gradually decreasing
adaptability of the biological system. In this line, it is possible
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that lipofuscin deposition hampers autophagic mitochondrial
turnover, promoting the accumulation of senescent mitochon-
dria, which are deficient in ATP production but produce in-
creased amounts of ROS. Increased oxidative stress, in turn,
further enhances damage to both mitochondria and lysosomes,
thus diminishing adaptability, triggering mitochondrial and
lysosomal pro-apoptotic pathways, and culminating in cell
death.

The knowledge that mitochondrial dysfunction has a pre-
ponderant role in AD opened a window for new therapeutic
strategies aimed to preserve/ameliorate mitochondrial function.
Until recently, a major limitation in developing antioxidant ther-
apies for AD patients has been the inability to enhance antiox-
idant levels in mitochondria. However, a big advance occurred
with the development of mitochondrial-targeted antioxidants,
which preferentially enter mitochondria at several hundred-fold
more than natural antioxidants. However, further studies are
needed to determine whether these mitochondria-targeted an-
tioxidants can be successfully used in age-related neurodegen-
erative diseases such as AD.

ABBREVIATIONS

AB, amyloid B8 peptide; ABAD, AB-binding alcohol dehy-
drogenase; ABPP, amyloid B precursor protein; AD, Alzhei-
mer’s disease; AVs, autophagic vacuoles; CNS, central nervous
system; CoQ, coenzyme Q; COX, cytochrome oxidase; NFT,
neurofibrillary tangle; PS, presenilin; PTP, permeability transi-
tion pore; ROS, reactive oxygen species; SP, senile plaque;
TPP*, tetraphenylphosphonium cation.
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