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Abstract

Being major sources of reactive oxygen species (ROS), mitochondrial structures are exposed to high concentrations of ROS and might

therefore be particularly susceptible to oxidative injury. Mitochondrial damage may play a pivotal role in the cell death decision. Bolstered

evidence indicates that mitochondrial abnormalities might be part of the spectrum of chronic oxidative stress occurring in Alzheimer’s

disease (AD) finally contributing to synaptic failure and neuronal degeneration. Accumulation and oligomerization of amyloid beta (Ab)

is also thought to play a central role in the pathogenesis of this disease by probably directly leading to mitochondrial dysfunction.

Moreover, numerous lines of findings indicate increased susceptibility to apoptotic cell death and increased oxidative damage as common

features in neurons from sporadic AD patients but also from familial AD (FAD) cases. Here we provide a summary of recent work

demonstrating some key abnormalities that may initiate and promote pathological events in AD. Finally, we emphasize a hypothetical

sequence of the pathogenic steps linking sporadic AD, FAD, and Ab production with mitochondrial dysfunction, caspase pathway, and

neuronal loss.
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1. Pivotal role of mitochondria within the cell

Mitochondria are essential for the maintenance of cell

function and viability. They are often described as the

‘power house of the cell’. The primary function of mito-

chondria is to produce ATP through the coupling of

oxidative phosphorylation with respiration. The mitochon-

drial respiratory chain is composed of five enzyme com-

plexes: NADH-CoQ reductase (complex I), succinate CoQ

reductase (complex II), ubiquinol-cytochrome c reductase

(complex III), COX (complex IV), and F1F0-ATPase (com-

plex V). While the respiratory enzyme complexes transfer

electrons to each other and ultimately to molecular oxygen,

they translocate protons across the inner mitochondrial

membrane. The proton gradient set up in this way provides

the energy that drives the motor of the membrane-bound

enzyme ATP synthase, which catalyzes the conversion of

ADP to ATP, completing the process of oxidative phos-

phorylation [1]. The movement of protons has two major

consequences: (1) it generates a pH gradient across the

inner mitochondrial membrane with the pH higher in the

matrix than in the cytosol (close to pH ¼ 7); (2) it gen-

erates a voltage gradient (transmembrane potential, DCm)

across the inner mitochondrial membrane with the inside

negative and the outside positive (estimated at �150 to

�180 mV negative with respect to the cytosol).

2. Mitochondria as sources and targets of ROS

The ROS category includes the superoxide anion radical

as the primary product of one-electron dioxygen reduction,

the extremely aggressive hydroxyl radical derived from

subsequent reactions, singlet oxygen and strong non-radi-

cal oxidants such as hydrogen peroxide. Furthermore,

nitric oxide and the derived peroxynitrite radical also

belong to the group of ROS.
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Mitochondria represent the major source of ROS. One

consequence of oxidative phosphorylation is the genera-

tion of unpaired electrons. The interaction of these elec-

trons with O2 results in the generation of superoxide anions

(O2
�), which are highly ROS. Superoxide dismutase

(SOD) plays a protective role in all aerobic organisms

by detoxifying the superoxide anion in a dismutase reac-

tion producing hydrogen peroxide. Hydrogen peroxide, in

turn, can be reduced to water (H2O) by either glutathione

peroxidase or catalase, or it can itself produce an even more

potent radical, the hydroxyl radical (OH�). The hydroxyl

radical is extremely reactive and can react with nearly all

cellular macromolecules including DNA, protein and

membrane lipids. Being the major source of ROS, mito-

chondria are subjected to direct attack by large amounts of

ROS in the cell and might be therefore particularly sus-

ceptible to oxidative damage.

3. Mitochondria and cell death

Cell death constitutes one of the key events in cell

biology. At least two models of cell death can be distin-

guished: apoptosis and necrosis. Apoptosis involves the

regulated action of catabolic enzymes (proteases and

nucleases). Characteristic features of apoptosis are

changes in nuclear morphology and in chromatin bio-

chemistry. When misregulated, apoptosis can contribute

to various diseases including cancer and neurodegenera-

tive diseases [2]. In contrast to apoptosis, necrosis does

not involve any regular DNA and protein degradation

pattern and is accompanied by swelling of the cytoplasm

and of the mitochondrial matrix, which occur shortly

before cell membrane rupture. However, it is not uncom-

mon for one effector, such as oxidative stress to have the

capacity to trigger either of these death responses, and a

combination of apoptosis and necrosis may occur in the

same tissue [3]. It was found that mitochondria play a

central role in apoptosis, thereby exhibiting major

changes in their structure and function [4,5]. The regula-

tory mechanisms underlying apoptosis and necrosis

partially overlap in that mitochondrial membrane permea-

bilization may constitute a common event of both death

modalities [6]. A decrease in mitochondrial membrane

potential is an early universal event of apoptosis [7]. In

most pathways of apoptosis, the release of mitochondrial

cytochrome c and apoptosis-inducing factor are also key

events in initiating the cascade of reactions leading to

apoptotic cell death [8]. The release of cytochrome c is

clearly regulated by the pro- and anti-apoptotic proteins of

the Bcl-family (bax, bak, bad, bim, bid as pro- and bcl-2

and bcl-xl as anti-apoptotic proteins) [9]. The mechanism

by which cytochrome c activates the apoptotic cascade

remains to be fully elucidated; however, it seems to

activate caspase-9 which then cleaves downstream effec-

tors and elicits the apoptotic response.

A mismatch between the production of prooxidants and

antioxidants in cells might lead to oxidative stress. As

mentioned before, mitochondria are very susceptible to

oxidative damage. A decrease in mitochondrial membrane

potential, an impairment of the mitochondrial respiratory

chain and a depletion of ATP are characteristic conse-

quences of oxidative stress, e.g. ROS, lipid peroxidation

products (such as hydroxy-2-nonenal), as well as nitric oxide

[6,10]. While high levels of oxidative stress can cause

necrosis, mild to moderate degrees of oxidative stress induce

cell death via the apoptotic cascade. ATP deficiency further

leads to a decrease of cell glutathione (GSH), which results

in enhanced oxidative stress and triggers the vicious cycle of

oxidative stress, mitochondrial dysfunction and apoptosis.

4. Mitochondria, oxidative stress, and AD

Mitochondrial abnormalities have been identified in a

large proportion of neurodegenerative diseases [7,11,12].

AD is the most common neurodegenerative disorder

marked by progressive loss of memory and impairment

of cognitive ability. AD can be classified into two forms:

sporadic AD, which accounts for the vast majority of AD

cases and where aging represents the main risk factor, and a

familial form of AD (FAD), where rare gene mutations

have been identified. The latter patients suffer from an

autosomal dominant inheritable variant of AD. Notably,

patients with either sporadic AD or FAD share common

clinical and neuropathological features including Ab pla-

ques, accumulation of intracellular neurofibrillary tangles,

and pronounced neuronal cell loss. The amyloid plaque is

composed of Ab peptide, which is derived from the APP

through an initial b-secretase cleavage followed by an

intramembraneous cut of g-secretase. Three genes are

known to be causatively linked with the pathogenesis of

these early onset FAD forms. Besides the genes encoding

for presenilin 1 (PS1) on chromosome 14 and presenilin 2

(PS2) on chromosome 1, mutations in the APP gene on

chromosome 21 account for these FAD cases. Remarkably,

more than 60 FAD mutations located in these three dif-

ferent genes apparently result in the overproduction of Ab
providing substantial evidence that Ab plays a central role

in the pathogenesis of AD.

The free radical hypothesis of aging [13] claims that the

age-related accumulation of ROS results in damage to

major components of cells: nucleus, mitochondrial

DNA, membranes and cytoplasmic proteins. Many authors

suggest that an imbalance between the generation of free

radicals and antioxidants may be involved in the pathogen-

esis of most neurodegenerative diseases. The fact that age

is the most important risk factor of sporadic AD provides

considerable support for the free radical hypothesis. Many

considerations suggest that free radicals and consequently

mitochondrial dysfunction are involved in age-related

pathologies of AD [14–22]. It seems very likely that
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oxidative damage and defective mitochondrial function are

the earliest events in AD [14,23].

During the last decade considerable evidence has accu-

mulated demonstrating oxidative stress products on certain

cellular targets in AD including mitochondria, proteins,

lipids, and DNA [21,24–27]. Additionally, increasing evi-

dence suggests a diminished activity of the a-ketoglutarate

dehydrogenase complex (KGDHC) in brains from AD

patients [28–30].

Biochemical analysis of CNS tissue from patients with

AD has yielded evidence for abnormalities of components

of the electron transport chain. In many AD patients, COX

activity is impaired in the CNS [31,32] and even in other

tissues, including platelets [33]. This defect may contribute

to impaired energy generation. Biochemically, the defect

was confined to selected brain regions, such as temporal

cortex and hippocampus. The respiratory chain is located

in the inner mitochondrial membrane. COX is its terminal

enzyme and catalyzes the transfer of electrons from its

reduced substrate ferrocytochrome c to molecular oxygen

to form water. The involvement of a nonneuronal tissue

suggests that the COX defect is not simply a local con-

sequence of the disease state, but may be genetically

determined. Each enzyme complex of the mitochondrial

respiratory chain consists of a varying number of subunits.

Interestingly, the cellular expression of COX subunit II and

IV is reduced during aging and these age-related changes

are more marked in AD that might contribute to the

development of the disease [34]. These subunits are

encoded by both nuclear DNA and mitochondrial DNA

(mtDNA). COX encompasses 13 subunits. The three lar-

gest subunits, which mainly represent the catalytic centers

of COX, are encoded by mtDNA, whereas the remaining

are derived from the nuclear genome [35,36]. Thus, low

COX activity may result from changes in nuclear DNA, in

mtDNA or in the recognition or the import of proteins

through the mitochondrial membrane. Mutations in

mtDNA, which may be maternally inherited or acquired

with aging, can cause a variety of progressive, chronic

degenerative diseases [37]. Normal aging is accompanied

by the accumulation of multiple point mutations in the

control region for replication of mtDNA [38]. Mutations in

mtDNA mostly cause central nervous system abnormal-

ities as well as mitochondrial myopathy. It can be specu-

lated that a reduced DCm, impaired ATP generation or an

increased generation of ROS resulting from mutations of

mtDNA may activate mitochondrial membrane permeabi-

lization and initiate cell death. Point mutations of mtDNA

were reported in AD involving complex I and COX [39–

46]. Notably, COX activity correlated negatively with

increasing mutational burden of mtDNA [41]. Cells

depleted of their mitochondria and then fused with mito-

chondria isolated from AD patients showed a significantly

reduced COX activity [47].

Synaptic compartments (presynaptic terminals and post-

synaptic dentritic spines) are regions of neurons that are

exposed to high levels of oxidative and metabolic stress.

This is the case largely because glutamate receptors and

calcium channels are concentrated in synaptic compart-

ments, and the membrane depolarization and calcium

influx resulting from activation of these ion channels

results in oxidative stress and a high energy (ATP) demand.

In order to provide high levels of ATP, mitochondria are

concentrated in synaptic terminals and play a pivotal role

in the regulation of synaptic function. There are many

reasons to believe that synapses are the sites where the

neurodegenerative process begins in AD (Fig. 1)

[15,17,48]. Recent studies have shown that apoptotic bio-

chemical cascades are activated in vulnerable neuronal

populations in AD and can also be activated locally

following exposure to Ab: caspase activation, mitochon-

drial membrane depolarization, generation of ROS and

Fig. 1. Pathological processes finally leading to neuronal cell death: mitochondrial dysfunction as a key event in synaptic degeneration. See text for

discussion.
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nitric oxide, dysregulation of the cytosolic and mitochon-

drial calcium homeostasis, chromatin condensation,

nuclear damage and fragmentation (Fig. 1).

5. Effects of Ab peptide on mitochondria and
pathways associated with apoptosis

Ab, a 40–42 amino acid peptide that principally con-

stitutes senile plaques, is thought to play a crucial role in

the pathogenesis of AD. Supporting this hypothesis, Ab
has been demonstrated to be directly toxic to cultured

neurons and aggregation of Ab into fibrils is apparently

required for its cytotoxic effect [49]. Recently, it has been

shown that Ab can be formed intracellularly in neurons

[50]. Moreover, several findings indicate that neuronal cell

death associated with Ab peptide is apoptotic in nature

[51–55]. Indeed, examination of post-mortem tissue has

implicated caspases (caspase 3, 8, and 9) in sporadic AD

[56–59]. One possible mechanism for initiating apoptosis

could be the generation of free radicals by the peptide [60]

leading to lipid peroxidation and oxidative stress. Further-

more, oxidative stress induces intracellular accumulation

of Ab [61]. Nevertheless, the biochemical mechanisms

underlying Ab toxicity remain largely unknown. One

consistent observation on Ab cytotoxicity is the rapid

inhibition of cellular 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) reduction to forma-

zan [62]. Both oxidative stress-dependent and -indepen-

dent effects of Ab, such as membrane-destabilizing

properties [63] seem to be detected using MTT reduction

[62,64].

Several studies have suggested that Ab may be directly

toxic to isolated mitochondria [65]. Interestingly, the

activities of those enzymes, which are reduced in the

brains from AD patients, such as COX, a-ketoglutarate

dehydrogenase and pyruvate dehydrogenase, were inhib-

ited by Ab [65]. Increased intracellular Ab levels can

further exacerbate the genetically driven COX defect in

sporadic AD and may facilitate mitochondrial permeability

transition opening [66]. These findings indicate that Ab
can directly disrupt mitochondrial function and may con-

tribute to the deficiency of energy metabolism seen in AD.

Moreover, recent data indicate that Ab induces neuronal

apoptosis via mechanisms involving JNK pathway, induc-

tion of Fas ligand, and the release of Smac via AP-1/Bim

activation from mitochondria [67–69].

Mounting evidences indicate increased susceptibility to

cell death and increased oxidative damage as common

features in neurons from sporadic AD patients but also

from FAD cases. All known mutations in APP, PS1 and

PS2 apparently result in the overproduction of Ab provid-

ing substantial evidence that Ab plays a central role in the

pathogenesis of AD probably by increasing oxidative

stress. Recent findings further indicate that these mutations

affect mitochondrial function linked to pathological cell

death. Thus, an increased superoxide production seems to

mediate the cell death-enhancing action of PS1 mutations

[70]. Furthermore, PS1 and PS2 interact with members of

the bcl-2 family [71] and, in turn, bcl-2 protects mitochon-

dria against lipid peroxidation induced by oxidative stress

and/or Ab [54]. In addition, several recent findings have

linked Ab toxicity and increased Ab production due

to FAD-related APP or PS1 mutations with cell death

[72–74]. Recent findings indicate that the expression of

mutant PS1 or mutant APP in PC12 cells sensitises cells to

apoptosis [75–77]. In addition, cultures of primary neurons

from PS1 mutant knock-in mice (PS1 M146 KI) and from

transgenic mice bearing human mutant PS1 M146L show

increased vulnerability to cell death [78,79]. In addition,

lymphocytes from FAD patients bearing PS1 mutations

[80] show similar results in regard to increased vulner-

ability to DNA damage finally leading to accelerated cell

death. Moreover, enhanced vulnerability to cell death has

also been described in peripheral lymphocytes from AD

patients [80–82], but not in patients with vascular dementia

[82]. Specifically, oxidative stress mechanisms seem to be

involved in this process [82–84].

To further elucidate the biochemical pathways induced

by Ab, we investigated the effect of the Swedish APP

double mutation (APPsw) on oxidative stress-induced cell

death mechanisms in PC12 cells. This mutation results in

from 3- to 6-fold increased Ab production compared to

wild-type APP (APPwt). Our cell model offers two impor-

tant advantages. First, compared to experiments using high

concentrations of Ab at micromolar levels applied extra-

cellularly to cells, APPsw cells secret low Ab levels similar

to the situation in FAD brains. Thus, our cell model

represents a very suitable approach to elucidate the AD-

specific cell death pathways mimicking physiological con-

ditions. Second, compared to PS1 mutant cells, these two

cell lines—APPwt and APPsw—with different production

levels of Ab may additionally allow to study dose-depen-

dent effects of Ab. Expression of APPsw rendered PC12

cells vulnerable to the induction of cell death after expo-

sure to oxidative stress (hydrogen peroxide) [76,85]. One

potential mechanism by which APP mutations enhance this

process could be the increased production of Ab, which is

able to induce apoptotic cell death. However, in the

absence of apoptosis-inducing treatments, we found no

evidence for increased apoptosis per se. Therefore, it

seems rather likely that increased production of Ab at

physiological levels somehow primes APPsw cells to

undergo cell death, leading to increased cell death only

after additional stress, e.g. oxidative stress, a scenario

which has also been suggested to occur in AD brain.

Moreover, we could show that in PC12 cells bearing

APPsw caspase 3 activity was significantly elevated com-

pared to APPwt and vector-transfected control cells [76].

Interestingly, APPwt also showed an increased activity of

caspase 3 compared to empty vector control cells even

though to a lesser extent than APPsw cells. Our data
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suggest that already very low Ab levels in APPwt cells are

probably sufficient to prime cells to undergo apoptosis and

increasing Ab levels, as in the case of APPsw cells, even

strengthen the effects on caspase 3 activation. This is

confirmed by findings that caspase 9 is increased and at

the same time ATP levels and mitochondrial membrane

potential are lowered in APPwt as well as in APPsw cells

compared to vector (vct)-transfected control cells [86].

Interestingly, we could also show that the respiratory

chain complexes II, III, IV and F0F1-ATPase in APPsw

cells are more vulnerable against mitochondrial membrane

potential changes than vct cells. Additionally, the com-

plexes IV and F0F1-ATPase of APPwt cells are more

sensitive than vct cells but as sensitive as APPsw cells

[86]. Possibly, the increased Ab production by APP-trans-

fected cells might trigger the dysfunction of the respiratory

chain complexes perhaps by a direct inhibition of the

mitochondrial respiration. The inhibition of the respiratory

chain by Ab could be one explanation for decreased ATP

levels and the enhanced cell death in APPsw cells. An

important mediation of stress signaling in cells occurs by

the stress-activated protein kinase JNK/SAPK. In APPsw

cells JNK pathway activation is enhanced. The importance

of the JNK pathway becomes explicit, since we observed

attenuation of apoptosis by SP600125, a JNK inhibitor,

through protection of mitochondrial dysfunction and

reduction of caspase 9 activity [87]. In addition, we found

that in APPsw cells activation of caspase 2 and caspase 8 is

enhanced after exposure to oxidative stress [87,88].

6. A hypothetical sequence of the pathogenic
steps of AD

On the basis of these findings, we propose a hypothetical

sequence of events linking sporadic AD, FAD, Ab produc-

tion, and mitochondrial dysfunction with caspase pathway

and neuronal cell loss. Two parallel pathways may occur in

APP transfected PC12 cells under oxidative stress condi-

tions (Fig. 2). Already at low Ab levels, the intrinsic

pathway is activated leading to mitochondrial dysfunction,

e.g. decrease in mitochondrial membrane potential and

depletion in ATP. Cytochrome c is released by dysfunc-

tional mitochondria and activates caspase 9. Interestingly,

it was recently discovered that intrinsic pathways, such as

those initiated by cell stress, induce activation of caspase 2,

Fig. 2. Working model of apoptotic biochemical cascades occurring in AD: a hypothetical sequence of events leading to caspase activation. Two parallel

pathways, activated either by already low concentrations of Ab or in addition by high levels of Ab, may operate within individual neurons. Oxidative stress

induced or enhanced by Ab leads to mitochondrial dysfunction. Cytochrome c is released by dysfunctional mitochondria and activates caspase 9. An

additional mechanism is that the accumulation of high amounts of Ab may lead to the cross-linking and activation of receptors resulting in the activation of

the extrinsic apoptotic pathway. Both pathways then converge by activating the effector enzyme, caspase 3 (in accordance with [59]).
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which is required for permeabilization of mitochondria

[89]. Caspase 2 activation was strongly and specifically

increased in APPsw PC12 cells suggesting that this caspase

is acting upstream of mitochondria and forces the intrinsic

pathway when Ab levels increase. Moreover, it has been

reported that Ab may lead to the cross-linking and activa-

tion of receptors resulting in caspase 8 activation [58].

Indeed, in our cell model, caspase 8 activation was

increased in the presence of high Ab concentration pro-

duced by APPsw cells. Whether this increase is only due to

effects of extracellular Ab on cell death receptors or can

also be mediated by intracellularly accumulated Ab is not

clear. Both pathways may then converge by activating the

effector enzyme, caspase 3, and the execution of cell death

(Fig. 2). Nondominant forms of AD including sporadic AD,

in which Ab and oxidative stress levels gradually rise with

age, and dominantly inherited forms of AD, in which high

Ab production increases throughout life, converge at a final

common pathway of an increased vulnerability to apoptotic

cell death (Fig. 3). Recent evidence suggests that synaptic

dysfunction, which seems to occur prior to obvious neu-

ronal degeneration, is caused by diffusible oligomeric

assemblies of Ab peptide. Within this cascade, oxidative

injury and mitochondrial damage play a central role.

Mitochondria may act as amplifiers rather than initiators

of caspase activity. Efforts to block the activity of post-

mitochondrial caspase 9 and caspase 3 may possibly only

inhibit the amplification loop, but not prevent, cell death.

Based on this assumption, strategies involving efforts to

protect cells at the mitochondrial level by stabilizing or

restoring mitochondrial function or to target events

upstream of mitochondria appear to be promising. Inter-

estingly, perfectly in line with this hypothesis, numerous

lines of evidences indicate stabilization of impaired mito-

chondrial function by Ginkgo biloba extract EGb 761 and

lipoic acid [64,90]. Provided that mitochondrial dysfunc-

tion does have a causative role in disease pathogenesis,

then the development of a number of novel therapeutic

targets is implicated. These approaches could result in

novel treatments for AD.

Acknowledgments

This work was supported by grants from the Alzheimer

Forschung Initiative e.V., from the Hirnliga e.V. and from

the Robert Pfleger-Stiftung.

References

[1] Stock D, Gibbons C, Arechaga I, Leslie AG, Walker JE. The rotary

mechanism of ATP synthase. Curr Opin Struct Biol 2000;10:672–9.

[2] Reed JC. Mechanisms of apoptosis. Am J Pathol 2000;157:1415–30.

[3] Kroemer G, Dallaporta B, Resche-Rigon M. The mitochondrial death/

life regulator in apoptosis and necrosis. Annu Rev Physiol 1998;60:

619–42.

[4] Desagher S, Martinou JC. Mitochondria as the central control point of

apoptosis. Trends Cell Biol 2000;10:369–77.

[5] Green DR, Reed JC. Mitochondria and apoptosis. Science 1998;281:

1309–12.

[6] Kroemer G, Reed JC. Mitochondrial control of cell death. Nat Med

2000;6:513–9.

[7] Wadia JS, Chalmers-Redman RME, Ju WJH, Carlile GW, Phillips JL,

Fraser AD, Tatton WG. Mitochondrial membrane potential and nu-

clear changes in apoptosis caused by serum and nerve growth factor

withdrawal: time course and modification by (�)-deprenyl. J Neurosci

1998;18:932–47.

[8] Nicholls DG, Budd SL. Mitochondria and neuronal survival. Physiol

Rev 2000;80:315–60.

[9] Reed JC, Jurgensmeier JM, Matsuyama S. Bcl-2 family proteins and

mitochondria. Biochim Biophys Acta 1998;1366:127–37.

[10] Brown GC. Cell biology. NO says yes to mitochondria. Science

2003;299:838–9.

[11] Orth M, Schapira AH. Mitochondria and degenerative disorders. Am J

Med Genet 2001;106:27–36.

[12] Hirai K, Aliev G, Nunomura A, Fujioka H, Russell RL, Atwood CS,

Johnson AB, Kress Y, Vinters HV, Tabaton M, Shimohama S, Cash

Fig. 3. A hypothetical sequence of the pathogenic steps linking sporadic AD, familial AD, and Ab production with mitochondrial dysfunction, caspase

pathway, and neuronal cell loss (in accordance with [48]).

1632 A. Eckert et al. / Biochemical Pharmacology 66 (2003) 1627–1634



AD, Siedlak SL, Harris PL, Jones PK, Petersen RB, Perry G, Smith

MA. Mitochondrial abnormalities in Alzheimer’s disease. J Neurosci

2001;21:3017–23.

[13] Harman D. Free radical theory of aging. Mutat Res 1992;275:257–66.

[14] Castellani R, Hirai K, Aliev G, Drew KL, Nunomura A, Takeda A,

Cash AD, Obrenovich ME, Perry G, Smith MA. Role of mitochondrial

dysfunction in Alzheimer’s disease. J Neurosci Res 2002;70:357–60.

[15] Mattson MP, Pedersen WA, Duan W, Culmsee C, Camandola S.

Cellular and molecular mechanisms underlying perturbed energy

metabolism and neuronal degeneration in Alzheimer’s and Parkin-

son’s diseases. Ann NY Acad Sci 1999;893:154–75.

[16] Blass JP, Gibson GE. The role of oxidative abnormalities in the

pathophysiology of Alzheimer’s disease. Rev Neurol (Paris) 1991;

147:513–25.

[17] Mattson MP, Liu D. Energetics and oxidative stress in synaptic

plasticity and neurodegenerative disorders. Neuromol Med 2002;2:

215–31.

[18] Beal MF. Mitochondria, free radicals, and neurodegeneration. Curr

Opin Neurobiol 1996;6:661–6.

[19] Christen Y. Oxidative stress and Alzheimer disease. Am J Clin Nutr

2000;71:621S–9S.

[20] Smith MA, Rottkamp CA, Nunomura A, Raina AK, Perry G. Oxida-

tive stress in Alzheimer’s disease. Biochim Biophys Acta 2000;1502:

139–44.

[21] Munch G, Thome J, Foley P, Schinzel R, Riederer P. Advanced

glycation endproducts in ageing and Alzheimer’s disease. Brain

Res Brain Res Rev 1997;23:134–43.

[22] Munch G, Gerlach M, Sian J, Wong A, Riederer P. Advanced glycation

end products in neurodegeneration: more than early markers of

oxidative stress? Ann Neurol 1998;44:S85–8.

[23] Nunomura A, Perry G, Aliev G, Hirai K, Takeda A, Balraj EK, Jones

PK, Ghanbari H, Wataya T, Shimohama S, Chiba S, Atwood CS,

Petersen RB, Smith MA. Oxidative damage is the earliest event in

Alzheimer disease. J Neuropathol Exp Neurol 2001;60:759–67.

[24] Lyras L, Cairns NJ, Jenner A, Jenner P, Halliwell B. An assessment of

oxidative damage to proteins, lipids, and DNA in brain from patients

with Alzheimer’s disease. J Neurochem 1997;68:2061–9.

[25] Dei R, Takeda A, Niwa H, Li M, Nakagomi Y, Watanabe M, Inagaki T,

Washimi Y, Yasuda Y, Horie K, Miyata T, Sobue G. Lipid peroxidation

and advanced glycation end products in the brain in normal aging and

in Alzheimer’s disease. Acta Neuropathol (Berl) 2002;104:113–22.

[26] Schüssel K, Leutner S, Cairns NJ, Eckert A, Müller WE. Increased

activities of antioxidant enzymes in brains from Alzheimer’s disease

patients. Pharmacopsychiatry 2001;34:200.

[27] Wong A, Luth HJ, Deuther-Conrad W, Dukic-Stefanovic S, Gasic-

Milenkovic J, Arendt T, Munch G. Advanced glycation endproducts

co-localize with inducible nitric oxide synthase in Alzheimer’s dis-

ease. Brain Res 2001;920:32–40.

[28] Huang HM, Zhang H, Xu H, Gibson GE. Inhibition of the alpha-

ketoglutarate dehydrogenase complex alters mitochondrial function

and cellular calcium regulation. Biochim Biophys Acta 2003;1637:

119–26.

[29] Gibson GE, Park LC, Sheu KF, Blass JP, Calingasan NY. The alpha-

ketoglutarate dehydrogenase complex in neurodegeneration. Neuro-

chem Int 2000;36:97–112.

[30] Gibson GE. Interactions of oxidative stress with cellular calcium

dynamics and glucose metabolism in Alzheimer’s disease(1,2). Free

Radic Biol Med 2002;12(32):1061–70.

[31] Maurer I, Zierz S, Moller HJ. A selective defect of cytochrome c

oxidase is present in brain of Alzheimer disease patients. Neurobiol

Aging 2000;21:455–62.

[32] Kish SJ, Mastrogiacomo F, Guttman M, Furukawa Y, Taanman JW,

Dozic S, Pandolfo M, Lamarche J, DiStefano L, Chang LJ. Decreased

brain protein levels of cytochrome oxidase subunits in Alzheimer’s

disease and in hereditary spinocerebellar ataxia disorders: a nonspe-

cific change? J Neurochem 1999;72:700–7.

[33] Bosetti F, Brizzi F, Barogi S, Mancuso M, Siciliano G, Tendi EA,

Murri L, Rapoport SI, Solaini G. Cytochrome c oxidase and mito-

chondrial F1F0-ATPase (ATP synthase) activities in platelets and brain

from patients with Alzheimer’s disease. Neurobiol Aging 2002;23:

371–6.

[34] Ojaimi J, Masters CL, McLean C, Opeskin K, McKelvie P, Byrne E.

Irregular distribution of cytochrome c oxidase protein subunits in

aging and Alzheimer’s disease. Ann Neurol 1999;46:656–60.

[35] Anderson S, Bankier AT, Barrell BG, de Bruijn MH, Coulson AR,

Drouin J, Eperon IC, Nierlich DP, Roe BA, Sanger F, Schreier PH,

Smith AJ, Staden R, Young IG. Sequence and organization of the

human mitochondrial genome. Nature 1981;290:457–65.

[36] Wallace DC. Mitochondrial DNA mutations in diseases of energy

metabolism. J Bioenerg Biomembr 1994;26:241–50.

[37] Wallace DC. Mitochondrial diseases in man and mouse. Science

1999;283:1482–8.

[38] Michikawa Y, Mazzucchelli F, Bresolin N, Scarlato G, Attardi G.

Aging-dependent large accumulation of point mutations in the human

mtDNA control region for replication. Science 1999;286:774–9.

[39] Chandrasekaran K, Giordano T, Brady DR, Stoll J, Martin LJ, Rapo-

port SI. Impairment in mitochondrial cytochrome oxidase gene

expression in Alzheimer disease. Brain Res Mol Brain Res 1994;

24:336–40.

[40] Chang SW, Zhang D, Chung HD, Zassenhaus HP. The frequency of

point mutations in mitochondrial DNA is elevated in the Alzheimer’s

brain. Biochem Biophys Res Commun 2000;273:203–8.

[41] Lin MT, Simon DK, Ahn CH, Kim LM, Beal MF. High aggregate

burden of somatic mtDNA point mutations in aging and Alzheimer’s

disease brain. Hum Mol Genet 2002;11:133–45.

[42] Fukuyama R, Hatanpaa K, Rapoport SI, Chandrasekaran K. Gene

expression of ND4, a subunit of complex I of oxidative phosphoryla-

tion in mitochondria, is decreased in temporal cortex of brains of

Alzheimer’s disease patients. Brain Res 1996;713:290–3.

[43] Hutchin T, Cortopassi G. A mitochondrial DNA clone is associated

with increased risk for Alzheimer disease. Proc Natl Acad Sci USA

1995;92:6892–5.

[44] Lin FH, Lin R, Wisniewski HM, Hwang YW, Grundke-Iqbal I, Healy-

Louie G, Iqbal K. Detection of point mutations in codon 331 of

mitochondrial NADH dehydrogenase subunit 2 in Alzheimer’s brains.

Biochem Biophys Res Commun 1992;182:238–46.

[45] Simonian NA, Hyman BT. Functional alterations in Alzheimer’s

disease: selective loss of mitochondrial-encoded cytochrome oxidase

mRNA in the hippocampal formation. J Neuropathol Exp Neurol

1994;53:508–12.

[46] Davis RE, Miller S, Herrnstadt C, Ghosh SS, Fahy E, Shinobu LA,

Galasko D, Thal LJ, Beal MF, Howell N, Parker Jr WD. Mutations in

mitochondrial cytochrome c oxidase genes segregate with late-onset

Alzheimer disease. Proc Natl Acad Sci USA 1997;94:4526–31.

[47] Sheehan JP, Swerdlow RH, Miller SW, Davis RE, Parks JK, Parker Jr

WD, Tuttle JB. Calcium homeostasis and reactive oxygen species

production in cells transformed by mitochondria from individuals with

sporadic Alzheimer’s disease. J Neurosci 1997;17:4612–22.

[48] Selkoe DJ. Alzheimer’s disease is a synaptic failure. Science 2002;

298:789–91.

[49] Pike CJ, Walencewicz AJ, Glabe CG, Cotman CW. Aggregation-

related toxicity of synthetic beta-amyloid protein in hippocampal

cultures. Eur J Pharmacol 1991;207:367–8.

[50] Hartmann T. Intracellular biology of Alzheimer’s disease amyloid beta

peptide. Eur Arch Psychiatry Clin Neurosci 1999;249:291–8.

[51] Forloni G, Chiesa R, Smiroldo S, Verga L, Salmona M, Tagliavini F,

Angeretti N. Apoptosis mediated neurotoxicity induced by chronic

application of beta amyloid fragment 25–35. Neuroreport

1993;4:523–6.

[52] LaFerla FM, Tinkle BT, Bieberich CJ, Haudenschild CC, Jay G. The

Alzheimer’s A beta peptide induces neurodegeneration and apoptotic

cell death in transgenic mice. Nat Genet 1995;9:21–30.

A. Eckert et al. / Biochemical Pharmacology 66 (2003) 1627–1634 1633



[53] Loo DT, Copani A, Pike CJ, Whittemore ER, Walencewicz AJ,

Cotman CW. Apoptosis is induced by beta-amyloid in cultured central

nervous system neurons. Proc Natl Acad Sci USA 1993;90:7951–5.

[54] Bruce-Keller AJ, Begley JG, Fu W, Butterfield DA, Bredesen DE,

Hutchins JB, Hensley K, Mattson MP. Bcl-2 protects isolated plasma

and mitochondrial membranes against lipid peroxidation induced by

hydrogen peroxide and amyloid beta-peptide. J Neurochem 1998;

70:31–9.

[55] Mattson MP, Partin J, Begley JG. Amyloid beta-peptide induces

apoptosis-related events in synapses and dendrites. Brain Res 1998;

807:167–76.

[56] Su JH, Nichol KE, Sitch T, Sheu P, Chubb C, Miller BL, Tomaselli KJ,

Kim RC, Cotman CW. DNA damage and activated caspase-3 expres-

sion in neurons and astrocytes: evidence for apoptosis in frontotem-

poral dementia. Exp Neurol 2000;163:9–19.

[57] Su JH, Satou T, Anderson AJ, Cotman CW. Up-regulation of Bcl-2 is

associated with neuronal DNA damage in Alzheimer’s disease. Neu-

roreport 1996;7:437–40.

[58] Rohn TT, Head E, Nesse WH, Cotman CW, Cribbs DH. Activation of

caspase-8 in the Alzheimer’s disease brain. Neurobiol Dis 2001;8:

1006–16.

[59] Rohn TT, Rissman RA, Davis MC, Kim YE, Cotman CW, Head E.

Caspase-9 activation and caspase cleavage of tau in the Alzheimer’s

disease brain. Neurobiol Dis 2002;11:341–54.

[60] Butterfield DA, Hensley K, Harris M, Mattson M, Carney J. Beta-

amyloid peptide free radical fragments initiate synaptosomal lipoper-

oxidation in a sequence-specific fashion: implications to Alzheimer’s

disease. Biochem Biophys Res Commun 1994;200:710–5.

[61] Misonou H, Morishima-Kawashima M, Ihara Y. Oxidative stress

induces intracellular accumulation of amyloid beta-protein (Abeta)

in human neuroblastoma cells. Biochemistry 2000;39:6951–9.

[62] Abe K, Saito H. Both oxidative stress-dependent and independent

effects of amyloid beta protein are detected by 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction assay. Brain

Res 1999;830:146–54.

[63] Muller WE, Koch S, Eckert A, Hartmann H, Scheuer K. Beta-amyloid

peptide decreases membrane fluidity. Brain Res 1995;674:133–6.

[64] Eckert A, Keil U, Kressmann S, Schindowski K, Leutner S, Leutz S,

Müller WE. Effects of EGb 761 Ginkgo biloba extract on mitochon-

drial function and oxidative stress. Pharmacopsychiatry 2003;

36(Suppl 1):S15–23.

[65] Casley CS, Canevari L, Land JM, Clark JB, Sharpe MA. Beta-amyloid

inhibits integrated mitochondrial respiration and key enzyme activ-

ities. J Neurochem 2002;80:91–100.

[66] Parks JK, Smith TS, Trimmer PA, Bennett Jr JP, Parker Jr WD.

Neurotoxic Abeta peptides increase oxidative stress in vivo through

NMDA-receptor and nitric-oxide-synthase mechanisms, and inhibit

complex IV activity and induce a mitochondrial permeability transi-

tion in vitro. J Neurochem 2001;76:1050–6.

[67] Troy CM, Rabacchi SA, Xu Z, Maroney AC, Connors TJ, Shelanski

ML, Greene LA. Beta-amyloid-induced neuronal apoptosis requires c-

Jun N-terminal kinase activation. J Neurochem 2001;77:157–64.

[68] Morishima Y, Gotoh Y, Zieg J, Barrett T, Takano H, Flavell R, Davis

RJ, Shirasaki Y, Greenberg ME. Beta-amyloid induces neuronal

apoptosis via a mechanism that involves the c-Jun N-terminal kinase

pathway and the induction of Fas ligand. J Neurosci 2001;21:7551–60.

[69] Yin KJ, Lee JM, Chen SD, Xu J, Hsu CY. Amyloid-beta induces Smac

release via AP-1/Bim activation in cerebral endothelial cells. J Neu-

rosci 2002;22:9764–70.

[70] Guo Q, Fu W, Holtsberg FW, Steiner SM, Mattson MP. Superoxide

mediates the cell-death-enhancing action of presenilin-1 mutations. J

Neurosci Res 1999;56:457–70.

[71] Passer BJ, Pellegrini L, Vito P, Ganjei JK, D’Adamio L. Interaction of

Alzheimer’s presenilin-1 and presenilin-2 with Bcl-X(L). A potential

role in modulating the threshold of cell death. J Biol Chem 1999;

274:24007–13.

[72] Mattson MP, Chan SL, Camandola S. Presenilin mutations and

calcium signaling defects in the nervous and immune systems. Bioes-

says 2001;23:733–44.

[73] Czech C, Tremp G, Pradier L. Presenilins and Alzheimer’s disease:

biological functions and pathogenic mechanisms. Prog Neurobiol

2000;60:363–84.

[74] Selkoe DJ. Alzheimer’s disease: genes, proteins, and therapy. Physiol

Rev 2001;81:741–66.

[75] Guo Q, Sopher BL, Furukawa K, Pham DG, Robinson N, Martin GM,

Mattson MP. Alzheimer’s presenilin mutation sensitizes neural cells to

apoptosis induced by trophic factor withdrawal and amyloid beta-

peptide: involvement of calcium and oxyradicals. J Neurosci 1997;

17:4212–22.

[76] Eckert A, Steiner B, Marques C, Leutz S, Romig H, Haass C, Muller

WE. Elevated vulnerability to oxidative stress-induced cell death and

activation of caspase-3 by the Swedish amyloid precursor protein

mutation. J Neurosci Res 2001;64:183–92.

[77] Eckert A, Schindowski K, Leutner S, Luckhaus C, Touchet N, Czech

C, Muller WE. Alzheimer’s disease-like alterations in peripheral cells

from presenilin-1 transgenic mice. Neurobiol Dis 2001;8:331–42.

[78] Guo Q, Sebastian L, Sopher BL, Miller MW, Ware CB, Martin GM,

Mattson MP. Increased vulnerability of hippocampal neurons from

presenilin-1 mutant knock-in mice to amyloid beta-peptide toxicity:

central roles of superoxide production and caspase activation. J

Neurochem 1999;72:1019–29.

[79] Guo Q, Fu W, Sopher BL, Miller MW, Ware CB, Martin GM, Mattson

MP. Increased vulnerability of hippocampal neurons to excitotoxic

necrosis in presenilin-1 mutant knock-in mice. Nat Med 1999;5:

101–6.

[80] Parshad RP, Sanford KK, Price FM, Melnick LK, Nee LE, Schapiro

MB, Tarone RE, Robbins JH. Fluorescent light-induced chromatid

breaks distinguish Alzheimer disease cells from normal cells in tissue

culture. Proc Natl Acad Sci USA 1996;93:5146–50.

[81] Eckert A, Cotman CW, Zerfass R, Hennerici M, Müller WE. Enhanced

vulnerability to apoptotic cell death in sporadic Alzheimer’s disease.

Neuroreport 1998;9:2443–6.

[82] Eckert A, Oster M, Zerfass R, Hennerici M, Muller WE. Elevated

levels of fragmented DNA nucleosomes in native and activated

lymphocytes indicate an enhanced sensitivity to apoptosis in sporadic

Alzheimer’s disease. Specific differences to vascular dementia. De-

ment Geriatr Cogn Disord 2001;12:98–105.

[83] Gibson GE, Zhang H, Sheu KR, Park LC. Differential alterations in

antioxidant capacity in cells from alzheimer patients. Biochim Bio-

phys Acta 2000;1502:319–29.

[84] Mecocci P, Polidori MC, Ingegni T, Cherubini A, Chionne F, Cecchetti

R, Senin U. Oxidative damage to DNA in lymphocytes from AD

patients. Neurology 1998;51:1014–7.

[85] Leutz S, Steiner B, Marques MA, Haass C, Müller WE, Eckert A.

Reduction of trophic support enhances apoptosis in PC12 cells ex-

pressing Alzheimer’s APP mutation and sensitizes cells to stauros-

porine-induced cell death. J Mol Neurosci 2002;18:189–201.

[86] Keil U, Steiner B, Haass C, Müller WE, Eckert A. Mitochondrial

dysfunction in oxidative stress-induced cell death of PC12 cells

bearing APP mutations. Soc Neurosci 2002;28:193.

[87] Marques CA, Steiner B, Haass C, Müller WE, Eckert A. The Swedish

APP mutation leads to enhanced activation of different cell death

mechanisms in response to oxidative stress. Soc Neurosci 2002;28:193.

[88] Marques CA, Keil U, Bonert A, Steiner B, Haass C, Müller WE,

Eckert A. Neurotoxic mechanisms caused by the Alzheimer’s disease-

linked Swedish amyloid precursor protein mutation. J Biol Chem

2003;278:28294–302.

[89] Kumar S, Vaux DL. Apoptosis. A cinderella caspase takes center

stage. Science 2002;297:1290–1.

[90] Hager K, Marahrens A, Kenklies M, Riederer P, Munch G. Alpha-

lipoic acid as a new treatment for Alzheimer type dementia. Arch

Gerontol Geriatr 2001;32:275–82.

1634 A. Eckert et al. / Biochemical Pharmacology 66 (2003) 1627–1634


	Mitochondrial dysfunction, apoptotic cell death, and Alzheimer's disease
	Pivotal role of mitochondria within the cell
	Mitochondria as sources and targets of ROS
	Mitochondria and cell death
	Mitochondria, oxidative stress, and AD
	Effects of Abeta peptide on mitochondria and pathways associated with apoptosis
	A hypothetical sequence of the pathogenic steps of AD
	Acknowledgements
	References


