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ABSTRACT

With the increasing average life span of humans and with decreasing cognitive function in elderly individu-
als, age-related cognitive disorders including dementia have become a major health problem in society. Ag-
ing-related mitochondrial dysfunction underlies many common neurodegenerative disorders diseases, includ-
ing Alzheimer’s disease (AD). AD is characterized by two major histopathological hallmarks, initially
intracellular and with the progression of the disease extracellular accumulation of oligomeric and fibrillar �-
amyloid (A�) peptides and intracellular neurofibrillary tangles (NFT) composed of hyperphosphorylated tau
protein. In this review, the authors focus on the latest findings in AD animal models indicating that these
histopathological alterations induce deficits in the function of the complexes of the respiratory chain and there-
fore consecutively result in mitochondrial dysfunction. This parameter is intrinsically tied to oxidative stress.
Both are early events in aging and especially in the pathogenesis of aging-related severe neurodegeneration.
Ginkgo biloba extract seems to be of therapeutic benefit in the treatment of mild to moderate dementia of dif-
ferent etiology, although the data are quite heterogeneous. Herein, the authors suggest that mitochondrial
protection and subsequent reduction of oxidative stress are important components of the neuroprotective ac-
tivity of Ginkgo biloba extract. Antioxid. Redox Signal. 9, 1659–1675.

1659

AGING

THE INCREASE IN THE INDIVIDUAL LIFE SPAN and the eleva-
tion of the average age of our population is concomitantly

linked to a progressive increase in the number of people suf-
fering from aging-related neurodegenerative disease such as
Alzheimer’s disease (AD) or Parkinson’s disease. As in other
differentiated tissues, cells in the central nervous system are af-
fected by aging and react to aging, as indicated by a decline of
several physiological abilities including sensory, motor, or cog-
nitive functions (71, 109). Aging cells are affected by increas-
ing amounts of oxidative stress, perturbed energy homeostasis,
accumulation of damaged proteins, and lesions in their nucleic

acids. These changes are significantly attenuated in neurode-
generative disorders. Cell organelles playing an important role
in aging itself and in aging-related neurodegenerative disorders
are the mitochondria.

MITOCHONDRIAL DYSFUNCTION 
AND AGING

Mitochondria were brought to attention in aging biology due
to their central role in producing ATP and the decline of basal
metabolic rate during aging. It is widely recognized that mito-

1Department of Pharmacology, Zafes, Biocenter, University of Frankfurt, Germany.
2Neurobiology Research Laboratory, Psychiatric University Clinic, Basel, Switzerland.
3Department of Cellular Signalling, Polish Academy of Science, Warzawa, Poland.
*These authors contributed equally to the article.



chondrial function becomes less efficient during aging. For in-
stance, many studies have shown that old mitochondria are
morphologically altered and functionally produce more oxi-
dants and less ATP (153). For example, in a study comparing
C. elegans and Drosophila melanogaster, there was a twofold
decrease in a large set of genes involved in ATP synthesis in
both species (111). The alterations of mitochondrial efficiency
and function are mostly related to alterations in concentration
and efficiency of the constituents of the respiratory chain. The
mitochondrial respiratory chain generates energy through the
flow of electrons down the respiratory chain. The respiratory
chain is located in the inner mitochondrial membrane and con-
sists of five membrane-spanning enzyme complexes that trans-
fer electrons through a series of oxidation and reduction reac-
tions, culminating in the reduction of oxygen to produce water
(Fig. 1). NADH, generated by associated Krebs cycle dehy-
drogenase, is initially oxidized at complex I. The electrons from
NADH are transferred to the first mobile electron acceptor, ox-
idized Coenzyme Q (CoQ). CoQ can also accept electrons from
complex II donated by FADH. Coenzyme Q donates electrons
in the next step to cytochrome b of complex III. In complex III,
electrons are transferred to cytochrome c1 with the ejection of
protons. Cytochrome c1 passes its electron to the second mo-
bile electron acceptor, cytochrome c. This in turn reduces mo-
lecular oxygen to water in complex IV. The oxidation–reduc-
tion reactions are coupled to transfer of protons across the inner
mitochondrial membrane, and this proton efflux creates a pro-
ton electrochemical gradient, consisting of the mitochondrial

membrane potential and the pH gradient. The mitochondrial
membrane potential is maintained at �150–180 mV negative
to the cytosol and provides the force that drives an influx of
protons and calcium into the mitochondria, and also determines
the generation of reactive oxygen species and reactive nitrogen
species. This potential energy is in turn used to phosphorylate
ADP to ATP via complex V (F1-F0 ATPase).

Complexes II and III of the respiratory chain are almost un-
affected by the aging process. In contrast, the complexes I and
IV show significantly decreased enzymatic activities in mito-
chondria isolated from rat and mice liver, brain, heart, and kid-
ney upon aging (11, 88, 93, 106, 116, 119, 121–123, 187). The
decreased enzymatic activities of complexes I and IV could be
a consequence either of an enzyme inhibition by aging-pro-
duced inhibitors, or of aging-mediated enzyme modification, or
of decreased protein expression (120). Northern blot analysis
of the respiratory complexes in mice brain mitochondria, how-
ever, revealed an increased expression of mitochondrial-en-
coded genes for complexes I, III, IV, and V in 12- and 18-
month-old mice compared to 2-month-old mice, whereas the
mRNA expression of all genes was decreased in 24-month-old
mice. The upregulation in 12- and 18-month-old mice suggests
a compensatory mechanism by the overproduction of electron
transfer proteins, which cannot be sustained for a long time, re-
sulting in a downregulation in the late stage of aging (103). In
addition, as the amount of mitochondrial enzymes changes with
age, the number of cells lacking cytochrome oxidase increases
(39). Furthermore, uncoupling of oxidative phosphorylation
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FIG. 1. A schematic model of the energy transfer down the mitochondrial respiratory chain and ROS generation in mi-
tochondria. The mitochondrial respiratory chain generates energy through the flow of electrons down the respiratory chain
composed of five complexes. Complexes I, II, and III are involved in the generation of ROS.

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2007.1763&iName=master.img-000.jpg&w=467&h=305


MITOCHONDRIAL DYSFUNCTION: THE FIRST DOMINO 1661

FIG. 2. Reduced mitochondrial complex I activity in aged
NMRI-mice. Complex I activity in cerebral mitochondria
from 4-, 12-, and 24-month-old NMRI-mice. (A) Reduced
NADH-ubiquinone oxidoreductase (NADH:DBQ) activity in
24-month old NMRI-mice (*p � 0.05 vs. 4-month-old mice,
Student’s t test). (B) Unaltered NADH:HAR activity. (n.s. vs.
non-tg littermate mice, Student’s t test.) All values represent
the means � S.E.M., n � 6–8 animals/group. (C) Complex I
activity was normalized to the complex I content of the mito-
chondrial preparation and is expressed as the DBQ/HAR ratio.
Unpublished data from our laboratory (*p � 0.05 vs. 4-month-
old mice, Student’s t test).

with an increase in state 4 respiration, a process that indicates
increased passive proton permeability, and decreases in respi-
ratory control ratio and membrane potential have been reported
(116). In accordance, for aged NMRI mice used in our exper-
iments we could confirm a significantly decreased complex I
activity in isolated brain mitochondria (Fig. 2), using a direct
measurement of the NADH-ubiquinone reductase activity and
a significantly decreased basal mitochondrial membrane po-
tential (data not shown). Furthermore, we observed a reduced
respiratory control ratio using the complex I linked substrates
malate/glutamate in aged mice (Fig. 3). There are two further
enzymatic activities, which have been reported to be selectively
decreased on aging: on the one hand, adenine nucleotide translo-
case, which catalyzes the fast ADP/ATP exchange between cy-
tosol and mitochondria (183) and on the other hand, acyl car-
nitine transferase, that catalyzes the fatty acid transport to the
mitochondrial matrix (97). Moreover, aging increases the vul-
nerability of mitochondria to toxins such as 3-nitropropionic
acid (84).

In addition, it is well established that mitochondrial DNA
(mtDNA) mutations accumulate with aging. Although most mi-
tochondrial proteins are encoded by the nuclear genome, mito-
chondria contain many copies of their own DNA (e.g., encod-
ing for 13 polypeptide complexes of the respiratory chain). Ag-
ing-dependent increase in the level of damaged DNA can be
detected through biomarkers [e.g., the formation of 8-oxo-2�-
deoxyguanosine (oxo8dG)]. The levels of oxo8dG were found
to be significantly higher in mtDNA compared to nuclear DNA
(139). These differences can be explained by the proximity of
mtDNA to oxidative stress generated by the mitochondrial res-
piratory chain itself, the lack of any protective histone cover-
ing, and a deficient repair mechanism compared to nuclear
DNA. Therefore, mitochondria themselves are extremely sen-
sitive to oxidative stress.

OXIDATIVE STRESS AND AGING

Oxidizing and reducing equivalents are tightly controlled in
the human body. Oxidants consist of reactive oxygen and ni-
trogen species (ROS and RNS) either of free radical (�OH, hy-
droxyl radical; �OOH, hydroxyperoxyl; O2

��, superoxide radi-
cal) or nonradical nature (e.g., ONOO�, peroxynitrite; H2O2,
hydrogenperoxide). To prevent oxidative damage, the cell has
evolved a number of synergistic defense mechanisms (146). The
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antioxidant enzymes superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GPx), and glutathione reduc-
tase (GR) act in concert to remove ROS or RNS. Further anti-
oxidant support comes from endogenous (such as GSH or uric
acid) and exogenous antioxidants (e.g., vitamin C or secondary
plant metabolites) (for review, see Ref. (146)). Some species of
ROS are not immediately removed because they perform im-
portant biological functions such as defence against infection
and coordination of inflammatory response. If an imbalance in
the formation and removal of ROS and RNS occur, the forma-
tion of ROS and RNS increases. This can injure human tissues
through several events such as loss of specific protein function,
abnormal protein clearance, depletion of cellular redox balance,
and interference with cell cycle, and ultimately to neuronal
death. However, this usually happens in old age when repair
mechanisms tend to fail too. ROS are generated in multiple
compartments and by multiple enzymes within the cell. Im-
portant contributors are proteins localized in the plasma mem-
brane such as the growing family of NADPH oxidases or lipid
metabolism within the peroxisomes and the activity of several
cytosolic enzymes such as cyclooxygenases. Although all these
different sources contribute to the overall oxidative burden, mi-
tochondria are the major source of oxidants and at the same
time the key targets of their deleterious effects. Approximately
90% of cellular ROS can be traced back to mitochondria. Mi-
tochondrial ROS are generated as a consequence of oxidative
phosphorylation, a process that uses the controlled oxidation of
NADH or FADH to generate a potential energy for proteins,
the mitochondrial membrane potential, across the inner mito-
chondrial membrane. The resulting energy is in turn used to
phosphorylate ADP via complex V (Fig.1). At several sides
along the cytochrome chain, electrons derived from NADH or
FADH can directly react with oxygen or other electron accep-

tors and generate ROS (for review, see ref. 10). Three com-
plexes of the respiratory chain are believed to be important for
ROS generation: complex I and III, where large changes in the
potential energy of electrons occur, and complex II. In experi-
ments manipulating the redox potential of complex I and III ac-
tivity ROS generation increases (33, 89) (Fig. 1). The radical
superoxide (O2

��), for example, is formed when electrons are
transferred from complex III and complex I of the respiratory
chain to oxygen. Additionally, reverse electron flow might also
contribute to high ROS generation occurring with fatty acid ox-
idation that also generates electrons for complex II via FADH.
ROS can further react with transition metals such as iron or
copper which convert less reactive to more reactive species. For
example, they accelerate lipid-peroxidation by converting H2O2

to the hxdroxyl radical.
Therefore, mitochondrial insult, including oxidative damage

itself, can cause an imbalance between ROS production and re-
moval, resulting in net ROS production (8). Mitochondrial
membrane lipids are highly susceptible to oxidative damage,
especially the long chain polyunsaturated fatty acid compo-
nents. Furthermore, the inner mitochondrial membrane proteins
are themselves directly susceptible for effects of oxidative
stress. Damage to the inner membrane proteins and/or lipids
can lead to membrane depolarization and subsequently impaired
mitochondrial function (66). The resultant oxidative damage to
mitochondria may increase oxidized proteins with age which,
in turn, may cause further mitochondrial decline in energy trans-
fer, perhaps due, in part, to altered conformation of critical en-
zymes. Concluding, electrons leaking from the electron trans-
port chain (ETC) produce ROS and these molecules can then
damage ETC components and mtDNA, leading to further in-
creases in intracellular ROS levels and a decline in mitochon-
drial function (173). Therefore, mitochondria became the focal
point of the controversially discussed free radical theory first
proposed by Harman (65). The importance of mitochondrial
ROS production in aging is supported by several findings that
enhancing mitochondrial antioxidant defense such as overex-
pression of the manganese superoxide dismutase (MnSOD) in
Drosophila melanogaster (162) or overexpression of catalase
in mice (148), results in an increased life-span.

Although there is a debate on whether oxidative stress is
causative for aging or only an effect in aging, there is no doubt
about the increase in oxidative stress during aging (10, 94, 96).
Reduced levels of antioxidants, as well as increased markers of
oxidative stress, were found in the cerebral cortex of aged an-
imals (26; 138) and in the plasma of humans (152; 185). Sim-
ilarly, substantially higher levels of lipid peroxidation products
(e.g., MDA, 4-HNE and F2-isoprostanes) have been observed
in aged compared with young organism in tissues, such as kid-
ney (131, 176), brain (134, 142, 181), liver (131, 176), lung
(92, 181), and muscle (75, 132).

Keeping in mind that our brain is especially vulnerable to
free radical damage, brain aging seems to be closely associated
with ROS (126). This vulnerability can be explained by its high
content of easily peroxidizable unsaturated fatty acids, the high
number of neuronal mitochondria implicating high oxygen con-
sumption rate, and relative paucity of antioxidant enzymes in
comparison with other organs (41, 53, 108). Several studies us-
ing ROS- and RNS-dependent biomarkers (e.g., MDA or ni-
trotyrosine), indicate an increase in vulnerability to oxidative
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FIG. 3. Reduced respiratory control ratio with aging. Re-
duced respiratory control ratio in 24-month-old NMRI mito-
chondria (*p � 0.05 vs. 4-month-old NMRI mice, Student’s t
test), indicating an impaired efficiency of electron transport in
aging. Values represent mean � S.E.M., n � 5 animals/group.
All experiments were done in duplicates. Unpublished data
from our laboratory.

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2007.1763&iName=master.img-004.jpg&w=204&h=185


stress with aging. In brains from 24- to 29-month-old rats, a
significantly elevated nitrotyrosine immunoreactive cell num-
ber was detected compared to 4- to 6-month-old rats (154).
Leutner et al. (94) found steadily increasing amounts of MDA
in young, adult, and aged mice, suggesting an age effect on lipid
peroxidation in the brain of female NMRI mice. These results
are supported by studies using rat brain or brain from C57BL
mice (113, 167). Moreover, changes in the efficiency of the en-
dogenous antioxidant network were reported, such as modifi-
cations in the activity of antioxidant enzymes (e.g., SOD, GPx,
and GR) (9, 94, 169). These modifications in the antioxidant
network and in the accumulation of oxidative biomarkers are
even increased in aging-related neurodegenerative diseases,
such as AD.

ALZHEIMER`S DISEASE

AD is a progressive disorder that leads to dementia and 
affects �10% of the population older than 65 years of age. 
The clinical symptoms of AD include a progressive loss of
memory and impairment of cognitive ability. The AD brain is
marked by severe neurodegenerative alterations, such as the
loss of synapses and neurons, atrophy, and the selective de-
pletion of neurotransmitter systems (e.g., acetylcholine) in the
hippocampus and cerebral cortex. Such defects are mainly 
observed in the late stage of the disease, and have also 
been partially demonstrated using transgenic animal models
of AD (67).

AD can be classified into two broad types, the sporadic AD
and the familial AD. The sporadic AD is by far the most com-
mon form, and aging itself is the only important risk factor
known. The other type is called familial AD (FAD), which af-
fects a small subset of patients of younger age, usually before
their fifties. It has a strong genetic component. Mutations in the
following genes have been described to be causative for FAD:
presenilin 1 gene on chromosome 14, presenilin 2 gene on chro-
mosome 1, and amyloid precursor protein (APP) gene on chro-
mosome 21 (54, 143). Patients with either sporadic AD or FAD
share common clinical and neuropathological features, includ-
ing synaptic and neuritic loss and the two major histopatho-
logical hallmarks, the accumulation of diffuse and neuritic
plaques, mainly comprised of the amyloid-� peptide (A�), and
neurofibrillary tangles, which consist of hyperphosphorylated
tau protein and finally, profound neurodegeneration in many
but not all brain regions. Since the discovery of the 4 kDa A�
peptide, much research has focused on understanding A� tox-
icity and its relationship to AD progression and pathogenesis
(64, 155, 174, 175).

Several hypotheses have been set forth to explain the patho-
physiology of AD. The main hypothesis concerning the origin
of the disease is the so-called amyloid cascade hypothesis. It
states that the dysregulation of APP processing and A� pro-
duction are the major causes for neuronal death and dysfunc-
tion leading to dementia in AD (64). APP is an ubiquitously
expressed type I integral membrane glycoprotein with various
isoforms. It is abundantly expressed in several tissues, and APP
processing is a normal event in nearly all neuronal and non-
neuronal cells. Proteolytic processing of APP is mediated by

the secretases. This process can be divided in two different path-
ways, the nonamyloidogenic and the amyloidogenic pathway.
In the amyloidogenic pathway, full-length APP is first
processed by BACE (�-secretase) and afterwards cleaved by
the �-secretase complex. The �-secretase complex is composed
of Presenilin 1 (PS1), PS 2, Nicastrin, and APH1 and PEN2
(61, 85, 164). The cut of the �-secretase complex is variable
that releases A�1–38 and the most common forms A�1–40 and
A�1–42. The A�1–42 isoform is insoluble and more capable of
aggregating into A� plaques. A�1–42 exists initially as a
monomer which further oligomerizes into larger forms such as
large oligomers, protofibrils, and fibrils. Recent years of AD
research focused on the fibrillar A� known as senile plaques.
But many researchers have questioned the relevance of these
plaques to AD pathogenesis because there was no clear corre-
lation between A� plaques and cognitive decline. Therefore,
research focused on soluble A�, including soluble oligomers
(62) which correlate much better with the presence and the de-
gree of cognitive deficits than simple plaque counts (99, 118).
We will also address the question whether oligomeric or fib-
rillar A� cause mitochondrial dysfunction and oxidative stress
in AD.

MITOCHONDRIAL DYSFUNCTION 
AND AD

Mitochondrial dysfunction is observed in AD brain (70) and
has been proposed as an underlying mechanism of disease patho-
genesis since defective energy metabolism is a fundamental
component of AD (104, 170). Furthermore, early defects in glu-
cose utilization in the brain of AD patients suggest possible ab-
normalities in mitochondrial function (19, 72). Interestingly, the
activities of those enzymes that are reduced in the brains of AD
patients, such as �-ketoglutarate dehydrogenase and pyruvate
dehydrogenase, are inhibited by A� (27). The most consistent
defect in mitochondrial electron transport enzymes in AD is a
deficiency in cytochrome c oxidase (COX), which was reported
in both AD platelets and postmortem brain samples (25, 86).
Histochemical analyses revealed a significant reduction of COX
activity in the dentate gyrus, and other subfields of the hip-
pocampus of AD patients. In situ hybridization studies also
showed decreased mRNA levels of the mitochondrial DNA
(mtDNA)-encoded subunit II, but not the nuclear DNA-encoded
subunit IV, of COX in AD brain (40). Furthermore, a correla-
tion was reported between decreased COX activity and deficits
in cognitive abilities (4, 12, 23). COX dysfunction increases
ROS production, reduces energy stores, and disturbs energy me-
tabolism (115).

To address the possible contributions of A� and aging for
mitochondrial dysfunction in AD, we studied Thy-1-APP751SL
mice at different ages (49). These mice express the mutant hu-
man APP751 with the Swedish and the London mutation, regu-
lated by the neuronal murine Thy-1 promoter. This leads to an
overexpression of the mutated human APP, resulting in the de-
velopment of typical A� depositions in the form of amyloid
plaques at the age of 6 months, whereas only a moderately el-
evated intracellular A� load can be detected at an age of 3
months (17). Using isolated mitochondria from 3-month-old
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and 6-month-old APP transgenic (tg) mice and nontransgenic
(non-tg) littermate control animals, we found decreased basal
levels of mitochondrial membrane potential in tgAPP mice
compared to littermate non-tg control mice, similar to the de-
crease in dissociated cells. Our data indicate that the increased
A� production by APP transgenic mice might trigger the dys-
function of the mitochondrial respiratory chain. Importantly, we
found decreased levels of mitochondrial membrane potential in
3-month-old mice where no A� plaques could be detected. The
result points to an involvement of soluble A� in A�-mediated
mitochondrial dysfunction in 3-month-old mice. When tracing
mitochondrial dysfunction at the level of the respiratory chain,
we detected an enhanced depolarization in the mitochondria ob-
tained from the 6-month-old Thy-1 APP mice after treatment
with the complex IV inhibitor sodium azide. In agreement, we
also demonstrated a decrease in the complex IV activity using
a direct measurement of COX activity. This observed pheno-
type may comprise: (a) increased H� permeability of the inner
mitochondrial membrane; (b) decreased complex IV content;
(c) decreased complex IV activity; or (d) a combination of these
effects. Moreover, treatment with extracellular A� led to a sig-
nificant decrease in state 3 respiration and FCCP-uncoupled res-
piration in non-tg mice. Calculation of the respiratory control
ratio (RCR) showed a significant effect of A� on the coupling
of mitochondrial respiration, indicating that the relative effi-
ciency of metabolic coupling of the electron chain complexes
is impaired after extracellular stimulation with A�. Further-
more, we detect differences between the mitochondrial respi-
ratory chain using 17-month-old littermates compared to tg-
APP transgenic mice, notable in a significantly reduced state 3
respiration with the NADH-generating, and therefore complex
I-linked substrates malate/glutamate as well as an impaired ef-
ficiency of coupling between the mitochondrial respiratory
chain complexes (Fig. 4). These differences were only detected

in old Thy-1 APP transgenic mice, suggesting that the subtle
phenotype in young Thy-1 APP mice is probably due to com-
pensatory effects mediated by the other respiratory chain en-
zymes (Fig. 5). Therefore, we conclude that A�-related mito-
chondrial dysfunction is exacerbated by aging and may be one
of the mechanisms explaining the pronounced accumulation of
AD pathology with aging. In agreement, Caspersen et al. (28)
used isolated mitochondria from Tg mAPP mice, observed com-
parable oxygen consumption at 4 months in tg mAPP and non-
tg littermates, a trend toward lower levels in tg mAPP mice at
8 months that achieved statistical significance at the age of 12
months (28). Furthermore, Aleardi et al. (6) reported the inhi-
bition of the respiratory chain complexes depending on the A�
concentration by using isolated rat mitochondria. In addition,
the authors demonstrated an increase in mitochondrial mem-
brane viscosity with a concomitant decrease in ATP/O (6). In
addition, impairment of mitochondrial oxidative phosphoryla-
tion was also extensively reported in the brain of AD patients
(31), as well as that the degree of impairment being propor-
tional to the clinical disability (18). Our results, together with
these observations, disclose a clear relationship between A�
toxicity, aging, and mitochondrial respiratory defects. This con-
clusion is further supported by recent observations showing, for
instance, that A� progressively accumulates in mitochondria
and that A� is associated with diminished enzymatic activity
of respiratory chain complexes (28). In addition, Lustbader et
al. (101) demonstrated that A�-binding alcohol dehydrogenase
(ABAD) is a direct molecular link between A� and mitochon-
drial toxicity. They found that A� interacts with ABAD in the
mitochondria of AD patients and APP transgenic mice (101).
Recently, Anandatheerthavarada et al. (7) studied the relation-
ship between mutant APP and mitochondrial dysfunction in
neuronal cells of Tg2576 mice. This work demonstrated that
APP can accumulate in mitochondrial membranes (7). Two
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FIG. 4. Reduced respiratory con-
trol ratio of the young non-tg mi-
tochondria after stimulation with
A��1–42 and in aged Thy-1 APP
mice. Reduced respiratory control
ratio after stimulation with A�1–42 in
6- to 8-month-old non-tg animals 
and in 17-month-old Thy-1 APP
mitochondria (**p � 0.01; ***p �
0.001 vs. untreated control and non-
tg animals, respectively, Student’s t-
test), indicating an impaired effi-
ciency of the electron transport. The
values represent the mean � S.E.M.,
n � 8 animals/group. All experi-
ments were done in duplicate. The
data are presented as the percentage
of untreated non-tg mice or non-tg
mice in comparison to Thy-1 APP
mice (*p � 0.05 6- to 8-month-old
Thy-1 APP vs. 17-month-old Thy-1
APP, Student’s t test) (66).
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other groups have also reported that A� interacts with mito-
chondria, inhibiting cytochrome c oxidase activity, and in-
creasing free radical generation (42, 102).

Beside APP mutations, mutations in the presenilins PS1 and
PS2 account for the majority of FAD cases, and clinical onset

in some carriers of PS1 mutations is extremely early, occa-
sionally as soon as in the third decade of life (24). Presenilins
are a component of the �-secretase complex which is involved
in the formation of A� from APP. Several different PS muta-
tions have been shown to alter �-secretase processing of APP
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FIG. 5. Role of aging and A�� in mitochondrial dysfunction. Mitochondrial dysfunction is an early common pathological
pathway in aging, Complexes I, III, and IV activity is decreased in aging. In addition, A� pathology results in a decrease of com-
plex IV activity. In addition, tau pathology may impair complex I activity. All these pathogenic changes cumulate together with
PS1-induced reduction of mitochondrial function independently of the A� cascade. Therefore, we conclude that A�-related mi-
tochondrial dysfunction is exacerbated by aging and lead to decreased mitochondrial membrane potential, decreased ATP levels,
enhanced ROS production, and finally to synaptic dysfunction, apoptosis, and neurodegeneration. APP, amyloid precursor pro-
tein; PS1, presenilin 1; ROS, reactive oxygen species.

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2007.1763&iName=master.img-006.jpg&w=468&h=509


to yield higher levels of A�1-42 isoform and a higher produc-
tion of A�1-42 correlated with an earlier onset of Alzheimer de-
mentia in carriers of PS1 mutations (98). Therefore, the in-
creased formation of A�1–42 formation is proposed to be a major
causative mechanism for neurotoxicity induced by PS muta-
tions. Consistent with this hypothesis, proapoptotic effects are
induced by expression of mutant PS1 in cell culture systems
(60, 178, 179) and transgenic mice (59). Similarly, in primary
cultured neurons of transgenic rats expressing wild-type PS1,
increased apoptosis correlated with the amount of PS1 expres-
sion (44). Moreover, mice transgenic for human PS1 with FAD
mutations display increased formation of rodent A�1–42 and
neural degeneration (36, 144) and show cognitive deficits. Fur-
thermore, in human brain sections bearing a PS1 mutation, ab-
normal morphologic changes in mitochondria have been re-
ported (172). More importantly, several studies demonstrated
that neuronal cells carrying mutant PS1 had decreased mito-
chondrial membrane potential, reduced permeability transition
(81, 83), and altered mitochondrial function (74). Furthermore,
studies have shown that FAD PS mutations sensitize cells to
die by apoptosis after mitochondrial failure (81). Therefore,
PS1-mutations may in addition directly impair mitochondrial
function independently of the A� cascade.

In addition, the appearance of neurofibrillary tangles, pri-
marily composed of aggregated hyperphosphorylated tau pro-
tein within specific neuronal populations, is a known neu-
ropathological feature in several diseases known as tauopathies,
such as AD. Little is known about the distinct intracellular
mechanism underlying the consequences of tau pathology.
Some data suggest that tau plays a key role in the pathogenic
cascades. For example, neurons from tau-knockout mice are re-
sistant to A�-induced neurotoxicity (137) and the expression of
pseudophosphorylated tau constructs in cells is toxic (52). Us-
ing transgenic mice overexpressing the P301L mutant human
tau protein, we could demonstrate mitochondrial dysfunction
by proteomic and functional analyses in these mice (45). The
P301L transgenic mice express the human pathogenic mutation
P301L of tau together with the longest human brain tau isoform
under control of the neuron-specific mThy1.2 promoter (56).
This isoform contains exons 2 and 3 as well as four micro-
tubule-binding repeats. P301L tau transgenic mice show tau hy-
perphosphorylation already at 3 months and NFT formation
starts at 6 months of age (56, 57).

Our functional analysis demonstrated reduced NADH-
ubiquinone oxidoreductase (complex I) activity and, with age,
impaired mitochondrial respiration and ATP synthesis in P301L
tau mice. In particular, the reduction in state 3 respiration re-
flects a reduced capacity of mitochondria to metabolize oxygen
and the complex I substrates in the presence of a limited quan-
tity of ADP (45). In addition, mitochondrial dysfunction was
associated with higher levels of reactive oxygen species in aged
transgenic mice. Furthermore, P301L tau mitochondria dis-
played increased vulnerability towards A� peptide insult, sug-
gesting a synergistic action of tau and A� pathology on the mi-
tochondria. Together, this evidence supports a role of tau
pathology in mitochondrial and metabolic dysfunction. How-
ever, it remains unclear how tau accumulation mediates these
changes. Although it is uncertain exactly how tau mechanisti-
cally affects mitochondrial function, we can postulate that the
mutant tau acts either indirectly by modifying microtubule sta-

bility, axonal transport, and mitochondrial network, or directly
by inhibiting energy production through complex I of the res-
piratory chain.

As in aging, there is some evidence that mtDNA may be in-
volved in the mitochondrial dysfunction in AD. When AD pa-
tient DNA is transferred to mtDNA-deficient cell lines, the re-
sulting cybrids reproduce the respiratory enzyme deficiency
seen in the brain and other tissues (163). These results suggest
in part that the deficit is carried by mtDNA. However, until to-
day research failed to provide conclusive proof for, or against,
a specific role of mtDNA mutations in the AD disease process
(51, 171).

In conclusion, the exact mechanism related to the impairment
of mitochondrial dysfunction to AD remains unclear. AD is
most certainly a complex and multifactorial disorder. There are
many interacting components contributing to its occurrence,
some of which we are just starting to identify. Finally, tau and
A� accumulation probably act in synergy on oxidative stress
and mitochondrial dysfunction.

OXIDATIVE STRESS IN AD

Again, oxidative stress is not only associated with aging but
also with the development of neurodegenerative disease such
as AD or Parkinson’s disease. In addition to an increased pro-
duction of ROS due to aging, AD brain is exposed to even more
oxidative stress. Postmortem tissues provide strong evidence
for increased levels of cellular oxidative stress in vulnerable re-
gions of AD brains compared to aged controls (34, 43, 63, 107).
Increased protein oxidation, protein nitration, and lipid perox-
idation were detected in brain areas showing neurofibrillary tan-
gles and amyloid plaques (133). Further evidence comes from
studies investigating peroxidation products such as HNE in
cerebrospinal fluid of AD patients. Here, elevated HNE levels
were detected. These products of membrane lipid peroxidation
such as HNE or MDA are particularly devastating for neuronal
function. They impair the function of membrane ion motive
ATPases and glucose and glutamate transporters. These changes
consecutively lead to a disruption of cellular calcium homeo-
stasis. Additionally, alteration in levels of antioxidant enzymes
such as catalase, Cu/Zn-SOD, and Mn-SOD support the evi-
dence for increased oxidative stress in Alzheimer postmortem
tissue and AD animal models (5, 149, 150). In other studies,
oxidatively modified brain proteins were detected in AD pa-
tients with redox proteomics (22, 29, 30, 125, 161). For exam-
ple, in patients carrying PS1 mutations, oxidative modifications
of ubiquitin carboxyl-terminal hydrolase, gamma enolase, actin,
and dimethylarginin were detected (22). Importantly, only in
the hippocampus and not in the cerebellum oxidative modifi-
cation were found, consistent with the lack of pathology in this
brain region in AD (160).

Several recent studies in transgenic animals, postmortem
brains, and biological fluids from subjects with AD or mild cog-
nitive impairment support the strong relationship between mi-
tochondrial dysfunction and oxidative stress in AD and the early
involvement of these two parameters in the pathology of AD.
Nunomura et al. (127) found that oxidative damage was more
pronounced in AD subjects with lesser amount of A� plaques.
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Importantly, individuals with MCI or very mild AD showed el-
evated levels of lipid peroxidation and nucleic acid oxidation
in postmortem brain tissue (82) and increased levels of lipid
peroxidation and nucleic acid oxidation in the cerebrospinal
fluid, plasma, urine, and peripheral leukocytes (112, 135), com-
pared to patients suffering from severe AD. Furthermore, de-
creased levels of plasma antioxidants and total plasma antiox-
idant activity were observed (58, 140). These results are
supported by studies conducted in AD animal models (47, 136,
150). Schüssel et al. (151) demonstrated that 3-month-old APP
transgenic mice showed increased levels of HNE before A�
plaques can be detected. These increased HNE levels were ac-
companied by reduced activity of Cu/Zn-superoxide dismutase.
This suggests that impaired antioxidant defense is causally re-
sponsible for increased formation of HNE (150). In addition,
another study revealed an increase in mitochondrial as well as
cytosolic ROS (149).

The mechanism of how oxidative stress increases in AD is
still unknown but several findings suggest a link between A�
toxicity and the generation of reactive oxygen species (2). In
AD brain, protein oxidation occurs in A�-rich regions, such as
inferior parietal lobule, cortex, and hippocampus, but not in
cerebellum where A� levels are negligible (69). This hypothe-
sis is supported by a co-localization of mouse brain A� deposits
with a variety of oxidative stress markers (158). Furthermore,
lipid membrane damage is promoted by A� aggregates (114,
149) and enhanced ROS were found as a consequence of A�-
mediated mitochondrial dysfunction (77, 105). In addition, we
demonstrated in cell culture experiments that extracellular A�
causes oxidative stress (78). Expression of APPsw rendered
PC12 cells vulnerable to the induction of cell death after ex-
posure to oxidative stress (50, 95). Moreover, A� has been
shown to generate free radicals in vitro (68). These results are
in agreement with the hypothesis that A� is a metalloenzyme
that is capable of generating hydrogen peroxide through its su-
peroxide dismutase activity (130). It has been further suggested
that oxidative stress may actually promote the amyloidogenic
pathway (124). The resulting increase in A� can in turn gen-
erate hydrogen peroxide leading to further oxidative damage.
A cyclic and vicious pathway of excessive A� promoting ox-
idative damage which promotes further A� production would
result in increased neurotoxicity and subsequently enhance AD
progression (130). Backwards, oxidative stress increases the ex-
pression of �-secretase and therefore enhances the amyloido-
genic pathway (165). Several recent publications point to the
toxicity of intracellular oligomeric A� species (37, 128, 129).
Therefore, we propose the following hypothetical sequence of
pathogenetic steps linking sporadic AD, oligomeric and fibril-
lar A�, tau, mitochondrial dysfunction, and oxidative stress
(Fig. 5). In an early phase of AD, intracellular A� and tau cause
mitochondrial dysfunction by impairing complex IV activity.
Consequently, mitochondrial membrane potential is reduced,
ATP levels are decreased, and ROS generation/oxidative stress
are enhanced. Mitochondrial dysfunction and increased oxida-
tive stress result via a pathogenic cascade in enhanced apopto-
sis and cell death (67, 80).

Aside from A�, redox metal ions, inflammation, and mi-
croglia activation are important in AD. Excessive deposits of
zinc, iron, and/or copper catalyze the formation of OH from
H2O2 as well as the formation of advanced glycation end prod-

ucts. In the presence of transition metals, these products can
undergo redox cycling with consequent ROS and RNS pro-
duction. Microglia co-localized with A� plaques produce ROS
and RNS (e.g., superoxide anion or NO). This increased pro-
duction of ROS and RNS is explained by the expression of a
membrane-bound NADPH oxidase and an inducible nitric ox-
ide synthase (iNOS). When activated, these enzymes and their
products contribute to the generation of ROS and RNS (3, 38).

Another hypothesis reviewed by Nunomura et al. (126) sug-
gests that AD pathology may represent a response to oxidative
stress. They propose that A� acts as an antioxidant in AD
pathology. This hypothesis is supported by findings that neu-
rons respond to oxidative stress, both in vitro and in vivo, by
increasing A� production (165, 184). Recently, the antioxidant
activity of fibrillar A� was demonstrated in several recent in
vitro and in vivo studies (16, 87).

Not only A�, but also tau, seem to be involved in this sce-
nario. Recent data indicate that tau is also a protective anti-
oxidant response, because oxidative damage is reduced in neu-
rons with most cytopathology. In addition, oxidative stress
activates several kinases, including glycogen synthase kinase-
3 and mitogen-activated protein kinase, both involved in the
phosphorylation of tau. Once phosphorylated, tau becomes vul-
nerable to oxidative modification and consecutively aggregates
to fibrils. Therefore, NFT formation is considered to be a re-
sult of neuronal oxidation.

GINKGO BILOBA EXTRACT

In line with the neuropathological findings described above,
drugs with antioxidant and mitochondrial protecting properties
such as Ginkgo biloba extract attract increasing interest re-
garding beneficial effects in aging and AD pathology. The stan-
dardized Ginkgo biloba extract (EGb 761) has been used for
many years as a prescription drug in many countries and as a
dietary supplement in the United States to treat aging-related
cognitive disorders, including AD (35). EGb 761 contains 24%
flavonoids and 6% terpenens. The terpene lactones are repre-
sented by the Ginkgolides A, B, C, J, and M, and bilobalide.
The flavonoid fraction is composed of quercetin, kaempferol,
and isorhamnetin. Several clinical trials provided evidence of
efficacy in the treatment of mild to moderate dementia of dif-
ferent etiology (13, 14, 90, 91, 117), even comparable with
donepezil in one study (110). However, a recent metaanalysis
conducted by the Cochrane Collaboration including many het-
erogeneous reports concludes that the evidence for Ginkgo’s
clinically significant benefit for people with dementia or cog-
nitive impairment is inconsistent (15). Nevertheless, substan-
tial experimental data suggests that EGb 761 has relevant neu-
roprotective and neuromodulatory effects (46, 48, 100, 177,
186). This review focuses on the antioxidant effects of EGb 761
and on its protective effects on mitochondrial function in re-
spect to the important role of these two parameters for aging
and aging-related neurodegenerative disorders like AD.

Mitochondria-protecting effects of EGb 761 have been de-
scribed in several publications. Our group showed protection
of mitochondrial function in a neuronal-like cell line and in dis-
sociated brain cells and isolated mitochondria of EGb 761
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treated animals (Table 1, Fig. 6) (1, 48). Progressive NO ele-
vation has been found in AD models (79, 141). Therefore, in
our study we stressed PC12 cells, a neuronal-like cell line, with
sodium nitroprusside (SNP), a NO donor. EGb 761 treatment
reduced SNP-induced drop in ATP levels and mitochondrial
membrane potential at a concentration of 5 and 10 �g/ml, re-
spectively (Table 1). In addition, EGb 761 protected complexes
I, II, IV, and IV of the mitochondrial respiratory chain after
stimulation with specific complex inhibitors in a concentration
of 10 �g/ml (Table 1, Fig. 6). Data from Tendi et al. (166) and
Chandrasekaran et al. (32) support our findings in PC12 cells.
Tendi et al. (166) found a significant increase in the mRNA
levels of complex I in PC12 cells treated for 48 or 72 h with
EGb 761 (100 �g/ml) or bilobalide (10 �g/ml). They also eval-
uated state 3 and state 4 respiration and found a significant de-
crease in state 4 respiration, resulting in an increase in respira-
tory control ratio.

Similar effects as in PC12 cells were detected in dissociated
brain cells of female 3-month-old NMRI mice. EGb 761 pre-
vented SNP- and H2O2-induced decrease of mitochondrial
membrane potential in dissociated brain cells in vitro (Table 1,
Fig. 6). In addition, EGb 761 showed protective effects on com-
plexes I, II, III, IV, and V of the respiratory chain in dissoci-
ated brain cells in vitro (0.5 mg/ml). To evaluate the effects of
Ginkgo biloba extract ex vivo, NMRI mice were treated per os
with 100 mg/kg for 14 days. In isolated mitochondria and in
dissociated brain cells from EGb 761-treated animals, a signif-
icant protection against SNP-induced decrease of mitochondrial
membrane potential could be observed (Table 1, Fig. 6). Fur-
thermore, EGb 761 showed significant protective effects on
complexes I, IV, and V in isolated mitochondria of aged mice
(15 months) and no effects in young mice (3 months). In ac-
cordance with our data, treatment with EGb 761 prevented age-
associated changes in mitochondrial morphology, mitochon-
drial glutathione levels, and respiratory function of rat brain
mitochondria (145). In addition, mitochondrial numeric density
was significantly increased in EGb 761 (100 mg/kg BW) treated
vitamin E-deficient rats. In another study, Ginkgo biloba ex-
tract increased state 2 respiratory rate in a dose-dependent man-
ner in concentrations over 4 �g/ml in rat heart mitochondria in
vitro (168). Ex vivo, Janssen et al. (73) investigated the effect
of bilobalide on ischemia-induced alterations of the mitochon-

drial respiratory chain. Bilobalide was found to allow mito-
chondria to maintain their respiratory activity in ischemic con-
ditions by protecting complex I and probably complex III ac-
tivities.

Several studies provide evidence for the antioxidant proper-
ties of EGb 761. It can scavenge ROS, such as hxdroxy radi-
cals, peroxy radicals, superoxide anions as well as nitric oxide
(46, 157). Schindowski et al. (147) showed a significant re-
duction of ROS-induced apoptosis by EGb 761 in T-lympho-
cytes. Three- and 24-month-old female NMRI mice were
treated with 100 mg/kg BW EGb 761 per os over a period of
2 weeks. This dose has been previously shown to improve learn-
ing deficits in aged mice (159). Ex vivo ROS-induced apopto-
sis in isolated T-lymphocytes triggered by treatment with d-ri-
bose was significantly reduced in young and old mice.
Interestingly, lymphocytes from old animals revealed a signif-
icantly higher protection by EGb 761 than cells from young
mice. In line with our experiments, Wu et al. (182) found in-
creased resistance to oxidative stress in EGb 761-treated wild
type C. elegans worms. Furthermore, EGb 761 extended the
median life span of these worms by 8%. In prematurely aging
mutant worms, Ginkgo biloba extract also increased the resis-
tance to oxidative stress. In another study with C. elegans, EGb
761 protected worms by increasing the resistance to oxidative
stress and the attenuation of ROS accumulation (76). Moreover,
an increase in catalase and SOD activities in the hippocampus,
striatum, and substantia nigra of rats could be detected and lipid
peroxidation was decreased in the hippocampus of rats after the
treatment with EGb 761 (21). In addition, in AD-relevant mod-
els like a neuroblastoma cell line stably expressing Sw
APP695/PS1 mutations as well as transgenic C. elegans con-
stitutively expressing human A�, EGb 761 attenuates basal as
well as the induced levels of H2O2-related ROS (156).The ex-
tract’s flavonoid fraction was implicated in these protections.
Smith and Luo (156) showed a direct attenuation of ROS by
the flavonoid fraction of EGb 761. The extract scavenges di-
rectly and preferentially hydroxyl radicals (188). Additional
antioxidant properties of EGb 761 can be explained by
flavonoids chelating prooxidant transitional metal ions (e.g.,
Fe2�) (55) and therefore consequently inhibiting the generation
of new hydroxyl radicals. Other results indicate an involvement
of antioxidant enzymes. The flavonoids attenuate the expres-
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TABLE 1. EFFECTS OF EGB 761 ON MITOCHONDRIAL FUNCTION IN PC12 CELLS, 
DISSOCIATED BRAIN CELLS, AND ISOLATED MITOCHONDRIA FROM NMRI MICE

Dissociated brain cells Isolataec mitochondria
PC12 cells In vitro Ex vivo

Stressors Egb 761 10 �g/ml EGb 761 0.5 mg/ml EGb 761 100 mg/kg

ATP SNP ↑*
MMP SNP ↑† ↑† ↑*

MMP Complex I Rotenone ↑* ↑* ↑*

Complex II Thenoyltrifluoroaceton ↑† ↑†

Complex III Antimycin ↑* ↑* ↑*

Complex IV Natriumazide ↑† ↑†

Complex V Oligomycin ↑* ↑* ↑*

Data published in refs. 1 and 48.
*p � 0.05, †p � 0.01 compared to PC12 cells, dissociated brain cells in vitro, and isolated mitochondria ex vivo, respectively,

only stressed with SNP or complex inhibitors.
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sion of SOD and increase antioxidant metabolites such as glu-
tathione (55). Furthermore, Ginkgo inhibits the age-dependent
generation of NO via iNos in mouse microglia (180).

CONCLUSION AND FURTHER
PERSPECTIVE

Impaired mitochondrial metabolism associated with respira-
tory chain dysfunction and the consequent oxidative stress is be-
ing considered as a possible pathogenic mechanism in a num-
ber of neurodegenerative diseases, including AD. In contrast to
A� plaques and tau tangles seen in the late stage of AD, mito-
chondrial dysfunction and oxidative stress are two early events
in the pathology of AD, cumulating with aging-associated
changes in mitochondrial function and oxidative stress. A�-me-
diated complex IV impairment, together with complex I, III, and
IV reduced activities in aging, lead to severe changes in mito-
chondrial energy supply. The changes result in a vicious cycle
inducing electrons leakage from the ETC leading to enhanced
production of ROS. These elevated levels of ROS themselves
damage ETC components and mtDNA and further increase mi-
tochondrial dysfunction and oxidative stress. When phenotypic
threshold and severe energy deprivation is reached, neuronal and
synaptic dysfunction can appear. Thus, both mitochondrial dys-
function and oxidative stress clearly play an important role in
the pathogenesis of AD. Nevertheless, the precise mechanism
of events in AD pathogenesis still remains uncertain.

Current available drug treatment for AD is symptomatic with
no beneficial effect on progressive underlying disease pro-
cesses. Growing evidence for the existence of oxidative stress
and the accumulation of free radicals in the brains of AD pa-
tients has led to the notion of antioxidants as a potential treat-
ment. Antioxidant therapies hold promise for improving mito-
chondrial performance; however, medicine still has large gaps
in its knowledge of which types and ratios of antioxidants, and
in which forms, will result in the best outcomes. In vitro and
animal model studies support the potential beneficial role of
various antioxidant compounds such as Ginkgo biloba extract
in neurologic disease. Our own results and several other stud-
ies show that EGb 761 acts as a scavenger of ROS. In addition,
further experiments demonstrated that Ginkgo biloba extract
stabilizes mitochondrial function in aging and AD. This effect
can be explained by the protection of different respiratory chain
complexes. Current data on the impact of pure antioxidant sup-
plements (e.g., vitamin E or C) showed only very moderate ef-
ficacy in the treatment and the prevention of AD (20). There-
fore, we propose that mitochondrial protecting properties of
Ginkgo biloba extract are more important for the treatment of
different forms of dementia and that treatment with Ginkgo
biloba extract in an early stage of the disease could be a promis-
ing concept for AD prevention and treatment.

ABBREVIATIONS

A�, amyloid beta; AD, Alzheimer’s disease; APP, amyloid
precursor protein; CAT, catalase; COX, cytochrome c oxi-
dase; CoQ, coenzyme Q; oxo8dG, 8-oxo-2�-deoxyguanosine;

FAD, familial Alzheimer’s disease; GPx, glutathione peroxi-
dase; GR, glutathione reductase; HNE, 4-hydroxynonenal;
iNOS, inducible nitric oxide synthase; MDA, malondialdehyde;
MnSOD, manganese superoxide dismutase; mtDNA, mito-
chondrial DNA; PS, presenilin; RNS, reactive nitrogen species;
ROS, reactive oxygen species; SOD, superoxide dismutase;
SNP, sodium nitroprusside.
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