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An extract of Ginkgo biloba leaves, EGh761, is becoming one
of the most popular dietary supplements in the United States
to enhance memory. In Europe it is a commonly prescribed
drug for treatment of age-related deterioration, including de-
generative dementias of the Alzheimer type (AD). Substantial
experimental evidence indicates that EGb761 has neuropro-
tective potency under conditions such as ischemia, seizures
and peripheral nerve damage. However, the mechanisms of
such neuroprotective effects remain unknown, partially be-
cause of the complex chemical composition of EGh761 and
the resulting so-called “polyvalent” action. This review fo-
cuses on cellular and molecular approaches towards under-
standing the polyvalent action of EGb761 neuroprotective ef-
fect. Two potential mechanisms of action, reducing oxida-
tive damage and stimulating cell survival machinery, are dis-
cussed. Better understanding of the neuroprotective mecha-
nisms of EGb761 will provide impetus for possible combi-
nation therapies and for the design of rational, “mechanism-
based” strategies that target age-related neurodegeneration
and Alzheimer’s disease.

1. Introduction

Ginkgo biloba tree, known as “a living fossil”, has a
life span of 4000 years, possibly due to its high toler-
ance to pollution and resistance to infections [17]. Ex-
tracts from the Ginkgo biloba leaves have been found
in ancient and modern Chinese herbal pharmacopoeia
as treatment for dysfunctions of heart and lung and as
promoter of longevity [18]. Standardized extract of
Ginkgo biloba leaves is presently used in Europe as
one of the most commonly prescribed drugs for treat-
ment of age-related deterioration of mental functions,
as well as for treatment of vascular dementia and de-
generative dementias of the Alzheimer type (AD) [39,
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41]. In the United States, it is one of the most popular
marketed herbal medicines, not yet under the strict reg-
ulation of the Food and Drug Administration (FDA),
for enhancement of blood circulation and memory.

The standardized extract of Ginkgo biloba leaves
named EGb761 contains specific percentages of ginkgo-
flavone glycosides (24%) and terpenoids (6%), the later
group consisting of bilobalide and the ginkgolides A,
B, C, M, and J [28]. It is not certain which sub-
stances in EGb761 are responsible for the presumed
health-enhancing properties. It has been suggested
that the glycosides possess antioxidant activity, and the
ginkgolide B, also known as BN52021, is a potent an-
tagonist of the platelet-activating factor (PAF) recep-
tor [60]. Accumulating evidence has suggested that
many of the actions of EGb761 are so-called “poly-
valent” actions, i.e., the clinical responses of EGb761
are the net effect of interactions between the vari-
ous biological activities of the individual substances of
EGb761[16]. Thisis in agreement with the philosophy
of Chinese herbal medicine, in which wholesome ef-
fects of a mixture of compounds, acting simultaneously
in combination and synergy, are required to balance
body’s yin and yang.

2. Neuroprotective effects of EGb761

During the past decade, in vivo and in vitro experi-
ments in mammalian systems and clinical studies in hu-
man demonstrated that EGb761 exhibits a range of bio-
chemical and pharmacological effects, which include:
vasoregulation, cognition enhancement, and alleviating
stress [17,62]. In human studies, available data have
confirmed the clinical efficacy of EGb761 in primary
degenerative dementia of Alzheimer’s type [33,34,41].
Although the evidence supporting EGh761 enhance-
ment of learning and longevity in healthy animals and
humans s inconclusive [16,68], there are sufficient data
to support the view that the extract has neuroprotective
properties [60].
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EGb761 has been shown to protect animals from
effects of hypoxia [27], ischemia [47], and to reduce
the behavioral deficits resulting from brain injury [2].
Several lines of evidence indicate that EGb761 coun-
ters the effects of stress and aging [53], at least in part,
through an increase in the density of «-2 adrenore-
ceptors [25] and serotonergic (5-HT1A) receptors [24]
in brain tissue. In isolated synaptosomes from mice
cerebral cortex, EGb761 treatment elevated 5-HT up-
take [52], which is down regulated in degenerated brain.
Choline uptake was also increased in EGb761-treated
hippocampal synaptosomes [31]. Choline is a pre-
cursor for biosynthesis of the neurotransmitter acetyl-
choline, which plays a crucial role in memory and
learning processes. Loss of basal forebrain cholinergic
neurons has been directly related to AD [3].

Synergistically, EGb761 may protect brain by af-
fecting cerebral blood flow and energy metabolism
in experimental animals. EGDb761 treatment re-
sulted in an increased blood flow, elevated levels of
ATP and glucose in rats [28,34], and reduced lev-
els of free fatty acids in hippocampus of rats under
seizure conditions [54]. Animal behavioral studies by
Cohen-Salmon et al., suggest that long-term treatment
with EGb761 reduces some stress-induced behavioral
changes in old mice [43]. The authors have observed an
effect of EGb761 on improved performance of a learn-
ing task in aged mice chronically treated with EGb761.
Furthermore, they found a statistically significant hip-
pocampal structure changes in post mortem histolog-
ical analysis of these mice, particularly in the mossy
fibers in CA3 region of the hippocampus [14]. Atare-
cent Meeting of Society for Neuroscience, two groups
of investigators, working on different systems, reported
on a possible role of EGb761 in neuroregeneration [12,
19].

Ginkgolide B (BN52021), a component of EGh761,
may protect neurons by being an antagonist of a recep-
tor for the platelet-activating factor (PAF) [60]. PAF is
an alkylphospholipid produced by a variety of cells; it
is one of the most potent lipid mediators known [61].
PAF induces neuronal apoptosis, glutamate release and
transcriptional activation following excitotoxic chal-
lenge [5]. PAF concentration is known to increase in the
brain during trauma [27], which results in an increase
in free intracellular Ca?* concentration [30]. Specific
PAF receptors have been identified in the neurons, lo-
calized to intracellular membranes, synaptic endings
and microglia [37]. Bazan and colleagues have demon-
strated that ginkgolide B (BN52021) has impressive
neuroprotective properties [5]. Nevertheless, based on

the in vivo animal experiments mentioned above, it is
unclear to what extent EGb761 exerts its function di-
rectly on central nervous system (CNS).

In vitro experiments indicate that EGb761 has direct
effects on CNS. EGb761 attenuated neuronal cell death
induced by serum deprivation and staurosporine in cul-
tured chick embryonic neurons and neonatal rat hip-
pocampus [1] and by amyloid Zin primary cultured hip-
pocampal neurons [4]. It protected neurons against ox-
idative stress induced by hydrogen peroxide in dissoci-
ated rat cerebellar neurons [40,42], against cytotoxicity
induced by calcium channel blockers in rat cortical neu-
rons [72] and by glutamate in HT-4 neuronal cells [29].
In accord with its role as an anti-oxidant, EGb761 sup-
pressed the reactive oxygen species (ROS) formation
in an ischemia model of cerebellar neurons [42]. Large
body of analysis has revealed that, in a cellular or in
vitro system EGDb761 interacts either directly or indi-
rectly with nearly all ROS of biological significance. It
not only meets all of the criteria that are required for
characterizing a substance as an anti-oxidant [17], but
also could be the most efficacious antioxidant.

Mitochondria both generate and detoxify ROS. Thus,
imbalance of this compromise plays a key role in
chronic diseases [46]. EGb761 may prevent mitochon-
drial aging by its free-radical scavenger effect. In cul-
tured cells, EGh761 stimulates mitochondrial gene ex-
pression of the respiratory-chain enzyme complex I,
which is decreased in several neurodegenerative dis-
ease [10]. The same author recently suggested that
EGDb761 inhibits excitotoxic neuronal death by antag-
onizing the effect of glycine [11]. Janssens and col-
leagues, using isolated mitochondria from rats, demon-
strated that EGb761 protects mitochondria against
ischemia-induced oxidative stress [26]. Mitochondrial
DNA (mtDNA) is especially susceptible to oxidative
damage and mutations, which, in turn, contributes to
many degenerative diseases [65]. Sastre et al. re-
cently showed that oral administration of EGb761 to
rats for 3 month was able to prevent the age-associated
oxidative damage to mtDNA, oxidation of mitochon-
drial glutathione, as well as changes in mitochondrial
morphology and function in brain and liver [55,56].
These results suggest that EGh761 prevents mitochon-
drial aging by attenuating the chronic oxidative stress
associated with this process.

3. Possible mechanisms of neuroprotection

Considerable theory and some evidence suggest that
oxidative imbalance (stress), mitochondrial bioenerget-
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ics defects, excitatory neurotoxicity, calcium cytotoxic-
ity and trophic factor deficiencies may contribute to cell
death in neurodegenerative diseases [36,38,44]. Cur-
rent consensus is that two broad mechanisms, oxida-
tive stress and excessive activation of glutamate recep-
tors, are converging and represent sequential as well
as simultaneous processes that provide a final common
pathway for cell vulnerability in the brain [15]. Being
a mixture, EGb761 may exert its neuroprotection in an
interactive, synergistic way, e.g., by inducing the pro-
tective pathway against oxidative stress, and at the same
time inhibiting the apoptotic machinery. The specific
pathways are depicted in Fig. 1.

Several laboratories demonstrating EGb761 neuro-
protection against oxidative stress, excitotoxicity, and
neurotoxicity have emphasized possible anti-oxidant
properties of EGb761 as one of its mechanisms of ac-
tion [49]. EGb761 may act not only as a radical scav-
enger: processes downstream of the anti-oxidative ef-
fect of EGb761 may also be involved in the inhibition
of apoptosis. For example, EGb761 inhibits lipid per-
oxidation and increases the levels of superoxide dismu-
tase (SOD), an endogenous antioxidant enzyme sys-
tem [63]. Even the anti-apoptotic action of EGb761
may be mediated by its antioxidative capacity. Also,
as a PAF antagonist [7], EGb761 suppresses the PAF-
induced generation of reactive oxygen species [6].

Among numerous theories raised to explain neu-
rodegenerative Alzheimer’s diseases, the “amyloid beta
(ApB)-induced free radical-mediated neurotoxicity” hy-
pothesis [69] is especially attractive because it pro-
vides a rationale for intervention. That is, adminis-
tration of “exogenous antioxidant” such as EGb761
may slow the progress of the disease. According to
this theory, free radicals may be the link between Aj-
induced cellular damage and cytotoxicity in AD. This
hypothesis is based on two observations: 1) aggrega-
tion of AB, the main constituent in AD plaques, is
toxic to neurons [70], thus may initiate and promote
neurodegeneration, and 2) aggregated Ag protein it-
self spontaneously generates more reactive oxygen rad-
icals that can damage the cells [21,22]. Additional
experimental evidence supporting this hypothesis in-
cludes: the antioxidant vitamin E protected cortical
synaptosomal membranes and cultured hippocampal
neurons from AS-induced toxicity [8] and EGb761 pro-
tected hippocampal neurons against amyloid g-induced
cell death [4]. However, experimental results from
other laboratories argue against this theory. The Ag
aggregation-induced free radical release [22] has been
described as an experimental artifact [20]. Mason and

coworker suggested that amyloid 5 peptide (25-35)
in fact has an antioxidative activity: it inhibited lipid
peroxidation in a liposome membrane [66]. If free
radicals mediated the AB-induced toxicity, an antioxi-
dant would block the effect. However, Pike et al. ob-
served that antioxidants did not protect against AS-
induced neurotoxicity in primary cultured rat embry-
onic cells [48]. Yao and coworkers also demonstrated
that ginkgolides prevented the AB-induced increase of
reactive oxygen species (ROS), but that did not rescue
the cells from Ag-induced apoptosis in cultured PC12
cells [71]. They concluded that the free radicals and
lipid peroxidation do not mediate A3-induced neuronal
cell death.

The current understanding is that in vivo oxidative
status is a dynamic balance between pro-oxidant and
oxidant defenses and is yet difficult to determine [58].
Even the pathological lesion of AD, senile plaques and
neurofibrillary tangles, may play an important aspect in
defense, i.e. protection of neurons from oxidation [46].
The discrepancy among those results obtained from in
vitro studies could be due to different models of oxida-
tive stress, different chemicals used, different treatment
paradigms and the use of different markers for oxida-
tion. Given that multiple markers were found in vivo to
be related to neuronal death in AD [57,59], Perry et al
emphasized the importance of appreciating the full ex-
tent of protection from oxidants [46]. It is possible that
EGDb761, a mixture of many compounds, but not the an-
tioxidants ginkgolides and Vitamin E alone, could pre-
vent the AS-induced toxicity by its polyvalent action
including potential effects on A3 conformation. Even
a direct physical interference with the process of Ag
aggregation cannot be presently excluded as a potential
mechanism of action of EGb761. Further, the experi-
ments mentioned above were conducted in vitro, on ei-
ther artificial membrane or cultured cells. Unequivocal
evidence could, perhaps, be obtained by studies using
a transgenic animal model of AD [51].

Several laboratories have reported anti-apoptosis ef-
fects of EGb761 [1,40,42,72], but the mechanismisstill
unknown. Recent advances in our understanding of the
processes that control apoptosis include the following
discoveries[67]: 1) Fas receptor mediates initial events
leading to apoptosis, 2) the release of proteins, particu-
larly cytochrome ¢ from mitochondria, triggers activa-
tion of caspases, a family of proteolytic enzymes, and
3) activation of caspase 3 is critical for the initiation
and execution of apoptosis. None of the components
of the apoptosis pathways have yet been demonstrated
to contribute to EGb761 neuroprotective action. How-



404 Y. Luo / Herbal medicine, neuroprotectants, Alzheimer’s disease

PAFR

MAPKKK

Ark v

PKA MEK

v

cAMP

PI3 klnase

Mit. damage

& n@w‘

Bcl2 §

ytc.

Caspase 9

\j Caspase 3
\

y DNA fragmentation /

Survival Apoptosis

Fig. 1. Potential mechanisms whereby EGb761 may exert neuroprotective effects. 1) EGb761 may stimulate NGFR (nerve growth factor
receptor)/PI3 kinase-mediated cell survival pathway for its protective effect against apoptosis induced by serum deprivation. 2) EGb761 may
inhibit PAFR (platelet activating actor receptor)- and/or NMDAR (NMDA receptor)-mediated apoptosis pathway, involving Ga (G protein «
subunit), PKC (protein kinase C) and MAPK cascade (MAPKKK — MEK — MAP kinase). 3) As an antioxidant, EGb761 may function as a
free radical scavenger, and an inhibitor of free radical production. Thus, protect cells from oxidative damage. 4) EGb761 may prevent cellular
aging by targeting at mitochondria cell death machinery. Both the pro-apoptotic factor Bax and the anti-apoptotic factor Bcl2 are located on
mitochondria (Mit). Under multiple stimuli, BAX activates caspases-3 by releasing cytochrome c (Cyt c) from mitochondria. Caspase 3 then
act on intracellular substrates to execute the cell death program. Other pathways include PKA (protein kinase A)-mediated survival pathway and
Ras/MAPK cascade-mediated cell proliferation/differentiation pathway; AC: adenyly cyclase; OXPHOS, oxidative phosphorylation; (Ca*);:
intracellular calcium concentration. The dashed lines indicate alternative pathways. A circle with “—” represents an inhibitory pathway.

ever, as a PAF antagonist, EGb761 may mediate neu-
roprotection, at least partially, by a signal transduction
pathway similar to those used by nerve growth factor
(NGF). PAF is a potent phospholipid mediator, which
elicits a diverse array of biological actions by interact-
ing with G protein-coupled PAF receptor (PAFR) [9].
PAFR expression is associated with neuronal apopto-
sis [5]. PAF enhances excitatory synaptic transmission
in the hippocampus by activating pre-synaptic PAF re-
ceptors [13]. In most PAF-responsive cells, binding
of PAF to its receptor (PAFR) is accompanied by ac-
tivation of phosphoinositide phospholipase C, leading
to the production of the lipid second messenger and
activation of protein kinase C. There are some similar-
ities between PAFR activation and apoptosis induced
by serum deprivation. Identification of the growth fac-
tor signal transduction pathways induced by EGb761

would be of obvious interest, for peptide growth factors
have been implicated in the process of brain develop-
ment, neuronal plasticity, survival and repair [23].

4. Implicationsfor Alzheimer’s disease

The key feature of neurodegenerative disorders is
neuronal cell loss, which leads to a loss of brain tissue
and function, which in turn, may manifest as loss of
memory in Alzheimer’s disease. While the etiology
of Alzheimer’s diseases remains unknown, a protective
therapy based on the identification of the mechanism
responsible for cell death may provide an intervention
that slows down or stops progressive neurodegenera-
tion. Application of neuroprotection as the treatment of
AD has received increasing attention. EGb761, stimu-
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lating the growth factor-mediated cell survival pathway,
would have profound therapeutic implications since the
proteinaceous trophic factors, such as NGF, do not cross
the blood-brain barrier as easily as EGb761 does. Al-
though itis not universally agreed whether the cell death
in AD is apoptotic or necrotic in nature [45], inhibi-
tion of the apoptotic component of neuronal death may
be another promising new therapeutic strategy [64].
EGb761 has numerous properties, which theoretically
should be beneficial in treatment of AD. Its multiple
beneficial actions, including increased blood flow, an-
tioxidant activity, inhibition of platelet activating factor
and nitric oxide, and neuroprotective activity, suggest
that EGb761 could be of major therapeutic value in the
treatment of AD. Although that has yet to be proven, it
has already been determined in double-blind, random-
ized, placebo-controlled clinical trails, that EGb761 has
no more adverse effects than placebo treatment [33,34].
Pre-clinical evidence suggests an important role for an-
tioxidant treatment in protection against free radical-
induced neuronal death. This has not yet been con-
firmed in clinical trials, but available data are promis-
ing [50] and warrant further investigation. If antioxi-
dants such as vitamin E and EGb761 are proven effi-
cacious in additional AD trials, the simplicity of treat-
ment, ease of access, and low cost render these agents
attractive as treatments to delay or slow down the ef-
fects of this devastating disorder. It may be that a
combination of vitamin E (which is effective at free-
radical scavenging) and EGb761 (which might be most
effective at preventing further free-radical production)
would be a rational way to use antioxidant therapy in
aging and AD. Side effects of high dose use of vita-
min E might be attenuated in combined therapy with
EGb761.

5. Conclusion

The simplicity of treatment, ease of access, and low
cost made Ginkgo biloba extract one of the most pop-
ular complementary and alternative medicines for pre-
vention and treatment of primary neurodegenerative
dementias. In vivo and in vitro experimental evidence
indicates its neuroprotective effects by a “polyvalen-
t” action, which may be mediated, at least in part, by
anti-oxidative and anti-apoptotic mechanisms. We hy-
pothesize that such polyvalent action may have most
efficacious function in preventing oxidative damage in
the cells, presumable by synergistically regulating ox-
idative status/balance. Understanding the mechanisms

of Ginkgo biloba neuroprotection may bring about new
possibilities for therapies that exploit multi-leveled,
synergistic action against neurodegeneration. Combi-
nation therapies, using Ginkgo biloba extracts, repre-
sent new avenues for treating neurodegenerative dis-
eases such as Alzheimer’s disease and ameliorate the
consequence of neuronal degeneration in aging.

Acknowledgments

The author thanks Drs. Peter Butko, Margaret Mc-
Donald, and Witold K. Surewicz for helpful discussions
and for reading the manuscript.

References

[1] B. Ahlemeyer, A. Mowes and J. Krieglstein, Inhibition
of serum deprivation- and sataurosporine-induced neuronal
apoptosis by Ginkgo biloba extract and some of its con-
stituents, Eur J Pharmacol 367 (1999), 423-430.

[2] M.J. Attella, S.W. Hoffman, M.J. Stasio and D.G. Stein,
Ginkgo biloba extract facilitates recovery from penetrating
brain injury in adult male rats, Exp Neurol 105 (1989), 62-71.

[3] R.T.Bartus, R.l. Dean, B. Beer and A.S. Lipppa, The choliner-
gic hypothesis of geriatric memory dysfunction, Science 217
(1982), 408-417.

[4] S. Bastianetto, C. Ramassamy, S. Dore, Y. Christen, J. Poirier
and R. Quirion, The ginkgo biloba extract (EGb 761) pro-
tects hippocampal neurons against cell death induced by beta-
amyloid [In Process Citation], Eur J Neurosci 12 (2000),
1882-1890.

[5] S.A. Bennett, J. Chen, B.A. Pappas, D.C. Roberts and M.
Tenniswood, Platelet activating factor receptor expression is
associated with neuronal apoptosis in an in vivo model of
excitotoxicity, Cell Death Differ 5 (1998), 867-875.

[6] D.L. Birkle, P. Kurian, P. Braquet and N.G. Bazan, Platelet-
activating factor antagonist BN 52021 decreases accumulation
of free poly unsaturated fatty acid in mouse brain during is-
chemia and electroconvulsive shock, J Neurochem 51 (1988),
1900-1905.

[7]1 P.Braquet, L. Touqui, T.S. Shen and B.B. Vargafttig, Perspec-
tives in platelet-activating factor research, Pharmacol Rev 39
(1987), 97-145.

[8] D.A. Butterfield, T. Koppal, R. Subramaniam and S. Yatin,
Vitamin E as an antioxidant/free radical scavenger against
amyloid beta-peptide-induced oxidative stress in neocortical
synaptosomal membranes and hippocampal neurons in cul-
ture: insights into Alzheimer’s disease, Rev Neurosci 10
(1999), 141-149.

[9]1 S.A. Carlson, T.K. Chatterjee and R.A. Fisher, The third in-
tracellular domain of the platelet-activating factor receptor is
a critical determinant in receptor coupling to phosphoinosi-
tide phospholipase C-activating G proteins, J Biol Chem 271
(1996), 23146-23153.

[10] K. Chandrasekaran, K. Hatanpaa, D.R. Brady, J. Stoll and
S.I. Rapoport, Downregulation of oxidative phosphorylation
in Alzheimer disease: loss of cytochrome oxidase subunit
mRNA in the hippocampus and entorhinal cortex, Brain Res
796 (1998), 13-19.



406

[11]

[12]

[13]

[14]

[15]

[16]

[17]
[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Y. Luo / Herbal medicine, neuroprotectants, Alzheimer’s disease

K. Chandrasekaran, Z.D.K. Mehrabian and G. Fiskum, Bilob-
alide and ginkgo biloba extract (EGh 761) inhibit excito-
toxic neuronal death through glycine antagonism, 30th Annual
meeting Society for Neuroscience Abstract 26, 2000, 857.14.
Z.H. Cheung, K.F. So, H.K. Yip and W.T. Wu, Mixture of
American ginseng extract, ginkgo biloba extract and St. John’s
wort extract enhances the survival of axotomized retinal gan-
glion cells, 30th Annual meeting, Society for Neuroscience
Abstracts 26, 2000, 123.16.

G.D. Clark, L.T. Happel, C.F. Zorumski and N.G. Bazan, En-
hancement of hippocampal excitatory synaptic transmission
by platelet-activating factor, Neuron 9 (1992), 1211-1216.

C. Cohen-Salmon, P. Venaolt, B. Martin, M.-J. Raffalli-
Sebille, M. Barkats, F. Clostre, M.-C. Pardon, Y. Christen amd
G. Chapouthier, Effects of Ginkgo biloba extract (EGb 761)
on learning and possible actions on aging, J Physiol (Paris)
91 (1997), 291-300.

J. Coyle and P. Puttfarcken, Oxidative stress, glutamate, and
neurodegenerative disorders, Science 262 (1993), 689-695.
P. Curtis-Prior, D. Vere and P. Fray, Therapeutic value of
Ginkgo biloba in reducing symptoms of decline in mental
function, J Pharm Pharmacol 51 (1999), 535-541.

F.V. De Feudis, Ginkgo biloba extract (EGb 761): from chem-
istry to clinic, 1998.

P. Del Tredici, Ginkgos and people — A thousand years of
interactions, Arnoldia 51 (1991), 2-15.

A. Didier, F. Jourdan and M.T. Droy-Lefaix, Effect of the ex-
tract of ginkgo biloba on neurogenesis of olfactory neurons
in the adult mouse, 30th Annual meeting, Society for Neuro-
science Abstracts 26, 2000, 798.6.

S.1. Dikalov, M.P. Vitek, K.R. Maples and R.P. Mason, Amy-
loid beta peptides do not form peptide-derived free radicals
spontaneously, but can enhance metal-catalyzed oxidation of
hydroxylamines to nitroxides, J Biol Chem 274 (1999), 9392—
9399.

Q. Guo, B.L. Soopher, K. Furukawa, D.G. Pham, N. Robinson,
G.M. Martin and M.P. Mattson, Alzheimer’s presenilin mu-
tation sensitizes neural cells to apoptosis induced by trophic
factor withdrawal and amyloid b-peptide: involvement of cal-
cium and oxyradicals, J Neurosci 17 (1997), 4212-4222.

K. Hensley, J.M. Carney, M.P. Mattson, M. Aksenova, M.
Harris, J.F. Wu, R.A. Floyd and D.A. Butterfield, A model
for beta-amyloid aggregation and neurotoxicity based on free
radical generation by the peptide: relevance to Alzheimer
disease, Proc Natl Acad Sci USA 91 (1994), 3270-3274.

M. Hetman, K. Kanning, J.E. Cavanaugh and Z. Xai, Neuro-
protection by brain-derived neurotrophic factor is mediated by
extracellular signal-regulated kinase and phosphatidylinositol
3-kinase, J Biol Chem 274 (1999), 22569-22580.

F. Huguet, K. Drieu and A. Piriou, Decreased cerebral 5-
HT1a receptors during ageing:reversal by Ginkgo biloba ex-
tract (EGb761), J Pharm Pharmacol 46 (1994), 316-318.

F. Huguet and T. Tarrade, Alpha 2-adrenaceptor changes dur-
ring cerebral ageing: the effect of Ginkgo biloba extract, J
Pharm Pharmacol 44 (1992), 24-27.

D. Janssens, C. Michiels, E. Delaive, F. Eliares, K. Drieu
and J. Remacle, Protection of hypoxia-induced ATP decrease
in endothelial cells by Ginkgo biloba extract and bilobaide,
Biochem Pharmacol 50 (1995), 991-999.

L. Karcher, P. Zagerman and J. Krieglstein, Effect of an extract
of Ginkgo biloba on rat brain energy metabolism in hypoxia,
Naunyn-Schmiedeberg’s Arch Pharmacol 327 (1984), 31-35.
J. Kleijnen and P. Knipschild, Ginkgo biloba, The Lancet 340
(1992), 1136-1139.

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

M.S. Kobayashi, D. Han and L. Packer, Antioxidants and
herbal extracts protect HT-4 neuronal cells against glutamate-
induced cytotoxicity, Free Radic Res 32 (2000), 115-124.

E. Kornecki and Y.H. Ehrlich, Neuroregulatory and neu-
ropathological actions of the ether-phospholipid platelet-
activating factor, Science 240 (1988), 1792-1794.

Z. Kristofikova and J. Klaschka, In vitro effect of Ginkgo
biloba extract (EGb 761) on the activity of presynaptic cholin-
ergic nerve terminals in rat hippocampus, Dement Geriatr
Cogn Disord 8 (1997), 43-48.

R. Kumar, S.A.K. Harvey, M.K. Ester, D.J. Hanahan and M.S.
Olson, Production and effects of platelet-activating factor in
the rat brain, Biochim Bioph Acta 963 (1988), 375-383.

P.L. Le Bars, M.M. Katz, N. Berman, T.M. Itil, A.M. Freed-
man and A.F. Schatzberg, A placebo-controlled, double-blind,
randomized trial of an extract of Ginkgo biloba for dementia,
North Americal EGb study group, JAMA 278 (1997), 1327-
1332.

P.L. Le Bars, M. Kieser and K.Z. Itil, A 26-week analysis of
a double-blind, placebo-controlled trial of the ginkgo biloba
extract EGb 761 in dementia [In Process Citation], Dement
Geriatr Cogn Disord 11 (2000), 230-237.

M. Le Poncin Lafitte, J. Rapin and J.R. Rapin, Effects of
Ginkgo Biloba on changes induced by quantitative cerebral
microembolization in rats, Arch Int Pharmacodyn Ther 243
(1980), 236-244.

Y. Luo, J.D. Bond and V.M. Ingram, Compromised mitochon-
drial function leads to increased cytosolic calcium and to ac-
tivation of MAP kinase, Proc Natl Acad Sci 94 (1997), 9705-
9710.

V.L. Marcheselli, M.J. Rossowska, M.-T. Domingo, P. Braquet
and N.G. Brazan, Distinct patelet-activating factor binding
sites in synaptic endings and in intracellular membranes of rat
cerebral cortex, J Bio Chem 265 (1990), 9140-9145.

M.P. Mattson, Apoptosis in neurodegenerative diseases, Na-
ture Rev 1 (2000), 120-129.

K. Maurer, R. Ihl, T. Dierks and L. Frolich, Clinical efficacy
of Ginkgo biloba special extract EGb761 in dementia of the
alzheimer type, J Psychiat 31 (1997), 645-655.

Y. Ni, B. Zhao, J. Hou and W. Xin, Preventive effect of Ginkgo
biloba extract on apoptosis in rat cerebellar neuronal cells
induced by hydroxyl radicals, Neurosci Lett 214 (1996), 115—
118.

B.S. Oken, D.M. Storzzbach and J.A. Kaye, The efficacy of
Ginkgo biloba on cognitive function in Alzheiner disease, Arch
Neurol 55 (1998), 1409-1415.

Y. Oyama, L. Chikahisa, T. Ueha, K. Kanemaru and K. Noda,
Ginkgo biloba extract protects brain neurons against oxidative
stress induced by hydrogen peroxide, Brain Res 712 (1996),
349-352.

M. Pardon, M. Hamon, F. Perez-Diaz, N. Hanoun, C. Jouber,
J.M. Launay, Y. Christen and C. Cohen-Salmon, Age-related
changes in the effects of a chronic ultramild stress procedure
on decision-making, open-field behaviour and serotoninergic
neurotransmission: influence of a long-term treatment with
EGb 761 (tanakan), 30th Annual meeting, Society for Neuro-
science Abstracts 26, 2000, 11.5.

G. Perry, R.J. Castellani, K. Hirai and M.A. Smith, Reactive
oxygen species mediate cellular damage in Alzheimer disease,
J Alzheimer Disease 1 (1998), 45-55.

G. Perry, A. Nunomura and M.A. Smith, A suicide note from
Alzheimer disease neurons? [news; comment], Nat Med 4
(1998), 897-898.



[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[571

Y. Luo / Herbal medicine, neuroprotectants, Alzheimer’s disease 407

G. Perry, A.K. Raina, AW.T. Nunomura, L.M.S.M.A.
Sayre, How important is oxidative damage? Lessons from
Alzheimer’s Disease, Free Radical Biol Med 28 (2000), 831-
834.

S. Pierre, 1. Jamme, M. Droy-Lefaix, A. Nouvelot and J. Maix-
ent, Ginkgo biloba extract (EGb 761) protects Na, K-ATPase
activity during cerebral inschemia in mice, NeuroReport 10
(1999), 47-51.

C.J. Pike, N. Ramezan-Arab and C.W. Cotman, Beta-amyloid
neurotoxicity in vitro: evidence of oxidative stress but not
protection by antioxidants, J Neurochem 69 (1997), 1601-
1611.

J. Pincemail, M. Dupuis, C. Nasr, P. Hans, M. Haag-Berrurier,
R. Anton and C. Deby, Superoxide anion scavenging effect
and superoxide dismutase activity of Ginkgo biloba extract,
Experientia 45 (1989), 708-712.

S.S. Pitchumoni and P.M. Doraiswamy, Current status of an-
tioxidant therapy for Alzheimer’s disease, J Am Geriatr Soc
46 (1998), 1566-1572.

D.L. Price, D.R. Borchelt, P.C. Wong, C.A. Pardo, G. Thi-
nakaran, M.K. Lee, D.W. Cleveland and S.S. Sisodia, Neu-
rodegenerative diseases and model systems, Cold Soring Harb
Symp Quant Biol 61 (1996), 725-738.

C. Ramassamy, Y. Christen, F. Clostre and J. Costentin, The
Ginkgo biloba extract, EGb761, increases synaptosomal up-
take of 5-hydroxytptamine: in-vitro and ex-vitro studies, J
Pharm Pharmacol 44 (1992), 943-945.

J.R. Rapin, I. Lamproglou, K. Drieu and F.V. Defeudis,
Demonstration of the “anti-stress” activity of an extract of
Ginkgo biloba (EGb 761) using a discrimination learning task,
Gen Pharmacol 25 (1993), 1009-1016.

E.B. Rodriguez, M.T. Droy-Lefaix and N.G. Brazan, De-
creased electroconvulsive shock-induced diacylglycerols and
free fatty acid accumulation in the rat brain by Ginkgo biloba
extract (EGb 761): selective effect in hippocampus as com-
pared with cerebral cortex, J Neurochem 61 (1993), 1438-
1444,

J. Sastre, A. Millan, J. Garcia de la Asuncion, R. Pla, G.
Juan, F.V. Pallardo, E. O’Connor, J.A. Martin, M. Droy-Lefaix
and J. Vina, A Ginkgo biloba extract (EGb 761) prevents
mitochondrial aging by protecting against oxidative stress,
Free Radical Biol & Med 24 (1998), 298-304.

J. Sastre, F.V. Pallardo, J. Garcia de la Asuncion and J. Vina,
Mitochondria, oxidative stress and aging, Free Radic Res 32
(2000), 189-198.

L.M. Sayre, G. Perry and M.A. Smith, In situ methods for de-
tection and localization of markers of oxidative stress: appli-
cation in neurodegenerative disorders, Methods Enzymol 309
(1999), 133-152.

[58]

[59]

[60]

[61]

[62]

[63]

[64]
[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

L.M. Sayre, M.G. Zagorski, W.K. Surewicz, G.A. Krafft and
G. Perry, Mechanisms of neurotoxicity associated with amy-
loid beta deposition and the role of free radicals in the patho-
genesis of Alzheimer’s disease: a critical appraisal, Chem Res
Toxicol 10 (1997), 518-526.

M.A. Smith and G. Perry, What are the facts and artifacts of
the pathogenesis and etiology of Alzheimer disease? J Chem
Neuroanat 16 (1998), 35-41.

P.F. Smith, K. Maclennan and C.L. Darlington, The neuro-
protective properties of the Ginkgo biloba leaf: a reveiw of
the possible relationship to platelet-activating factor (PAF), J
Ethnopharmacology 50 (1996), 131-139.

F. Snyder, Platelet-activating factor and related acetylated
lipids as potent biologically active cellular mediaor, Am J
Physiol 259 (1990), C697-708.

S. Stoll, K. Scheuer, O. Pohl and W.E. Muller, Ginkgo biloba
extract (EGb 761) independently improves changes in passive
avoidance learning and brain membrane fluidity in the aging
mouse, Pharmacopsychiatry 29 (1996), 144-149.

R.J. Stram, B. Binkova, J. Stejskalova and J. Topinka, Effect
of EGb761 on lipid peroxidation, DNA repair and antioxien-
zyme activity, in: Advancesin Ginkgo biloba extract research,
(\Vol. 2), C. Ferradini, M.T. DroyLefaix and Y. Christen, eds,
Ginkgo biloba Extract (EGb761) as a Free Radical Scavenger,
Elesvier, Paris, 1993, pp. 27-38.

C.B. Thompson, Apoptosis in the pathogenesis and treatment
of disease, Science 267 (1995), 1456-1462.

D.C. Wallace, Mitochondrial DNA in aging and disease, <ci
Am 277 (1997), 40-47.

M.F. Walter, P.E. Mason and R.P. Mason, Alzheimer’s dis-
ease amyloid beta peptide 25-35 inhibits lipid peroxidation as
a result of its membrane interactions, Biochem Biophys Res
Commun 233 (1997), 760-764.

M.R. Wilson, Apoptotic signal transduction: emerging path-
ways, Biochem Cell Biol 76 (1998), 573-582.

J.C. Winter, The effects of an extract of Ginkgo biloba,
EGb761, on cognitive behavior and longevity in the rat, Phys-
iol Behav 63 (1998), 425-433.

B.A. Yankner, Mechanisms of neuronal degeneration in
Alzeimer’s disease, Neuron 16 (1996), 921-932.

B.A. Yankner, L.K. Duffy and D.A. Kirschner, Neurotrophic
and neurotoxic effects of amyloid beta protein: reversal by
tachykinin neuropeptides, Science 250 (1990), 279-282.

Z.X. Yao, K. Drieu, L.I. Szweda and V. Papadopoulos, Free
radicals and lipid peroxidation do not mediate beta-amyloid-
induced neuronal cell death, Brain Res 847 (1999), 203-210.
L. Zhu, J. Gao, Y. Wang, X.N. Zhao and Z.X. Zhang, Neurode-
generation induced by verapamil and attenuated by EGh761,
J Basic Clin Physiol Pharmacol 8 (1997), 301-314.



