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More than 12 million individuals worldwide have
Alzheimer’s disease (AD), and it accounts for most
cases of dementia that are diagnosed after the age of
60. AD is clinically characterized by a global decline
of cognitive function that progresses slowly and leaves
end-stage patients bedridden, incontinent and depen-
dent on custodial care. Death occurs, on average,
9 years after diagnosis1. The current standard of care
for mild to moderate AD includes treatment with
acetylcholinesterase inhibitors to improve cognitive
function2, and an NMDA (N-methyl-D-aspartate)
antagonist, memantine, has recently been approved
for the treatment of advanced AD in the United
States (for review see REF. 3). All of these drugs are
safe, but they are of limited benefit to most patients,
because they have only modest symptomatic effects.
Other drugs are used to manage mood disorder,
agitation and psychosis in later stages of the disease,
but no treatment with a strong disease-modifying
effect is currently available. This review provides an
overview of the rationale and the issues that underlie
the development of disease-modifying approaches to
treat AD, and discusses the current status of these
approaches, with particular reference to anti-amyloid
strategies — the main focus of AD drug development
for more than 10 years.

Potential targets for AD modification
One AD treatment strategy is to protect or repair the
neurons that are affected by the disease process without
relying on specific hypotheses about the disease aetiology.
Neurotrophic factor treatments provide such an
approach (BOX 1). However, disease modification might
be accomplished more effectively by addressing specific
targets in a hypothetical disease cascade. Two main 
disease mechanism-based approaches, which have been
studied for more than 10 years, are based on the involve-
ment of two proteins — amyloid-β (Aβ) and tau — 
in AD pathology. Αβ is the main constituent of senile
plaques — one of the key pathological characteristics 
of AD. Tau is the main component of neurofibrillary
tangles, the other hallmark lesion of AD (BOX 2).

Genetic and pathological evidence strongly supports
the amyloid cascade hypothesis of AD, which states that
amyloid-β42 (Aβ42), a proteolytic derivative of the large
transmembrane protein amyloid precursor protein
(APP), has an early and vital role in all cases of AD (FIG. 1).
Aβ42 forms aggregates that are thought to initiate the
pathogenic cascade, leading ultimately to neuronal loss
and dementia4. Although Aβ42 is constitutively pro-
duced, for a long time it was assumed that only Aβ that 
is deposited in compact neuritic plaques is neurotoxic.
However, more recent data indicate that soluble
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Abstract | Treating Alzheimer’s disease (AD) is the biggest unmet medical need in neurology.
Current drugs improve symptoms, but do not have profound disease-modifying effects. Three
main classes of disease-modification approaches can be defined: one that is broadly
neurotrophic or neuroprotective, one that targets specific aspects of AD pathology, and one
that is based on epidemiological observation. This review discusses all three approaches, with
particular emphasis on anti-amyloid strategies — currently the most active area of investigation.
The approaches that are reviewed include secretase inhibition, amyloid-β aggregation inhibition,
immunotherapy and strategies that might indirectly affect the amyloid pathway.

NATURE REVIEWS | NEUROSCIENCE VOLUME 5 | SEPTEMBER 2004 | 677

Amgen Incorporated,
Department of Neuroscience,
M/S 29-2-B, One Amgen
Center Drive, Thousand
Oaks, California 91320,
United States.
e-mail:
mcitron@amgen.com
doi:10.1038/nrn1495



NUCLEUS BASALIS 

A telencephalic nucleus that is
the main provider of cortical
acetylcholine.

NEUROPIL

A felt-like network that is
interspersed between the cells of
the grey matter in the CNS. It
consists of neuronal and glial
processes and synaptic
terminals.

ADJUVANT 

An agent mixed with an antigen
that enhances the immune
response to that antigen upon
immunization.
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Nevertheless, two companies have completed Phase II
clinical trials of compounds that supposedly work 
primarily through an anti-aggregation mechanism.
Neurochem Incorporated has developed glycosamino-
glycan mimetics, which have been tested in a 3-month
Phase II clinical trial, followed by an additional 13 months
of open label extension study. Eighteen patients with
mild-to-moderate AD who received the trial product 
for 16 months scored better than historical controls on 
a standard cognition scale, the ADAS-cog, and the 
company is planning a Phase III trial (Neurochem,
unpublished data).

Zinc is reported to be crucial for Aβ aggregation, and
zinc chelation with the antibiotic clioquinol has been
reported to lower amyloid burden in vivo 8. Clioquinol
has been used in a small pilot Phase II trial by Prana
Incorporated, in which 36 patients received the treat-
ment for 36 weeks. No significant cognition score differ-
ences were observed in the treated group, but post hoc
stratification by illness severity revealed a significant
clinical effect of treatment in the more severely affected
group. However, only the less severely affected group
showed a significant reduction in plasma Aβ42. Further
trials are planned9.

Anti-amyloid immunotherapy
Anti-amyloid immunotherapy for AD has received 
considerable attention following the publication of the
Elan Corporation’s landmark paper10, which reported
that amyloid pathology was reduced in an APP trans-
genic mouse model after vaccination with aggregated
Aβ42. The outcomes of Aβ plaque burden, neuritic 
dystrophy and gliosis were all shown to be significantly
improved by vaccination in both young and old animals.
The mechanism that resulted in plaque reduction did
not seem to produce any obvious signs of damage to the
NEUROPIL of Aβ42-immunized animals. The authors
hypothesized that Aβ42 immunization augments a
highly specific immune response to clear Aβ, which
markedly reduced the pathology in the animal model10.
The reduction in amyloid pathology was subsequently
reproduced in several studies using different transgenic
mouse models11,12.

Antibody-mediated resolution of peripheral light
chain-associated amyloid deposits had been demon-
strated previously13. However, for the Aβ vaccination
experiments, it was not possible to rule out direct effects
of the injected Aβ aggregates, a role of the ADJUVANT,
or involvement of a T-cell response. The Elan group
reported that direct peripheral administration of mouse
antibodies raised against human Aβ to a mouse amyloid
model mimicked the effects of vaccination on amyloid
burden. However, when the mouse splenocytes were
examined in vitro no T-cell proliferative response to 
Aβ was seen, indicating that a T-cell response is not
required for amyloid plaque reduction. The animals
were also shown to have no abnormal leakage at the
blood–brain barrier (BBB)14. BBB permeability of
proteins was specifically investigated in a different trans-
genic model, and there was no evidence of extensive
BBB damage, even in older mice with massive amyloid

oligomeric species also have toxic properties5,6. It is now
thought that the formation of toxic aggregates is the first
truly pathological step, and many groups are working to
define the exact nature of the pathogenic species.

Blocking Aββ aggregation
On the basis of these data, it would seem attractive in
principle to identify brain-penetrable small molecule
drugs that interfere with Aβ–Aβ peptide interactions.
Over the past decade, several different assay formats for
the identification of nucleation and deposition inhibitors
have been described and screened. However, only a few
aggregation inhibitors have moved into clinical testing.
We can only speculate on whether it was simply not fea-
sible to generate potent drug-like molecules that block
Aβ–Aβ peptide interaction in a specific fashion, or
whether this approach was never prioritized because
decision makers felt uncomfortable committing to this
unvalidated mechanism of action for a drug. Certainly,
there is a track record of failure in trying to interfere
specifically with protein–protein interaction using small
molecules7.

Box 1 | Nerve growth factor

Although there is no evidence that nerve growth factor (NGF) is involved in
Alzheimer’s disease (AD), a wealth of animal studies indicate that NGF
administration reverses cholinergic atrophy in the NUCLEUS BASALIS in various
treatment models. In a clinical trial with three patients, intrathecal NGF infusion
resulted in a slight cognitive benefit, but also led to significant back pain and weight
loss87. Working on the assumption that these side effects could be avoided by
delivering the factor to precise cellular targets, a small clinical Phase I trial of NGF
gene therapy in AD was completed. The results were interpreted as being
encouraging enough for larger, controlled trials of NGF gene delivery to commence88.
A fundamental issue with neurotrophic approaches for the cholinergic system in AD
is that the neuronal loss in this disease is widespread and that there are multiple
neurotransmitter deficits89. Therefore, NGF therapy for AD seems unlikely to
produce clinical benefits as striking as described for glial cell line-derived
neurotrophic factor infusion in Parkinson’s disease90, where only a localized set of
neurons needs protection/rescue.

Box 2 | Blocking tau pathology

Neurofibrillary tangles consist of paired helical filaments of hyperphosphorylated tau.
As tangle rather than amyloid load has been proposed to correlate with cognitive
impairment91, and as tau pathology alone has been shown to be sufficient to cause
frontotemporal dementia (but not Alzheimer’s disease (AD), for review see REF. 92), it is
generally accepted that blocking tau pathology could have therapeutic benefit, even
though tau pathology might be downstream from amyloid in the pathogenic cascade.
Overall, tau has received much less attention from the pharmaceutical industry than
amyloid, because of both fundamental and practical concerns. At the fundamental level,
the amyloid cascade hypothesis (FIG. 1) indicates that tau pathology might be too far
downstream in the cascade. However, more importantly, tractable targets in the pathway
from tau to tangle formation remain to be identified — tau kinases have been proposed
as targets, but the role of tau phosphorylation and of specific kinases in tangle
formation is not completely understood. Also, well-characterized mouse models of
tangle formation have only recently become available93. Although there are several lines
of evidence that cyclin-dependent kinase 5 (CDK5) could have a crucial role in tangle
formation (see, for example, REF. 94), the generation of highly specific tau kinase
inhibitor drugs that are suitable for the chronic treatment of AD is likely to represent a
considerable challenge.
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endogenous microglia to phagocytose the amyloid. This
mechanism requires antibodies to reach parenchymal
deposits, and evidence was provided for direct binding
of peripherally administered anti-amyloid antibodies to
amyloid deposits in the brain14.

In the same study, the proposed microglial clear-
ance mechanism was modelled in an ex vivo assay, in
which primary microglial cells, with or without the
addition of antibodies, were cultured with unfixed
cryostat sections of brain tissue from APP transgenic
mice or humans with AD. Binding to Aβ plaques in
unfixed sections was the key criterion for efficacy 
in this assay, which predicted the observed in vivo
efficacy for all antibodies studied. F(AB’)

2
FRAGMENTS

of active antibodies could bind to plaques, but were
inactive in the phagocytosis assay.

The correlation between the ex vivo assay and in vivo
efficacy was further strengthened in a recent study,
which addressed epitope specificities of antibodies to
Aβ. Of eleven different anti-Aβ antibodies that were
tested, five antibodies that were directed against the
amino (N)-terminal regions of Aβ could bind to
plaques and evoke plaque clearance ex vivo. However,
the remaining six antibodies, which were specific for the
mid-region or carboxy (C)-terminus of Aβ, failed to
produce this result. The results were compared to the
outcome of an in vivo study, in which a large number 
of PDAPP MICE were vaccinated with various conjugated
peptides that correspond to the epitopes of the eleven
antibodies tested above. High antibody titres to aggre-
gated synthetic Aβ42 were obtained in all animals, but
only sera against the N-terminal peptides could recog-
nize and bind to Aβ in plaques. Soluble monomeric
Aβ42 was captured by less than a third of the sera in the
N-terminal peptide vaccination, but was captured by all
of the other sera. Amyloid burden and neuritic burden
were significantly reduced only in the group that was
vaccinated with the N-terminal peptide19.

These results further support the association of
plaque binding and antibody efficacy, and they also
indicate that capture of soluble Aβ is not required for
reduction of amyloid pathology and neuronal dystro-
phy. In addition, these studies provide the basis for an
alternative approach to active immunization: because
T-cell epitopes to Aβ have been reported to reside in the
mid-to-carboxy-terminal region of the peptide20, it
might be possible to avoid a T-cell response to Aβ (and
the possible side effects that are related to this response)
without compromising efficacy by immunizing with 
N-terminal peptide conjugates19.

Direct resolution of deposits. It has been reported 
that antibodies restricted to amino acids 3–6 of the Aβ
peptide can resolve in vitro aggregated Aβ fibrils, and it
has been proposed that this direct resolution of amyloid
deposits might underlie its therapeutic effects21.
However, how an antibody dissolves an existing, insolu-
ble fibril is not understood. Moreover, the documented
in vivo efficacy of antibodies to different Aβ epitopes
indicates that the effect cannot be pinpointed to amino
acids 3–6 in vivo.

burden15. Amyloid reduction on PASSIVE IMMUNIZATION was
also observed in a different APP transgenic model, the
APP23 mouse, which was originally developed by
Novartis16. This mouse model of cerebral amyloid
angiopathy develops spontaneous haemorrhagic
strokes17. Treatment with an anti-Aβ antibody caused
the levels of haemosiderin-positive cells (a marker of
microbleeds) to increase two-fold above baseline18. It is
not known whether the increase in haemosiderin stain-
ing is specific for the particular transgenic model, or
whether such an effect might be generally associated
with immunotherapy. It is also not known whether this
might be a clinical problem.

These findings raised the important question of how
the antibodies mediate the observed effect. Three
hypotheses that are not mutually exclusive have been
put forward (FIG. 2), and these will be outlined in the 
following three sections.

Microglial activation and phagocytosis of amyloid.
Three publications by Elan provided data in support of
a mechanism that is based on MICROGLIAL activation and
amyloid phagocytosis10,14,19. In this scenario, a small 
proportion of peripherally administered antibody
reaches the CNS, binds to amyloid deposits and triggers

PASSIVE IMMUNIZATION 

The induction of immunity by
the transfer of immunoglobulins.

MICROGLIA 

Phagocytic immune cells in the
brain that engulf and remove
cells that have undergone
apoptosis.

F(AB’)
2

FRAGMENTS 

Dimers of the antigen-binding
portion of an antibody.

PDAPP MICE 

A mouse line that is genetically
altered to develop amyloid
plaques.

Amyloid cascade hypothesis 

Overproduction, decreased clearance or enhanced
aggregation of Aβ42

Aβ42 oligomerization and deposition as diffuse plaques

Subtle effects of Aβ42 oligomers on synapses

Microglial and astrocytic activation (complement, cytokines) 

Progressive synaptic and neuritic injury 

Altered neuronal ionic homeostasis, oxidative injury 

Altered kinase/phosphatase activities → tangles 

Widespread neuronal/neuritic dysfunction and cell death
with transmitter deficits

Dementia

Figure 1 | The amyloid cascade hypothesis. The
sequence of pathogenic events that are thought to lead to
Alzheimer’s disease (AD) is shown4,95. The cascade is initiated
by the generation of amyloid-β42 (Aβ42). In familial early
onset AD, Aβ42 is overproduced owing to pathogenic
mutations. In sporadic AD, various factors can contribute to
an increased load of Aβ42 oligomers and aggregates.
Amyloid-β oligomers might directly injure the synapses and
neurites of brain neurons, in addition to activating microglia
and astrocytes. Tau pathology, which contributes
substantially to the disease process through
hyperphosphorylated tau and tangles, is triggered by Aβ42.
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Clinical studies. On the basis of the preclinical findings,
and after completing Phase I studies, Elan and Wyeth
entered a multicentre, randomized, parallel, double-blind,
placebo-controlled Phase II trial to address safety, tolera-
bility and pilot efficacy of the vaccination. Dosing was 
terminated after four early reports of MENINGOENCEPHALITIS,
but follow-up continued. Symptoms and laboratory find-
ings that were consistent with meningoencephalitis
occurred in 6% of the patients treated with AN1792,
compared with 0% on placebo. Anti-Aβ antibody titres
did not correlate with the occurrence or severity of sym-
ptoms or relapses — three cases had no detectable serum
immunoglobulin G (IgG) against AN1792. Only 3 out of
372 patients in the trial experienced a cerebral haemo-
rrhage during the course of the study: one under placebo
and two under active treatment24. One patient underwent
autopsy that showed an infiltrate of lymphocytes in 
the LEPTOMENINGES, in perivascular spaces and within the
parenchyma. Immunohistochemistry identified 
the meningoencephalitis as consisting of T lymphocytes
— B lymphocytes were not present25.

This single-case neuropathology report25 not only
sheds light on the meningoencephalitis, but also provides
some intriguing evidence to indicate biochemical effi-
cacy of this approach in humans. First, the patient’s brain
contained extensive areas of neocortex with only a few
plaques. Second, the areas of the cortex that were devoid
of plaques contained densities of tangles, neuropil
threads and cerebral amyloid angiopathy, but lacked
plaque-associated dystrophic neurites and astrocyte clus-
ters. Last, in some regions that were devoid of plaques,
Aβ immunoreactivity was associated with microglia.
These findings strongly resemble the changes that were
seen after Aβ immunotherapy in the transgenic mouse
models. Obviously, caution must be exercised in extrapo-
lating from a single case, and there is considerable inter-
individual variation in the pathological features of AD.
However, the observed neuropathology was unusual for
an individual at this stage of the disease, and it implies
that the immune response that was generated against the
peptide elicited clearance of Aβ plaques in this patient25.
A recent neuropathology report of a second immunized
patient shows similar findings26.

At this point, there are no published data about the
effects of AN1792 on cognition in all the immunized
patients. Moreover, because injections were terminated
early, it might never be possible to conclude whether the
vaccination helped the patients.An assessment of cogni-
tive function has been reported only by the clinical inves-
tigators for the Zürich cohort of the vaccination trial. Of
the 30 patients in this cohort, 20 had antibodies that
specifically recognized amyloid plaques on tissue sections.
The ten other patients did not generate such antibodies 
or had very low levels, and these patients were used as
controls. Patients who had generated antibodies against
tissue amyloid scored significantly better on both the
Mini-Mental State Examination and the Disability
Assessment for Dementia rating scale one year after the
immunization, compared with control patients27.
Although these data are intriguing, the size of the cohort
is too small to arrive at any firm conclusions on efficacy,

Capture of soluble Aβ (peripheral sink). The monoclonal
antibody 266, which shows unusually high (picomolar)
affinity for soluble Aβ, does not bind to plaques,
but shows efficacy in amyloid reduction on passive
administration. It was proposed that the antibody, at
concentrations that are sufficient to produce detectable
cerebrospinal fluid levels, captures soluble Aβ and 
produces a net flux of Aβ from the CNS to the periphery,
which, over an extended time period, would lead 
to decreased parenchymal amyloid load22. Antibody
266 is unique in the scientific literature in that its 
efficacy does not depend on binding to brain amyloid
deposits. Several (lower affinity) antibodies that re-
cognize only soluble Aβ did not show efficacy in the
Elan Corporation’s studies14,19, and vaccination with
peptides that reflect the 266 epitope was also not 
efficacious19. So, chronic capture of soluble Aβ species
might contribute to the observed amyloid reduction,
but very high affinity to soluble Aβ might be required
to reduce parenchymal amyloid in the absence of
other mechanisms.

In addition to pathology readouts, several pub-
lications have reported improved behavioural perfor-
mance in memory tasks in APP transgenic mice after
active or passive immunization. In these studies, the
improvement in behaviour generally exceeded the re-
duction in amyloid load11,12. In particular, Dodart et al.
reported rapid reversal of memory deficits after a 
single administration of antibody, without a change in 
amyloid load23. This symptomatic improvement could
be due to clearance of soluble toxic Aβ species 
that directly affect cognitive function but do not 
contribute markedly to the overall amyloid load.
However, there is currently no direct evidence to 
support this hypothesis.

MENINGOENCEPHALITIS 

An inflammatory process
involving the brain and
meninges, most often produced
by pathogenic organisms that
invade the central nervous
system, and occasionally by
toxins, autoimmune disorders
and other conditions.

LEPTOMENINGES 

The collective term for the pia
mater and arachnoid layers of
the meninges.

a Microglia mediated b Direct resolution c Peripheral sink

BBB

Figure 2 | Models of antibody-mediated amyloid clearance. Three models that are not
mutually exclusive have been proposed. a | Small amounts of anti-amyloid antibodies reach
amyloid deposits in the brain and trigger a phagocytic response by microglia. b | Anti-amyloid
antibodies reach amyloid deposits in the brain and resolve them directly through interaction of
the antibody with the amyloid deposit. c | Anti-amyloid antibodies act as a peripheral sink for
soluble amyloid-β species, leading ultimately to the resolution of brain deposits by mass
action. BBB, blood–brain barrier.
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membrane proteins that are α-secretase substrates.
The potential side effects of this approach are not known.

α-Secretase stimulation has been explored in depth
in the context of M1 muscarinic receptor agonists,
which, in principle, might function as cognition
enhancers, and could also influence disease progression
if they have an important impact on brain Aβ produc-
tion (for review see REF. 30). In a small trial, M1-agonist
treatment of patients with AD decreased cerebrospinal
fluid levels of Aβ42 (REF. 31). It will be important to
establish whether it is possible to generate M1-specific
agonists that do not cause side effects by activating other
muscarinic receptors.

γ-Secretase inhibition. Most of the worldwide resources
for anti-amyloid therapy have focused on the inhibition
of Aβ42 production through secretase inhibitors. Long
before β- and γ-secretase were identified, it was clear
that protease inhibitors that specifically block these
enzymes could have value, and this approach was not
unprecedented in drug development: inhibitors of pro-
teases such as angiotensin-converting enzyme or HIV
protease had already been successfully developed.

Since 1992, it has been known that cells that endo-
genously express β- and γ-secretase enzymes secrete 
significant quantities of Aβ into the culture medium
when they are transfected to overexpress APP32,33. Many
companies screened large collections of compounds to
identify molecules that reduce Aβ production in the
absence of overt toxicity. Secondary assays were then
used to determine whether β- or γ-secretase activity 
had been inhibited. This approach only identified 
γ-secretase pathway inhibitors, and the potent com-
pounds inhibited the production of all Aβ isoforms.
Medicinal chemistry programmes ultimately led to
drug-like molecules that could reduce plasma and 
soluble brain Aβ in mice only a few hours after a single
administration34,35. In 2001, Bristol-Myers Squibb
announced that the first γ-secretase inhibitor had
entered Phase II clinical trials (Molinoff, P. et al., unpub-
lished data). The results of this trial have not been 
published, and most other companies have not 
disclosed anything about the development status of
their γ-secretase-inhibitor programmes. An exception is
the recent publication of a 6-week Phase II trial of
a functional γ-secretase inhibitor by Lilly, which demon-
strated a significant decrease in Aβ concentration in
plasma, but not in cerebrospinal fluid, at a dose that was
tolerated well during the short trial36.

While γ-secretase inhibitor efforts were under way,
important progress was also made in understanding 
the biology of the enzyme. Data from several groups
have led to the consensus that γ-secretase is an unusual
transmembrane protease complex consisting of at least
four proteins — presenilin, nicastrin, anterior pharynx
(APH1) and presenilin enhancer 2 (PEN2) (for review,
see REF. 37). Overexpression of these four proteins is 
sufficient to produce observable γ-secretase activity in
yeast38, but reconstitution from purified components
has not yet been accomplished, and the structure of
the active site remains unknown. From the beginning,

in particular because the control group showed a rela-
tively steep disease progression. Elan and Wyeth
announced that an investigational new drug application
on passive immunization has been filed and that Phase I
clinical trials would start soon (Elan Corporation,
unpublished data).

Modulation of Aββ production
The most direct approach in anti-amyloid therapy is
reduction of Aβ42 production. Aβ is generated proteo-
lytically from a large precursor molecule, APP, by the
sequential action of two proteases, β-secretase and 
γ-secretase (FIG. 3). A third protease, α-secretase, which
competes with β-secretase for the APP substrate, can
preclude the production of Aβ by cleaving the peptide
in two. This outline immediately points to three strate-
gies to reduce Aβ: inhibition of β-secretase, inhibition 
of γ-secretase and stimulation of α-secretase. These
strategies have all been actively pursued for more than 
a decade.

α-Secretase stimulation. α-Secretase pathway stimulation
leads to a reduction of the APP substrate that is available
for Aβ formation, and it was demonstrated early on that
this pathway can be stimulated through cell-surface
receptors28,29. However, it needs to be remembered that
much more APP enters the α- than the β-secretase path-
way, so the desired reduction in Aβ requires a marked
change in the metabolism of both APP and various other

APP

α-Secretase β-Secretase

Aβ40p3

γ-Secretase

Aβ42

γ-Secretase

C99C83 β-APPsα-APPs

Figure 3 | Amyloid precursor protein (APP) and its metabolites. The protein sequences are
not drawn to scale. The transmembrane protein APP (membrane indicated in green) can be
processed along two main pathways, the α-secretase pathway and the amyloid-forming β-
secretase pathway. In the α-secretase pathway, α-secretase cleaves in the middle of the amyloid-
β region (orange) to release a large soluble APP-fragment, α-APPs (blue). The carboxy (C)-
terminal C83 peptide is metabolized to p3 by γ-secretase. In the amyloid-forming β-secretase
pathway, β-secretase releases a large soluble fragment, β-APPs (blue). The C-terminal C99
peptide is then cleaved by γ-secretase at several positions, leading to the formation of amyloid-
β40 (Aβ40) and the pathogenic amyloid-β42 (Aβ42). γ-Secretase cleavage also releases the APP
intracellular domain (AICD), which could have a role in transcriptional regulation37. The effects of β-
and γ-secretase inhibitors can be distinguished in secondary assays: both inhibitor classes block
the formation of pathogenic Aβ42, but β-secretase inhibitors also block the formation of β-APPs
and C99, whereas γ-secretase inhibitors also block the formation of p3 and the APP C-terminal
fragment (yellow), leading to accumulation of C99 and C83.
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that these compounds directly modulate γ-secretase or its
substrate, because the effect is observed in cells that lack
the NSAID targets cyclo-oxygenase I (COX1) and II
(COX2)44. Other known non-COX targets of NSAIDs,
such as lipoxygenases, peroxisome proliferative activated
receptor-gamma (PPAR-γ), inhibitor of κB kinase (IκK)
and nuclear factor-κB (NF-κB)45 are not affected, and the
effect can be demonstrated in a cell-free assay46. If more
potent compounds that use this Aβ42 modulator mech-
anism could be generated, thereby circumventing the
Notch-related side effects of total γ-secretase inhibition,
γ-secretase could re-emerge as a viable drug target.

β-Secretase inhibition. For several years, γ-secretase
attracted most of the attention in drug discovery,
because potent inhibitors could be easily identified.
However, the realization that presenilin might be a 
γ-secretase component47, and the subsequent problems
with inhibition of Notch cleavage, led to a renewal in
interest in the other protease, β-secretase. This enzyme is
currently the focus of many studies looking for a molec-
ular target in the amyloid pathway.

In 1999, β-secretase was identified as the transmem-
brane aspartic protease beta-site APP-cleaving enzyme 1
(BACE1) (REFS 48–51), which, together with its homo-
logue BACE2 (REF. 52), forms a new branch of the pepsin
family (FIG. 5). Currently, the physiological role of BACE2
and its substrates are unknown, but the enzyme does
not seem to have a key role in APP processing, and it 
is not considered to be a drug target for AD (for review,
see REF. 53). Although the transmembrane domain is 
a new feature of a mammalian aspartic protease,
β-secretase seems to be a fairly ‘normal’ enzyme other-
wise, and would probably not attract much interest were
it not implicated in AD. BACE1 is a type I transmem-
brane protein with the active site on the lumenal side of
the membrane where β-secretase cleaves APP. Tissue
culture and animal studies indicated that β-secretase is
expressed in all tissues, but the levels are higher in neu-
rons of the brain. Interestingly, four recent publications
report increased β-secretase activity in sporadic AD54–57,
but it remains to be established whether this apparent
BACE1 overexpression has an important role in the
pathogenic cascade of sporadic AD.

The lethal phenotype of the presenilin-knockout
mice, combined with concerns about mechanism-based
toxicity of γ-secretase inhibitors, provided a strong incen-
tive for analyzing BACE1-knockout mice to identify
potential side effects of pharmacological β-secretase
inhibition (for a discussion of the predictive value of
knockout phenotypes for pharmacological intervention
see REF. 58). The finding that β-secretase-knockout mice
are deficient in Aβ production, which was independently
reported by three groups, was not unexpected, but it did
provide in vivo validation of BACE1 as β-secretase, and it
demonstrated that there is no compensatory mechanism
for β-secretase cleavage in mice59–61. This is desirable for
inhibitor development. The more exciting and unex-
pected aspect of the knockout studies was the lack of
serious problems due to β-secretase ablation, even
though, on theoretical grounds, there should be BACE1

one of the fundamental concerns about therapeutic 
secretase inhibition was that the secretases are likely to
have other protein substrates, and inhibiting the cleavage
of these substrates could have detrimental effects. Before
the secretase enzymes were identified, this concern could
only be addressed for individual compounds in compre-
hensive toxicology studies. However, the identification of
the γ-secretase components and the generation of gene
targeted models allowed the testing of specific hypo-
theses, and led to the rapid identification of several 
γ-secretase substrates other than APP, including the notch
receptor 1 (NOTCH1)39, the Notch ligands delta-like
protein 1 (DELTA1) and Jagged2 (JAG2), v-erb-a 
erythroblastic leukaemia viral oncogene homologue 4
(ERBB4) and others (reviewed in REF. 37).

The finding that knockout of the γ-secretase compo-
nent presenilin 1 caused a lethal phenotype similar to a
NOTCH1 knockout39 indicated that γ-secretase cleavage
of NOTCH1 is essential during embryonic develop-
ment. This led to analyses of the effects of γ-secretase
inhibitors on thymocyte differentiation (known to be
NOTCH1-dependent) in organ culture systems, where
they were found to reduce thymocyte numbers and
block thymocyte differentiation40,41. Recently, chronic 
in vivo administration of one potent γ-secretase
inhibitor at doses that inhibited Aβ production was
shown to block thymocyte differentiation, inhibit
splenic B-cell maturation and cause profound changes
in the gastrointestinal tract. The observed toxic effects
were dose-dependent, probably all Notch-related, and
assumed to be mechanism-based, because they were not
observed with a structurally related diastereoisomer that
is a much weaker γ-secretase inhibitor42.

Currently, it is unclear whether therapeutically useful
potent γ-secretase inhibitors can be generated. However,
in 2001, a new twist to the γ-secretase problem emerged.
It was shown that, at very high concentrations, certain
non-steroidal anti-inflammatory drugs (NSAIDs) can
somehow modulate γ-secretase cleavage, such that Aβ42
is reduced. At the same time the production of a smaller
isoform, amyloid-β38, which is expected to be less
prone to aggregation than Aβ42 (REF. 43), is increased.
However, Notch cleavage (corresponding to the 49 posi-
tion of Aβ) was not blocked44 (FIG. 4). The assumption is

APP Aβ peptide

1

BACE1 γ-Secretase
β 40 49

38 42

Certain NSAIDs

Figure 4 | Modulation of γγ-secretase cleavage by non-steroidal anti-inflammatory drugs.
Certain non-steroidal anti-inflammatory drugs (NSAIDs) affect the ratio of amyloid-β isoforms,
presumably by direct modulation of γ-secretase cleavage. At high concentrations, these NSAIDs
reduce amyloid-β42 production while increasing amyloid-β38 production, whereas amyloid-β40
and notch gene homologue 1 (NOTCH1) cleavage (corresponding to position 49) are not
affected44. BACE1, β-site APP-cleaving enzyme I.
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generation of small molecules with the desired phar-
macokinetic properties is more difficult (for review,
see REF. 71). In the case of β-secretase, an additional
hurdle comes into play: the X-ray crystal structure
reveals a large active site72.

Treatment approaches based on epidemiology
Two key treatment approaches for AD have been driven
by retrospective epidemiology: NSAIDs and cholesterol-
lowering agents. However, in both cases, the exact target
in the disease cascade remains to be elucidated. The
pathology of AD clearly has an inflammatory compo-
nent73, and a large body of epidemiological evidence
indicates that reduced risk for AD is associated with 
the use of a subset of NSAIDs74. A small trial of indo-
methacin hinted at an improvement75, but large
placebo-controlled trials of specific COX2 inhibitors 
in AD have not been successful76,77, implying that inhibi-
tion of this target does not change the disease course.
Likewise, in a randomized controlled trial, a low dose 
of the traditional non-selective NSAID naproxen did
not slow cognitive decline in patients with mild-to-
moderate AD77. As discussed above, some NSAIDs (but
not the two COX2 inhibitors or naproxen, which failed
in AD trials) specifically lower Aβ42 production at 
high doses44. Chronic administration of high doses of
ibuprofen also leads to a reduction in amyloid load and
microglial activation in APP transgenic mice in vivo78,79,
indicating that the therapeutic effects of NSAIDs might
be mediated by their direct or indirect effects on Aβ
generation. Ultimately, only extended clinical trials that
compare several compounds including Aβ42-lowering
NSAIDs will establish whether NSAIDs can slow disease
progression, and if so, whether this is related to the
Aβ42-reducing effect.

Cholesterol-lowering ‘statins’ as a potential treat-
ment for AD are also supported by retrospective 
epidemiology 80,81, and it is intriguing that apolipo-
protein E4 (APOE4), the main genetic risk factor for
AD82, is associated with increased plasma cholesterol83.
Several in vitro and in vivo studies have shown that 
APP processing is cholesterol-dependent, and that 
cholesterol depletion leads to reduced Aβ production
through mechanisms that are not completely under-
stood. However, several of these studies used severely
perturbed systems, and it is still unclear whether notable
changes in human brain Aβ metabolism will result from
lowering cholesterol levels under physiological condi-
tions (for review, see REF. 84). The finding that inhibitors
of acyl-coenzyme A cholesterol acyltransferase (ACAT),
which catalyzes the formation of cholesteryl-esters from
cholesterol, reduce Aβ production85 supports the
hypothesis that physiological changes to cholesterol
metabolism can reduce the amyloid load. However,
we cannot exclude the possibility that the reported 
beneficial effects of statins result from their anti-
inflammatory actions86 rather than their direct effects
on cholesterol metabolism. Prospective data on statin
therapy for AD are mixed (for review, see REF. 84), and
more prospective randomized treatment trials of statins
in AD are needed.

substrates other than APP62, and two candidates were
identified in recent publications63–65. Young BACE1-
knockout mice were found to be healthy and fertile. A
detailed analysis demonstrated that the knockout mice
are normal in terms of gross morphology and anatomy,
tissue histology, haematology and clinical chemistry59.

These studies were recently extended to include gene
expression profiling, and phenotypic assessment of
older BACE1-knockout mice. No global compensatory
changes in neural gene expression were detected in
young BACE1-knockout mice. In particular, expression
of BACE2 was not upregulated. In BACE1 knockout
mice that were aged to 14 months, no structural alter-
ations in any organ, including all central and peripheral
neural tissues, were found. Older BACE1-knockout
mice that were engineered to overexpress APP did not
develop amyloid deposits, reinforcing the idea that the
mouse brain has no notable alternative mechanism for
APP cleavage that could compensate for the absence of
BACE1 and drive plaque formation over time66.

Initial behavioural analysis of the knockout mice 
generated by Roberds et al. showed no obvious deficits in
basal neurological and physiological functions61. How-
ever, a timid and less exploratory pattern of behaviour
correlating with increased 5-hydroxytryptamine (5-HT,
serotonin) turnover in the hippocampus was reported 
in BACE1-knockout mice, raising the possibility that
BACE1 could have a role in neurotransmitter turnover
or release67. A recent study analyzed the effect of BACE1
knockout on memory function in one of the standard
APP transgenic mouse models of amyloid formation,
Tg2576 (REF. 68), and BACE1 deficiency was found to res-
cue memory deficits and cholinergic dysfunction69. More
studies on the behaviour of BACE1-knockout mice are
needed to fully understand the more subtle cognitive and
behavioural consequences of β-secretase ablation.

Taken together, the absence of Aβ production and
distinct pathology in the BACE1- knockout mice is
quite encouraging for β-secretase drug development,
in particular in comparison to the γ-secretase situa-
tion. Although the biology of β-secretase inhibition
seems to be a promising line of inquiry, inhibitor devel-
opment is proving to be challenging (for details, see
REFS 53,70). For aspartic proteases, potent and specific
peptidic inhibitors can usually be identified, but the

BACE1

BACE2

Pepsinogen A

Cathepsin E

Cathepsin D

Renin
MMLV asp
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Figure 5 | Evolutionary tree showing the relationships between BACE1, BACE2 and other
aspartic proteases. BACE1 and BACE2 (beta-site APP-cleaving enzymes I and II) define a new
family of transmembrane aspartic proteases. They are most closely related to the pepsin family, only
a few members of which are expressed in humans. BACE1 and BACE2 are more distantly related to
the retroviral aspartic proteases, which include the important drug target HIV protease. MMLV,
mouse Moloney leukaemia virus; RSV, Rous sarcoma virus.
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advanced stage AD). Because of the slow progression
from normal, or very early symptomatic stage, to AD,
primary and secondary prevention studies require large
numbers of patients, treated for several years. Few agents
can be tested in this way, and most trials will probably
continue in patients with mild-to-moderate AD.

In the near future, molecules that represent several of
the strategies outlined above will enter clinical trials or
move to the next stage. If side effects do not force early
termination of trials, we will find out, in the next few
years, whether the promise of disease modification by
any of these strategies can be fulfilled. Many questions
remain to be answered. Can aggregation inhibitors 
that lower amyloid burden in humans be made? Can
safe secretase inhibitor drugs be identified? Does
immunotherapy lower amyloid burden in man, and
what is the main mechanism? Do statins and/or
NSAIDs affect disease progression and, if so, by what
mechanism? Will lowering amyloid burden translate
into cognitive stabilization or even improvement? If
they are successful, anti-amyloid drugs would be the
first to address the pathogenic mechanism of a CNS 
disease, and they could become the standard of care in
AD, ideally used in early symptomatic treatment or even
for primary prevention.

Conclusions and future prospects
To date, none of the disease modification strategies 
discussed in this review have been thoroughly tested for
efficacy in the clinic. Initial positive results in small
Phase II trials might be sufficiently encouraging to con-
tinue development, but in the history of drug develop-
ment there are numerous precedents for Phase III trials
that did not fulfil the promise of early Phase II data.
Epidemiological data might be intriguing, but they
could be flawed in various ways. In the absence of
accepted biomarkers, only lengthy large-scale Phase III
clinical trials with cognition readout can show whether
an AD drug really modifies disease.

The prediction would be that all of the disease modi-
fication strategies discussed here would be most effective
for prevention and least effective for late-stage disease,
when severe pathology is established and massive neu-
ronal loss has taken place. Clinical trial design will be
influenced by three considerations. From a scientific
perspective, it would be desirable to treat patients as
early as possible, ideally presymptomatic individuals.
However, the risk–benefit ratio is better for patients in
advanced stages of disease (only a small inherent risk in
new drugs is acceptable for presymptomatic individuals,
whereas a greater risk is accepted in patients with

1. Davis, K. L. & Samuels, S. C. in Pharmacological
Management of Neurological and Psychiatric Disorders (eds
Enna, S. J. & Coyle, J. T.) 267–316 (McGraw–Hill, New York,
1998).

2. Doody, R. S. Therapeutic standards in Alzheimer disease.
Alzheimer Dis. Assoc. Disord. 13 (Suppl.), 20–26 (1999).

3. Ferris, S. H. Evaluation of memantine for the treatment of
Alzheimer’s disease. Expert Opin. Pharmacother. 4,
2305–2313 (2003).

4. Hardy, J. & Selkoe, D. J. The amyloid hypothesis of
Alzheimer’s disease: progress and problems on the road to
therapeutics. Science 297, 353–356 (2002).
An updated summary of the amyloid hypothesis.

5. Walsh, D. M. et al. Naturally secreted oligomers of amyloid
protein potently inhibit hippocampal long-term potentiation
in vivo. Nature 416, 535–539 (2002).

6. Gong, Y. et al. Alzheimer’s disease-affected brain: presence
of oligomeric Aβ ligands (ADDLs) suggests a molecular
basis for reversible memory loss. Proc. Natl Acad. Sci. USA
100, 10417–10422 (2003).

7. Drews, J. Drug discovery: a historical perspective. Science
287, 1960–1964 (2000).

8. Cherny, R. A. et al. Treatment with a copper-zinc chelator
markedly and rapidly inhibits β-amyloid accumulation in
Alzheimer’s disease transgenic mice. Neuron 30, 665–676
(2001).

9. Ritchie, C. W. et al. Metal-protein attenuation with
iodochlorhydroxyquin (clioquinol) targeting Aβ amyloid
deposition and toxicity in Alzheimer disease. Arch. Neurol.
60, 1685–1691 (2003).

10. Schenk, D. et al. Immunization with amyloid-β attenuates
Alzheimer-disease-like pathology in the PDAPP mouse.
Nature 400, 173–177 (1999).
The first publication on a vaccination approach for
AD.

11. Morgan, D. et al. Aβ peptide vaccination prevents memory
loss in an animal model of Alzheimer’s disease. Nature 408,
982–985 (2000).

12. Janus, C. et al. Aβ peptide immunization reduces
behavioural impairment and plaques in a model of
Alzheimer’s disease. Nature 408, 979–982 (2000).

13. Hrncic, R. et al. Antibody-mediated resolution of light chain-
associated amyloid deposits. Am. J. Pathol. 157,
1239–1246 (2000).

14. Bard, F. et al. Peripherally administered antibodies against
amyloid β-peptide enter the central nervous system and
reduce pathology in a mouse model of Alzheimer disease.
Nature Med. 6, 916–919 (2000).

15. Poduslo, J. F., Curran, G. L., Wengenack, T. M., Malester, B.
& Duff, K. Permeability of proteins at the blood-brain barrier

in the normal adult mouse and double transgenic mouse
model of Alzheimer’s disease. Neurobiol. Dis. 8, 555–567
(2001).

16. Sturchler-Pierrat, C. et al. Two amyloid precursor protein
transgenic mouse models with Alzheimer’s disease like
pathology. Proc. Natl Acad. Sci. USA 94, 13287–13292
(1997).

17. Winkler, D. T. et al. Spontaneous hemorrhagic stroke in a
mouse model of cerebral amyloid angiopathy. J. Neurosci.
21, 1619–1627 (2001).

18. Pfeifer, M. et al. Cerebral hemorrhage after passive anti-Aβ
immunotherapy. Science 298, 1379 (2002).

19. Bard, F. et al. Epitope and isotype specificities of antibodies
to β-amyloid peptide for protection against Alzheimer’s
disease like neuropathology. Proc. Natl Acad. Sci. USA 100,
2023–2028 (2003).

20. Monsonego, A. Immunogenic aspects of amyloid β-peptide:
implications for pathogenesis and treatment of Alzheimer’s
disease. Neurobiol. Aging 23 (Suppl.), 112 (2002).

21. Frenkel, D., Katz, O. & Solomon, B. Immunization against
Alzheimer’s β-amyloid plaques via EFRH phage
administration. Proc. Natl Acad. Sci. USA 97, 11455–11459
(2000).

22. DeMattos, R. B. et al. Peripheral anti-Aβ antibody alters
CNS and plasma Aβ clearance and decreases brain Aβ
burden in a mouse model of Alzheimer’s disease. Proc. Natl
Acad. Sci. USA 98, 8850–8855 (2001).

23. Dodart, J. C. et al. Immunization reverses memory deficits
without reducing brain Aβ burden in Alzheimer’s disease
model. Nature Neurosci. 5, 452–457 (2002).

24. Orgogozo, J. M. et al. Subacute meningoencephalitis in a
subset of patients with AD after Aβ42 vaccination.
Neurology 61, 46–54 (2003).

25. Nicoll, J. A. R. et al. Neuropathology of human Alzheimer
disease after immunization with amyloid-β peptide: a case
report. Nature Med. 9, 448–452 (2003).
First report to indicate that anti-Aββ immunotherapy
reduces plaque pathology in humans.

26. Ferrer, I., Rovira, M. B., Guerra, M. L. S., Rey, M. J. & Costa-
Jussa, F. Neuropathology and pathogenesis of encephalitis
following amyloid-β immunization in Alzheimer’s disease.
Brain Pathol. 14, 11–20 (2004).

27. Hock, C. et al. Antibodies against β-amyloid slow cognitive
decline in Alzheimer’s disease. Neuron 38, 547–554 (2003).

28. Nitsch, R. M., Slack, B. E., Wurtman, R. J. & Growdon, J. H.
Release of Alzheimer amyloid precursor derivatives
stimulated by activation of muscarinic acetylcholine
receptors. Science 258, 304–307 (1992).
First demonstration that muscarinic agents can
modulate APP processing.

29. Buxbaum, J. D. et al. Cholinergic agonists and interleukin 1
regulate processing and secretion of the Alzheimer β/A4
amyloid precursor protein. Proc. Natl Acad. Sci. USA 89,
3055–3059 (1992).

30. Fisher, A. M1 muscarinic agonists: their potential in
treatment and as disease-modifying agents in Alzheimer’s
disease. Drug Dev. Res. 50, 291–297 (2000).

31. Hock, C. et al. Treatment with the selective muscarinic m1
agonist talsaclidine decreases cerebrospinal fluid levels of
Aβ42 in patients with Alzheimer’s disease. Amyloid 10, 1–6
(2003).

32. Haass, C. et al. Amyloid β-peptide is produced by cultured
cells during normal metabolism. Nature 359, 322–325 (1992).

33. Shoji, M. et al. Production of the Alzheimer amyloid β protein
by normal proteolytic processing. Science 258, 126–129
(1992).

34. Dovey, H. F. et al. Functional γ-secretase inhibitors reduce 
β-amyloid peptide levels in brain. J. Neurochem. 76,
173–181 (2001).

35. Lanz, T. A. et al. The γ-secretase inhibitor N-[N-(3,5-
Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester
reduces Aβ levels in vivo in plasma and cerebrospinal fluid in
young (plaque-free) and aged (plaque bearing) Tg2576
mice. J. Pharmacol. Exp. Ther. 305, 864–871 (2003).

36. Siemers, E. R. et al. in 56th Annual Meeting of the American
Academy of Neurology abstr. S17.001 (San Francisco, USA,
2004).

37. DeStrooper, B. Aph-1, Pen-2, and Nicastrin with Presenilin
generate an active γ-secretase complex. Neuron 38, 9–12
(2003).
Recent review of the complex biology of γγ-secretase.

38. Edbauer, D. et al. Reconstitution of γ-secretase activity.
Nature Cell Biol. 5, 486–488 (2003).

39. DeStrooper, B. et al. A presenilin-1-dependent γ-secretase-
like protease mediates release of Notch intracellular domain.
Nature 398, 518–522 (1999).
Demonstration that Notch signalling depends on 
γγ-secretase activity, affecting the development 
of γγ-secretase inhibitor drugs.

40. Hadland, B. K. et al. γ-secretase inhibitors repress
thymocyte development. Proc. Natl Acad. Sci. USA 98,
7487–7491 (2001).

41. Doerfler, P., Shearman, M. S. & Perlmutter, R. M. Presenilin-
dependent γ-secretase activity modulates thymocyte
development. Proc. Natl Acad. Sci. USA 98, 9312–9317
(2001).

42. Wong, G. T. et al. Chronic treatment with the γ-secretase
inhibitor LY-411,575 inhibits β-amyloid peptide production
and alters lymphopoiesis and intestinal cell differentiation. 
J. Biol. Chem. 279, 12876–12882 (2004).



NATURE REVIEWS | NEUROSCIENCE VOLUME 5 | SEPTEMBER 2004 | 685

R E V I E W S

43. Jarrett, J. T., Berger, E. P. & Lansbury, P. T. Jr. The carboxy
terminus of the β amyloid protein is critical for the seeding of
amyloid formation: implications for the pathogenesis of
Alzheimer’s disease. Biochemistry 32, 4693–4697 (1993).

44. Weggen, S. et al. A subset of NSAIDs lower amyloidogenic
Aβ42 independently of cyclooxygenase activity. Nature 414,
212–216 (2001).
First publication to show an Aββ42 lowering effect of
certain NSAIDs.

45. Sagi, S., Weggen, S., Eriksen, J. L., Golde, T. E. & Koo, E. H.
The non-cyclooxygenase targets of non-steroidal anti-
inflammatory drugs, lipoxygenases, peroxisome proliferator-
activated receptor, inhibitor of κB kinase, and NFκB, do not
reduce amyloid β42 production. J. Biol. Chem. 278,
31825–31830 (2003).

46. Weggen, S. et al. Evidence that nonsteroidal anti-
inflammatory drugs decrease amyloid β42 production by
direct modulation of γ-secretase activity. J. Biol. Chem. 278,
31831–31837 (2003).

47. Wolfe, M. S. et al. Two transmembrane aspartates in
presenilin-1 required for presenilin endoproteolysis and 
γ-secretase activity. Nature 398, 513–517 (1999).

48. Vassar, R. et al. β-Secretase cleavage of Alzheimer’s amyloid
precursor protein by the transmembrane aspartic protease
BACE. Science 286, 735–741 (1999).
First identification of ββ-secretase.

49. Sinha, S. et al. Purification and cloning of amyloid precursor
protein β-secretase from human brain. Nature 402,
537–540 (1999).

50. Yan, R. et al. Membrane-anchored aspartyl protease with
Alzheimer’s disease β-secretase specificity. Nature 402,
533–537 (1999).

51. Hussain, I. et al. Identification of a novel aspartic protease
(Asp2) as β-secretase. Mol. Cell. Neurosci. 14, 419–427
(1999).

52. Saunders, A. J. et al. BACE maps to chromosome 11 and a
BACE homolog, BACE2, resides in the obligate Down
syndrome region of chromosome 21. Science 286, 1255
(1999).

53. Citron, M. β-secretase inhibition for the treatment of
Alzheimer’s disease — promise and challenge. Trends
Pharmacol. Sci. 25, 59–112 (2004).

54. Holsinger, R. M. D., McLean, C. A., Beyreuther, K., Masters,
C. L. & Evin, G. Increased expression of the amyloid
precursor β-secretase in sporadic Alzheimer’s disease. Ann.
Neurol. 51, 783–786 (2002).

55. Fukumoto, H., Cheung, B. S., Hyman, B. T. & Irizarry, M. C.
β-Secretase protein and activity are increased in the
neocortex in Alzheimer disease. Arch. Neurol. 59,
1381–1389 (2002).

56. Yang, L. B. et al. Elevated β-secretase expression and
enzymatic activity detected in sporadic Alzheimer disease.
Nature Med. 9, 3–4 (2003).

57. Li, R. et al. Amyloid β peptide load is correlated with
increased β-secretase activity in sporadic Alzheimer’s
disease patients. Proc. Natl Acad. Sci. USA 101,
3632–3637 (2004).

58. Zambrowicz, B. P. & Sands, A. T. Knockouts model the 100
best-selling drugs — will they model the next 100? Nature
Rev. Drug Discov. 2, 38–51 (2003).

59. Luo, Y. et al. Mice deficient in BACE1, the Alzheimer’s 
β-secretase, have normal phenotype and abolished β-
amyloid generation. Nature Neurosci. 4, 231–232 (2001).

60. Cai, H. et al. BACE1 is the major β-secretase for generation
of Aβ peptides by neurons. Nature Neurosci. 4, 233–234
(2001).

61. Roberds, S. L. et al. BACE knockout mice are healthy
despite lacking the primary β-secretase activity in brain:
implications for Alzheimer’s disease therapeutics. Hum. Mol.
Genet. 10, 1317–1324 (2001).

62. Turner, R. T. et al. Subsite specificity of memapsin 2 
(β-secretase): implications for inhibitor design. Biochemistry
40, 10001–10006 (2001).

63. Kitazume, S. et al. Alzheimer’s β-secretase, β-site amyloid
precursor protein cleaving enzyme, is responsible for
cleavage secretion of a Golgi-resident sialyltransferase.
Proc. Natl Acad. Sci. USA 98, 13554–13559 (2001).

64. Kitazume, S. et al. Characterization of α2,6-sialyltransferase
cleavage by Alzheimer’s β-secretase (BACE1). J. Biol.
Chem. 278, 14865–14871 (2003).

65. Lichtenthaler, S. et al. The cell adhesion protein P-selectin
glycoprotein ligand-1 is a substrate for the aspartyl protease
BACE1. J. Biol. Chem. 278, 48713–48719 (2003).

66. Luo, Y. et al. BACE1 (β-secretase) knockout mice do not
acquire compensatory gene expression changes or
develop neural lesions over time. Neurobiol. Dis. 14, 81–88
(2003).

67. Harrison, S. M. et al. BACE1 (β-secretase) transgenic and
knockout mice: identification of neurochemical deficits and
behavioral changes. Mol. Cell. Neurosci. 24, 646–655
(2003).

68. Hsiao, K. et al. Correlative memory deficits, Aβ elevation,
and amyloid plaques in transgenic mice. Science 274,
99–102 (1996).

69. Ohno, M. et al. BACE1 deficiency rescues memory deficits
and cholinergic dysfunction in a mouse model of Alzheimer’s
disease. Neuron 41, 27–33 (2004).

70. John, V., Beck, J. P., Bienkowski, M. J., Sinha, S. &
Heinrikson, R. L. Human β-secretase (BACE) and BACE
inhibitors. J. Med. Chem. 46, 4625–4630 (2003).

71. Leung, D., Abbenante, G. & Fairlie, D. P. Protease inhibitors:
current status and future prospects. J. Med. Chem. 43,
305–341 (2000).

72. Hong, L. et al. Structure of the protease domain of
memapsin 2 (β-secretase) complexed with inhibitor. Science
290, 150–153 (2000).
Crystal structure of ββ-secretase, which was crucial for
rational inhibitor design.

73. McGeer, P. L. & McGeer, E. G. Inflammation, autotoxicity
and Alzheimer’s disease. Neurobiol. Aging 22, 799–809
(2001).

74. McGeer, P. L., Schulzer, M. & McGeer, E. G. Arthritis and
anti-inflammatory agents as possible protective factors for
Alzheimer’s disease: a review of 17 epidemiological studies.
Neurology 47, 425–432 (1996).

75. Rogers, J. et al. Clinical trial of indomethacin in Alzheimer’s
disease. Neurology 43, 1609–1611 (1993).

76. Sainali, S. M., Ingram, D. M. & Talwaker, S. in 6th
International Stockholm-Springfield Symposium on
Advances in Alzheimer Therapy Abstr. (Stockholm, 2000).

77. Aisen, P. S. et al. Effects of rofecoxib or naproxen vs placebo
on Alzheimer disease progression: a randomized controlled
trial. JAMA 289, 2819–2826 (2003).

78. Lim, G. P. et al. Ibuprofen suppresses plaque pathology and
inflammation in a mouse model for Alzheimer’s disease. 
J. Neurosci. 20, 5709–5714 (2000).

79. Yan, Q. et al. Anti-inflammatory drug therapy alters 
β-amyloid processing and deposition in an animal model of
Alzheimer’s disease. J. Neurosci. 23, 7504–7509 (2003).

80. Jick, H., Zornberg, G. L., Jick, S. S., Seshadri, S. &
Drachman, D. A. Statins and the risk of dementia. Lancet
356, 1627–1631 (2000).

81. Wolozin, B., Kellman, W., Ruosseau, P., Celesia, G. G. &
Siegel, G. Decreased prevalence of Alzheimer disease
associated with 3-hydroxy-3-methyglutaryl coenzyme A
reductase inhibitors. Arch. Neurol. 57, 1439–1443 (2000).

82. Corder, E. H. et al. Gene dose of apolipoprotein E type 4
allele and the risk of Alzheimer’s disease in late onset
families. Science 261, 921–923 (1993).

83. Sing, C. F. & Davignon, J. Role of the apolipoprotein E
polymorphism in determining normal plasma lipid and
lipoprotein variation. Am. J. Hum. Genet. 37, 268–285
(1985).

84. Wolozin, B. Cholesterol and the biology of Alzheimer’s
disease. Neuron 41, 7–10 (2004).

85. Puglielli, L. et al. Acyl-coenzyme A: cholesterol
acyltransferase modulates the generation of the amyloid 
β-peptide. Nature Cell Biol. 3, 905–912 (2001).

86. Adamson, P. & Greenwood, J. How do statins control
neuroinflammation? Inflam. Res. 52, 399–403 (2003).

87. Jonhagen, M. E. et al. Intracerebroventricular infusion of
nerve growth factor in three patients with Alzheimer’s
disease. Dementia Geriat. Cogn. Disord. 9, 246–257 (1998).

88. Tuszynski, M. H. et al. in 56th Annual Meeting of the
American Academy of Neurology abstr. S17.002 
(San Francisco, USA, 2004).

89. Moller, H. J. Reappraising neurotransmitter based
strategies. Eur. Neuropsychopharmacol. 9 (Suppl.), 53–59
(1999).

90. Gill, S. S. et al. Direct brain infusion of glial cell line-derived
neurotrophic factor in Parkinson’s disease. Nature Med. 
9, 589–595 (2003).

91. Arriagada, P. V., Growdon, J. H., Hedley-White, E. T. &
Hyman, B. T. Neurofibrillary tangles, but not senile plaques
parallel duration and severity of Alzheimer’s disease.
Neurology 42, 631–639 (1992).

92. Lee, V. M. Y. & Trojanowski, J. Q. Neurodegenerative
tauopathies: human disease and transgenic mouse models.
Neuron 24, 507–510 (1999).

93. Lewis, J. et al. Neurofibrillary tangles, amyotrophy and
progressive motor disturbance in mice expressing mutant
(P301L) tau protein. Nature Genet. 25, 402–405 (2000).

94. Noble, W. et al. Cdk5 is a key factor in tau aggregation and
tangle formation in vivo. Neuron 38, 555–565 (2003).

95. Hardy, J. & Allsop, D. Amyloid deposition as the central
event in the aetiology of Alzheimer’s disease. Trends
Pharmacol. Sci. 12, 383–388 (1991).

Competing interests statement
The author declares competing financial interests: see Web version
for details. 

Online links

DATABASES
The following terms in this article are linked online to:
Entrez Gene:
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene 
ACAT | APP | BACE1 | BACE2 | COX1 | COX2 | DELTA1 | ERBB4 |
JAG2 | NOTCH1
OMIM: http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=OMIM
Alzheimer’s disease

FURTHER INFORMATION
Encyclopedia of Life Sciences: http://www.els.net/
Alzheimer disease
Access to this interactive links box is free online.




