
els of neurotransmitters. AD appears to disrupt normal
thinking and memory by blocking the transmission of
complex messages between brain cells. The search for
effective agents to treat AD has become a research pri-
ority due to the marked increase in the geriatric popula-
tion worldwide (1-3).

Since the late 1970s, researchers have presented
numerous theories regarding the etiology of AD and
many putative therapeutic strategies for its treatment
have been described. However, despite intensive
research, a safe and effective treatment for AD has not
been identified and the 4.6 million individuals estimated to
be diagnosed worldwide this year can only expect mod-
est improvements with available therapies. The only
agents approved by the FDA and currently available for
the symptomatic treatment of AD include four acetyl-
cholinesterase (AChE) inhibitors (donepezil, galanta-
mine, rivastigmine and tacrine) and one N-methyl-D-
aspartate (NMDA) receptor antagonist (memantine).
However, these therapies have no long-term efficacy and
do not alter disease progression. AD is a multifaceted dis-
ease involving various cellular processes and therefore
may require a multifaceted treatment approach. Thus,
despite years of intensive research efforts, an effective
AD therapy continues to elude researchers. The search
for effective treatment strategies for AD continues, with
special attention focused on the identification of novel tar-
gets for drug development. Those targets that are cur-
rently under active investigation are discussed below (see
also Fig. 1) (4-6).

Targets

Acetylcholinesterase

Acetylcholinesterase (AChE; EC 3.1.1.7), also known
as cholinesterase, is a member of a family of enzymes
that catalyze the hydrolysis of acetylcholine (ACh).
Patients with AD have marked loss of cholinergic neu-
rons in the neocortex and hippocampus, areas associat-
ed with learning, memory, emotional responses and
executive functioning. Blocking the enzyme that
degrades ACh could enhance levels of the neurotrans-
mitter sufficiently to compensate for its deficiency in
patients with AD (7-10).

Foreword

Each month several drug targets will be reviewed or a
complete compilation of the most exciting therapeutic tar-
gets for a specific indication will be presented. Targets
will be selected from DailyDrugNews.com, recent patent
literature, conferences and journals. Trends in the use of
these targets in drug discovery will enable the evaluation
of their relevance and druggability. 
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Introduction

Alzheimer’s disease (AD) was first described over
100 years ago. It is a progressive and ultimately fatal
degenerative brain disorder that primarily affects the
elderly and is the most common cause of dementia and
loss of global function in this population, followed by vas-
cular dementia. AD affects the parts of the brain that con-
trol thought, memory and language. The disease is char-
acterized by senile or neuritic plaques and neurofibrillary
tangles in the brain, together with loss of nerve cells in
the areas of the brain involved in memory and other men-
tal abilities, cerebrovascular alterations and reduced lev-
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Abstract

Despite many years of intensive research efforts,
there is still no effective therapy for the prevention and
treatment of Alzheimer's disease (AD). However, the
search for effective treatment strategies continues,
with special attention focused on the identification of
novel targets for drug development. This article dis-
cusses those targets that are currently under active
investigation, as well as newly identified potential 
targets.



that are produced via β- and γ-secretase-mediated cleav-
age. Aβ42 and Aβ40 are produced when cleavage of APP
occurs in the endoplasmic reticulum and trans-Golgi
apparatus, respectively. Deposition and accumulation of
Aβ in the brain constitute the major pathological features
of AD; Aβ40 is more concentrated in cerebrovascular
plaques, while Aβ42 is predominant in neuritic plaques. A
small fraction of the total Aβ is in a soluble form, the levels
of which correlate with the severity of AD. Aβ plaque depo-
sition has been shown to occur in five distinct phases.
Deposits first develop in the neocortex. In the second
phase, additional allocortical brain regions are involved,
and during the third phase deposits are encountered in
the diencephalic nuclei, putamen, caudate nucleus, sub-
stantia innominata and the magnocellular cholinergic
nuclei of the basal forebrain. Several brainstem nuclei
become involved during the fourth stage. During the fifth

AMPA receptor

The AMPA receptor is a non-NMDA-type ionotropic
transmembrane receptor for the excitatory neurotransmit-
ter glutamate that is involved in learning and memory;
AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazolepropi-
onic acid) is the synthetic ligand for this receptor. Studies
have shown that changes in the number of synaptic
AMPA receptors may be responsible for synaptic plastic-
ity (i.e., the neuronal mechanism required for learning
and memory). AMPA receptor agonists could potentially
help combat the memory loss seen in AD (11-13).

β-Amyloid

β-Amyloid (Aβ) is comprised of amyloidogenic 39-43-
residue fragments of the amyloid precursor protein (APP)
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Fig. 1. Therapeutic targets for the treatment of Alzheimer’s disease. A diagram showing an overall cellular and molecular landscape or 
comprehensive network of connections among the current therapeutic targets for the treatment of Alzheimer’s disease and their biolog-
ical actions (arrow: positive effect; dash: negative effect). Abbreviations: 5HT1A-R: 5-HT1A receptor; 5HT4-R: 5-HT4 receptor; 5HT6-R:
5-HT6 receptor; Abeta: β-amyloid peptide; ACh: acetylcholine; AChE: acetylcholinesterase; AMPA-R: AMPA receptor; AR: androgen
receptor; BACE1: β-secretase; BCAT: branched-chain-amino-acid transaminase; BChE: butyrylcholinesterase; Ca2+ Ch: calcium chan-
nels (N-, P/Q-, R- and T-type); CB1-R: cannabinoid receptor type 1; CDK5: cyclin-dependent kinase 5; COX: cyclooxygenase; D1-R:
dopamine receptor 1 subtype; D2-R: dopamine receptor 2 subtype; DA: dopamine; ER: estrogen receptor; GABAA-R: GABA receptor
subtype A; GABAB-R: GABA receptor subtype B; α-sec: α-secretase; γ-sec: γ-secretase; Glu: glutamate; GnRH: gonadotropin-releas-
ing hormone; GSK3: glycogen synthase kinase 3; H3-R: histamine H3 receptor; hsp90: heat shock protein 90; JNK: c-Jun N-terminal
kinase; M1mACh-R: muscarinic M1 receptor; MAO: monoamine oxidase; nACh-R: nicotinic acetylcholine receptors; NFκB: nuclear fac-
tor κ B; NGF: nerve growth factor; NMDA-R: NMDA receptor; NO: nitric oxide; PA: plasminogen activator; PDE4: phosphodiesterase
type 4; PDE5A: phosphodiesterase type 5A; Pin1: peptidylprolyl cis-trans isomerase; PLA2: phospholipase A2; PA: plasminogen activa-
tor; PPARγ: peroxisome proliferator-activated receptor γ; RAGE: receptor of advanced glycation end products; ROS: reactive oxygen
species (free radicals); Tau: microtubule-associated protein tau; TGF-β: transforming growth factor-β.



BACE 1

See section on Secretases

BCAT

Branched-chain-amino-acid transaminase, or BCAT
(EC 2.6.1.42), is the key enzyme catalyzing the reversible
transfer of the amino group from a branched-chain amino
acid (isoleucine, leucine or valine) to 2-oxoglutarate to
form 2-oxo acid and the neurotransmitter glutamate.
There are two isozymes: mitochondrial BCAT (BCATm),
which is present in most tissues and thought to be
involved in nitrogen metabolism, and cytosolic BCAT
(BCATc), which is largely restricted to the CNS and is
involved in glutamate synthesis. Excessive excitation by
neurotransmitters, such as the excitatory amino acids glu-
tamate and aspartate, at the NMDA receptor has been
shown to cause degeneration and death of neurons.
Thus, BCATc is a target for preventing neuronal loss from
stroke, CNS trauma and neurodegenerative diseases
such as AD, amyotrophic lateral sclerosis (ALS) and
Huntington’s disease (21-23).

Butyrylcholinesterase

Butyrylcholinesterase (BChE; EC 3.1.1.8) is a mem-
ber of the cholinesterase family of enzymes that catalyze
the hydrolysis of ACh. Butyrylcholine is a synthetic com-
pound used purely to differentiate BChE from AChE in
enzyme assays. Both enzymes catalyze the hydrolysis of
ACh in humans. High levels of this enzyme are evident in
the brains and cerebrospinal fluid (CSF) of patients with
AD and this enzyme may therefore be involved in disease
onset and progression. Inhibitors of this enzyme may rep-
resent a potential therapeutic approach to the treatment
of AD (24-26).

Voltage-gated calcium channels 

Voltage-gated calcium channels (L-, N-, P/Q-, R- and
T-type) are pore-forming proteins present in cell mem-
branes that control the flow of ions, thereby establishing
the small voltage gradient that exists across the mem-
brane of cells. These voltage-gated channels are formed
as a complex of several different subunits and are promi-
nent throughout the nervous system, where they are
responsible for triggering the release of neurotransmitters.
It has been suggested that modulation of intracellular cal-
cium levels by voltage-gated calcium channels may be
involved in neuronal death and cognitive deficits associat-
ed with AD, and L-type calcium channel modulators have
been shown to enhance cognition in AD patients (27-29).

Cannabinoid CB1 receptor 

The cannabinoid CB1 receptor is a G-protein-coupled,
7-transmembrane-spanning receptor protein which,
together with CB2, has been identified as the receptor for

and final phase, plaque progression ultimately involves
the cerebellum and additional brainstem nuclei. These
regions are involved in sensory perception, motor com-
mand, spatial reasoning, conscious thought, language,
emotion, motivation, memory and learning, all functions
that decline with the progression of AD. Inhibition of APP
or Aβ production (i.e., by blocking the cleavage or pro-
duction of APP), reductions in Aβ accumulation and/or
increases in Aβ degradation, solubilization and clearance
from the brain represent potentially effective approaches
for the treatment of AD (7, 14).

Upstream targeting of Aβ, such as protease inhibition
or modulation of APP or alteration of APP trafficking into
α- or β-secretase compartments using statins, for exam-
ple, has resulted in anti-AD efficacy. Downstream target-
ing of Aβ, such as enhancing its degradation using
insulin-degrading enzyme or neprilysin or increasing
brain clearance by immunization with native or modified
Aβ forms, may also be effective. A more direct approach,
however, involves targeting the actual toxicity of Aβ. Two
major mechanisms responsible for Aβ toxicity have been
identified. These include redox reactions associated with
Aβ Cu/Zn binding sites (His6, 13/14, Tyr10 together with
Met35 interaction) and lipid activity participating in the
α/β conformation of the hydrophobic C-terminus.
Preliminary results using agents targeting these mecha-
nisms have indicated potential promise for this therapeu-
tic approach (15).

Further investigation on Aβ indicated that reduced Aβ
catabolism may be responsible for sporadic AD, while
increased Aβ anabolism may cause familial AD.
Experimental gene therapy using the gene encoding
neprilysin, a candidate protein for Aβ42 degradation in
vivo, resulted in anti-AD effects. A role for the neuropep-
tide somatostatin in upregulating neprilysin activity was
discovered, suggesting that somatostatin receptors may
also represent an effective target for the prevention and
treatment of AD (16).

Androgen receptor

The androgen receptor (AR) is a nuclear receptor that
binds androgens (e.g., testosterone, dihydrotestosterone,
androstenedione), a class of sex hormones involved in the
development and maintenance of the secondary male sex
characteristics, sperm induction and sexual differentiation.
Binding of these hormones to their receptor results in
increased virility, libido and nitrogen, water retention and
stimulation of skeletal growth. Testosterone depletion is a
normal consequence of aging in men and is associated
with senescent effects in androgen-responsive tissues,
and may increase the risk for the development of AD.
Testosterone has been shown to be an endogenous reg-
ulator of Aβ, modulating hyperphosphorylation of tau
through glycogen synthase kinase-3 (GSK-3), and it has
been demonstrated to possess both neurotrophic and
neuroprotective activities. Moreover, an AR polymorphism
consisting of a CAG repeat in exon 1 has been identified
as a potential risk factor for AD in men (17-20).
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teins (partial COX-1 or PCOX-1 proteins), have been
cloned and found to be expressed in canine cerebral cor-
tex and other tissues; COX-3 was predominantly
expressed in canine cerebral cortex and heart and was
shown to be selectively inhibited by nonsteroidal antiin-
flammatory drugs (NSAIDs), suggesting the involvement
of this isoform in pain and fever. COX-1 is constitutive
and present in endothelium, stomach and kidney. It is
involved in the maintenance of platelet and kidney func-
tion and is considered a housekeeper enzyme, maintain-
ing homeostasis. COX-2 is not present at baseline but is
inducible during inflammation by cytokines and endotox-
ins. It has been shown to play a role in the propagation of
inflammatory cascades leading to disorders such as AD,
rheumatoid arthritis and osteoarthritis, cancer, kidney dis-
ease and osteoporosis. Thus, inhibition of COX-2 may be
effective in preventing the development and progression
of AD (38, 39).

Dopamine receptors 

Dopamine receptors are G-protein-coupled, 7-trans-
membrane-spanning receptor proteins which bind the
neurotransmitter dopamine present in the CNS in basal 
ganglia. Dopamine is the precursor of norepinephrine and
epinephrine and accounts for 90% of all catecholamines.
The first two dopamine receptor subtypes identified were
the D1 receptors, which stimulate the synthesis of cAMP,
and D2 receptors, which inhibit cAMP synthesis. Dopamine
D3 and D4 receptors, homologous to the D2 receptor, and
the dopamine D5 receptor, homologous to the D1 receptor,
were identified later. Activation of the D1 receptor and
antagonism of the D2 receptor have been reported to be
effective in the treatment of AD dementia (40-42).

Estrogen receptor 

Estrogen is a general term used to refer to any natu-
rally occurring or synthetic substance that has activity
(i.e., estrogenic) similar to that of the most potent natural-
ly occurring estrogen 17β-estradiol. Estrogens are pro-
duced by the ovary, testis, placenta and adrenal cortex
and by certain plants. The actions of these agents occur
via two receptor subtypes, ERα and ERβ, and include
stimulation of secondary sex characteristics, growth and
maturation of long bones and control of the menstrual
cycle. ERβ gene (ESR2) expression, although relatively
low in the human forebrain, is most abundant in the hip-
pocampal formation (primarily the subiculum), claustrum
and cerebral cortex, suggesting that the receptor may
play a role in cognition, memory and motor function. It has
been reported that more women than men suffer from AD
and ESR2 variants are associated with an increased risk
of AD in women. Moreover, agonism of these ERs has
been shown to improve dementia in AD (43-49).

Fibroblast growth factor receptor 1 (FGFR1)

See section on Neural cell adhesion molecule

cannabinoids. CB2 is highly expressed in immune cells,
although its biological functions are still unclear. CB1 is
preferentially expressed in the brain, where it mediates
the psychoactivity of cannabinoids. High levels of CB1
receptors are found in the basal ganglia, hippocampus,
cerebellum and cortical structures. CB1 receptors are
coupled through the Gi/o family of proteins to signal trans-
duction mechanisms that include inhibition of adenylyl
cyclase and activation of mitogen-activated protein
kinase (MAPK). Activation of presynaptic CB1 receptors
inhibits N-type Ca2+ channel activity, which in turn
reduces excitatory neurotransmitter release to the synap-
tic cleft, thus allowing the excitatory signals to activate the
postsynaptic cell. Senile plaques in AD express both CB1
and CB2 receptors. CB1-positive neurons are present in
high numbers in nondiseased brains but are greatly
reduced in areas of microglial activation in AD brains.
While CB2 receptors are selectively overexpressed in
neuritic plaque-associated glia in AD, the expression of
CB1 receptors remains unchanged. Cannabinoids have
been speculated to exert neuroprotection against excito-
toxicity and acute brain damage. Thus, cannabinoid
receptor activation would protect hippocampal or granule
cerebellar neurons from excitotoxicity and from hypoxia
and glucose deprivation, and might prevent neurodegen-
erative progression in AD. On the other hand, CB1 is
implicated in learning and memory, and antagonism of
this receptor may improve cognitive deficits in AD and
other neurodegenerative diseases (30-33).

Cyclin-dependent kinase 5 (CDK5)

CDK5 is a kinase that is essential for normal develop-
ment and is implicated in synaptic plasticity, learning and
memory in the adult brain. To be activated, CDK5 must
associate with its regulatory protein p35. CDK5 activity is
also associated with neurodegenerative diseases and
has been implicated in the phosphorylation of tau and
neurofibrillary tangles and the production of Aβ. An
increase in CDK5 activity has been observed in the brains
of AD patients. In addition, enhanced CDK5 activity was
observed in mice overexpressing p25, a truncated form of
p35, which correlated with increased levels of the β-sec-
retase BACE1. CDK5/p25 has been found to accumulate
in AD brains and, unlike CDK5/p35, it is constitutively
active, resulting in hyperphosphorylation of tau and neu-
ronal death. Moreover, mutagenesis of a putative BACE
CDK5 site decreased mature BACE levels. Results sug-
gest potential efficacy for blood-brain barrier-penetrating
agents that target CDK5 (34-37).

Cyclooxygenase

Cyclooxygenase (COX; EC 1.14.99.1), also known as
prostaglandin endoperoxide synthase, catalyzes the two
steps in prostaglandin (PG) synthesis, forming PG2 and
PGH2 from arachidonic acid. The two major forms of the
enzyme are COX-1 and COX-2. Recently, COX-3, a dis-
tinct COX-1 variant, and two smaller COX-1-derived pro-
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Moreover, GSK-3β inhibitors have been suggested to
promote axon regeneration after neuronal injury (57-62).

Gonadotropin-releasing hormone

The decapeptide hormone gonadotropin-releasing
hormone (GnRH; also known as luteinizing hormone-
releasing hormone [LHRH]) is produced and released by
the hypothalamus to control reproductive function via
modulation of the synthesis and release of the pituitary
gonadotropins luteinizing hormone (LH) and follicle-stim-
ulating hormone (FSH). Neuronal receptors have been
identified for LH and GnRH throughout the limbic system
on several cell types and their expression is regulated
through hormonal feedback loops. In particular, a high
concentration of LH receptors is present in the hip-
pocampus, which is aggressively targeted by AD. Studies
have shown that LH may mediate neurodegenerative
changes and play a role in promoting amyloidogenic pro-
cessing of APP. Significantly increased levels of LH have
been observed in serum and pyramidal neurons of
patients with AD, and preclinical studies showed that cog-
nitive performance was increased and Aβ deposition was
decreased in aged transgenic mice carrying an APP
mutation treated with a GnRH agonist. Moreover, there is
a reduced incidence of neurodegenerative disease in
patients treated with GnRH agonists for prostate cancer
and increases in LH levels during menopause and
andropause due to dysregulation of the hypothalamic-
pituitary-gonadal axis may be responsible for inducing
neurodegeneration. GnRH analogues may therefore be
an effective strategy to prevent the onset and progression
of AD (63-65). 

Heat shock proteins

Heat shock proteins (HSPs) are highly conserved
stress proteins present in prokaryotic and eukaryotic cells
and bacteria which increase thermal tolerance. Some
forms stabilize proteins in abnormal configurations by
playing a role in protein folding and unfolding and in the
assembly of oligomeric complexes, while others act as
molecular chaperones. HSPs are characterized in the fol-
lowing major subclasses: HSP90, HSP70, HSP60 and
small HSPs. HSPs (e.g., HSP72, HSP73) have been
shown to be significantly upregulated in the AD brain and
preclinical studies have reported that HSP60, HSP70 and
HSP90, both alone and in combination, provide differen-
tial protection against intracellular Aβ stress through the
maintenance of mitochondrial oxidative phosphorylation
and functionality of tricarboxylic acid cycle enzymes.
When combined, these three HSPs decrease free radical
burden, maintain ATP generation, suppress cytochrome c
release and inhibit caspase-9 activation, all important
mediators of Aβ-induced neuronal dysfunction and death.
In addition, HSP90 and HSP70 have been implicated in
the development of AD. HSP70, for example, was shown
to be involved in regulating tau ubiquitination, degradation
and aggregation, and administration of an HSP90

Free radicals

A free radical is a chemically active atom or molecular
fragment which contains a charge due to an excess or
deficient number of electrons. These highly reactive
atoms receive or release electrons to achieve a more sta-
ble configuration, a process that can damage large mole-
cules within cells. Free radicals have been implicated in
more than 50 diseases, including AD, stroke, asthma,
Crohn’s disease and Parkinson’s disease. Oxidative
stress is important in the pathogenesis of AD and reactive
oxygen species (ROS) have been implicated in the cellu-
lar damage seen in neurodegenerative disorders. ROS
can react with cellular macromolecules through oxidation
and can cause the cells to undergo inflammation, necro-
sis or apoptosis. Agents inhibiting oxidative stress and
free radical production may be beneficial in AD (50-53). 

GABA receptors

GABA (γ-aminobutyric acid) is the major inhibitory
neurotransmitter in the brain and spinal cord and acts via
GABAA, GABAB and GABAC receptors. GABAA receptors
are widely distributed throughout the CNS. They are
ionotropic and can be activated by several different com-
pounds. These receptors are suggested to be involved in
the modulation of vigilance, anxiety, muscle tension,
epileptogenic activity and memory functions.
Enhancement of GABAA receptor-mediated fast synaptic
inhibition may be effective in improving cognition. GABAB
receptors are widely distributed throughout the CNS and
in peripheral autonomic terminals and are metabotropic,
distinguishing them from ionotropic GABAA receptors.
GABAB receptors are coupled to G-proteins and their acti-
vation causes a decrease in Ca2+ and an increase in K+ in
the membrane. GABAB-induced changes in Ca2+ conduc-
tance are thought to be associated with P/Q- and N-type,
and possibly L-type, Ca2+ channels and with several dif-
ferent types of K+ channels. GABA transmission has been
shown to be disrupted in patients with AD and GABAA
and GABAB receptor modulators may be effective in
improving cognitive performance (54-56).

GSK-3

This enzyme was originally identified as the kinase
responsible for phosphorylating and inhibiting glycogen
synthase, the rate-limiting enzyme in glycogen biosynthe-
sis. α And β isoforms have been identified which have
similar biochemical properties. GSK-3β is thought to be
involved in signaling that controls energy metabolism,
embryonic development and cell proliferation in adult tis-
sues, and inhibition of this isoform has been shown to
attenuate apoptotic signals. Tau is a known substrate of
GSK-3 and tau hyperphosphorylation is an event occur-
ring early in neurodegenerative conditions such as AD.
Administration of a selective GSK-3β inhibitor in a murine
model of AD resulted in reduced tau phosphorylation and
a reversal in microtubule deficiency in the brain.
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patients. Moreover, in these patients, membrane-bound
insulin-degrading enzyme levels were proportionate with
an increase in Aβ42. Insulin resistance and dysregulation
of the degradation of neurotoxic amyloid and insulin
appear to be at the core linking AD and diabetes. The
functions and expression of insulysin, an enzyme
involved in the degradation of neurotoxic amyloid pep-
tides and insulin, are usually impaired or reduced in AD
and diabetes. Moreover, direct delivery of insulin
(intranasal) to the brain of patients with early-stage AD
was shown to improve memory and other functions
(78-81).

c-Jun N-terminal kinases

The c-Jun N-terminal kinases (JNKs) are a group of
enzymes also known as stress-activated protein kinases,
or SAPKs, belonging to the mitogen-activated protein
kinase (MAPK) family, which modulate the expression of
genes controlling immune responses, proliferation and
cell death. They are activated by exposure of cells to
cytokines and environmental stress. Genetic deletion of
JNK1 or JNK2 results in disruption of the regulation of
CD4+ cell differentiation to Th1 or Th2 subsets and may
represent a new therapeutic approach for modulating Th1
and Th2 diseases. The JNK signaling pathway has also
been implicated in neuronal death and may therefore be
an important target for the treatment of AD (82-84).

Monoamine oxidase

Monoamine oxidase, or MAO, is a flavin-containing
oxidoreductase (EC 1.4.3.4) involved in the catabolism of
the neurotransmitters serotonin, norepinephrine and
dopamine (MAO-A) and dietary amines such as
phenylethylamine (MAO-B), which are important for main-
taining normal brain status of dopamine. Both MAO-A and
MAO-B in the brain have been implicated in the etiology
of AD, where MAO-B is elevated in plaque-associated
glia and elevated neuronal MAO-A is associated with
increases in neurotoxic metabolites and neuron loss.
Selective inhibition of brain MAO-A and MAO-B has been
shown to significantly increase levels of dopamine, norep-
inephrine and serotonin in the striatum and hippocampus
and improve cognition in aged rhesus monkeys. It has
been suggested that iron accumulation may contribute to
the oxidative stress-induced apoptosis reported in AD and
Parkinson’s disease, which results in increased glial
hydrogen peroxide and subsequent activation of MAO
activity. The increased MAO activity can generate reactive
hydroxyl radicals from the interaction of iron and hydrogen
peroxide. Thus, inhibition of these enzymes may be effec-
tive in preventing the progression of AD (85-87).

Muscarinic acetylcholine M1 receptor

The muscarinic acetylcholine M1 receptor is one of
five subtypes of membrane-bound G-protein-coupled, 
7-transmembrane-spanning acetylcholine receptor

inhibitor rapidly and selectively degraded aberrant hyper-
phosphorylated tau in a mouse model of tauopathy.
Targeting HSPs could therefore be effective in suppress-
ing Aβ aggregation and the formation of neurofibrillary
tangles (66-71).

Histamine H3 receptor

The histamine H3 receptor is a G-protein-coupled
receptor that, in contrast to histamine H1, H2 and H4
receptors, is predominantly expressed in the CNS. Due to
their location, it has been speculated that H3 receptors
mediate various CNS functions by modulating brain hist-
aminergic tone, and possibly through interactions with H1
and H2 receptors. H3 receptors have been shown to act
as autoreceptors in presynaptic neurons controlling hista-
mine turnover, and also as heteroreceptors in dopamine-,
serotonin-, norepinephrine-, GABA- and ACh-containing
neurons. H3 receptors are thought to play a role in mem-
ory formation and pharmacological blockade of central H3
receptors has been shown to enhance cognition in
rodents. Thus, H3 receptor antagonists may be effective
in the treatment of cognitive dysfunction in AD (72). 

HMG-CoA reductase

HMG-CoA reductase (EC 1.1.1.88) is a  key enzyme
that catalyzes the rate-limiting step in cholesterol biosyn-
thesis. There is evidence that tangle-bearing cells in AD
have high levels of free cholesterol as compared to adja-
cent tangle-free nerve cells. In addition, cellular choles-
terol homeostasis has been shown to be involved in sev-
eral pathological events occurring in the brain of patients
with AD. Studies have demonstrated that processing of
APP and tau phosphorylation can be modulated by pro-
nounced alterations in cellular cholesterol levels (73-77).

Insulin

Insulin is a polypeptide hormone secreted by pancre-
atic β-cells that promotes the uptake and metabolism of
glucose by cells, prevents the release of glucose by the
liver, promotes the uptake of amino acids by muscle cells
(i.e., protein synthesis) and inhibits the breakdown and
release of fats. Insulin release is triggered by growth hor-
mone (GH; somatotropin), glucagon and glucose, and
insulin and insulin signaling are important for neuronal
survival. There is also evidence for the involvement of
insulin in the pathogenesis of AD. AD is associated with
peripheral and central insulin abnormalities and cognitive
capacities are often impaired in patients with diabetes.
Studies in mice deficient in the neuronal insulin receptor
demonstrated increased tau phosphorylation and
reduced brain growth. Direct injection of streptozotocin in
the brains of rat pups resulted in blockade of brain insulin
synthesis and induction of AD-like symptoms. Post
mortem studies have revealed reduced expression of
insulin and insulin-like growth factor (IGF) genes and their
corresponding receptors in the brain tissue of AD
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immunoglobulin (Ig) superfamily. It is expressed on the
surface of neurons, glia and skeletal muscle and is impli-
cated in the modulation of cell-cell adhesion, neurite out-
growth, synaptic plasticity, learning and memory. It is
composed of five Ig homology modules (IgI-IgV) and two
fibronectin type III homology modules (F3,I and F3,III),
and signals via direct interaction with the FGFR. There
are 20-30 distinct isoforms of NCAM, with 3 major forms
(180-, 140- and 120-kDa) expressed in the nervous sys-
tem: NCAM-180 and NCAM-140 on neurons and NCAM-
140 and NCAM-120 on glial cells. NCAM has been shown
to induce neuronal differentiation, stimulate axonal out-
growth and fasciculation, and modulate synaptic activity.
Levels of soluble fragments of NCAM are increased in
sera and CSF of patients with AD and other neurodegen-
erative disorders, suggesting abnormal processing and/or
shedding of the glycoprotein. NCAM mimetics which
would activate FGFR1 could stimulate neurite extension,
enhance presynaptic function and promote synapse for-
mation, thus enhancing cognitive processes and affording
neuroprotection in neurodegenerative diseases such as
AD (95-98).

Nicotinic acetylcholine receptors

The nicotinic acetylcholine receptors (nAChRs) are a
class of AChRs that are activated by ACh and the alka-
loid nicotine (which imitates the effects of ACh), thereby
distinguishing them from the unrelated muscarinic
AChRs. The receptors are linked to ion channels in the
cell membrane and are divided into two subclasses: the
ganglionic nicotinic receptors found in the central and
peripheral nervous systems and the neuromuscular nico-
tinic receptor found in neuromuscular junctions of somat-
ic muscles. Activation of the neuronal receptors through
ligand binding causes depolarization of the plasma mem-
brane, resulting in excitation of the neurons in presynap-
tic nAChRs and calcium entry in postsynaptic nAChRs,
thus inducing neurotransmitter release and long-term
potentiation (LTP) through gene regulation. There are
several types of neuronal nAChRs that vary according to
the arrangement of the homologous subunits around the
central ion channel. They have been implicated in mem-
ory and treatment with nicotinic agonists has been shown
to ameliorate learning and memory impairment.
Moreover, chronic transdermal nicotine treatment of sub-
jects with age-associated memory impairment resulted in
sustained improvement in clinical symptoms and patients
with AD have been found to have downregulated nAChRs
and NMDA receptors in the brain. Thus, activation of
nicotinic receptors or agents that block the inhibition of
nAChRs may be effective as a treatment for AD (99, 100). 

Nitric oxide

Nitric oxide (NO) is a small, membrane-permeable
molecule involved in cellular signaling. It is formed by the
enzyme nitric oxide synthase (NOS) from the amino acid
arginine and it mediates activation of soluble guanylyl

(AChR) proteins that have been identified and found to be
predominantly expressed within the parasympathetic ner-
vous system, which exerts inhibitory and excitatory con-
trol over central and peripheral tissues and plays a role in
physiological functions, such as heart rate, arousal, cog-
nition, learning, hippocampus-based memory, short-term
memory, sensory processing and motor control. This
class of AChR is activated by ACh and the highly toxic
exogenous alkaloid muscarine, thus distinguishing them
from the unrelated nicotinic AChRs (nAChRs), which
respond to nicotine but not muscarine. Activation of the
stimulatory M1 receptor results in mobilization of intracel-
lular calcium and may link Aβ accumulation, tau hyper-
phosphorylation and paired helical filaments with loss of
cholinergic function, causing cognitive impairment. The
M1 receptor is relatively spared in AD and is known to play
a role in hippocampus-based memory, learning and
short-term memory. M1 receptor agonists have been
shown to improve cognition and modify disease proper-
ties (e.g., decrease brain Aβ) in animal models. However,
these agonists lack M1 selectivity and are thus associat-
ed with adverse events limiting their clinical use. A mus-
carinic agonist was shown to increase secreted APP and
decrease Aβ and tau hyperphosphorylation in vitro, and
improve cognition, cholinergic markers and tau hyper-
phosphorylation in vivo (88-90).

Nerve growth factor

Nerve growth factor, or NGF, is a protein (MW approx.
26,000) that controls the development and maintenance
of sympathetic postganglionic neurons and may be
involved in the development of sensory ganglion cells and
the stimulation of nucleic acid and protein synthesis.
Dysfunction of NGF and its high- (TrkA) and low-affinity
(p75NTR) receptors may be responsible for the selective
degeneration of the nucleus basalis (NB) cholinergic cor-
tical projection neurons in end-stage AD. Preclinical stud-
ies using rodents showed that conjunctivally administered
NGF reaches the CNS and prevents degeneration of the
NGF-receptive neurons involved in AD and Parkinson’s
disease. Anti-NGF transgenic mice (AD 11) are an animal
model of AD in which NGF depletion results in cholinergic
deficits and progressive AD-like neurodegeneration. In
addition, proNGF, which cannot bind to TrkA receptors,
has been shown to elicit neuronal apoptosis via the low-
affinity p75NTR and high levels of proNGF are seen in the
NB of AD patients. Low levels of brain-derived neutroph-
ic factor (BDNF) in the NB, on the other hand, are asso-
ciated with improvement in AD. A phase I trial conducted
in patients with mild AD showed that NGF gene therapy
significantly improved the rate of cognitive decline,
increased cortical 18-fluorodeoxyglucose and may have
stimulated growth responses to NGF (91-94).

Neural cell adhesion molecule

Neural cell adhesion molecule (NCAM) is a
homophilic binding glycoprotein that is a member of the

Drugs Fut 2007, 32(7) 631



Peroxisome proliferator-activated receptor γ

The peroxisome proliferator-activated receptor γ, or
PPARγ, is a ligand-activated nuclear transcription factor
that is a member of the nuclear receptor superfamily,
which also includes about 70 steroid, retinoid, thyroid hor-
mone or vitamin D receptors (e.g., RAR [retinoic acid
receptor], RXR [retinoid X receptor], TR [thyroid hormone
receptor], NGF1B, LXR [liver X receptor], PPAR). Three
PPAR subtypes have been identified: PPARα, PPARβ/δ
and PPARγ. They are activated by endogenous fatty acids
or fatty acid derivatives. Once activated via the endoge-
nous ligand prostaglandin J2, they heterodimerize with the
RXR and bind to response elements on DNA, resulting in
regulation of transcription. Their function is further modi-
fied by co-activators and co-repressors. Studies have
shown that PPARγ could be a repressor of BACE1 and
may therefore play a major role in modulating Aβ genera-
tion. Activation of the PPARγ subtype may be effective in
treating AD dementia. It has been suggested that PPARγ
agonists may increase insulin sensitivity in the brain and
therefore effectively improve AD symptoms (112-114).

PDE4 

The phosphodiesterase (EC 3.1.4) type 4 (PDE4)
isozyme degrades cAMP and cGMP, thereby modulating
signal transduction mediated by these second messen-
gers. PDE4 is characterized by high affinity for cAMP and
poor affinity for cGMP. Four PDE4 isoforms have been
identified (A, B, C and D) and are abundant in immuno-
competent cells, where an increase in cAMP leads to inhi-
bition of the synthesis and release of proinflammatory
mediators, cytokines and ROS. Research suggests that
PDE4 inhibitors may be effective treatment strategies for
inflammatory diseases such as rheumatoid arthritis,
chronic obstructive pulmonary disease (COPD), inflam-
matory bowel disease (IBD) and multiple sclerosis.
Moreover, PDE4 inhibitors may also represent a novel
therapy for the treatment of AD, which involves neuroin-
flammation. PDE4 inhibitors have been shown to coun-
teract deficits in long-term memory in preclinical models
and they also exert neuroprotective, neuroregenerative
and antiinflammatory activities, which would all be bene-
ficial in the treatment of AD (115-117).

PDE5 

The PDE5 isozyme has relatively high affinity for
cGMP and hydrolyzes cAMP poorly. Glutamatergic
NMDA-mediated synaptic transmission may play an
important role in synaptic plasticity, which is required for
learning and memory. PDE5 interrupts glutamate-mediat-
ed neurotransmission by rapidly converting cGMP to the
inactive 5’-GMP. Inhibition of this enzyme would attenu-
ate the degradation of cGMP and thus facilitate further
release of neurotransmitter. This mechanism may
improve different kinds of learning and memory and pro-
tect against neurodegeneration (118, 119).

cyclase, which, when activated, produces the second mes-
senger cGMP in the brain. In the brain, NO regulates the
release of neurotransmitters and plays an important neu-
roprotective role. Small molecules that mimic the biological
activity of NO would bypass cholinergic receptor activation
and might therefore be effective in treating and/or prevent-
ing dementia in AD. NO mimetics may possess cGMP-
dependent and -independent activity and may operate via
multiple signaling pathways which increase survival of
neurons subjected to stress. They may also stimulate cog-
nition-enabling pathways to circumvent dementia in dis-
eases such as AD. On the other hand, NO production by
astrocytes has been suggested to contribute to neurode-
generative processes and NOS isoforms have been linked
to the pathogenesis of AD. Moreover, platelet NO is signif-
icantly increased in patients with AD (101-103).

NMDA receptor

The NMDA receptor is a subtype of glutamate recep-
tor that binds the excitotoxic amino acid NMDA. Activation
of the NMDA receptor results in opening of an associated
ion channel pore, allowing inflow of Na+, K+ and Ca2+, of
which the latter is thought to play a critical role in synap-
tic plasticity. The receptor mediates LTP of the signaling
involved in learning, memory and cognition, but it has
also been implicated in causing the cell damage
observed in AD, as well as Parkinson’s and Huntington’s
diseases. Although some studies report that the NMDA
receptor is downregulated in the brains of patients with
AD and effective treatment would include potentiation of
the NMDA receptor, others assert that the activity of this
receptor is actually upregulated in AD brains and excito-
toxicity plays a critical and detrimental role in chronic neu-
rodegenerative disorders. Synaptic overactivity results in
excessive glutamate release, thus overstimulating post-
synaptic cell membrane receptors (i.e., the NMDA recep-
tor), which upon activation, open associated ion channel
pores and increase ion influx. The consequence is neu-
ronal cell injury and death. Antagonism of the NMDA
receptor may therefore be effective in preventing neu-
rodegeneration in AD (104-108).

Nuclear factor-κB

Nuclear factor-κB (NF-κB) is a nuclear transcription
factor and intracellular mediator of the inflammatory cas-
cade involved in the generation of certain adhesion mol-
ecules (e.g., ICAM-1, VCAM-1), inducible nitric oxide syn-
thase (iNOS), COX-2, cytokines (e.g., IL-1β, IL-2, TNF-α,
IL-6, interferon gamma) and chemokines (IL-8). Other
genes which are regulated by NF-κB include those
encoding the IL-2 receptor, the IL-12 p40 subunit and 
c-myc. NF-κB has been implicated in the control of cell
proliferation and apoptosis and may participate in long-
term memory formation. Moreover, NF-κB signaling in
microglia is essential for the Aβ-induced neuronal death
that causes AD. Thus, the transcription factor represents
a potential target for anti-AD therapy (109-111).
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genesis of AD and in the age at onset of the disease.
Evidence suggests that the brain tPA/plasminogen cas-
cade is required for normal matrix degradation during
neuronal development and in LTP, memory and motor
learning, which all require synaptic plasticity. Plasmin can
enhance APP-α cleavage and Aβ degradation, and brain
plasmin levels in AD patients are significantly decreased.
It is therefore speculated that defects in the plasminogen
system play a major role in the pathology of AD and
enhancement of plasmin activity through specific PAs
may be effective in the treatment of AD. tPA may also
mediate plasmin-independent processes, including acti-
vation of microglia, stimulation of mossy fiber outgrowths
and enhancement of NMDA receptor-mediated signaling.
However, some of these plasmin-independent effects
may be neurotoxic. Aβ increases the expression of both
tPA and uPA, and increased concentrations of tPA have
been localized in brain areas of AD patients exhibiting
high levels of Aβ and tau phosphorylation. It has been
reported that tPA activates the extracellular-regulated
kinase ERK1/2 in hippocampal neurons via modulation of
the NMDA receptor, G-proteins and protein kinase C
(PKC) and is independent of catalysis. The result is acti-
vation of GSK-3β, which subsequently leads to aberrant
tau phosphorylation, microtubule destabilization and
apoptosis. Thus, in cases when tPA exerts plasmin-inde-
pendent neurotoxic effects, PA inhibitors may be effective
in the treatment of AD (128-134).

RAGE

The receptor for advanced glycation end products, or
RAGE, is a multiligand member of the Ig superfamily that
is expressed as a cell-surface molecule and is composed
of three Ig-like regions, a transmembrane domain and a
highly charged short cytosolic tail required for post-RAGE
signaling. The receptor recognizes families of ligands and
not a single protein. Its ligands include advanced glyca-
tion end products (AGEs), the Aβ protein, the S100/cal-
granulin family of proinflammatory cytokine-like media-
tors, β-integrin Mac-1 and high mobility group  protein B1
(HMGB1). The receptor has been implicated in vascular
disease, rheumatoid arthritis and neurodegeneration, and
low levels of the secreted isoform, soluble RAGE
(sRAGE), which is a truncated form of the receptor com-
posed of the extracellular ligand-binding domain and lack-
ing the cytosolic and transmembrane domains, are con-
sidered a possible risk factor for atherosclerosis,
rheumatoid arthritis and AD. Upon ligand binding, RAGE
activates NF-κB, leading to an inflammatory response.
The RAGE gene is itself a target for NF-κB, and thus
large amounts of Aβ may establish a positive feedback
cycle leading to chronic inflammation. Treatment with
sRAGE effectively suppressed the development of cere-
bral β-amyloidosis in a mouse model of AD. Moreover,
patients with AD are reported to have lower levels of
sRAGE as compared to normal subjects and subjects
with vascular dementia. Thus, modulation of RAGE may
be effective in altering the progression of AD (135-137). 

Pin1

Pin1 is a peptidylprolyl cis-trans isomerase (PPIase)
that isomerizes only phosphorylated Ser/Thr-Pro peptide
bonds and regulates several phases of the cell cycle,
including G1/S, G2/M and DNA replication checkpoints. It
is overexpressed in many human cancers and depletion
of this enzyme induces apoptosis in tumor cells. Its
expression is also inversely correlated with predicted
neuronal vulnerability and neurofibrillary degeneration in
AD. Pin1 knockout mice exhibit AD-like symptoms,
including motor and behavioral deficits, hyperphosphory-
lated tau, tau filaments and neuronal degeneration. Pin1
binds to and restores the function of hyperphosphorylat-
ed tau isolated from the brains of AD patients.
Sequestration of Pin1 into tau filaments could cause its
depletion in the nucleus, leading to apoptosis of neurons
with hyperphosphorylated tau filaments. It has also been
suggested that Pin1 has effects on APP processing and
Aβ production, such that when Pin1 activity is increased
Aβ levels are low and when Pin1 activity is reduced Aβ
levels increase and AD develops. Thus, targeting Pin1
may be an effective anti-AD therapy (123-127).

Phospholipase A2

Phospholipase A2 (PLA2) is a member of the phos-
pholipase family of enzymes that hydrolyze the ester
bonds in phospholipids. This group includes two types of
enzymes: the aliphatic esterases that release fatty acids
and include PLA1 (EC 3.1.1.32), PLA2 (EC 3.1.1.4) and
PLB (EC 3.1.1.5), and phosphodiesterases such as phos-
pholipase C (EC 3.1.4.3) and D (EC 3.1.4.4) that release
diacyl glycerol and phosphatidic acid, respectively. PLA2
is present in all mammalian tissues and has been impli-
cated in inflammatory responses due to its ability to
release arachidonic acid (AA). Mitochondrial dysfunction,
including loss of membrane potential and increased ROS
production in astrocytes, coupled with impaired ATP pro-
duction, are speculated to play important roles in the
pathophysiology of AD. The cystolic and calcium-inde-
pendent PLA2s, cPLA2 and iPLA2, have been shown to
mediate Aβ peptide-induced mitochondrial dysfunction in
AD brains. Targeting PLA2 may therefore influence the
progression of AD (120-122).

Plasminogen activators

Plasminogen activators (PAs) are secreted serine pro-
teases which convert the inactive single-chain proenzyme
plasminogen to active plasmin, a fibrinolytic enzyme with
Aβ-degrading capacity that consists of two peptide chains
linked by disulfide bonds. There are two types of PA: tis-
sue-type PA (tPA; 55 kD) and urokinase-type PA (uPA; 70
kDa). tPA plays a significant role in the blood coagulation
cascade and it is also the predominant PA in the brain,
where it is expressed in the hippocampus, hypothalamus,
cerebellum and amygdala. A variant in the gene encoding
for uPA (PLAU) is suspected to be involved in the patho-
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wide variety of behaviors, including affective state, sleep-
wakefulness, feeding behavior, sexual behavior, temper-
ature regulation, circadian rhythmicity, locomotion,
neuroendocrine secretion, pain, hallucinogenesis and
memory. 5-HT is also present in peripheral tissues and is
evident in carcinoid tumors. It is a potent vasoconstrictor
released from platelets to inhibit gastric secretion and
stimulate smooth muscle. 5-HT acts via several recep-
tors belonging to the class of phosphoinositide-specific
phospholipase C (PLC)-linked receptors. The 5-HT1A, 
5-HT4 and 5-HT6 receptor subtypes have all been impli-
cated in the pathogenesis of AD and agents targeting
them may be effective in the treatment of the disease
(40, 148-150).

Transforming growth factor 

Transforming growth factor-β (TGF-β) is a member of
a large family of pleiotropic homodimer cytokines which
includes the TGF-β1, TGF-β2 and TGF-β3 isoforms.
They are secreted by many different cell types, including 
B- and T-cells, macrophages, platelets, neurons and glial
cells, and signaling is mediated via a high-affinity trans-
membrane receptor complex consisting of TGF-β recep-
tor type I (activin receptor-like kinase 5, or ALK5) and
TGF-β receptor type II receptor (TβRII) serine/threonine
kinase receptor subunits. In addition to activities such as
suppression of immune responses (via downregulation
of antigen-presenting cells [APCs] and inhibition of B-
and T-cell proliferation), enhancement of extracellular
matrix protein production and mediation of cell growth,
differentiation and embryonic development, TGF-β iso-
forms also act synergistically with neurotrophins to exert
neuroprotective effects. In AD, TGF-β levels are
increased in human brain tissue, although brain TβRII
expression and serum TGF-β levels are reduced, and
evidence suggests that TGF-β may have both beneficial
and detrimental effects in this disease. TGF-β1 overpro-
duction by astrocytes has been associated with a
decrease in overall Aβ accumulation in human APP
transgenic mice, and stimulation of Aβ phagocytosis in
rats. In contrast, TGF-β1 overproduction has also been
implicated in the development of cerebral amyloid
angiopathy associated with AD. Neuronal TGF-β signal-
ing via Smad transcription factors has been demonstrat-
ed to be impaired in AD, and reductions in neuronal
TGF-β signaling increased age-dependent neurodegen-
eration and AD-like disease in a mouse model of AD.
Thus, enhancement of TGF-β signaling may effectively
decrease neurodegeneration in AD (151-154).

Conclusions

Intensive research efforts in the search for effective
AD therapies have not yielded an effective long-term ther-
apeutic strategy for the treatment of AD. However, new
targets are emerging every day, some of which are indi-
cated in Table I. These novel targets represent promise
for a future effective AD therapy.

Secretases

α-, β- and γ-Secretases are proteolytic enzymes that
catalyze the sequential cleavage of membrane-bound
amyloid precursor protein (APP) into three fragments.
Activation of the nonamyloidogenic pathway involves 
α-secretase-mediated cleavage of APP releasing a large
soluble N-terminal fragment (APPs-α) and the 10 kD
membrane-bound C-terminal fragment (C83). The amy-
loidogenic pathway involves APP cleavage via β-
secretase (BACE) at the C-terminus between residue
671 and 672 which releases a 100 kD soluble N-terminal
fragment (APPs-β) and a membrane-bound 12 kD C-ter-
minal fragment (C99). Both C99 and C83 are substrates
for the multi-subunit protease complex γ-secretase
which catalyzes the final processing step. γ-Secretases
cleave C99 and C83 fragments within their transmem-
brane domain, resulting in release of the insoluble 
peptide Aβ (Aβ40 or Aβ42) and AICD (amyloid precursor
protein intracellular domain) and the secretion of non-
pathogenic p3 peptide and AICD, respectively. Thus,
inhibition of β- and γ-secretases and activation of α-
secretase are possible approaches for reducing Aβ bur-
den in the brain and thereby slowing the progression of
AD (2, 138-140).

Identification of effective β-secretase inhibitors has
proven difficult. However, significant progress has been
made in development of these agents. Improvements
include reductions in size of inhibitors to increase blood-
brain barrier and cellular penetration, better selectivity,
reductions in conformational options and reductions in
peptide character (141).

α-Secretase is also a potential therapeutic target for
the treatment of AD since soluble APPs-α released from
APP by α-secretase has been shown to be neurotrophic
and neuroprotective. ADAM-10, ADAM-17 (TACE) and
ADAM-9, three members of the ADAM (a disintegrin and
metalloprotease) family of proteases, have been identi-
fied as possible α-secretases. Studies have shown that
amyloid plaque formation and hippocampal defects were
prevented with ADAM-10 treatment in a mouse AD
model. In addition, retinoic acid, identified as an inducer
of human ADAM-10 promoter activity, upregulated
ADAM-10 and its APP substrate and increased secretion
of their extracellular domains in a human neuroblastoma
cell line; a related APP-like-protein 2 (APLP2) was also
upregulated with treatment. Thus, induction of α-secre-
tase activity may be effective in the treatment of AD to
reduce Aβ production and its associated neurotoxicity
(142-147).

Serotonin (5-HT) Receptors

In the CNS, serotonin (5-hydroxytryptamine, 5-HT) is
a biogenic amine neurotransmitter synthesized in neu-
rons of the raphe nucleus in the brainstem and present
in high concentrations in the hypothalamus and basal
ganglia. The serotonergic system innervates almost all
areas of the brain and spinal cord. 5-HT is involved in a
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Table I: Targets being pursued for Alzheimer’s disease (from Prous Science Integrity®).

Target Product/Patent Source Phase

Acetylcholinesterase Donepezil hydrochloride Eisai L-1997
Huperzine A Neuro-Hitech II

AMPA receptor CX-717 Cortex II

β-Amyloid Bapineuzumab Wyeth Pharmaceuticals/Elan II
Tramiprosate Neurochem III
HE-0420 Hunter-Fleming I
Posiphen™ TorreyPines Therapeutics I
AZD-103/ELND-005 Transition Therapeutics/ I

Ellipsis Neurotherapeutics/
Elan

Androgen receptor PHT-1 IRM Biological testing

Butyrylcholinesterase Tacrine hydrochloride Pfizer L-1993
Rivastigmine tartrate Novartis L-1997
Galantamine hydrobromide Sanochemia L-1995

Calcium channels Idebenone Takeda L-1986
MEM-1003 Memory Pharmaceuticals II

Cannabinoid CB1 receptor AVE-1625 sanofi-aventis II

Cyclin-dependent kinase 5 (CDK5) IDRS-35 Inje University Biological testing
WO 2006004507 AstraZeneca Biological testing

Cyclooxygenase Curcumin Chinese University of Hong Kong I/II

Estrogen receptor Alfatradiol (MX-4509) Migenix I

Fibroblast growth factor FGL-L Enkam I
receptor 1 (FGFR1)

GABAA receptor Radequinil Dainippon Sumitomo Pharma II
EHT-0202 ExonHit Therapeutics I

GSK-3 (glycogen synthase kinase-3) AZD-1080 AstraZeneca I
NP-031112 NeuroPharma I

Gonadotropin-releasing VP-4896 (leuprolide acetate implant) Durect/Voyager III
hormone (GnRH)

Histamine H3 receptor GSK-189254 GlaxoSmithKline I

HMG-CoA reductase WO 1995006470 Merck & Co. Biological testing
WO 2003039542 Merck & Co. Biological testing
WO 2004028456 Merck & Co. Biological testing
WO 2003094909 eNOS Pharm Biological testing
WO 2005115371 Univ. Rene Descartes Biological testing
WO 2005115980 Pfizer Biological testing
WO 2005105738 Pfizer Biological testing
WO 2005099823 Pfizer Biological testing
WO 2005026116 Pfizer Biological testing
WO 2000028981 Nymox Biological testing
WO 2005123068 TorreyPines Therapeutics Biological testing

Insulin Intranasal insulin implant National Institute on Aging II

c-Jun N-terminal kinase (JNK) WO 2006083673 Abbott Biological testing
WO 2002081475 Eisai Biological testing/

Preclinical

Monoamine oxidase (MAO) Rasagiline mesilate Teva II

Muscarinic acetylcholine receptor NGX-267 TorreyPines Therapeutics I

Neurotrophic factor AL-108 Allon Therapeutics II
T-817MA Toyama I
Paliroden sanofi-aventis II

Nicotinic acetylcholine receptor Ispronicline (AZD-3480) AstraZeneca/Targacept II

Nitric oxide (NO) CR-3394 Rottapharm Preclinical

NMDA receptor Neramexane hydrochloride Merz/Forest III
Memantine hydrochloride Merz/Lundbeck L-2002

Continuation



9. Munoz-Torrero, D., Camps, P. Dimeric and hybrid anti-
Alzheimer drug candidates. Curr Med Chem 2006, 13(4): 399-
422.

10. Greig, N.H., Sambamurti, K., Yu, Q.S., Brossi, A. et al. An
overview of phenserine tartrate, a novel acetylcholinesterase
inhibitor for the treatment of Alzheimer’s disease. Curr Alzheimer
Res 2005, 2(3): 281-90.

11. Nicoll, R.A., Tomita, S., Bredt, D.S. Auxiliary subunits assist
AMPA-type glutamate receptors. Science 2006, 311(5765):
1253-6.

12. Black, M.D. Therapeutic potential of positive AMPA modula-
tors and their relationship to AMPA receptor subunits. A review
of preclinical data. Psychopharmacology (Berl) 2005, 179(1):
154-63.

13. Javitt, D.C. Glutamate as a therapeutic target in psychiatric
disorders. Mol Psychiatry 2004, 9(11): 984-97.

14. Jacobsen, J.S., Reinhart. P., Pangalos, M.N. Current con-
cepts in therapeutic strategies targeting cognitive decline and
disease modification in Alzheimer’s disease. NeuroRx 2005,
2(4): 612-26.

15. Masters, C.L., Beyreuther, K. Alzheimer disease: Abeta-amy-
loid as the molecular therapeutic and diagnostic target.
Neurobiol Aging [9th Int Geneva/Springfield Symp Adv

References

1. Prous Science Disease Briefings: Alzheimer’s Disease (online
publication). Updated 2007.

2. Aisen, P.S. The development of anti-amyloid therapy for
Alzheimer’s disease: From secretase modulators to polymerisa-
tion inhibitors. CNS Drugs 2005, 19(12): 989-96.

3. Zawia, N.H., Basha, M.R. Environmental risk factors and the
developmental basis for Alzheimer’s disease. Rev Neurosci
2005, 16(4): 325-37.

4. Marlatt, M.W., Webber, K.M., Moreira, P.I. et al. Therapeutic
opportunities in Alzheimer disease: One for all or all for one?
Curr Med Chem 2005, 12(10): 1137-47.

5. Roses, A.D., Saunders, A.M. Perspective on a pathogenesis
and treatment of Alzheimer’s disease. Alzheimer’s & Dementia
2006, 2(2): 59-70.

6. Roberson, E.D., Mucke, L. 100 Years and counting: Prospects
for defeating Alzheimer’s disease. Science 2006, 314: 781-4. 

7. Zimmermann, M., Gardoni, F., Di Luca, M. Molecular rationale
for the pharmacological treatment of Alzheimer’s disease. Drugs
Aging 2005, 22(Suppl. 1): 27-37.

8. Sorbera, L.A., Castañer, J. Phenserine tartrate. Drugs Fut
2003, 28(1): 18-25.

636 Alzheimer’s disease one century later

Table I (Cont.): Targets being pursued for Alzheimer’s disease (from Prous Science Integrity®).

Target Product/Patent Source Phase

Nuclear factor-κB (NF-κB) Tarenflurbil Myriad Genetics III

Peroxisome proliferator-activated Rosiglitazone maleate GlaxoSmithKline III
receptor (PPAR)

PDE4 MEM-1414 Memory Pharmaceuticals I
AVE-8112 sanofi-aventis I
EHT-0202 ExonHit Therapeutics I
MK-0952 Merck & Co. Biological testing

PDE5 JP 2006117647 Kyorin Biological testing
WO 2005049616 Pfizer Biological testing
WO 2005089766 Altana Pharma (Nycomed) Biological testing

Pin1 WO 2004087720 Pfizer Biological testing
WO 2005063259 Jerini Biological testing
WO 2004026815 Jerini Biological testing

Phospholipase A2 (PLA2) WO 2007008690 Dexel Univ. Coll. Med. Biological testing
WO 2004069797 Merckle Biological testing
WO 2002000257 Shionogi Biological testing

Plasminogen activator PAZ-417 Wyeth Pharmaceuticals I

RAGE (receptor for advanced TTP-488/PF-4494700 TransTech Pharma/Pfizer II
glycation end products)

Secretases Begacestat Wyeth Pharmaceuticals I
NGX-555 TorreyPines Therapeutics Preclinical
CTS-21166 CoMentis I

Serotonin (5-HT) receptors Xaliproden hydrochloride sanofi-aventis III
Lecozotan hydrochloride Wyeth Pharmaceuticals II/III
PRX-03140 Epix Pharmaceuticals/ II

GlaxoSmithKline
742457 GlaxoSmithKline II
MEM-3454 Memory Pharmaceuticals I
SAM-315 Wyeth Pharmaceuticals I

Transforming growth WO 2005103028 In2Gen/SK Chem./Ewha Biological testing
factor-β (TGF-β) womans Univ.



33. Benito, C., Nunez, E., Tolon, R.M., Carrier, E.J., Rábano, A.,
Hillard, C.J., Romero, J. Cannabinoid CB2 receptors and fatty
acid amide hydrolase are selectively overexpressed in neuritic
plaque-associated glia in Alzheimer’s disease brains. J Neurosci
2003, 23(35): 11136-41.

34. Guo, Q. When good Cdk5 turns bad. Sci Aging Knowledge
Environ 2006, 2006(5): pe5.

35. Giese, K.P., Ris, L., Plattner, F. Is there a role of the cyclin-
dependent kinase 5 activator p25 in Alzheimer’s disease?
Neuroreport 2005, 16(16): 1725-30.

36. Duff, K., Planet, E., Krishnamurthy, P., Wen, Y. Impact of
kinase modulation on pathogenesis in mouse models of neu-
rodegenerative disease. Neurobiol Aging [9th Int
Geneva/Springfield Symp Adv Alzheimer Ther (April 19-22,
Geneva) 2006] 2006, 27(Suppl. 1): Abst 24.

37. Patrick, G.N., Zukerberg, L., Nikolic, M. et al. Conversion of
p35 to p25 deregulates Cdk5 activity and promotes neurodegen-
eration. Nature 1999, 402: 615-22. 

38. Firuzi, O., Pratico, D. Coxibs and Alzheimer’s disease:
Should they stay or should they go? Ann Neurol 2006, 59(2):
219-28.

39. Ho, L., Qin, W., Stetka, B.S., Pasinetti, G.M. Is there a future
for cyclo-oxygenase inhibitors in Alzheimer’s disease? CNS
Drugs 2006, 20(2): 85-98.

40. Lanari, A., Amenta, F., Silvestrelli, G., Tomassoni, D.,
Pametti, L. Neurotransmitter deficits in behavioural and psycho-
logical symptoms of Alzheimer’s disease. Mech Ageing Dev
2006, 127(2): 158-65.

41. Mateo, I., Infante, J., Rodriguez, E., Berciano, J., Combarros,
O., Llorca, J. Interaction between dopamine beta-hydroxylase
and interleukin genes increases Alzheimer’s disease risk. J
Neurol Neurosurg Psychiatry 2006, 77(2): 278-9. 

42. Uzun, S., Kozumplik, O., Mimica, N., Folnegovic-Smalc, V.
Aripiprazole: An overview of a novel antipsychotic. Psychiatr
Danub 2005, 17(1-2): 67-75.

43. Yaffe, K., Krueger, K., Cummings, S.R. et al. Effect of ralox-
ifene on prevention of dementia and cognitive impairment in
older women: The Multiple Outcomes of Raloxifene Evaluation
(MORE) randomized trial. Am J Psychiatry 2005, 162(4): 683-90.

44. Baum, L.W. Sex, hormones, and Alzheimer’s disease. J
Gerontol A Biol Sci Med Sci 2005, 60(6): 736-43. 

45. Zhao, L., Brinton, R.D. Select estrogens within the complex
formulation of conjugated equine estrogens (Premarin) are pro-
tective against neurodegenerative insults: Implications for a com-
position of estrogen therapy to promote neuronal function and
prevent Alzheimer’s disease. BMC Neurosci 2006, 7: 24.

46. Pirskanen, M., Hiltunen, M., Mannermaa, A., Helisalmi, S.,
Lehtovirta, M., Hanninen, T., Sorininen, H. Estrogen receptor
beta gene variants are associated with increased risk of
Alzheimer’s disease in women. Eur J Hum Genet 2005, 13(9):
1000-6.

47. Ohmichi, M., Tasaka, K., Kurachi, H., Murata, Y. Molecular
mechanism of action of selective estrogen receptor modulator in
target tissues. Endocr J 2005, 52(2): 161-7. 

48. Dhandapani, K.M., Brann, D.W. Protective effects of estro-
gen and selective estrogen receptor modulators in the brain. Biol
Reprod 2002, 67(5): 1379-85.

Alzheimer Ther (April 19-22, Geneva) 2006] 2006, 27(Suppl. 1):
Abst 57.

16. Saido, T.C. Metabolic regulation of amyloid, and Alzheimer
disease. Neurobiol Aging [9th Int Geneva/Springfield Symp Adv
Alzheimer Ther (April 19-22, Geneva) 2006] 2006, 27(Suppl. 1):
Abst 74.

17. Lehmann, D.J., Butler, H.T., Warden, D.R. et al.
Association of the androgen receptor CAG repeat polymor-
phism with Alzheimer’s disease in men. Neurosci Lett 2003,
340(2): 87-90.

18. Carson, C.C. Effects of testosterone on cognition and mood
in male patients with mild Alzheimer’s disease and elderly men.
Curr Urol Rep 2006, 7(6): 471-2.

19. Pike, C.J., Rosario, E.R., Nguyen, T.V. Androgens, aging,
and Alzheimer’s disease. Endocrine 2006, 29(2): 233-41.

20. Lu, P.H., Masterman, D.A., Mulnard, R. et al. Effects of
testosterone on cognition and mood in male patients with mild
Alzheimer disease and healthy elderly men. Arch Neurol 2006,
63(2): 177-85. 

21. Ziora, Z., Kimura, T., Kiso, Y. Small-sized BACE1 inhibitors.
Drugs Fut 2006, 31(1): 53-63.

22. Thompson, L.A., Bronson, J.J., Zusi, F.C. Progress in the
discovery of BACE inhibitors. Curr Pharm Des 2005, 11(26):
3383-404.

23. Cumming, J.N., Iserloh, U., Kennedy, M.E. Design and
development of BACE-1 inhibitors. Curr Opin Drug Discov Devel
2004, 7(4): 536-56. 

24. Small, G.W., Kaufer, D., Mendiondo, M.S. et al. Cognitive
performance in Alzheimer’s disease patients receiving rivastig-
mine for up to 5 years. Int J Clin Pract 2005, 59(4): 473-7.

25. Ballard, C.G., Greig, N.H., Guillozet-Bongaarts, A.L. et al.
Cholinesterases: Roles in the brain during health and disease.
Curr Alzheimer Res 2005, 2(3): 307-18.

26. Geula, C., Darvesh, S. Butyrylcholinesterase, cholinergic
neurotransmission and the pathology of Alzheimer’s disease.
Drugs Today (Barc) 2004, 40(8): 711-21.

27. Wenk, G.L. Neuropathologic changes in Alzheimer’s dis-
ease: Potential targets for treatment. J Clin Psychiatry 2006,
67(Suppl. 3): 3-7.

28. Ma, Z.G., Wang, J., Jiang, H., Xie, J.X., Chen, L. C31
enhances voltage-gated calcium channel currents in undifferen-
tiated PC12 cells. Neurosci Lett 2005, 382(1-2): 102-5.

29. Schmitt, H.P. On the paradox of ion channel blockade and its
benefits in the treatment of Alzheimer disease. Med Hypotheses
2005, 65(2): 259-65.

30. Nagayama, T., Sinor, A.D., Simon, R.P. et al. Cannabinoids
and neuroprotection in global and focal cerebral ischemia and in
neuronal cultures. J Neurosci 1999, 19(8): 2987-95.

31. Ramirez, B.G., Blazquez, C., Gomez del Pulgar, T., Guzman,
M., de Ceballos, M.L. Prevention of Alzheimer’s disease pathol-
ogy by cannabinoids: Neuroprotection mediated by blockade of
microglial activation. J Neurosci 2005, 25(8): 1904-13.

32. Pazos, M.R., Nunez, E., Benito, C., Tolon, R.M., Romero, J.
Role of the endocannabinoid system in Alzheimer’s disease:
New perspectives. Life Sci 2004, 75(16): 1907-15.

Drugs Fut 2007, 32(7) 637



64. Rosin, R.A., Raskind, M.A. Gonadotrophin-releasing hor-
mone agonist treatment of aggression in Alzheimer’s disease: A
case report. Int Psychogeriatr 2005, 17(2): 313-8.

65. Meethal, S.V., Smith, M.A., Bowen, R.L., Atwood, C.S. The
gonadotropin connection in Alzheimer’s disease. Endocrine
2005, 26(3): 317-26.

66. Veereshwarayya, V., Kumar, P., Rosen, K.M., Mestril, R.,
Quenfurth, H.W. Differential effects of mitochondrial heat shock
protein 60 and related molecular chaperones to prevent intracel-
lular beta-amyloid-induced inhibition of complex IV and limit
apoptosis. J Biol Chem 2006, 281(46): 29468-78.

67. Evans, C.G., Wisen, S., Gestwicki, J.E. Heat shock proteins
70 and 90 inhibit early stages of amyloid beta-(1-42) aggregation
in vitro. J Biol Chem 2006, 281(44): 33182-91.

68. Sahara, N., Murayama, M., Mizoroki, T. et al. In vivo evi-
dence of CHIP up-regulation attenuating tau aggregation. J
Neurochem 2005, 94(5): 1254-63.

69. Petrucelli, L., Dickson, D., Kehoe, K. et al. CHIP and Hsp70
regulate tau ubiquitination, degradation and aggregation. Hum
Mol Genet 2004, 13(7): 703-14.

70. Hamos, J.E., Oblas, B., Pulaski-Salo, D., Welch, W.J., Bole,
D.G., Drachman, D.A. Expression of heat shock proteins in
Alzheimer’s disease. Neurology 1991, 41: 345-50. 

71. Perez, N., Sugar, J., Charya, S. et al. Increased synthesis
and accumulation of heat shock 70 proteins in Alzheimer’s dis-
ease. Brain Res Mol Brain Res 1991, 11(3-4): 249-54.

72. Passani, M.B., Lin, J.S., Hancock, A., Crochet, S., Blandina,
P. The histamine H3 receptor as a novel therapeutic target for
cognitive and sleep disorders. Trends Pharmacol Sci 2004,
25(12): 618-25.

73. Ohm, T.G., Meske, V. Cholesterol, statins and tau. Acta
Neurol Scand Suppl 2006, 185: 93-101. 

74. Tang, B.L. Alzheimer’s disease: Channeling APP to non-
amyloidogenic processing. Biochem Biophys Res Commun
2005, 331(4): 375-8.

75. DeKosky, S.T. Statin therapy in the treatment of Alzheimer
disease: What is the rationale? Am J Med 2005, 118(Suppl.
12A): 48-53.

76. Ohm, T.G. et al. Cholesterol and tau protein — Findings in
Alzheimer’s and Niemann Pick C’s disease. Pharmacopsychiatry
2003, 36(Suppl. 2): S120-6.

77. Kirsch, C. et al. Brain cholesterol, statins and Alzheimer’s
disease. Pharmacopsychiatry 2003, 36(Suppl. 2): S113-9.

78. Revill, P., Moral, M.A., Prous, J.R. Impaired insulin signaling
and the pathogenesis of Alzheimer’s disease. Drugs Today
(Barc) 2006, 42(12): 785-90. 

79. Sun, M.K., Alkon, D.L. Links between Alzheimer’s disease
and diabetes. Drugs Today (Barc) 2006, 42(7): 481-9.

80. Rivera, E.J., Goldin, A., Fulmer, N., Tavares, R., Doiron, K.,
Wands, J.R., de la Monte, S.M. Insulin and insulin-like growth
factor expression and function deteriorate with progression of
Alzheimer’s disease: Link to brain reductions in acetylcholine. J
Alzheimers Dis 2005, 8(3): 247-68.

81. Schubert, M., Gautam, D., Surjo, D. et al. Role for neuronal
insulin resistance in neurodegenerative diseases. Proc Natl
Acad Sci USA 2004, 101(9): 3100-5.

49. Osterlund, M.K., Gustafsson, J.A., Keller, E., Hurd, Y.L.
Estrogen receptor beta (ERbeta) messenger ribonucleic acid
(mRNA) expression within the human forebrain: Distinct distribu-
tion pattern to ERalpha mRNA. J Clin Endocrinol Metab 2000,
85(10): 3840-6. 

50. Moreira, P.I., Honda, K., Zhu, X. et al. Brain and brawn:
Parallels in oxidative strength. Neurology 2006, 66(2, Suppl. 1):
S97-101.

51. Frank, B., Gupta, S. A review of antioxidants and Alzheimer’s
disease. Ann Clin Psychiatry 2005, 17(4): 269-86.

52. Liu, R., Liu, I.Y., Bi, X., Thompson, R.F., Doctrow, S.R.,
Malfroy, B., Baudry, M. Reversal of age-related learning deficits
and brain oxidative stress in mice with superoxide
dismutase/catalase mimetics. Proc Natl Acad Sci USA 2003,
100(14): 8526-31.

53. Kontush, K., Schekatolina, S. Vitamin E in neurodegenera-
tive disorders: Alzheimer’s disease. Ann NY Acad Sci 2004,
1031: 249-62.

54. Rosato-Siri, M., Cattaneo, A., Cherubini, E. Nicotine-induced
enhancement of synaptic plasticity at CA3-CA1 synapses
requires GABAergic interneurons in adult anti-NGF mice. J
Physiol 2006, 576(Pt. 2): 361-77.

55. Lanctot, K.L., Herrmann, N., Mazzotta, P., Khan, L.R,,
Ingber, N. GABAergic function in Alzheimer’s disease: Evidence
for dysfunction and potential as a therapeutic target for the treat-
ment of behavioural and psychological symptoms of dementia.
Can J Psychiatry 2004, 49(7): 439-53.

56. Schmitt, H.P. Neuro-modulation, aminergic neuro-disinhibi-
tion and neuro-degeneration. Draft of a comprehensive theory
for Alzheimer disease. Med Hypotheses 2005, 65(6): 1106-19.

57. Twomey, C., McCarthy, J.V. Presenilin-1 is an unprimed
glycogen synthase kinase-3beta substrate. FEBS Lett 2006,
580(17): 4015-20.

58. Bhat, R., Berg, S. Role of GSK3 in Alzheimer disease.
Neurobiol Aging [9th Int Geneva/Springfield Symp Adv
Alzheimer Ther (April 19-22, Geneva) 2006] 2006, 27(Suppl. 1):
Abst 9.

59. Jiang, H., Guo, W., Liang, X., Rao, Y. Both the establishment
and the maintenance of neuronal polarity require active mecha-
nisms: Critical roles of GSK-3beta and its upstream regulators.
Cell 2005, 120: 123-35.

60. Conde, S., Perez, D.I., Martinez, A., Perez, C., Moreno, F.J.
Thienyl and phenyl alpha-halomethyl ketones: New inhibitors of
glycogen synthase kinase (GSK-3beta) from a library of com-
pound searching. J Med Chem 2003, 46(22): 4631-3.

61. Kuo, G.-H., Prouty, C., De Angelis, A. et al. Synthesis and
discovery of macrocyclic polyoxygenated bis-7-azaindolyl-
maleimides as a novel series of potent and highly selective
glycogen synthase kinase-3beta inhibitors. J Med Chem 2003,
46(19): 4021-31.

62. Hoeflich, K.P., Luo, J., Rubie, E.A, Tsao, M.S., Jin, O.,
Woodgett, J.R. Requirement for glycogen synthase kinase-3beta
in cell survival and NF-kappaB activation. Nature 2000,
406(6791): 86-90.

63. Casadesus, G., Webber, K.M., Atwood, C.S., Pappolla, M.A.,
Perry, G., Bowen, R.L., Smith, M.A. Luteinizing hormone modu-
lates cognition and amyloid-beta deposition in Alzheimer APP
transgenic mice. Biochim Biophys Acta 2006, 1762(4): 447-52.

638 Alzheimer’s disease one century later



96. Strekalova, H., Buhmann, C., Kleene, R. et al. Elevated lev-
els of neural recognition molecule L1 in the cerebrospinal fluid of
patients with Alzheimer disease and other dementia syndromes.
Neurobiol Aging 2006, 27(1):1-9.

97. Todaro, L., Puricelli, L., Gioseffi, H. et al. Neural cell adhe-
sion molecule in human serum. Increased levels in dementia of
the Alzheimer type. Neurobiol Dis 2004, 15(2): 387-93.

98. Berezin, V., Bock, E. NCAM mimetic peptides:
Pharmacological and therapeutic potential. J Mol Neurosci 2004,
22(1-2): 33-9.

99. D’Andrea, M.R., Nagele, R.G. Targeting the alpha 7 nicotinic
ACh receptor to reduce amyloid accumulation in Alzheimer’s dis-
ease pyramidal neurons. Curr Pharm Des 2006, 12(6): 677-84.

100. Magdesian, M.H., Nery, A.A., Martins, A.H., Juliano, M.A.,
Juliano, L., Ulrich, H., Ferreira, S.T. Peptide blockers of the inhi-
bition of neuronal nicotinic ACh receptors by amyloid beta. J Biol
Chem 2005, 280(35): 31085-90.

101. Vignini, A., Nanetti, L., Moroni, C. et al. Modifications of
platelet from Alzheimer disease patients: A possible relation
between membrane properties and NO metabolites. Neurobiol
Aging 2007, 28(7): 987-94.

102. Akomolafe, A., Lunetta, K.L., Erlich, P.M. et al. Genetic
association between endothelial nitric oxide synthase and
Alzheimer disease. Clin Genet 2006, 70(1): 49-56. 

103. Thatcher, G.R., Bennett, B.M., Reynolds, J.N. Nitric oxide
mimetic molecules as therapeutic agents in Alzheimer’s disease.
Curr Alzheimer Res 2005, 2(2): 171-82.

104. Riederer, P., Hoyer, S. From benefit to damage. Glutamate
and advanced glycation end products in Alzheimer brain. J
Neural Transm 2006, 113(11): 1671-7.

105. Snyder, E.M., Nong, Y., Almeida, C.G. et al. Regulation of
NMDA receptor trafficking by amyloid-beta. Nat Neurosci 2005,
8(8): 1051-8.

106. Narahashi, T., Marszalec, W., Moriguchi, S., Yeh, J.Z.,
Zhao, X. Unique mechanism of action of Alzheimer’s drugs on
brain nicotinic ACh receptors and NMDA receptors. Life Sci
2003, 74(2-3): 281-91.

107. Lleo, A., Greenberg, S.M., Growdon, J.H. Current pharma-
cotherapy for Alzheimer’s disease. Annu Rev Med 2006, 57:
513-33.

108. Francis, P.T. The interplay of neurotransmitters in
Alzheimer’s disease. CNS Spectr 2005, 10(11, Suppl. 18): 6-9.

109. Townsend, K.P., Pratico, D. Novel therapeutic opportunities
for Alzheimer’s disease: Focus on nonsteroidal anti-inflammato-
ry drugs. FASEB J 2005, 19(12): 1592-601.

110. Chen, J., Zhou, Y., Mueller-Steiner, S. et al. SIRT1 protects
against microglia-dependent amyloid-beta toxicity through
inhibiting NF-kappaB signaling. J Biol Chem 2005, 280(48):
40364-74.

111. Onyango, I.G., Tuttle, J.B., Bennett, J.P. Jr. Altered intra-
cellular signaling and reduced viability of Alzheimer’s disease
neuronal cybrids is reproduced by beta-amyloid peptide acting
through receptor for advanced glycation end products (RAGE).
Mol Cell Neurosci 2005, 29(2): 333-43.

112. Sastre, M., Dewachter, I., Rossner, S. et al. Nonsteroidal
anti-inflammatory drugs repress beta-secretase gene promoter

82. D’Ambrosio, C., Arena, S., Fulcoli, G., Scheinfeld, M.H.,
Zhou, D., D’Adamio, L., Scaloni, A. Hyperphosphorylation of
JNK-interacting protein 1, a protein associated with Alzheimer
disease. Mol Cell Proteomics 2006, 5(1): 97-113.

83. Ferrer, I., Gomez-Isla, T., Puig, B., Freixes, M., Ribé, E.,
Dalfó, E., Avila, J. Current advances on different kinases
involved in tau phosphorylation, and implications in Alzheimer’s
disease and tauopathies. Curr Alzheimer Res 2005, 2(1): 3-18.

84. Kuan, C.Y., Burke, R.E. Targeting the JNK signaling pathway
for stroke and Parkinson’s diseases therapy. Curr Drug Targets
CNS Neurol Disord 2005, 4(1): 63-7.

85. Ucar, G., Gokhan, N., Yesilada, A., Bilgin, A.A. 1-N-
Substituted thiocarbamoyl-3-phenyl-5-thienyl-2-pyrazolines: A
novel cholinesterase and selective monoamine oxidase B
inhibitors for the treatment of Parkinson’s and Alzheimer’s dis-
eases. Neurosci Lett 2005, 382(3): 327-31.

86. Youdim, M.B., Fridkin, M., Zheng, H. Bifunctional drug deriv-
atives of MAO-B inhibitor rasagiline and iron chelator VK-28 as a
more effective approach to treatment of brain ageing and ageing
neurodegenerative diseases. Mech Ageing Dev 2005, 126(2):
317-26.

87. Chen, K., Holschneider, D.P., Wu, W., Rebrin, I., Shih, J.C.
A spontaneous point mutation produces monoamine oxidase A/B
knock-out mice with greatly elevated monoamines and anxiety-
like behavior. J Biol Chem 2004, 279(38): 39645-52.

88. Clader, J.W., Wang, Y. Muscarinic receptor agonists and
antagonists in the treatment of Alzheimer’s disease. Curr Pharm
Des 2005, 11(26): 3353-61.

89. Verhoeff, N.P. Acetylcholinergic neurotransmission and the
beta-amyloid cascade: implications for Alzheimer’s disease.
Expert Rev Neurother 2005, 5(2): 277-84.

90. Fisher, A., Caccamo, A., Oddo, S. et al. M1 muscarinic ago-
nists as promising agents to decrease beta-amyloids in
Alzheimer disease (AD) brains. Neurobiol Aging [9th Int
Geneva/Springfield Symp Adv Alzheimer Ther (April 19-22,
Geneva) 2006] 2006, 27(Suppl. 1): Abst 30.

91. Lambiase, A., Pagani, L., Di Fausto, V., Sposato, V.,
Coassin, M., Bonini, S., Aloe, L. Nerve growth factor eye drop
administrated on the ocular surface of rodents affects the nucle-
us basalis and septum: Biochemical and structural evidence.
Brain Res 2007, 1127(1): 45-51.

92. Counts, S.E., Mufson, E.J. The role of nerve growth factor
receptors in cholinergic basal forebrain degeneration in prodro-
mal Alzheimer disease. J Neuropathol Exp Neurol 2005, 64(4):
263-72.

93. Volosin, M., Song, W., Almeida, R.D., Kaplan, D.R.,
Hempstead, B.L., Friedman, W.I. Interaction of survival and
death signaling in basal forebrain neurons: Roles of neu-
rotrophins and proneurotrophins. J Neurosci 2006, 26(29):
7756-66. 

94. Tuszynski, M.H., Thal, L., Pay, M. et al. A phase 1 clinical
trial of nerve growth factor gene therapy for Alzheimer disease.
Nat Med 2005, 11(5): 551-5.

95. Secher, T., Novitskaia, V., Berezin, V., Bock, E., Glenthoj, B.,
Klementiev, B. A neural cell adhesion molecule-derived fibro-
blast growth factor receptor agonist, the FGL-peptide, promotes
early postnatal sensorimotor development and enhances social
memory retention. Neuroscience 2006, 141(3): 1289-99.

Drugs Fut 2007, 32(7) 639



130. Dotti, C.G., Galvan, C., Ledesma, M.D. Plasmin deficiency
in Alzheimer’s disease brains: Causal or casual? Neurodegener
Dis 2004, 1(4-5): 205-12. 

131. Melchor, J.P., Pawlak, R., Strickland, S. The tissue plas-
minogen activator-plasminogen proteolytic cascade accelerates
amyloid-beta (Abeta) degradation and inhibits Abeta-induced
neurodegeneration. J Neurosci 2003, 23(26): 8867-71.

132. Ozturk, A., Minster, R.L., DeKosky, S.T., Kamboh, M.I.
Association of tagSNPs in the urokinase-plasminogen activator
(PLAU) gene with Alzheimer’s disease and associated quantita-
tive traits. Am J Med Genet B Neuropsychiatr Genet 2007,
144(1): 79-82.

133. Riemenschneider, M., Konta, L., Friedrich, P. et al. A func-
tional polymorphism within plasminogen activator urokinase
(PLAU) is associated with Alzheimer’s disease. Hum Mol Genet
2006, 15(16): 2446-56.

134. Medina, M.G., Ledesma, M.D., Dominguez, J.E. et al.
Tissue plasminogen activator mediates amyloid-induced neuro-
toxicity via Erk1/2 activation. EMBO J 2005, 24(9): 1706-16.

135. Schmitt, H.P. epsilon-Glycation, APP and Abeta in ageing
and Alzheimer disease: A hypothesis. Med Hypotheses 2006,
66(5): 898-906.

136. Emanuele, E., D’Angelo, A., Tomaino, C. et al. Circulating
levels of soluble receptor for advanced glycation end products in
Alzheimer disease and vascular dementia. Arch Neurol 2005,
62(11): 1734-6.

137. Alarcon, R. Fuenzalida, C., Santibanez, M., von Bernhardi,
R. Expression of scavenger receptors in glial cells. Comparing the
adhesion of astrocytes and microglia from neonatal rats to sur-
face-bound beta-amyloid. J Biol Chem 2005, 280(34): 30406-15.

138. Tomita, T., Iwatsubo, T. gamma-Secretase as a therapeu-
tic target for treatment of Alzheimer’s disease. Curr Pharm Des
2006, 12(6): 661-70.

139. Churcher, I., Beher, D. Gamma-secretase as a therapeutic
target for the treatment of Alzheimer’s disease. Curr Pharm Des
2005, 11(26): 3363-82.

140. Kojro, E., Fahrenholz, F. The non-amyloidogenic pathway:
Structure and function of alpha-secretases. Subcell Biochem
2005, 38: 105-27.

141. Chang, W., Huang, X., Koelsch, G., Hong, L., Ghosh, K.A.,
Tang, J. Beta-secretase inhibitor drug, between fantasy and real-
ity. Neurobiol Aging [9th Int Geneva/Springfield Symp Adv
Alzheimer Ther (April 19-22, Geneva) 2006] 2006, 27(Suppl. 1):
Abst 87.

142. Fahrenholz, F. Alpha-secretase as a therapeutic target.
Neurobiol Aging [9th Int Geneva/Springfield Symp Adv
Alzheimer Ther (April 19-22, Geneva) 2006] 2006, 27(Suppl. 1):
Abst 27.

143. Bandyopadhyay, S., Hartley, D.M., Cahill, C.M., Lahiri,
D.K., Chattopadhyay, N., Rogers, J.T. Interleukin-1alpha stimu-
lates non-amyloidogenic pathway by alpha-secretase (ADAM-10
and ADAM-17) cleavage of APP in human astrocytic cells involv-
ing p38 MAP kinase. J Neurosci Res 2006, 84(1): 106-18.

144. Lichtenthaler, S.F., Haass, C. Amyloid at the cutting edge:
Activation of alpha-secretase prevents amyloidogenesis in an
Alzheimer disease mouse model. J Clin Invest 2004, 113(10):
1384-7.

activity by the activation of PPARgamma. Proc Natl Acad Sci
USA 2006, 103(2): 443-8.

113. Watson, G.S., Cholerton, B.A., Reger, M.A. et al. Preserved
cognition in patients with early Alzheimer disease and amnestic
mild cognitive impairment during treatment with rosiglitazone: A
preliminary study. Am J Geriatr Psychiatry 2005, 13: 950-8.

114. d’Abramo, C., Massone, S., Zingg, J.M. et al. Role of per-
oxisome proliferator-activated receptor gamma in amyloid pre-
cursor protein processing and amyloid beta-mediated cell death.
Biochem J 2005, 391(Pt. 3): 693-8.

115. Ghavami, A., Hirst, W.D., Novak, T.J. Selective phosphodi-
esterase (PDE)-4 inhibitors: A novel approach to treating memo-
ry deficit? Drugs R D 2006, 7(2): 63-71.

116. Beglopoulos, V., Shen, J. Regulation of CRE-dependent
transcription by presenilins: Prospects for therapy of Alzheimer’s
disease. Trends Pharmacol Sci 2006, 27(1): 33-40. 

117. Houslay, M.D., Schafer, P., Zhang, K.Y. Keynote review:
Phosphodiesterase-4 as a therapeutic target. Drug Discov Today
2005, 10(22): 1503-19.

118. Zhang, L., Zhang, R.L., Wang, Y., Zhang, C., Zhang, Z.G.,
Meng, H., Chopp, M. Functional recovery in aged and young rats
after embolic stroke: Treatment with a phosphodiesterase type 5
inhibitor. Stroke 2005, 36(4): 847-52.

119. Devan, B.D., Duffy, K.B., Bowker, J.L. et al.
Phosphodiesterase type 5 (PDE5) inhibition and cognitive
enhancement. Drugs Fut 2005, 30(7): 725-36.

120. Zhu, D., Lai, Y., Shelat, P.B., Hu, C., Sun, G.Y., Lee, J.C.
Phospholipases A2 mediate amyloid-beta peptide-induced mito-
chondrial dysfunction. J Neurosci 2006, 26(43): 11111-9.

121. Zhu, X., Smith, M.A. Perry, G., Aliev, G. Mitochondrial fail-
ures in Alzheimer’s disease. Am J Alzheimers Dis Other Demen
2004, 19(6): 345-52. 

122. Caspersen, C., Wang, N., Yao, J. et al. Mitochondrial Abeta:
A potential focal point for neuronal metabolic dysfunction in
Alzheimer’s disease. FASEB J 2005, 19(14): 2040-1.

123. Pastorino, L., Lu, K.P. Pathogenic mechanisms in
Alzheimer’s disease. Eur J Pharmacol 2006, 545(1): 29-38.

124. Pastorino, L., Sun, A., Lu, P.J et al. The prolyl isomerase
Pin1 regulates amyloid precursor protein processing and amy-
loid-beta production. Nature 2006, 440: 528-34. 

125. Lim, J., Lu, K.P. Pinning down phosphorylated tau and
tauopathies. Biochim Biophys Acta 2005, 1739(2-3): 311-22.

126. Wulf, G., Finn, G., Suizu, F., Lu, K.P. Phosphorylation-spe-
cific prolyl isomerization: Is there an underlying theme? Nat Cell
Biol 2005, 7(5): 435-41.

127. Liou, Y.C., Sun, A., Ryo, A. et al. Role of the prolyl iso-
merase Pin1 in protecting against age-dependent neurodegen-
eration. Nature 2003, 424: 556-61.

128. Ledesma, M.D., Abad-Rodriguez, J., Galvan, C. et al. Raft
disorganization leads to reduced plasmin activity in Alzheimer’s
disease brains. EMBO Rep 2003, 4(12): 1190-6.

129. Ledesma, M.D., Da Silva, J.S., Crassaerts, K., Delacourte,
A., De Strooper, B., Dotti, C.G. Brain plasmin enhances APP
alpha-cleavage and Abeta degradation and is reduced in
Alzheimer’s disease brains. EMBO Rep 2000, 1(6): 530-5.

640 Alzheimer’s disease one century later



150. Cho, S., Hu, Y. Activation of 5-HT4 receptors inhibits secre-
tion of beta-amyloid peptides and increases neuronal survival.
Exp Neurol 2007, 203(1): 274-8.

151. Tesseur, I., Zou, K., Esposito, L. et al. Deficiency in neu-
ronal TGF-beta signaling promotes neurodegeneration and
Alzheimer’s pathology. J Clin Invest 2006, 116(11): 3060-9.

152. Buckwalter, M.S., Coleman, B.S., Buttini, M. et al.
Increased T cell recruitment to the CNS after amyloid beta 1-42
immunization in Alzheimer’s mice overproducing transforming
growth factor-beta 1. J Neurosci 2006, 26(44): 11437-41.

153. Zhang, H., Zou, K., Tesseur, I., Wyss-Coray, T. Small mol-
ecule TGF-beta mimetics as potential neuroprotective factors.
Curr Alzheimer Res 2005, 2(2): 183-6.

154. Wyss-Coray, T. TGF-beta pathway as a potential target in
neurodegeneration and Alzheimer’s. Curr Alzheimer Res 2006,
3(3): 191-5.

145. Vincent, B. ADAM proteases: Protective role in Alzheimer’s
and prion diseases? Curr Alzheimer Res 2004, 1(3): 165-74.

146. Allinson, T.M., Parkin, E.T., Turner, A.J., Hooper, N.M.
ADAMs family members as amyloid precursor protein alpha-sec-
retases. J Neurosci Res 2003, 74(3): 342-52.

147. Asai, M., Hattori, C., Szabo, B., Sasagawa, N., Maruyama,
K., Tanuma, S., Ishiura, S.. Putative function of ADAM9,
ADAM10, and ADAM17 as APP alpha-secretase. Biochem
Biophys Res Commun 2003, 301(1): 231-5.

148. Zarros, A.Ch., Kalopita, K.S., Tsakiris, S.T. Serotoninergic
impairment and aggressive behavior in Alzheimer’s disease.
Acta Neurobiol Exp (Wars) 2005, 65(3): 277-86.

149. Mitchell, E.S., Neumaier, J.F. 5-HT6 receptors: A novel tar-
get for cognitive enhancement. Pharmacol Ther 2005, 108(3):
320-33.

Drugs Fut 2007, 32(7) 641


