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Abstract
Introduction—Alzheimer’s disease (AD) is a common, progressive neurological disorder whose
incidence is reaching epidemic proportions. The prevailing ‘amyloid cascade hypothesis’, which
maintains that the aberrant proteolysis of beta-amyloid precursor protein (βAPP) into neurotoxic
amyloid beta (Aβ)-peptides is central to the etiopathology of AD, continues to dominate
pharmacological approaches to the clinical management of this insidious disorder. This review is a
compilation and update on current pharmacological strategies designed to down-regulate Aβ42-
peptide generation in an effort to ameliorate the tragedy of AD.

Areas Covered—This review utilized on-line data searches at various open online-access
websites including the Alzheimer Association, Alzheimer Research Forum; individual drug
company databases; the National Institutes of Health (NIH) Medline; Pharmaprojects database;
Scopus; inter-University research communications and unpublished research data.

Expert Opinion—Aβ immunization-, anti-acetylcholinesterase-, β-secretase-, chelation-, γ-
secretase-, N-methyl D-aspartate (NMDA) receptor antagonist-, statin-based and other strategies
to modulate βAPP processing have dominated pharmacological approaches directed against AD-
type neurodegenerative pathology. Cumulative clinical results of these efforts remain extremely
disappointing, and have had little overall impact on the clinical management of AD. While a
number of novel approaches are in consideration and development, to date there is still no
effective treatment or cure for this expanding healthcare concern.
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1. Background
1.1 The Looming Alzheimer’s Disease (AD) Healthcare Problem

Alzheimer’s disease (AD) is a tragic, age-related neurological disease, and represents the
most prevalent neurodegenerative disorder in industrialized societies. AD is the most
common type of cognitive impairment and memory loss of the aged, characterized by the
progressive erosion of cognition, functional ability, mood, behavior and memory. An
estimated 5.4 million people in the United States have AD, and healthcare treatment for AD
patients in the United States currently involves a staggering 15 million unpaid caregivers
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and 183 billion dollars in annual costs. The projected yearly expense of AD healthcare is
estimated to soar to 1.1 trillion dollars by the year 2050 [1,2]. Currently, this places a
tremendous socioeconomic burden on both AD caregivers and an already strained healthcare
system. In the foreseeable future the prognosis for AD incidence and soaring medical costs
become even more stark and overwhelming. Globally, 5 million new cases of AD are
diagnosed annually, with one new AD case being reported every 7 seconds [1–5].
Importantly, our increasing life expectancy and the demographics of our aging population on
a global scale cast significant concerns over our medical and socioeconomic capability to
manage this rapidly expanding brain disease. Currently, there are no adequate preventive or
curative treatments for this leading cause of senile dementia, and pharmacological strategies
and treatments directed at AD symptoms, and specifically targeted to neurotransmitter
deficits and the progressively amyloidogenic and inflammatory nature of this brain
degeneration, have collectively met with extremely disappointing results [1–7].

1.2 The Neuropathology of Alzhemier’s Disease (AD)
Neuropathologically, AD is characterized (i) by a progressive, age-related generation,
aggregation and accumulation of amyloid-beta (Aβ) peptides as dense, insoluble, pro-
inflammatory and pathogeic deposits of senile plaque (SP), (ii) the appearance of tau-protein
containing intracellular neurofibrillary tangles (NFTs), (iii) reduced synaptic densities, and
(iv) neuronal loss in temporal lobe and hippocampal structures that, as AD progresses,
radiates into the more distal parietal, frontal and occipital poles of the brain [11–16]. In the
recent past, the density of SP and NFT lesions required extensive post-mortem
histopathological confirmation for an AD diagnosis, however current autoradiographic,
tomographic, magnetic resonance and related electronic digitization and quantification
technologies are capable of effectively resolving SP, NFT or Aβ peptide load both in aging
brains and in patients with AD, and in transgenic animal models of AD [16–20]. The initial
generation of Aβ peptides, their aggregation from soluble monomers into insoluble deposits,
and their unusual biophysical properties have been suggested by many to be the earliest
markers for cognitive disturbances and AD onset that precedes by decades the appearance of
mature SP and NFT lesions [19–23].

1.3 The ‘Amyloid Cascade Hypothesis’
The essentials of the ‘amyloid cascade hypothesis’ are that proteolysis of the ~770 amino
acid, polytopic, transmembrane β-amyloid precursor protein (βAPP; chr 21q21.1; GenBank:
BAA22264.1), though interaction with associated membrane proteins such as nicastrin, and
tandem beta (β)- and gamma (γ)-secretase cleavage yields a series of ragged Aβ peptide
monomers Figure 1). The (γ)-secretase is a rather unusual aspartic protease that cleaves
βAPP within the hydrophobic transmembrane domain, and its catalytic activity is thought to
be the rate-limiting enzyme in Aβ peptide production [24–26]. Because a water molecule is
absolutely required for βAPP cleavage, cleavage within the hydrophobic transmembrane
domain of βAPP may be accelerated by membrane disruption or dynamic ‘vibrational’
movement of βAPP within the membrane (Figure 1; see below). The (γ)-secretase complex
is actually composed of several high molecular weight integral proteins including presenilin
1 (PS1; PSEN1), nicastrin, Aph-1 and Pen-2 [12–15,23–27]. While each of these four
components are required for γ-secretase activity, the precise mechanism of how this
membrane-associated complex recognizes and cleaves its βAPP substrate is incompletely
understood, and remains a critical issue in the development of compounds that specifically
regulate β- and γ-secretase activity. Importantly, Aβ peptides generated include primarily,
two noteworthy isoforms, including a 40 amino acid Aβ40 peptide that associates with the
endothelium of the cerebral vasculature, and the more neurotoxic, albeit less abundant, Aβ42
species, containing 42 amino acids that is strongly self-associating and forms the essential
nucleus of the SP lesion. Interestingly, the extra two amino acids in Aβ42 (versus Aβ40)
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appear to convey many of the toxic biophysical attributes of this slightly larger molecule
[25–29]. The recognition of these end-stage Aβ peptides by the brain’s microglial
surveillance system, and the inability of the microglial cell to deal with these toxic, insoluble
pro-inflammatory inclusions are thought to form the basis for the elevated inflammatory and
oxidative stress signaling that is characteristic of the AD process [9–16,30]. One major
ongoing pharmacological strategy for the treatment of AD has been the targeting of the
specific secretases responsible for Aβ40 and Aβ42 production. A highly informative website
that includes video animation of the currently understood βAPP cleavage mechanism and
how the modulation of Aβ42 abundance may be of use in down-regulating these AD-related
insoluble deposits is freely available online [31].

In contrast to these smaller, intensely hydrophobic, pathogenic Aβ40 and Aβ42 peptides, a
non-amyloidogenic, ~621 amino acid soluble amyloid precursor protein alpha (sAPPα) may
be generated from βAPP through alternate α-secretase cleavage, and this relatively large
extracellular peptide possesses neuritogenic, neurotrophic, neuroprotective and growth-
promoting properties (Figure 1) [28–30]. sAPPα has been further shown to regulate neural
cell excitability, synaptic plasticity, and has been demonstrated to be useful in promoting
brain cell regeneration after acute brain injury after cerebral ischemia and stroke [32,33].
While the neurotoxic actions of Aβ40 and Aβ42 engender pathology by inducing oxidative
stress, neural inflammation, neuronal dysfunction, apoptosis and brain cell death through the
neurotoxic β-γ-secretase pathway, sAPPα production via the alternate α-secretase pathway
both shunts production of pathogenic Aβ peptides while promoting the generation of the
more neurotrophic sAPPα protein [32,33]. The single-transmembrane lipoprotein receptor
SorLA/LR11, that normally regulates βAPP trafficking from the cell surface via the
endocytic pathways, appears to play a determining role in the neuron’s decision of whether
neurotoxic or neurotrophic forms of βAPP fragments are generated [34–36]. Indeed deficits
in SORL1 abundance are associated with AD and in cytokine and Aβ peptide-stressed
neuro-inflammatory models of AD using cultured primary human neural cells and inherited
genetic variants in this membrane sorting receptor are associated with late-onset forms of
AD [34,35]. It should be pointed out that there are several alternate hypotheses to the
‘amyloid cascade hypothesis’, including the idea that amyloid deposition is a neuro
protective adaptation to AD, that Aβ42 peptide increases may be a response to pathogenic
infection, and that AD is a pathogenetic autoimmune disorder caused by herpes simplex
virus (HSV-1) or other brain pathogens in a gene-dependent manner [153–161].
Interestingly antiviral drugs such as acyclovir (1) have been shown to reduce the HSV-1
mediated up-regulation of a pro-inflammatory micro RNA known as miRNA-146a in human
brain cells [159], (2) have been shown to reduce Aβ peptide accumulation in AD model
systems, and (3) have been proposed to offer some therapeutic benefit towards the AD
condition [159,164].

2. Medical need
The immense socioeconomic burden of AD is an expanding healthcare concern as
demographic analyses indicate that the elderly currently constitute the fastest growing
segment of Westernized societies [1,2,37–39]. Our deeper understanding of the basic
molecular-genetic mechanisms involved in healthy aging versus AD remains a primary
medical research area, and effective Aβ-peptide targeted drugs and strategies to treat AD are
an urgent pharmacological goal. Unfortunately, while many pharmacological strategies and
drug formulations have been advanced, and many primary clinical trials for AD are ongoing,
no primary pharmacological-based prevention trial has yet successfully delayed the
development or effectively cured this prevalent neurological disorder [37–40]. As is further
discussed below, the strategic targeting of pharmaceuticals to the α-β-γ-secretase-SORL1-
nicastrin axis of βAPP processing to traffic and compartmentalize βAPP-derived peptides

Lukiw Page 3

Expert Opin Emerg Drugs. Author manuscript; available in PMC 2013 September 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



away from the more neurotoxic into the more neurotrophic species is an obvious, and highly
sought after, drug development strategy (Figure 1). Indeed elucidation of the fine details of
amyloidogenic and pro-inflammatory signaling pathways continue to provide an abundance
of disease markers and multiple biological targets useful for the future development of novel
pharmaceuticals to retard AD progression. Clearly the refinement of our understanding on
AD disease mechanisms, new secretase intervention strategies, novel pharmaceuticals and
clinical treatments are essential to more effectively address this expanding health care
problem.

3. Existing treatment
Due to the immense socioeconomic and health care concern of AD, the search for effective
ways to prevent, alleviate and slow down AD progression is a paramount goal of
contemporary neurodegenerative disease research. While not further discussed here, a wide
range of antipsychotic drugs are currently used for reducing the severity and frequency of
the often bizarre perceptual and behavioral symptoms of AD patients [41–43]. Currently
there are no drugs available to cure, to effectively halt the progression, or to arrest further
development of the AD, i.e., all current treatment approaches have little or no effect in
altering the proliferative pathogenic mechanism of AD. Currently, in the AD clinical setting,
suitable combinatorial drug treatment therapies have been suggested to be an effective way
to address AD management and the quality of life for patients with AD. For example the
AChE inhibitor donepezil hydrochloride [(RS)-2-[(1-benzyl-4-piperidyl)methyl]-5,6-
dimethoxy-2,3-dihydroinden-1-one; Aricept®; Eisai, Pfizer] and more recently the
glutamatergic antagonist memantine hydrochloride [3,5-
dimethyltricyclo(3.3.1.1)decan-1amine; Namenda®; Forest; Merz; a moderate affinity
NMDA-receptor antagonist], for the treatment of moderate to severe AD are currently the
two most widely prescribed drugs in North America [43–58]. However, as with Aβ peptide
immunization strategies, elaborated further upon below, unexpected complications such as
acute hepatotoxicity have arisen, the cost-to-benefit ratios have been seriously questioned,
and their general implementation against AD treatment have been fraught with difficulty.
The hepatoxocity problem may be more acute and exacerbated in aged AD patients whose
liver functions may already be compromised by age or by other medications. Drugs
currently in use and under development further include compounds directed at γ-secretase,
β-secretase, metal ion chelators, statins and related cholesterol lowering medications, other
drugs which target the mechanism of Aβ peptide generation, and synthetic pharmaceutical
and plant extracts and their derivatives which have been shown to modulate excess
production of Aβ peptides in various ways [44–63]. The information in this review is
essentially an update of a previous paper in Current Opinion on Emerging Drugs [64]. The
use and potential benefits of these and several other categories of AD medications and
pharmacological treatment strategies are further discussed in the updates and material
presented below.

4. Therapeutic class review
4.1. Inhibitors of Acetylcholinesterase (AChE)

The inhibition of AChE is currently the most common (non-Aβ targeting) pharmacological
approach for the clinical treatment of mild-to-moderate AD. As AChE is the enzyme that
inactivates acetylcholine (Ach), an abundant brain neurotransmitter, especially in AD-
targeted brain regions, the proposed mechanism is that AChE inhibitors can transiently
increase acetylcholine concentration, and hence support cholinergic neurotransmission in
ACh-depleted brain regions. Hence, the rate at which acetylcholine is degraded is decreased,
thus compensating for AD-related ACh deficits due to cholinergic neuron loss (43–50). In
the United States the Food and Drug Administration (FDA) has four approved AchE
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inhibitors as cholinergic drugs for AD. Donepezil (Aricept®) and galantamine (Razadyne®,
Reminyl®, Nivalin®) are selective AchE inhibitors and rivastigmine (Exelon®) inhibits
both acetylcholinesterase and buturylcholinesterase activities[43–47]. Tacrine is no longer
used clinically because of its acute hepatotoxicity, its use being the leading cause of acute
liver failure in the US, and the most common adverse event-causing drug non-approval and/
or drug withdrawal by the FDA [39–42]. In fact, donepezil hydrochloride (Aricept®) is still
the most widely prescribed single AChE inhibitor drug for AD in the world, however
independent studies in Canada, the US and the UK have shown that its overall efficacy is
rather poor, and that other anti-cholinesterase agents may soon overtake Donepezil as the
current drug-of-choice for anti-AD therapy [45–47]. Since the inception of AChE inhibitors
almost 25 years ago, there have been 850 reviews on the pharmacology, pharmacokinetics
and efficacy of AD treatments using cholinergic approaches [43–50]. Besides considerable
problems with hepatotoxicity, particularly in aged AD patients who are often taking multiple
hepatotoxic medications, the use of AChE inhibitors has multiple and adverse off-target
effects in normal cholinergic signaling. These include cardiovascular, cerebrovascular,
cognitive, extrapyramidal, gastrointestinal, respiratory urinary, diurnal (i.e. wake-sleep
cycle) and other neurological complications [42–46]. For example, increased
cererbovascular and cardiovascular events have been observed in several placebo-controlled
trials of galantamine [49]. In a recent review analyzing 22 published, double blind,
randomized trials of 1 to 36 months duration, examining pharmaceutical efficacy on the
basis of clinical outcomes, in which treatment with donepezil, rivastigmine, or galantamine
were compared with placebo in AD concluded that the scientific basis for the use of AChE
inhibitors for AD treatment was at best questionable [50–55]. Such pharmacological
deficiencies underscore the need for (i) quantifying the clinical benefits of these medicines,
(ii) clarifying the costs of the medication and (iii) who bears this cost, (iv) analyzing the
statistical methods of weighing benefit against cost, (v) evaluating the consequences of
using different approaches to cost-benefit analysis and the benefit-risk balance in individual
AD patients, and (vi) ongoing re-evaluation of the efficacy of these medicines for the AD
patient.

4.2. N-methyl D-aspartate (NMDA) receptor antagonists
The over-stimulation of N-methyl D-aspartate (NMDA) receptors by glutamate up-regulates
excitatory signal transduction resulting in excitotoxicity, neural dysfunction and excitatory
over-stimulation, and resulting in hyperstimulation, signaling dysfunction and progressive
neurodegeneration [47,48]. Dysfunction of glutamatergic neurotransmission that manifests
as a form of neuronal excitotoxicity has been repeatedly implicated in the etiopathogenesis
of AD [47–49]. Aβ-peptides and SP lesions have been shown to inhibit glial-mediated
glutamate reuptake and recycling, and with excess glutamate masking signal transmission,
NMDA receptor antagonists have been strategically formulated to block the effects of
excess glutamate and thereby restore physiological signal neurotransmission. Glutamate
excitotoxic mechanisms have thereby become another focus for AD treatment with the
moderate-affinity NMDA receptor antagonist memantine hydrochloride (3,5-
dimethyltricyclo[3.3.1.13,7]decan-1amine; Namenda®), an anti-glutamatergic that
modulates pathological over-stimulation of NMDA channels [51–55].

Interestingly, the drug memantine, first synthesized and patented by Eli Lilly in 1968, has
been shown to possess atropinic, cholinergic, dopaminergic and serotonergic
pharmacological effects, and has had a long and remarkable usage in neuropharmacological
medicine. Memantine has been used clinically as, has been suggested to be used for, or is
currently being tested as, a treatment for autism, nystagmus, ethanol addiction, as an
anticonvulsant, as an antispasmodic, as an anti-Parkinsonian drug with neuroprotective
properties, as a medication for opioid dependence, for systemic lupus erythematosis,
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multiple sclerosis, depression, obsessive compulsive disorder, glaucoma, tinnitus, Tourette
syndrome, problem gambling, neuropathic pain and neurological developmental and
neurodegenerative disorders including HIV-associated dementia [50–58]. As longer term
clinical data become available, the efficacy of memantine hydrochloride for AD
management is becoming increasingly questionable [55]. While both AChE inhibitors and
NMDA antagonists have been reported to possess both neuroprotective and neurotoxic
properties depending on dose, patient age and AD severity and other confounding factors,
one recent clinical study reports that for patients not receiving a cholinesterase inhibitor and
randomized to receive memantine (20 mg/d) or placebo during a 24-week, double-blind,
placebo-controlled trial, that while short-term evaluation showed a minimal improvement,
prospectively defined analyses failed to demonstrate a statistically significant benefit of
memantine treatment compared with placebo [51–58]. Using the severe impairment battery
analysis and a 24 week end point, the AD cooperative study-activities of daily living scale
(ADCS-ADLS) did not differ significantly between groups in any statistical analysis [53].
Combinatorial AChE-glutamatergic drug strategies, such as the use of memantine with
cholinergic inhibitors in ‘anti-AD’ AChE inhibitor-glutamatergic-cocktails showed that
memantine considered to be in the therapeutic or neuroprotective range for rats, induced
neurotoxicity in the adult rat brain, and co-administration of memantine with the
cholinesterase inhibitor donepezil markedly potentiated cerebrotoxic reactions, causing brain
cell injury at significantly lower doses of memantine [54,55]. Approximately 5 years ago,
due to memantine’s limited clinical effectiveness and high cost-to-benefit ratios, the
National Institute for Health and Clinical Excellence (NICE) in the UK made the substantial
decision to the National Health Board against the continued use of memantine as a
medication for AD, although more recently this decision has been reversed [56].
Understandably, these decisions have generated much discussion amongst pharmaceutical
companies, healthcare providers, AD researchers and within the UK health care system as a
whole [55,56]. Another low-affinity NMDA receptor antagonist Dimebon (latrepirdine;
dimebolin; 2,3,4,5-tetrahydro-2,8-dimethyl-5-(2-(6-methyl-3-pyridyl)ethyl)-1H-pyrido(4,3-
b)indole; Pfizer, Medivation), originally developed in Russia as an over-the-counter oral
antihistamine, has shown equally disappointing results in Phase III CONNECTION clinical
trials of patients with mild-to-moderate AD [58,145,146,149]. Clinically, potential
interactions, therapeutic failures and unexpected clinical outcomes using AChE inhibitor and
glutamatergic antagonists, either alone or in combination have prompted the redesign of
clinical strategies and hopefully a more efficacious series of medical formulations. Some
novel and alternate pharmacological strategies for AD management are further discussed
below. Importantly, while some moderate benefit has been realized in drugs that may help in
the early or ‘pre-clinical’ stages of AD, there is a growing skepticism on the ability of any
current drug formulation to slow the rate of decline in patients with more advanced stages of
this progressively incapacitating disease.

4.3. Immunization against Aβ and tau peptides
An intuitive intervention strategy was proposed that immunization against Aβ-peptides
would be highly effective in reducing excessive amounts of Aβ-peptides in the AD brain,
and hence be useful in lowering Aβ-peptide-triggered pathogenic change. While early
studies in βAPP over-expressing transgenic mice showed a significant reduction in the
extent and progression of AD-like neuropathology, early therapeutic trials of immunization
against Aβ42 in humans were discontinued due to the development of significant meningo-
encephalitic cellular inflammatory reactions and related life-threatening complications [58–
62]. While active immunization against Aβ peptides, has received extensive pre-clinical
validation in AD mouse models, effective strategies free of significant side effects in
humans, while problematic, are still under active development. The novel AAB-001
(Bapineuzumab; Elan, Pfizer and Wyeth) administered via intravenous injection, is a
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humanized monoclonal anti-Aβ antibody for mild to moderate AD that received fast track
designation from the US FDA. One unexpected side effect of AAB-001 was vasogenic
cerebral edema, and those taking the largest doses had to be been removed from clinical
trials [64]. In general the results have again been disappointing, however a second
generation anti-Aβ monoclonal antibody solanezumab (LY2062430; a humanized
monoclonal antibody that binds to the central region of β-amyloid) is currently in phase III
clinical trials [62,63,144,149]. Further investigation on the usefulness of the immunization
against Aβ peptides awaits critical refinements in our understanding of the physiological
complexities of γ-secretase-substrate recognition, γ-secretase mediated βAPP cleavage and
the kinetics of Aβ peptide metabolism, translocation, proteolysis and clearance, and off-
target effects [20–23,61–63]. Interestingly, antibodies directed against small regions of Aβ
peptides (i.e Aβ peptide residues 4–10) have been shown to inhibit cytotoxicity and
fibrillogenesis [59]. More recently DNA immunization with HBsAg-based particles
expressing a B cell epitope of Aβ-peptide have been shown to attenuate disease progression
that prolongs survival in AD mouse models [60]. Further, recent studies have shown that
tau-targeted immunization slows the progression of NFT histopathology and pathology in
aged P301L Tau transgenic mice [61,62]. Even more recently, APP-C99 substrate-targeting
monoclonal antibodies appear to have properties as novel immunotherapeutic and Notch-
sparing agents to lower the levels of Aβ peptides in mice, but whether the same effects can
be duplicated in humans in currently not known [154].

4.4. Targeting α-secretase, β-secretase and γ-secretase Aβ42- peptide lowering agents
Stimulation of α-secretase cleavage of the βAPP holoprotein into the neurotrophic sAPPα
has been widely considered a therapeutic approach for AD, but the molecular mechanisms
regulating α-secretase substrate targeting and cleavage are not clearly understood. Protein
kinase C and mitogen-activated protein kinases constitute complex central signaling hubs for
the regulation of α-secretase cleavage. Additionally, recent studies increasingly demonstrate
that a favorable spatial and temporal localization of the two membrane integral proteins
βAPP and α-secretase is essential for efficient α-secretase cleavage and sAPPα generation
[35–40,64].

To date a number of selective γ-secretase inhibitors have been identified that inhibit the
processing of βAPP into pathogenic Aβ peptides, their implementation into clinical trials
have so far been fraught with difficulty due to multiple off-target effects and associated
gastrointestinal tract bleeding, hyperplasia, immunological and neurological disturbances,
including severe headache [18–21]. Typically large single drug doses of greater than 100 mg
are required to obtain significant anti-amyloidogenic effects [18–23]. LY450139 is one γ-
secretase inhibitor currently in clinical development, with doses being optimized through the
use of post-treatment biomarkers such as Aβ levels in the plasma and in the cerebrospinal
fluid [20–22]. In one preliminary study using LY450139 a proportional drug dose and Aβ
peptide lowering response was apparent in plasma and in CSF markers [19–21]. Still in
development are compounds such as JLK6, a selective inhibitor of γ-secretase that inhibits
βAPP cleavage with minimized off target effects on other γ-secretase-mediated pathways.
For example JLK6 has been shown to inhibit Aβ peptide shedding from HEK293 cells over-
expressing wild-type or Swedish-mutated βAPP (IC50 ~ 30 µM), but displays no apparent
activity on BACE, α-secretase or the proteosome clearance system [Tocris Bioscience; Eli
Lily; 20–25]. One concern is that the Aβ peptide generating γ-secretase is a rather unusual
aspartic protease that cleaves within the hydrophobic plasma transmembrane domain, and
the specific targeting of enzymes integral to the lipid bilayer is a relatively new area of
pharmaceutical design [18,20]. An additional concern is that the γ-secretase is actually a
multi-protein complex with multiple molecular substrates. How each of the proteins of this
γ-secretase complex recognizes and cleaves target substrates is of paramount importance in
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the development of more precise inhibitors that more specifically target and preferentially
impair Aβ peptide generating activities [19–22,117]. Viable targets for anti-amyloidogenic
drugs is the β-amyloid cleavage enzyme (BACE; β-secretase) and its active site. The US
Biotech company CoMentis initiated a phase I study of its orally bioavailable small
molecule CTS-2166, purportedly a highly potent, highly selective and efficacious brain-
penetrating β-secretase inhibitor but preliminary clinical results were disappointing
[56,62,64]. More recently, oral administration the retinoid X receptor (RXR) agonist
bexarotene (used as treatment for skin cancer for 13 years) has been shown to rapidly clear
Aβ42 deposits from the brain and improve cognitive deficits in mouse models, but whether
this might aid in clearance of Aβ-enriched amyloid lesions and Aβ-induced deficits in the
human brain is again, currently not known [151].

4.5. Anti-cholesterol drugs: statins
4.5.1—A class of well-tolerated drugs known as statins are currently the most widely
prescribed drugs in this country. Statins are inhibitors of 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase which normally catalyzes the conversion of HMG-CoA
into mevalonic acid in the cholesterol biosynthesis pathway. Statins have been widely shown
to reduce plasma cholesterol and hence the risk of development of cerebrovascular and
cardiovascular disease and stroke [65–69]. Interestingly, both cerebrovascular and
cardiovascular disease are often present in aged AD patients and appear to be weighty
contributors to the development of AD [36–40,66–68]. Both experimental and clinical
studies have indicated a significant inter-relationship between elevated serum cholesterol,
cholesterol metabolism and trafficking, and the enhanced processing of βAPP into
neurotoxic Aβ40-42 peptides, a process that appears to preferentially occur within
cholesterol-enriched lipid-raft domains of plasma membranes [68–75]. In early clinical
trials, statins have been shown to increase βAPP/Aβ ratios, while reducing cholesterol and
blood plasma lipids in AD patients [71,74,75]. The lipophilic lovastatin and simvastatin,
which readily cross the blood brain barrier, and the more hydrophilic statins atorvastatin,
pravastatin and fluvastatin, that do not easily transit the blood brain barrier, are currently the
most widely prescribed group of oral cholesterol-lowering drugs and have been shown to
have multiple additional or off-target ‘pleiotrophic’ effects. For example, statin-mediated
inhibition of mevalonic acid not only reduces cholesterol biosynthesis but also inhibits the
biosynthesis of isoprenoids, resulting in a decrease in protein isoprenylation. This is thought
to contribute substantially to the cell- and tissue-specific anti-inflammatory and immuno-
modulatory effects of statin activity [66–71]. Other "pleiotropic" effects of statins relate to
endothelial-vascular function, increased myocardial and microcapillary perfusion, and
enhancement of the bioavailability of nitric oxide; the mechanism of these effects remain
poorly understood [67–75]. It is abundantly clear that additional mechanistic studies,
modifications in statin dose, speciation and dosing parameters, and longer carefully
controlled clinical trials are essential to more fully evaluate the usefulness of statins as anti-
Aβ peptide modulators in the treatment of AD (see further discussion in Section 7 below).
Recently two excellent reviews on the role of statins in AD research and pharmacotherapy
have appeared in the literature [75,83].

4.5.2. Other cholesterol-lowering strategies and AD-relevant pharmaceuticals
—Cholesterol reduction represents an important pharmacological insight to Aβ peptide
modulation via simultaneous effects on Aβ peptide production and cholesterol lowering
effects. Benefits from non-statin, lipid-and-cholesterol lowering therapies include inhibitors
of the intracellular enzyme acyl-coenzyme A cholesterol acyltransferase (ACAT) that
catalyzes the formation of cholesterol esters from cholesterol and fatty acyl-coenzyme A.
These appear to reduce systemic cholesterol levels by suppressing absorption of dietary
cholesterol and suppressing the assembly and secretion of apolipoprotein-containing
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lipoproteins [75,76]. Another ACAT inhibitor CI-976 (2,2-methyl-N-(2,4,6,-
trimethoxyphenyl dodecanamide) has beneficial effects on multiple membrane trafficking
pathways in eukaryotic cells, including the stimulation of retrograde trafficking of Golgi
membranes to the endoplasmic reticulum wherein βAPP holoprotein resides [76]. The
ACAT inhibitor avasimibe has been shown to decrease excessive hepatic apolipoprotein
secretion into plasma while significantly increasing clearance of triglyceride-rich lipoprotein
from the systemic circulation [77]. The novel selective cholesterol transporter inhibitor
ezetimibe was demonstrated to reduce plasma low density lipoproteins, either alone or in
combination with statins [78–80]. Even more recently, selective estrogen receptor
modulators have shown potential to reduce serum cholesterol in postmenopausal women
who are at increased AD risk [81,82]. For clinical application of cholesterol absorption and
transport inhibitors, ACAT inhibitors and estrogen modulators the development of more
potent compounds and improvements in the methods to evaluate their clinical efficacy are
strongly needed. Concerns about clinical outcomes, safety, and efficacy in various
combinations still remain; their mechanistic effects on βAPP processing and Aβ generation
remain poorly understood [81–84].

4.6. Other AD drugs and formulations targeted against the generation of Aβ peptide
Several additional compounds that are currently being evaluated may provide potential
alternative treatments for AD in the future in part due to their actions on βAPP processing.
Tramiprosate (honotaurine; Alzhemed®; NC-531) is a glycosaminoglycan-mimetic
molecule that interferes with soluble Aβ-peptide accumulation and prevents the formation of
toxic SP, however European trials for Alzhemed were halted in November 2007 [80–83].
Another novel compound scyllo-cyclohexanehexol (AZD-103, ELND-005), a blood-brain
barrier permeable stereoisomer of inositol which binds and arrests Aβ aggregation has
displayed promising activity in animal studies in reducing Aβ40 and Aβ42 load,
inflammation and restoring synaptic loss and improving cognition [84]. Non-steroidal anti-
inflammatory drugs (NSAIDs) that possess anti-amyloidogenic, anti-inflammatory, and anti-
angiogenic properties [(R)-flurbiprofen; Tarenflurbil; MPC-7869; Flurizan®] has been of
particular interest among the NSAID group because they are also γ-secretase inhibitors and
have been reported to reduce Aβ42 peptide load [78,83,84].

Medicinal plant extracts that include ginkgo biloba and ginseng saponins, also known as
ginsenosides, also have been shown to possess selective anti-oxidant, anti-inflammatory,
anti-apoptotic, anti-angiogenic and immune-stimulatory activities, and activity comparisons
with donepezil and tacrine have been reported [85–88]. Further, the ginsenosides Rb1, Rg3
and RE have been found to significantly lower Aβ peptide abundance in AD animal models
[81,89]. Other novel preventive drugs and pharmacological strategies that may have
potential for Aβ peptide lowering effects are the Chinese medicinal herb Uncararia
rhynchophylla, reported to inhibit Aβ peptide aggregation and stabilization [82], and 9-
tetrahydrocannabinol (THC), the active compound in marijuana that acts as both a
competitive AChE inhibitor that prevents Aβ aggregation [90]. Most recently, two herbal
formulations have been described to have therapeutic effects on the treatment of AD
associated Aβ peptide generation and they are medicinal extracts from the plants Melissa
officinalis, Salvia officinalis, and the Chinese concoctions Yi-Gan San and Ba Wei Di
Huang Wan [78,91]. Each have been shown to have some beneficial functions on improving
cognitive impairment of mild-to-moderate AD, larger sample, double blind, multi-centered
clinical studies remain to be carried out [91]. Two current excellent reviews on
neutraceuticals, herbal medicines and the role of phytochemicals and ethnobotanicals in the
treatment and prevention of dementia including AD have recently appeared in the literature
[93,94]. Importantly, there are published reports to the contrary of the beneficial effects of
neutraceuticals and medicinal plant extracts in Ad treatment [144].
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4.7. Chelation of neurotoxic trace metal ions inhibit of Aβ peptide aggregation
There has been recently a resurgence of interest in the role of neurotoxic trace metals on Aβ
peptide aggregation and hence their neurotoxicity and contributory role to AD, and the
possibility of using chelation of these trace metals to inhibit Aβ aggregation ino SP and Aβ-
triggered neurotoxicity [98–103]. Both the βAPP holoprotein and secretase-generated Aβ
peptides bind divalent [copper, iron (Fe2+), zinc] and trivalent [aluminum, iron (Fe3+)] metal
ions under physiological conditions. Abundant evidence continues to support the idea that
these metals play a role in Aβ crosslinking, aggregation, inflammation, oxidative stress and
neurotoxicity of different Aβ-peptide species [98–103]. In the presence of nanomolar
amounts of these metals, soluble Aβ peptide monomers nucleate into higher order structures
yielding dense, insoluble SP cores. Aggregation of Aβ peptides in the presence of trace
amounts of aluminum and iron is remarkable in its biophysical efficiency [100–103]. As Aβ
peptides coalesce into SP, self-reinforcing and self-perpetuating episodes of oxidative stress
and neural inflammation occur. In the early and preclinical stages of AD, when SP and NFT
lesions first appear it has been suggested that it may already be too late to utilize chelation
strategies, due to chelator access to the SP core and other accessibility and solubility
problems [33,37]. Because metal-ion catalyzed oxidative stress and inflammatory signaling
precede the appearance of aggregated Aβ peptides and SP early on in the AD process,
combined or integrated anti-oxidant and metal-ion chelation strategies for neurotoxic metals
may hold promise for the management of AD in addition to strategies using cholinergic
enhancers, glutamate antagonists, statins and NSAID-based strategies [37,98–101]. At
present, metal ion chelators including desferrioxamine, clioquinol, Feralex-G and silicon,
including combinatorial approaches and mixed antioxidant-chelation strategies such as
‘molecular shuttle chelation’ are highly active areas of research investigation [98–101].
Interestingly, more than 20 years ago low dose treatment with intramuscular
desferrioxamine, an antioxidant and trivalent ion chelator that can remove excessive iron
and aluminum from the body, was reported to slow the progression of AD by a factor of
two, but why this treatment worked still is not clear [100]. While a growing body of
evidence supports the idea that trace amounts of neurotoxic metal ions are essential for Aβ
peptide aggregation, virtually nothing is known about the interaction of these toxic trace
metals with βAPP-processing secretases, statins, or other kinds of Aβ peptide modulators
and other AD-relevant drug compounds.

4.8. Supplementation with Essential Fatty acids (docosahexaenoic acid; DHA) and
neuroprotectin D1 (NPD1)

Both in vitro and in vivo studies strongly suggest that docosahexaenoic acid (DHA) and
DHA derivatives such as neuroprotectin D1 (NPD1) may slow or prevent age-related
cognitive dysfunction, memory loss and dementia [104–106,142,145–147], however there
are important reports to the contrary [143,144]. Strategies employing omega-3 fatty acids,
and most recently in co-administered with antioxidants, appear to be the most efficacious in
the rescue of altered βAPP processing and in preserving cognition, especially in the early
stages of AD [104–106, 146]. Both esterified and free DHA and NPD1 are seriously
depleted in AD brain [104]. In human brain primary tissue culture cell models and in
transgenic AD animal models, DHA depletion dramatically enhances oxidative damage. The
recently described DHA-derivative and endogenous docosanoid NPD1 has been shown to
lower Aβ42 peptide secretion from pro-inflammatory cytokine-stressed human neural cells,
to up-regulate the neurotrophic sAPPα, to induce the expression of anti-apoptotic members
of the Bcl-2 gene family, and to quench pro-inflammatory signaling and innate immune
system markers [104,107]. However, while DHA and NPD1 activities are present in human
brain cells, what secretase and accessory enzyme pathways are targeted by these are
currently under active investigation [104–106]. Additional pharmacological regimens using
a combinatorial approach, may be useful in the pharmacotherapy of AD and diseases with
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both a neurovascular and cardio-vascular component [36,106–110]. Individually tailored
mixtures of eicosapentaenoic (EPA) and DHA or other fatty acids may be the most
beneficial in the treatment of moderate AD; the optimal formulations for DHA and EPA for
example still remain unclear [142,149]. Lifelong enrichment of DHA in the diet may
provide the best DHA supplementation strategy in AD prevention [146]. Interestingly, in
transgenic animal models of AD (Tg-AD) endogenous conversion of omega-6 into omega-3
fatty acids shows significant improvements AD-type neuropathology [147]. It should be
again mentioned that there are potential toxic effects of omega-3 fatty acid supplementation
in the elderly – for example there are reports that elevated omega-3 fatty acid levels predict
the risk of ventricular arrhythmias [148] but there are again reports to the contrary [149].

4.9. Non-pharmaceutical based strategies
Long-standing attitudes of Westernized medicine to complex, age-related diseases such as
AD is more often than not a ‘quick-fix’, pharmacological-based approach to deal with
chronic human diseases that take many decades to develop [101–105]. Recently, significant
non-pharmaceutical-based protection against diseases of the elderly such as AD,
cardiovascular, neurovascular disease and diabetes can clearly be obtained from nutritional
and dietary education and brain- and heart-healthy lifestyles. Diets for both adults and the
elderly focusing on high fiber intake, restricted intake of trans- and saturated-animal fat and
cholesterol reduction, dietary enrichment in antioxidant, DHA and omega-3-fatty acid
intake, the maintenance of appropriate body weight, regular physical activity, the cessation
of smoking and excessive alcohol consumption, introspective health care education and
ethnobotanical approaches collectively represent a realistic, statistically significant, and
cost-effective therapeutic strategy for the management of not only AD but other age-related
disorders [104,105,111]. In addition to non-pharmacological approaches, psychotherapy
involving cognitive and behavioral interventions and rehabilitation strategies that include
nutritional intervention appear to be highly effective adjunctive treatments directed at the
clinical management of AD, especially in the earlier stages of this disease [36–42,111–122].
Recent, goal-oriented cognitive rehabilitation approaches for early-stage AD patients has
shown a very positive clinical benefit [123–125].

5. Current research goals
The current research goals for the clinical management of AD are summarized as follows:

• to more completely understand the molecular, genetic and epigenetic mechanism of
Aβ40 and Aβ42 peptide evolution, and limiting the off-target effects of β-secretase
(BACE) and γ-secretase,

• pharmacologically, to strategically design the neurotrophic processing of βAPP into
sAPPα and to limit neurotoxic Aβ40 and Aβ42 peptide generation,

• modulation of nicastrin, SORL1, BACE, PS1, Aph-1, Pen-2 and other effectors of
βAPP activity with βAPP, secretase inhibitors and Aβ peptide-modulators to
achieve these goals

• to advance the thoughtful design and study of transgenic animal models which will
provide valuable in vivo models of AD, and on which the actions of novel secretase
inhibitors and Aβ peptide-modulators can be further evaluated

• to further evaluate statin and related therapies that support a multi-targeted and
multi-modal approach to the clinical management of AD

• prophylaxis to carry out highly rigorous studies and clinical trials in large,
statistically significant populations of early, mild and moderate AD
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• to explore other treatment approaches that lie outside of the ‘amyloid cascade
hypothesis’

Indeed, the ideal AD drug might be an Aβ-peptide modulator that would attenuate the
pathogenic production of Aβ40 and Aβ42 peptides while up-regulating the production of
sAPPα, be effective in all stages (early, moderate and severe) of AD, be useful in the
reduction of oxidative stress and inflammatory signaling, and have negligible hepatic,
gastrointestinal, neurological, respiratory or other serious off-target effects. Put another way
the ideal Aβ peptide modulator would target multiple AD pathogenic mechanisms and have
pleiotropic beneficial off-target effects. Unfortunately, the probability of developing such an
efficacious drug is remote. It may however be possible to develop pharmaceuticals which
target not only the major pathways but also ancillary mechanisms that contribute to
amyloidogenic signaling and AD progression.

6. Scientific rationale
While the progressive generation of Aβ peptides from βAPP holoprotein via the actions of
various secretases appears to be a major contributory factor to the development of Aβ-
peptide-triggered neurodegeneration, these membrane-associated secretase-mediated
proteolytic mechanisms have a considerable number of ancillary regulatory controls. For
example βAPP may also be degraded by other families of proteases in addition to the α-, β-,
or γ-secretase system and these include brain abundant proteolytic enzymes such as
neprilysin [101–105]. The amyloidogenesis of AD can be considered as a fundamental
biomembrane-derived neuropathology that involves a membrane-spanning substrate,
membrane-associated secretases and accessory proteins and cellular trafficking factors such
as SORL1 ad nicastrin. For example, the βAPP processing mechanism and Aβ peptide
generation appears to be up-regulated in lipid raft domains of brain cell membranes that are
enriched in cholesterol, and cholesterol modifying medications such as statins have
attractive interventional potential especially over the long term [71]. In addition, statins are
of effective use in hypercholesterolaemia, hyper-lipidemic cardiovascular and neurovascular
diseases, common disorders known to be contributory to for the development of AD [80–
83,112,141,142].

7. Competitive environment
As has been previously discussed, AChE and glutamatergic medications for AD treatment
are generally not highly effective, especially in advanced AD, however they may help some
AD patients at certain stages of AD under certain treatment regimens. Although stains are
not the ‘magic bullet’ for AD, generally, most recent data both in the lab and in the clinical
setting is that the use of statin pharmacotherapy continues to looks more promising as
treatment regimens become more refined [67–75,83]. Currently AstraZeneca (Crestor®),
Bristol-Myers Squibb Co (Pravachol®), Glaxo-Smith-Kline and Merck & Co (Zocor®;
Mevacor®), Novartis (Lescol®), and Pfizer (Lipitor®) are the 6 major manufacturers of
currently marketed statins with combined sales in excess of 30 billion dollars per year.
Clinical studies for statins for use in AD management are on the rise; as of 2005, 22 ongoing
trials from these manufacturers evaluated the non-lipid lowering ‘pleotropic’ effects of
statins; the number of clinical trials involving statins had increased to 106 by the year 2010
[114]. These multiple clinical drug trials are currently examining overlapping end-point
assessments assessing markers for inflammation and atherosclerotic plaque stabilization,
oxidized vascular oxidant stress and low density lipoprotein abundance, end-stage renal
disease, serum viscosity and fibrinogen status, endothelial function, aortic stenosis
progression, acute coronary syndrome, and pleiotrophic effects on hypertension,
osteoporosis, ischemic burden, multiple sclerosis, and stroke. Given the generally well
tolerated aspects of statins, the evaluation of their ‘pleiotropic’ effects has considerable
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potential to provide additional benefits to patients suffering from a number of overlapping
diseases related to aging in addition to AD [80,111–113].

Secretase-directed inhibitor strategies are ongoing, however the development of non-
selective protease inhibitors for γ-secretase has been difficult due in part to cleavage of
related substrates such as the Notch receptor and resulting impairment of Notch-related
signaling; there may 50 or more natural endogenous substrates for γ-secretase [11,12,19].
For example, gastrointestinal irregularities after high dose LY-450139 treatment is also an
ongoing concern as is with all current γ-secretase inhibitors [19–21]. Unfortunately, there
are scarce data available on the effects of γ-secretase inhibitors on brain Aβ peptide
accumulation, aggregation and deposition after prolonged administration. A large study with
(R)-flurbiprofen (Flurizan®), a selective Aβ42 lowering agent, that showed little
effectiveness has clouded the perception that modulation of γ-secretase activity is a
clinically effective approach for AD [17,18,78,83,132,134]. Finalized commentaries on the
Flurizan® trials are available on the website (Myriad Pharmaceuticals) [88]. According to a
recent study from Pharmacor, part of the PharmaCare group of companies, a dramatic
change in market dynamics will begin when the first disease-modifying therapies, Flurizan®
(R-flurbiprofen), Alzhemed® (NC-531) enter the markets of the United States, Western
Europe and Japan and when sufficient time has elapsed to evaluate their overall efficacy
[87–90]. Lastly, and as outlined above, targeting γ-secretase, β-secretase with statins hold
promise for the future of AD therapy as combinatorial drug treatment and improvements in
pharmacotherapeutic strategy and design are further advanced.

8. Potential development issues
8.1. Statins

While current agents for anti-amyloid treatments provide limited benefits on the various
target symptoms and despite some rather limited positive outcomes, potentially harmful side
effects of statin-based therapies include hepatotoxicity, skeletal muscle pain and
inflammation, (sometimes referred to as statin-induced myopathy or rhabdomyloysis), and
symptoms similar to muscular dystrophy such as difficulty in initiating walking, rising from
a seated position, gait, coordination, tremor, droopy eye, dry eye, memory loss, personality
disturbances and irritability, and depletion of coenzyme Q10, which is, ironically, an
essential nutrient for cardiovascular and neurovascular response, strength and function.
There are additional emerging controversies concerning the suitability and effectives of
statins for AD therapy. A recent animal study showed that in female Tg-AD (Tg-2576;
transgenic, amyloid overexpressing) mice, lovastatin indeed lowered plasma cholesterol
concentrations, but actually enhanced the rate of Aβ production and senile plaque deposition
in the brain [109]. In one prospective, randomized, 36-week clinical treatment trial, no
significant change in the level of Aβ peptides was found after statin therapy in
hypercholesterolemic patients [110]. In another recent AD cholesterol-lowering treatment
(ADCLT) double-blind, placebo-controlled, randomized (1:1) trial with a 1-year exposure to
atorvastatin involving 166 individiuals, 98 of whom had mild-to-moderate AD (MMSE
score of 12–28) circulating cholesterol levels, apoE genotype and initial dementia severity
influenced the benefit of atorvastatin treatment [74,107]. Clearly these early studies should
be interpreted with caution, and further careful experimentation and refinement in dosage,
regimen, patient selection and characteristics etc., are required. Larger, well controlled
human clinical trials using statins as a potential treatment for AD are now in progress. As of
the writing of this paper 83 clinical drug trials for mild cognitive impairment, dementia and
AD are now in progress and the Alzheimer’s Research Forum ‘Drugs in Clinical trials’
webpage lists another 61 drug studies in progress, many of which quantify serum or CSF Aβ
peptide load as an outcome measure [108].
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8.2. Secretase inhibitors
Clinical trials employing γ-secretase inhibitors are in still in their early stages, and there is a
both a need for larger clinical trials and a close monitoring of patients for adverse
gastrointestinal, hepatocytic, and immune system effects. Importantly, the neural membrane
bound γ-secretase complex has at least 40 endogenous substrates that play critical roles in
the adult human and γ-secretase inhibitor off target effects are a common clinical problem.
For the same reasons strategies directed at β-secretase inhibition have met with equal
difficulty [14–17]. Increasing evidence shows γ-secretase-mediated disruption of the neural
net, especially during development, and another concern is that short term lowering of Aβ
peptides in plasma are often followed by a rebound to significantly elevated blood serum
levels of Aβ peptides [14–17].

9. Conclusion and Perspectives
While current academic and pharmaceutical research and pharmacological efforts to address
the AD problem are immense, the prognosis for the AD patient remains dismal -
pharmaceutical intervention strategies to date have been rather disappointing. One hundred
and six years since Alois Alzheimer’s first description of this neurological affliction, a
tremendous amount of scientific insight into the etiological, molecular-genetic, and
pathological mechanisms of AD have been obtained, however, many appreciable gaps in our
knowledge still remain [32–36]. While the neurotoxic Aβ peptides generated via the
‘amyloid cascade hypothesis’ and the secretase systems which generate them are an obvious
therapeutic target, their management in the AD patient still remains an elusive, and to date
no pharmaceutical-based clinical trial has yet successfully stabilized or reversed the course
of this devastating neurological affliction. Currently only 4 therapeutics are being
investigated in phase III clinical trials for AD; the γ-secretase inhibitor Tarenflurbil, the
immunotherapeutics Bapineuzumab and solanezumab, and the low-affinity NMDA receptor
antagonist and anti-acetylcholinesterase Dimebon (latrepirdine) [88,90,114,147, 148]. To
date the results of clinical trials for all 4 drugs have been extremely disappointing [64,132–
134,152–154].

Many researchers and clinicians agree that a cure for AD is probably not an achievable goal.
The more realistic primary pharmacological strategy is to slow down the rate of cognitive
decline in AD patients so that the disease can be more effectively managed by family care-
givers and by our health care system. Familial and sporadic forms of AD account for 5% and
95% of all AD cases, respectively. Both forms of AD appear to be the consequence of
composite age-related interactions between complex combinations of CNS genes,
environmental and epigenetic factors. Environmental factors include lifestyle adjustable
parameters such as tobacco and alcohol consumption, cholesterol and dietary saturated fat
intake, environmental exposure to neurotoxic trace metals, previous viral infection, familial
genetic history, predisposition to cardiovascular, neurovascular and neurological disease,
educational background, drug medication history, etc., hence the etiopathogenesis of AD
remains highly complicated and interactive both with both genetic and environmental
components. There is clear room for improvement in the rather limited pharmaceutical
arsenal we now possess to combat AD onset or delay AD development. While some drugs
help some AD patients some of the time, it could still be easily argued that in the second
hundred years of AD research that we are still in the infancy in our basic understanding of
the AD process and in the development of suitable drugs and pharmaceutical strategies to
arrest or if possible, reverse AD’s devastating neurological effects.

On a personal note I was once in the audience of a lecture given by Linus Pauling who,
during an after-session question period, was asked about the intra-membrane γ-secretase
cleavage site for beta-amyloid precursor protein (βAPP), a cleavage site that, as reviewed
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above, lies within the intensely hydrophobic domain of the plasma membrane lipid bilayer.
As Pauling was the person who wrote the book on the peptide bond, amino acid hydrolysis,
and the very nature of the peptide and hydrogen bonds, his first response was that this could
not possibly happen, as you need an aqueous environment for any type of peptide hydrolysis
and polypeptide chain scission. This was followed by a question by Pauling if the γ-
secretase cleavage site and resultant Aβ peptides were discrete or ragged? The answer to this
is of course, ragged – and it is indeed observed that many kinds of βAPP-excised Aβ
peptides –Aβ40, Aβ42, and sometimes Aβ37 and Aβ43 peptides, are in fact generated.
Pauling went on to interestingly comment that (i) either the lipid bilayer plasma membrane
must be damaged or distorted to enable such polypeptide scission to occur, or (ii) equally
likely that there must be some ‘vibrational’ movement of that segment of the βAPP
polypeptide to transiently expose the γ-secretase cleavage site into an aqueous internal or
external environment, where cleavage could rapidly occur. Hence, more research attention
might be given to the basic in vivo biology of βAPP as an entity within various limiting and
plasma membranes, and how membrane biophysics affects the generation of amyloidogenic
Aβ peptides (Figure 1).

Indeed, novel research approaches, strategies, methodologies and clear outcome-defined
clinical treatments based on the rapidly evolving AD research area are urgently required to
more effectively contain the current AD situation. Over the long term there is clear benefit
to be obtained in the prevention of AD by educating our aging population on the basic
mechanisms of AD and the genetic, environmental and lifestyle factors associated with
increasing the risk for this disease, and related to this, the diversion of our aging populations
to more brain- and heart-healthy lifestyles [121–127]. Combinatorial studies involving
pharmaceutical therapy and lifestyle modifications, or combinations of pharmaceuticals and
traditional plant-derived natural medicines, have not been adequately addressed for use in
AD treatment and these may ultimately prove to be beneficial. Hopefully, four dimensional
quantitative analysis of the recognized pathological markers for AD onset and progression
using novel imaging techniques should further facilitate the implementation of more
efficacious pharmacological strategies for modulating Aβ peptide directed neuropathology
and the advancement more effective AD treatment.

Lastly, the recent discoveries of docosahexaenoic acid (DHA) derivatives such as the brain’s
endogenous neuroprotection system involving neuroprotectin D1 (NPD1) [104,105], and the
novel manipulation of anti-micro RNA (anti-miRNA; antagomir) and antagomir-based
strategies directed against degenerating human brain cells [128–131] have provided highly
novel therapeutic applications and AD treatment strategies that have not previously been
considered. Indeed such novel alternative, and perhaps combinatorial treatment strategies,
are currently receiving a considerable amount of research attention as they are scrutinized by
both academia and the pharmacology industry. These emerging AD treatment strategies
include:

• education of our aging population on the basic mechanisms of AD and the genetic,
environmental and lifestyle factors associated with increasing the risk for this
disease;

• a daily exercise regimen in adults and the aged, including a heart- and brain-healthy
lifestyle;

• multiple γ-secretase and β-secretase inhibitors designed to reduce Aβ-peptide
generation, and minimize both off-target effects and hepatotoxicity;

• Aβ-peptide immunization strategies;
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• omega-3 fatty acid dietary (fish oil) supplementation such as DHA and DHA
derivatives, such as neuroprotectin D1 (NPD1); most recently in combination with
antioxidants such as vitamin E; combinations of EPA and DHA

• various cholesterol-reducing 3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-
coA) reductase inhibitors (statins);

• recently characterized lipid- and water-soluble antioxidants including chelators for
neurotoxic metals such as aluminum and mercury;

• natural plant extracts and nutriceuticals from the extensive global pharmacopeia
including ginkgo biloba, huperzine, acai, curcumin, turmeric and others;

• recent gene expression inhibition and activation strategies using small non-coding
RNA, miRNA and anti-miRNA (antagomirs) to interfere with expression of disease
causing genes;

• combinatorial approaches to the above mentioned treatments

In conclusion, the need for more efficacious treatment approaches for the clinical
management of AD is long past due. Research work and clinical trials up to mid-2008 have
been previously reviewed by this author, and much of the earlier research findings have been
updated, wherever appropriate, in the present communication [64]. Currently,
clinicaltrials.gov, a publically accessible website maintained by the US National Institutes of
Health, describes 1013 AD studies and human clinical trials at the planned, recruiting and
completed stage to more effectively address this most serious and expanding healthcare
concern [64,114,126,127].

10. Expert opinion
Despite 106 years of research effort, and the many hundreds of millions of dollars spent on
AD research since Alois Alzheimer first described this neurological disorder, there is not
one pharmacological strategy, nor drug formulation, currently available to effectively
contain this rapidly expanding health care concern. We are seriously ill-prepared to deal
with this immense health and socioeconomic problem that is now reaching epidemic
proportions [165]. While some benefit may be realized in drugs that may help in the early
stages of AD, there is sincere skepticism on the ability of any drug treatment to slow the rate
of decline in patients with moderate-to-advanced AD. Of totally questionable usefulness are
the frequent press releases of an ‘Alzheimer breakthrough’ with cures ‘just around the
corner’ - these claims provide false hope to the public, and incorrectly allude to the dynamic
progress being made in elucidating a cure for AD, which is, in reality, virtually nil. Perhaps
it is well time to actively pursue other hypotheses concerning the AD mechanism that do not
purely focus on the ‘amyloid cascade hypothesis’ so that real research progress can be made,
and an efficacious treatment for AD can be found.
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Figure 1.
This diagram depicts the essentials of beta-amyloid precursor protein (βAPP) proteolytic
cleavage system [64]. The 770 amino acid βAPP holoprotein is an extremely abundant
polytopic type 1 neuronal membrane-spanning glycoprotein that can be processed via a
neurotrophic (non-amyloidogenic) or amyloidogenic signaling pathway. In the
neurotrophic (non-amyloidogenic) pathway, βAPP is first cleaved by a distintegrin and
metallo-protease (ADAM) class of enzymes possessing α-secretase activity. This occurs 12
amino acids from the transmembrane domain of βAPP. This cleavage generates a soluble
βAPP ectodomain called sAPPα and a C-terminal fragment (C83; which is further processed
by γ-secretase, leading to a secreted p3-peptide). The transmembrane portion of βAPP that
gives rise to sAPPα via the α-secretase-mediated pathway supports non-amyloidogenic,
neuritogenic and neurotrophic signaling. Proteases similar to α-secretase are essential for a
wide range of biological processes, such as cell adhesion and embryonic development. In the
alternate amyloidogenic pathway βAPP is sequentially cleaved, first by β-secretase (beta-
amyloid cleavage enzyme 1, or BACE1) within the ectodomain of βAPP close to the
transmembrane domain, and then by γ-secretase, resulting in the generation of the soluble
βAPP ectodomain (βAPPsβ), and the formation of the membrane-bound C-terminal fragment
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C99 (the C-terminal 99 amino acid peptide of βAPP). The γ-secretase next cleaves C99
giving rise to soluble Aβ-peptides (Aβ), chiefly Aβ40 and Aβ42 peptides, and secretion and
the formation of the βAPP intracellular domain AICD which may function as a gene
expression regulator. Over time soluble Aβ-peptides aggregate to form insoluble, pathogenic
senile plaques (SP); trace metals appear to aid in this aggregation (see text) [98–103].
‘Vibrational’ molecular movement of portions of the βAPP transmembrane polypeptide
chain within the hydrophobic membrane (movement depicted by a hatched vertical line next
to βAPP) may transiently expose the γ-secretase cleavage site to the aqueous cytoplasmic
environment (see text). Notably, the membrane depicted in this drawing may be that of the
endoplasmic reticulum, Golgi apparatus or neuronal plasma membrane, so amyloidogenic
cleavage of βAPP into Aβ40 or Aβ42 peptides may culminate in either intracellular or
extracellular Aβ peptide evolution with ensuing neurotoxic events in that compartment [1–
8]. Aβ peptides are intensely hydrophobic, and these self-aggregating 40 (Aβ40) and 42
(Aβ42) amino acid peptides accumulate preferentially within, respectively, the
microvasculature and senile plaque (SP) cores in AD brain [1–13,17–23]. The activity of the
γ-secretase complex (containing βAPP, PS1 and nicastrin and associated peptides) is thought
to be rate limiting in Aβ40 and Aβ42 peptide generation. As previously reviewed, the
membrane-integral protein nicastrin and the βAPP sorting receptor sortilin-1 (SORL1) also
direct βAPP trafficking, and down-regulation of SORL1 may lead to over activation of the
amyloidogenic β-γ secretase axis and increased generation of Aβ peptides, both in AD brain
and in stressed human brain cell models in vitro [24–28,64]. SORL-1 is known to interact
with apoE which functions in part as a major cholesterol transporter [25–29,64,94].
Selective Aβ42-lowering agents or secretase inhibitors deigned to target β-secretase
(BACE1) and in particular γ-secretase (PS1)-mediated Aβ peptide production are currently a
principal research and development area, and their successful implementation are an
important pharmacotherapeutic strategic goal for future AD treatment. Interactions between
lipids, cholesterol, and the various βAPP-processing secretases and βAPP-associated
proteins are highly complex. It appears that Aβ peptide production is favored in cholesterol-
rich lipid raft domains [65,68,101–103]. While βAPP neurobiology is one of the most
intensively studied areas of contemporary neurodegenerative disease research, many of the
mechanistic details of βAPP proteolysis, including βAPP-membrane and βAPP-secretase
interactions, remain incompletely understood.
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