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During the last decade, reports show that the incidence and prevalence of Alzheimer’s disease (AD)
and other dementias have significantly increased. AD poses an enormous escalating threat to health

services and resources. Early diagnosis of AD is recognized as one of the major challenges and
primary aims in scientific communities. With the arrival of nanoscience and nanotechnology to

medicine, hopes for early diagnosis and treatment of AD have considerably increased. To this end,
nanobioresearchers are focused on three major areas consisting of early detection and recognition,

biological markers and diagnosis, and pharmacotherapy. Several efforts are in progress for the
discovery of new nanodrugs with a sufficient effort on the fast therapy of AD. In this review, a

comprehensive overview of the conventional theories together with new conflicts and challenges on
the major causes of AD is provided. In addition, the opportunities and challenges of nanoscience and

nanotechnology as theranostic agents for AD are discussed in detail.
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1. Introduction

Alzheimer’s disease (AD) is the most common form of dementia.
Dementia refers to a group of progressive diseases that affect
memory and cognitive function, which over time result in a
complete loss of independent living and the ability to care for
oneself. According to the 2009 World Alzheimer Report,' the
global prevalence of dementia is predicted to double every
20 years, rising from 35 million in 2010 to 115.4 million in 2050.
This anticipated unchecked growth is based on the current
assumption that no cure for AD will be found. Thus, the quest to
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develop a cure or a long-term effective treatment for AD is an
urgent healthcare priority.

There has been significant progress in defining the main
pathology of AD but, whilst the progression is better under-
stood, the underlying cause of AD remains elusive. One of the
most widely accepted characteristic hallmarks of AD is the
accumulation/aggregation of insoluble amyloid beta (AB) pep-
tides in the brain. These Afs are produced in a soluble form from
the amyloid precursor protein (APP) and form aggregations of
various sizes and levels of solubility. Over time they fibrillize,
which is the process by which misfolded (ie. toxic folding)
proteins form large linear aggregates or amyloid.” These in turn
form insoluble protein fibrils that go on to form senile plaques
and contribute to neuronal cell death.

Until recently, two of the molecular-hypotheses believed to
explain the pathology of AD are those that included the
misfolding of some brain proteins/peptides (e.g. AB) and the
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develop rare forms of AD due to autosomal dominant inherited
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familial AD (see below). Interestingly, the genes causing familial
AD are also involved in the dysregulation of calcium signaling
pathways, altering intracellular levels of Ca®*.> Furthermore, a
large array of zinc metallo-proteases appear to have a pivotal
role in either the production or degradation of Ap.°

During the last decade, nanoscience and nanotechnologies have
become widely considered as promising tools for the diagnosis and
treatment of AD. Due to their ultra-small size, nanoparticles have
distinct properties compared with the bulk form of the same
materials.” Improved understanding of these properties are rapidly
informing and revolutionizing many areas of medicine and
technology. One of the major effects of nanoparticles in the
treatment of AD is their potential ability to inhibit the protein
fibrillization process, which is an important step in the pathogenesis
of AD.® Recent results have confirmed not only that molecular
events could cause the fibrillization but also that a number of
intermediate oligomeric states of different association numbers and
structures could interfere with the fibrillization process.® The use of
some agents that interfere with these processes can help to elucidate
the molecular mechanism of fibril formation whilst some strategies
could also have therapeutic potential for the treatment of
amyloidosis. In this case, nanoparticles can have a significant effect
on the fibrillization of proteins; for instance, the presence of
nanoparticles could lead to a shortening of the lag phase for
nucleation of the fibrillization process.®

In this review, a comprehensive overview of the current
developments on AD will be given. In addition, we will also
cover major reported effects of nanoparticles on the fibrillation
process.
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2. General background of Alzheimer’s disease (AD)

Alzheimer’s disecase (AD) was first described in 1906 after
examining the brain of one patient who had previously presented
with clinical symptoms now commonly associated with demen-
tia. These include memory loss (recent events in the first
instance) and problems in communication, behavior, and
orientation in space and time. AD is a progressive and incurable
neurodegenerative disease, for which age is the major risk factor.
It was previously thought that industrialized countries, where
longevity of the population increases with improving living
conditions, also suffered a rise of senile dementia, of which as
much of 50% was AD. According to the USA national statistics
from the Aging, Demographics and Memory Study (ADAMS),’
there were well over 2 million people over the age of 71 afflicted
with the disease. This number is projected to reach 7.7 million
people in 2030 and to increase to 16 million people in 2050
according to some estimates.' In terms of mortality, AD was the
fifth leading cause of death in the United States in 2006 for those
older than 65 years old.!! However, with the rise of developing
countries, these too are now seeing increases in the incidence and
prevalence of the disease and so what was previously seen as a
disease of the developed world is now more recognized as a
global problem.'? Several of the current treatments only provide
temporary alleviation of the disease symptoms but some also
induce undesirable side effects. In the absence of a cure, AD will
continue to serve as a current and future major public health
problem.

2.1. Clinical aspects of AD

The clinical diagnosis of AD is difficult and variable between
primary and specialist centres. Cognitive tests of limited
sensitivity are used although there are now promising develop-
ments in brain imaging and the use of cerebrospinal fluid
biomarkers intended to help inform more accurate diagnoses. At
present the most common imaging techniques used to support
diagnosis are based on magnetic resonance imaging (MRI) or
nuclear medicine (positron emission tomography (PET)). AD
has many symptoms that can be sub-grouped into three main
domains."?

First, there is cognitive impairment that causes: loss of short-
term memory and learning abilities; the gradual deterioration of
language that leads to difficulty in finding words and names and,
eventually, evolving into an aphasia; disruption of visual and
spatial acuity that result in disorientation in the environment and
difficulties in copying figures; inability to perform motor tasks
despite motor functions being intact (apraxia); and inability to
recognize people or objects despite an intact sensory function.

Second, are neuropsychiatric and behavioral disturbances
leading to personality disorders, hallucinations, delusions or
misidentifications. Apathy appears early and results in reduced
interest and involvement. Agitation increases with the progres-
sion of the disease and is often a factor that contributes to the
institutionalization of patients. Half of the patients present
depression.

Third, are difficulties in activities of daily life, such as money
management, conduct, using the telephone and, later, the
capacity to dress, eat or bathe.

Life expectancy following a diagnosis of dementia is usually 7
to 10 years and often, particularly in the more advanced stages
become very susceptible to infections such as pneumonia. The
terminal stage leads irrevocably to a coma and then death.

As yet, a confirmed diagnosis of AD is only possible following
autopsy by histological examination of the brain. Key features
along with a prior clinical history of memory impairment and
other features as described are the detection of an excess of
amyloid plaques (AP) and neurofibrillary tangles (NFT) and
atrophy of the cerebral cortex and hippocampus. In addition,
some patients can present a cerebrovascular disease (cerebral
amyloid angiopathy, CAA) that affects the cerebral blood
vessels.'* Moreover, the decrease in synaptic density, loss of
neurons, and degeneration of granulovascular hippocampal
neurons are other factors. Finally, a deficit in neurotransmitters,
mainly acetylcholine, is the main neurochemical criteria.

2.2. Spatiotemporal evolution of AD

It is estimated that the pathological processes underlying AD
begin to develop a few decades before the clinical symptoms
present which prompt the need for a diagnosis. Many AD
patients likely present an early stage pre-dementia syndrome
called mild cognitive impairment (MCI). MCI is thought to have
a high likelihood of developing AD and to a lesser degree other
dementias,'>!'® which differ from a mild dysfunction of the
limbic system (Fig. 1) resulting in slight loss of memory in
healthy persons. Generally, AD develops when the damage
extends to the temporal cortex and then to the frontal and
parietal associative cortexes. The progression rate of MCI
conversion to AD is estimated to be 10-15% of affected
individuals. However it is important to note that about 20 to
30% of MCI cases do not develop into AD. Therefore, a
diagnosis of MCI does not imply an early diagnosis of AD.!”

2.3. Macroscopic and microscopic changes in the AD brain

AD is a unique disease of protein malformation because it
simultaneously involves two proteins that cause two distinct
histopathological changes in some regions of the cortex and the
limbic system: AP and NFT.2*2! The pathological molecular
processes surrounding them are complex and still only partially
understood, but they are associated, inter alia, in an inflamma-
tory response and oxidative stress. These produce the synaptic
dysfunction, pronounced neuronal death and associated neuro-
chemical loss that cause dementia. The brain atrophy resulting is
so marked it is usually visible macroscopically at autopsy and by
volumetric imaging techniques.

2.3.1. Amyloid cascade hypothesis. To explain the pathological
pathways involved in AD, the "amyloid cascade hypothesis"
seems to be the most favored with the scientific community
today. The key event leading to AD is an increase in the amount
of amyloid peptide (A ) self-associating into amyloid fibrils (AF)
then aggregating into AP (Fig. 2).>> A cascade of neurotoxic
events follow, including a change in the conductivity of the cell
membrane, producing reactive oxygen species (ROS), hyperpho-
sphorylation of tau protein, glutamate excitotoxicity, deficit of
neurotransmitters, inflammation, and apoptosis. These events
disrupt the first synapses and neuronal plasticity. Then they lead
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Fig. 1 Manifestation of pathology and its progression in AD. In the early stages, there may be no obvious symptoms; however detectable amyloid
fibrils, plaques and tangles may be present. The darker areas show the affected parts of the brain. Typically, there is a hierarchical and gradual
expansion of the lesions over time. Braak stages I and II (defined by neurofibrillary tangle pathology),'® involving the entorhinal cortex and
transentorhinal and the anterior part of the hippocampus, are not reflected by clinical symptoms. Subsequently, the disease progresses to the limbic
system (Braak stages I1I and IV) where mild problems with memory and cognition appear. Finally, the disease spreads to the neocortex (Braak stages V
and VI) where moderate problems appear and then leads to severe dementia and AD is very apparent. The hippocampus, particularly the entorhinal
cortex, is the first brain region to be affected in AD, it expresses the molecular profile most susceptible to neurotoxic factors in AD.'” In addition, the
pathology would spread in the brain as a retrogenesis sequence.'® Indeed, those structures that have matured later during the growth of the individual
(myelinated at the end of adolescence), such as the prefrontal cortex, would be the most fragile and the first affected. Areas involved in orientation and
language that became mature at puberty would follow. By contrast, the first myelinated structures, such as the primary sensitive areas, would remain
intact in AD.
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Fig. 2 Illustration of the amyloid cascade hypothesis. (a) After processing of APP by B- and y-secretase, AP is secreted and (b) aggregates into fibrils
that deposit in senile plaques. Fibrils and plaques can induce neurotoxicity (c) directly or (d) indirectly, e.g. by the formation of NFTs. (e) A possible
treatment concept is immunization with AB, which can induce an Fc receptor mediated clearance process by phagocytic microglia cells (reproduced
with permission from ref 23)
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to neuronal death and atrophy of certain brain regions and,
therefore, to dementia.?

The amyloid hypothesis has been adapted to type 2 diabetes
mellitus, which is also characterized by amyloidosis. Indeed, the
pancreatic cells express a small co-amyloid protein, called islet
amyloid polypeptide (IAPP), with insulin. This protein, which is
overexpressed in pathological conditions, proved to be cytotoxic.
Its toxic mechanisms, especially related to its oligomeric forms,
are also very similar to those of Ap.

2.3.2. Different types of Alzheimer’s disease. AD is influenced
by many genetic factors via complex mechanisms. There are two
types of AD, a genetically inherited form known as familial
Alzheimer’s disease (FAD) and sporadic Alzheimer’s disease
(SAD).*

2.3.2.1 Familial Alzheimer’s disease, FAD. Unusually, approxi-
mately 5% of AD cases may develop in young people which is
directly caused by an autosomal dominant mode of inheritance of
gene mutations. Twenty mutations in the gene encoding the
amyloid precursor protein (APP) have been identified and cause
10% of FAD. APP is a transmembrane glycoprotein of type 1 that
is present throughout the body and exists essentially in three brain
specific isoforms: APPgos, APP;s;, and APP7,. Its endoproteo-
lytic cleavage can produce AP. Mutations that affect the gamma-
secretase (ys) are located near the cleavage site of the enzyme
complex residues 714 and 717 of the protein. This suggests that
intramembrane vs is critical for the development of AD.

More than 140 different mutations in the presenilin 1 (PSENT)
gene have been identified. PSENI encodes for a part of the ys
enzyme and plays a major role in the production of Af and the
determination of its final size.

Ten mutations of the homologous PSEN2 that encodes for
presenilin 2 have been also identified. PSEN2 mutations causes a
more slow AD development than the mutations in PSEN/ and
APP.

These mutations on three different chromosomes alter the
same biochemical pathway and lead to an overproduction of A
or to an increase of the ratio AB42 : AB40. Other cases of FAD
do not appear to be caused by mutations of these three genes but
it is postulated that mutations yet to be found may also interact
with AB or be related to the phosphorylation of the tau protein
but as yet these genes have yet to be discovered.

2.3.2.2 Sporadic Alzheimer’s disease, SAD. SAD is much more
complex because it is thought to be caused by a number of
interacting genetic and nongenetic interactions. Indeed, the
events that trigger the amyloid cascade are not yet understood.
The main risk factor for SAD is aging, which induces a decrease
in the efficiency of cellular mechanisms that regulate proteins.
The clearance of AP would be reduced resulting in its
accumulation in the central nervous system (CNS) and, thus,
AD pathogenesis.

In terms of genetic risk factors, APOE, which encodes the
ApoE protein is a well recognized risk factor and exists in three
major allelic forms: €2, €3 and &4.%> These give rise to the
substitution of residues 112 and 158 of the ApoE. APOE &4
(Arg/Arg) increases the risk of AD by a factor of 15 compared to
APOE €2 and 5 times over APOFE €3. This substitution is not

sufficient, nor necessary for developing AD in contrast to the
mutations discussed for FAD. Gender, high cholesterol, high
blood pressure, and education are often cited as other potential
risk factors. Trisomy 21 (Down syndrome) is a major risk factor
for AD because chromosome 21, which carries the gene for APP,
is present in triplicate. People with this syndrome inevitably
develop AD in their 50s.2

More recently Genome Wide Association (GWA) studies have
pronounced a number of new candidate genes (www.alzgen-
e.org)’® which now require in depth study to understand the
nature of their potential involvement in AD.

2.4. Amyloid-beta

AB is produced in small amounts following the cleavage of APP
following sequential cleavage by fs and vys. Its primary structure
is amphiphilic, it contains no cysteine and thus cannot form a
disulfide bridge. The 28 N-terminal amino acids are polar, with
the exception of the hydrophobic heart (LVFFA17-21), and the
C-terminal domain is apolar. This peptide has a tendency to
polymerize and form amyloid fibrils (AF).

2.4.1. APP. APP has a central role in AD because it is the
precursor of AP. This protein consists of a transmembrane
domain with a short intracellular C-terminal domain and a long
field extracellular N-terminal. As described A is produced from
APP by “amyloidogenic™ sequential cleavage by Bs (extracellu-
larly) and ys (within the membrane). Only 10% of synthesized
APP reaches the cell membrane. APP can be endocytosed and
directed to lysosomes for degradation or be redirected to the
membrane. In neurons, APP undergoes anterograde transport in
axons interacting with kinesin. It has many functional areas of
the intra- and extracellular regions.

The amyloidogenic cleavage of APP is also counterbalanced
by its cleavage by the alpha-secretase (as) which cleaves APP
within the AP region thereby precluding full-length A forma-
tion and releasing a soluble N-terminal fragment (called APPSa)
and C-terminal fragments (called C83 or CTF) in the membrane.
In the amyloidogenic pathway the cleavage of APP by Bs forms
the N-terminal end of the prospective AP peptide, releasing a
soluble N-terminal fragment, called APPSb, and the remaining
part of an intermediate membrane-bound fragment called b-CTF
or C99. Both C83 or C99 are then cleaved in the membrane by vs
to release either A (i.e. amyloidogenic) or extracellular p3 and
an intracellular “APP intracellular domain” (AICD) by the as-
nonamyloidogenic route). Furthermore ys can produce AB of
different lengths ranging from 39 to 43 residues with isoforms of
40 and 42 residues being the most common. Thus, the specificity
of ys seems to be very important in the amyloid cascade.

Post-translational modifications of APP occur at the cell
surface in the secretory and the endosomal pathways. This
results in the release of APP residues in the extracellular medium
or in vesicles. The cleavage by as occurs late in the secretory
pathway (at the trans-Golgi network and secretory vesicles) and
in the cell membrane (Fig. 3). Bs and s cleavages occur all along
the secretory pathway as well as in the cell membrane and the
endosomes. AP seems to be trapped in the intracellular
environment if it is produced in the endoplasmic reticulum
(ER); but it is released into the extracellular medium when
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Fig. 3 Schematic illustration of the intracellular itinerary of APP,
cellular localization of APP processing. AB42 is the predominant product
in the ER and endosome. AP40 is predominantly produced in the
secretory pathway and at the plasma membrane. Reproduced with
permission from reference.?’

produced later in the secretory pathway. AB40 is the isoform
most produced at the late secretory pathway and the plasma
membrane, whereas AB42 is at the early secretory pathway and
endosomes. AP42 is more toxic than APB40 and aggregates more
readily, so it is the initiator of the formation of AF and AP.

2.4.2. Presenilins. The importance of presenilin mutations is
amplified by the role of presenilins in the catalytic part of the
multiprotein which represents the ys complex.”> In the brain,
presenilins are expressed predominantly in neurons and the
production of AP is reduced in neurons deficient in presenilins.*’
Presenilins are hydrophobic, have seven to ten transmembranal
domains, and are located in the membranes in the ER, the Golgi
system, the cell surface and the endocytic vesicles. Presenilins are
present in a wide variety of organisms (plants, insects, vertebrates).

The location of ys does not always correspond with areas of
activity because other factors appear to be involved. ys Cleaves
the Notch transmembrane protein and allows the release of a
cytoplasmic fragment that acts as a transcription factor.
Similarly, the intracellular domain of APP is supposed to act
as a transcriptional factor after cleavage by ys. Different
compounds inhibit the activity of vys. Some compounds
selectively reduce the production of AB42 in favor of the less
fibrillogenic AP38.%® Non-steroidal anti-inflammatory drugs
(NSAIDS) modulate its activity.29

vs Seems to cleave APP successively at different positions: e49,
t46 and then g42, g40 and g38. APP can form dimers through
dimerization motifs GxxxG.>° In this case, vs is blocked at
residue 42 and therefore releases highly amyloidogenic AP42
forms. Presenilin 1 also seems to be involved in the pathogenesis
by mechanisms independent of the production of Af. Indeed, it
seems to influence synaptic plasticity through mechanisms
modulating the response of the N-methyl-D-aspartate (NMDA)
receptor.’! In addition, a mutant form of PSENI increases the
phosphorylation of tau and decreases that of GSK-3b.

Presenilins seem to have other roles outside that related to the
vs complex. For example, they appear to allow the regulation of
beta-catenin or be involved in calcium homeostasis. ys Is a
potential therapeutic target for AD; but because of its many
physiological roles, possible severe side effects resulting from its
inhibition are likely to be important.

2.4.3. Beta-secretase. The s pathway is dominant in the CNS.
The main s in neurons is the BACE1 enzyme (beta-site APP
cleaving enzyme). BACELI is a major factor in the accumulation
of AP because (i) BACE]1 is more abundant in the brain than in
other organs, (ii) neurons are enriched with BACE1 and APP,
especially hippocampal neurons and primarily in the synaptic
terminals, and (iii) high levels of BACEL1 activity coupled with
low activity levels of BACE2 (homologous to BACE1 but of
unknown role) are found in neurons. It seems that the BACEI
isoform of the pancreas is unable to cleave APP. BACELI is more
active in acidic media, which is why in endosomes it produces a
large proportion of AB and lysosomes.

2.4.4. Structure and aggregation of Af. AP is an amphiphilic
peptide with 39 to 43 residues that is expressed in all biological
fluids and tissues. The folding and assembly of non-toxic
monomers into highly toxic oligomers and then into AF form
the basis of AD pathogenesis.>** Many assemblies have been
described, which does not facilitate understanding the AF
formation process. Understanding of the oligomers is con-
founded by their unstable nature. There is no proof they act as a
structural intermediate between the monomer and the fiber.
However, during kinetic studies, they are easily formed but
disappear as soon as the fibers begin to appear.

The process of fiber formation seems to depend on a
nucleation mechanism, where the nucleus grows by the addition
of other protein molecules. The nature of the nuclei is not
determined, but their growth is accelerated with the addition of
preformed fibrils. The kinetics of fibril extension has been
studied by surface plasmon resonance where fibrillar AP is
immobilized on a chip.>*3¢

The relatively recent discovery of the involvement of AP
oligomers in AD has addressed some of the perceived limitations
of the amyloid hypothesis.*” These were that the spatial locations
of AP and disturbed neural circuits do not always correlate.
Similarly, the level of AP has never been robustly demonstrated
to correlate with the severity of cognitive problems. Transgenic
mice that overproduce A develop problems before the onset of
cognitive AD.?’ Oligomers, which are formed more rapidly than
AF, were found to be more neurotoxic. These species are soluble
and can diffuse into the brain and spread the disease.

The fibrillogenesis is difficult to study because synthetic Ap has
a non-reproducible behavior.*®** Indeed, for different batches of
AB, the kinetics of fibrillogenesis and cytotoxicity are different.
AP is produced either by solid phase synthesis or by recombinant
techniques.*® The preparations may be contaminated with salts or
other factors that affect the dissolution. Fibrillogenesis is affected
by the preparation conditions such as pH, temperature, solvent,
concentration, ezc. In addition, AP is often dissolved in organic
solvent as it is poorly soluble in physiological solvent. However,
they favor the conformation of the alpha helix under physiological
conditions.*! In addition, AP is metastable, it co-exists in solution

This journal is © The Royal Society of Chemistry 2012
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in a variety of monomeric, oligomeric, and polymeric forms.
Oligomerization occurs very quickly, in less than a second. The
difficulty in reproducing results has thus lead to deriving the initial
structure of the peptide in the solid state and then proceeding to
the dissolution. Therefore, complex methods of reproducible
preparations of AP are being developed.

Monomeric Ap. AP cannot be easily studied because of its rapid
aggregation in non-organic solvent. Nevertheless, liquid-state
NMR has succeeded in giving information on monomers where
X-ray crystallography had failed. According to this information,
it seems that monomers are mostly disordered.

Alpha-helix Af. Circular dichroism spectroscopy (CDS) has
shown an intermediate state Ho between the unfolded state and
the rich state in B-pleated sheet (p sheet) during fibrillogenesis.
AP also adopts a soluble monomeric structure when dissolved in
an organic solvent or in a lipid environment.***?

ADDLSs (Alzheimer’s derived diffusible ligands). ADDLs are non
fibrillar oligomers that diffuse easily and bind to ApolJ (apolipo-
protein J). They are only formed with APB42 and their structure is
still undetermined. They are found in the AD brain and inhibit
long-term potentiation (LTP) by damaging synapses. They appear
more toxic than the fibrillar structure. Cleavage agents have been
developed against the IAPP oligomers as therapy for type 2
diabetes. They have also proved effective against Ap oligomers.**
Therefore, these oligomers probably possess similar micro-
domains that are recognized by these agents.

Paranuclei Ap. Paranuclei are penta- or hexameric units of Ap42
that self-associate to form larger assemblies. AB40 does not form
paranuclei, it is limited by rapid equilibrium structures with no
higher structure than the tetramer.

Protofibrils and AF. AFs are structures of about ten nanometres
in diameter and of indefinite length well over several hundred nm
(Fig. 4). Electron microscopy has revealed a fibrillar sub-
organization of the fiber in an association of 5 or 6 helical
protofibrils of 2.5 to 3 nm in diameter. The protofibrils are
thinner and shorter than the AF and appear earlier in the process
of fibrillation and disappear at the onset of AF. This suggests
that protofibrils are part of AF.* At least eight other proteins
form amyloid protofibrils, such as synuclein which are involved
in Parkinson’s disease.

Despite the insolubility of AF, the 3D structure of AB42 fibers
has been determined through various techniques, including
NMR.,* X-ray diffraction, and CDS. AP organization adopts
a hairpin containing two antiparallel beta-strands separated by a
loop (Fig. 5). The first 10 amino acids at the N-terminal are
disordered, residues 11-20 form the first beta-strand, residues 21—
27 form a loop, residues 28 to 38 are the second beta-strand, and
finally C-terminal residues 39 to 42 are disordered. The residues
of the two beta-strands are mostly hydrophobic, in contrast to
those of the loop and the N-terminus. Electrostatic interactions
between Asp,3 and Lys,g stabilize the loop. The design of this
hairpin is perpendicular to the axis of the fiber. The peptides are
arranged against each other and are stabilized by intermolecular

hydrogen bonds that allow the formation of two B-sheets parallel
to the axis of the fiber. A different organization of Af in the fiber
seems possible. The plane will then have the pins in parallel to
the axis of the fiber. There is then alternation between inter- and
intramolecular H bonds.

The sequence of five AA "KLVFF16-20" is crucial to initiate
the aggregation of AP42* and the two beta strands that are
important for fibrillization.*® Simulations of molecular dynamics
have shown the existence of hydrated cavities along the fiber and
tight intermolecular bonds between the beta-pleated sheets.*’ It
seems that the side chain of Met;s is pointing outwards. There
are a series of Met along the protofibrils. These Metss allow the
combination of two protofibrils by functioning as a zipper.

Amyloid deposits. Being insoluble, AFs are deposited in the brain
parenchyma and form AP aggregates. Two types of plaques can
be distinguished by their morphology. Diffuse APs are not as
densely arranged and are not surrounded by dystrophic neurites
and activated glial cells. On the contrary, neuritic APs (or senile
plaques, SPs) contain a dense core surrounded by a fibrillar
region, dystrophic neurites and activated glial cells. They also
include a variety of macromolecules such as complement
components, ApoE, glyco-amino-glycans (GAG), and serum
amyloid P-component (SAP).'3

Amyloid deposits can also form in the lining of the cerebral
vessels, usually in the arterioles, in a condition known as cerebral
amyloid angiopathy (CAA). These consist mainly of AB40-
instead of AP-rich parenchymal lesions.>® This enrichment in
AB40 probably contributes to its greater solubility, allowing it to
be more widely distributed than Ap42. CAA is very common in
AD and can cause cerebral hemorrhage.

Other known forms of Ap.

a. Micelles: AP is an amphiphilic peptide with surfactant
properties. The elongation of AF is proportional to the
concentration of AP up to a point, beyond which the elongation
reaches a plateau. Micelle formation is suggested to explain this
phenomenon.

b. Channels: A can form selective calcium channels in a lipid
bilayer. These are among the neurotoxic mechanisms involved in
the pathogenesis of AD. There are currently only theoretical
models of these channels.

c. Beta-amyloid balls: AB40 can form at high concentrations
of several hundred uM of fibers that spontancously assemble
into a sphere of 20 to 200 microns in diameter.

d. Amylospheroids (ASPD): these are spherical assemblies of
APB40 and AP42 formed during slow rotations in vitro. ASPDs of
Ap42 are formed faster and are more toxic. These structures are not
inhibited if peptide breakers are used instead of the AF formation.

2.4.5. Modulating the folding and assembly of AP. The folding
and assembly of AP are affected by many factors such as
concentration of the peptide, its primary structure, pH, ionic
strength, and the extracellular medium. It has been shown that
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Fig. 4 Electron microscopy: (A) AB (25-35) solution (100 pM); (B) AP (25-35) with the addition of NAP at 10717 M; (C) Ap (1-40) solution
(250 uM); (D) AB (1-40) with the addition of NAP at 10~ '> M and (E) 10”7 M concentrations. Reproduced with permission from reference.*®

aggregation of AP is favored in acidic media, as in lysosomes or
as a consequence of inflammation.’! The in vivo environment is
extremely complex, many interactions with different compounds
and macromolecules may occur. For example, proteins, lipids,
and metal ions influence the aggregation of AP. This explains
why AP forms AF in the body at much lower concentrations
(nano or picomolar) than the critical concentrations of assembly
observed in vitro.

2.4.5.1 Proteins. Many proteins influence the fibrillogenesis of Ap.
The alphal-antichymotrypsin, which is produced by astrocytes, is

found in AD and seems to influence the aggregation of Ap.
Acetylcholinesterase (AChE) is an enzyme that degrades acet-
ylcholine and is found close to the AP. In senile plaques, it is
particularly associated with the heart and may play a role in the
formation of mature fibers. It seems to favor the conformational
change of A in B-sheets and thus its fibrillization.

Laminin is a glycoprotein of basement membranes which is
associated in heterodimers. It accumulates in the AP and
regulates the metabolism of APP in fibroblasts and neurons.
Various studies show that it inhibits AF formation, but it does
not interfere with the effect of AChE.%>>?
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Fig. 5 3D structure of one of the A protofibrils. A, B and C show a different protofibrils along an axis (black arrow). The disordered N-terminal tail
(1-16) is not represented. Each monomer within the protofibrils is represented by a different color. The beta strands are represented by an expanded
arrow. Each peptide forms two beta-strands separated by a loop. There is a link between salt and D23 and K28 represented by a rectangle on B. The
two beta strands form with their respective neighboring 2FPb perpendicular to the axis of the protofibrils. D shows an AF composed of four
protofibrils. E shows cryoelectron micrographs of protofibrils. Reproduced with permission from reference.*’

Serum amyloid P-component (SAP) is a plasma glycoprotein
which is found in all deposits of different amyloid proteins in vivo
including the amyloid plaque and the neurofibrillary tangles. It
appears to inhibit proteolysis of AP. Proteoglycans, which are
glycoproteins that are anchored on the glyco-amino-glycans
(GAG), are associated with SAP. GAG appear to be responsible
for the binding of prostaglandins to AP and accelerating the
formation and stabilization of AF.

The ApoE protein has its highest expression levels in the liver
and then in the CNS where it is produced by astrocytes and
microglia. ApoE €3 and &4 bind to AP to form very stable
complexes with denaturants such as sodium dodecyl sulfate. One
hypothesis suggests that ApoE acts as a chaperone that promotes
the conformational transition from the soluble state to a
structure rich in B-sheet. They seem to have more effect on the
formation of amyloid deposits in CAA than AP. It would act as
chaperones that modulate the clearance, transport and fibrillo-
genesis of Ap.

2.4.5.2 Fats and lipids. AFs are closely linked to neuronal
membranes, microglia, and endothelial cells. Some mechanisms
of the neurotoxic Af involve membranes where it forms calcium
channel blockers. Some sphingolipids appear to influence the
conformation and promote AF formation.

Cholesterol modulates the metabolism of APP and increases
the fibrillogenesis of AP. It is an essential component of cell
membranes and a precursor of many hormones. It is also a risk

factor for many diseases, such as cardiovascular disease. A minor
change in its homeostasis affects many cellular events. The brain
is rich in cholesterol compared to the rest of the body;
approximately 25% of cholesterol is in the CNS. The majority
of cholesterol (80%) is in the myelin membranes and the rest is
distributed in glial cells and neurons. Cholesterol metabolism in
the CNS is largely independent of systemic metabolism because
the majority of CNS cholesterol is synthesized. Receptors in low
density lipoprotein (LDL) and apolipoprotein are expressed in
the brain.

Cholesterol is a major component of lipid rafts with
sphingolipids and proteins related to glycosylphosphatidyl-
inositol. Lipid rafts are membrane microdomains that are able
to selectively include or exclude proteins, and are synthesized in
the Golgi system and constantly endocytosed. as Is located
preferentially in areas of low cholesterol. Therefore, the cleavage
of APP is influenced by its location in the membrane and by
cholesterol. In addition, it appears that A can bind to lipids that
facilitate its aggregation.

2.4.5.3. Metal ions. An increase in the concentration of metal
ions (Cu**, Zn>*, and Fe®*) is observed in the AD brain. These
ions are concentrated in the AP and appear able to induce
aggregation and precipitation of soluble AB.>*>° AP may be
linked to 3.5 equivalents of zinc and copper whilst multiple metal
ions are coordinated in the formation of oligomers. The
interaction of synthetic peptides with transition metals is so
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sensitive that self-aggregation of AP in solution is initiated at
nanomolar levels of metals that contaminate common buffers.>’
Therefore, the presence of metals, even at trace levels, accelerates
the aggregation of Ap. Cu®* is more capable of forming covalent
bonds between peptides. The release of Zn>* and Cu®" by the
synaptic vesicles promotes the formation of AP near the
synapses. Aluminum also appears to participate in the aggrega-
tion of AP and its neurotoxicity.”®

2.4.6. Physiological functions of APP and Ap. The role of APP
is still unknown, but it is believed to have protective, trophic, and
growth functions. Of its three brain specific isoforms, the two
longest are more expressed in non-neuronal cells in contrast to
APP695 that is predominantly expressed in neurons. Among the
many areas identified, the long forms contain the KPI motif that
appears to inhibit proteases. Two proteins similar to the APP
also form AFs: APLP1 and APLP2. They similarly contain the
KPI domain, but they lack the AP sequence. APP seems to have
a role in neurite growth and neuronal differentiation since peak
APP expression has been found to coincide with these
processes.>’

The expression of APP is stimulated by neurotrophic factors
and neuronal response to stress. APP also stimulates cell
adhesion and protects neurons. APP is released in areas as a
response to presynaptic electrical activity and regulates neuronal
excitability, synaptic plasticity, learning, and memory. APPs is
also involved in neuritogenesis and neuroprotection in cell
culture and neural stem cells. AICD seems to act as a
transcription factor because it is involved in gene regulation.

AP also has no known physiological role; it is perhaps a linker
between APPs and AICD and there is some in vitro evidence that
it might have vaso-modulatory properties.®® It is a high-affinity
chelator of transition metal ions such as Cu?*, Fe*", and Zn*".
Its role in oxidation is not clearly described.

2.4.7. Regulation of Ap. It is clear that the increase in Ap and/
or the AB420 : AB40 ratio are responsible for FAD. In the case
of SAD, the mechanisms initiating the amyloid cascade remain
unclear. One hypothesis suggests that the accumulation of AB
does not initially come from overproduction, but rather from a
decrease in the efficiency of cellular mechanisms for its
clearance.®’®> ApB is removed from the brain in several ways:
by microglial phagocytosis, by enzymatic digestion, and by its
transport through the BBB (blood brain barrier) allowing its
degradation in the liver and kidneys (Fig. 6). Furthermore, it has
been shown that chaperone proteins inhibit the formation of
AFs.%?

2.4.7.1. Proteolytic cleavage. A variety of enzymes can degrade
AB in vivo. The elimination of these proteases increases the levels
in Ap.

Neprilysin (NEP) is a zinc-metalloendopeptidase with mass
equal to 93 kDa which is involved in the catabolism of a wide
range of peptides. This glycoprotein is related to the membrane
with an extracellular active site on the side where A is secreted.
It is located in cellular compartments (Golgi, ER, ezc.) where A
is produced. In addition, in neurons, it is mainly located near the
synaptic terminals where A is secreted. Its expression decreases
with age primarily in the dentate gyrus and is more sensitive to

"~ b
™
o>(e®

NEP

Fig. 6 Mechanisms of AP clearance from the brain: (i) microglial
phagocytosis, (ii) enzymatic digestion by insulin degrading enzyme (IDE)
or neprilysin (NEP), (iii) receptor mediated clearance across the BBB via
a receptor related protein (LRP) or a receptor for advanced glycation
end-products (RAGE), and (iv) chaperone assisted (ApoE or o2-
macroglobulin) clearance across the BBB. Reproduced with permission
from reference.”’

oxidative damage. Some mutations of AR in FAD increase their
resistance to NEP. It degrades A in the oligomeric state but is
unable to degrade AF. The expression of NEP is highly
regulated, suggesting its potential for treatment of AD since its
overexpression reduces Ap.

The insulin degrading enzyme (IDE) is a zinc metalloprotease
that degrades AP and AICD. It is found in the cytoplasm,
endosomes and peroxisomes. Its expression decreases with age
and is mainly located in the hippocampus. Its dysfunction also
appears to contribute to type 2 diabetes, showing again a
pathological similarity between the two diseases.

These two enzymes are located in two distinct compartments
and catalyze different pools of AB. They are able to degrade
monomers and possibly oligomers similar to NEP. AFs are
therefore resistant to both proteases.

Furthermore, plasmin, a proteolytic enzyme that cleaves
fibrin, has been reported to catalyze AP but its activity is
reduced in people with AD.®* In transgenic mice, Ap seems to
stimulate the expression of the tissue plasminogen activator,
matrix metalloproteinases also have the ability to degrade AP
and their expression is stimulated by it as well.®

2.4.7.2. Phagocytosis. In the CNS, microglia and astrocytes have
a trophic role and are involved in inflammatory responses. Ap42
activates microglia and creates a localized inflammatory
response with release of cytokines, chemokines, ROS, and
complements. Microglia express several receptors, like RAGE,
and are able to phagocytose. However, they are not able to
degrade AFs due to insufficient enzyme units.*®

2.4.7.3. Transport. The BBB does not normally allow the
exchange of polar compounds such as AP between blood and
brain. Thus, AP passes from one compartment to the other via
two carriers, the LRP-1 and RAGE receptors.®” This transport is
critical to regulate the concentration of AP and to prevent
the formation of oligomers and AFs. Under physiological
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conditions, the concentration of Af is approximately 100 times
higher in brain interstitial fluid than in plasma, but the total
amount of AP is 10 times higher in plasma and FCS52 fluids in
the body than in the brain. The few studies that have analyzed
AP in the plasma in AD patients, showed no change as compared
to those of healthy controls however there is a variability in
methods.®®* 7 In contrast, the level of AB in the CNS was
10,000 times higher in these patients than in controls.

RAGE binds multiple ligands and AB. The accumulation of
AP increases RAGE expression in blood vessels, neurons, and
microglia. As the carrier conveys AB only in one direction, from
the blood to the brain tissue, it contributes to its accumulation in
the CNS and, thus, to cellular dysfunction.””> The transport of
Ap across the BBB involves the expression of proinflammatory
cytokines in neurovascular cells and elaboration of endothelin-1,
a vasoconstrictor peptide.

LRP-1 aids clearance of AP across the BBB. It is part of the
family of LDL receptors and transports cholesterol and ApoE.
When AP adopts a B-sheet conformation, its transcytosis by
LRP-1 is reduced. AP appears to increase the degradation of the
carrier by the proteasome, which promotes further accumulation
in the brain.

2.4.8. Neurotoxic mechanisms. Af} is neurotoxic in vitro and its
mechanisms of cell damage are very complex. They include
mitochondrial and synaptic dysfunction, oxidative stress, dis-
ruption of calcium homeostasis, and localized inflammation.”®”’
The different conformations of A contribute to AD by different
mechanisms.

2.4.8.1. Non-lethal mechanisms. A influences critical processes
that modulate neuronal plasticity involved in memory and
learning. Interference of A with signal transduction by two key
pathways has been found: activation of the NMDA (N-methyl-
D-aspartate) receptor and of the TrkB receptor by BDNF (brain-
derived neurotrophic factor).”®® The NMDA receptor is
essential for some forms of memory and learning via long-term
potentiation. BDNF and TrkB are critical for neuronal survival,
protection of lesions, and neuronal plasticity of certain activities
including LTP, neurogenesis, and synaptic growth. Av42
oligomers promote the endocytosis of NMDA receptors and
therefore reduce their activity. They also reduce the ability of
BDNF to regulate transcription factors (CREB and Eik-1) and
compromise the ability of BDNF to protect neurons. Af does
not seem to act directly on the receptor, but has been described
to interact with some anchoring proteins. These mechanisms are
similar to those involved in type 2 diabetes. Indeed, A generates
a state of resistance to neurotrophins by mechanisms involving
anchoring proteins in a manner similar to the mechanisms
leading to insulin resistance in type 2 diabetes. In addition, AB
protein can inhibit kinase A and, consequently, the way of
reporting the AMPc (cyclic adenosine monophosphate) that
influences LTP.%* Ap also disrupts synapses by changing, among
others, the neuronal calcium involved in the release of synaptic
vesicles. In addition, it damages the mitochondria, thereby
reducing the axonal transport of vesicles and mitochondria
themselves to the synapses.®> Furthermore, the microtubule
network is destabilized by the hyperphosphorylation of tau.

2.4.8.2. Neuritic dystrophy. AFs induce neurite dystrophy that
leads to synaptic loss and, later, to neurodegeneration. APs and
their microenvironment induce a number of dendrite anomalies,
such as loss of dendritic spines, atrophy of the main axis, twisting
branches, and deposits around the “abrupt termination of
branches” or “abrupt termination of branches in the deposits™.*®
In addition, the accumulation of AP causes degeneration of
axons independent of the extracellular intraneuronal Af
deposits.®’

AFs bind to the APP membrane whose level is over-regulated
in the presence of Af. APP would bring the AF in contact with
the focal adhesion sites, which are multiprotein complexes
consisting primarily of integrins and involved in cell adhesion.
The sites would then be activated and could initiate a cascade of
multiple signal transductions. Some would lead to the hyperpho-
sphorylation of tau, destabilization of microtubules, and neuritic
dystrophy. Others involve the activation of focal adhesion
kinase, which leads to cell death. Therefore, brain regions with
the most plasticity are most vulnerable.

2.4.8.3. Oxidative stress. AP causes damage to neurons adjacent
to the SP by the generation of ROS. Neurons are particularly
vulnerable to ROS because of their large oxygen metabolism.
Enzymes, which among other things convert ROS produced by
mitochondria, are less active in AD. AP increases the levels of
hydrogen peroxide that become cytotoxic because they saturate
cellular antioxidant protection.®® Fe?* and Cu®" ions are
oxidized by H,0, to produce OH' which damages the cell.®
Zinc appears to suppress the formation of H,0,.”® This ion has
an ambiguous role because, on the one hand, it promotes
aggregation and, on the other hand, it limits oxidative stress.
Studies on transgenic mice have been done.’! In the extracellular
medium, the ROS produced by AP in combination with metal
ions have been shown to produce deposits of AP responsible for
lipid peroxidation and production of an aldehyde, 4-hydro-
xynonenal. The latter, is more stable than ROS and can diffuse
away from the site of reaction, covalently modify proteins, and
contribute to the pathogenesis. This inhibits dephosphorylation
of tau and neuronal death.”?

2.4.8.4. Calcium. Ca** plays a fundamental role in synaptic
function and neuronal survival and its homeostasis is disturbed
in AD. A is capable of forming membrane pores that allow the
influx of Ca®>* and consequently disrupt its homeostasis. The
excitotoxicity of glutamate also leads to a massive influx of
calcium into the neuron. This increase in the concentration of
Ca®* disrupts many cellular mechanisms that lead to neuronal
death. Among these, there is activation of calpain, disruption of
synapses, and the generation of oxidative stress in mitochondria.
AP also disrupts the regulation of calcium in the ER, which
activates a metabolic process specific to UPR (unfolded protein
response) that can trigger apoptosis. It seems, however, that A3
triggers apoptosis by mechanisms independent of the UPR.%
The role of caspases, which are proteases that regulate apoptosis
in mammals, appears to be limited in AD.**

2.4.8.5. Localized inflammation. The neurons of the brain are
“served” by the glial cells that are classified into two groups:
microglia and macroglies (astrocytes and oligodendrocytes).
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Microglia have a phagocytic function similar to macrophages.
Normally, they are few, but they multiply in response to injury
or infection. In AD, they gather around amyloid plaques with a
subset of reactive astrocytes. These cells are involved in the
removal of AP deposits and residues of dystrophic neurites, but
they are also actively involved in inflammatory and neurode-
generative processes of AD.

As for the tau protein, the AP form crosslinks with AGE. These
bonds stabilize the APs and accelerate the training of FPb.
Microglia have RAGE which potentiate the inflammatory response
when activated.”® The activation of glial cells by AB leads to the
production of pro-inflammatory cytokines, such as IL-1b (inter-
leukin-1b) and TNF-o (tumor necrosis - factor alpha), but it
inhibits the expression of inhibitory cytokines.”>*® This disruption
results in runaway activation of glial cells and neurotoxicity.

The neurotoxic mechanisms associated with this route of
inflammation are complex and numerous. Glial cells stimulated
by AP overproduce free radicals (ROS and reactive nitrogen
intermediates, RNI) that generate oxidative stress and damage
cells. The pro-inflammatory cytokines are also involved in
neurodegenerative mechanisms. The bonding of IL-1 to SP (i)
induces the production of AP favoring the synthesis and the
treatment of APP, (ii) stimulates the production of binding
proteins to AP (e.g. ApoE) by astrocytes, (iii) triggers the
production of other cytokines, and (iv) by its interaction with
AP, it induces the production of RNI by astrocytes.””’
Overexpression of IL-1 close to SP may promote phosphoryla-
tion of the tau protein, leading to the formation of NFT and
death of neurons.”® NFT-a is indirectly toxic by inducing the
production of RNI by glial cells.

Chemokines are also produced by these cells in response to
ApB. These are chemotactic for microglia, but not for astrocytes.
Therefore, local expression near the AP will increase microglia.
These cells will then in turn recruit and activate other
phagocytes, thereby promoting inflammation and neurodegen-
eration.

The complement system is a complex system of inactive
plasma factors. The activation of this system is secondary to the
introduction of an antigen. It results in the appearance of
activated factors and soluble factors activated by a particle-
bound antigen, which account for three major functions of this
system: opsonization of antigen particles, a localized pro-
inflammatory activity related to an influx of the immune system,
and a lytic activity of certain cells. The complement, which is
directly activated by AP in AD, is deeply involved in the
destruction of neurons by the membrane attack complex.

2.4.9. Tau. Tauopathies are a group of neurodegenerative
diseases (including AD, frontotemporal dementia, corticobasal
degeneration, and progressive supranuclear palsy) characterized
by the accumulation of intraneuronal filamentous aggregates
composed of tau protein. Tau is a type of MAP (microtubule
associated protein) and maintains stability especially in the
neurites. In AD, it contributes to the dysfunction of neurons. It
is hyperphosphorylated by several protein kinases and then
forms insoluble NFTs.

This hyperphosphorylation is secondary to different mechan-
isms many of which are triggered by AB. This increases the
activity of the kinase GSK-3b (glycogen synthase kinase-3) that

hyperphosphorylates tau.”® AB-derived diffusable ligands
(ADLLS) stimulate the phosphorylation of tau by mechanisms
involving Src family kinases.'” Oxidative stress created by
inflammatory response and A activates many kinases. The
cascade of phosphorylation kinase MAPK (mitogen-activated
protein kinase) is overactive in AD by the AF.'°! The increase in
neuronal calcium activates calpain, which will then cleave/
activate the kinase that phosphorylates cdk5 (cyclin-dependent
kinase)/p35 into cdk5/p25 and also the tau protein. Finally,
MARK (microtubule affinity-regulating kinase) phosphorylates
tau at binding sites for microtubules. Oligomeric forms of A
inhibit the activity of proteasomes and promote, therefore, its
accumulation and that of tau.'®?

The hyperphosphorylation of tau reduces its ability to bind to
microtubules and promote their assembly. The microtubule
network is therefore destabilized and axonal transport is
disturbed. The decrease in organelles and vesicles in the axonal
and dendritic compartments weakens them and disrupts the
synapse functions. In addition, the lack of peroxisomes increases
the sensitivity of cells to oxidative stress. Finally, training of
NFT obstructs the cytoplasm and thus causes mechanical
damage to the cell. In addition, the hyperphosphorylation of
tau increases its resistance to calpain and thus prevents its
degradation. Indeed, tau self-assembles at the sites of binding to
microtubules and therefore reduces the accessibility of these sites
to calpain. The self-association is favored in an oxidative
environment. Furthermore, depletion of tau on different models
reduces the neurotoxic effects of Ap.10>104

In addition to phosphorylation, tau protein can undergo
glycation due to it being lysine rich. Glycation is the none-
nzymatic addition of a reducing sugar to a protein (none-
nzymatic glycosylation). This results in the formation of Schiff
bases, an aldimine bond between a residue of aldehyde, an
arabinose, and a nitrogen ¢ of a lysine of the protein. The end
products of glycation are called AGE. These AGE then induce
the formation of covalent ‘cross-link’ bonds between the tau
proteins. These neurofibrillary tangles are then much more stable
and have less affinity for microtubules. The cross-links increase
resistance to proteolytic cleavage of tau (by calpain, for example)
and contribute to the accumulation of ubiquitin conjugated to
neurofibrillary tangles. Indeed, high levels of ubiquitin have been
reported in several neurodegenerative diseases.'%>~1%8

2.5. Therapy for AD

AD is incurable at present, because the poor understanding of its
molecular mechanisms makes it impossible to develop effective
therapies. They currently have only short-term effects reducing
the symptoms and are often accompanied by significant side
effects. The amyloid cascade is considered responsible for the
dysfunction of neurons and cell death and, therefore, is the basis
for the pathogenesis of AD.'*%!1°

The compounds currently approved for the treatment of
AD'"'! unfortunately do not treat the causes; they only treat the
symptoms, allowing patients to regain or temporarily preserve
some temporary cognitive and behavioral abilities. However,
they also sometimes lead to serious side effects.

Acetylcholinesterase (AChE) inhibitors are used to tempora-
rily prevent the breakdown of acetylcholine and, therefore,
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produce higher levels of acetylcholine. The most commonly
prescribed drugs are donepezil, rivastigmine and galantamine.
Tacrine, the first to be developed, is hardly used because of its
hepatotoxicity. Memantine is an NMDA receptor antagonist
that is used in more severe forms of AD. It reduces glutamate
excitotoxicity, which is present in excessive amounts in AD, and
therefore slows the progression of the disease.

There are a number of other therapeutic routes that have been
proposed for AD. However the approaches that aim to regulate
AP to try and decrease its toxic effects may have the greatest
therapeutic value. Several routes are being considered: promot-
ing its degradation, preventing its aggregation, or preventing its
overproduction.'!?

Immunotherapy, which involves passive or active immunization
against AP, is promising as a therapeutic approach for promoting
the clearance of Ap. Passive immunization involves the direct
administration of anti-Af, while active immunization stimulates the
immune system to produce its own anti-Af. Active immunization
of transgenic mice resulted in a significant reduction in amyloidosis
and restoration of cognitive deficits.'"® Antibodies, which have
been generated by immunization, targeted the soluble N-terminal
portion of the hydrophilic AB. Dramatically, some patients
developed meningoencephalitis in phase II clinical trials.

Aggregation of AP has been also inhibited by ligands targeting
the KLVFF16 motif of AB."'*''® Molecules binding to AB and
recruiting chaperones, increase their steric hindrance and inhibit
their agglomeration.''” ys and Ps inhibitors are also currently
being studied because they could reduce the production of Ap.
Amongst these, a Bs inhibitor anchored in the membranes has
shown good efficacy.!'® However, the possible inhibition of
physiological processes arouses fear of severe side effects and
hinders research in this direction. Indeed, a recent trial on
semagacestat had to be terminated prematurely because of
unwanted effects.''® A similar but alternative approach would be
the stimulation of as which has also been considered. Activators
of protein kinase C, such as bryostatin, seem to favor this path
and significantly reduce the production of Af on cellular models
and transgenic animals.'?

Stimulation of the physiological pathways of A elimination
(proteases, transport, phagocytosis) is also being considered.
These strategies focus on the monomers or oligomers as the AF
are very resistant. In addition, oligomers were found to be the
most neurotoxic species. However, reducing the concentration of
these species would tip the balance with the AF and promote
their disassembly. Curcumin, a compound that crosses the BBB
and has anti-oxidative, anti-inflammatory, and anti-fibrillogenic
properties, appears to disrupt the formation of SP. Colloidal
particles composed of organic molecules inhibit the formation of
AF by mechanisms of sequestration.'?!

Statins may have a preventive effect on AD. They are already
used in the treatment of cardiovascular diseases where their role
is to reduce the level of plasma LDL and cholesterol and increase
the high density lipoprotein (HDL). Recent statin trials in AD
have been disappointing.'??

Chelation therapy proposes the administration of a chelate for
zinc and copper in particular. The results illustrated that
stabilization of cognitive abilities and of the level of plasma
AP42. Vitamin B12 is co-administered with these chelating
agents to reduce their severe side effects.

Anti-inflammatory drugs (NSAIDS) also seem to reduce the
propensity to develop AD'?®, but there is no clear explanation as
to how they work. Studies of certain anti-inflammatory drugs
have shown mixed findings and some have been discontinued
due to toxicity.'?

BDNF has been suggested to counteract the pathological
effects of AB.124 Indeed, its administration in different animal
models allows the restoration of their cognitive and various
cellular mechanisms. Finally, the tau protein is also being studied
for therapeutic purposes.'?’

Antioxidants (e.g. vitamin E) may have a beneficial effect on
AD in fighting the ROS. Patients are also often treated with
antipsychotics and antidepressants since various forms of mental
health and behavioural problems occur in AD.

In recent times the results of a number of phase III trials of
candidate drugs have been disappointing including semagacestat
as mentioned and also DIMEBON which was very promising at
phase I1.'%> Of the 77 compounds reviewed by Mangialasche and
colleagues in 2010 which were in pre-clinical development or in
various phases of clinical trial up to hase III level, all but 10
(except for already licensed drugs) targeted various aspects of Ap
or tau related pathology or aspects of neurochemical deficits. Of
the remaining 10, these target a variety of other recognised and
important aspects of AD pathogenesis including oxidative stress;
mitochondrial dysfunction; serotonergic imbalance; neuronal
preservation; fatty acid maintenance; the regulation of cGMP
signalling; and cholesterol lowering. '

2.6. Diagnosis

The most effect treatment for AD would be one of prevention
and as such it would need to be administered before the onset of
dementia, when patients are asymptomatic. However, the course
of dementia development (AD as well as some others) is such
that once it is identified, the brain has already suffered
significant damage which 1is irreversible. Therefore, early
diagnosis of AD and is crucial is likely to be the main
determinant of the efficacy of existing and new therapies.

Cognitive tests currently allow the diagnosis of AD with
varying degrees of ““probable” accuracy however it is dependent
on these cognitive deficits which occur at a quite an advanced
stage of the disease to be possible. At this point, the sensitivity is
reasonalby high, the specificity very low but damage well
advanced. The MMSE test (mini mental state examination)'?®
is commonly used to help screen for dementia, but it does have
limitations and is not very specific to AD.

A far preferable scenario is to be able to detect MCI as early as
possible. The number of people with MCI developing AD is 3-6
times higher than that of healthy people.'* In addition, it is clear
that the molecular and cellular mechanisms underlying this
trajectory of cognitive decline is triggered in young adults long
before the MCI is evident (Fig. 7). However the often subtle
symptoms of MCI make it very difficult to distinguish from
normal aging or other forms neurodegeneration.

2.6.1. Biochemical and molecular biomarkers. Biomarkers
present in plasma or CSF may have something to offer which
might improve the specificity and sensitivity of diagnosis and
treatment and the assessment of the severity of the disease.'?” %
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permission from reference.'®

Of the current candidates to fulfill this role, levels of AB and tau
in CSF are the focus of much attention because it is suspected
that their overproduction and biochemical changes precede the
appearance of clinical symptoms by a number of years if not
decades.'*"

In plasma, as yet, there have been less robust biomarkers
identified. Indeed, the amount of AP in plasma seems to increase
slightly with the pathogenesis of AD, but the results are quite
variable and it is not clear if this variability is due to the AP or
the methods used to measure them.'**'' Plasma levels of CSF
and AP are not correlated because of many complex mechanisms
involved in the regulation of the BBB. A new 79-AA amyloid
protein was discovered recently: ALZAS67 (Alzheimer’s asso-
ciated protein)."*° It contains the sequence of AP42, the signal
sequence of intramembranal APP, and 12 C-terminal original
residues. ALZAS67 seems to compete with APP for proteolytic
pathways and be very neurotoxic. It was detected in AD patients
at early and late stages and thus has potential as a biomarker in
blood.

In the CSF, the biomarker most sensitive and most specific to
distinguish AD from other dementias is the combined study of
the level of AP, total tau and p-tau (hyperphosphorylated tau).
Indeed, the level of soluble AP42 decreases, while levels in total
tau and p-tau increase. Taken separately or indeed together,
these three biomarkers are not strong enough to make a
diagnosis in isolation—information on the clinical history of
these patients is still important. The reduction of soluble AB42 is
explained by the increase in aggregates and the "reservoir" role of
AP. It should be noted that the level of CSF AB40 is not affected
by the disease; and that, despite its decline, the level of AB42 in
CSF is well above that in plasma.'*> These biomarkers are
present in the early clinical stages of AD and change soon
after.'®® They were detected in aged healthy people at rates
similar to those of AD patients, but not in a group of younger
healthy people,'** showing that these markers allow early
diagnosis of AD before the onset of severe dementia. The
VLP-1 (visinin-like protein 1) was proposed as a biomarker
because its level increases significantly in the CSF in AD
patients. The VLP-1 protein is a calcium sensor that is expressed

in abundance by neurons, but is not detectable in peripheral
tissues.'** It is overexpressed in neuronal death and is therefore a
biomarker sensitive enough to neurodegeneration, but it is not
specific to AD. The VLP-1 is the only biomarker that correlates
(inversely) to MMSE scores.'* In addition, its expression is
twice that seen in people homozygous for APOE €4 compared
with those homozygous for APOFE 3.

In AD, ROS are produced in excess and the body struggles to
limit their damaging effects. ROS cause oxidative damage to
proteins, nucleic acids, and lipids. Among these molecules,
unsaturated fatty acids are abundant in the brain and are very
sensitive to damage. The concentration of certain products of
this oxidation, such as isoprostanes, in plasma and CSF is higher
in AD patients than in healthy people.'*®

An important consideration in the analysis of CSF is that it
requires the practice of an invasive lumbar puncture in people
which is considered with varying degrees of receptiveness even
amongst clinicians. No useful biomarker has yet been validated
in urine or systemically.

3. Effects of nanoparticles on inhibition/acceleration of
amyloid fibrillation

Since nanoparticles (NPs) with proteins can cause perturbation
of protein structure and function, it is conceivable that the
interaction of nanoparticles and amyloid proteins or peptides
could inhibit or facilitate amyloid formation. Therefore engi-
neered nanoparticles could be potential drugs for controlling or
curing amyloid-related diseases. Two opposing scenarios can be
envisaged:'?’

(1) if nanoparticles can inhibit the process of fibrillogenesis or
disaggregate amyloid fibrils,'*® they have potential to be used as
‘drugs’ to control neurodegenerative amyloid diseases like AD.
In addition, detailed information about the interactions between
nanoparticles and amyloid proteins could help to elucidate the
mechanism of fibril formation.

(i1) if nanoparticles facilitate the process of protein fibrillogen-
esis, there is a serious risk to human health, and great care would
have to be taken to ensure their safe use.

This journal is © The Royal Society of Chemistry 2012
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AP peptides are regularly used as model proteins to investigate
the effect of nanoparticles on fibrillogenesis and the potential
application of nanoparticles in treating neurodegenerative
diseases. Recently, antibodies against Ap and surface-modified
proteins with A residues were applied to prevent A aggrega-
tion and reduce toxicity.!>*14

It is interesting to investigate the self-organization processes
between NPs and peptides; the assembly behavior of NPs reveals
similarities with those of biological species.'*'~'* Such studies
also reveal new aspects of NP toxicology and provide an
alternative methodology for preventing the agglomeration of Ap
peptides.'*"1*8 The literature data on the effects of both organic
and inorganic NPs on peptide assembly are controversial. The
presence of NPs has typically promoted aggregation of A,
which was explained in terms of a condensation-ordering
mechanism.'* ! Since the fibrillization occurs by nucleation
dependent kinetics, the increased local concentration of peptides
in the vicinity of NPs as a result of electrostatic attraction greatly
accelerates the fibril formation.

For example, copolymeric NPs of N-isopropylacrylamide and
N-tertbutylacrylamide with diameters of 70 and 200 nm, cerium
oxide NPs with a diameter of 16 nm, polymer-coated quantum
dots (QD) with a diameter of 16 nm, and carbon nanotubes were
shown to catalyze the fibrillation of the amyloid protein of b2
microglobulin.'#’

In the presence of PEGylated phospholipid micelles, Ap42
exists in a predominantly a-helical conformation thereby
reducing its aggregation potential.'>> Fullerene can significantly
inhibit the amyloid formation of AB40 by specifically binding to
its central hydrophobic KLVFF motif.!>® In the presence of
fluorinated nanoparticles, AB40 has a helical structure without
peptide aggregation, but hydrogen nanoparticles accelerate the
conversion of AB40 from random coil to B-sheet resulting in
fibrillogenesis.'>* Triulzi er al'*® have designed nanoparticles
which could be used as drugs to inhibit fibril formation or
disrupt fibrillar aggregates; in vitro experiments indicated that
some nanoparticles actually accelerate fibril assembly kinetics.

Cabaleiro-Lago et al'>> have shown that copolymeric
NiPAM-BAM nanoparticles promote B-amyloid fibril forma-
tion in vitro. These nanoparticles possess a strong adsorption
capacity and have a high local concentration of AB on the
nanoparticle surface. The extension of the lag phase in the
fibrillization of AP is strongly dependent on both the amount
and surface character of the nanoparticles. Surface plasmon
resonance studies have shown that Ap binds to the nanoparticles
and have provided rate and equilibrium constants for the
interaction.’® Analysis of the kinetic data for fibrillisation
suggested that binding of monomeric AP and prefibrillar
oligomers to the nanoparticles prevents fibrillation. However, a
high local concentration of protein on the nanoparticle surface
can also be used to explain why some nanoparticles inhibit fibril
formation. The bond between nanoparticles and amyloid
proteins could block active sites for fibril formation.

Similarly, the strong absorption capacity of TiO, NPs (20 nm
in diameter) for the amyloid peptide has promoted fibril
formation.'>' It has been reported also that biological mole-
cules,">"1*® Jarge colloidal particles,'*® and liquid—air and liquid—
solid interfaces'*®'®" can promote fibril formation. Some
polymeric NPs (40 nm in diameter) have been found to slow

down the rate of AP fibrillisation by depleting the amount of free
monomeric peptides, although the fibril formation could still not
be prevented.'>® Surface-modified nanogels,'®* micelles,'> or
fullerenes'>* were able to alter the conformation of the peptides
and reduce the toxic activity. N-Acetyl-L-cysteine capped
quantum dots can promote assembly of amyloid peptides. The
formation of dense NP coatings on fibrils was observed and a
computer model of a kinetic model based on nucleation and
growth inhibition has been developed.'®®

Cabaleiro-Lago et al.'® studied the fibrillation kinetics of the
amyloid [ peptide in the presence of cationic polystyrene
nanoparticles. Depending on the ratio between the peptide and
particle concentration, the kinetic effects vary from acceleration
of the fibrillation process, by reducing the lag phase at low
particle surface area in solution, to inhibition of the fibrillisation
process at high particle surface area. The kinetic behavior
involved in this has been proposed to be a balance between two
different pathways: fibrillisation of free monomer in solution and
nucleation and fibrillation promoted at the particle’s surface.
The overall rate of fibrillation will depend on the interplay
between these two pathways, and the predominance of one
mechanism over the other will be determined by the relative
equilibrium and rate constants.

Thakur er al.'® have demonstrated that the AP mixed with
and conjugated to dihydrolipoic acid- capped CdSe-ZnS QD of
size approximately 2.5 nm can be used to reduce the fibrillation
process. Transmission electron microscopy (TEM) and atomic
force microscopy (AFM) were used for analysis of fibrillation.
They report a significant change in morphology of fibrils when
AB(1-42) is mixed or conjugated to the QD. The length and the
width of the fibrils were found to vary under modified
conditions. Thioflavin T fluorescence supported the decrease in
fibril formation in presence of dihydrolipoic acid capped QD.

Yoo er al'® have reported the strong inhibition of Ap
fibrillisation by thioglycolic acid stabilized CdTe NPs. These
NPs were selected because they resemble some proteins in terms
of the size, charge, and association behavior. The inhibited
fibrillisation by CdTe NPs was confirmed by TEM and AFM
(Fig. 8). The authors consider that it is possible that a minor
fraction of NPs would have the proper local geometry and
conformation of stabilizers to specifically self-assemble with
(mis)folded peptides that can accelerate or inhibit fibrillisation.
This mechanism of NP-peptide interaction was found to be
different from those considered previously for any kind of
NPs, 491511627164 1yt very similar to that found for protective
proteins inhibiting peptide fibrillation in the body.'¢~'¢%

In order to examine the influence of CdTe NPs on the fibril
formation of A peptides, incubation solutions of AB1-40 with
and without NPs have been prepared. The kinetics of fibrillisa-
tion can be monitored by a dye-binding assay with thioflavin T,
the fluorescent spectrum of which can be altered with the growth
of fibrils.!#131:155 As for the neat peptide, the fibrillisation
follows a conventional nucleated-growth mechanism that can be
described by a lag phase, a rapid exponential growth, and a final
equilibrium state.

Skaat er al.'® have designed nanoparticles that modulate the
formation of toxic amyloid plaques. Fluorescent maghemite
nanoparticles have been coated with AB40 or LPFFD peptide.
The kinetics of the AB40 fibrillisation process in the absence and
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500 nm

Fig. 8 TEM (a—j) and AFM (k—o) images of AB1-40 incubated with and without CdTe NPs. [CdTe] : [AP1-40] molar ratios: (a, f, k) 0, (b, g, 1) 0.001,
(c, h, m) 0.005, (d, i, n) 0.01, and (e, j, 0) 0.05. In the TEM images, NPs appear as bright spots that can be easily distinguished from the fibrils even for

small concentrations of the NPs. Reproduced with permission from reference.

presence of varying concentrations of the AP40 or LPFFD
conjugated nanoparticles were elucidated. The non-peptide
conjugated fluorescent nanoparticles were found not to affect
the AB4O0 fibrillisation process significantly. However, the AB40-
grafted nanoparticles accelerated the fibrillisation process while
the LPFFD-conjugated nanoparticles inhibited it. These bioac-
tive fluorescent magnetic iron oxide nanoparticles can be used as
an efficient tool to study, and control, the AB40 fibril formation
process by MRI and fluorescence imaging.

4. Multivalent cationic signaling pathways

Multivalent cations can accelerate amyloid fibrillisation both in
vitro and in vivo. However, the main claim of this section is that
the acceleration effects of multivalent cations on A fibrillisation
are strongly related to the cell-type.

4.1. All-atom molecular dynamics simulation

We have used the molecular dynamic simulation method to achieve
an in-depth understanding of the effect of multivalent cations on
amyloid aggregation. Two simulations were performed as follows.

We simulated two amyloids in the presence of single-valence
(i.e. Na*) and divalent cations (i.e. Ca®") in canonical ensemble
(NVT) conditions. The initial atomic coordinates of amyloids
were constructed from the crystal structure (code: 11YT). We
used the OPLS-AA force field'”® and SPC water model'”' to
describe the solvent. The GROMACS version 4.5.3 software was
employed. In both simulations, two amyloids were immersed in a
rectangular water box 70 x 70 x 90 A (Angstroms), with about
14 200 water molecules. In one simulation the system was
neutralized by 6 sodium cations and in another by 3 calcium
cations. The systems were minimized using the steepest descent

145

method. Electrostatic interactions were treated by the particle
mesh Ewald method.!” The LINC algorithm'”® was used to
constrain bonds involving hydrogen atoms so that a 2 fs (femto-
second) time step was used. The system was equilibrated at a
constant temperature (T) = 300 K (Kelvin) with the help of the
Berendsen coupling procedure'”’ during 0.6 ns (nano-second).
The total length of each trajectory was 50 ns; snapshots were
taken every 1 ps (pico-second).

4.1.1. Effect of divalent cations (Ca*"). The electrical charge of
each amyloid was —3. Thus, systems constituted by two
amyloids have an electrical charge of —6 and the system can
be neutralized using three Ca*>*. Two possible forms exist for
binding these Ca>* to two amyloids. Fig. 9 shows one of these,
where two Ca** are placed on one amyloid and another cation is
placed on another amyloid. The total charge of the amyloid with
two Ca®* is +1. On other hand, the other amyloid with one Ca**
has a total charge of —1. As result, an electrical force is
established between the two amyloids with different numbers of
bound Ca>*. This force leads to strong binding between the two
amyloids. The other amyloid binding form is when three cations
are placed on one amyloid. In this situation, which is very
unlikely, according to the previous argument, we reach a similar
result (binding amyloids).

4.1.2. Effect of single-valence cations (Na*). When the system is
neutralized by single-valence cations the situation will be
different. The maximum number of cations that bind to each
amyloid is equal to three. In this state, the system constituted by
amyloid and single valence cations is electrically neutral. Here,
there is no strong electrical force binding the amyloids as there
was for the system with divalent cations (Ca>").

This journal is © The Royal Society of Chemistry 2012
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Fig. 9 Display of two amyloids in the presence of Ca®" where two
cations are placed on one amyloid and another cation placed on another
amyloid (snapshots were taken by VMD software). Unpublished data by

the authors.

4.1.3. Quantitative remarks from simulation data. Fig. 10 shows
the amyloid binding process. Plotted curves display the distance
between the centers of mass of amyloids (DCMA) in terms of
time in the presence of Na* and Ca*"

The DCMA in the presence of Na* changes permanently
during simulation (50 ns). This shows that the binding between
amyloids is not stable. On the other hand, in the presence of
Ca*, the amyloids are close to each other at about t = 25 ns, and
DCMA remains in a stable state.
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4.1.4. Remarks. We have repeated the simulation for Ca>* and
performed a simulation for K" to confirm the previous
simulation. In addition, simulations were also done for Fe’*
and repeated for Na™ (in this simulation amyloids are closer than
in previous simulations (DCMA is ~ 1.7 nm)).

In the Fe** and Ca®* simulations, parts of one amyloid bind to
another amyloid at the beginning (because of the short-range
interaction (hydrophobic interaction)), then cations bind to the
amyloids and a stable binding between amyloids is created (see
Fig. 11 and 12).

4.1.4.1. Amyloids in the presence of K'. In this simulation,
amyloids did not bind to each other (see Fig. 13).

4.1.4.2. Amyloids in the presence of Na'. The system was
neutralized by six Na® cations. Hydrophobic interactions
between the amyloids caused them to bind to each other,
showing the importance of amyloid concentration in the solution
(see Fig. 14).

4.2. Importance of ignored matters in multivalent cations

As already mentioned, dysregulation of calcium signaling is an
important role in the development and pathogenesis of AD;
however, the underlying mechanisms remain unclear. While
there are several hypotheses for AD, many do not satisfactorily
incorporate the elements of protein misfolding and of multi-
valent cations. This might explain inconsistencies in the literature
on A formation that can be due to various technical limitations

Fig. 10 The distance between the centers of mass of amyloids as a function of simulation length for different cations: Na* (red line), Ca** (blue line).
Snapshots at three different times for each trajectory plotted on curve. Unpublished data by the authors.
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Fig. 12 Amyloids in the presence of Fe*" cations. Unpublished data by the authors.

~

[=2]
T
L

[3,]
T
1

E-N
T

w
1

Distance between center of masses (nm)

1 L 1 |
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time (ps) x 10

N

>

Fig. 13 Amyloids in the presence of K" cations. Unpublished data by the authors.
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Fig. 14 Amyloids in the presence of Na™. Unpublished data by the authors.

(e.g. the variation of cell medium used, in vitro and in vivo
models). Thus, it is possible, if not probable, in the absence of a
greater understanding of these other factors, that there may be
wasteful repetition of various experimental models which will
not make any progress because they continue to involve
inherently flawed or inappropriate methods or will be interpreted
incorrectly. Both in vitro and in vivo studies to investigate more
closely these variables and factors involved in the unbalancing of
multivalent cation concentrations may therefore be a necessary
objective for the future. Such ‘back-to-first principles’ experi-
ments are not glamorous and are often hard to get funding for,
yet they may help resolve some of the fundamental confounding
variables involved in model systems to maximize the outcome of
future investigations and in the long term reduce further
unnecessary waste of valuable research resources (i.e. time and
money).

In order to have a comprehensive knowledge of multivalent
cationic sources in the body, the distribution of elements (i.e.
iron, copper, zinc, magnesium, and calcium) in the normal brain
can serve as a useful starting point. In the study of diseases such
as AD, where there is region-specific neuropathology, more in-
depth knowledge of regional distribution of the elements could
also be highly relevant. In AD the amygdala, hippocampus,
caudate nucleus, cortex, corpus mamillare, gyruscinguli, and
hypothalamus are all affected by Af-related pathology. Fig. 15a
presents the distributions of a number of vital metals in these
same brain regions in a postmortem normal brain.!”*7® For
comparison, Fig. 15b shows the concentrations of copper, iron,
and zinc measured using micro particle-induced X-ray emission
in the rims and cores of senile plaques and also in the neuropil of
the amygdala of nine AD patients. Data on the distribution of
the same ions in the neuropil of the amygdala of five
neurologically normal control subjects is also presented illustrat-
ing the enrichment of these elements in plaque formation.!7+178
There are no significant differences between the observed levels
of individual elements in either the rim or the core of the senile
plaques. What is worth noting, however, is the prominence of
both zinc and iron in the senile plaque-related measures, which is
not so evident in the AD neuropil measurements. In addition,

copper is significantly elevated in the rim of senile plaques
compared with AD neuropil (P < 0.05). Comparison of AD and
control neuropil revealed a significant elevation of Zn in AD
subjects (P < 0.05).

While these data reveal some interesting trends, there is still a
paucity of knowledge on the distribution of elements in the brain
and, likewise, of cellular receptors that can modulate multivalent
cationic signaling pathways. Improving the information avail-
able in both of these areas may provide major insights that could
help develop modes of intervention to inhibit the development or
enable the early detection of AD.

4.2.1. Cell ““vision” effect. A very recent study showed that the
phenomenon of cell “vision” on the biological effects of
nanoparticles must be considered in bionano reports.'®! More
specifically, it has been shown that data from some cell lines
cannot be generalized to other cell lines.'®! In order to check the
importance of cell "vision" on the fibrillisation process, the effect
of various divalent cations, including Ca®", Fe**, Zn>*, and Cu**
at concentrations of 5 pM, were probed on various cell lines (i.e.
human kidney (293T), human liver (HepG2), human neuron
(BE-2-C), and human heart (HCM)). The results confirmed that
in vivo (i.e. in the cells) all of the divalent cations could stimulate
protein aggregation. As shown in Fig. 16, a significant amount of
ThT fluorescence, as a measure of amyloid formation, was
detected for the various cell lines examined; however, the in vivo
results were strongly dependent on the type of cells employed.
More specifically, the human heart cell line shows minimum
amounts of protein fibrillisation in comparison to other cell lines
examined. Thus, one can conclude that cell "vision" is essential to
predict the amyloid aggregation amount in specific cell lines.

5. Future perspectives—application of nanotechnology
principles to AD

On the basis of recent observations and developments in
technical approaches, there may be considerable value in
attempting to better understand the relationship between
intracellular and extracellular matrix (ECM) levels of
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Fig. 15 (a) Case series data and results of the analysis of various metals in postmortem human normal brains; (b) case data and results of copper, iron,
and zinc concentrations in various plaque-related measures in AD subjects and in neuropil in both AD and normal subjects.!7#+178-180
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Fig. 16 Amyloid formation in the presence of cationic ions. (a) Thioflavin T fluorescence measured in various cell lines exposed to the same amount of
cationic ions at a 5 pM concentration (b) Corresponding light and fluorescence microscope images for control and treated kidney cells. Unpublished

data by the authors.

multivalent cations with respect to the malfunction of
various biological systems. In relation to AD, the fact that
AP can be formed in both intracellular and ECM environments
and that those disturbances to the balance of multivalent
cations have already been observed in AD supports this
hypothesis.>6-88:90:174.175.178.180.182-186

We would encourage researchers, in the context of various
experimental approaches to dissect the underlying mechanisms
of AD, and to also consider the simultaneous measurement of

cations. In doing so, they should explore the nature of possible
associations between cation levels and AP misfolding, levels in
the ECM, and dysregulation of corresponding signaling path-
ways in the intracellular environment. Further information
yielded by such efforts could provide very valuable insights into
possible mechanisms for the prevention or treatment or indeed
the diagnosis of AD. In achieving these ambitious aims, new and
exciting opportunities are presented for nano-bioscientists. These
can contribute their valuable expertise to the development of
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smart brain penetrating nano-sensors, which might be suitable
for the early detection of the disturbances to multivalent systems
that are thought to play a pivotal role in the development and
progression of AD.

A further facet of the cation measurement is the emergence
over the last decade or so of a whole array of AP degrading
enzymes which are zinc metalloproteases. Neprilysin 1 & 2,
endothelin converting enzymes, angiotensin converting enzyme
and aminopeptidase A, all of which coincidentally are also
vasomodulatory enzymes and can contribute to increased blood
pressure and reduced cerebral blood flow are all elevated in
AD.®? Interestingly, many of these are also found to be elevated
in AD® while the peptides they all generate are also likely to be
elevated. However as yet accurate measures of these peptides
remains a challenge in plasma or serum because of their often
rapid transformation to other bioactive or inactive metabolites.
Nanoscience could help with these challenges of measurement
which could be of considerable benefit not only in helping to
provide new information for AD but also provide new data that
will also be of relevance in the hypertension, stroke and kidney
disease fields.

Another area in which nanotechnology can aid dementia
research is potentially bringing increased levels of sensitivity and
specificity to the endeavours to find new biomarkers for AD
which will allow earlier diagnosis. While various CSF measures
of AP and tau are the most advanced, there remains discomfort
with regard to their universal use both from the perspective of
the clinical procedure (i.e. lumbar puncture) needed to obtain the
necessary sample to the sensitivity of the measure. At present the
Alzheimer’s disease imaging initiative (ADNI) has been under-
taking extensive imaging based studies to better understand the
natural course of brain changes and atrophy in aging, MCI and
AD. From these endeavours and others there have been
significant developments in the identification of more robust
objective measures (i.e. brain atrophy) of disease progression
than the currently used clinical assessment tools. In doing so,
these studies while bringing greater stringency to the outcome
measurements are also helping to reduce the necessary sample
sizes for clinical trials and in doing so reduce costs.

Nanotechnology may help to improve on the current
endeavours which attempt to combine both the imaging and
CSF biomarker measurement strategies to help diagnose patients
sooner but also increase the accuracy of subjects recruited to
clinical trials. Improved sensitivity in CSF biosampling would be
of benefit. However given the invasive nature of CSF sampling,
the application of nanotechnological techniques to improve the
sensitivity of plasma measures of AR may be of benefit. This is
particularly relevant as the lack of satisfaction of Af as a plasma
biomarker may be due to its low levels in plasma and the variable
sensitivity of methods used to quantify it. Similar work could
relate to proposals that AChE" may also be a potential plasma
biomarker for AD.

Indeed, while nanotechnology can certainly help with remain-
ing diagnostic limitations at present, the added flexibility that
nanotechnology has in being able to offer therapeutic promise
whilst at the necessary site of action brings an extra dimension to
things. In other words the use of sensitive methods to either
diagnose patients clinically or for trials is really only most helpful
if there is also a long-term effective treatment that can then begin

to be administered. However, if one can develop a method that
not only allows for earlier diagnosis and at the same time begins
to treat, which is a potential that nanoscience offers, then the
bleak picture predicted for the increase of AD in the future could
be significantly altered.
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