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SUMMARY

A wide range of human pathologies arises from Hikire of a specific peptide or
protein to adopt, or remain in, its native funcdbrconformational state. These
pathological conditions are generally referred sopaotein misfolding diseases and
range from neurodegenerative disorders to systamidoidoses. The largest group of
misfolding diseases is associated with the coneersif specific peptides or proteins
from their soluble functional states into insolublighly organized fibrillar aggregates
often called amyloid fibrils. It is increasingly ident that the oligomeric assemblies,
kinetic intermediates in fibrillization process,eathe primary pathogenic species in
many protein deposition diseases. It has recertiyndound that prefibrillar aggregates
from proteins not involved in amyloid diseases tapair cell viability when added to
cultured cell media. It follows that the crdsdeld is not only the structural feature
common to all amyloid aggregates, but is also thectural determinant of cytotoxicity
of any amyloid aggregat&hese data have led to propose that the prefibalaemblies
share basic structural features that, at leastostmases, seem to underlie common
biochemical mechanisms of cytotoxicity. The toxiaif these early oligomers appears
to result from an intrinsic ability to impair funaental cellular processes by interacting
with cellular membranes and disassembling the ligliayer. The resulting impairment
of membrane permeability would lead to an imbalapicthe intracellular redox status
and ion levels, together with other modificationgts as mitochondria injury and lipid
peroxidation. The N-terminal domain of the prokdrydydrogenase maturation factor
(HypF-N) is a valuable model system for investiggtihe structural basis of the cellular
impairment caused by misfolded protein oligomenstalkt, it can rapidly be converted
into stable oligomers under conditions that promtgaunfolding into partially folded
species and can generate a cascade of eventdjngesalcytoxicity and death, when
added to cells.

Alzheimer’'s disease (AD) is the most common sendeirodegenerative disease
characterized by progressive dementia, extracellayloid plaques and intracellular
neurofibrillary tangles. The amyloid hypothesis tpéates that 8 peptide, the major
component of senile plaques, may play a causaie in the development and
progression of AD. B peptides derived from the proteolytic cleavagehaf amyloid
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precursor protein (APP) carried out pyandy-secretase in the amyloidogenic pathway,
and prefibrillar A oligomers, rather than mature fibrils, have beaticated as the
main responsible of cytotoxicity and synapse failur

Among the mechanisms involved irBAnediated neurotoxicity, oxidative stress has
largely been implicated as a major cause of nemicty in AD and it has been
established a strong link between lipid peroxidaamd amyloid plaques within the AD
brain. Moreover, there is a rising consensus onomajle of membranes as initial
triggers of the biochemical modifications culmimatiwith neuronal death. In fact,fA
oligomers can readily insert into plasma membrand eompromise its integrity,
resulting in a prompt impairment of fundamentalual processes by causing oxidative
stress and increasing free?Cthat eventually lead to apoptotic or necrotic defth.

Considerable attention has been focused on theibfmsassociation between
cholesterol metabolism in the central nervous sys(€ENS) and AD pathogenesis.
Clinical evidence suggests that reducing circutatand brain cholesterol protects
against AD by reducing [ production and secretion, however a growing bofly o
evidence implicates low membrane cholesterol inpignogenesis of AD. The content
of membrane cholesterol can modulatp groduction, aggregation and clearance in
various ways, particularly by affecting the stabilof lipid rafts, or detergent resistant
membrane domains (DRMs), which are discrete charelstich microdomains of the
cell membrane involved in a wide range of biologipaocesses, such as cellular
trafficking and signalling events.

Recently, lipid rafts have been proposed to fumcts platforms where neurotoxic
oligomers of proteins, including theBAoeptides are assembled. Remarkably, increasing
evidence supports the idea that the initial eveh#sf oligomerization and cytotoxicity
in AD involve the interaction of amyloid (Aderived diffusible ligands (ADDLS) with
the cell membrane. Increasing evidence now shoatsAp can tightly associate with
GML1 ganglioside (a component of lipid rafts), ahevas originally postulated that this
may act as a seed for its accumulation and aggoegathese findings, together with
the presence, in the raft domains, of ligand-gat®dium channels (the AMPA and
NMDA glutamate receptors) involved in €anflux into neuronal synaptic ends and in
Cd* permeabilization of amyloid-exposed cells has iogped lipid rafts as likely

primary interaction sites for ADDLSs.
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CNS is physiological protected from oxidative damdyy antioxidant molecules.
Glutathione (GSH) is one of the most abundant aefialar non-protein thiols in the
CNS, where it plays a major antioxidant role witliiath neurons and non-neuronal
cells. Some brain regions of AD patients show aetese in free radical defences or an
increase in free radical formation, or botlg éan fragmentate and generate free radical
peptides with potent lipoperoxidizing effects ore thynaptosomal membranes in the
neocortex. Indeed, cells experiencing amyloid tbxicusually exhibit impaired
viability, oxidative stress, and mitochondrial dystion. Reactive oxygen species
(ROS) and peroxynitrite accumulation result in ch®ih modification of cell
components including lipids, proteins, and nuckads. It has therefore been proposed
that lipid peroxidation and the weakening of celliaxidant defenses may contribute to
AD pathogenesis. In particular, GSH metabolismitsred and its levels are decreased
in affected brain regions and peripheral cells fr8lD patients and in experimental
models of AD.The alteration of GSH homeostasis impairs neureialility, leaving
neurons vulnerable to oxidative stress injury. he tpast decade, interest in the
protective effects of various antioxidants aimedhateasing intracellular GSH content
has been growing. Finally, much experimental ewdesuggests a possible protective
role of unsaturated fatty acids in age-related atise. Indeed, it has been found a
reduction in the risk of cognitive impairment ingubation-based samples with a high
intake of monounsaturated fatty acids (MUFA) antyposaturated fatty acids (PUFA).

Taking into account these observations, the airthefpresent study is to get clues
into the molecular basis of amyloid cytotoxicity tli particular interest in the
interaction of different types of oligomers, rekhter not with diseases, with cell
membrane (or its subfractions, as lipid rafts) dahd resulting cascade of events,
culminating in cellular dysfunction and death. Weodocused our attention to the role
of membrane cholesterol as a possible modulatdhefinteraction between amyloid
aggregates and the plasma membrane of exposed Edllally, considering the
importance of developing new antioxidant compourasl the relevance of their
application in the treatment of neurodegeneratigeates, we aimed to synthesize new
S-acylglutathione (acyl-SG) derivatives, and tot témir protective effect on cells

experiencing amyloid aggregate oxidative insult.
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The present studies provide evidence that:

) Two types of oligomers formed by the HypF-N miot both possessing a
hydrophobic core, showed a different degree ofilfiéity of the exposed hydrophobic
surfaces, which is essential to determine the miffeability of aggregates to exert a
toxic function. In particular, only the oligomersp®sing hydrophobic surface, and
endowed with sufficient structural plasticity, @iele to penetrate the plasma membrane
of human SH-SY5Y neuroblastoma cells and to in@eagtosolic C& levels,
intracellular ROS production and lipid peroxidatiomsulting in the activation of the
apoptotic pathway. In contrast, cellular stresskai@ and viability were unaffected in
culture and neuronal cells exposed to HypF-N oligemwith a higher degree of
packing and lower structural flexibility. Our remibupport the rising consensus on the
role of plasma membranes as primary targets ot tpratein oligomers, suggesting that
the ability to form amyloid-like structures is geiceto polypeptide chains, whether or
not such species are pathogenic will depend omr gtaictural features, notably the
extent to which hydrophobic residues are flexilbld axposed on their surfaces within
the environment of a living organism.

II) Cell resistance to amyloid toxicity is strictly agéd to plasma membrane
cholesterol content in SH-SY5Y cells and in Farhikdzheimer's Disease (FAD)
fibroblasts. In particular, in our model cells, mMaane cholesterol modulation was
achieved by supplementing the cell culture medih wiater soluble cholesterol (PEG-
chol or Chol) to increase the levels of membraneledterol; on the other hand,
cholesterol levels were diminished by using meflglclodextrin 3-CD) or
mevastatin. Under these conditions, membrane deotésenrichment readily prevent
the interaction of 42 oligomers with the cell membrane, thus redudelj damage
and oxidative stress. Therefore, membrane chotdstenrichment significantly
decreases intracellular ROS production and membHdiaoperoxidation with respect to
cholesterol-depleted cells. Finally, the highernstasce to amyloid-induced oxidative
stress in cholesterol-enriched cells matched arraugal cell viability. These results
identify membrane cholesterol as being key 2 oligomer accumulation at the cell
surfaces and to the followingB42-induced cell dysfunction and death in AD neurons

[I) Lipid raftssDRMs are chronic targets offfAinduced lipid peroxidation in SH-

SY5Y human neuroblastoma cells overexpressing achpl@cursor protein APPwt and
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APPV717G genes and in fibroblasts bearing the APRVgene mutation. Therefore,
Ap-oxidized rafts recruit more ADDLs than correspargdidomains in control cells,
triggering a further increase in raft lipid peroaithn and loss of membrane integrity.
Moreover, amyloid pick up at the oxidative-damagdomains was prevented by
enhanced cholesterol levels, anti-ganglioside (GBiifjbodies and the B subunit of
cholera toxin binding to GM1. The increase of theictural rigidity of the DRMs,
isolated from cells and exposed to ADDLSs, indicasespecific perturbation of raft
physicochemical features in cells facing increaaeyloid assembly at the membrane
surface. This data identifies lipid rafts as specthrgets of oxidative damage and
membrane degeneration in APP-mutated neurons asudt of their ability to recruit
aggregates to the cell surface.

IV) The new synthesized acyl-SG derivatives canlyeasoss the plasma membrane
and be internalized in cellular compartments; dutheir lipophilic nature, acyl-SGs act
as GSH carriers, allowing GSH to enter the cell, mm¢e internalized in the cytoplasm,
to be converted back to the corresponding freey fattid and GSH by cellular
thioesterases. Moreover, acyl-SG thioesters pre&paR-induced oxidative stress by a
significant decrease in intracellular ROS produttia large inhibition of membrane
lipoperoxidation and apoptotic pathway activation $H-SY5Y cells, and prevent
amyloid oxidative injury in primary fibroblasts flo FAD patients. Moreover, an
increase in antioxidant and neuroprotective effadts the presence of the double bond
and the lengthening of the chain in these compowaedsirred. Therefore, our results
put forward acyl-SG derivatives as new antioxidami$h neuroprotective effects
against A-induced oxidative injury, which could be usefultive treatment of AD and

other oxidative stress-related disorders.
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CHAPTER | — INTRODUCTION

-PROTEIN FOLDING, MISFOLDING AND AMYLOID AGGREGATIO  N-

Protein folding

Proteins are involved in virtually every biologigabcess in a living system. They are
synthesized on ribosomes as linear chains of tifpiceveral hundred aminoacid
residues in a specific order from information erembavithin the cellular DNA. One of
the most remarkable characteristics of a livingtaysis the ability of its molecular
components to self-assemble into their functiotetes. The most fundamental example
of biological self-assembly is protein folding, tipeocess through which disordered
polypeptide chains convert into the tightly packedtein structures through which they
exert their biological functions [1]. In additioro tgenerating biological activity,
however, the folding is coupled to many other hydal processes, including the
trafficking of molecules to specific cellular logats and the regulation of cellular
growth and differentiation [2]. Most of the newlyrdhesized polypeptide chains
usually fold into their functional and compact ‘ivat states”. Native states of proteins
generally correspond to the structures that aret ti@smodynamically stable under
physiological conditions and are characterized hwe#l-defined, persistent secondary
and tertiary structure [3]. Nevertheless, the tatahber of possible conformations of a
polypeptide chain is so large that it would takeastronomical length of time to find
this particular structure by means of a systensdarch of all conformational space [2].
The folding process of proteins can be reprodunedtro, and has been extensively
investigated with a variety of experimental and paotational methods [4, 5]. It is now
clear that this process consists in a stochastickef the conformations accessible to a
given polypeptide, targeted at finding the mostrgetcally favourable conformation
[3, 6]. Inherent fluctuations in the conformatioh unfolded or incompletely folded
states enable different portions of the amino aeiduence to come into contact with
one other. Because the correct (native-like) irtévas between different residues are
on average more stable than the incorrect (noreatimes, such a search mechanism is
in principle able to find the lowest energy struet(i7]. In fact, when the fluctuations
trigger the formation of stable native-like intarans a folding nucleus forms, reducing
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the number of conformations that need to be sammjed protein molecule during its
transition from a random coil state to the natitigure [3, 8-10]. This stochastic
description of protein folding involves the conceptan “energy landscape” for each
protein, describing the free energy of the polymkptchain as a function of its
conformational properties. To enable a proteirotd éfficiently, the landscape required
has been likened to a funnel because the confaynatispaceaccessible to the
polypeptide chain is reduced as the native sta@pmoached [7]. The shape of the
energy landscape is encoded by the amino acid seguéhus natural selection has
enabled proteins to fold rapidly and efficientlyn&ll single domain proteins (e.g. < 100
amino acids in length), in general, fold to theiveastate on a sub-second timescale and
have been the focus of many experimental and thiearstudies of folding [11]. For
small proteins, typically of 60-100 residues, thédscape appears to be rather
“smooth” as these proteins have been found to abmapidly into their native states,
without populating partially folded intermediate®].[ The highly cooperative folding
observed for naturally occurring small proteins bagn proved to be the product of
natural selection [12]. On the other hand, largdymeptide sequences have “rougher”
energy landscapes, allowing the population of pytfolded species that may be on-
or off-pathway to the native fold [13]. In figureid shown the energy landscape for the
folding of a highly simplified model of a small gein. The critical region on a simple
surface such as this one is the saddle point gonesng to the transition state, the
barrier that all molecules must cross if they aréold to the native state. In figure 1,
applied to this schematic surface, are ensemblsgwdtures corresponding to different
steps of the folding process. The transition statsemble was calculated by using
computer simulations controlled by experimentaladétom mutational studies of
acylphosphatase [14]. The results of many studigggest that thdundamental
mechanism of protein folding involves the interantiof a relatively small number of
residues, ‘key residues’, to form a folding nucleaisout which the rest of the structure
rapidly condenses [10]. In this scheme, the yelkpheres represent the three ‘key
residues’ in the structure: when these residues f@wmed their native-like contacts the
general topology of the native fold is establishéd.the top are indicated some
contributors to the distribution of unfolded spectbat represent the starting point for

folding, while the structure of the native statsh®wn at the bottom of the surface.
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Representative starting structures

Transition state

Free energy

Number of native
interactions

Native structure

Number of residue contacts

Figure 1. A schematic energy landscape for protein foldinge Burface is derived from a
computer simulation of the folding of a highly silifipd model of a small protein. The surface
‘funnels’ the multitude of denatured conformatidashe unique native structure. From [2].

Theoretical studies, particularly involving simudat techniques, have been used to
complement experimental data, avide versa allowing a complete view of folding
from the earliest steps to conformational transgi@s the native structure ultimately
forms [15]. One approach incorporates experimental measurencénestly into the
simulations as restraints limiting the regions ohformational space that are explored
in each simulation; this strategy has enabled radk&ailed structures to be generated
for transition states [14]. The results suggest, thaspite a high degree of disorder,
these structures have the same general topologtheasnative fold. In essence,
interactions involving the key residues force tlinain to adopt a rudimentary native-
like architecture. Once the correct topology hasnb&chieved, the native structure will
then almost invariably be generated during thel ft@ges of folding [14]. Conversely,
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if these key interactions are not formed, the pnotannot fold to a stable globular
structure; this mechanism therefore acts also a@pality control’ process by which
misfolding can generally be avoided. Although itnist yet clear exactly how the
sequence encodes such characteristics, the essdetneents of the fold are likely to be
determined primarily by the pattern of hydrophohbiad polar residues that favours
preferential interactions of specific residues he structure becomes increasingly
compact [16]. Another important parameter is “tle@tact order” which describes the
average separation in the sequence between redlthtesgre in contact with each other
in the native structure. The existence of such raetation can be rationalized by the
argument that a stochastic search process will twe time consuming if the residues
that form the nucleus are further away from eachemwtin the sequence. [17].
Experiments show that the vitro folding of proteins with more than about 100
residues involves a larger number of species tharfiully unfolded and the fully folded
states found to be populated in the simplest sys{@8]. Experiments have shown that
the folding intermediates that result from largeotpins, sometimes correspond to
species in which segments of the protein have bedaghly native-like, whilst others
have yet to achieve a folded state [3]. In paricuthey suggest that these proteins
generally fold in modules, in other words, foldiogn take place largely independently
in different segments or domains of the protein [He fully native structure is only
acquired when all the native-like interactions haween formed both within and
between the domains; this happens in a final ca@dperfolding step when all the side
chains become locked in their unique close-packethgement and water is excluded
from the protein core [19]. This modular mechanisnattractive because it suggests
that highly complex structures might be assembitedhanageable pieces. Foldiig
vivo is more complex and can occur before the completbrprotein synthesis,
particularly for multidomain proteins where indivial domains fold separately after the
end of their synthesis. Folding can occur in théoghasm after release from the
ribosome, or in specific compartments, such as ahaadria or the endoplasmic
reticulum (ER) [20-22]. The details of the foldimgechanism of a given sequenoe
vivo depend on the peculiar environment in which thiscess takes place. However,
the fundamental principles of protein folding aneught to be the sanie vivo andin

vitro. The key difference is that living cells have esal mechanism of control and
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regulation of the process [2]. Examples are moblecehaperones [21, 22], folding
catalysts [23] and the quality-control and protdegradation mechanisms present in

eukaryotic cells for proteins taking the secrefoayhway [24].

Protein misfolding in the cell

Within the past two decades it has been recogrizadthe inability of a protein to
adopt, or remain in, its native conformation iseaftreferred to as protein misfolding.
Indeed, in the misfolding process a protein adaptslternative conformation, either a
partially or totally unfolded monomeric state oraggregated state. Protein misfolding
Is a common and intrinsic propensity of protehest occurs continuously. Misfolding is
influenced by the amin@cid composition, and certain mutations are known t
accelerat¢he process. Moreover, it also depends on envirateheonditionspecause
once proteins are exposed to specific environmechanges such as increased
temperature, high or low pH, agitatielevated glucose, or oxidative agents, they can
lose their native conformation more rapidly. Becausfethe lack of arrangement,
unfolded proteins are nonfunctionallmportantly, the unfolded state is
thermodynamically unfavorablend unstable, thus, seeking lower energy levels and
morestability, unfolded proteins have a tendency toregate [25]. Protein misfolding
often results in the formation of aggregates bezamisfolded proteins are more prone
than native proteins to undergo aberrant self-agSon. The native state of a protein
has indeed minimal propensity to aggregate, becanaoss of its hydrophobic moieties
and a large portion of the backbone amide and ggliocogroups are sequestered inside
the protein; while the regions on the protein stefdhat may potentially retain a
residual ability to trigger undesired intermoleculassociation are protected by
structural adaptations developed during evoluti®@].[ By contrast, partially or fully
unfolded states expose to the solvent some regibtie protein that might have a high
propensity to form interchain interactions with @tmolecules. It is in fact well known
that the first event that generally triggers thgragation process of a globular protein is
the adoption of a non-native, partially or fullyfalued state [27, 28]. Living cells have
developed different strategies to avoid the ocoweeof aberrant aggregation. Of
particular importance are the many molecular chapes that are present in all types of

cells and cellular compartments. [29]. Despite rtts@milar general role in enabling
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efficient folding and assembly, their specific ftinos can differ substantially and it is
evident that many types of chaperone work in tandeith one other[22]. Some
molecular chaperones have been found to interatt méscent chains as they emerge
from the ribosome, and bind rather non-specificalty protect aggregation-prone
regions rich in hydrophobic residues. Others avelired in guiding later stages of the
folding process, particularly for complex proteimeluding oligomeric species and
multimolecular assemblies. The best characteriZeth® chaperones studied in this
manner is the bacterial complex involving GroEL,member of the family of
‘chaperonins’, and its ‘co-chaperone’ GroES. [22]. 20f particular interest is that
GroEL, and other members of this class of molecalaperone, contains a cavity in
which incompletely folded polypeptide chains cateemand undergo the final steps in
the formation of their native structures while sespered and protected from the outside
world [30]. Molecular chaperones increase the igficy of the folding process by
reducing the probability of competing reactionsrtipalarly aggregation. However,
there are several classes of folding catalystdbaeélerate potentially slow steps in the
folding process. [23]. Clear evidence that molecalzaperones are needed to prevent
misfolding and its consequences comes from thetfiattthe concentrations of many of
these species are substantially increased durihdazestress. Indeed, many chaperones
were found in such situations, and their nomenotais Hsps (heat shock proteins)
reflects this fact [31]. Some molecular chaperaresable to rescue misfolded and even
aggregated proteins, enable them to fold correfilyexample solubilising some forms
of aggregates [32]. Such active intervention inftiiding process requires energy, and
ATP is required for most of the molecular chapesoteefunction with full efficiency
[22]. In eukaryotic systems, many of the proteinat tare synthesized are translocated
into the ER, where folding takes place before semrethrough the Golgi apparatus.
The ER contains a wide range of molecular chapetof@ding catalysts and the
proteins that fold here must satisfy a ‘quality-toh check before being exported (Fig.
2) [24].
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Figure 2. Regulation of protein folding in the ER. Many newdynthesized proteins are
translocated into the ER, where they fold intorthieiee-dimensional structures with the help of
a series of molecular chaperones and folding cstgalyCorrectly folded proteins are then
transported to the Golgi complex and then delivetedthe extracellular environment.
Incorrectly folded proteins are detected by a dquaontrol mechanism and sent along another
pathway in which they are ubiquitinated and thegraded in the cytoplasm by proteasomes.
From [2].

This quality-control mechanism involves a complesries of glycosylation and
deglycosylation reactions that prevents misfoldextgins from being secreted from the
cell. In addition, unfolded and misfolded proteiase recognized and targeted for
degradation through the ubiquitin—proteasome pagj@4]. Folding and unfolding are
the ultimate ways of generating and abolishingutel activities. It is not surprising
therefore that failure to fold correctly, or to ram correctly folded, will give rise to the
malfunctioning of living systems and hence to dsgef80, 33, 34]. The details of how
these incredible regulatory systems operate repregstonishing examples of the
rigorous mechanisms that biology has establishedngure that misfolding, and its

consequences, are minimized. Some diseases, sucystis fibrosis [33] and some
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types of cancer [31] is associated with aberratiarthe folding process [33]. In other
cases, proteins with a high propensity to misfadape all the protective mechanisms
and form intractable aggregates within cells orrfgn@ommonly) in extracellular space.
An increasing number of pathologies, including Aicher's and Parkinson’s diseases,
the spongiform encephalopathies and type |l diahetee directly associated with the
deposition of such aggregates in tissues, incluthegbrain, heart and spleen [27, 30,
34]. Diseases of this type are among the mostitking, socially disruptive and costly
diseases in the modern world, and they are becomnicrgasingly prevalent as our
societies age and become more dependent on newulagml, dietary and medical
practices [35].

Amyloid aggregation and diseases

Protein misfolding can be at the basis of somehefrost important disorders that
affect humans including cancer, metabolic path@egnd degenerative diseases [36].
Indeed, protein misfolding and aggregation arerofteupled, with over 40 human
diseases associated with formation of fibrillar reggtes [37].Subsequent to protein
unfolding, aggregation, starts with the nucleatiwhgen proteins reversibly attach to a
growing core. Then, further protein molecules dttaueversibly to the core, developing
a large aggregate. Protein aggregation can resulvvarious different structural
appearances with intermediates (oligomers) varyfrgm unordered amorphous
aggregates to highly ordered fibrils that are chiéemyloid (Fig. 3) [25]. They are
generally enriched in crogs-structure [38], yet fluctuate in sequence, timad a
conditions [39].
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Figure 3. Protein misfolding and aggregation. Under certangcuenstances such as pH or

temperature change, mechanical stress, glycatiangidation, proteins undergo conformational

changes that result in unfolding and partial midifeg that is associated with the tendency to
aggregate. During aggregation, proteins can olatasnge of different structural appearances,
which are generally enriched in crdssstructure, including intermediates varying from

unordered amorphous aggregates to ordered fihatsare called amyloid. From [25].

Considerable attention is presently focused onoapgof protein misfolding diseases
known as amyloidoses. These disease are charactdryzthe deposition in organs and
tissues of specific peptides or proteins, incolyefctided or unfolded, which aggregate
intra- or extracellularly into polymeric assembli@nyloid fibrils) rich inp-sheet [7,
40]. The deposits in strictly defined amyloidoses aextracellular and can often be
observed as thread-like fibrillar structures, somes assembled further into larger
aggregates or plagues. Some of these diseasepa@ealis, familial or transmissible
degenerative pathologies affecting either the eémervous system (Alzheimer’'s and
Creutzfeldt-Jakob diseases,) or a variety of penghtissues and organs (systemic
amyloidoses and type Il diabetes) [40]. In additicdhere are others diseases
(Parkinson’s and Hungtington’s diseases) charaaeérby the presence of intracellular,
rather then extracellular, deposits localized i ¢lgtoplasmin the form of specialized
aggregates known as Lewy bodies, or in the nud@able 1). These structures are
generally described as “amyloid fibrils” or “amydoplaques” when they accumulate
extracellularly, whereas the term “intracellulaclisions” is used when fibrils with the

same morphological and structural properties forsidie the cell [41].
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Table 1 peptides and proteins associated with known aichyliseases

Disease

Main aggregate component

Alzheimer’s disease

Spongiform encephalopathies
Parkinson’s disease

Primary systemic amyloidosis
Secondary systemic amyloidosis
Fronto-temporal dementias

Senile systemic amyloidosis

Familial amyloid polyneuropathy 1
Hereditary cerebral amyloid angiopathy
Haemodialysis-related amyloidosis
Familial amyloid polyneuropathy II1
Finnish hereditary systemic amyloidosis
Type I diabetes

Medullary carcinoma of the thyroid
Atrial amyloidosis

Hereditary non-neuropathic systemic amyloidosis
Injection-localised amyloidosis
Hereditary renal amyloidosis

Amyotrophic lateral sclerosis
Huntington's disease

Spinal and bulbar muscular atrophy
Spinocerebellar ataxias
Spinocerebellar ataxia 17

AP peptides (plaques); tau protein (tangles)

Prion (whole or fragments)

a-synuclein (wt or mutant)

Ig light chains (whole or fragments)

Serum amyloid A (whole or 76-residue fragment)

Tau (wt or mutant)

Transthyretin (whole or fragments)

Transthyretin (over 45 mutants)

Cystatin C (minus a 10-residue fragment)

j3,-microglobulin

Apolipoprotein Al (fragments)

Gelsolin (71 amino acid fragment)

Amylin (fragment)

Calcitonin (fragment)

Atrial natriuretic factor

Lysozyme (whole or fragments)

Insulin

Fibrinogen o-A chain. transthyretin, apolipoprotein Al, apolipoprotein AlI,
lysozyme, gelsolin, cystatin C

Superoxide dismutase 1 (wt or mutant)

Huntingtin

Androgen receptor [whole or poly(Q) fragments]

Ataxins [whole or poly(Q) fragments]

TATA box-binding protein [whole or poly(Q) fragments]

From [40].

Each amyloid disease involves the aggregation sgeific protein although a range
of other components, including other proteins aarbchydrates, is also incorporated
into the deposits when they forimvivo. The characteristics of the soluble forms of the
proteins involved in the well-defined amyloidoses &aried - they range from intact
globular proteins to largely unstructured peptidelenules - but the aggregated forms
have many common characteristics [42]. The varjpestides and proteins associated
with amyloid diseases have no obvious similarifiesize, amino acid composition,
sequence or structure. Nevertheless, the amyloidsfinto which they convert are very
similar in their external morphology (Fig. 4) amdtheir internal structure (Fig. 5) [40].
The fibrils can be imageah vitro using transmission electron microscopy (TEM) or
atomic force microscopy (AFM). These experimentseat that amyloid fibrils usually
consist of a number (typically 2—6) of protofilanigneach about 2-5 nm in diameter
that are often twisted around each other to forpestoiled rope-like structures that are
typically 7-13 nm wide [42, 43] or associate lallgreo form long ribbons that are 2-5
nm thick and up to 30 nm wide [44, 45]. Circulacidibism, Fourier transform infra-red
spectroscopy and X-ray fibre diffraction data hasleown that in each individual
protofilament the protein or peptide molecules areanged so that the polypeptide
chain formsp-strands that run perpendicular to the long axishef fibril to generate
what is described as a crdsstructure [42]. The latter confers to the amylbtils

specific biophysical characteristics and a variefy tinctorial properties, notably
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staining with thioflavin T (ThT) and Congo red (CRJ, 47]. The crosg-structure can

be therefore considered as the main structurainiaakl of the amyloid aggregates.

M:_“"l,
L Frisinnny

Figure 4. Transmission electron Figure 5. Schematic drawing of the structural
microscopy of a mesh of amyloid organization of insulin fibrils. From [49].

fibrils assembled from human

lysozyme negatively stained with

uranyl acetate. Scale bar, 400 nm.

From [48].

The ability of polypeptide chains to form amyloittustures is not restricted to the
relatively small number of proteins associated wébognized clinical disorders, but it
now seems to be a generic feature of polypeptiaénst28, 34]. The core structure of
the fibrils seems to be stabilized primarily byeirgictions, particularly hydrogen bonds,
involving the polypeptide main chain. Because thainmchain is common to all
polypeptides, this observation explains why fibfidsmed from polypeptides of very
different sequence seem to be so similar [28, 4B generic amyloid structure
contrasts strongly with the highly unique globw#uctures of most natural proteins. In
these latter structures the interactions assochatttdthe very specific packing of the
side chains seem to ignore the main-chain prefese[#8, 50]. Even though the ability
to form amyloid fibrils seems to be generic, thegansity to do so, under given
circumstances, can vary markedly between differeefjuences. The relative
aggregation rates for a wide range of peptides prateins correlates with the
physicochemical features of the molecules such lasrge, secondary-structure
propensities and hydrophobicity [51]. In a globytaotein the polypeptide main chain
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and the hydrophobic side chains are largely hidd&hin the folded structure. Only
when they are exposed, for example when the pragartly unfolded (for example, at
low pH) or fragmented (for example, by proteolysigjll conversion into amyloid

fibrils be possible.

A general mechanism of amyloid formation: common caracteristic of polypeptide

chains

The observation that proteins associated with amhydseases, thought displaying in
their soluble native state a very different natues able to generate similar fibrillar
forms, encouraged the proposal that there aregsionilarities in the intrinsic structure
of the amyloid fibrils and in the mechanism by whibey are formed [34]. Amyloid
fibril formation follows a “nucleated growth” meahiam similar to that observed in
protein crystallization [52]. The aggregation pa#lys of different systems have been
extensively investigated. At the beginning of thggr@gation process small soluble
oligomers can be found to be in rapid equilibriunthwthe monomer. This is the case
for example of & peptides, widely studied for its links with Alzher's disease,
whose small oligomers have been trapped by pratess-linking and have been found
to be relatively disordered and composed by 2-4%fidnolecules for 40 and 442,
respectively [53]. In particular, during the pathlywaf fibril formation, A3 exists as
soluble oligomers in rapid equilibrium with the msponding monomeric forms. These
species, also termed asp-lerived diffusible ligands (ADDLS) [54], preced&et
formation of the so called “protofibrils”, a serieé metastable, nonfibrillar species that
can be visualized using AFM and TEM [55]. Insightdo the structure of A
protofibrils are emerging; the exciting finding tha specific antibody can bind to
protofibrillar species from different protein soes; but not their corresponding
monomeric or fibrillar states, suggests that sumhlde amyloid oligomers have some
important common structural elements [56]. Somdhefse aggregates appear to be
spherical beads of 2-5 nm in diameter, others appede beaded chains with the
individual beads again having a diameter of 2-5amd seeming to assemble in linear
and curly chains. Yet, others appear as annulactsties, apparently formed by the
circularization of the beaded chains. At longer raggtion times, curvilinear fibers

form with a beaded appearance and an exterfsisieeet structure [37]. Analogous
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spherical and chain-like protofibrillar structureave been observed for many other
systems, including-synuclein [57], amylin [58], the immunoglobulirght chain [59],
transthyretin [60] and polyQ-containing protein8][5Similar aggregated structures can
also be formed by proteins unrelated to diseas# as the N-terminal domain of HypF
from Esherichia coli(HypF-N) [61, 62], theSulfolobus solfataricusicylphosphatase
[63] and an SH3 domain from bovine phosphatidykita-3’-kinase (P13-SH3) [64].
Actually, for the first time in 1998, two indepemdegroups reported the observation
that a protein unrelated to any amyloid diseasereaggedin vitro into structures
indistinguishable from the amyloid fibrils producbky disease-associated peptides and
proteins. Indeed, it was reported that two proteiparticularly the PI3-SH3 and
fibronectin type lll, aggregated vitro to form structures indistinguishable from those
formedin vivo by the proteins associated with the known amythsgtases [65]. It was
presently shown that a similar conversion couldaobieved deliberately for other
proteins by a rational choice of appropriate soluttonditions [66, 67]. These proteins
have different secondary and tertiary structuretenuis, different functions and belong
to different organisms. In most cases, aggregaiiciull-length proteins was found to
require solution conditions that destabilize théiveastructure but do not inhibit the
formation of hydrogen bonds, such as low pH, ladk specific ligands, high
temperature, high pressure and moderate concemsabif salts or co-solvents such as
trifluoroethanol (Fig. 6). By contrast, many pepsdhat were unable to fold into stable
globular structures readily formed fibrils [68]. & heduced physicochemical stability of
the partially unfolded monomers leads them to amgaimto the oligomeric assemblies

seen in the path of fibrillization and eventuahya stable mature fibrils.
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Figure 6. Electron micrographs of amyloid fibrils froM, PI3-SH3 andB, the N-terminal
domain of the bacterial hydrogenase maturatiorofadypF (HypF-N), a protein unrelated to
any amyloid diseas&he formation of these fibrillar aggregates was iolet by incubating 10
mg/ml PI3-SH3 in BO/HCI mixture, pH 2.0 at 37 °C for 1 month and ég/ml HypF-N in
50mM acetate buffer, pH 5.5, in the presence of 30&) TFE at room temperature for 20
days, respectively. Frong9].

The demonstration that peptides and proteins tratuarelated to disease have a
generic ability to form amyloid fibrils has inciteal more general discussion of the
various states that can be adopted by polypeptadiesving their synthesig vivo. It is
now clear that the native state of a polypeptidaircis in dynamic equilibrium with
other states including aggregates and their precsi(&ig. 7) [2, 37, 40]. Moreover, the
proposal that amyloid fibrils are a generic struetaf polypeptide chains allowed the
researchers to suggest that the conformationaleptiep of all proteins should be
considered in terms of the multiple conformatiostdtes that are accessible and into

wich they interconvert on a wide range of timess§BY].

Amyloid Cytotoxicity and New Acyl-SG Thioesters



Chapter | — Introduction 15

Disordered Disordered Functional
aggregates aggregates oligomers

aﬁ? =
N

unfolded

Degraded @ ( E
Unfolded

fragments

Functional
fibers

\f Disordered
i ? ggregates
Disordered \‘ﬁ ! ! ! E ! E
aggregates \ 'ﬂ Native-like aggregates

ﬂj:

fi-structured aggregates
(e.g. protofibrils )

Amyloid or
amyloid-like
fibrils

Figure 7. A schematic representation of some of the manyaramdtional states that can be
adopted by polypeptide chains. All of these diffeareconformational states and their
interconversions are carefully regulated in theldgwmal environment, but conformational
diseases will occur when such regulatory systeihs=@m [37].

Following biosynthesis on a ribosome, a polypeptitiain is initially unfolded and
can then remain unfolded, or fold into a unique pant structure, often through one or
more partially folded intermediates. Moreover, vy unfolded proteins and peptides
can also aggregate under some circumstances. Saheinitial amorphous aggregates
simply dissociate, but others may reorganize tanfoligomers with amyloid structure,
including the spherical, chain-like, and annularykma protofibrils observed for many
systems [2, 37]. The structured polypeptide agdgesgean then sometimes grow into

mature fibrils by further self-association or thgbuthe repetitive addition of monomers
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(Fig. 7). Indeed, to understand the determinanfgatiein folding and aggregation a full
characterization of the multitude of non-native foomational states populated on the
folding energy landscape is crucial. [70, 71]. Tdea that amyloid is a generic form of
protein structure rises the question of why it mdycassociated with diseases [34]. One
possible explanation is that the formation of andliworils is difficult to control, and
once formed it is often extremely hard or impossith degrade. Recent data have
shown that general physicochemical features, saainean hydrophobicity, net charge
and propensity t@ andp structure formation, affect the tendency of anoldéd or
partially folded polypeptide chain to aggregate][72his may explain the higher
propensity to aggregation of peptides and natiuelfplded proteins such assynuclein
(involved in Parkinson’s disease) and tau (involwedAlzheimer’'s disease) carrying
specific mutations enhancing their mean hydrophtbior reducing their mean net
charge. Finally, protein aggregation may be favdureder conditions resulting in the
impairment or overwhelming of the molecular machie® (i.e. chaperones) responsible
for the quality control of protein folding [40]. Bpite much recent work in this area,
many questions about the amyloid aggregation reropen, and considerable efforts
are currently devoted to the study of the phenomearigrotein aggregation because of
its association with a wide variety of human digsasnd of its potential applications in
biotechnology.

Role of prefibrillar aggregates as causative agentsf neurodegenerative diseases

The data reported in the past few years have cerabty improved the knowledge of
the molecular basis of protein misfolding and aggt®n, as well as of the relationship
between structure and toxicity of the amyloid aggtes, even if the specific nature of
the pathogenic species, and their ability to damzajks, are however, the subject of
intense debate [40]. Recent findings indicate thatprotein assemblies preceding the
formation of mature amyloid fibrils, such as lowderular-weight disordered
oligomers and/or structured protofibrils, are tha&hogenic species in neuropathic
diseases. The severity of cognitive impairment Imh&imer's disease correlates with
the levels of low-molecular-weight species di rather than with the amount of fibrils
[73]. Abundant data show that also the prefibriltgrecies of other amyloidogenic

proteins such ag-synuclein or transthyretin, which are formed eanlythe process of
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fibrillogenesis, are neurotoxic, whereas the mafilmels are much less toxic [40, 50,
74]. Pre-fibrillar aggregates formed by transthiyretan also be toxic to neuronal cells
or perturb their function [75]. Protofibril appeac in tissues precedes the expression
of the clinical phenotype thus explaining the ladkrelationship found in most cases
between extent of amyloid deposits and severitythef clinical symptoms [76]. In
addition, transgenic mice show deficits in cogmtiimpairment, cell function, and
synaptic plasticity before the accumulation of figant quantities of amyloid plaques
[77]. Importantly in this context, pre-fibrillar fos of the proteins that have no link
with amyloid-associated disease, such as HypF-&IPIB-SH3 and apomyoglobin from
sperm whale, are also highly toxic to cultured dlidasts and neurons, whereas the
monomeric native states and the amyloid-like fé(dll formedin vitro) displayed very
little, if any, toxicity [69]. This result impliethat the ability of pre-fibrillar aggregates
to cause cell dysfunction arises from common charestics of the supramolecular
structure of the aggregates rather than from dpeé&#atures of the amino acid
sequences of the polypeptides. A wide variety afcbemical, cytological, and
physiological perturbations has been identifiedofeing the exposure of neurons to
such species, botin vivo and in vitro. It can be hypothesized that protofibrillar
aggregates impair cell function because they expasteir surface an array of groups
that are normally hidden in globular proteins @pdirsed in highly unfolded peptides or
proteins. Indeed the exposed regions could beimi¢ctydrophobic groups able to stick
onto cell membranes. Pre-fibrillar assemblies hadeed been shown to interact with
synthetic phospholipid bilayers and with cell meart®s [78, 79], possibly destabilising
them and impairing the function of specific memla-doound proteins [80]. The precise
molecular mechanism of toxicity of these aggregasestill unclear and it is also
possible that different types of pre-fibrillar aggates exert their toxicities in different
ways. However, it is clear that the presence oictaggregates inside or outside cells
can impair a number of cell functions that ultinhatead to cell death by an apoptotic
mechanism [81]. Many evidence points to a centld of aggregate interaction with
cell membrane and subsequent intracellular redatustmodifications with free €a
levels alterations [69, 78, 80], suggesting a meisma of cell death possibly shared
among prefibrillar aggregates of most peptides @nokteins [82]. In conclusion,

prefibrillar aggregates, although originated froifiedlent peptides and proteins, seems
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to have common structural features. These charsinterare different from those of
their precursors (not aggregated) or mature fibflilse results obtained in the last few
years suggest the idea that exists a distinct nmémimaof pathogenesis, inherently

associated with the aforementioned common structure

-HypF-N: A MODEL OF AMYLOID AGGREGATION UNRELATEDT O

DISEASE-

Function, structure and aggregation of HypF-N

An increasing number of proteins with no link t@t&in deposition diseases has been
found to form, under various conditioms vitro, fibrillar aggregates that have the
morphological, structural, and tinctorial propestignat allow them to be classified as
amyloid fibrils [40]. One example is HypF, a langetein of about 82 KDa that assists
the folding of [NiFe]-hydrogenases, key enzymesthe hydrogen metabolism of
prokaryotes [83]. In their fully functional form#he iron atoms of the active sites of
these [NiFe]-hydrogenases are stabilized in thedgidation state (&) by binding to
the carbon monoxide (CO) and cyanide {Cijands [84]. Both molecules have been
shown to originate from the processing of carbampiogsphate [85]. Thus, the assembly
of the complex hydrogenase system requires thedowied action of different
maturation and regulatory factors. Indeed, hydragenoperons contain a number of
accessory genes (HypA-F) encoding maturation agdlaeory proteins, including the
essential maturation factor HypF [8@. coli, as any other prokaryote, expresses a
HypF protein, that contains an N-terminal acylph@pse-like domain (residues 1-91)
(HypF-N). The HypF-N displays sequence and strattuomology with other members
of the acylphosphatase-like structural family. Astydsphatases (AcPs) are small
enzymes specifically catalysing the hydrolysis drboxyl-phosphate bonds in
acylphosphates such as carbamoylphosphate, swmhogdphate and 1,3-
bisphosphoglycerate [87]. Recent experiments sigétl dn the role oE. coli HypF in
the conversion of carbamoylphosphate into CO and @hd on the coordination of
these ligands to the assembled hydrogenase meistiecl[88]. According to these

results, HypF-N acts as a carbamoyltransferasetthasfers the carbamoyl moiety of
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carbamoyladenylate to the C-terminal cysteine efghrtner protein HypE, forming an
enzyme-thiocarbamate. HypE dehydrates the S-candammety in an ATP-dependent
process to yield the enzyme thiocyanate. Findflg,dyano group can be nucleophically
transferred to an iron complex [88]. The structafddypF-N has been resolved by X-
ray crystallography and is well defined for resigl®91 (Fig. 8) [89]. The domain has a
ferredoxin-like fold, which consists in a&/[3 sandwich, with Bappaf3 topology.
Following the sequence identity with AcPs, it hagib assigned to the acylphosphatase-
like structural family. The fivgs-strands of the domain form a slightly twist@egheet
(B4-B1-B3P2H5 strand arrangement), which faces on one side antgparallel a-
helices; the other side is instead fully solverpased. Overall, the domain has a size of
about 43x28x27 A. This compact globular state digplthe main structural strategies

exploited by all3 anda/B proteins to escape amyloid aggregation [26].

Figure 8. Three-dimensional structure of native HypFN fromray crystallography. The red
and blue colours indicatehelices ang-strands, respectively. From [90].

HypF-N forms amyloid-like fibrils under conditiotisat promote its partial unfolding,
such as in the presence of trifluoroethanol (TFE)falowing a decrease of pH.
Formation of amyloid-like fibrils has been obtainedially at pH 5.5 with 30% (v/v)
TFE or at pH 3.0 in citric acid [66]. The formatiof a partially folded state is a key
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event in the aggregation pathway of this protaiwnitro, even under mild destabilising
conditions in which the folded state is by far ffredominant species. Indeed, under
mild denaturing conditions generated by moderabteentrations of trifluoroethanol [6—
12% (v/v)], the native state of HypF-N is in ragduilibrium with a partially unfolded
state, whose population is about 1-2%; a kinetialyas has shown that amyloid
aggregation under these conditions arises from entde accessing this amyloidogenic
state [90]. Recently, new aggregation conditiong fdypF-N, enabling the
characterization of the partially folded state pgaped prior undergoing aggregation,
have been described, such as at pH 5.5 in thenmesd 12% (v/v) TFE, or at pH 1.7 in
the presence of salts (NaCl). A detailed structuraéstigation of this partially folded
state has also been performed and achieved by nwfaddferent biophysical and
biochemical techniques. [91]. The resulting spediase been imaged with tapping
mode atomic force microscopy (TM-AFM), have beeroveh to increase the
fluorescence of thioflavin T (ThT), indicating tipgesence of intermoleculf-sheet
structure typical of amyloid aggregates. In genetad data obtained suggest that the
aggregation process of this protein starts fronardiglly folded state that can be either
fully populated or in rapid equilibrium with the thae state when the latter is
destabilized by mutations and/or mild unfolding dibions [90]. The results support an
aggregation pathway in which the native proteistfeconverts into a partially folded
state separated from the native state by an enbagger comparable to that of
(un)folding. This monomeric state converts intolgiar small aggregates and small
beaded fibrils that further associate into ringliktructures. Finally, the ring-like
structures convert into ribbon-like fibrils thatsasiate into fibrillar tangles [61]. As
many disease-involved systems aggregate followingiles pathways, HypF-N
represents a useful model system to determine ¢memon principles underlying

amyloid formation.

HypF-N protofibrils interact with cell membranes originating a cytotoxic cascade

It is increasingly suggested that the oligomersnfxt by proteins that are not related
to any human disease can be toxic when added textinecellular medium of cultured
cells, whereas the same proteins in monomeric kwillir forms are not [69]. The

observation that the oligomers formed from suchetefogeneous group of proteins
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impair cell viability suggests that these speciears the ability to “misinteract” with
the macromolecular components of living organissugh as membranes and proteins,
and interfere with their normal function. The eaphefibrillar aggregates of HypF-N
formed in 30% TFE were shown to be able to intevatt, insertinto, and eventually
disassemble synthetic membranes and supported Ipbigeg bilayers [61, 92].
Moreover, these species can interact with the pdasrembrane of cultured cells and be
internalized inside the cytoplasm, resulting inl dedpairment and death [93, 94].
Recently, it was found that their interaction wikll membranes is disfavoured by a
high membrane cholesterol content [95, 96]. Sinyilay the protofibrillar aggregates of
disease-related proteins and peptides, treatmetiteotells with HypF-N protofibrils
leads to an increase of reactive oxygen speciesS{R@d free C4d levels inside the
cells, which ultimately die by apoptosis or necsd€3, 94]. Moreover, the increase of
intracellular C&" levels is associated with both the activation sma membrane
receptors with C& channel activity, such as AMPA and NMDA, and urtsiie
membrane permeabilization, with the former effezinly more important at early times
[97]. The susceptibility of different cells to Hyp¥ aggregates was shown to depend on
their ability to counteract these early impairmemghich increases during cell
differentiation [94, 96]. Remarkably, HypF-N pratwils can also induce a loss of
cholinergic neurons when injected into rat bragesnonstrating that these species can
act as toxins even in higher organisms [98]. Tiuzda strongly support the hypothesis
that a common mechanism of cytotoxicity exists, alhis related to the misfolded
nature and oligomeric state of a protein rathenttaits sequence. In spite of this
advancement, a structural characterization of tbefarmational properties of the
oligomers finalized to an understanding of thetretship with their toxic effect is still
lacking, mainly due to the fact that the transitmrmation of these species and their
structural heterogeneity have hampered considetakly investigation. The structural
determinants of the protein oligomers that are omsible for cell dysfunction are
starting, only these days, to be elucidated. Régettte functional and structural
properties of the spherical aggregates formed hyHA-y in two distinct environmental
conditions can be compared. It is therefore nows@sgential to determine in detail the

structure of the toxic oligomeric species in orttetidentify new therapeutical targets,
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and to understand whether it represents a singtermm fold or rather exhibits some

polymorphism.

A causative link between the structure of HypF-N agomers and their ability to

cause cellular dysfunction

It is well known that incubation of the same profpeptide under different
experimental conditions causes the formation ofjastiers or fibrils with different
morphologies and that such differences result ffer@int degrees of toxicity [99-101].
Similarly, mutations or covalent modifications riésa different levels of oligomers or
different fibrillar structures with completely défent toxicities [102]. However, little
experimental information is available on the stuak features of oligomers grown
under different conditions and on the relationshgiween their structure and their
ability to cause cell dysfunction. Recently, it Hasen found that oligomers formed
from the same protein (HypF-N) under different atnds (pH 5.5 in the presence of
12%(v/v) TFE or pH 1.7 in the presence of 330 mMCNaexhibited similar
morphological and tinctorial properties, yet diffdr in their molecular structure.
Comparisons of the two types of aggregates, inglic#ttat their structural differences
resulted from different degrees of packing of thelrbphobic residues within their
cores with a consequent different level of struatdiexibility and solvent-exposure of
such residues [91]. Thus, whilst the ability tonfoamyloid-like structures is generic to
polypeptide chains, whether or not such speciespatieogenic will depend on their
structural features, notably the extent to whicklirbphobic residues are flexible and
exposed on their surfaces within the environmerd t¥ing organism. These findings,
however, do not seem to be limited to the HypF-Nragates, and could indeed explain
the toxic properties of the oligomers formed byedise-related systems. In fact, several
studies indicated a correlation between the sizk anface hydrophobicity of 0
aggregates and their ability to decrease the hilyrlity of model membranes [103],
suggesting that the exposure to the solvent of dpfsbic surfaces determines the
ability of these species to interact with cell meames. A correlation between
hydrophobicity, tendency to form aggregates andeggge cytotoxicity has also been
observed in comparative studies where the beha¥idifferent homopolymeric amino
acid (HPAA) stretches was investigated [104]. Is Haeen recently reported that
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expanded huntingtin-exonl forms fibrillar aggregaté two different temperatures that
have different structural and physical propertissvell as different cytotoxicities [99].
The structures and toxicities of both forms of #ygregates are comparable with those
extracted from regions of mouse brains affectedliteerent extents by huntingtin
deposition. In both pairs of structures a diretdtrenship between structural flexibility
and cytotoxicity of amyloid assemblies was foungymorting the generality of previous
conclusions [99]. Finally, all these data lend suppo the idea that a key feature in the
generation of toxicity is the conversion of a specof aggregates where stability is
associated with extreme burial of hydrophobic nesglto one where such residues are
substantially exposed and disorganized [105]. R@gceih has been suggested that for
therapeutic purposes the toxicity can be dram#yicadduced if the hydrophobic
residues are incorporated to a greater extent nvithe interior of the oligomeric
assemblies, even in the absence of an effectivegehiim morphology [91]. Approaches
of this type will facilitate the elucidation of treausative link between the molecular
structure of aberrant protein oligomers and thbilitg to cause cell dysfunction, with
the aim of understanding the pathogenesis of prateposition diseases and identifying
therapeutic strategies to combat them. Moreovegetailed understanding of the forces
that determine the structure of amyloid-like oligems will also enable to identify the
factors that can modulate it, and eventually atter biological activities of these

species.

-ALZHEIMER’S DISEASE-

APP processing and A formation

Alzheimer’s disease (AD) is a progressive neurodegsive disorder characterized
by irreversible cognitive and physical deterioratand affects 5-15% of the population
over the age of 65 years [106]. Causes involve iptaltgenetic and environmental
factors. The pathology of AD is characterized bygpessive accumulation of
intraneuronal fibrillary tangles composed of abnaltynphosphorylated tau protein, and
by senile neuritic plaques composed of aggregategiaed B-protein (AB), often
surrounded by proliferating activated microglia aastrocytes [107]. Neurofibrillary
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tangles (NFT) are predominantly composed of painetical filaments (PHF), but
straight 15-nm filaments, 10-nm intermediate filautse dense granules of various sizes,
and other structures are also present [108]. Taa multifunctional microtubule-
associated protein that regulates cytoskeletowmtsirel In normal brain, the equilibrium
between phosphorylations and dephosphorylationtawoinodulates the stability of the
cytoskeleton and consequently axonal morphology][1th contrast, when highly
phosphorylated, tau is sequestered into pairedcdiefilaments [110] and causes
disruption of microtubules that ultimately leadsctll death. Several kinases have been
involved in the anomalous hyperphosphorylationaof protein. Tau kinase | or GSK3
phosphorylates tau but also interacts with otheteoms, like presenilin-1, that are
important in the onset of AD pathology. Tau kindiser cdk5 also modifies tau protein
and this kind of phosphorylation could be deregdan a neurodegenerative disorder
like AD due to proteolytic cleavage of the regutgiteubunit, p35, of the kinase [111].
Additionally, it has been suggested that anotheade, cdc2, that is mainly present in
proliferating cells, is abnormally upregulated inDA[112] and that it could
phosphorylate tau protein. The consequences of ghissphorylation could be a
conformational change that prevents the bindinglufsphotau to microtubules. Tau
phosphorylation by protein kinases precedes thedton of paired helical flaments
that cause neurodegeneration [113]. In AD, the EdBinding to microtubules and the
formation of aberrant aggregates, NFT, has beerlabed with the level of dementia.
In addition, the development of filamentous tauhp&igy in specific neural cells has
been described. It has been suggested that thetslefea single cell, start with a
modification of tau by phosphorylation, giving péaio a “pre-tangle” stage [114]. After
this stage, filamentous polymers (PHF) are assaimdhel the aberrant aggregation of
these PHF results in the formation of cytoplasrmtrdcellular) NFT. As a consequence
of this, it has been suggested that neurons degfenand die, thus leaving NFT in the
extracellular space [115].pAdeposits in AD patients are almost exclusively posed

of the highly amyloidogenic 1-42 form p42), which is normally produced by cells in
much lower quantities than the 40 residues fornp4(. AB42 is more prone to
aggregationin vitro than A340, and its cytotoxicity is considered to be thamtause

of neuronal impairment in ADAB peptides arise from sequential proteolysis of the

transmembrane amyloid precursor protein (APP)pa tymembrane protein, expressed
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in a wide variety of tissue and cell types, and séhmain function has been clearly
defined. APP is characterized by a large N-term@xatacellular/luminal domain and a
small intracellular/cytosolic C-terminal domain Bl1 Presently, the overproduction
and/or the reduced clearance df peptides are considered key factors underlying the
fibrillar polymerization. Recent studies have suggd that soluble [\ oligomers
correlate better than plaque load with cognitivgpamment and neuronal dysfunction
and may be the principal toxic species df Avolved in AD [117, 118]. APP is
proteolytically processed following two differerathways, the so-called amyloidogenic
and non-amyloidogenic processing, respectively.(&gThese mechanisms are carried
out by several different proteases called secretizsat least three main cleavages sites
(known as thex, B andy sites) in and around the transmembrane encomassgon
[119]. The non-amyloidogenic pathway involves thetivity of a-secretase (a
metalloprotease) at a plasma membrane level, wilegdves APP within the Adomain

to produce secreted sARRNd the non-amyloidogenic C-terminal fragment G883
can undergo further processing mediated{sgcretase cleavage at the C-terminal end
of the A3 domain to yeild non-amyloidogenic P3. The APP amaggenic processing
results in the generation offfpeptides in AD and involves the combined actiatys-
andy-secretase [120, 121-secretase has been identified as the beta-sitechdaing
enzyme (BACE)-1, cleaving APP at the N-terminal efdhe A3 domain generate an
extracellular soluble fragment called sAPPand an intracellular C-terminal
amyloidogenic fragment COBCTF). Subsequenty-secretase cleavage of C99 at
residues 40/42/43 of thefAdomain gives rise to the highly amyloidogeni@ peptides.
Indeed, the-cleavage site is unusually located within thesraeambrane domain itself.
Sequential processing of APP in the extracellu@nain byp-secretase followed by
secretase cleavage within the transmembrane dogeiarates B peptides and the
APP intracellular domain (AICD).
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Figure 9. Secretase mediated processing of ARBn amyloidogenic APP processingo-
Secretase mediated processing cleaves APP withidofain to produce secreted sAPdhd
the nonamyloidogenic C-terminal fragment C83. C&88 undergo further processing mediated
by y-secretase cleavage at the C-terminal end of fhdoiain to yeild non-amyloidogenic P3.
Amyloidogenic APP processingAlternate APP processing initiated pysecretase cleavage at
the N-terminal end of theAdomain gives rise to sABRand the amyloidogenic C99 fragment.
Subsequeng-secretase cleavage of C99, at the C-terminal énldeoA3 domain gives rise to
the highly amyloidogenic A From [120].

Missense mutations in APP itself were the firstegencause of AD to be identified,
and these mutations are principally located at earreither the- or y-secretase
cleavage sites [122]. The mutations enhance betivabes, resulting in overproduction
of the highly amyloidogenic and more neurotoxif4f. Further genetic analysis of
families with early-onset familial AD led to theeadtification of Presenilin-1 (PS-1) and
Presenilin-2 (PS-2) as the causative genes. Missemgations in PS increase the
cellular production of 42 by slightly altering the-secretase cleavage site and thus
the protease specificity. Deletion of PS-1 in msignificantly lowers A production
and increases the C-terminal fragments of APPdteasubstrates forsecretases [123].
Evidence for the relationship between the developgne AD and abnormal B
production also comes from the familial forms of ABAD). FAD only accounts for
about 5% of all AD cases, but the most significBAD mutations are all associated
with APP processing to yield fA Autosomal dominant forms of FAD are often

characterized by specific mutations in the APP denated on chromosome 21, or in
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the genes mapped on chromosomes 14 and 1, encB&iigand PS-2, respectively
[124]. Mutations in these three different geneseappo affect very similar pathological
mechanisms, which at the end accelergieaggregation, deposition and neurotoxicity
[125]. These evidences point to a pathogenetic favl¢he metabolism of APP and for
the deposition of B, suggesting a role for fAin the non-genetic AD forms, since the

pathological endpoint and hallmarks of familial aapbradic AD are very similar.

APP alternative functions in AD and its relationshp with specialized membrane
regions

Research efforts over the last two decades hawlylelucidated the fundamental
role of APP and its proteolytic processing in thathplogy of AD. This is also
highlighted by the fact that 50% of familial AD fas (FAD) are caused by mutations in
the APP gene itself or in the presenilin genes wheacode components of the
secretase complex [126]. The ubiquitous expressiohPP in many tissues as well as
the presence of homologues in a variety of speciesluding mammals and
invertebrates, argue for an important physiologfcalction of APP. Some biological
properties have been attributed to APP, includidbgesaion, neuronal development,
synaptogenesis, neurite outgrowth, neuroprotectiod, stimulation of proliferation of
neuronal progenitor cells [127]. However, besidg/lamdogenic APP processing, other
involvement of APP in direct or indirect neurotagycin AD is still unclear.Recent
studies have proposed that the content of membchoéesterol can modulate pA
peptide production by affecting the stability gditl rafts (ganglioside- and cholesterol-
enriched dynamic membrane microdomains) and otlemnbnane domains where APP
and some APP processing secretases are locat@drtloular, membrane cholesterol
can affect the cellular localization and the atyivof the APP and the secretases
modulating APP processing through the amyloidogemicthe non-amyloidogenic
pathway [128]. Moreover, membrane cholesterol cfechthe way A peptides
interact with the plasma membrane favouring oradigfiring aggregate nucleation and
it can hinder the interaction offfoligomers with the cell membrane thus avoidingrthe
cytotoxic effects [128]. Conflicting results havégliighted that altered cholesterol
content in neuronal membranes could favour the aithgyenic or the non-

amyloidogenic pathway of APP processing with insesh or reduced [0/42
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production, respectively [128]. Several reportsigate thato-secretase and BACEL
compete for APP and that such competition depend8RP compartmentalization in
the cell membrane [130]; in addition, recent firgdirsupport the idea that the way APP
is processed by the cell depends on the membraaézation of the APP itself and the
various secretases. However, conflicting data hlaeen reported on the effect of
membrane cholesterol on APP processing. Severaliddicate that in peripheral and
neuronal cell lines low membrane cholesterol andreased membrane fluidity
stimulate the non-amyloidogenic pathwayy(secretase cleavage); this could result
from reduced activity of BACEL, the enzyme startihg amyloidogenic pathway, and
from increasedi-secretase activity and APP content in the cell brame, where it can
undergoo-secretase cleavage [131]. The proposed model lptetuthat two pools of
APP do exist in the cells, one associated with nram#rafts and another out of rafts,
wherea-cleavage occurs, suggesting that only the ratilibed APP processing results
in AB generation [132]. According to this model, lipiftrclustering would bring into
close contact APP and BACEL, with increageédleavage in the amyloidogenic
pathway. Such a scenario would be favoured by heyels of brain cholesterol.
According another theory, BACEL, but not APP, isdlized to lipid rafts [128], as a
consequence, a moderate loss of membrane cholestastal result in raft disassembly
and increased BACEL1-APP colocalization in non-rafembrane domains, with
increase@-cleavage and consequent generation. Such a scenario would be favoured
by low levels of brain cholesterol. GangliosidesMG; GDla, GD1lb, GT1b etc.),
mainly found in the outer leaflet of mammalian pt@smembranes, are glycosylated
sphingolipids enriched in membranes of the nengystem. Further studies pointed out
that in AD brain tissue the total ganglioside pattés significantly altered [133].
Micropathological analysis of amyloid plagues hagealed that GM1, like cholesterol,
binds to A3 and it was suggested that the GMA/@omplex might initiate amyloid fibril
formation [133]. In addition, it has been demortstlathat GM1 is the most effective
natural compound that increasep production. In the presence of GM1, increaged
secretase and decreasedecretase activity resulted in up to a 10-foldease in &
levels [134]. The effect of gangliosides org Aroduction supports the notion that
cholesterol is not the only lipid that mediates AftBcessing. Indeed, both cholesterol

homeostasis and glycosphingolipids, especially tfanglioside GM1, can cause
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significant alterations in B production. Interestingly, both lipid classes, gjasides
and cholesterol, are major components of lipidstafihe dynamic nature of lipid rafts
means that both proteins and lipids can move inaridf raft domains with different
partitioning kinetics, and there is evidence toicate that lipid rafts influence the
processing of membrane-anchored proteins [132}tireat to AD, the proteins that
could partition to lipid rafts include the secretmsand APP, and changes in raft
composition may result in altered APP processimgdiRgs such as these could provide
the basis for novel AD therapeutics that specifyjcahrget the membrane. The
processing of APP in membranes can be influencaadnyy factors, each of which can
be important determinants of APP-mediated toxicEyidence from these studies
further highlights the dynamic nature of the intéi@ns between membrane proteins
and cholesterol enriched membrane domains such afis m regulating both
physiological and pathological processes at thés and the implications of this for AD
are becoming increasingly obvious. However, itnknown whether APP is involved in
the mechanism of neuronal degeneration in AD, dpam its role as the precursor of
AB. It has been shown that the toxic fibrillar forrhAf binds with high affinity to a
subset of neuronal membrane proteins that inclid@B. In particular, f interacts
with holo-APP and, to a much lesser extent, withghcreted soluble form of APPBA
neurotoxicity is significantly reduced in corticalltures established from APP-null
mice, suggesting that APP can modulafetéxicity [135]. Thus an interaction of A
with its normal cellular precursor may lead to mea degeneration in a manner
reminiscent of the pathogenic mechanism of pridinsas been seen thaAnay also
interact with APP at the level of APP processingr €&xample, 8 can induce its own
expression [136] and alter the metabolism of AP¥7[1Several reports indicated that
the over-expression of APP in neurons or neuroekllioes is toxic in several studies
[138, 139]. Over-expression of APP in differentthtdT2 cells activates caspase-3 and
induces apoptosis [140]. APP could potentially $duce a pro-apoptotic signal through
its interaction with the adapter proteins Fe65 &ad or through an interaction with G
proteins [141], suggesting that the binding ¢f #% APP resulted in a toxic gain of
function, possibly by inducing an APP conformatiloclaange that triggered cell death.
Different cell phenotypes over-expressing APP wshewn to undergo an intense

amyloidogenic metabolism with elevated Aeptide production [142]. In line with
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these data, a higher resistance threshold to cgtity has been found in some APP
over-expressing cell lines, such as B103 cells thdtibited rescue features against
ultraviolet irradiation and staurosporine toxicit¥43]. Thus, A toxicity and APP
biology may be linked. These mechanisms of toxicityvolve anomalous
processing/expression of APP or interaction betw&fnand APP either at the cell

surface or in the secretory pathway, where thepmteins are in proximity.

Peripheral cells as an investigational tool for Alkeimer's disease

To identify those cellular and molecular abnorniedit that cause the
neuropathological lesions characteristic of AD,opsted brains and extraneural tissues
have been used. The use of peripheral cells iddo@s¢he hypothesis that AD might be
a systemic disease that affects several tissuéseitbody. The specific brain damage
could be the expression of a greater sensitiviipjiry in postmitotic cells of the brain.
Furthermore, a potential genetic defect underlyihg disease may be manifest in
several body tissues that express the gene involvedpheral tissues suitable for
exploring pathophysiological hypotheses and poggin providing a useful biological
marker for diagnosis of AD comprise skin fibrobagtlatelets, lymphocytes, as well as
body fluids such as plasma or cerebrospinal fll@&K) [144]. Among extraneural
tissues, cultured skin fibroblasts have been usedessfully to elucidate the molecular
and biochemical bases of a large number of inbamore of metabolism which cause
neurological disease i.e. Refsum’s disease, LesdtaiNdisease and Tay-Sachs disease
[145]. Moreover, fibroblasts are an appropriate etofbr studies on those genetic
diseases of the nervous system with late cliniogkeg including familial Alzheimer’ s
disease (FAD), because they can be cultured andifeatipand contain the complete
genomic information of the organism from which thage derived. A number of
abnormalities in metabolic and biochemical proce$sere been found in cultured FAD
[146-149]. Some of the described alterations réfleeents that have also been
demonstrated to occur in the AD brain [147, 148jother piece of evidence in support
of speculation that AD is not confined to the brand that justifies the use of
fibroblasts in AD research, is the finding tilaamyloid can accumulate in non neural
tissues and blood vessels of AD patients, includgko, subcutaneous tissues and

intestine [150] although it should be stressed thigt finding has only been confirmed

Amyloid Cytotoxicity and New Acyl-SG Thioesters



Chapter | — Introduction 31

by one group. When using cultured skin fibroblastame technical variables should
also be considered. Growth properties andgitro aging of AD and control fibroblast
cultures have been shown to differ by some Auth@gl] but not by others [152].
Since growth properties and biological age in geltcan have profound effects on the
properties of cells cultured from skin, includidgetexpression of genes (which could be
related to AD), this point is critical and requinesxamination in a larger population
[153]. Accordingly, reproducible and interpretalyesults with the AD fibroblasts
model require attention to the replicability of wwe conditions including, but not
limited to, matching AD and control cells for agex of the donors, and biological age
in culture. Different growth conditions, aging aflturesin vitro and state of confluency
of the cells at the time of the experiment may veeltount for discrepancies between
data from different laboratories. Only abnormatditi@hich replicate in larger series
across different laboratories or characterize salgag of AD patients are likely to be
interesting in diagnosing AD. Alzheimer’'s diseasagdosis appears to be the major
challenge posed by AD in its sporadic late-onsemnfowhich still represents the vast
majority of all cases. On the other hand, datainbthusing fibroblasts from individuals
with known gene defects, although representing ardynall proportion of all AD cases,
could be very informative about the cellular pattngiology of AD. Recent advances
in understanding the genetics of AD allow idenéfion of families bearing mutations
in APP, presenilin-1 (PS-1), or presenilin-2 (PSy2hes coded on chromosomes 21, 14
and 1, respectively [154]. Fibroblast lines fromFpatients can therefore be classified
according to the specific gene defect to see whethgarticular genetic abnormality

alters cellular function in a unique manner (Tab)le

Table 2 Genetic defects and functional consequence iur@d human FAD fibroblasts

Age at onset, Functional consequence
Chromosome Gene involved in years (range) in fibroblasts
Chromosome | Presenilin 2 =65 Increased APy s secretion
Increased Ay secretion
Chromosome 14 Presenilin 1 3352 Increased APy s secretion
Increased APy secretion
Chromosome 21 APP 43-59 Increased AP secretion

No PEC acuovity alterations
(Swedish kindred)

Modified from [152]
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In spite of these drawbacks, peripheral cells canubed to identity and to test
hypothesis on the primary pathophysiological medms leading to AD avoiding
variables derived from @ostmortemstate. Studies of autopsied brain tissue cannot
clarify whether abnormal oxidative processes aherent properties of AD cells or are
secondary to neurodegeneration [2], while studiescaltured skin fibroblasts from
FAD patients bearing either APP or PS-1 gene nuraticould reveal the early
biochemical anomalies induced by various forms pfafygregates, approaching to the
identification of early modifications in living dslhaving a genetic drawback in tissues
where AD lesions occur. On the other hand, pergihezlls can not be used to answer
other clinically relevant questions that requirdehaving organism, or intact brains.
Low or absent expression of neuronal proteins bgipperal cells cultured under
standard conditions is an important limiting factém the study of AD and other
neurological diseases, peripheral cells are indeeddjunct for studies of the brain and
other clinically affected tissues, providing theol® to studyin vitro the dynamic
alteration of metabolic processes that neuropatficdb examination indicates might be

targets of the disease [144].

-THE MOLECULAR BASIS OF AMYLOID CYTOTOXICITY-

The data reported in the last few years showing tiratein aggregation into
assemblies of amyloid type can be considered arigepeoperty of the polypeptide
chains suggest that protein aggregation in cellslma more common phenomenon
than previously believed. Furthermore, the finditiyt aggregates of disease-unrelated
proteins display the same cytotoxicity as thosem&mt by proteins and peptides
associated with disease suggest that toxicitydersequence of the common structure
of aggregates and that, at least in most caspsyaeeds by impairing common cellular
parameters such as free calcium{Tand reactive oxygen species (ROS) levels [155].
An increasing body of evidence supports the idest the most highly cytotoxic
aggregates are the early prefibrillar assembliepassibly in some cases, the individual
misfolded molecules [156] rather than mature fériln addition, the cascade of
biochemical modifications triggered by the exposwfe cells to any aggregated

polypeptide chain ultimately leading to cell deah]east in most cases, starts with the
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alteration of the same cellular parameters, sudheslisruption of the integrity of cell
membranes, the imbalance of ion homeostasis, thgairment of mitochondrial

activity, the alteration of lipid metabolism [157].

Cell membranes as key sites of amyloid interactioand cytotoxicity

A leading theory on the molecular basis of amyltmgicity suggests that amyloid
unstable assemblies interact with cell membranetral@eng their ordered structure,
eventually leading to membrane permeabilizationhwatibsequent alteration of ion
homeostasis and intracellular redox status [40, BRleed cell surfaces can catalyze
aggregate nucleation and self-assembly on thedjilsyrface is critical for membrane
disruption [158]. However, in spite of the remareakesearch efforts spent in the last
years, the molecular basis off-Amembrane interaction and the ensuing structural
modifications of the latter remains substantiallyseve. Indeed, the question as to
whether oligomer receptors or preferential intecacssites on the cell membrane do
exist still awaits a convincing answer. The quest®omade even more intriguing by the
increasing data indicating that amyloids grown frdifferent peptides and proteins
could behave similarly in their cytotoxic effecteida conversely, that structurally
different amyloids grown under differing conditiofiem the same peptide/protein can
display different cytotoxicities [159]. These eumtes support the idea that amyloid
cytotoxicity results from aggregate interaction twithe cell membrane, with non-
specific permeabilization of the latter [40, 56, 3%0]. Because amyloid oligomers
share a common structure and they are all int@tigicoxic to cells, this suggests that
they also share a common mechanism of toxicitgolfible oligomers have a common
mechanism of toxicity, it implies that they act ¢ime same primary target. This
fundamental unity restricts number of potentiafjédis to ones that are plausible of all of
the different types of soluble amyloid oligomersdditionally, some amyloids are
cytosolic, whereas others are luminal or extratalusuggesting that the target of
oligomers must be accessible to both compartmditits. obvious target that satisfies
this criterion is the plasma membrane, becauserig the interface between the two
compartments [161]. It has also been reported dlidlypes of oligomers specifically
permeabilize cell membranes. The addition of andytdigomers to cell cultures causes

a rapid and large increase in cytosolic freé*@ad leads to liberation of &afrom
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intracellular stores. This is consistent with reépadhat oligomers may subsequently
penetrate into cells where they similarly disruptracellular membranes to cause
leakage of sequestered %Gabut it could also result as a consequence ofealte
intracellular signaling [157] Amyloid oligomers alscaused the leakage of the
membrane impermeant dye calcein from cells, ingigathat a variety of molecules
diffuse across the membrane after oligomer treatmiéns is in good agreement with
previous reports of oligomer induced release of fitgen phospholipid vesicles. [61,
162]. Even though soluble oligomers may not be acutekctm vivo as they aren
vitro, the chronic leakage of ions across the plasmabrame may be sufficient to
disrupt normal neuronal function and serve as acgoof chronic stress in maintaining
a normal membrane potential [161]. The neurotoxiot Ap is exhibited in many
fields. One of the potential mechanisms for indgdine neurotoxicity of A is direct
interaction with the membranes. It has been redott@at A3—membrane interaction
event may be followed by the insertion of3 Anto the membrane in a structural
configuration which forms ionic pores [163].pAcan destroy the structure of brain
membranes [164] and may stimulate free radical yotidn by interfering with the
regulation of C& homeostasis and cell enzymatic activity [165p. ¢an also alter the
physical-chemical properties of neuronal membramesluding membrane fluidity,
membrane lipid dynamics, and the activity of vasisnembrane-bound proteins [166].
The interaction of A with non-protein components of the plasma membraneh as
monosialoganglioside GM1 and cholesterol, has laesubject of intense investigation.
These studies have addressed the fundamental @ueskiout the conversion of
elemental units of A into its toxic aggregates. Indeed, a series dfifigs indicate that
the lipid composition of the membrane governs thiie@ame of A interactions with cell
membranes and the effectiveness of this interacttwmsely correlates with &
secondary structure [167]. It has been shown tatability of A3 to insert into lipid
bilayer is critically controlled by theatio of cholesterol to phospholipids. Altering this
ratio, by lowering the concentration of cholesterol,ufess in A3 staying on the
membrane surface region, mainly inaheet structure. In contrast, as tia¢io of
cholesterol to phospholipids rise$ Aan insert spontaneously into lipid bilayer byGts
terminus, generating-helix and removing almost gitsheet structure [168]. Moreover,

increasing evidence reported thdt gelectively recognizes GM1 clusters in membranes
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and binds to, and accumulates on, GM1-rich domaina time- and concentration-
dependent manner by adopting an altered conformatioch could act as a seed for the
assembly of soluble ;\[169]. A recent paper has shown that annular filwts grown
from AP peptides are relatively stable and harmless ttui@d neuronal cells and do
not permeabilize synthetic lipid vesicles, contrémysimilar protofibrils grown from
prefibrillar oligomers at the lipid surface [101]These data, together with
immunological evidence, led to suggest that thect@aanular protofibrils may form
pore structures into the membrane resembling thaseng from pore-forming toxins.
In conclusion, the interaction offAwith the surface of the cell membrane may results
in the activation of a chain of processes that,mlaege enough, become cytotoxic and
induce cell death by apoptosis. However, the studie membrane permeabilization
have been carried out mainly on synthetic lipidicles lacking the complex lipid and
protein structure of the cell membrane. Therefamy conclusion that amyloids are
endowed by themselves with non-specific lipid meanler permeabilizing behaviour,
although of value, cannot be directly extrapoldtedells, both in culture and in tissue,

mainly as far as the specificity of the permeahtian effect is concerned.

Dysregulation of calcium homeostasis in Alzheimer'disease

Rising evidence suggests that soluble amyloid olgs, sharing common structural
features and the ability to permeabilize membrames; also share a common primary
mechanism of pathogenesis in degenerative diseasedeed, membrane
permeabilization by amyloid oligomers may inititecommon group of downstream
pathologic processes, including intracellula”G#yshomeostasis, production of ROS,
altered signaling pathways, and mitochondrial dysfion that represent key effectors
of cellular dysfunction and cell death in amylogkaciated degenerative disease [161].
The mechanism by which fAoligomer interaction with the membrane resultgha
generation of a subsequent’?Cinflux remains elusive, and a variety of mecharsism
have been proposed [161, 170]. Numerous studies fi@¢ showed that B increases
the level of cytoplasmic Garendering neurons more susceptible to glutamateeied
neurotoxicity and that this increase in cytoplas@®it’ is principally due to an influx of
extracellular C& across the cell membrane [171, 172]. Another m@isha by which

AP can disrupt calcium homeostasis is related tabtkty to form ROS that may induce
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membrane lipid peroxidation, which causes altenstion membrane properties and
affects the function of membrane transporters andchannels leading to an elevation
of intracellular C&" levels [173]. Interactions of B\ oligomers and Fé and Cdi
generate hydrogen peroxide and hydroxyl radical9].1A third mechanism by which
AB disrupts C& homeostasis [163] suggests thé@t fay bind to the plasma membrane
to form artificial membrane pores. The ability o Aligomers to form Ca-permeable
channels in neuronal plasma membranes is consistercentin vivo C&*-imaging
experiments performed with APP transgenic micestywing that resting Galevels
were significantly elevated in approximately 35%nefurites located in the immediate
vicinity of AP plaques [175]. Moreover, electrophysiological aatbmic force
microscopy (AFM) studies have shown thaf Aligomers can form small annular
structures on lipid membranes which resemble menebpores [78]. Indeed, similar
structures have also been seen using another ogiergirotein a-synuclein [176].
Other studies also support the notion th@it geptides can disrupt lipid membranes.
However, in these studies the investigators sugiedtA3 may cause weakening or
thinning of the plasma membrane [160, 177]. Desfi® large number of studies
suggesting that A may directly disrupt lipid membranes, most of éwdence for the
membrane pore hypothesis comes frionvitro studies using purified R and artificial
lipid membranes. In contrast to the artificial pbggothesis, there is abundant evidence
both from cell culture anih vivo studies to indicate thatfAcan trigger C& influx
through endogenous membrane ion channels. Seviidies indicate that B\ may
trigger the opening of NMDA receptors. It has bedserved that Brinduced toxicity

in HEK293 cells expressing NMDA receptor subunit@aswblocked by a non-
competitive NMDA receptor antagonist [178]. It lelso been proposed that effects of
AB on NMDA receptors may be mediated by a direct oacton a7nicotinic
acetylcholine receptors (a7nAChR) [179]. Furtheradt was reported that fAcan
block a fast-inactivating Kcurrent, potentially leading to prolonged cell digpization
and increased G&influx and intracellular accumulation [180]. Stesliusing other
amyloidogenic proteins support the notion that aiigrs stimulate Ga influx via
voltage-gated CGa channels (VGCCs). Other studies showed that poiotein (PrP)
and AB raised intracellular Gathrough L-type channels [181]. In addition otheparts

show that amyloidogenic transthyretin can inducé* @zlux through both L- and N-
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type channels in SH-SY5Y neuroblastoma cells [18%her studies suggest that’Ca
may enter through a non-selective cation channedsponse to A[183]. Finally, it has
been found that changes in the lipid compositiothefneuronal membranes may have
regulatory consequences for interactions gfwith cells in the brain. The presence of
cholesterol in artificial lipid bilayers inhibithé channel-forming activity of human
amylin [184] and reduces the insertion and formmatad ion channels by p25-35
[185]. It has also been suggested that cholestenmtrols the incorporation of fAinto
cell membranes by modifying the fluidity of the newmal membranes. This
incorporation consequently results in formationAff C&* channels, and thus cell
death. If the 8 oligomer encounters a membrane with increasedifjudue to a lower
than normal level of cholesterol, the insertiongess occurs and afAC&" channel is
formed. When the level of cholesterol in the membras higher than normal, the
insertion process is prevented by the enhancethesdg of the membrane [186]. In
conclusion, it has been demonstrated that the radf the toxicity expressed by A
on cells is modulated by the amount of cholestémothe surface membrane. By
affecting the physical properties of the membrahe]esterol modulates the interaction
and possibly the incorporation offAon channel protein into the cell membrane. Recent
studies indicate that genetic factors could alsy @ role in the dysregulation of €a
homeostasis in AD. It is now well established thaitations in the genes encoding
presenilins-1 or 2 (PS-1or PS-2) cause familial &BD) [187]. In the case of the PS-1
gene, more than 150 FAD mutations have now beentifekel, and, 10 FAD mutations
have been identified in the PS-2 gene. It seemglikaly that all FAD mutations cause
AD via a similar mechanism, i.e., by increasing thkitive proportion of A species
that aggregate readily. Presenilin mutations haenbfound to increase release of
intracellular C&" from ryanodine or inositol 1,4,5-trisphosphate3jliehannels [188]. It
is possible that there is a link betweesecretase activity and intracellular®Catores.

In fact, it has been found that presenilin mutawiticed enhancement of3Aecretion
was abolished in IP3 receptor knockout cells [18Bhe finding suggests that
secretase cleavage must be downstream of IP3 langpdbut how this occurs is still
very unclear. Recently, a polymorphism in a geneodimg a novel Cd conducting
channel was found to have linkage to AD [190]. Tdtiannel is called Gahomeostasis

modulator 1 (CALHM1) and is a conserved three tmagmbrane domain containing
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glycoprotein. It localizes to both the ER and th@sma membrane. Overexpression of
this channel induces a cytosolic ‘Cainflux pathway, which is unaffected by
conventional C& channel blockers, but prevented by the removakafeellular C&*
and non-specific ion channel pore blockers. Theiditidn of this particular Ga influx
route into the cytosol results in an increase irPARroduction, with a concomitant
reduction in A, suggesting an effect on one of theecretase enzymes. Notably,
knockdown of this channel, or the presence of tentified polymorphism for AD
(rs2986017 encoding P86L substitution) decreasé$ @ameability and increaseBA
production. These data provide strong evidence @gf signalling and influx can
contribute to the initiation of AD pathology in tteged brain, and that specific Ca
pathways can affect APP metabolism. While furthedies are required to replicate the
linkage of the CALHML1 rs2986017 polymorphism to Athis important finding shows
how changes in Ga influx pathways can alter APP processing arftl poduction
[190].

Oxidative stress and Alzheimer’s disease

All aerobic organism are susceptible to oxidatitress simply because semireduced
oxygen species, superoxide and hydrogen peroxidepasduced by mitochondria
during respiration [191]. The brain is particulatylnerable to oxidative processes
because: (1) glucose is the major nutrient andiefbee, the brain has a high glucose
metabolism and respiratory turnover; (ll) it hasgydiow levels of antioxidant defense
enzymes compared to other tissues; (lll) it comstainigh concentrations of
polyunsaturated fatty acids, which are potentidissaates for lipid peroxidation; and
(IV) it is rich in enzymatically active transitiometals, which can potentially catalyze
radical formation [192]. In addition to the oxidai phosphorylation in the
mitochondria, numerous other enzymatic and non+aang cellular mechanisms exist
that can generate®or H,0, [192]. The AD brain is under intense oxidativeest
[193]. Among the mechanisms involved if-fnediated neurotoxicity, oxidative stress
(lipid peroxidation, protein oxidation, DNA and RNAxidation) has largely been
proposed to play a pivotal role in the developna#raD (Fig. 10) [194-198].
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Figure 10. Central role of A in the oxidative stress in, and toxicity to, nengon AD brain.
The oxidative stress is manifested by ROS formatigpid peroxidation and subsequent
modification of proteins by the reactive lipid peigation products HNE and acrolein. Other
consequences of fAassociated oxidative stress are free fatty-adielase, protein oxidation,
Ccd" dyshomeostasis (with subsequent alterations inaméndrial function, oxidative stress,
and induction of apoptosis pathways), mitochondimapairment, peroxynitrite formation,
inflammatory response, apoptosis and other celltdggsponses. Ultimately, the neuron dies.
Antioxidants are able to interfere with most, iftrall, of these processes, including the
neurotoxicity. From [193].

AP can fragmentate and generate free radical peptidthspotent lipoperoxidizing
effects on the synaptosomal membranes in the neocdil99]. Indeed, cells
experiencing amyloid toxicity usually exhibit impad viability, oxidative stress, and
mitochondrial dysfunction. Reactive oxygen spec{@©S) and reactive nitrogen
species (RNS) accumulation result in chemical mecatibn of cell components

including lipids, proteins, and nucleic acids lewdito oxidative damage of these

Amyloid Cytotoxicity and New Acyl-SG Thioesters



Chapter | — Introduction 40

biomolecules [200, 201]. Oxidative stress may bindd as an imbalance between the
production of free radicals and the ability of ¢l to defend against them through a
set of antioxidants and detoxifying enzymes thalude superoxide dismutase, catalase
and glutathione peroxidase. When this imbalanceurs¢coxidatively modified
molecules (lipids, proteins, nucleotides) accunauiatthe cellular compartment causing
dysfunction [202]. It is well known that membranesthbilization by the insertion of
AP aggregates into the lipid bilayer, and the subsefjearly modifications of ion
balance and intracellular redox status may trigggdrsequent modifications eventually
leading to cell death [56, 93, 157]. Small-angleaX-studies showing the insertion of
AB into the lipid domain of membranes [203], and ®@t microscopic
immunolocalization of 8 to the neuronal plasma membrane of cultured ¢204],
confirm membranes as the target fo§ damage. Moreover, it has recently described
that amyloid oligomers exogenously added to theuoelimedium of fibroblasts bearing
APPV7171 gene mutation, obtained from familial ABAD) patients, can readily insert
into oxidative-damaged surfaces where the membiategrity is compromised,
resulting in a prompt increase in the productiorR@S [205]. These findings compel
evidence that cells bearing increased membran@dioxidation are more susceptible
to aggregate toxicity as a result of their redugleidity to counteract amyloid oligomeric
attack. These data support the rising consensusaor role of membranes as initial
triggers of the biochemical modifications culmimatiwith neuronal death [40]. Loss of
membrane integrity leads to cellular dysfunctioncts as inhibition of ion-motive
ATPases, loss of Gahomeostasis, inhibition of glial cell Kaependent glutamate
uptake system with consequences on neuronal exgit?dMDA receptors, loss of
protein transporter function, disruption of signglipathways, and activation of nuclear
transcription factors and apoptotic pathways [2Q&4ually, in cells, the rise of free
Ce™ is associated with a marked increase in ROS. iBhisresult of the activation of
oxidative metabolism following the increased needATP required by the Gapumps

to clear the excess free €493]. In turn, ROS increase may reinforce the n§éree
Cc&* by inhibiting the C& pumps. In addition, ROS trigger mitochondrial irinpeent
and consequent intrinsic or extrinsic apoptotihpatys [93], or in some cases lead to
cell death by necrosis [93]. Several studies h&asve that the role of methionine 35

(Met-35), in conjunction with the secondary struetof the A842 itself, is critical for
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the oxidative and neurotoxic properties of the jkepf207]. Mutagenesis studies on the
C-terminal helical region of the peptide suggesit thresence of 42 in the lipid
bilayer is necessary for induction of Met-35 lipgeroxidation and subsequent
neurotoxicity. The lipoperoxidation process couldluence the pathogenesis of AD
[201]. Lipid peroxidation can lead to changes ie thembrane fluidity, formation of
conjugated dienes, multiple aldehydes, and isopnest, the release of free fatty acids,
and a consequent decrease in levels of polyunsedufatty acids (PUFA)etc [206].
Indeed, 4-hydroxynonenal (4-HNE), which is one e most reactive end products of
lipoperoxidation, appears to induce neuronal de@thn binding to proteins by altering
important transporter proteins, such as the ATPasesved in C&" homeostasis and
the glutamate transporter EAAT2 [207, 208]. The lthgabrain is protected from
oxidative injury by antioxidant defences that ird#uantioxidant enzymes and free
radical scavengers. It has therefore been propibsedhe weakening of cell antioxidant
defenses (TAC) may contribute to AD pathogenedi8]2This hypothesis agrees with
data indicating that lymphoblasts and fibroblastenf FAD patients carrying mutations
in the APP and PS-1 genes display a significant Tik@airment, with altered
glutathione (GSH) levels and a marked increase ®mbrane lipoperoxidation
compared to the same cells from age-matched headtttyols [205, 209, 210].

-CHOLESTEROL IN THE CENTRAL NERVOUS SYSTEM-

Sterols are essential components of eukaryote nserabr Their incorporation
enhances the packing of the acyl chains of phogptslin the hydrophobic phase of
the bilayer, increases its mechanical strength, mauilices its permeability [211].
Cholesterol is an essential component of the plasembrane of all cellthearly 90%
of total cellular cholestergl)where it increases membrane rigidity reducingdlip
disorder. Cholesterol determines the biophysicaberties of cell membranes by its
unique structure, lowers the permeability of membgs possibly by compacting
phospholipids, and regulates their fluidity in amperature-dependent manner by
changing the order of fatty acyl chains. Importgntholesterol also determines the
functional properties of membrane-resident protdikes ion channels and transmitter

receptors [212, 213]. Mammals and other vertebredeseither make sterade novoor
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get cholesterol from the diet. The homoeostasishofesterol in the brain is maintained
by a series of interdependent processes that iectydthesis, storage, transport, and
catabolism. Glial cells and neurons can synthegsihelesterol de novo while
cholesterol can also be recycled from extracellldeations within the Central Nervous
System (CNS). Essentially all the cholesterol usethe brain appears predominantly
synthesizedde novoin the CNS, where it enhances the production efgynaptic
components and synaptic vesicles, whereas stdtiok dendrite outgrowth and axonal
branching [214]. Neuronal cells appear to synthesiost of the cholesterol needed for
their growth and synaptogenesis during developmeviiecreas mature neurons
progressively lose such ability, getting choledtehmm glial cells, particularly
astrocytes, possibly as a consequence of the larg@bolic requirement in the
biosynthesis of cholesterol, and the need for ogitiemergy efficiency within the CNS
[215]. The brain synthesizes essentially all ofdkolesterol and does not appear to
depend on the circulating pool of the steroid; altyu the plasma lipoproteins do not
cross the blood brain barrier (BBB) and do not \a#li significant amounts of
cholesterol to the CNS [216) the adult brain, the astrocytes not only syn#teeshut
also internalize and recycle the cholesterol relddsom degenerating nerve terminals
to deliver it back to neurons [217]; this transp@quires cholesterol binding to one of
the variants of apolipoprotein E (ApoE), a majgoofrotein in the CNS that is
synthesized by astrocytes [218]. ApoE is a ligamdckll surface lipoprotein receptors
such as the LDL receptor and the LDL receptor-eelgproteins (LRP); ApoE also
regulates lipid transport to neurons and cleardesterol from the extracellular space
[219]. ApoE-cholesterol complexes internalized lygl@cytosis are then hydrolyzed in
the neuronal lysosomes allowing the intracellulelease of free cholesterol, with
reduction of endogenous synthesis, by 3-hydroxyeBayiglutarylCoA reductase
(HMGCOoAR) inhibition, and storage upon fatty acitezification by acyl-coenzyme A
cholesterol acyltransferase (ACAT) [219]. As newlomembranes must be kept with a
reasonably constant amount of cholesterol, so taraguee proper function, a
mechanism for cholesterol elimination is requir@gcause there is no degradation
mechanism for this sterol any excess must exibtha into the circulation. Cholesterol
exchanges between the CNS and the circulating bimgdly the participation of the
BBB, that hinders the direct passage to the CN®@blood cholesterol and limits the
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reverse passage of cholesterol from the CNS teeheus circulation. Hydroxylation of
the side chain of cholesterol by the cholesterolhgdroxylase allows the sterol
molecule to cross the BBB freely [220]. In facte tmain product of brain cholesterol
metabolism is the 24-hydroxy derivative that isnslacated to the circulating blood
through the BBB. This mechanism is responsibleth@ catabolism of most of the
cholesterol that is turned over in the braim.conclusion, the cholesterol content of
cellular membranes is tightly controlled by elaltermechanisms that balance the level
of cholesterol synthesis, uptake, transport aneiass, allowing neurons and glial cells

maintain proper sterol levels.

Lipid rafts

Cholesterol is not uniformly distributed in biolcgi membranes, but is found
mainly in the cytofacial leaflet, whetegether with other lipids like sphingomyelin is
concentrated in microdomains or rafisid plays key roles in neuronal development as
well as in the maintenance of neuronal plasticityg dunction [22]1 The plasma
membrane displays a complex structure with diffemegions coexisting in dynamic
equilibrium. Among these, caveolae and lipid raftpurified as detergent-resistant
membrane fractions (DRMs) — appear to be involveohany cellular processes as well
as endocytosis, signalling, oxidative stress, apggt ion homeostasis and membrane
protein trafficking and turnover [222, 223]. DRMeeacholesterol-, sphingolipid- and
ganglioside-rich dynamic ordered microdomains frediffusible throughout the cell
membrane, which display very short half-lives amdsistence times of the molecules
embedded within them [224]n lipid rafts, cholesterol is thought to act asgacer
between the hydrocarbon chains of the sphingolipitts as a dynamic glue that holds
together rafts upon assembly. Cholesterol remogallts in raft disassembly with
dissociation, deregulation and/or inactivation obsi raft proteins [225].Many
experimental data suggest that by means of raftdton, cholesterol contributes to the
dynamic compartmentalization of molecules, allowthg fine-tuned modulation of
signaling and proteolysis events [226], and it ssras a precursor or cofactor of several
signaling molecules [226]. As the main constituehtafts, cholesterol also contributes
to raft molecule endocytosis [227], it is requifedthe formation of synapses [228] and

it is a major component of the myelin sheath esslefor an efficient electrical
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transmission [229]. In particular, cholesterol scdive for the ability of neurons to
communicate. For that reason the brain posses arplmsst mechanism to maintain the
levels of cholesterol, in the neurons and theirpsuiing cells, as independent as
possible from the variations that occur in the Wmton [215]. Due to the highly
ordered nature of lipid rafts, glycosyl-phosphatiaysitol (GPI) anchored and doubly
acylated proteins tend to cluster in these micraalos Additionally, other proteins
have shown the ability to move in and out of membraafts in response to ligand
binding or oligomerization. Lipid rafts contain anable set of membrane proteins and
their clustering is thought to provide a spatiad &mporal meeting point for signalling
molecules, as well as for molecules involved incpssing and trafficking of membrane
proteins. This includes the APP and at least somthe proteases carrying on its
cleavage [129, 230]. In particular, lipid rafts babeen proposed to function as
platforms where neurotoxic oligomers of proteingl greptides, including the prion
protein (PrP) and the Apeptides, are assembled [231]. Actually, lipidtgadppear
directly involved in prion protein stabilization @m the pathological conversion of the
cellular (PrPc) to the scrapie (PrPsc) form [232breover, the PrPc conformation can
be stabilized upon association with lipid raftshe secretory pathway [233]. Increasing
evidence shows thatpAcan also associate with lipid rafts and component®SRMs
isolated from human and rodent brain as well awnfcaltured cells. A was found to be
tightly associated with monosialotetrahexosylgagitie (GM1), and it was originally
postulated that this may act as a seed for its mgkation and aggregation [234].
Accordingly, it has been proposed that solubfep®ptide and PrP aggregation can be
raft-associated processes [132] and that any #adieraf cholesterol (as well as
sphingolipid) homeostasis can be a shared primaayse of a number of
neurodegenerative diseases [235]. All these firgibogether with the presence, in the
raft domains, of ligand-gated calcium channels #MPA and NMDA glutamate
receptors) involved in Gainflux into neuronal synaptic ends [236, 237] andC&*
permeabilization of amyloid-exposed cells [238] hawlicated lipid rafts also in
functional impairment of cells exposed famyloid [239]. However, no clear
mechanistic evidence is presently available conegrthe molecular and biochemical
features of the relation between lipid rafts, thignid content and dynamics, the

generation of the aggregate precursors, as welirggoid growth and toxicity. A recent
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study aimed at providing information on the progseinvolved in extracellular A
internalization inside primary neuronal cells haggested a caveolae-independent, raft-
mediated mechanism. This implies lipid rafts astgbators not only to A biogenesis
and accumulation [132] but also to extracellul@rtfanslocation [240] and aggregation
[239]. A recent report highlights a Fyn-dependemichanism as a possible molecular
basis of membrane-boundpAoligomer recruitment to lipid rafts [241], even tlie
relation between the preferential amyloid recruitneand physicochemical

modifications of lipid rafts is currently unclear.

A protective role for lipid raft cholesterol againg amyloid-induced membrane

damage

Several reports showed that the disruption of dtetel homeostasis can be
detrimental to cells because toxi Aggregates interact more easily with cholesterol-
poor membranes [94, 186, 242]. It has been recatgiyjonstrated that membrane
cholesterol can influence ADDL cytotoxicity to humaeurotypic SH-SY5Y cells by
modulating either the physical state of the celhmheane, mainly at the lipid raft level,
or oligomer binding to the membrane itself, in mossses a key step in amyloid
cytotoxicity. In particular, it seems that the asikbrol content of the cell membrane is
inversely correlated with the membrane perturbiffgcées of A342 oligomers [243].
Many reports suggest that3finding and aggregation, as detected by ThT orgGon
Red staining, occur in lipid raft domains wherasitfavoured by clusters of the key
component GM1 ganglioside [241, 244]. It has alserbhypothesized tha3A2 adopts
an altered conformation upon binding to GM1 and thauch an altered conformation
it can act as a seed forpAibrillogenesis in AD brain [244]. Moreover, nunogis
findings indicate that GM1 clusters are affected rogmbrane cholesterol depletion
[245]. There are several reported findings on tffece of cholesterol on amyloid
aggregate binding to the cell membrane [186, 2a3jarticular, in neuroblastoma cells,
a mild loss of neuronal membrane cholesterol resalan increased binding of ADDLs
to neuronal lipid rafts, while cholesterol-enrich@@mbranes exhibited a significantly
reduced ADDL-rafts colocalization [243]. There is nonsensus on the steady-state
fraction of rafts in the cell membranes, their sidecation and lipid/protein

composition, which might reflect rapid raft dynasiiaccounting for intrinsic raft
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heterogeneity in different cultured or tissue cdifsfact, whether, and to what extent,
these isolated DRMs reflect the physical, chemaad biochemical organization of
lipid rafts in vivo remains to be elucidated. The ability of ADDLs itderact with
purified DRMs and the effect of such interaction physical and morphological
features of the latter has been recently inves@yf243]. The use of fluorescent probes
to monitor the structural order and dynamics witthia acyl chain region of liposome
lipid bilayers is a technique abundantly used nawyadThe linear probe 1,6-diphenyl-
1,3,5-hexatriene (DPH) is the more widely and gassled and is seen as particularly
useful when quantitative interpretation of obsaorat in terms of details of bilayer
dynamics and order are critical [246]. The DPH prgartitions equally between the
ordered and the disordered phases of membrane dipidains [247]. It is evenly
distributed throughout all the lipidic regions imet plasma membrane of a living cell
[246] and its location is similar in membranes wdiiferent content of cholesterol
[248]. Anisotropy fluorescence measurements of DRMsfied from neuroblastoma
cells confirmed that there is an inverse relatietwieen cholesterol content and
membrane perturbing effects of ADDLs. In particulihe DRMs microdomains
purified from cholesterol-enriched cells are lessceptible to the decrease of fluidity
caused by A oligomers, conversely, the loss of cholesterolulted in a higher
susceptibility of disassembled lipid rafts, notyid AB42 oligomers but also to the
ApB42-1 monomeric peptide. This suggests that the rihaicethe lipid raft membrane,
the greater its ability to bind non-specificallp42 and, possibly, other peptides [243].
The presence d-sheet structure appears to be required for the bream perturbing
properties of A oligomers only in DRMs mimicking raft microdomaingth basal
cholesterol content, but not in DRMs purified froomolesterol depleted plasma
membranes, in agreement with previously reportedeg¢es in synaptosomal plasma
membranes [249]. In a recent study, rafts purifiemin the plasma membrane of
neurotypic model cells previously enriched or degaen cholesterol were for the first
time imaged by atomic force microscopy (AFM) indid and it was shown that
treatment of DRMs with ADDLs resulted in the formoat of large cavities, or hollows.
The size and depth of these cavities were sigmifigaeduced in DRMs purified from
cholesterol-enriched cells, suggesting cholesteray protect against amyloid-induced

cell membrane damage at the lipid raft level. THEDA—lipid interaction may result in
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lipid depletion from the bilayer, with the formaticof steps reflecting differences
between the thickness of a standard bilayer andaiha thinner phase [243]. Similar
effects have been observed previously in suppdigetibilayers exposed to prefibrillar
amyloid aggregates [92]. A thinner phase may refoin lipid interdigitation, as
observed in supported lipid bilayers interactinghwiransmembrane peptides [250].
Alternatively, oligomer interaction with the bilayemay induce trans—gauche
conformational changes of the lipids, giving riseat reduced bilayer thickness [251].
The formation of cavities was observed also in DRMsified from cells pre-treated
with AB42 oligomers [243]. However, in this case the degtld size of the cavities
were significantly reduced, suggesting that livadls are able to resist, at least in part,
ADDL-induced membrane damage. A typical featureD&M samples observed by
AFM was the presence of domains protruding from lipiel surface. These domains
were shown to consist of fluid protein or lipopiatecomplexes. In fact, they
disappeared in the presence of proteases and yksgphagher adhesion forces than the
background [243]. Furthermore, it has been founat tthe domain size inversely
correlates with the cholesterol content, reflecimgeased environment fluidity, on the
contrary, domain height directly correlates witle ¢holesterol content, as the result of
an increased compliance of the cholesterol-depl&B#§1 environment. In addition,
treatment of DRMs with ADDLs induced changes in dammorphology that appeared
to depend on the content of cholesterol and sugdedbmain disassembly [243].
Overall, these data on DRM domains provide inforamaton the structural and
morphological features of the cell plasma membrané its cholesterol- and GM1
ganglioside-enriched raft domains. In particuldreyt suggest that the cholesterol
content affects the ability of ADDLs to interacttivithe cell membrane by modulating

membrane physical features at the raft level.

Role of cholesterol in AD

There is growing evidence thatlink betweercholesterobnd the pathogenesis AD
exists [252]. ApoE is one of the major apolipopiwgein the plasma and the principal
cholesterol carrier in the brain. In humans theesthree common allele of APOE gene:
€2, €3, e4. Numerous independent studies have consistentlyrooed thatthe ¢4 allele
of the APOE is the most prevalent risk factor fpormdic AD [253]. The risk for AD
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conferred by APOE4 increases in a dose-dependent manner; howeveEARGOs
neither necessary nor sufficient to cause RB4. A key role of membrane cholesterol
as a modulator of fpeptide production and clearance [128] as wedlgaggegation and
neurotoxicity [186, 242, 255, 256] has recentlyrbdescribed. High cholesterol levels
as risk factor for AD were first proposed in thelyed990s and since then considerable
biochemical and clinical research has claimed thestence of a link between
cholesterol, statin therapy and AD development {259]. Indeed,it was reported that
lowering membrane cholesterol by statins and aedtetol extracting drug (methgt
cyclodextrin) resulted in the drastic reductioraafyloid production botim vitro andin
vivo [257, 258]. Presently, the question of whethetirstacan lower the incident rate of
AD remains unresolved [260]. In general, these nlag®ns lead to hypothesize that
lowering the levels of cellular cholesterol would & therapeutic target in the treatment
of AD. On the other hand, high dietary cholestewals shown to increasepAevels
[258] and increased content of cholesterol in thEnbappeared to correlate with an
increased risk of developing AD. However, not alldses sustain this vision and
epidemiological studies on the association betwglasma cholesterol levels and the
development of AD have produced contradictory aasioins [261]Indeed, it is known
that hydrophilic statins do not cross the BBB ahat tbrain cholesterol progressively
reduces with increasing age (the main risk factor dporadic AD), such decrease
appearing considerably accelerated in AD pe@@®2, 263. Two alternative scenarios
involving lipid rafts, based on conflicting expeemtal results have been proposed to
describe the effect of cholesterol irf yeneration and aggregation in AD. The high
neuronal membrane cholesterol model for AD claihad high cholesterol favours APP
processing with increasedpAgeneration and aggregation through lipid raft teltisg
bringing into close contact the resident populaioh APP and its processing enzyme
BACE-1 [264]. The alternative low neuronal membrahelesterol model claims that
most of the APP is normally located in non-raft nbeame domains. Accordingly, low
membrane cholesterol would favour raft disasserabhty BACE-1 translocation to non-
raft domains supporting its contact with APP anbasting cleavage of the latter with
AP generation and aggregation (Fig. 11) [264]. Takeyether, the findings reported in
the last decade depict lipid rafts both as key dosmahere APP processing occurs and

as primary interaction sites of ADDLs (and, possibbther amyloid aggregates).
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However, much must still be learnt about the effecspecificity and the biochemical,

molecular and biological significance of such iatgion.

A  Increased cholesterol ¢ model for AD B Reduced cholesterol ¢ model for AD
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Figure 11. The high A) and low B) neuronal membrane cholesterol models of AD
pathogenesis. The high cholesterol model assuna¢éda¥w neuronal membrane cholesterol is
protective against AD. In fact, high membrane chiail would result in increased lipid raft
co-clustering and APP-BACEL co-localization thusofaring the amyloidogenic pathway of
APP processing with increase@ fAroduction. On the contrary, the low membrane esterol
model envisages a protective role of relativelyhhégnounts of membrane cholesterol assuming
that APP is located in non-raft membrane domairemH225].

The changes in the lipid composition of the neuromambranes may have regulatory
consequences for interactions db Aggregates with cells in the brain. The preserfice o
cholesterol in neuronal membranes is known to iediacge changes in membrane
physical features such as fluidity and densityi@fll packing resulting in alterations of
aggregate recruitment to the membrane and memipemeeabilization [184, 186]. In
particular, it has been reported that the presehcolesterol in artificial lipid bilayers
inhibits the channel-forming activity of human amyhnd reduces the insertion and
formation of ion channels byp¥0, A342, and 825-35 peptides [184-186]. Membrane
cholesterol also interferes with neuronal apoptosisiced by soluble oligomers offA
peptide [256]. On the other hand, reducing membrdméesterol makes the cell more
vulnerable to the action of amyloid aggregates [18&cordingly, it has previously

reported a significant correlation between resistaio amyloid toxicity and membrane
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cholesterol content in various cultured cell tyjp@4]. It has recently been shown that
selective Alzheimer’'s disease indicator-1 (seladingene, whose proteic product
catalyzes the last steps of cholesterol biosyrgshegpears to be down-regulated in
brain areas affected by AD [265Feladin-1 overexpression appears to protect
neuroglioma H4 cells againstpAnediated toxicity by reducing oxidative stress and
caspase-3 activity2p5. Some recent findings also indicate that seladineliced
membrane cholesterol enrichment protects SH-SY3¢ egainst amyloid toxicity by
reducing thenteraction of 842 oligomer with cell membrane, featuring seladiasla
susceptibility gene candidate fsporadic AD [266]These data support a link between
AD pathogenesis and loss of brain cholesterol sstgugthat a fine modulation of the

levels of this membrane sterol plays a crucial noleeuronal viability.

-PROTECTIVE EFFECT OF GLUTATHIONE IN AD-

Intracellular sources of reactive oxygen species

The observation that biomolecules, which consistnarily of carbon, hydrogen,
oxygen, nitrogen and sulfur, are disrupted by tmes@gnce of oxygen @D is an
evolutionary paradox for aerobic life [267]. A widariety of reactive oxygen species
(ROS) can be found in biological systems. These R€r in their site of formation,
their physiological function, their reactivity atiteir biological half-life. Mitochondria,
nitric oxide synthase, arachidonic acid metabolisanthine oxidase, monoamine
oxidase and P450 enzymes are sources of ROS ipbrdéie Correspondingly, healthy
brain cells possess high concentrations of bothyraatic and small molecule
antioxidant defenses (Fig. 12). The enzymes inclGd&n-superoxie dismutase and
Mn-superoxide dismutase, GSH-Peroxidase (GSH-PX)catalase, as well as the small
molecules glutathione (GSH), ascorbic acid, vitarBinand a number of dietary
flavonoids. Thus, under normal physiological coidis cells manage with the flux of
ROS. Oxidative stress describes a condition in igiellular antioxidant defenses are
insufficient to keep the levels of ROS below a tatkireshold. This may be either due to
excessive production of ROS, loss of antioxidaf¢iges or both (Fig. 12).
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Figure 12. Balance of ROS generation and antioxidative systeAmn imbalance of both
systems due to either excessive production of RE€f§ ¢r reduced antioxidant defense (right)
leads to oxidative stress Modified from [268].

Glutathione homeostasis

GSH is a tripeptide (ly-glutamyl-L-cysteinyl-glycine) that serves sevezatential
functions within the cell [269-271]. It is the m@diundant nonprotein thiol in almost all
aerobic species, occurring at intracellular conegians of 0.5 to 10 mM. In contrast,
extracellular GSH concentrations are usually 3 twders of magnitude lower. Under
physiological conditions, GSSG reductase maintaioge than 98% of intracellular
GSH in the reduced, thiol form (GSH). The restrissent within the cell as mixed
disulfides (mainly GS-S-protein), as the disulf{(8SG), and as thioethers. The key
functional element of the GSH molecule is the dapgtemoiety, which provides the
reactive thiol group and is responsible for the ynfamctions of GSH. These functions
include () the maintenance of protein structure and fundbipmeducing the disulfide
linkages of proteins]i() the regulation of protein synthesis and degradaill) the
maintenance of immune functiony] protection against oxidative damage, avid (
detoxification of reactive chemicals. Moreover, G&hhtributes as a storage and
transport form of the cysteine moiety and it fuaos in leukotriene and prostaglandin

metabolism [269-272]. The key structural elememtS$8H are the-carboxyl peptide
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linkage of glutamate and the presence of the Citelnglycine, which directly

determine its metabolism and function. The N-teahgiutamyl and cysteinyl moieties
are linked through the-carboxyl group of glutamate instead of the momacmnao-
carboxyl peptide linkage, restricting cleavage-glutamyl transpeptidase@T), which
occurs on the external surface of certain cell mramds. Therefore, GSH is resistant to
intracellular degradation and can only be cleavweddil types that havgGT on the cell
membrane. The presence of the C-terminal glyciotepts the peptide against cleavage

by intracellulary-glutamylcyclotransferase.

Glutathione biological functions

GSH is predominantly involved in regulation of oddlr sulfhydryl statuvia redox
reactions. All aerobic organisms are subject tospmiggical oxidative stress as a
consequence of aerobic metabolism. The intermedittat are formed, including
superoxide and hydrogen peroxide, lead to the duriptroduction of toxic oxygen
radicals that can cause lipid peroxidation andugismetabolic processes. GSH is the
predominant defense against these toxic productoxyen, particularly in the
mitochondria, a major site for the synthesis ofctiea oxygen intermediates [269].
Mitochondrial GSH is critical in the defense agair®oth physiologically and
pathologically generated oxidative stress. Mitodran do not have the enzymes
necessary for GSH synthesis, and they import clito&5SH. Endogenously produced
hydrogen peroxide is reduced by GSH in the presa@ifcgelenium-dependent GSH
peroxidase (GSH-Px) (Fig. 13). As a consequenceél 598xidized to GSSG, which in
turn is rapidly reduced back to GSH by GSSG rechectat the expense of reduced
nicotinamide adenine dinucleotide phosphate (NADQPHgreby forming a closed
system (redox cycle) as illustrated in figure 13der normal conditions, GSSG
reductase is quite effective at maintaining mod#iutze GSH in its reduced state (more
than 98% GSH). However, under severe oxidativesst@ where GSSG reductase
activity is impaired, the ability of the cell todaece GSSG may be overwhelmed,
leading to its accumulation within the cytosol. pitect itself from a shift in redox
equilibrium, the cell can actively transport GSS@ of the cell. However, GSSG may
also react with cellular protein sulfhydry& a mixed disulfide reaction, a process that

can result in impaired protein function. Furthersnd&SH is implicated in regulation of
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cellular sulfhydryl statusvia thiol-disulfide exchange. As oxygen tension in the
environment increased during evolution, aerobicanigms needed a system to restore
key sulfhydryl groups to their reduced state afigposure to oxidative stress [273,
274]. Without a process to reduce protein disuffjdeulnerable cysteinyl residues of

essential enzymes might remain oxidized, leadinghtmges in catalytic activity.

Functions of Glutathione

L. Maintenance of Cellular Sulfhydryl Status

A. Redox cycle

2GSH NADP+

N T

GSH peroxidase GSSG reductase NADPH generating enzyme

o T T
o A

+ H*

= ROH + H,0

ROOH GSH S-transferases

B. Free radical reactions

R+ GSH ——m» RH+ GS.
GS. + GS: —— e GSSG

C. Thiol-transfer reactions

Thiol transferases
RS-SR* + GSH ™ RS.SG + R'SH
RS-SG + GSH ™ RSH + GSSG

II. CONJUGATION
GSH S-transferases
Electrophiles (E) + GSH ’ GS-E

Metals (M) + GSH™— ™ GS-M

Figure 13. The detoxification functions of GSH include thenpmation of electrophilic
chemicals and reactive metals and the maintenainttee @ellular thiol redox status. AH2 and
A, reduced and oxidized forms, respectively, of poomds that participate in the synthesis of
NADPH; RH and R, reduced and oxidized forms, retpely, of some organic molecules;
ROOH, a hydroperoxide; ROH, an alcohol; RS-SG, watfhione thioester; RS-SR’, a mixed
disulfide of two organic molecules. From [275].

This function is fulfiled by the thiol-disulfide xehange catalyzed by thiol-
transferases in the presence of GSH, and may ketedgo aerobic life (Fig. 13). The
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thiol-disulfide equilibrium within the cell may ratate certain metabolic pathways by
activating or inactivating key enzymes. Whereas yrnaoteins are active when the key
sulthydryls are in the thiol form, others requiteein to be in the oxidized, disulfide
form. Because the thiol-transferase reaction isrdmtional, the equilibrium will be
determined by the redox state of the cell. Moreow®eBH regulates the cellular
sulfhydryl statusvia storage and transfer of cysteine. Cysteine autliimes rapidly to
cystine, producing potentially toxic oxygen radecf276]. To avoid the toxicity of the
autooxidation reaction, most of the nonprotein elyst is stored as GSH. The liver and
kidney play a major role in the homeostasis of Gl cysteine [269]. Finally, GSH is
implicated in conjugation of electrophiles and neetadGSH plays a major role in
detoxifying many reactive metabolites by either rdpoeous conjugation or by a
reaction catalyzed by the GSH S-transferases [272, 278]. GSH S-transferases have
broad and overlapping substrate specificities, Wwrattow them to participate in the
detoxification of a chemically diverse group of qmmunds. The most common
reactions involve nucleophilic attack by GSH on eactrophilic carbon: saturated
carbon atoms (e.g., alkyl halides, lactones andidpe), unsaturated carbon atoms
(e.g.,0, B-unsaturated compounds, quinones and quinonimamesesters), or aromatic
carbon atoms (e.g., aryl halides and aryl nitro goumds [279]. The substrates have in
common a degree of hydrophobicity and possessrefgtlic centers that undergo
nucleophilic substitution, nucleophilic addition dpp-unsaturated ketones or epoxides
or, in the case of hydroperoxides, nucleophiliactton electrophilic oxygen, resulting
in reduction. GSH S-transferases are a family oftifonctional enzymes present in the
cytosol of most cells as homodimeric or heterodimproteins, with subunit molecular
weights ranging from 24,000 to 27,500 [278, 280FH5also forms metal complexes
via nonenzymatic reactions [281]. GSH is one of thetwersatile and pervasive metal
binding ligands and plays an important role in rhgtnsport, storage, and metabolism.
GSH works [) in the mobilization and delivery of metals betwdrgands, [|) in the
transport of metal across cell membranBk) &s a source of cysteine for metal binding,
and (V) as a reductant or cofactor in redox reactionslinig metals. The sulfhydryl
group of the cysteine moiety of GSH has a highndffi for metals, forming
thermodynamically stable but kinetically labile maptides with several metals,
including mercury, silver, cadmium, arsenic, galthc, and copper. Conjugation with
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GSH is not always protective but may actually aatevcompounds. For example, the
GSH conjugation of dibromoethane, which is used dsad scavenger in leaded gas,
forms a 2-bromo-thioether, which is subsequentiydformed into a highly reactive,
mutagenic, and carcinogenic intermediate, possdny episulfonium [282]. Sulfur
mustards are capable of alkylating nucleophiliessih proteins and DNA. Other classes
of compounds, including nephrotoxic haloalkenesngues, and isothiocyanates, are

also converted by GSH conjugate formation to toxetabolites [283, 284].

Glutathione and aging

The aging process represents various morphologiedl biochemical changes that
occur from maturity to senescence, rendering tigarosm more vulnerable to disease
and toxicity and eventually leading to death [28&¢cording to the oxidative stress
hypothesis of aging, the senescence-associatesfdgactional capacity is due to the
accumulation of molecular oxidative damage [286] tbyic free radicals produced
during normal respiration. The defenses evolvelinid the rate of production of free
radicals and to scavenge those that are produdesl.niost reliable and robust risk
factor for neurodegenerative diseases is hormalgaghging results in the increased
formation and release of ROS with consequent bioated and functional alterations,
increased protein oxidation, and DNA damage [28Wkre is substantial evidence that
mitochondrial function declines with age. Directdmnce for age-dependent increase in
oxidative damage to mitochondrial DNA comes fromasweements of 8-hydroxy-20-
deoxyguanosine (80H20dG), which is an oxidized fofndeoxyguanosine that occurs
following attack by a variety of free radicals [288n involvement of oxidative stress
in aging has been further strengthened by repoftancreases in tissue lipid
peroxidation with age. Therefore, antioxidant detsnmay play a major role during
normal aging. In particular, GSH may contributeldagevity in various ways. The
protective capacity of GSH is due to the reactwhgdryl cysteine moiety which can
bind to electrophilic sites on xenobiotics and egefwus toxins. The resulting highly
water soluble conjugate is excreted through thedyd289]. In addition, free radical
scavenging by GSH can occur either non-enzymayicalin conjunction with GSH-Px
[290]. An age-related decline in GSH has been ofsein a number of senescent

organisms including mosquitoes, adult housefliesit fllies, mice, rats and humans
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[286]. Glutathione concentrations in the cerebpahal fluid (CSF) of humans decrease
during aging [291], while the forced ectopic exgiea of GSH prolongs the life span
[286]. Such studies suggest that age-related dezsesn GSH may represent a key
factor in the aging process and may underlie a murobchanges occurring in normal
aging and the onset of various diseases.

Glutathione in the nervous system

The GSH system plays a central role in thiol statusrol in the brain. GSH, as free
radical scavenger, is particularly effective agathe OH radical. The ability of GSH
to non-enzymatically scavenge both singlet oxygssh aOH [292] provides a first line
of antioxidant defense. Glutathione is synthesiaed degraded in most cell types by a
series of well characterized enzymatic reaction83]2 Reduced GSH strongly
modulates the redox statafjo of oxidizing to reducing equivalents) of the callfole
which is critical for cell survival [191]. In addbin to antioxidative actions, GSH is
involved in a number of other essential tasks idiclg DNA synthesis and repair,
protein synthesis, amino acid transport, enhancewfeimmune function, and enzyme
activation [294]. Roles specific to the nervoustsys appear to include actions as a
redox modulator of some ionotropic receptor cusef95] and as a potential
neurotransmitter [296]. Due to such multiple roles normal tissue, there is a
considerable potential for alterations in GSH todagisally associated with disease.
Lowered levels of GSH have been reported in agig, in the human lens [297] and
decreased GSH status is associated with variousasks, including a number of
neurological disorders [298]. Free radicals camdmerated in neural cells by oxidative
phosphorylation, the breakdown of neurotransmitsersh as dopamine and serotonin,
the over-activation of neurons by Car EAAs, and A& production. Oxidative stress
arising from free radical formation can affect thdéo of reduced to total GSH and the
GSH status of the cell as GSH is depleted to comuet radicals. It has been suggested
that GSH depletion caused nerve cell death [299palrticular, using immature cortical
neurons and a neuronal cell line, it has been shbaina decrease in GSH triggered the
activation of neuronal 12-lipoxygenase (12-LOX) @hileaded to the production of
peroxides, the influx of Gaand ultimately cell death. Others concluded tisaoaytes

in the CNS counteract oxidative stress due to thginer content of GSH as compared
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to neurons [300, 301]. In addition, GSH appeargravide neuroprotection against
excitatory amino acid excitotoxicity in stroke, h&nia and epilepsy [302]. GSH
modulates ionotropic receptor action [303], thusntmlling transmembrane currents,
and may also have excitatory neurotransmitter/maadulator actions in some neural
pathways [296]. All of these actions together ssgdigat alterations in GSH status may

be deleterious to normal neuronal function.

GSH: oxidative stress, mitochondrial damage and tiedeath

Approximately 90% of total cellular glutathionelexalized in the cytosolic fraction,
the rest being compartmentalized within mitochoadi8i04]. The mitochondrial pool of
GSH is likely to be involved in maintaining intratechondrial protein thiols in a
reduced state. These mitochondrial protein thimdseasential for a number of functions,
such as the regulation of selective membrane pédiifitgdto C&*. A clear example of
the relationship between GSH status, oxidativessirenitochondrial damage and
neuronal dysfunction/death due to excess fred i8ahown by the effects of excessive
production of HO, within mitochondria leading to depletion of mitactdrial GSH, in
turn causing the oxidation of protein thiols ancgpamment of mitochondrial function.
This relationship may have relevant implications texms of the degeneration of
dopaminergic neurons. Monoamine oxidase acts onoamames including dopamine,
producing HO, within mitochondria which may lead to a decreasemitochondrial
GSH [305]. It is clear that the loss of GSH mayssamitochondrial damage [306] and
it was demonstrated that the converse situati@isis true, namely, that impairment of
mitochondrial function may lead to a decrease itosglic GSH. As GSH synthesis
requires ATP, a deficiency of energy supplied byoctiondria is likely to affect the
cellular turnover of GSH. Such situation may beipalarly crucial for neurons and it is
notable that it has provided evidence that mitodnanin substantia nigran cat and rat
show higher immunoreactivity for GSH [307]. In fattiese data lend further support to
the hypothesis that the oxidative stress and nelidamage observed in teabstantia
nigra of patients with Parkinson disease could be cabsed mitochondrial defect in
GSH. Loss of glutathione and oxidative damage leen suggested to constitute early,
possibly signaling events in apoptotic cell de&B§]. In thymocytes, a decrease of

GSH and disruption of the mitochondrial transmembrpotential preceded the onset of
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apoptosis [309]. Moreover, a direct depletion ofatihondrial and cytoplasmic GSH in
cerebellar granule neurons and PC12 cells, resuitadcreased generation of ROS,
disruption of the mitochondrial transmembrane piééand rapid loss of mitochondrial
function [310].

GSH depletion in neurodegenerative disorders

Oxidative stress may be initiated by a declinenm dntioxidative defense system. The
most robust and significant alteration in the atilant defense is a decrease in GSH
concentration. Reduced GSH is one of the most anminohtracellular non-protein
thiols present in the central nervous system wheaaets as a major cellular antioxidant
within both neurons and non-neuronal c¢ti31]. GSH plays an important role in the
adult brain by removing reactive oxygen and nitroggpecies (ROS/RNS) formed
during normal cellular metabolism such as duringygen utilization by the
mitochondria. GSH is synthesized in the cytosol aadsported into the mitochondria
via energy-dependent transport¢Bd1]. Decreases in GSH availability in the brain
promotes morphological mitochondrial damage mdsaglyi via increases in levels of
oxidative or nitrosative stress in this organ¢B&?. GSH metabolism is reported to be
altered in affected brain regions from AD patieatsd its levels are decreased in
experimental models of AD [313, 314]. Applicatiohexogenous A fibrils to neurons
in culture leads to intracellular GSH depletion §B1Recent data directly test the
hypothesis that GSH is part of the cellular respaiosstressors associated with either
intraneuronal aggregation or exogenous additiohfopeptide, and not simply a marker
of oxidative damage, which could merely act as arddream radical scavenger [316].
GSH, as a critical component of antioxidant defersgs been linked directly to
oxidative stress, and evidence that alterationsGBH status may play a role in
neurological diseases is growing. However, the atkve stress may be only one way
that changes in GSH status could affect neuraltioimand survival. In addition to its
critical role as an antioxidant/free radical scagam GSH may act as redox modulator
of ionotropic receptors, serve as neuroprotectgainat the effects of glutamatergic
excitotoxicity, and may also be a unique neurotratier. These roles are summarized
in figure 14.
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Figure 14. GSH-depletion model for neurodegenerative dissrdérom [285].

The hypothesis that oxidative damage may be catssalome forms of neural
degenerative diseases is not novel [287]. A speoiiie for GSH in such diseases has
also been previously proposed [294, 317-319]. S¢warcount for a GSH depletion
model of neural disease which is constituted of ynpossible elements: (I) factors
which determine the site of degeneration, suclelestve alterations in GSH status due
to abnormalities in synthesis (precursor pools wntletic enzyme levels); GSH
degradation (production of excessive glutamateysteine); GSH recovery from GSSG
via GSH reductase; or alterations in local transpdrGSH; (ll) secondary stressors
which increase free radical production (transitioretals, HO,, increased neural
activity, an abnormal metabolic rate, or a defectmitochondrial function); (lll)
specific neuronal vulnerability, such as the presenf ‘stressors’ (e.g., transition

metals and/or aluminium), age, compensation by rotgioxidant defensesgtc.
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Depending on the above factors, the type of nedegeneration may be either necrotic

or apoptotic and may strike more than one neulzdeti{285].

Glutathione in Alzheimer’s disease

The brain is particularly vulnerable to oxidativenshge due to the high utilization of
inspired Q, the abundance of redox-active transition metas,j@nd the relative dearth
of antioxidant defense systems. Free radicals evduged from a number of sources,
among which are enzymatic, mitochondrial, and reahetal ion-derived sources [320].
Aging, the major risk factor for AD, leads to loskfree radical scavenging ability by
endogenous mechanisms [320]. Hence, the normalndmldetween free radical
generation and free radical scavenging is disruptddaging and other oxidative stress
conditions [321]. Strong evidence that oxidativess was involved in the pathogenesis
of AD come from a clinical study showing that oratamin E intake delayed
progression in patients with moderately severe impant from AD [322]. A role of
oxidative stress in AD is further supported by @ased levels of thiobarbituric acid-
reactive substances, a measure of lipid peroxid4823]. However, studies reporting a
disturbance of GSH homeostasis are less cleartatakbrain levels of GSH appeared
to be unaffected in AD [324], whereas GSH perox@dasd GSSG reductase were
found to be elevated in different brain regions3RB2ranscription of GSH peroxidase
and GSSG reductase was elevated in hippocampumfener parietal lobule, but not
in cerebellum of AD patients, which may reflect ftective gene response to the
increased peroxidation in the brain regions showinere AD pathology [325]. In fact,
in AD, oxidized GSH is increased [326], while thetiaty of glutathione S-transferase
is decreased [327], consistent with the known @®eein oxidative stress in this
pathology [193, 206, 328]. In particular, among tmechanisms involved in (A
mediated neurotoxicity, oxidative stress has laripelen proposed to play a pivotal role
in the development of AD [194-198].fAcan fragmentate and generate free radical
peptides with potent lipoperoxidizing effects ore teynaptosomal membranes in the
neocortex [199, 329]. It has therefore been proghdbat lipid peroxidation and the
weakening of cell antioxidant defenses (TAC) mawtdbute to AD pathogenesis
[208]. This hypothesis correlates with recent diadicating that lymphoblasts and
fibroblasts from familial AD (FAD) patients carrygnmutations in the APP and PS-1
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genes display a significant TAC impairment, withesdd GSH levels and a marked
increase in membrane lipoperoxidation comparechéostame cells from age-matched
healthy controls [205, 209, 210]. Various reactiadehydes, including 4-
hydroxynonenal (4-HNE), malondialdehyde (MDA), akgropenal (acrolein) [320],
distinctive markers of lipid peroxidation, are netioxic in neuronal culture and have
been detected immunochemically in AD brain, paléidy in neurofibrillary tangles,
one of the major hallmarks of AD [330, 331]. Tlewdls of glutathione transferase, a
protective enzyme against aldehydes and espedidllifE, were decreased in the brain
and ventricular CSF of autopsied AD and normal imrgubjects [327]. Nonreactive
iso- and neuroprostanes, two other typical markérpid peroxidation, have been
found in excess in AD brain and induced bfy [832]. In addition to protection against
ROS, GSH is an excellent scavenger of lipid peratkash products. In fact, GSH plays
an important role in protecting neurons againstlattve damage and metabolic insults
by detoxifying 4-HNE [285], which levels are incsea in AD [333]. It has been shown
that GSH protects cultured neurons against oxidatamage resulting frompApeptide,
iron, HNE and other oxidative insults. [333, 33H]is interesting to note that level of
HNE is increased in association with degeneratiegrons in brains of subjects with
AD. Coupled to the loss of glutamine synthetase)(@&:8vity in AD brain [335], excess
glutamate-induced NMDA receptor-facilitated exaitxtity could occur in AD brain
with resultant neurodegeneration. GSH also formsahwmplexes via nonenzymatic
reactions. The sulfhydryl group of the cysteine etpiof GSH has a high affinity for
metal ions such as Hg, Ar, Cd, As, Au, Zn, and fGtming a thermodynamically stable
complex that can be eliminated. Redox metal ions catalyze free radical reactions
and may contribute to oxidative damage observedDrbrain. Fe(ll) and Cu(l) induce
the Fenton reaction, producing an abundance of oxytirfree radicals for lipid
peroxidation. GSH protects against oxidative damigf3] and lipid peroxidation
caused by iron toxicity [336]. A significant decseain Cu, and significant increases in
Zn and Fe, were found in AD hippocampus and amygdateas showing severe
histopathologic alterations in AD [337]. In contrasopper, iron, and zinc are all
elevated in senile plaques of AD [338]. Togetheasthdata imply that oxidative stress
plays an important role in the pathogenic procegsthmt alterations in the glutathione

system are secondary to other events leading toodegeneration. Since oxidative
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stress may underlie some, if not all, aspects of mddrodegeneration, and sinc@ A
appears central to the disease [193], considerakkarch has been aimed at reducing
the effects of oxidative stress by use of free galdscavengers. GSH as essential
cellular antioxidant plays a key role in the defen$ brain cells against oxidative stress
[339, 340].

Therapeutic approaches for neurodegenerative diseas

One hallmark of AD is the accumulation off peptide, which invokes a cascade of
oxidative damage to neurons that can eventuallyltresneuronal death. Ais the main
component of senile plagues and generates freeatadiltimately leading to neuronal
damage of membrane lipids, proteins and nucleidsacihe mechanisms involved in
ApB-mediated neurotoxicity are unknown, but therevisence suggesting that oxidative
stress plays a key role [193, 194, 196]. Growintgrdion has been focused to
investigate the oxidative mechanism df foxicity and as well in the search for novel
neuroprotective agents. Previous studies reponadA3 peptide induces vitro ROS
production, protein oxidation, DNA and RNA oxidati@and lipid peroxidation [195].
Because of the involvement of oxidative stress-atedi toxicity in neurodegenerative
events and neuronal cell death [341, 342], varexyerimental approaches for effective
protection by antioxidants have emerged. GSH isajritee major intracellular defense
systems, and depletion of GSH is known to be inelin several neurodegenerative
disorders [195, 328]. Moreover, if alterations I8 metabolism play an important role
in the pathogenesis of several neurodegeneratiseases, treatments that lead to
enhanced synthesis of GSH or that inhibit its dégtian may result in a slowing of
disease progression. Numerous potential free-radicavengers have been tested in
different experimental paradigms of oxidative srasluced cell death, natural
antioxidants such as Vitamin E [343], vitamin C,latenin [344], ginkgo biloba [345],
steroid hormones [346N-acetylcysteine [347], etc. However, many clinitéls are
still unsuccessful because all the antioxidantgeteare poorly active in crossing the
blood brain barrier (BBB). Moreover GSH itself isgsly transported into most cells or
tissues. For this reason many attempts to develdid Gerivatives able to easily cross
the membranes of many cell types, mimicking GSHoaittant properties, have been

made. For instance, endogenous GSH levels have bmeeased by dietary or
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pharmacological intake of GSH precursors or GSH etics or “thiol-delivering”
compounds [348-350]. Moreover, because GSH itsatfefrates the BBB only poorly
and cannot be taken up by neurons directly, tremsneith GSH monoethyl ester,
glutathione precursors or other glutathione anal@y® been used in patients or animal
models. The GSH analog YM 737 provides protectigairsst cerebral ischemia in rats
by inhibiting lipid peroxidation [319]. Because tdthione synthesis in neurons is
limited by the availability of cysteine [340], comynds that can be metabolized to
cysteine could be used as pro-drugs to increaseom&uGSH concentrations. In the
murine mutant wobbler, treatment with the glutatiegorecursor N-acetyl-I-cysteine
resulted in a significant reduction of motor neurlmss and elevated glutathione
peroxidase levels within the cervical spinal cor85]]. Treatment with [-2-
oxothiazolidine-4-carboxylate, a cysteine precurstimulates growth and normalizes
tissue glutathione concentrations in rats fed &uswamino acid deficient diet [352].
Unfortunately, the therapeutic window for treatmeith substances that increase brain
cysteine may be narrow, because cysteine is patigntioxic for neurons [276].
Alternatively, GSH in brain can be increased byao¢rebroventricular administration
of the dipeptide/-glutamylcysteine [353]. Neurons can utilize eithgglutamylcysteine
or cysteinylglycine for the synthesis of GSH [35#]. a study on 13 subjects with
Amyotrophic Lateral Sclerosis, the safety and plawokinetic properties of
procysteine, a cysteine prodrug that increaseddeskintracellular glutathione was
found. Procysteine entered the CSF after both vatraus and oral dosing and
accumulated to significant levels in CSF [291]. Hoer, no increase of CSF GSH
concentrations were found at 4 h after i.v. infasad procysteine. Furthermore, esters
of GSH can increase cellular GSH in a variety séuie types [355] and are particularly
effective in restoring mitochondrial GSH [356]. BSH mimetic, such as the xanthate
D609 [357], protects primary neuronal culture agaiAB42-induced oxidative stress
and neurotoxicityn vitro [358] and against 42 in vivo [350]. D609 has the ability to
scavenge hydrogen peroxide and hydroxyl free ré&lida609 can bind to reactive
alkenals and detoxify their effect, thereby preiwrentthese alkenals from damaging
mitochondria [357, 359]. Although a disturbance ®@6H homeostasis has been
implicated in the pathogenesis of several neurauemgdive diseases it remains open to

debate whether, at least in some illnesses, tlgpismary defect or only a consequence
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of ROS generation; brain GSH can be increased ysafsing different treatment
strategies; and an increase of brain GSH will tesal clinical benefit and/or
neuroprotection in animal models or in human dieed860]. The modulation of free
radicals generated bypAmight represent an efficient therapeutic stratiegytreatment
of Alzheimer’s disease and other oxidative-stredated disorders. A large number of
natural antioxidants have been used; neverthelesmy clinical trials are still
unsuccessful because all the compounds testeddiiicealty in crossing the BBB and
do not readily enter the brain in the adult [348pnsidering that p42 is a potent
inducer of oxidative stress and that the deposiiothis peptide can induce the cascade
of pathological changes occurring in AD, many afi&srto test effective protection by
antioxidants are currently under investigation. ldger, many clinical trials are
unsuccessful due to a low brain-accessible capalofi the antioxidant compounds
tested. Based on these notions, searches for n@ntj@b antioxidant compounds could
be of relevance for future directions of AD treatnse

Role of dietary fatty acids in cognitive decline

Recent attention has been paid to the possibleofadetary fatty acids in age-related
cognitive impairment of degenerative diseases [36&a}ty acids can be categorized
briefly into saturated fatty acids (SFA) and unsatted fatty acids (UFA). SFA, such as
stearic acid, are present in products such as rdagy, products, cookies and pastries.
Monounsaturated fatty acids (MUFA) are most fredlyeconsumed in olive oil. The
principal series of polyunsaturated fatty acids FRJare n-6 (i.e. linoleic acid) and n-3
(i.,e. a-linolenic acid, docosahexaenoic acid, amcbsapentaenoic acid). In the
Mediterranean dietary pattern the main sources®fRUFA are vegetable oils, while
the principal sources of n-3 PUFA are fatty fishlifson, tuna, and mackerel). In fact,
olive oil contains 70-80% MUFA (oleic acid) and 894 PUFA (6—7% linoleic acid
and 1-2% a-linolenic acid). Several studies suggesitat an increase in SFA could
have negative effects on cognitive functions. Gsdther hand, a reduction in the risk
of cognitive impairment in population-based sampléh a high intake of MUFA and
PUFA has been found [361]. Higher SFA intake waasted with an increased risk
of impairment in memory function, psychomotor spest cognitive flexibility by 15—

19%. Whereas, an inverse relationship between Mlftéke selective attention and
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cognitive decline was found. Moreover, fatty fisldamarine n-3 PUFA consumption
were significantly associated with a decreased w$kglobal cognitive function
impairment and psychomotor speed by 19-28% [368hlly, recent studies increased
the evidence of a strict linkage between dementta fatty acid intake [363, 364]. A
high intake of saturated fat and trans-unsaturédednay be associated with a higher
risk of AD; while a high intake of n-6 PUFA and MBFnay be protective against AD
[363]. Furthermore, a higher intake of n-3 PUFA ameekly fish consumption may
reduce the risk of incident AD. The protective effef dietary UFA could be related to
their ability to maintain the structural integrigf neuronal membranes on which
neuronal transmission depends [365, 366]. Furtherymessential fatty acids can modify
the activity of certain membrane-bound enzymes gpholipase A2, protein kinese C),
as well as the function of membrane proteins amd dbannels [365]. Finally, an
increase in MUFA and a decrease in PUFA contergiged neuronal membranes has
been demonstrated, suggesting that during aginge tisean increasing demand for
MUFA [367]. In rats, dietary oleic acid deficientsads taa reduction of the oleic acid
concentration in many tissues, including the stiaérve, but not in the brain [368]. In
many organs, endogenous synthesis therefore, ddesompensate for the absence of
oleic acid in food [369]. This fatty acid is theved, not synthesized in sufficient
quantities, at least in rats and especially dupregnancy-lactation, implying a need for
dietary intake. It must be remembered that orgaisizaof the neurons is almost
complete several weeks before birth, and that theseons remain for the subject’s life
time. Consequently, any disturbance of these nsymalteration of their connections,
and impaired turnover of their constituents at atage of life, will tend to accelerate
aging [368]. Several studies confirmed that higiakes of n-6 PUFA, n-3 PUFA, and
MUFA appear to be protective against the risk of. Allgh MUFA intake may be a
marker for other dietary factors responsible foe tprotection against cognitive
disorders, i.e. the great amount of tocopherol godlyphenols, the antioxidant
compounds of olive oil, and the low intake of SHAevated UFA intake (MUFA and
PUFA), high levels of antioxidant compounds, andyview SFA intake could act
synergistically in improving cognitive performanck conclusion, epidemiological
studies on the association between diet and cognikecline suggested a possible role

of fatty acids intake in maintaining adequate ctigaifunctioning and possibly in

Amyloid Cytotoxicity and New Acyl-SG Thioesters



Chapter | — Introduction 66

preventing or delaying the onset of dementia, lwftdegenerative or vascular origin.
Appropriate dietary measures or supplementatiom sfiecific macronutrients might

open new ways for the prevention and managemestgsfitive decline and dementia.

-AIM OF THE STUDY-

Recent remarkable findings of protein aggregat®a aommon key feature in several
neurodegenerative diseases represent notable psogne understanding the basic
mechanism of the “amyloid hypothesis” of Alzheinserlisease (AD). A deeper
knowledge of the modifications underlying the diéfet cell vulnerability to death,
following exposure to toxic aggregates, appearsdatmmy to improve our information
on the chain of events eventually leading exposaid ¢o die. To better address this
iIssue, in the present research, the molecular bésisll damage induced by prefibrillar
forms of different aggregates after the interactisith plasma membrane was
investigated in depth. In particular, oxidativeess markers and either apoptotic or
necrotic pathway activation in human SH-SY5Y nelastoma cells and fibroblasts
from familial AD (FAD) patients in comparison to dithy cells were checked. In
addition, the role of membrane cholesterol as autaor of A3 peptide interaction
with cell membrane and the following neurotoxicityas investigated. Additionally,
considering the importance of developing new amtiaxt compounds and the relevance
of their application in the treatment of neurodegatve diseases, new S-
acylglutathione (acyl-SG) derivatives were synthedj and their protective effect on
cells experiencing amyloid aggregate oxidative linsas tested.

Peptides or proteins can adapt from their solubten$ into highly ordered fibrillar
aggregates, giving rise to pathological conditioasging from neurodegenerative
disorders to systemic amyloidoses. The N-terminamain of the prokaryotic
hydrogenase maturation factor (HypF-N) can quidldyconverted into stable oligomers
under conditions that promote its unfolding intatj@dly folded species. In this study,
we investigated in depth the cascade of eventsitirgg in cellular dysfunction and
death, triggered by two HypF-N oligomer speciest taee morphologically and
tinctorially similar, but possess distinct struetiuieatures, such as a different degree of
flexibility of the exposed hydrophobic surfaces.particular, the different interaction

with and internalization into the cell membranetioése aggregates, and the various
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downstream effects that these aggregates caus8sl«8iY5Y cells were studied. Our
results support the rising consensus on the rofgasima membranes as primary targets
of toxic protein oligomers (Results I). The compari between the biological properties
of these protein aggregates shed light into theeoubdr basis of aggregate toxicity in
protein deposition diseases.

A link between AD pathogenesis and loss of braiwlesterol is increasingly
recognized, suggesting that a fine modulation ef fvels of this membrane sterol
plays a crucial role in neuronal viability. Thenefothis study also investigated the
influence of membrane cholesterol modulation ohwadherability to amyloid toxicity,
by checking the extent of amyloid aggregate intgvacwith the cell membrane, the
oxidative stress and the cell death markers bothuiman SH-SY5Y neuroblastoma
cells and in fibroblasts from FAD patients compatedells from healthy subjects. In
particular, membrane cholesterol levels modulatuas achieved by cell culture media
supplementation with water soluble cholesterol (R#8Gl and Chol), to increase the
content of membrane cholesterol. On the other hamalesterol levels were reduced by
exposing the cells to theholesterol extracting drumethyl{-cyclodextrin 3-CD) or
mevastatin (Mev). Membrane cholesterol enrichmemgniicantly slows the
recruitment, and reduces the interaction, §#42 oligomers with the cell membranes,
thus preventing the cell damage associated to adhiylduced imbalance of cytosolic
Cd" and oxidative stress in our cell models (Resu)tsQur data suggest a key role of
cholesterol in modulating 42 oligomer accumulation at the cell surfaces anthe
following AB42-induced cell death in AD neurons. In conclusibese results support
the idea that neuronal resistance t txicity requires the maintenance of a proper
steady-state level of membrane cholesterol.

It has recently been reported thap Rinding and aggregation to the cell surfaces
occurs in lipid raft, cholesterol- and sphingolgidch ordered membrane
microdomains, where it is mediated by clusterdhefdanglioside GM1. To shed further
light on the ability of lipid rafts to recruit hderived diffusible ligands (ADDLs) and
on the resulting structural modifications induceddggregate binding, we carried out a
study on SH-SY5Y cells overexpressing the wildestygmyloid precursor protein
(APPwt) and a FAD mutated form of amyloid precurpootein (APPV717G) and on
fibroblasts bearing the APPV7171 gene mutation. fMend that, in our model cells,
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lipid rafts are chronic targets ofpAnduced lipid peroxidation and physicochemical
perturbation on the cell surface, leading to disaup of selective permeability of
plasma membrane (Results Ill). Accordingly, membrépid peroxidation positively
correlates with the perturbing effects off42 oligomers on detergent resistant
microdomains (DRMs). Moreover, amyloid recruitmest the oxidative-damaged
domains was prevented by enhanced cholesterolsleaati-GM1 antibodies and the
binding of B subunit of cholera toxin to GM1. Thlata identifies lipid rafts as primary
target of oxidative injury and membrane degenematis a result of their ability to
recruit amyloid aggregates to the cell surfaces.

Recent data support the role of oxidative stresshan pathogenesis of AD. In
particular, glutathione (GSH) metabolism is alteatd its levels are decreased in
affected brain regions and peripheral cells from gdlients and in experimental models
of AD. Therefore, therapeutic strategies basethtvacellular increase in GSH levels by
dietary or pharmacological intake of GSH precursorsubstrates for GSH synthesis to
protect the brain against oxidative stress haven bdeveloped. Because much
experimental evidence suggests a possible proteobie of unsaturated fatty acids in
age-related diseases and considering the importahaeveloping new antioxidant
compounds for the treatment of neurodegeneratiseades, we designed the synthesis
of new S-acylglutathione (acyl-SG) thioesters wighotective effects on cells
experiencing amyloid aggregate oxidative insulte§dacyl-SG derivatives were easily
internalized into the cells and they significanygluced A42-induced oxidative attack
in SH-SY5Y cells and primary fibroblasts from FADatgnts (Results V). In
particular, acyl-SG coniugates can prevent the impnt of intracellular scavengers of
reactive oxygen species (ROS), intracellular RO&ialation, lipid peroxidation, and
apoptotic pathway activation. Indeed, the observedease in antioxidant and
neuroprotective effects with the presence of theébbond and the lengthening of the
chain suggests that, the partial lipophilic natofesuch compounds might account for
their intracellular uptake of these compounds. &foe, our results present these acyl-
SG thioesters as new antioxidants with neuroprvectffects against Brinduced
oxidative injury and put forward these derivativass new compounds which could be
excellent candidates for therapeutic treatment Bf alad other oxidative stress-related

diseases.
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CHAPTER Il - MATERIALS & METHODS

-MATERIALS

Chemicals

All reagents were of analytical grade or the higlpesity available. Tissue plastic-ware
was obtained from PBI international (Milan, Italyjcetonitrile, methylB-cyclodextrin
(B-CD), Bradford reagent andN,O-bis(trimethylsilyl)-trifluoroacetamide (BSTFA),
cholesterol, cholesterol oxidase, water-solubleledierol balanced with methgl
cyclodextrin (Chol), Congo Red (CR), N-[N-(3,5-difirophenacetyl)-lI-alanyl]-S-
phenylglycine t-buthyl ester (DAPT), dimethylsulidg (DMSO), 1,6-diphenyl-1,3,5-
hexatriene (DPH), ethylenediaminetetraacetic aEidTA), fetal bovine serum (FBS),
filipin 1ll, geneticin (G418), glutathione (GSH),ekafluoro-2-isopropanol (HFIP),
lauroyl-CoA, media for cell cultures, mevastatingWl, palmitoleoyl-CoA, phosphate
buffer saline (PBS), polyoxyethyl-cholesteryl seltac (PEG-cholesterol),
phospholipase C, propidium iodide (PI), pluroniédaE-127, Vitamin E (Vit E) and
other chemicals were from Sigma (Milan, Italy). br&€o-1-phenyl-2-decanoylamino-3-
morpholino-1-propanol (PDMP) (Matreya, LLC, PA, UBA

Fluor escent probes

Alexa Fluor 647-conjugated cholera toxin subun@® X-B), 4,4-difluoro-3a,4adiaza-
s-indacene (BODIPY 581/591 1}, calcein-acetoxymethyl (Calcein-AM), 2',7'-
dichlorodihydrofluorescein  diacetate, acetyl estdlCM-H,;,DCFDA), fluo3-
acetoxymethyl ester (Fluo3-AM) and wheat germ a@ghrconjugated with
fluorescein or with Alexa Fluor 633 were purcha$ean Molecular Probes (Eugene,
OR, USA). All the fluorescent probes were prepaasdstock solutions in DMSO,
purged with nitrogen and stored in light-protectedsels at —20 °C until use.

Antibodies

Mouse monoclonal antiffantibodies 6E10 were purchased from (Signet, Digy).
Fluorescein-conjugated and Texas Red-conjugatedmemise secondary antibodies
were from Vector Laboratories (DBA, Italy). Rabplyclonal A11 anti-A oligomer
antibodies and Alexa Fluor 488-conjugated anti-tiabbtibodies were from Invitrogen
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(Milan, ltaly). Rabbit anti-HypF-N polyclonal antidies were provided from Primm
S.r.l. (Milan, Italy). Mouse anti-flotillin-1 mondonal antibodies were from BD
Biosciences (San Diego, CA). Goat polyclonal scEl&htibodies againgt-actin and

peroxidase-conjugated anti-goat antibodies wereaiobtl from Santa Cruz
Biotechnology Inc. (CA, USA). Peroxidase-conjugatadti-mouse and anti-rabbit
antibodies were purchased from Pierce (Rockforg,UBSA). Rabbit polyclonal anti-

GM1 antibodies were from Calbiochem EMD Chemicats ([Darmstadt, Germany).

Synthesis and purification of acyl-SG thioesters

Acyl-SG thioesters, consisting of the tripeptideHGI8ked by its sulfhydryl group to
the carboxylic group of the SFA lauric acid (C12ah)d the MUFA palmitoleic acid
(C16:1), were obtained by incubating 25 mM redu&@8H with 5 mM acyl-CoA
thioesters of lauric acid or palmitoleic acid, b M sodium phosphate buffer, pH 7.5,
at 37°C as previously described [370]. To determine time-dependent acyl-SG
thioester formation, aliquots of the reaction migtl were withdrawn at various
incubation times (0, 1, 2, 3, and 24 h) and ingatato a reversephase high-pressure
liquid chromatography (HPLC) Shimadzu system egedbwith an LC-10AD pump
and an SPD-10A UV-Vis detector using a Vidac Cl8mom (5um, 4.6 mm x 25 cm).
The kinetic of conjugate synthesis was monitoredJdy detection of HPLC peaks at
228 nm at various time points. Lauroyl-SG and ptailaoyl-SG derivatives were
purified from the water phase with solvent A (0.1BAT v/v, in water). A gradient
elution of 20-60% B (0.1% TFA, v/v, in acetonitjilen 60 min for lauroyl-SG
derivative and of 20-70% B in 70 min for palmitoje&G derivative was performed at
a flow rate of 0.7 ml/min. Fractions containing B8¢> derivatives were collected,
frozen, lyophilized to dryness, and stored at —80AGI use. The identity and the purity
of acyl-SG derivatives dissolved in water/acetdaeitf50/50) in the presence of formic
acid were analyzed by matrix-assisted laser desovminization time-of-flight
(MALDI/TOF) on a OmniFlex-NT (Bruker Daltronics) strument. Acyl-SG thioester
synthesis yield was indirectly determined by a dqi@iive analysis of the respective
reduced GSH released after acidic hydrolysis imB0 HCI at 80°C for 48 h, according
to the Ellman test for the detection of free thiafth minor modifications [371, 372].
Briefly, the samples were dissolved in 15%'®lihio-bis(2-nitrobenzoic acid) (DTNB)
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stock solution (50 mM sodium acetate, 2 mM DTNBHAO), 20% Tris buffer (1M
Tris, pH 8.0), 50% bD,, and 15% 50 mM HCI solution and incubated 5 mig#tC.
Upon oxidation, the colorless DTNB conversion ttox@ TNB, in the presence of thiol
compounds, was optically measured at 412 nm untéached a plateau at 5-20 min.
The results were calculated using a calibrationewith GSH as an internal standard.

Peptides and aggregation protocols

HypF-N protein, expressed and purified as previpusported [91], was converted into
stable oligomers by incubation to 481 for 4 h or for 3 and 9 days at 25 °C in two
different experimental conditions: 50 mM acetatdfdn 12% (v/v) trifluoroethanol
(TFE), 2 mM dithiothreitol (DTT), pH 5.5 (conditioA) and 20 mM trifluoroacetic acid
(TFA), 330 mM NacCl, pH 1.7 (condition B). Both typ®f HypF-N oligomers were
centrifuged at 16100 g, dried undeg té remove the TFE and TFA when necessary,
dissolved in the appropriate culture media at 48 g¢dvicentration and immediately
added to cultured cells at differing final concatibns. Native HypF-N was tested by
diluting the protein stock solution in the samd oe¢dia. Tapping-mode atomic force
microscopy revealed the presence of spherical beadggregates with heights in the
range of 2-6 nm and 2-7 nm under conditions A andeBpectively [91]. 42 and
ApB42-1 reverse peptides were purchased from SigmdaiiMitaly), A342 amine-
reactive succinimidyl esters of carboxyfluorescéip42-FAM) was from AnaSpec
(San Jose, CA) [373]. Lyophilized p42, AB42-FAM and A42-1 were initially
incubated in 1 mM in hexafluoro-2-propanol (HFIR)east for 1 h at room temperature
to allow complete peptide monomerization. Thenguais of peptide solutions were
dried under nitrogen and stored at <80 Prefibrillar aggregates of theBA2 peptide
were obtained according to Lambert’s protocol [3Biiefly, aliquots of A42 were
dissolved in DMSO to a final concentration of 5.0Mmincubated in ice-cold F12
medium to a concentration of 100 uM at 4°C for Zahhd then centrifuged at 14,000 x g
for 10 min to remove insoluble structures. The so@nt, defined as the amyldid
derived diffusible ligand (ADDL) preparation, costad of a fibril-free solution of
globular assemblies, as routinely assessed by atdimice microscopy [243].
Fluorescein-labeled fd2-FAM aggregates were prepared as described alkacept
that the aggregation mixture contained a combinatib AB42-FAM peptide with 2
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molar equivalents of unlabeledpA2 peptide (at a 1l:2atio) to minimize possible
interference of the fluorophore with the aggregatiavhile retaining sufficient
fluorescence signal [373]. For fibrillar conditigrilOmM HCI was added to bring the
peptide to a final concentration of 100 uM, andpkgtide was incubated for 24 h at 37
°C [375]. Lyophilized amylin 1-37 (Sigma, Milan, Iga was stored as powder at —20
°C until reconstitution in HFIP at a concentratainl.25 mM. The reconstituted peptide

was stored as 10 pl aliquots at -80 °C until used.

-CELL CULTURES-

Human SH-SY5Y neuroblastoma cells (A.T.C.C., Maaas¥A, USA) were cultured
in DMEM/F-12 Ham with 25 mM N-2-hydroxyethylpiperiae-N-2-ethanesulfonic acid
(HEPES) and NaHC£(1:1) supplemented with 10% FBS, 1.0% glutaminé &19%
antibiotics. The cell culture was maintained in.@ CQ humidified atmosphere at 37
°C and grown until 80% confluence for a maximun0fpassages. The SY5Y clones
over-expressing wild-type APP gene (APPwt) and HAB-mutant valine 717 to
glycine APP gene (APPV717G) were prepared by teantisfig 80% confluent cells with
1 pg/well of the pcDNA-APPwt or with pcDNA-APPV717@onstructs using
LipofectamineTM 2000 reagent (Invitrogen, Milanalit). A SY5Y clone transfected
with an empty pcDNA vector (SY5Y) was used as aartells. Then, G418 was added
at a concentration of 800 pug/ml and drug resistatis were collected after 2—3 weeks
for single cell cloning, in which cells were seeded®6-well plates. After 4—6 weeks,
surviving clones reached confluence and were exgahfml banking. Stable transfected
cells expressing the APP constructs or an emptyNgcector were maintained in 300
png/ml G418. Fibroblasts were obtained from threteepgs belonging to Italian families
bearing the APP Val717Ille mutation (mean £ SD a@d83 + 7.1 years) and from three
patients belonging to other Italian families begrine PS-1 Leu392Val and Metl146Leu
mutations (mean £ SD age = 56.7 + 8.6 years), otisjedy. They underwent clinical
assessment according to published guidelines aadAfb diagnosis fulfilled the
Diagnostic and Statistical Manual of Mental Disasderiteria (DSM-1V) [376, 377].
Primary fibroblasts were also obtained from thrge-matched healthy subjects (mean
+ SD age = 49.7 + 8.3 years), carrying neither APPS-1 mutations nor diagnosis of
neurological disorders. The local ethical comreitégproved the protocol and written
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consent was obtained from all subjects or, whem@agiate, their caregivers. Skin
biopsies of 3 mm punch were obtained from the veide of the upper arm of FAD
patients and healthy controls. The cells were grawbulbecco’s Modified Eagle’s
Medium (DMEM), supplemented with 10% FBS, 1% L-GInd 1% antibiotics and
harvested in T-25 flasks until confluence, 7 dafgsrgorevious subculture [205]. All
nine fibroblast lines were subjected to an equahlmer of passages (ranging from 10 to

18) and analyzed in three different experimentsteetonfluence.

-METHODS-

Western blotting analysis

AB42 soluble oligomers

Western blotting analysis of p42 soluble oligomers was performed on a Criteridn X
Precast gel 4-12% Bis—Tris SDS/PAGE (Bio-Rad, Milthy), blotted onto a PVDF
Immobilio-P Transfer Membrane (Millipore Corporatio Bedford, MA). The
membrane was blocked in 1.0% (w/v) BSA in TBS-Twé¢erni% Tween 20 in 20mM
Tris—HCI, pH 7.5, containing 100mM NaCl) and inctdzhwith 1:1000 diluted mouse
monoclonal 6E10 anti-A antibodies and then with 1:5000 diluted peroxidase
conjugated anti-mouse antibodies. The immunolabbkeids were detected using a
Super Signal West Dura (Pierce, Rockford, IL, USA).

APP expression

Immunoblot analysis of APP expression in cell lgsaand APP distribution in sucrose
gradient fractions were carried out on a 12% (WBIDS/PAGE, blotted onto a PVDF
Immobilio-P Transfer Membrane and incubated withODO diluted mouse monoclonal
6E10 antibodies or with 1:5000 diluted goat polypebsc-1615 antibodies agairfst
actin and with 1:5000 diluted peroxidase-conjugadedi-mouse antibodies or with
1:5000 diluted peroxidase-conjugated anti-goat bawdlies, respectively. The
immunolabelled bands were detected using a SugeaBWest Dura.
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Detection of AB peptides

Human A342 peptides were quantified both in the cell extrand in the media of SH-
SY5Y, APPwt and APPV717G clones (neuroblastomayaling a commercial ELISA
kit (Invitrogen, Milan, Italy).

Inhibition of enzymes

In a series of experiments, inhibitionwekecretase activity of neuroblastoma cells was
achieved by cell treatment with 100 nM DAPT in fresulture medium for 24 h [378].
In another set of experiments, inhibition of gludosramide synthase was realized by
treatment with 25 uM PDMP in fresh culture mediwon48 h [379].

Cholesterol content modulation

The increase in the content of membrane cholestegsisl achieved in FAD fibroblasts
by supplementing cell culture media with 0.5 mM Ré&tlesterol for 2 h at 37 °C,
whereas human SH-SY5Y cells were exposed to 0.1RE@G-cholesterol for 1 h at 37
°C, before peptide aggregate treatments. The isereamembrane cholesterol content
was also achieved by supplementing SH-SY5Y cell BAD fibroblasts culture media
with 200 pg/ml soluble cholesterol (Chol) for 3 h3 °C. Membrane cholesterol
depletion was obtained by incubating SH-SY5Y caltsl FAD fibroblasts with 1 mM
B-CD for 30 min and 2 h, respectively, at 37 °Che presence of 1 % FBS. Membrane
cholesterol depletion was also performed by indngate cells with 10 M mevastatin
(Mev) for 48 h at 37 °C in the presence of 1% FB8lls were then extensively washed

with PBS and exposed to peptide oligomers.

Separation processes

Cell lysis

Total cell lysates were obtained from cells by ¢hirweze—thaw cycles followed by 5 s
ultrasonication in ice in 20 mM Tris—HCI buffer, @40, containing 1.0% Triton X100,
137 mM NaCl.10% glycerol, 6.0 M urea, 0.1 mM PMSF, d§/ml leupeptin, 1Qug/ml
aprotinin and by centrifugation at 14,000xg for rhin at 4 °C. Protein content was
measured in cytosolic and nuclear fractions acogrdo the colorimetric method of
Bradford [380]. Briefly, the method involves thending of Coomassie Brilliant Blue to
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protein and it is based on the observation thatn@ssie Brilliant Blue exists in two
different color forms, red and blue. The red fosnconverted to the blue form upon
binding of the dye to protein. This binding cauaeshift in the absorption maximum of
the dye from 365 to 595 nm, and it is the increasabsorption at 595 nm which is
monitored [380].

Membrane purification

The cells were homogenized in PBS containing 9.0%cse with three freeze-thaw
cycles, 5 s sonication in ice and centrifugatiory@® x g for 10 min at 4.0 °C [266].
The membrane fractions were pelleted by a furthgrgesiatant centrifugation at
110,000 x g for 1 h at 4.0 °C. Protein content wassured by the method of Bradford
[380].

Purification of DRMs

The cells were washed twice with ice-cold PBS,aged, and collected by
centrifugation at 1000 x g. To purify detergentistst membrane fractions (DRMSs),
the cells were dispersed in a 10 mM Tris-HCI byffad 7.5, containing 150 mM NacCl,
5.0 mM EDTA, 1.0 mM Ng/O,, 1.0% Triton X-100 (TNE), protease inhibitors (10
png/ml leupeptin and 10 pg/ml aprotinin) and inceblain ice for 20 min [381]. The
cells were disrupted in a Dounce homogenizer (Bikes) and centrifuged at 1500gx
for 5 min at 4.0 °C to obtain the post-nuclear timat The post-nuclear lysate was
adjusted to 40% (w/v) sucrose by 1:1 addition d¥8ucrose prepared in TNE buffer,
placed at the bottom of an ultracentrifuge tube avetlaid with two layers of 30% and
5.0% sucrose in TNE buffer. The sucrose gradierst weatrifuged at 170,000g«for 22

h at 4.0 °C using a Beckman SW50 rotor. Fractioeasewhen collected from the top of
the gradient as follow: 0.5 ml for fraction 1, 0.88 for fractions 2 to 11, 1 ml for
fractions 12 and 13, while the pellet was dissolire@.08 ml of TNE buffer (fraction
14) [243]. A representative amount of each fractiwas subjected to immunoblot
analysis of flotillin-1 marker on a 12% (w/v) SD®3BE, blotted onto a PVDF
Immobilio-P Transfer Membrane, incubated with 1:50ted mouse monoclonal anti-
flotillin-1 antibodies (BD Biosciences, San Dieg@A) and 1:5000 anti-mouse
antibodies. The flotillin-1-rich fractions were gded as DRMs and extensively dialyzed

against TNE buffer to remove sucrose. The amouspbingomyelin in lipid rafts was
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assayed using a photometric method with the Sphuygbn Assay Kit (Cayman
Chemical, Ann Arbor, MI, USA). Briefly, sample spigiomyelin was hydrolyzed by
sphingomyelinase to phosphorylcholine and cerarfad®0 min at 37 °C. The choline
resulting from the subsequent incubation of phosgbboline with alkaline
phosphatase was oxidized by choline oxidase witldysstion of HO,. The latter was
reacted in the presence of peroxidase with N-dix{2-hydroxy-3-sulfopropyl)-3,5-
dimethoxyaniline (DAOS) and 4-aminoantipyrine, dielg a blue color product with an
optimal absorption at 595 nm [382]. Sphingomyel@svquantified by comparison with

a reference curve built by assaying known amouingploingomyelin (25-800 ng).

Cholesterol content measur ements

Microscope analysis

A labeling of membrane cholesterol was achievedguithe fluorescent probe filipin 111,
The cells seeded on glass coverslips were fixetlQfo buffered paraformaldehyde for
20 min at 0 °C and then were incubated with 0.23nmhgholesterol binding agent
(filipin 111) in PBS for 24 h at 37 °C. After washg, the cells were fixed again in 4.0%
buffered paraformaldehyde for 20 min at O °C. Gklbrescence was analyzed by
inverted epifluorescence microscopy (Nikon, DiaphbtD-EF) with a Ph 2-20DL 40 x
oil immersion objective and using an UV filter fblipin excitation. To quantify the
fluorescence intensity of filipin Ill, a variableumber of cells ranging from 10 to 22
were analyzed in each experiment. Fluorescencealsigare expressed as fractional
changes above the resting baselikie/F, whereF is the average baseline fluorescence
in control cells (assumed as 100%) atdrepresents the fluorescence changes over the
baseline in cells exposed to cholesterol modulation

Enzymatic assay

The amount of cholesterol in membrane fractions andurified lipid rafts was
assessed using the sensitive fluorimetric Amplea RRolesterol Assay Kit (Molecular
Probes, Eugene, OR, USA). Sample cholesterol wakzex by 1.0 U/ml cholesterol
oxidase for 30 min at 37 °C to yield,® and the corresponding ketone product. In the
presence of 1.0 U/ml horseradish peroxidase (HRED, reacted with 15QM 10-

acetyl-3,7-dihydroxyphenoxazine (Amplex Red reapevith a 1:1 stoichiometry to
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generate the highly fluorescent resorufin [383].tAé¢ end of the incubation, sample
fluorescence was measured at 544 nm excitatioraa®®0 nm emission. Cholesterol
content was determined by comparison with a reteremrve built by assaying various
cholesterol amounts (0.01-1.0 pg) [384].

Dot blot analysis

To detect ganglioside GM1 in the membrane fractimis SY5Y, APPwt and
APPV717G cells, 2 ugf protein from each fraction was spotted onto PVDF
Immobilio-P Transfer Membranes, incubated with D:8filuted rabbit polyclonal anti-
GM1 antibodies and with 1:5000 diluted peroxidasepggated anti-rabbit antibodies.

The immunolabelled bands were detected using arSigeal West Dura.

Thioester cell treatment

Lyophilized lauroyl-SG or palmitoleoyl-SG were dibged in 0.1% DMSO, diluted in
cultures and then added to cell culture media abwa final concentrations and for
various incubation times. Then, SH-SY5Y cells aibdoblasts were exposed to bl

AP42 aggregates obtained as above described.

Deter mination of intracellular GSH uptake

In order to verify cellular incorporation of acylS3hioesters and intracellular release of
free GSH after thioester hydrolysis by cellularogsterases. GSH uptake was stopped
by washing the cell plates twice with ice-cold PBSlowed by addition of HCI®5%.
Then, the cells were collected by scraping and Wesed by twice sonication for 5 s
after the addition of 1.0 mM-glutamylglutamate (internal standard). The homagen
was centrifuged at 12,000 x g for 5 min. The sugtmmt was neutralized with 2 M
K>CQO;, centrifuged again, and used to assay GSH comgrittPLC as previously
described [209]. The supernatants were derivatizigld 5% fluorodinitrobenzene and
then analyzed by liquid chromatography on a Bioh&il, 9015 S Bio-Rad column. The
2,4-dinitrophenyl derivatives were detected at 3%%. GSH was quantified by
chromatogram integration using the internal stacthd@he precipitate was solubilized in
0.5 M NaOH and used for protein determination bgdord's method [380].
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Cell exposureto peptide aggregates

Aliquots of solutions containing native or aggreghtHypF-N in prefibrillar forms
(condition A and B) were centrifuged, dried undertdlremove the TFE or TFA when
necessary, dissolved in the appropriate cell mediad8 pM concentration and
immediately added to SH-SY5Y cultured cells atatifig final concentrations. The
cells were incubated in the presence of the agtgedar differing lengths of time.
Previous AFM data confirmed that, under conditignsand B, HypF-N prefibrillar
aggregates are mainly present as spherical beaa@dgregates [91].

SH-SY5Y cells, APPwt and APPV717G clones, or FAM anld-type fibroblasts were
exposed to 1 uM P42 and AB42-FAM prefibrillar aggregates obtaineatcording to
Lambert’s protocol as above reported [374]. In s@xperiments, the oligomers were
added to cell culture media to appropriate finalaamtrations for differing lengths of
time. Neither disassembly nor microscopic diffeesian the aggregate structure were
observed following dilution in the cell culture madAggregate concentration was
calculated as monomeric peptide concentration.omesexperiments cells were also
exposed to P42-1 reversed sequence peptide, as negative comrotessed as
reported for 842 peptides. For cell culture treatments with amyéliquots of 1.25
mM stock solution were dried under b remove HFIP and immediately dissolved in
the cell culture media at a final concentratiod fM.

Analysis of aggregateinteraction with thecells

Congo Red staining

The quantitation of aggregate adsorption to théasarof our different cell models -
with basal or increased/diminished membrane charelst was performed using the
specific Congo Red dye as previously described][ZBlée same number of cells was
treated for differing times with 1.0 uMpA2 prefibrillar aggregates in a 96-well plate
and washed twice with PBS. The residual aggregateeomplex was stained with 100
ul of 1:1 Congo Red to aggregate concentrationBS For 20 min. The Congo Red
content was measured photometrically at 490 nne @engo Red) and 550 nm (bound
Congo Red) by an ELISA plate reader. Under theseliions, the optical density at

550 nm of aggregate-Congo Red complex is a measutiee amount of prefibrillar
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aggregates adsorbed to the cell membrane [385]g&CBed values are reported as %

increases with respect to corresponding untreathsl @ssumed as 100%).

Flow cytometric analysis

The aggregate adsorption to the cell surface ofaidastoma cells and fibroblasts was
quantified using flow cytometric analysis. Brieflgells were incubated in culture
medium containing 3.0 UM [M2-FAM aggregates, containing a mixture ¢4®-FAM
and AB342 peptide at 1:2atio, for differing times and then analyzed by a FACBGa

(Beckton Dickinson Bioscences, San Jose, CA, USA).

Confocal microscope analysis

The interaction of different HypF-N andBA2 aggregates with plasma membranes was
monitored in SH-SY5Y cells, APP overexpressing eknFAD and wild-type
fibroblasts by confocal scanning microscopy, aviptesly described [91]. Briefly, cells
were incubated for 60 min with HypF-N aggregatesiied under conditions A or B, at
differing final protein concentrations or for difést periods at 121M final protein
concentrations. Neuroblastoma cells were then eosiatined for 10 min with 540g/ml
Alexa Fluor 633-conjugated wheat germ agglutinind afixed in 2% buffered
paraformaldehyde for 10 min at room temperatureterAfplasma membrane
permeabilization with a 3% glycerol solution fomsn, the coverslips were incubated
for 60 min with 1:1000 diluted rabbit polyclonaltaklypF-N antibodies and then for
90 min with 1:1000 diluted Alexa Fluor 488-conjugghtanti-rabbit antibodies. In
another set of experiments, SH-SY5Y cells - pratgé or not with DAPT or PDMP -
and fibroblasts were exposed to 1.0 uM ADDLs fdfeding length of times. Then, the
cells were counterstained with 5.0 pg/ml fluoresaeminjugated wheat germ agglutinin
for 10 min to detect plasma membrane profiles amndcedf in 2% buffered
paraformaldehyde for 10 min at room temperatureterAfplasma membrane
permeabilization with a 3% glycerol solution, treverslips were incubated for 60 min
with 1:1000 diluted mouse monoclonal 6E10 arfi-Antibodies. The immunoreaction
was revealed by incubation for 90 min with 1:1000tdd Texas Red-conjugated anti-
mouse antibodies. Negative controls were obtairyeslibstituting the blocking solution
for the primary antibody. Aggregate adsorptionhe tells was also analyzed by cell

treatment with 3.0 uM B42-FAM oligomers, counterstaining the plasma memésa
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with Alexa Fluor 633-conjugated wheat germ aggiatiand fixing in 2% buffered
paraformaldehyde, without plasma membrane permeatiin or using antibodies. In
another set of experiments, the cells were incabiie60 min with 1:300 diluted rabbit
polyclonal A1l anti-oligomer antibodies and revealgy incubation for 90 min with
1:1000 diluted Alexa Fluor 488-conjugated anti-rialaintibodies. The colocalization of
APB42 aggregates with the monosialotetrahexosylgasigko (GM1), marker of lipid
rafts, was monitored in neuroblastoma cells seeamedlass coverslips using mouse
monoclonal 6E10 anti-B antibodies and with 1:1000 diluted fluoresceinjogated
anti-mouse antibodies and 4.5 pg/ml Alexa Fluor-édiifjugated cholera toxin subunit
B. The cell fluorescence was analyzed by a confdeita TCS SP5 scanning
microscope (Mannheim, Germany) equipped with anorardaser source for
fluorescence measurements using excitation lind8&tmnm, 568 nm, 633 nm, and 647
nm for fluorescein and Alexa Fluor 488-conjugatedi-eabbit secondary antibodies,
Texas Red, Alexa Fluor 633-conjugated wheat gergluéigin and Alexa Fluor 647-
conjugated CTX-B, respectively. A series of optisattions (1024 x 1024 pixels) 1.0
pum in thickness was taken through the cell depthefch examined sample using a
Leica Plan Apo 63 x oil immersion objective andjpoted as a single composite image
by superimposition. GM1 colocalization withBA2 aggregates on the cell membrane
was estimated on areas of interest (12—-13 cellapguke ImageJ (NIH, Bethesda, MD,
USA) and JACOP plugin (rsb.info.nih.gov) softwaj886].

Analysis of membrane per meability

In order to assess whethep4? or HypF-N aggregates disrupt cell membrane tigeg
neuroblastoma cells and fibroblasts were pre-tdefdae 20 min at 37°C with 2.aM
calcein-AM, dissolved in DMSO and resuspended ith @dture medium [266]. The
decay in fluorescence was analyzed by confocal astopy at 488 nm excitation
wavelength after cell exposure to 1uM AB42 aggregates or to 12M HypF-N
aggregates at 37°C for differing length of times.

In another set of experiments, the cells were eaghds calcein-AM and then incubated
for 20 min in the absence or in the presence ofugnl Alexa Fluor 647-conjugated
CTX-B or 1:100 diluted rabbit polyclonal anti-GMht#odies, before treatment with
1.0uM AB42 aggregates for 60 min.
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Analysis of cytosolic Ca?* dyshomeostasis

The effect of 842 or HypF-N aggregates on cytosolic freé'Gavels was analyzed in
SH-SY5Y cells, cholesterol-enriched, cholestergidieed and basal fibroblasts, plated
on glass coverslips and loaded with Fluo3-AM, &*Gpecific fluorescent probe. The
cells were first exposed to 1. Ap42 aggregates or tolM HypF-N aggregates for
differing length of times at 37°C. Cytosolic € devels were also examined in SH-
SY5Y cells exposed to HypF-N aggregates ii'@eee medium, including 5 mM Mg
and 10 mM EGTA, according to Demuro [160] or inleg@re-treated for 24 h with 100
uM vitamin E prior to aggregate exposure in“Geontaining medium. The cells were
then loaded for 30 min at 37°C with 1M Fluo3-AM, 0.01% (w/v) pluronic acid F-
127 in Hank’s Balanced Salt Solution (HBSS) andseghently fixed in 2.0% buffered
paraformaldehyde for 10 min at room temperatureofélscence was detected at 488-
nm excitation by collecting the emitted fluoresaemadth the confocal scanning system
described above.

Evaluation of ROS production

Confocal microscope analysis

Intracellular ROS production was detected by usdMrH,,DCFDA, a ROS-sensitive
fluorescent dye. CM-KHDCFDA esterified derivative is loaded more effeely within
the cytoplasm of the cells because it is more petimeant before ester groups are
hydrolyzed by the cellular esterases. Only a nédgégeakage of the probe occurred,
since chloromethyl-DCF is negatively charged atgptiggical intracellular pH. SH-
SY5Y cells, cholesterol-enriched, cholesterol-degaleand basal fibroblasts were first
cultured on glass coverslips and exposed fd2Aor HypF-N aggregates for different
times at 37°C. Cells were also exposed to aggregate C&'-free medium or pre-
treated for 24 hours with 100M vitamin E prior to aggregate exposure in’Ca
containing medium. The cells were then incubateth ve uM CM-H,,DCFDA,
dissolved in 0.1% DMSO and Pluronic acid F-127 1@0w/v), in the final 10 min of
aggregate exposure. The cells were then fixed(foZouffered paraformaldehyde for
10 min at room temperature and the emitted C)DIEFDA fluorescence was detected

at 488-nm excitation by a Leica Plan Apo 63 x mimersion objective.
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Soectrofluorimetric analysis

Intracellular ROS levels were detected in SH-SY%flsccultured in 6-well plates,
exposed to 1.uM acyl-SG thioesters for 3 h and then treated V&t uM Ap42
aggregates or 250M H,0, for differing length of times. Then, the cells wdoaded
with 5 uM CM-H,DCFDA for 20 min, washed twice with PBS and lysedhwRIPA
buffer (50mM Tris—HCI, 150 mM NacCl, 1.0% Triton X3Q, 100 mM NaF, 2.0 mM
EGTA, 1.0 mM vanadate, pH 7.5) containing 0.1 mM$H 10ug/ml leupeptin, and
10 pg/ml aprotinin. CM-HDCFDA fluorescence was measured using a Perkin4Elme
LS 55 spectrofluorimeter at 485 nm excitation a8 Bm emission wavelengths. The
fluorescence of the oxidized probe was also readctly on intact cells using a

fluorescence multiwell plate reader. Untreatedscetre used for background readings.

Cdllular redox status

Total antioxidant capacity (TAC) assay
The total antioxidant capacity (TAC), accounting fn-enzymatic hydrophilic ROS

scavengers, was assayed in cytosolic fractions 6fS85Y cell lysates by a
competition-based chemiluminescence assay usinghb&oprotein Pholasin (ABEL
Antioxidant Test Kit, Knight Scientific Ltd., UK) s previously reported [205]. In
particular, this test assesses the capacity ofrglgato scavenge superoxide and other
free radicals. If the sample has already been @xpts superoxide and/or other free
radicals then its complement of antioxidants wal Yery much reduced, leaving the
sample with a diminished capacity to deal with fradicals that are generated in the
assay. In a series of experiments, the time coofrsetracellular scavengers after cell
exposure to 1.QM acyl-SG thioesters for differing times was evadgh Moreover, the
time course of cellular antioxidant defense waduatad after cell incubation with 1.0
uM acyl-SG thioesters for 180 min and then with p\Nd Ap42 aggregates or 25M
H.O, for different length of times. In another set ofperiments, intracellular
hydrophilic ROS scavengers were measured in calatgs of FAD and healthy
fibroblasts exposed to 1,0M AB42 aggregates for 3 h. The results were calculated

from a standard curve based on the soluble antoxid-ascorbic acid. 10AM Vit E
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cell exposure for 24 h at 37 °C, before cholestemsitent modulation and aggregate

treatments of FAD fibroblasts, was used as negatwrol for oxidative stress.

Analysis of lipid peroxidation

Measurement of lipid peroxidation products

To assess the rate of lipid peroxidation aft@d2 or HypF-N cell treatment, the levels
of 8-OH isoprostane were measured photometricatlythe neuroblastoma and
fibroblasts cell lysates and in the neuroblastoafafractions at 405 nm using the 8-
isoprostane EIA kit (Cayman Chemical Company, Anibok, MI). In addition, to
confirm the protective effect of acyl-SG thioestess lipid peroxidation in our
experimental models, isoprostane levels were medsarthe cytosolic fraction of cells
incubated or not with 1.0M acyl-SG thioesters and then with 58l AB42 aggregates.
Alternatively, the levels of typical end productistile process such as malonaldehyde
(MDA) and hydroxyalkenals (4-HNE) were determinedthe raft fractions of SH-
SY5Y using a colorimetric method at 586 nm, acawydio the reaction of the
chromogen N-methyl-2-phenylindole with MDA and 4-BNin the presence of
methanesulfonic acid at 45 °C [387].

Confocal microscope analysis

Lipid peroxidation after cell exposure top#2 or HypF-N aggregates was also
investigated in neuroblastoma cells and fibrobldstsconfocal scanning microscope
analysis, using the fluorescent probe BODIPY 581/%%;, which is intrinsically
lipophilic thus mimicking the properties of natufgids [388]. In particular, BODIPY
581/591 G; can be used to measure antioxidant activity i lgnvironments since it
behaves as a fluorescent lipid peroxidation repahi&t shifts its fluorescence from red
to green when challenged with oxidizing agents [3AD and wild-type fibroblasts
with differing cholesterol content were cultured glass coverslips and exposed to 1
UM AB1l-42 aggregates for 3 h at 37 °C. As a negativeralpnfibroblasts were
pretreated with 100 uM Vit E for 24 h at 37 °C, dref membrane cholesterol
modulation and aggregate exposure. In anotherfstperiments, neuroblastoma cells,
cultured on glass coverslips, were pre-incubated2fb min in the absence or in the
presence of 4.5 pg/ml Alexa Fluor 647-conjugatedX@l or 1:100 diluted rabbit
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polyclonal antibodies against GM1 and then expasedOuM AB42 aggregates for 60
min. Parallel experiments were also performed olts gare-treated with acyl-SG
thioesters to investigate their protective effegainst aggregate- orn8.-induced lipid
peroxidation. Neuroblastoma cells were exposed.@Qqui¥ acyl-SG thioesters for 3 h
and then to 5.uM Ap42 aggregates or 25MM H,0, treatments for 3 h at 37°C. Dye
loading was achieved by adding 5.0 uM fluoresce@DBPY, dissolved in 0.1%
DMSO, to the cell culture media for 30 min at 37. “The cells were fixed in 2%
buffered paraformaldehyde for 10 min and the BODfRérescence was measured by
simultaneous acquisition of the green (ex 485nmf&20Onm) and red signal (ex

581nm/em 591nm), by confocal microscope analysislescribed above.

Flow cytometric analysis

The lipid peroxidation was also quantified in SHEYY cells by flow cytometric
analysis using the fluorescent probe BODIPY 581/691 Briefly, cells were incubated
for 24 h at 37°C in culture medium containing 12 plstive or aggregated HypF-N.
Then, the cells were loaded with 2.5 uM fluores®&@DIPY dissolved in 0.1% DMSO
as above reported. After labeling, cells were wdshed resuspended in PBS and
analyzed using a FACSCanto flow cytometer (Beckakinson Bioscences, San Jose,
CA, USA).

Mitochondrial status

Cytotoxicity assay

The toxic effect of the differing aggregates on abelic cell functions was assessed in
cell models by the 3-(4,5-dimethylthiazol-2-yl)-ZJfphenyltetrazolium bromide (MTT)
assay in 96-well plates [205]. Native or aggregdatygpF-N were added to the SH-
SY5Y cell culture media at differing final conceations for 24 h at 37 °C. The cells
were also treated with 12 uM HypF-N species grommdifferent times of aggregation
(4h, 3 and 9 days). In another set of experimettig)esterol-enriched, cholesterol-
depleted and basal fibroblasts were exposed tuM0AB42 monomers, oligomers or
fibrils or to AB42-1 reversed peptide or amylin for 24 h at@7 As a negative control,
fibroblasts were pre-treated with 100 uM vitamifoE24 h at 37C, before membrane

cholesterol modulation and aggregate exposure. ddere the protective effects of
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acyl-SG derivatives against amyloid aggregate g Htytotoxicity were also assessed
by MTT assay. In a series of experiments, cellsewacubated or not with acyl-SG
thioesters for differing lengths of time. In anatleet of experiments, various final
concentrations of acyl-SG thioesters were addezkloculture media for 3 h at 37°C.
Comparative experiments with 1;0M acyl-CoA thioesters of lauric and palmitoleic
acids and GSH alone were performed.

After cell treatments, 100l of 0.5 mg/ml MTT solution in PBS was added te tell
cultures and the samples were incubated for 4 3v&E. Finally, 100ul of cell lysis
buffer (20% SDS, 50% N,N-dimethylformamide, pH 4wgs added to each well and
the samples were incubated for at least 3 h at 37°€ humidified incubator, before
determination of absorbance value of blue formaaaB90 nm with an ELISA plate
reader. Cell viability was expressed as a percentdldMTT reduction in aggregate or

H.O,-exposed cells compared to untreated cells (assas&00%).

Cell death analysis. apoptotic and necrotic markers

Caspase-3 activity

The extent of the apoptotic program activation H-SY5Y cells was evaluated by
confocal microscope and flow cytometric analysesadgpase-3 activity, which is the
main effector caspase in apoptosis. For flow cytoimanalysis, the cells were exposed
to 12 uM native or aggregated HypF-N aggregates2fbih at 37 °C. For confocal
experiments, cells cultured on glass coverslipsewexposed to 1.uM acyl-SG
thioesters for 3 h and then to Bl AB42 aggregates or 25M H,0, for 6 h at 37°C.
After the appropriate treatment, the culture medere removed and replaced with
FAM-FLICA Caspases 3&7 solution (Caspase 3&7 FLIG#A FAM-DEVD-FMK;
Immunochemistry Technologies, LLC, Bloomington, MBSA) for 30 min, following
the manufacturer's instructions. Cells were thesh&d three times with a wash buffer
provided by the kit. For flow cytometric analysifjorescence was analyzed by a
FACSCanto (Beckton Dickinson Bioscences, San J&#, USA). For confocal
experiments, the cells were fixed on glass coymsslin 2.0% buffered
paraformaldehyde for 10 min at room temperaturethed fluorescence was detected at

488 nm excitation.
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Hoechst staining

Nuclear alterations eventually induced by the amlybyggregates were investigated by
Hoechst 33342 dye staining. Briefly, cholesteral@red cholesterol-depleted and
basal fibroblasts were exposed to 1.0 HIBU2A monomers, oligomers or fibrils or to
APB42-1 reversed sequence peptide or amylin for 243vaC. As a negative control,
fibroblasts were pre-treated with 100 uM vitamifoE24 h at 37#C, before membrane
cholesterol modulation and aggregate exposure.,Tthercells were incubated with 20
pg/ml Hoechst for 15 min at 37 °C and fixed in 2¥féred paraformaldehyde for 10
min at room temperature. Blue fluorescence micnoiggaof cells were obtained under
UV illumination in an epifluorescence inverted noiscope (Nikon, Diaphot TMD-EF)

with an appropriate filter set.

LDH release

The presence of necrotic cells was assessed byumeasthe activity of lactate
dehydrogenase (LDH), a typical necrotic markeraséel into the cell culture medium
after plasma-membrane rupture. LDH activity was soead in the culture media of
SH-SY5Y cells and fibroblasts after exposure touM native or aggregated HypF-N
for differing times, or to 1.0 uM B42 aggregates, or topA2-1 reversed sequence
peptide for 48 h at 37C using the LDH assay kit (Roche Diagnostics, Mamnmk)
Germany) at 490 nm, after blank subtraction atm®5

Steady-state fluor escence anisotr opy

Fluorescence anisotropy (r) of DPH was used to areathe structural order of the
hydrophobic region of the purified lipid rafts umdsteady-state conditions [243].
Anisotropy measurements were performed at 37 °Cabyerkin-Elmer LS 55
luminescence spectrometer equipped with manualripeta with excitation and
emission wavelengths set at 360 nm and 425 nmwahda slit-width of 2.5 nm and 4
nm, respectively. Our system was initially caliledhtusing DPH in mineral oil, which
should give an anisotropy value of 1.0. The g faetas calculated using horizontally
polarized excitation and subsequent comparison h&f horizontal and vertical
emissions. Lipid rafts were incubated for 10 mirthe absence or in the presence of

APB42 aggregates at differing final concentrations tosh further incubated for 30 min
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with DPH at a 1:250 probe-to-lipicgtio. In another set of experiments, lipid rafts were
incubated for differing times in the presence di 1M AB42 aggregates before dye
loading. Fluorescence intensity was measured with éxcitation polariser in the
vertical position and the analysing emission pekarin both the vertical \{}) and the
horizontal ({4) positions; the anisotropy constant, r, was caled using the equation:

lw - glwn

VY, + 29|VH

Statistical analysis
All data are expressed as mean + standard devigib). Comparisons between the
different groups were performed by ANOVA followey Bonferroni’s t-test. A p value

less than 0.05 was accepted as statistically stguniff.
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CHAPTER Il - RESULTS

-RESULTS I-

RELATIONSHIP BETWEEN CELLULAR IMPAIRMENT AND OLIGOM ER
STRUCTURE IN PROTEIN DEPOSITION DISEASES

Peptides or proteins can convert from their solubleforms into highly ordered
fibrillar aggregates, giving rise to pathological onditions ranging from
neurodegenerative disorders to systemic amyloidose¥he N-terminal domain of
the prokaryotic hydrogenase maturation factor (HypF~N) can rapidly be converted
into stable oligomers under conditions that promoteits unfolding into partially
folded species. In the firsipart of the result section, the different abilitiesto cause
cell dysfunction of two types of HypF-N oligomers wth distinct structural features
were shown. In particular, only the oligomers expdag hydrophobic surface and
endowed with sufficient structural plasticity are ale to penetrate the plasma
membrane and to increase cytosolic G4 levels, intracellular ROS production and
lipid peroxidation, resulting in the activation of the apoptotic pathway. In contrast,
cellular stress markers and viability were unaffectd in cultured neuronal cells
exposed to HypF-N oligomers with a higher degree @lacking and lower structural
flexibility. The comparison between the biologicalproperties of these protein
aggregates shed light into the molecular basis ofggregate toxicity in protein
deposition diseases.
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Differential cytotoxic effects of two distinct types of HypF-N oligomers

Several studies report that early prefibrillar aggtes can interact with the plasma
membrane of cultured cells, resulting in cell impant and death [40, 58, 94, 160].
Two types of stable oligomeric species of HypF-Nevebtained by incubation for 4 h
at 48uM, 25°C in (i) 50 mM acetate buffer, 12% (v/v) libroethanol (TFE), 2 mM
DTT, pH 5.5 (condition A) and (ii) 20 mM trifluoraatic acid (TFA), 330 mM NaCl,
pH 1.7 (condition B) [91]. These species did natofebilize when placed under
physiological conditions and preserved their apitd bind the amyloid specific dye
ThT [91]. Both HypF-N types of oligomers were aldéebind to SH-SY5Y cells; but
only aggregates formed under condition A could pate cell membranes. Indeed, the
ability to cross the hydrophobic bilayer of thel seembrane appeared to correlate with
a higher flexibility and solvent-exposure of thedhgphobic regions in the oligomers

formed under condition A (Fig. 15).
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Figure 15. Interaction of the aggregates formed under conwstid and B with cellsa-d,
Confocal scanning microscopy images of SH-SY5Yscetitreatedd), or treated with 12M
native HypF-N ), 12 uM HypF-N pre-incubated under condition &) @nd 12uM HypF-N
preincubated under condition B)( e-l, Optical sections taken through the cells afteatiment
with 12 uM HypF-N pre-incubated under conditions é&@ and B b-l) at basal €, h), median
(f, i) and apical d, I) focal lengths. In all images red and green flacemice indicate cell
profiles and HypFN, respectively.

Then, we investigated by confocal microscopy whethe different ability of the
oligomeric species to penetrate cell membranes wapendent on different
concentrations of HypF-N aggregates (0.12, 1.2ai@ 48 uM). HypF-N aggregates
formed in condition A were able to cross cell meam@s and be internalized in the
cytoplasm, reaching maximal internalization at 1 jgoncentration (Fig. 16). By
contrast, although HypF-N oligomers formed in ctiodi B could accumulate near the

plasma membrane, none of the investigated condiemisa allowed aggregate
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internalization. Moreover, cytotoxicity tests onltaved cells indicated that only the
aggregates formed in condition A are able to implaé cell viability (Fig. 16). In
particular, a strict correlation between the impent in SH-SY5Y cell viability and the
amount of aggregates formed in condition A was olegk By contrast, no inhibition of
MTT reduction was detected when cells where treatgd various concentrations of
HypF-N aggregates formed under condition B. Takagether, these results indicate
that only oligomers able to cross the cell membrama reach the interior of the cell,

rather than the outer species, cause cell dysfumcti

Untreated  Condition A

Native HypF-N Condition B
120-

0 ] r
0 12 0.12

Figure 16. Representative confocal microscope images showyplHN aggregates in contact
with, or penetrating into, the plasma membrane@moplasm of SH-SY5Y cells after exposure
to 12 uM native protein or with differing concenioms (0.12, 1.2, 12 and 48 uM) of HypF-N
oligomers grown under condition A or B. After plaamembrane permeabilization with a 3%
glycerol solution, counterstaining was performethwAlexa Fluor 633-conjugated wheat germ
agglutinin to detect plasma membrane profile (rea with 1:1000 diluted rabbit polyclonal
anti-HypF-N antibodies and 1:1000 diluted Alexadfl488-conjugated anti-rabbit antibodies
(green) to detect the oligomers. Cell viability waecked by the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) reductionttés SH-SY5Y cells treated for 24 h at 37
°C with 12 uM native protein or with varying amosindf HypF-N oligomers formed under
condition A and B. Cell cultures were incubatedwmdt5 mg/ml MTT solution for 4 h and with
cell lysis buffer (20% SDS, 50% N,N-dimethylformataj pH 4.7) for 3 h. Absorbance values
of blue formazan were determined at 590 nm usingla$A plate reader. Cell viability was
expressed as percent of MTT reduction in treatdld wéth respect to untreated cells (assumed
as 100%). The values shown are mear®&D of three independent experiments carried out in
triplicate. *Significant differencep(< 0.05)vs untreated cells.
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Differential membrane interaction of two distinct types of HypF-N oligomers

The idea that the most highly cytotoxic speciestheeearly prefibrillar aggregates
whereas mature fibrils are substantially armlessursently gaining increasing support
[40, 55]. In the present study, we investigated tivbie changes in HypF-N aggregate
maturation affected the interaction with cell meertws and consequently
internalization and cytotoxicity. In particular.ethwo types of HypF-N oligomers were
grown for different times (4, 24 and 60 h) in cdmatis A and B, and then added to SH-
SY5Y cell culture media. As revealed by the MTT agssthe aggregates formed in
condition B maintained their benign effect afteolpnged incubation up to 2 weeks,
while the initially toxic aggregates formed in caiwh A decreased their toxicity with
time until they reach, after 60 h, a value of MTeduction similar to that of untreated
cells (Fig. 17a). The observed decrease in cytoityxcorrelates with a reduction of
oligomers internalization into the cells. In fasthen cells were exposed for 60 min to
HypF-N species formed in condition A and B uponl@nged aggregation times (3 and
9 days), only few aggregates in the proximity df oeembranes were found (Fig. 17a).
These results indicate that HypF-N species, gratihonger times-in both aggregation
conditions, are less able to penetrate plasma nearaby enter the cells and trigger
cytotoxicity. Then, we evaluated whether the peraddSH-SY5Y cell exposure to
HypF-N aggregates could affect the ability of thennbrane to bind and internalize
HypF-N oligomers. Thus, a time course of aggregatding to the plasma membranes
was performed by exposing cells to HypF-N aggresyaiemed under condition A or B
for 5, 10, 30, 60 and 180 min. Toxic HypF-N aggtegaaccumulated quickly (see 10
min) at the plasma membrane, showing a rapid ldratinteraction with cell surfaces
and internalization to a considerable extent ih meldel (Fig. 17b). On the other hand,
non-toxic HypF-N aggregates assembled outside s membrane without entering
the cytoplasm even at longer times of incubatiom: fihvdings suggest that the absence
of internalization in cells treated with aggregatesmed in condition B is not
determined by the period of cell incubation witbgh oligomers.
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Figure 17. g Cell viability was checked by the MTT reductiassay in SH-SY5Y cells treated
for 24 h at 37 °C with 12 uM HypF-N pre-incubatedcondition A (red) and in condition B
(blue) for the lengths of time reported in the XsaX he inset shows the data corresponding to
the aggregates formed in condition B on a timeesadl up to 2 weeks. On the right,
representative confocal microscope images showeilg exposed for 60 min to 12V HypF-N
species aged for 4h, 3 and 9 days in conditions B.0b, Representative confocal images
showing time course analysis of HypF-N aggregaieswn in conditions A and B, in contact
with, or penetrating into, the plasma membrane@mndplasm of SH-SY5Y cells. In all images
red and green fluorescence indicate cell profitestdypF-N protein, respectively.

Toxic oligomers disrupt plasma membrane integrity ad trigger a cytosolic C&*
spike

Several studies suggest that cell membranes playnpartant role in determining
amyloid aggregate cytotoxicity, not only because thteraction of amyloidogenic
proteins with the membrane favours aggregation, disb because aggregates are
thought to permeabilize the lipid bilayer, resudtin unregulated calcium influx into the
cells [92, 160, 390, 391]. Accordingly, SH-SY5Y lseloaded with calcein-AM
exhibited a marked decrease in intracellular flasoemce when exposed for 60 minutes
to HypF-N oligomers formed under condition A (Fi§§8). The decay in calcein
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fluorescence was less marked when SH-SY5Y cellse wisrated with aggregates
formed under condition A for only 10 minutes, whisliggests that greater membrane
permeabilization occurred at longer periods of aggte exposure. By contrast, any
decrease in calcein fluorescence was observedlistosated with HypF-N oligomers
formed under condition B or with the native protBan 60 minutes.

60 60
Native HypF-N  Condition A
-Calcein

Untreated

Condition A Condition A Condition B

Figure 18. Representative confocal images showing plasma naralpermeabilization in SH-
SY5Y cells treated with or without 1M native HypF-N or HypF-N aggregates formed under
condition A or condition B for the lengths of timmeported up the figure. The cells were pre-
loaded with 2.0uM calcein-AM (green fluorescence) for 20 min at G7then exposed to
HypF-N aggregates and, fixed in 2.0% buffered mamaéldehyde for 10 min at room
temperature.

Then, a time course of intracellular ‘Cevels was performed in SH-SY5Y cells by
confocal microscope analysis. Oligomers formed urmbmdition A induced an early
and sharp increase in cytosolic fre¢Q&ig. 19a). The cytosolic Gaspike is marked
after only 5 min of cell exposure to aggregates mutleases over the time course,
peaking after 60 min. By contrast, cells treatethwiypF-N oligomers formed under
condition B didn't exhibit any increase in intrdoér fluorescence over the time
course, even at longer periods. No increase imdetlular C&" was also observed in
cells exposed to native HypF-N (Fig. 19b). The phacrease in cytosolic free €a
was inhibited when cells were treated with toxi@omers in a Ca-free medium,
suggesting that ion influx from the extracellulaedium is responsible for this effect.

The vitamin E pre-treatment also prevented thespjto C&* spike.
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Figure 19. a Representative confocal microscope images showing course analysis of
cytosolic C&" dysregulation in SH-SY5Y cells exposed to (1 oligomers formed under
conditions A and B. The cells were treated withu®ml Fluo-3-AM for 30 min, resuspended
in HBSS in a 1:Iratio with Pluronic acid F-127 (0.01% w/v) and subsediyefixed in 2.0%
buffered paraformaldehyde for 10 min at room terapae.b, SH-SY5Y cells were treated for
60 min with or without native HypF-N protein or Wif.2 uM oligomers formed under condition
A in a C&*-free medium or following a pre-incubation with 1081 vitamin E for 24 h.

Toxic oligomers induce ROS production and membranépid peroxidation

The generation of intracellular ROS is one of thdiest biochemical changes that
cells exposed to amyloid aggregates undergo [96, 392]. ROS production in SH-
SY5Y cells exposed to both types of oligomers al$ ageto the native protein was also
investigated. A time course analysis revealed tigtF-N oligomers formed under
condition A triggered a ROS increase after onlyif,rpeaking after 30-60 min of cell
exposure to aggregates (Fig. 20a). By contrastcehis treated with oligomers formed
under condition B showed an intracellular redoxustaimilar to that found in untreated
cells. Treating the cells with native HypF-N for &@in also failed to induce ROS
production. Almost complete inhibition of ROS pration was achieved by pre-
incubating cells with 10QM vitamin E for 24 h or exposing cells to oligoméossmed
under condition A in a Cafree medium. Then, membrane lipid peroxidatioeratell
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exposure to oligomers was evaluated by flow cytoimeinalysis using the fluorescent
probe BODIPY. The fluorescence curves detectedaiivé and condition B-oligomer
treated cells was similar to that obtained in wuated cells. By contrast, a fluorescence
shift toward higher intensity levels was evident $iH-SY5Y cells, suggesting an
increase in membrane lipid peroxidation after 2 bell exposure to oligomers formed
under condition A (Fig. 20b).

a
Time (min) 5 10 30 60

Condition A

Condition B

b

Time (min) 0 60

M Untreated
A\ ™ Native HypF-N
M Condition A
= Condition B

ot e 108
Alexa Fluor 488-A

Condition A Condition A
-Caa+ +Vit. E

Figure 20. a Representative confocal microscope images showing course analysis of
intracellular ROS production in SH-SY5Y cells expdto 12uM HypF-N oligomers formed in
conditions A and Bb, Cells were treated for 60 min with or without natidypF-N protein or
with 12 uM oligomers formed under condition A inCaf*-free medium or following a pre-
incubation with 100uM vitamin E for 24 h. All images were acquired hiynsltaneously
incubating aggregate-exposed cells withubMdCM-H,,DCFDA resuspended in culture medium
in a 1:1ratio with Pluronic acid F-127 (0.01% w/v), in the ld$l min of aggregate exposure.
Representative histograms illustrate the flow cytrio analysis of lipid peroxidation in SH-
SY5Y cells treated or not for 24 h with 12 uM natiMypF-N or 12 uM HypF-N aggregates
grown under conditions A or B. Then, single-celpensions were washed with PBS and
incubated, in the dark, for 30 minutes at 37°C v#th uM BODIPY. After labeling, the cells
were washed, resuspended in PBS and analyzedai§iA@ SCanto flow cytometer.
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Differential apoptotic and necrotic effects of two distinct types of HypF-N
oligomers

Finally, we evaluated whether the different abildy HypF-N oligomers to induce
cytosolic ROS and CGéincreases resulted in a different apoptotic outcdipeflow
cytometric analysis of caspase-3 activity. In agreet with our aforementioned results,
a marked increase in caspase-3 activity was apper&H-SY5Y cells treated for 24 h
with oligomers formed under condition A, whereasegligible caspase-3 activation by
native HypF-N or oligomers formed under conditioowBs detected (Fig. 21a). Then,
we investigated whether cells exposed to HypF-Nreggges for longer times (48 h)
also underwent a necrotic cell death. A signifidadH release, supporting the presence
of a necrotic outcome, was observed only in theucellmedia of cells exposed to

oligomers formed under condition A (Fig. 21Db).
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Figure 21. a,Caspase-3 activity was quantified in SH-SY5Y explosenot for 24 h to 12 uM
native HypF-N or to oligomers formed under condiicA and B by flow cytometric analysis.
Single-cell suspensions were incubated with FAM@GATY Caspases 3 solution for 60 min at
37°C, washed with PBS and analyzed using a FAC®Jww cytometerb, Cell viability was
checked by LDH release into the culture mediumraf&h exposure at 37 °C to 12 uM native
HypF-N or to aggregates formed under conditions1é B. The values shown are meanS.D.

of three independent experiments, each performetlipticate. *Significant difference (g
0.05)vs untreated cells.
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-RESULTS II-

MEMBRANE CHOLESTEROL ENRICHMENT PREVENTS A B-INDUCED
OXIDATIVE STRESS IN ALZHEIMER'S FIBROBLASTS

Cell degeneration in Alzheimer’'s disease is mediadeby a toxic mechanism that
involves AB peptide interaction with the plasma membrane of tke target cells. A
growing body of evidence implicates low membrane citesterol in the pathogenesis
of Alzheimer’s disease (AD). In the secongart of the result section, A42 soluble
oligomers are shown to accumulate more slowly andhireduced amount at the
plasma membranes of PS-1L392V (PS-1) and APPV717ARP) fibroblasts from
familial AD (FAD) patients enriched in cholesterolcontent than at the counterpart
membranes. The permeabilization of the cell membrags and the early cytosolic
Ca”* rise following exposure to A42 aggregates were reduced by increasing
membrane cholesterol whereas the opposite effectsese found in cholesterol-
depleted cells. Moreover, the p42-induced production of reactive oxygen species
(ROS) and the increase in membrane lipoperoxidatiomwere also prevented by high
membrane cholesterol, thus resulting in a higher rgistance to amyloid toxicity
with respect to control fibroblasts. On the other land, the recruitment of amyloid
assemblies to the plasma membrane of cholesterolagleted fibroblasts was
significantly increased, thus triggering an earlierand sharper production of ROS
and a higher membrane oxidative injury. These resw$ identify membrane
cholesterol as being key to p42 oligomer accumulation at the cell surfaces andt
the following Ap42-induced cell death in AD neurons.
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Membrane cholesterol enrichment reduces P aggregate binding to the cell

membrane

Cell degeneration in amyloid diseases appears tmduiated by a toxic mechanism
involving some interaction of the aggregated spewiigh the plasma membrane of the
affected cells [40, 58, 393]. Moreoverp4#2 aggregates accumulate quicker near the
plasma membrane in FAD fibroblasts than in wildetygells possibly as a result of
increased membrane lipoperoxidation [205]. Here, dependence of the membrane
binding capacity of 42 soluble oligomers (Fig. 22a) on membrane chetektontent
in PS-1, APP and wild-type fibroblasts was investiggl. In particular, we induced
modifications of membrane cholesterol content bgubating FAD and healthy
fibroblasts in the presence of either PEG-cholester 3-CD followed by extensive
washing with PBS. As shown in Fig. 22b, a morphmalgevaluation of FAD and
healthy fibroblasts by confocal microscopy reveatediear modulation of membrane
cholesterol content under our experimental conditidQuantitative analysis confirmed
that cell exposure to soluble cholesterol resuiited significant increase in membrane
cholesterol (about 20%y)s respective control cells in all investigated fibladi lines
(Fig. 22b). Conversely, fibroblasts treated WitlCD underwent a significant reduction

in membrane cholesterol (about 258 xounterpart fibroblasts.
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Figure 22. Modulation of membrane cholesterol in FAD and Healtfibroblasts. a,
Representative Western blotting analysis @#2 soluble oligomers separated by SDS/PAGE
on a 4-12% criterion XT Precast Bis—Tris gel andbpd with monoclonal mouse 6E10
antibodies and with peroxidase-conjugated anti-maugibodies(b) Representative confocal
microscope analysis of membrane cholesterol in YYS-1 and APP fibroblasts probed by the
fluorescent dye filipin. Membrane cholesterol ennient was achieved by incubating WT, PS-1
and APP fibroblasts with 0.5 mM PEG-cholesterol ¢fhfor 2 h at 37-C; membrane
cholesterol depletion was performed by adding 1M faCD for 2 h at 37C in the culture
media. The reported values are representativeret tindependent experiments. *Significant
difference (g£0.05) vs relative control cells with basal cholesitéevels.

The increase in plasma membrane cholesterol resuita reduced amyloid-binding
capacity to the plasma membrane of FAD fibroblagth respect to relative cells, as
assessed by confocal microscope analysis of ceflesed for 30, 60 and 180 min to
AP42 aggregates (Fig. 23a). Accordingly, the Congd Bssay showed that cell media
supplementation with soluble cholesterol resultedaisignificant reduction of g¥2
aggregate binding to the cell plasma membranes neghect to controls (Fig. 23b). On
the other hand, in fibroblasts from healthy sulggast few aggregates following longer
time of protein exposure can be observed (Fig..2@ahversely, the same amyloid
oligomers added to the cell culture medium appeactumulate more rapidly and to a
greater extent at the plasma membran@ @D treated cells characterized by a reduced
content of cholesterol than in counterpart cellg.(B3a and 23b). Furthermorep42
assemblies share a more rapid kinetic of interactih cell surfaces in APP than in
PS-1 fibroblasts. No significant difference in Conged absorbance values between
wild-type and FAD groups of pd42-untreated cells was observed. An equal cell mumb
from cultures with a comparable division rate frdifierent donors were exposed to the

aggregates in order to exclude the influence ofdhkactors on the amount ofA
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bounded to the cell surface. The ability of exposelts to bind A aggregates appeared
saturable, reaching its limit in the first 30—-60n(iFig. 23b).
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Figure 23. Increasing cell cholesterol reducef Aggregate binding to the cell membraag.
Confocal microscope images show aggregates pengtiato the plasma membrane of wild-
type, PS-1 and APP fibroblasts under different erpental conditions. After treatment for O,
30, 60 and 180 min with 1.0 uM A2 aggregates, counterstaining was performed with
fluorescein-conjugated wheat germ agglutinin teedeplasma membrane profile (green). The
aggregates were labeled with monoclonal mouse GHEDAB antibodies and Texas Red-
conjugated anti-mouse antibodies after plasma mamebpermeabilization with glycerab,
Time-course of amyloid aggregate binding to PS-d ARP fibroblasts. After the exposure to
1.0 puM AB42 aggregates for 0, 10, 20, 30, 60 min, cells weashed and the residual
aggregate-cell complex was stained with 1.0 uM ©@oied for 20 min. Under these
conditions, Congo Red-staining is a measure ohtheunt of 842 aggregates adsorbed to cell
membrane surface. The reported values (means afDjepresentative of three independent
experiments each carried out in triplicate. *Sigmift difference §<0.05) vs relative control
cells with basal cholesterol levels.

Moreover, the red fluorescence signals related&b06antibody, that recognizes also
the full length human APP, are negligible in alethnalyzed conditions beforefA
treatment (see time 0). This evidence let us te oult the possibility that the differences

in the accumulation of exogenoug At the cell surface were due to different levéls o

Amyloid Cytotoxicity and New Acyl-SG Thioesters



Chapter 111 - Results 102

APP expression or to the presence of APP mutamdan these cells. In order to
exclude the contribute of intracellulaBAo 6E10 red signals, a set of experiments was
carried out in the same experimental conditionshvliiorescein-labeled p42-FAM
aggregates. Confocal microscope images of fibrébldeeated with B42-FAM
aggregates also confirmed the idea that the alwfithp42 aggregates to bind to the
plasma membrane is significantly affected by itateat in cholesterol (Fig. 24a). The
staining profile of APP fibroblasts exposed t84®-FAM aggregates retained a less
fluorescent signal compared to images shown inZ3g, since to minimize fluorophore
interference with the aggregation process, theoolgys were prepared by mixing just
one AB42-labeled molecule with two equivalents of4®-unlabeled peptide. Amyloid
binding to APP fibroblasts, as a function of menmiera&holesterol content, was also
quantified by flow cytometric analysis. Histogranistrating the distribution for
ApB42-FAM-positive fibroblasts are shown in Fig. 24A. higher percentage of
fluorescent positive cells (+42%) in fibroblaststtwiow membrane cholesterol with
respect to controls was evident, as indicated bysttift of the distribution curve toward
higher intensity levels. On the other hand, thedgase in membrane cholesterol resulted
in a lower percentage of fibroblasts (-39%) withrface-binding affinity toward
fluorescent 842-FAM aggregates.
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Figure 24. Ap aggregate binding inversely correlates with meméraholesterol conteng,
Confocal microscope images show fluorescein-labelsit2-FAM aggregates (green)
penetrating into the plasma membrane of APP filasthkl with different membrane cholesterol
content. Membrane profile was counterstained witexa Fluor 633-conjugated wheat germ
agglutinin (red).b, Flow cytometric analysis of pd42-FAM binding to APP fibroblasts after
treatment for 60 min with 1.0 uMp&2 aggregates in basal (solid line), in cholestdeglleted
(dotted line) and in cholesterol-enriched condsigthinner solid line). Histograms of the
number of cells/s AB42-FAM fluorescence. Fluorescent gates were usaseparate cells with
lower AB42-FAM binding affinity and cells with higher p42-FAM binding affinity with
respect to control cells.

To make these data more relevant, we extended tody <0 human SH-SY5Y
neuroblastoma cells in basal condition (10.84+Qus# membrane cholesterol/mg of
protein), in cells significantly enriched in chdie®l content (13.55+0.68 g membrane
cholesterol/mg of protein;®.01) and in cells significantly depleted in chodesl
content (8.26+0.73 pg membrane cholesterol/mg otepr; p<0.01). According to

fibroblast data, the increase in plasma membraoéesterol resulted in a reduced A
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oligomer binding to the plasma membrane in humanmai#astoma cells as detected by
confocal microscope analysis using monoclonal Afitiantibodies (Fig. 25). On the
other hand, the same oligomers added to the nastoipha culture medium appeared to
accumulate to a greater extent at the plasma membia 3-CD treated cells
characterized by reduced membrane cholesterol mbnte

0 60
- . .

B-CD .

Time (min)

Control

Figure 25. Membrane cholesterol modulates Aaggregate binding to human SH-SY5Y
neuroblastoma cells. Representative confocal ntoms images showing aggregates
penetrating into the plasma membrane of neurobfesteells after cell treatment for O or 1 h
with 1.0 uM AB42 aggregates in basal conditions, in cholesterdtleed cells (Chol) and in
cholesterol-depleted cellg-CD).

Membrane cholesterol enrichment reduces pd42-induced membrane

permeabilization and alteration of intracellular Ca** levels

A leading theory on the molecular basis of amyltwdicity is that pore-like pre-
fibrillar aggregates interact with the cell memteanleading to membrane
permeabilization and free €aimbalance [40, 58, 390]. The alteration in membran
integrity, upon exposure top42 aggregates, on membrane cholesterol contersih P
and APP fibroblasts was investigated (Fig. 26). F#{doblasts loaded with calcein-
AM exhibited a marked decrease in intracellulaofescence when exposed for 30
minutes to 842 oligomers. In particular, the higher declinecalcein fluorescence was
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observed in FAD fibroblasts depleted in membraneledterol and exposed topA2
aggregates (Fig. 26). Additionally, a greater daldeakage in APP than in PS-1
fibroblasts was evident (Fig. 26), suggesting ateresive alteration of membrane
permeability induced by 2 aggregates in the former. Moreover, the lowdceta
fluorescence in APP fibroblasts compared to PShktofilasts, before exogenously
addition of A342 aggregates, indicated a chronic amyloid-indunethbrane damage in

cell facing a higher B production.

PS-1 APP

Time (min) 0

N .

Figure 26.Cholesterol enrichment reduces th@-iAduced increase in membrane permeability.
Representative confocal microscope images of PBdLA®PP fibroblasts loaded with 20M
calcein-AM for 20 minutes and then exposed to agmpes for 0 and 30 minutes in basal
conditions, in cholesterol enriched fibroblasts ¢tand in cholesterol depleted fibrobladis (
CD).

Then, a time course of intracellular Céevels was performed in PS-1 and APP
fibroblasts enriched or depleted in membrane chalek by confocal microscope
analysis. A higher membrane cholesterol contenteguied the early and sharp increase
in cytosolic free C& levels induced by p42 aggregates in FAD fibroblasts with basal
cholesterol content (Fig. 27). Conversely, lossnembrane cholesterol, resulting from
cell treatment wittB-CD, triggered an accelerated and greater increfasgtosolic free
Cd”*. Notably, the free Ga increase was earlier, higher and more prolongedFAR

than in PS-1 fibroblasts under the same experirheatalitions.
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Figure 27. Cholesterol enrichment reduces thg4&-induced increase in cytosolic free’Ca
Representative confocal microscope images of cijito€a’* levels in PS-1 and APP fibroblasts
treated with 1.uM Ap42 prefibrillar aggregates for 0, 10, 30 and 60.n@Gells were then
treated for 30 minutes with 1ig/ml Fluo-3-AM, resuspended in HBSS in a t&io with
Pluronic acid F-127 (0.01% w/v) and subsequenxgdiin 2.0% buffered paraformaldehyde for
10 min at room temperature.

Membrane cholesterol enrichment reduces ROS produiin and ROS scavenger
impairment

There is strong experimental evidence that oxidasitress is an early biochemical
modification in cells facing amyloid aggregates4B9Therefore, we investigated the
dependence of ROS production on membrane cholésntent in human fibroblasts
exposed to amyloid aggregates. A time-course aisayywwed that in APP and, to a

lesser extent, in PS-1 fibroblasts an earlier dmatper increase in intracellular ROS

Amyloid Cytotoxicity and New Acyl-SG Thioesters



Chapter 111 - Results 107

content than in wild type fibroblasts (Fig. 28aheTreduced ability of APP cells to
counteract 42 aggregate oxidative attack was also confirmedabgignificant
impairment in intracellular ROS scavengers withpess to that observed in PS-1 and
wild type fibroblasts. Indeed, ROS scavengers veggaificantly different among the
investigated fibroblast lines with basal cholesteamtent (1500+52 nmol ascorbate/mg
of proteins in wild-type, 1170+39 nmol ascorbate/wigproteins in PS-1, and of
821149 nmol ascorbate/mg of proteins in APP fibasts), according to our previous
reported data [210]. Interestingly, PEG-cholestexddiition to the cell culture media
was as effective as vitamia in reducing ROS production induced by Aggregates
with respect to relative cells with basal cholesteontent (Fig. 28a). Moreover, the
impairment of ROS scavengers was less in choldstercched FAD cells, matching
the almost complete prevention of aggregate-inducedative stress obtained by pre-
incubating the cells with 100 uM vitamin E. Conwdys loss in membrane cholesterol,
resulting from cell treatment witCD, induced a greater increase in intracellulaiSRO
production and consumption of ROS scavengers &g and 28b). Notably, PEG-
cholesterol an3-CD exposure do not induce ROS production in andylontreated

fibroblasts, as we can see at time 0 (Fig. 28a).
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Figure 28. Cholesterol enrichment reduceg4®-induced ROS production and ROS scavenger
weakeninga, Representative confocal images of intracellular R&8Is in WT, PS-1 and APP
fibroblasts under different experimental conditioAster treatment for 0, 30, 60 and 180 min
with 1.0 pM AB42 prefibrillar aggregates, cells were incubatedlfd min in the presence of the
redox fluorescent probe CM-H2DCFDA and then fixédamin E (Vit E) was used as negative
control. For details see Materials and Methdgdntracellular ROS scavengers were assessed
in cell lysates, after 3 h of exposure to 1.0 pPUA aggregates by a chemiluminescent assay
and expressed in ascorbate-equivalent units. Tiportedl values (means + SD) are
representative of three independent experimentd eacied out in triplicate. *Significant
difference p<0.05)vsrelative untreated cells.

Membrane cholesterol enrichment reduces paggregate-induced lipoperoxidation

Membrane lipoperoxidation after aggregate exposmes analyzed by confocal
microscope analysis using the fluorescent probe BQID The red fluorescence
observed in basal cholesterol ang#&€D cholesterol-depleted fibroblasts from healthy
subjects shifted to green after 3 h of amyloid aggte exposure (Fig. 29a). According
to previous reported data [210], PS-1 and, to atgreextent, APP fibroblasts showed a
basal oxidative-stressed condition, as revealethéyorange fluorescence in untreated

fibroblasts. Anyway, the fluorescence signals olesg@rin membrane cholesterol-
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enriched cells exposed tfA2 aggregates did not significantly differ from ithe

respective in untreated cells, confirming a fatpctive role of membrane cholesterol
in FAD cells. Similar experiments carried out iretpresence of vitamin E on all
investigated fibroblast lines confirmed the spedies of the fluorescence signals.
Moreover, we measured the levels of 8-OH isopr@sanas quantitative

lipoperoxidation marker. As shown in figure 29lmpsostanes were significantly higher
in APP than in PS-1 fibroblasts, since at a bamatll Cellular isoprostane levels were
further increased following 42 exposure both in cells with basal and, to atgrea
extent, with reduced membrane cholesterol conteéotversely, membrane cholesterol
enrichment was effective in reducing isoprostar@pction like as vitamin E in FAD

fibroblasts treated with pd2 aggregates compared to relative control cells.
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Figure 29. Cholesterol enrichment protects FAD fibroblastsnfraAB42 peptide-induced
lipoperoxidation.a, Representative confocal microscope images of Iggcbxidation in WT,
PS-1 and APP fibroblasts under different experimeadnditions. Cells were treated with 1.0
UM AB42 for 3 h, with or without vitamin E (Vit E), arlghid peroxidation was measured using
the fluorescent probe BODIPY as a probe accordmgViterials and Methodd, Lipid
peroxidation was also measured as cytosolic leve&isoprostanes (for details see Materials
and Methods). The reported values (means + SD)repeesentative of three independent
experiments carried out in triplicate and are esged as % with respect to untreated cells.
*Significant difference [§<0.05)vs relative untreated cells.

High membrane cholesterol prevents f aggregate cytotoxicity

Next we investigated whether changes in oxidativarkers also resulted in
modulation of A aggregate toxicity to exposed cells. As shown igure 30a,
morphological evaluation of healthy and FAD fibradtls using Hoechst 33342 staining
revealed no marked characteristics of apoptoses (uclear condensation or DNA
fragmentation) in cells enriched in membrane chete$ after 24 h of exposure tg3A2

aggregates with respect to similarly exposed cootits with basal cholesterol content.
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Accordingly, as revealed by the MTT assay (Fig. )3(imth FAD and wild-type
fibroblasts with cholesterol-rich membrane werendigantly more resistant to (f2
aggregate toxicity with respect to similarly exps®ntrol cells with basal cholesterol
content. Conversely, loss in membrane cholestéivbwing cell treatment witlg-CD,
resulted in a significant increase in the numbecealfs showing nuclear condensation,
as revealed by the increase in Hoechst fluoresc@rige 30a), and in a significant
impairment of cell viability (Fig. 30b) upon expaesuo the aggregates. Cell treatment
with PEG-cholesterol op-CD do not affect cell viability (data not showM)jitamin E
and A342-1 reversed sequence peptide were used as reegatitrols. In particular, the
absence of any cytotoxic effect irp#2-1 treated cells highlighted the selectivity loé t
cellular response to 2 peptide aggregates. Moreover, the selectivity tiod
cytoprotective role of high membrane cholesteros wavestigated in cells exposed to
different forms of 42 aggregates and to amylin prefibrillar aggregdteg. 31).
Under our experimental conditions, cholesterol-degal fibroblasts showed an apparent
susceptibility to thef42 mature fibrils, but to a lesser extent than figlA oligomers.

In any case, B42 fibrils induced a more evident DNA damage in AfRBn in PS1
fibroblasts. On the other hand, cholesterol-endcfileroblasts displayed no significant
change of cell viability upon exposure tg342 fibrils, suggesting that membrane
cholesterol enrichment also protects cells fromtysbation by fibrillar aggregates.
Overall, FAD fibroblasts exposed to fibrils disptalyvariablesusceptibility to damage
and to apoptotic death, confirming a significantarse relation to membrane content in
cholesterol. A reduced vulnerability to the streshiced by amylin oligomers was also
observed in cholesterol-enriched fibroblasts wehkpect to cells with low cholesterol
content, further supporting the generality of thedéects. On the other hand, a
negligible cytotoxicity after treatment with A2 monomeric peptide further tightly
linked previous results to thgsheet structure found inpA2 and amylin aggregates.
Thought displaying the typical features of apoptotells, FAD and wild-type
fibroblasts with basal and reduced mebrane cholesterol content appeared to be
similarly affected by 24 h of pd42 aggregate exposure. Then, we investigated whethe
fibroblasts exposed top42 prefibrillar aggregates for longer times (48ihflerwent a
necrotic, rather then apoptotic, cell death. Aswghan figure 30c, a significant release

of LDH in the cell culture media was observed brdblasts with basal and, to a greater
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extent, reduced cholesterol content exposed po af§jgregates. Again, cholesterol
enriched fibroblasts displayed a higher resistataceamyloid toxicity, compared to
relative control cells, as revealed by the sigaificreduction of LDH release into the

culture media.
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Figure 30.Cholesterol enrichment prevent$ Aggregate toxicitya, The toxic effect of 42
aggregates on FAD and healthy fibroblast morpholegyg evaluated using the Hoechst 33342
dye staining. Representative blue fluorescenceagiaphs of untreated ($42) or exposed
fibroblasts to 1.0uM B42 aggregates for 24 h (for details see Materiats Methods)b, Cell
viability was checked by the MTT reduction testceills treated with 1.0 uM 42 aggregates
for 24 h. The reported values (means + SD) areesgpttative of four independent experiments,
each performed in triplicate, Fibroblast viability was checked by LDH releastithe culture
medium after exposure to 1.0 uMi#2 aggregates for 48 h. The values shown are me8&is

of three independent experiments, each performédpiicate. *Significant differencep0.05)
vsrelative untreated cells.
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Figure 31. Cholesterol protects against3Aibrils and amylin aggregate toxicity. The toxic
effect of 1.0 uM A42 monomers (B42 M), AB42 oligomers (842 O), AB42 fibrils (AB42 F)

and amylin aggregates on FAD fibroblasts was evatbasing Hoechst 33342 dye staining.
Representative blue fluorescence micrographs of B8d APP fibroblasts exposed to different
forms of A342 or amylin prefibrillar aggregates for 24 h. Cakbility was checked by the
MTT reduction test in PS-1 and APP fibroblasts esqabto the same aggregates. The reported
values are representative of three independentriexpets, each performed in duplicate.
*Significant difference [§<0.05)vs relative untreated cells.
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-RESULTS llI-

LIPID RAFTS ARE PRIMARY TARGETS OF AMYLOID OXIDATIV E
ATTACK ON PLASMA MEMBRANE

Increasing evidence indicates that cell surfaces arearly interaction sites for A3-
derived diffusible ligands (ADDLs) and neurons in he pathogenic process of
Alzheimer’s disease (AD). Previous data showed sifjsant oxidative damage at
the plasma membrane in fibroblasts from familial AD patients with enhanced 4
production. In the third part of the result section, lipid rafts, ordered membrane
microdomains rich in cholesterol and sphingolipids,are reported as chronic
targets of Ag-induced lipid peroxidation in SH-SY5Y human neurobastoma cells
overexpressing amyloid precursor protein (APPwt) ad APPV717G genes and in
fibroblasts bearing the APPV717] gene mutation. Cofocal microscope analysis
showed that A3-oxidized rafts recruit more ADDLSs than correspondng domains
in control cells, triggering a further increase inraft lipid peroxidation and loss of
membrane integrity. Moreover, amyloid pick up at the oxidative-damaged
domains was prevented by enhanced cholesterol lesglanti-ganglioside (GM1)
antibodies and the B subunit of cholera toxin (CTXB) binding to GM1. A time-
and dose-dependent increase of the structural rigity of the detergent resistant
domains (DRMs), isolated from APPwt and APPV717G dis and exposed to
ADDLs, indicates a specific perturbation of raft ptysicochemical features in cells
facing increased amyloid assembly at the membranaidace. This data identifies
lipid rafts as key targets of oxidative damage as eesult of their ability to recruit

aggregates to the cell surface.
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Higher lipid peroxidation levels in APPwt and APPV7L7G overexpressing cells
SH-SY5Y neuroblastoma cells, stably transfectedhwAtPPwt and APPV717G

constructs expressed higher APP levels (aboutftiiddecompared to cells transfected
with an empty pcDNA vector (SY5Y) (Fig. 32a). Inrpeular, APPwt and APPV717G
clones showed very similar APP expression levelgviding a useful tool for
investigating the dependence of ADDLs binding tairoeal cells on & production
level. Indeed, APP undergoes proteolyficsecretase ang-secretase activities and
generates elevated amounts of34R peptide both in APPwt and APPV717G
neuroblastoma cells and in their culture media.(BRp). However, APPV717G cells
produced and released a significant higher leveé\@2 peptide then APPwt cells. In
amyloid diseases, the aggregated species [pfpéptides interact with the plasma
membrane of the affected cells, triggering a fiedical-mediated injury that ultimately
results in cell degeneration [40, 394]. A conforatroscope analysis showed a higher
membrane lipid peroxidation in APPV717G and, tesseér extent, in APPwt than in
SY5Y cells as assessed using the fluorescent gB@RIPY 581/591 (Fig. 32b). By
contrast, no difference in the lipid peroxidati®vels in the presence of DAPT, a
specific y-secretase inhibitor, was observed among the thlemes. These results
suggest that the enhanced lipid peroxidation in A&Rrexpressing clones is
predominantly the result of a chronic exposurencraased levels of 42 peptide,
rather then to a higher APP content. AccordinglyQH isoprostane levels were
significantly higher in APPwt and APPV717G cellsrquared to SY5Y cells (Fig. 32b),
suggesting an oxidative-stressed condition assatiatth chronic exposure tofAin
the former. Then, we investigated whether the serigid peroxidation enhances the
binding process of exogenously addefl42 aggregates in APPwt and APPV717G
cells. Flow cytometric analysis of the distributioh AB42-FAM fluorescent-positive
cells showed a curve shift toward higher intenlgtyels in APPwt and APPV717G cells
compared to SY5Y cells exposed to ADDLs for 60 rtfig. 32c). In particular, the
mean fluorescent signal of aggregate-binding cels significantly higher in APP

overexpressing clones than in SY5Y clone.
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Figure 32. APPwt and APPV717G overexpressing cells show highel peroxidation levels
and attract more P2-FAM aggregates to the plasma membraneRepresentative Western
blot analysis of total extracts from SH-SY5Y neudasibtoma cells overexpressing wild-type
APP gene (APPwt), FAD-like mutant 717 valine-toaghe APP gene (APPV717G) or mock
transfected (SY5Y) was carried out using monoclonause 6E10 antibodieg-actin
expression analysis was used as control loadifig2Aevels were measured using an ELISA
kit in the cellular extracts and in the conditionaddia of the three clonels, Representative
confocal microscope images of lipid peroxidationSivi5Y, APPwt and APPV717G cells pre-
treated or not with 100 nM DAPT for 24 h, obtainesing the fluorescent probe BODIPY
581/591. Lipid peroxidation was quantified by measy 8-OH isoprostane levels in the three
clones.c, Representative curves illustrate the flow cytametnalysis of 842-FAM binding to
the three clones before and after exposure to ADDLE0 min. On the right, in the histograms,
the reported values (meatisSD) are representative of three independent axpetis carried
out in triplicate. *Significant difference (p 0.05)vs SY5Y cells. § Significant difference @
0.05)vs APPwt cells.

Accordingly, confocal microscope analysis showeat thhen 1.0 uM ADDLs were
added to the culture media for 60 min, they accateudnd are internalized mostly in
APPwt and APPV717G than in SY5Y cells (Fig. 33). Byntrast, DAPT strongly
reduced the aggregate-binding to plasma membrahed three clones exposed to

ADDLs, excluding the possibility that amyloid piakp at the cell surfaces is merely
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affected by the APP content. Moreover, an increagggtegate-binding capacity was
apparent in APPwt and APPV717G clones comparedYteYScells also using All
antibodies, unable to cross-react with the fullgtenhuman APP (Fig. 33). This
evidence let us to rule out the possibility thag thifferences in 6E10 fluorescence
signal were due to different APP expression leaat®ng the three clones. The elevated
accumulation of aggregates to the cell surfacesltesk in a sharper increase in
membrane oxidative-injury as assessed using tlweficent probe BODIPY 581/591
(Fig. 33). Indeed, APPwt and APPV717G cells showaesignificantly higher shift to
green fluorescence signal with respect to theipeetve change in SY5Y cells, when
exposed to ADDLs, confirming an enhanced oxidaitngeilt in cellular surface facing a

higher A3 production.

DAPT

SY5Y SYSY APPwt APPV717G

Figure 33. APPwt and APPV717G overexpressing cells show atgred42 aggregate
recruitment to the plasma membrane. Representatiméocal microscope images showing
aggregates penetrating into the plasma membraneS¥#Y, APPwt and APPV717G
neuroblastoma cells exposed to {iNd ADDLs for 60 min (+) compared to untreated c€H3.
Cells cultured in the absence) r in the presence (+) of 100 nM DAPT for 24 b aompared
by labelling A342 aggregates with monoclonal mouse 6E10 antibofted). The plasma
membrane profile was stained with fluorescein-cgajad wheat germ agglutinin (green). In the
third set of images ADDLs were counterstained ugpofyclonal rabbit A1l anti-oligomer
antibodies (green), while the plasma membrane lprofias stained with Alexa Fluor 633-
conjugated wheat germ agglutinin (red). Bottom, filwerth set of images was obtained using
the fluorescent probe BODIPY 581/591 as a markdipaf peroxidation in SY5Y, APPwt and
APPV717G clones beforeY and after (+) 842 exposure.
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Membrane cholesterol depletion increasesffaggregate binding to the cell surface

Then, the dependence of membraapacity to bind 42 oligomers on membrane
cholesterol content in APPwt and APPV717G clones wwaestigated. In particular, we
induced modifications of membrane cholesterol auint®y incubating neuroblastoma
cells in the presence of either water soluble ddtelel (Chol) or mevastatin (Mev).
Quantitative analysis showed a significant incraasenembrane cholesterol in SY5Y,
APPwt and APPV717G cells (17.01 + 2.8 png/mg proteid 0.05) after treatment with
soluble cholesterol with respect to untreated @briells (12.93 + 1.52 pg/mg protein).
Conversely, clones treated with mevastatin undetrweensignificant reduction in
membrane cholesterol (8.96 + 0.91 pg/mg proteirs 0.05) vs counterpart cells.
Anyway, no significant difference was observedha tholesterol content among these
three clones. The increase in cholesterol contestlted in a reduced membrane
capacity to bind amyloid aggregates in APPwt andP¥P17G clones with respect to
corresponding cells, as assessed by confocal nmpesanalysis of cells exposed to 1.0
UM ADDLs for 60 min (Fig. 34a). To exclude the cdalmtite of intracellular £, a time-
course of aggregate binding to APPwt and APPV71&I evas also performed by a
quantitative flow cytometric analysis of cells espd to fluorescent [Bd2-FAM
aggregates. Cell supplementation with choleste®llted in a lower membrane ability
to bind A342-FAM. Conversely, ADDLs appeared to accumulateemapidly and to a
greater extent at the plasma membrane in mevadtatied clones, with a reduced
content of cholesterol, than in counterpart cdlig.(34a). Moreover, amyloid pick up at
the membranes was higher in APPV717G than in APg&aN$. Notably, a slight red
fluorescence signal is evident in both the analy?edes without exogenous addition of
AB42 aggregates, supporting a constant overproductioAp42 in these cells (Fig.
34b). However, APP overexpression could also erpldie presence of 6E10
fluorescent signal in the absence of Aligomers [395]. According to the above
reported data, a complete absence of red fluorescggnal in the presence of DAPT in

both clones occurred (Fig. 34b).
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Figure 34. Membrane cholesterol depletion increasds dggregate binding to APPwt and
APPV717G cellsa, Flow cytometric analysis of (2-FAM binding to the two clones after
treatment for differing lengths of time (0, 2, 1, 30, 60 and 180 min) with 3M AB42-
FAM aggregates in basal (Control), in cholesteroighed (Chol) and in cholesterol-depleted
(Mev) conditions. The reported values (mearsD) are representative of three independent
experiments carried out in duplicate. On the righpresentative confocal microscope images
showing aggregates penetrating into the plasma marabof APPwt and APPV717G clones
after exposure to 1.0M AB42 aggregates for 60 min, in basal conditions dtet &reatment
with Chol or Mev. b, Representative confocal microscope images showiR§wt and
APPV717G clones cultured in the absence (-) ohéingresence (+) of 100 nM DAPT for 24 h.
The plasma membrane profile was stained with fleme#-conjugated wheat germ agglutinin
(green) and B42 aggregates were labelled with 6E10 antibodisd) (r
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Lipid rafts are primary recruitment sites and oxidative targets of amyloid

aggregates

Recently published research indicates that exogaynapplied A in the form of
ADDLs can be trafficked on the neuronal membrand aocumulate in lipid rafts,
liquid-ordered microdomains rich in cholesterol I4Therefore, the role of cholesterol
in the modulation of 42 aggregate interaction with these liquid-ordes&dctures
was investigated. Confocal microscope analysis skdoa marked colocalization of
ApB42 oligomers with GM1, a well known lipid raft mark on the plasma membranes
(Fig. 35a). When the scatter plots of fluorescesigmals were analyzed using the
Pearson’s correlation coefficient and the overlagfficient, according to Manders,
yielded a colocalization of about 51% between GMi#l 342 aggregates in APPwt
and APPV717G cells and 42% in SY5Y cells. A modemtrichment of membrane
cholesterol reduced the interaction of ADDLs witM&Gto about 35% colocalization in
APPwt and APPV717G clones and to 25% in SY5Y cdls.contrast, in cholesterol
depleted cells an increase in ADDL-GM1 colocalizati{about 68%) in APPwt and
APPV717G cells and (61%) in SY5Y cells was detectdekn, an APP redistribution in
membrane compartments, induced by cholesterol mtida| accounting for the altered
membrane ability to bind amyloid aggregates in AfRbhes was investigated. When
APPwt membrane components were separated on assugradient, no shift in APP
immunoreactivity was evident in cholesterol enrttheompared to depleted cells,
whereas a flotillin-1 transfer to the higher depditactions in the presence of raft
reorganization occurred (Fig. 35b). Overall, thelda showed that (A oligomers
interact with the plasma membrane preferentiallytheg raft domains and that any
structural modification induced by cholesterol iesin alterations of the aggregate-raft
interactions. To make these data more relevans, shidy was extended to human
primary fibroblasts carrying APPV7171 gene mutatiohtained from a FAD patient. A
higher lipid peroxidation was evident in APPV71lilirbblasts with respect to wild-type
fibroblasts obtained from a healthy subject as ss&xk by the fluorescent BODIPY
581/591 shift (Fig. 35c), suggesting that cellsrgag an altered proteolytic APP
process have an increased amyloid assembly at tmbrane surface. Then, |
investigated whether the more oxidized membranesR#V7171 fibroblast bind more
exogenous ADDLs at the lipid raft levels. A high&s42-GM1 colocalization (59%)

Amyloid Cytotoxicity and New Acyl-SG Thioesters



Chapter 111 - Results 121

was evident in APPV717I than in wild-type fibrolla$40%) (Fig. 35c). This resulted
in a further increase of membrane lipid peroxidatio mutated fibroblasts, when
exposed to ADDLs (Fig. 35c). By contrast, wild-tyfieroblasts are more resistant to
AB-oxidative attack with a slight fluorescence shiifkely because of their plasma

membrane integrity.
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Figure 35. Ap42 oligomers preferentially colocalize with thetrdbmains and generate high
lipid peroxidation in APPV717I fibroblastsa, Representative confocal microscope images
showing A342-GM1 colocalization in SY5Y, APPwt and APPV7178&lIg exposed to 1.0M
Ap42 for 60 min in basal conditions and after treatmgith Chol or Mev. A42 aggregates
were labelled with 6E10 antibodies (green), whilsllGwas stained with Alexa Fluor 647-
conjugate CTX-B (red). The scatter plots compaeepghttern of 842-GM1 colocalization in
the three clones. The sampled pixels are plotteal fasction ofred (x axis) andgreen (y axis)
fluorescence intensity, resulting in partial coloion (eft panel), a low degree of
colocalization kniddle panel) and a high degree of colocalizatioright panel) of Ap42
aggregates with GM1b, Representative immunoblot analyses of APP andillifiel
distributions in 14 sucrose gradient fractions &Pt cells enriched (Chol) or depleted (Mev)
in membrane cholesterol levels. The gradient foastwere collected from the top (low density)
to the bottom (high density) of the gradient tuhe on 12% SDS/PAGE and labelled with
6E10 and mouse anti-flotillin-1 monoclonal antiteglic, Representative confocal images
showing A342-GM1 colocalization in wild-type (WT) and mutafit7 valine-to-isoleucine APP
(APPV717I1) fibroblasts are shown on the left-hamdes ADDLs were labelled with 6E10
antibodies (green), while GM1 was stained with Alé&tuor 647-conjugated CTX-B (red). The
scatter plots show the pattern gd42-GM1 colocalization. Representative confocal oscope
images of lipid peroxidation in WT and APPV717Irbblasts exposed (+) or net)(to 1.0uM
Ap42 for 60 min using the fluorescent probe BODIPYL/S®1 are shown on the right-hand

side.
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Oxidative effects of A342 oligomers on detergent resistant membranes (DRM)s

To confirm AB42 specific interaction with lipid rafts, the biggghical modifications
induced by ADDLs in Triton X-100 detergent resistamembranes (DRMs) isolated
from SY5Y, APPwt and APPV717G cells at low temperatwere investigated. The
sucrose gradient fractions rich in flotillin-1 raftarker (fractions from 3 to 5) were
pooled and analyzed for the 8-OH isoprostane cordad malondialdehyde (MDA)
plus 4-hydroxynonenal (4-HNE) levels (Fig. 36a &&t). A significant higher lipid
peroxidation in DRMs from APPwt and APPV717G clonegh respect to SY5Y
DRMs was evident whereas no APP redistribution @miorane compartments occurred
(Fig. 36a and 36c¢). Moreover, a significant higlesel of 8-OH isoprostanes in DRMs
from APPV717I fibroblasts with respect to wild-typbroblasts occurred (Fig. 36b). In
particular, the increase in lipid peroxidation lsveias higher (about tenfold) in DRM
compartments than in the entire membrane, confgnipid rafts as a preferential site
for aggregate binding to cell surface. Then, thimotfof AB42 oligomers on the
structural order of the hydrophobic regions of DRM=ss evaluated by measuring the
fluorescence anisotropy of DPH dye under steadg-standitions at 37 °C. The relative
motion of the DPH molecule within the acyl chainasp of the lipid bilayer was
determined by polarized fluorescence and expressed the anisotropy constant,
whose value is inversely proportional to the degoéemembrane fluidity. DRMs
obtained from APPwt cells displayed a dose depdnd@isotropy increase upon
exposure to p42 oligomers (Fig. 36¢). Then, when the influentthe APP expression
levels on the DRM disturbing properties of ADDLs svavestigated. DRMs from
APPwt and APPV717G cells showed a higher reductibrfluidity with respect to
corresponding rafts from SY5Y cells when exposedBDLs for different lengths of
time (Fig. 36¢). Notably, the more ordered struetwas reached in less than 10 min of
exposure to the oligomers in all cell models. Thedb anisotropy level in DRMs from
APPwt and APPV717G clones was significantly higftareefold) than in relatives
from SY5Y cells, supporting an increased alteratbbrmembrane structure likely as a

result of a chronic exposure to increased levelspgi2 peptide.
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Figure 36. Oxidative effect of A342 aggregates on DRMs, Representative immunoblot
analyses of flotillin-1 and APP distributions incsose membrane fractions using specific
antibodies. Flatillin-1-rich fractions (from 3 tg,5consisting of detergent resistant membranes
(DRMs) were pooledb, Representative immunoblot analysis of flotillintdvels in sucrose
gradient fractions. 8-OH isoprostane levels werangjtied both in cell lysates and in pooled
flotillin-1-rich fractions (from 3 to 5) consistingf DRMs purified from WT and APPV717I
fibroblasts. The reported values (mean SD) are representative of three independent
experiments carried out in duplicate. *Significatitference (p< 0.05)vs WT cells.c, The
amount of 8-OH isoprostanes and MDA plus 4-HNE waantified in DRMs of the three
clones. The reported values (mesisD) are representative of three independent axpeis
carried out in triplicate. *Significant differenq@ < 0.05)vs SY5Y cells. DPH fluorescence
anisotropy, r, measured by incubating DRMs from WPEells with differing concentrations
(0.01, 0.1, 1.0 and 10uM) of ADDLs for 30 min. Owetright, DRMs from SY5Y, APPwt and
APPV717G cells were incubated for O, 2, 10, 30 @Mdnin with 1.0 uM B42 aggregates. The
reported values (meanSD) are representative of six independent experisneach performed

in duplicate. p < 0.05, significant differences untreated DRMs.

GM1-mediated accumulation of 4342 oligomers on plasma membranes

Previous AFM analysis on DRMs, isolated from SY5¥lls; demonstrated an
abundant distribution of GM1 granular structuresthese membrane compartments
[243]. In order to assess whether lipid rafts grecdic targets of membrane oxidative
injury, APPwt and APPV717G cells were pre-incubateith anti-GM1 antibodies
(Abgmi) or with the B subunit of cholera toxin (CTX-B) foee exogenously p42
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treatment. The specific binding of anti-GM1 antilesd and of CTX-B to raft
monosialoganglioside prevented the BODIPY fluoraeseeshift both in APPwt and
APPV717G cells, suggesting a major role of raft domGML1 in lipid peroxidation
process induced by ADDLs (Fig. 37a). Derangementoaf distribution across the
plasma membrane is an early biochemical modificatisplayed by cells exposed to
amyloid aggregates [160, 170]. Accordingly, a shaajzein leakage in SY5Y, APPwt
and APPV717G cells was evident (Fig. 37b), sugggstin extensive alteration of
membrane permeability induced byp42 aggregates. Moreover, the lower calcein
fluorescence in APPwt and APPV717G cells comparedS¥5Y cells, before
exogenously addition of ADDLs, indicated a chror@myloid-induced membrane
damage in cell facing a highe3Aroduction. In order to assess whether raft ghibt
bind AB42 aggregates triggers the loss of membrane ityedghe cells were pre-
incubated with anti-GM1 antibodies (&) or with CTX-B and then membrane
permeability were analyzed in cells exposed to ABDRAnNti-GM1 antibodies and
CTX-B binding to GM1 reduced the calcein fluoressedecay (Fig. 37b), supporting a
major role of lipid rafts in aggregate recruitmednt the cell membrane and in the
subsequent alterations of surface properties. Tdirao lipid rafts as main targets of
APB42 incorporation, a specific inhibition of GM1 bjsdghesis was achieved in SY5Y
APPwt, APPV717G clones using the D-threo-1-phengle2anoylamino-3-
morpholino-1-propanol (PDMP) (Fig. 37c), while m@iming cell viability (data not
shown). The pharmacological interference with lipadt structure almost prevented

AB42 incorporation in all clones exposed to ADDLs.
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Figure 37. GM1 mediates accumulation of3A2 oligomers on plasma membranasOn the
top, representative confocal images of lipid peataiibn in APPwt and APPV717G
neuroblastoma cells pre-incubated for 20 min withOQ diluted rabbit polyclonal anti-GM1
antibodies (Abw;) or with 4.5 pg/ml CTX-B and subsequently exposedp42 aggregates for
60 min as assessed using the fluorescent probe BZEBIL/591.b, Representative confocal
microscope images of SY5Y, APPwt and APPV717G naastoma cells loaded with 2,M
calcein-AM for 20 min. The cells were then inculohfer 20 min with or without Ay, or
CTX-B and subsequently exposed to i ADDLs for 60 min. (c) Representative dot blot
analysis of membrane GM1 content in SY5Y, APPwt &RPV717G cells cultured in the
absence (-) or in the presence (+) of 25 uM PDMP4® h. Bottom, representative confocal
images of the three clones pre-treated with PDMiPextposed to 1.0M AB42 aggregates for
60 min. The plasma membrane profile was stainett Witorescein-conjugated wheat germ
agglutinin (green) and (M2 aggregates with 6E10 antibodies (red).
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-RESULTSIV-

PROTECTIVE EFFECT OF NEW SACYL-GLUTATHIONE DERIVATIVES
AGAINST AMYLOID-INDUCED OXIDATIVE STRESS

Recent data support the role of oxidative stress in the pathogenesis of Alzheimer
disease (AD). In particular, glutathione (GSH) metabolism is altered and its levels
are decreased in affected brain regions and peripheral cells from AD patients and
in experimental models of AD. In the past decade, interest in the protective effects
of various antioxidants aimed at increasing intracellular GSH content has been
growing. In this fourth part of the result section the ability of new S-acyl-
glutathione (acyl-SG) thioestersto prevent the synaptotoxic and neur odegener ative
effects putatively triggered by Ap accumulation was investigate. Because much
experimental evidence suggests a possible protective role of unsaturated fatty acids
in age-related diseases, the synthesis of new acyl-SG thioesters was designed. S
laur oyl-glutathione (lauroyl-SG) and S-palmitoleoyl-glutathione (palmitoleoyl-SG)
wer e easily internalized into the cells and they significantly reduced Ap42-induced
oxidative stress in human neurotypic SH-SY5Y cedlls. In particular, acyl-SG
thioesters can prevent the impairment of intracellular ROS scavengers,
intracellular ROS accumulation, lipid peroxidation, and apoptotic pathway
activation. Palmitoleoyl-SG seemed more effective in cellular protection against
AB-induced oxidative damage than lauroyl-SG, suggesting a valuable role for the
monounsaturated fatty acid. Moreover, acyl-SG derivatives completely avoid the
sharp lipoperoxidation in primary fibroblasts from familial AD patients occurring
after exposureto Ap42 aggregates. Hence, these new antioxidant compounds could
be excellent candidates for therapeutic treatment of AD and other oxidative stress-

related diseases.

Amyloid Cytotoxicity and New Acyl-SG Thioesters



Chapter 111 - Results 128

Synthesis and analysis of lauroyl-SG and palmitoleoyl-SG thioesters

The GSH acylation by long-chain fatty acids requipgior thioesterification to their
respective fatty acyl-CoA products, which may tlsemve as the immediate acylating
nucleophiles [396, 397]. Indeed, the activationfatty acids to their corresponding
high-energy acyl-CoA thioester derivatives is auregf step before the use of fatty
acids for cellular reactions, including fatty aaginthesis [398] and fatty acylation
[399], both of which require a reactive carbonyibma. The reaction of the carboxylic
group of the lauric acid (C12:0) and of the palieito acid (C16:1) of acyl-CoA's with
the sulfhydryl group of GSH resulted in a time-degent synthesis of lauroyl-SG (Fig.
38a) and palmitoleoyl-SG (Fig. 39a) derivativesacteng a maximum after a 24-h
incubation time in sodium phosphate at 37°C (F&b @nd 39b). After the purification
of glutathione derivatives from reaction mixture bgverse-phase HPLC, the mass
spectra of each peak were acquired by MALDI/TOF s8laeaks distinctive of each
conjugate at the expected molecular weights of 29@v/z) for lauroyl-SG (Fig. 38c)
and 544.5 (m/z) for palmitoleoyl-SG (Fig. 39c) wesmyealed. The identity and the
purity of the reaction products were also confirm®d ESI-MS/MS analysis (not
shown). A quantitative analysis of acyl-SG peakss warformed by Ellman's test,
which is based on the conversion of colorless DTiNB yellow TNB in the presence
of thiol compounds. A time-dependent increase m rdlease of GSH after the acid
hydrolysis of lauroyl-SG (Fig. 38d) and palmitolé®G (Fig. 39d) was observed. The
amount of synthesized products, after a 48-h compbzid hydrolysis reaction,
indicated a purification yield for lauroyl-SG thsier approximately twofold higher
(25.8+1.6 nmol GSH) than for palmitoleoyl-SG thiteeq9.1+1.3 nmol GSH), starting
from 250 nmol of acyl-CoA and 1250 nmol of GSH.
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Figure 38. Synthesis, purification, and characterization afrdgl-SG.a, Scheme for chemical
synthesis, performed with 25 mM GSH and 5 mM lal#@gA in 50 mM phosphate buffer, pH
7.5, at 37°Cb, Representative reverse-phase HPLC chromatograthsUWW detection (228
nm) showing the kinetic of lauroyl-SG synthesieafl, 2, and 24 h of incubation. The arrows
indicate the lauroyl-SG pea&. Mass spectrum of product ions obtained by MALD&lgais of
the HPLC-purified adduct. For details, see Matsriahd Methods sectiod, The amount of
lauroyl-SG thioester was indirectly determined Inatitative analysis of the GSH release after
acid hydrolysis of HPLC-purified thioester, usingaibration curve with GSH as an internal
standard. Values are expressed as means = SD angm@esentative of three independent
experiments carried out in duplicate.
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Figure 39. Synthesis, purification, and characterization ofnpleoyl-SG. a, Scheme for
chemical synthesis, performed with 25mM GSH and @ palmitoleoyl-CoA in 50 mM
phosphate buffer, pH 7.5, at 379.Representative reverse-phase HPLC chromatograths wi
UV detection (228 nm) showing the kinetic of palmebyl- SG synthesis, after 0, 2, and 24 h
of incubation. The arrows indicate palmitoleoyl-$@ak.c, Mass spectrum of product ions
obtained by MALDI analysis of the HPLC-purified add. For details, see Materials and
Methods sectiond, The amount of palmitoleoyl-SG thioester was inctise determined by
quantitative analysis of the GSH release after dmidrolysis of HPLC-purified thioester.
Values are expressed as means = SD and are refjateésenf three independent experiments

carried out in duplicate.
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Intracellular GSH increasein SH-SY5Y and FAD cdlls

Then, | investigated whether exposure to the syith@dmpounds can increase
intracellular content of free GSH in SH-SY5Y nedesboma cells and in skin primary
FAD fibroblasts. In particular, the ability of ae@iG thioesters to cross the plasma
membrane and to enter the cells and, once insdeeléase free GSH after hydrolysis
by cellular thioesterases was evaluated. A timesswanalysis showed a significant
increase in intracellular GSH levels in SH-SY5YIgaxposed to 1.aM lauroyl-SG
for 3 and 5 h (Fig. 40a). Accordingly, the more lpnged the palmitoleoyl-SG
derivatives treatment time, the higher the increasmtracellular GSH levels. To test
whether the acyl-SG derivative uptake was a dogesent process, intracellular GSH
levels were determined in SH-SY5Ycells exposed iffergnt acyl-SG thioester
concentrations. Palmitoleoyl-SG thioester was nadfective in increasing intracellular
GSH levels than lauroyl-SG thioester at variougwgate concentrations (from 0.2 to 5
uM) (Fig. 40b). Similar experiments carried out oADF fibroblasts confirmed the
internalization process of acyl-SG derivatives.pluticular, intracellular GSH levels
were significantly raised in fibroblasts treatead & h with 1.0uM palmitoleoyl-SG
thioester (29.6x+ 2.0 nmol/mg of proteins@01) or with 1.0uM lauroyl-SG thioester
(25.8£1.5 nmol/mg of protein, 90.05) with respect to untreated cells (21.3+1.6

nmol/mg of protein).
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Figure 40. a, Time-course analysis of intracellular GSH levels SM-SY5Y cells after
incubation for 1, 3, and 5 h with 1M acyl-SG conjugated, Intracellular GSH content in
SH-SY5Y cells after exposure to various final carications of acyl-SG thioesters (0.2, 1.0,
and 5.0uM) for 3 h. Values are means + SD of three indepahéxperiments, each performed
in duplicate. *Significant difference €0.05) vs control cells. °Significant difference<(p05)
vs lauroyl-SG-pretreated cells.

Acyl-SG derivatives counteract amyloid cytotoxicity

Neuronal cells exposed to toxic amyloid assemhlgglly exhibit impaired viability,
oxidative stress, and mitochondrial dysfunctiong,1996, 400]. A time-course analysis
of SH-SY5Y cell viability in the presence of 1u®1 acyl-SG derivatives, followed by
exposure to 5.uM AP42 prefibrillar aggregates, was performed using NET test,
taking into account the cautions due to the in@eaghe cell number in dividing cell
samples [401] (Fig. 41). A significant impairmerabout 35%) in SH-SY5Y cell
viability was evident after exposure t@42 aggregates for 24 h. A significant recovery

of cell viability was evident when cells were pegtted with lauroyl-SG and much more
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with palmitoleoyl-SG thioesters before exposureAf42 aggregates (Fig. 41a). In
particular, the more prolonged the acyl-SG treatntene, the higher the protection
against aggregate toxicity. As a result, the follayvexperiments were performed by
incubating SH-SY5Y cells with acyl-SG thioesters ® h, because at this time the
protective effect of such compounds did not sigaifitly differ from that observed at 5
h. On the other hand, no significant increase iih wability was detected in cells
exposed to lauroyl-CoA (about 71.3+3.9%), palmibgleCoA (about 68.0+2.3%), and
GSH (about 63.5+6.8%), compared to control celso( 65.8+4.4%). The ability of
palmitoleoyl-SG thioester to protect SH-SY5Y cealtginst aggregate cytotoxicity was
higher than that of lauroyl-SG thioester at varioagjugate concentrations (from 0.2 to
5.0 uM) (Fig. 41b). In particular, at 1.0M a significant difference in the protective
effect of palmitoleoyl-SG thioester with respectlaniroyl-SG was observed. Similar
results were obtained in,B,-exposed cells, in which the ability of palmitolé&G to
counteract HO, oxidative injury overcame that of lauroyl-SG thster at all the

investigated concentrations (Fig. 41c).
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Figure 41. Acyl-SG thioesters improve the viability of SH-SYX¢lls experiencing oxidative
damagesa, Cell viability was measured by the MTT reductiesttin cells treated with 1M
acyl-SG thioesters for various lengths of time 103, and 5 h), before exposure to G
AB42 aggregates for 24 h. Viability of cells expoded 3 h to varying amounts of acyl-SG
derivatives was checked bothbn5.0uM AB42 prefibrillar aggregates and 250 uM H,0,
24-h-treated cells. Blank column represents cedlatéd with 42 or HO,, without thioester
pretreatment. The reported values are expresseeresntage of MTT reduction in treated cells
with respect to untreated cells (means + SD) arm rapresentative of three independent
experiments carried out in triplicate. *Significanlifference (g0.05) vs treated cells.
°Significant difference $0.05) vs lauroyl-SG-pretreated cells.
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Antioxidant properties of acyl-SG derivatives

It is well known that oxidative stress can be tifleat of either any increased free
radical production or the weakening of the celli@atant defenses, including
antioxidant enzymes, lipophilic, and hydrophiliagengers. In the present study, the
changes in non enzymatic hydrophilic ROS scavengéiey exposure to acyl-SG
thioesters in SH-SY5Y cells were measured. As shiomfigure 42a, cells underwent a
significant increase in ROS scavengers in the pasef both 1.uM lauroyl-SG and
palmitoleoyl-SG thioesters in the cell culture madj reaching a maximum after 3 h of
exposure (1044.39+45.58 and 1174.30+48.63 nmol wigtotal proteins, respectively),
compared to the basal antioxidant defenses of atelecells (703+33.33 nmol rigof
total proteins). In particular, a higher palmitofe&G thioester antioxidant property
compared to lauroyl-SG derivative was evident jaser 20 min of GSH thioester
treatment. These data confirmed that palmitole@yl{&rmeates neuronal membrane
more quickly than lauroyl-SG. Much experimental derice suggests that oxidative
stress is an early biochemical modification in<élicing amyloid aggregates [74, 329].
Therefore, the ability of acyl-SG derivatives tainteract intracellular ROS scavenger
impairment after amyloid aggregate of(J exposure was investigated. SH-SY5Y cells
after AB42 aggregate treatment underwent a significanty esxhvenger decline (30
min), with any recovery at longer times of expos{iig. 42b). On the other hand, cells
pretreated with both lauroyl-SG and palmitoleoyl-8&ivatives, though displaying a
significant decrease in intracellular defense levaliring the first 30 min, recovered
almost completely at longer times of aggregate supa In particular, the palmitoleoyl-
SG protective effect againsf3A2-induced antioxidant defense impairment was highe
than that of lauroyl-SG. In contrast, aftei@d oxidative injury SY5Y cells can partially
preserve their antioxidant capacities, especiallhe presence of palmitoleoyl-SG (Fig.
42c).
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Figure 42. Antioxidant properties of lauroyl-SG and palmitofe&G thioestersintracellular
ROS scavengers were measured by a chemiluminesasegsag in the cytosolic fractions of cell
lysates and expressed in ascorbate-equivalent anitdme course of intracellular antioxidant
defenses measured in SH-SY5Y cells exposed taMN.@cyl-SG thioesters for 10, 20, 30, 60,
and 180 min at 37°C. The cells were also incubaiéid 1.0uM acyl-SG thioesters for 180 min
and then treated wittb) 5.0 uM Ap42 aggregates oc) 250 uM H,0, for 10, 20, 30, 60, and
180 min at 37°C. The reported values (means + 3B)representative of three independent
experiments each carried out in triplicate. *Siguaint difference (0.05) vs treated cells.
°Significant difference $0.05) vs lauroyl-SG-pretreated cells.

As a result, GSH thioester-pretreated cells welle &b counteract the early rise in

intracellular ROS seen in control cells (Fig. 4B).particular, palmitoleoyl-SG was
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more effective than lauroyl-SG in facing both aggte (Fig. 43a) and J@, (Fig. 43b)
oxidative injury.
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Figure 43. Intracellular ROS production in SH-SY5Y cells. Ge#ixposed or not to 1M
acyl-SG thioesters were treated witl) 6.0 uM Ap42 aggregates ob) 250 uM H,0, for 10,

20, 30, 60, and 180 min. CM,BCFDA fluorescence was measured using a spectrafieter.
Values are expressed as % with respect to untreatisd The values shown are means + SD of
three independent experiments, each performedplicdte. *Significant difference g.05) vs
treated cells. °Significant difference(a05)vs lauroyl-SG-pretreated cells.

In addition, the increased ability of SH-SY5Y ceglietreated with acyl-SG thioesters
to counteract oxidative stress resulted in an ewideduction in lipoperoxidation. As
shown in figure 44a, the BODIPY 581/591 red fluomsce, assessing lipid
peroxidation in untreated control cells, shiftedgi@en after 3 h of exposure to the
aggregates and, more evidently, tgOsl On the other hand, the fluorescence signals of
cells pretreated with both lauroyl-SG and palmibgleSG thioesters, exposed t@42

aggregates or to 4., did not notably differ from their counterpart tedted cells.
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Accordingly, a significant decrease in lipoperoxida levels was evident in
neuroblastoma cells pretreated with acyl-SG thayedbtefore exposure to 5uM Ap42

aggregates, as revealed by the 8-OH isoprostaag é5g. 44b).
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Figure 44. a, Representative confocal microscopy images of BODABorescence correlated
with lipid peroxidation in SH-SY5Y cells. The cellsxposed or not to 1.0M acyl-SG
thioesters were treated with u¥ AB42 or 250uM H,0, for 3 h.b, Cytosolic levels of 8-OH
isoprostanes in SH-SY5Y cells pretreated or nolh WO uM acyl-SG thioesters and then with
5.0uM ApB42 aggregates for 3 h. The reported values (me&iB)tare representative of three
independent experiments carried out in duplicaggriificant difference 0.05) vs A-treated
cells. °Significant difference §8.05) vs lauroyl-SG-pretreated cells.
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Previous data on lymphoblasts and fibroblasts cagrpPP and PS-1 gene mutations
have shown a significant TAC impairment and a markecrease in membrane
lipoperoxidation compared to healthy controls [2ZFevious results suggest thgid®
aggregates can easily induce a prompt and sharp fjr@fiction in fibroblasts from
FAD patients [205]. In the present study, the ptiwve effect of acyl-SG thioesters
resulted in an apparent reduction of lipoperoxaatin primary APPV7171 mutated
fibroblasts as evaluated by a confocal analysishef fluorescent BODIPY 581/591
reporter (Fig. 45a). Accordingly, as revealed by 80OH isoprostane assay reported in
figure 45b, a significant decrease in lipoperoxmatlevels was induced by a higher
ability of fibroblasts pretreated with acyl-SG tasters to counteract fAaggregate
oxidative attack. No significant difference withspect to the basal level of controls in

cells exposed for 3 h to the acyl-SG derivatives exdent.
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Figure 45. a, Representative confocal microscopy images of BODIR¥rescence correlated
with lipid peroxidation in primary APPV7171 mutatéidbroblasts.Cells exposed or not to 1.0
uM acyl-SG thioesters were treated with 5l AB42 or 250uM H,0O, for 3 h.b, Cytosolic
levels of 8-OH isoprostanes in primary APPV717] atedl fibroblasts incubated or not with 1.0
uM acyl-SG thioesters and then with 1M AB42 aggregates for 3 h. The reported values
(means + SD) are representative of three indepénebgreriments carried out in duplicate.
*Significant difference (0.05) vs A-treated cells. °Significant difference<05) vs lauroyl-
SG-pretreated cells.
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Acyl-SG derivatives prevent aggregate-induced apoptotic cell death

Abundant data indicate that amyloid aggregate ttyxeventually results in apoptotic
or, less frequently, necrotic cell death [157, 3202]. The extent of the apoptotic
program activation in acyl-SG derivative-pretreatszlls, exposed or not to 42
aggregates or #D,, was evaluated by confocal microscopy analysiscagpase-3
activity, which is the main effector caspase in @psis. According to the above-
reported results, the increase in caspase-3 actias prevented by cell pre-treatment
with acyl-SG thioesters (Fig. 46).

AB42 - + -
H202 - — +

N

Figure 46. Representative confocal microscopy images of caspaactivationCells exposed
or not to 1.0uM acyl-SG thioesters were treated with 7l Ap42 or 250uM H,0O, for 3 h.
Caspase-3 activity was measured using the fluonesombe FAM-FLICA Caspases 3&7
according to Materials and Methods section.
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CHAPTER IV — DISCUSSION

Relationship between cellular impairment and oligorer structure in protein

deposition diseases

A number of biochemical modifications eventualladeng to cell death have been
reported in cells exposed to toxic aggregates wérs¢ differing peptides and proteins
either in whole animals or in differing culturedldaes [81, 157, 403-407]. The small
(91-residues) globular HypF-N peptide is a valuabtalel system for investigating the
structural basis of the cellular dysfunction caubgdmisfolded protein oligomers. In
fact, HypF-N is able to form amyloid-like fibrilsnd protofibrils in vitro under
conditions that promote its partial unfolding [91h. the present study, the different
biological activities, on cells, exerted by two égpof HypF-N oligomers, grown under
different environmental conditions were exploreche3e oligomers have a similar
hydrophobic core and are sufficiently stable tonten their structure and properties
when transferred to physiological solution suchcatiure medium and phosphate
buffer. To address this issue, the ability of the tifferent HypF-N oligomers to be
cytotoxic to human neurotypic SH-SY5Y cells by mlading aggregate binding to the
cell membrane, in most cases a recognized key istegmyloid cytotoxicity was
investigated. A close relation between the cytatibixiand the amount of aggregate
inclusion into the membrane of cells exposed tgastiers formed under condition A
was found. By contrast, no impairment in cells esqub to differing amount of
oligomers grown under condition B was observedgeatng that the lack of toxicity of
this species is not due to an insufficient amourndligomers being in contact with the
cells. These results suggest that the structuff@rences in HypF-N oligomers, such as
the different degrees of packing of the hydrophot®sidues within their cores,
determine a different ability to permeate the meanbrassociated with the structural
flexibility of such residues. Furthermore, the agtac effect of early aggregates formed
in condition A decreased with longer time of aggteggrowth, while the aggregates
formed in condition B maintained their lack of toity after prolonged grown periods.
These results are consistent with recent data stiggethat oligomers, rather than

mature amyloid fibrils, act as toxins in many pnotenisfolding pathologies such as
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Alzheimer’'s and Parkinson’s diseases [37]. Intemght, the decline in cytotoxicity is
strictly related to a reduced internalization ofjgates into the cells. These findings
further confirms the ability of early aggregateshaiespect to older species to bind and
penetrate cell membrane. Moreover, the abilityedf membrane to bind and internalize
HypF-N oligomers is influenced by the period oflcekposure to aggregates. The
present results indicate that the toxicity is asded with the ability of the oligomeric
species to form a more pronounced and disruptitexantion with the cells, stimulating
cd" influx and leading to cell death. These resuls® ahdicate that HypF-N oligomers
formed under condition A caused a great modificatad membrane permeability,
resulting in a sharp increase in cytosolic freé*@a SH-SY5Y cells. This increase is
inhibited when cells are exposed to oligomers iftee C&*-medium, indicating that
cd" influx from the extracellular medium is responsilfor this effect. By contrast,
membrane integrity and cytosolic £ahomeostasis are maintained when cells are
treated with oligomers formed under condition B.&R&cumulation, lipid peroxidation
and direct oxidative damage to membranes are alsmjar outcome of oligomers
grown under condition A compared to cells treateith vaggregates grown under
condition B. Moreover, the increase in oxidativeess is almost completely inhibited
when cells are exposed to oligomers formed undedition A in a C4'-free medium
or after a pre-incubation of cells with vitaminAccordingly, caspase 3 levels and LDH
release in the cell culture media are markedly eased only in cells exposed to
oligomers grown under condition A. Therefore, thessults suggest that cell treatment
with HypF-N oligomers, showing a low degree of gagkof the hydrophobic residues
within their cores and a high structural flexihjiliof such residues, induces oxidative
stress, intracellular Gadyshomeostasis and membrane damage, which ipitiabers
the apoptotic pathway and can ultimately lead toross. In contrast, cell exposure to
native or more structurally packed oligomers avpidtein internalization, oxidative
attack, membrane damage, cationic influx and ulihya cell dysfunction. In
conclusion, these data depict membrane destallizedand the subsequent early
derangement of ion balance and intracellular reslatus as key events in targeting
exposed cells to apoptotic death. These data baotgrito the elucidation of the
causative link between the molecular structurebariant protein oligomers and their

ability to cause cell dysfunction. Finally, the ension of amyloid aggregates into
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species unable to damage cell membranes represaraisiable target for therapeutic

interventions aimed at preventing the onset ofginadleposition diseases.

Membrane cholesterol enrichment prevents pB-induced oxidative stress in
Alzheimer’s fibroblasts

Growing data indicate that changes in membraneeshkerol content, by modulating
lipid fluidity, have regulatory consequences fop Ateractions with the cell plasma
membranes and neurotoxicity [186, 221, 242, 25®, 208-410]. The present study
provides evidence supporting the hypothesis thationene cholesterol modulation
might affect the sensitivity to f42 aggregates of primary fibroblasts carrying APP
Val717lle or PS-1 Leu392Val or Metl46Leu gene matet by modulating A
aggregate binding to the cell membrane, recogned primary step in amyloid
cytotoxicity. In particular, confocal microscopy ages, flow cytometric analysis and
Congo red assay revealed thg#4® assemblies accumulate faster, and are inteedaliz
to a greater extent into, the plasma membranesaksterol-poor fibroblasts than in
cholesterol-enriched cells. Indeed, it seems likabt when the level of cholesterol in
the membrane is higher than normal, the insertimtgss can be prevented by the
enhanced stiffness of the membrane. On the othed,hahen the A oligomer
encounters a membrane with increased fluidity du@ fower cholesterol level, the
insertion process can occur [186]. Despite a radgtilow number of patient samples
employed in our study that limits the statisticawer of the results, these findings
strongly support the idea that the ability op4® aggregates to bind to the plasma
membrane is significantly affected by its contemtcholesterol [94]. Even in human
SH-SY5Y neuroblastoma cells, mild cholesterol dmment appears to prevenf342
aggregate binding to the plasma membrane, corrtbgrtnis hypothesis in a neuronal
system. However, it cannot be excluded that differdPP distribution and/or
accessibility in the plasma membranes, likely masgilfrom lipid raft reorganization at
the different experimental conditions used, mayti@oate to the interaction of thepA
aggregates with the cell membranes. Indeed, rasadénce suggests thap Anteracts
with the APP present at the cell surface and asts digand of its own precursor,

resulting in a cell death-related signal [411].
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One leading hypothesis of the molecular basis oflaich toxicity claims that single
misfolded molecules or a subpopulation of prefiaringgregates interacts with the cell
membrane disassembling the lipid bilayer [242]; ibgulting impairment of membrane
permeability would then lead to an imbalance of mmeostasis [390]. In the present
study, confocal microscope images with the fluogesgrobe calcein show a rapid
fluorescence signal decay in FAD fibroblasts, sstjgg the presence of a fluorescent
dye leakage invoked by an increase in membrane gaditity induced by A42
aggregates. Notably, enrichment in membrane -clestastreduced the calcein
fluorescence decay induced byp42, supporting a major role of cholesterol in
aggregate recruitment to the cell membrane. Mome@te confocal images reveal that
in FAD fibroblasts exposed top42 aggregates an early and sharp increase of free
cytosolic C&" does occur. Actually, our cholesterol-poor fibasibs displayed a prompt
and enhanced Gaincrease upon aggregate binding to the cell menebraspect to
control cells, whereas cholesterol-enriched fibastd displayed slower and reduced
AB42 aggregate binding to the plasma membrane negulith a delayed and
substantially reduced rise of free?Caontent respect to control cells.

The relevance of these finding is stressed by tk# known association between
alterations of intracellular free €aand either oxidative stress [412] and cell death
[413]. Oxidative stress has largely been implicaseda major cause of neurotoxicity in
AD and there is strong evidence linking lipid padation and amyloid plaques within
the AD brain [196, 198, 392, 414]. Oxidative damagessibly induced by @ may
further exacerbate [Atoxicity by modulating the A amyloid pathway [120]. Indeed,
AP is reported to accumulate faster in membranesagung oxidatively damaged
phospholipids than in membranes containing only xidiped or saturated
phospholipids [415]. A previous study showed a radricrease in oxidation levels of
lipids and proteins in peripheral cells from FADtipats [210]. Moreover, amyloid
oligomers can readily insert into oxidative-damaddePV7171 fibroblasts where the
membrane integrity is compromised [205]. The eagpearance of amyloid aggregates
bounded to fibroblast surfaces therefore suggbststhese species are the main source
of oxidative stress for cells. Actually, cholestepmor cells displayed a prompt and
enhanced ROS increase upon aggregate binding toethenembrane with respect to

control fibroblasts with basal membrane cholesteahtent. Conversely, membrane
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cholesterol enrichment resulted in a delayed agdifstantly reduced rise of ROS
production in the affected PS-1 and APP fibroblasisosed to B aggregates. In these
cellular models the protective role of membranelesterol against amyloid oxidative
damage seem patrticularly hopeful. This approadwalito study the potential defensive
role of a mild membrane cholesterol enrichment regjaA3-induced cytotoxicity in
living cells having a genetic drawback in tissuelsere AD lesions occur. Indeed,
mutated fibroblasts displayed a lower level of b&@S scavengers, thus suggesting
that a modified redox status is a common featureeti§ carrying these genetic lesions.
This evidence could reflect chronic exposure tooailizing environment in mutated
fibroblasts with a continuous over-production of ydord peptide. Several studies
provide evidence for excess lipoperoxidation amutgdn oxidation associated withBA
deposits in APP and PS-1 AD brain and mutant mi&6[ 394]. Accordingly, the
reported confocal microscopy images and the quaivét analysis of 8-OH isoprostane
levels show that B42 aggregates added to the cell culture media sduanore
extensive lipoperoxidation and membrane oxidatnyery in APP than in PS-1 mutated
fibroblasts. Nevertheless, cholesterol-enriched Fidibbblasts appear more resistant to
amyloid oxidative attack with respect to controll€&vith basal membrane cholesterol.
On the other hand, membrane cholesterol depletimmngly exacerbates fAinduced
lipid peroxidation. These results therefore suggleat membrane cholesterol content
negatively correlates with lipoperoxidant effects molyunsaturated fatty acids in cell
membrane phospholipids induced byp4R® oligomers. Membrane cholesterol
enrichment cannot completely revertf4® oxidative damage in APP mutated
fibroblasts, suggesting that other important factare involved in 42 aggregate
binding to cell membranes. Previous findings predidcompelling evidence that
mutated fibroblasts bearing increased membrangdimxidation are more susceptible
to aggregate binding to the plasma membrane arntleaesulting amyloid toxicity
[205].

This study indicates that membrane cholesterolreadily modulate FAD fibroblast
sensitivity to A-induced oxidative attack. In particular, membraokolesterol
enrichment resulted in almost complete recoveryngbchondrial function and in a
significant reduction of LDH release into the cuttumedia of exposed FAD fibroblasts

according to previous data on SH-SY5Y cells, PCéRscand rat embryo cortical
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neurons [186, 242, 256]. On the other hand, celbisigity to the cytotoxic effect of
APB42 aggregates was significantly enhanced by lowesterol levels. Remarkably,
amylin treatment of low cholesterol fibroblastseats cell viability resembling (42
outcome. These data suggest that the modificafionembrane cholesterol is generally
able to modulate the toxic effect of amyloidogepéptides independently from their
amino acid sequence. Moreover, these data arestensivith increasing evidence that
oligomeric aggregates, compared to mature fibaite, likely the more toxic species of
amyloid peptides [40, 58, 205]. Therefore, it candoncluded that the presencepef
sheet structure seems to be stringent for the mambperturbing properties offfA
oligomers. A moderate, but significant increasecell resistance to fibril toxicity in
fibroblasts with higher membrane cholesterol islykto be the result of binding
inhibition of minute amounts of residual prefibaill aggregates, although a specific
modulation of the toxic effect of the fibrils carinme ruled out. It has recently been
shown that seladin-1 gene, whose proteic produelyzes the last steps of cholesterol
biosynthesis [416], appears to be down-regulateloram areas affected by AD [265].
Recent findings also indicate that seladin-1-indusceembrane cholesterol enrichment
protects SH-SY5Y cells against amyloid toxicity ducing the interaction of X2
oligomer with cell membrane, featuring seladin-laasusceptibility gene candidate for
sporadic AD [266]. In this view one might proposatt by modulating the membrane
fluidity, plasma membrane cholesterol content maecsically influence APP
processing and production as well as the insertion of solublgiA the phospholipid
bilayer and its properties to disturb the membrstngcture which ultimately trigger cell
death.

Lipid rafts are primary targets of amyloid oxidativ e attack on plasma membrane

Lipid peroxidation is a major outcome of free radimediated injury to brain, where it
directly damages membranes and generates a nurbgidzed products [417]. In the
present study, human SH-SY5Y neuroblastoma cedlslystexpressing about threefold
levels of APP and more than threefold levels @#2A showed a higher membrane lipid
peroxidation compared to SY5Y control cells, sugjggsa chronic oxidative stressed
condition associated with enhancefl production. These findings are in agreement with

several studies that provide evidence for excgsd [peroxidation associated withBA
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deposits in APP and PS-1 AD brain and mutant mi&i8]. Oxidative damage may
further exacerbate [Rtoxicity. Indeed, A& is reported to accumulate faster in membranes
containing oxidatively damaged phospholipids than membranes containing only
unoxidized or saturated phospholipids [415]. Intipatar, a marked increase in lipid
peroxidation levels and an early amyloid bindingotadative-damaged membranes in
fibroblasts from FAD patients have been previowslgwn [205]. In the present study, a
higher membrane oxidative-damage resulted in araremgd ADDL binding to the
plasma membrane in neuroblastoma cells overexpgessPPwt and APPV717G as
compared to control cells. As recent evidence ssigginat A interacts with the APP
present at the cell surface and acts as a liganilsadwn precursor [411], a minor
contribute to A binding could be given by APP over-expression. ewev, amyloid pick
up at the plasma membrane was higher in APPV71@6 ith APPwt cells, suggesting a
causative role for APP mutation in cell surfacdigbio bind ADDLs. Moreover, DAPT,

a specificy-secretase inhibitor, strongly reduced both tpellperoxidation levels and
the aggregate-binding to plasma membranes of adletitlones exposed to ADDLS,
excluding the possibility that amyloid pick up aetcell surfaces is merely affected by
the APP content. Anyway, the early appearance ofi@caggregates bounded to cell
surfaces suggests a main role for these speciesidative stress process. Indeed, when
AB42 aggregates were added to cell culture medig,itfteiced a quick membrane lipid
peroxidation in APPwt and APPV717G neuroblastonmmes as well as in APPV7171
mutated fibroblasts.

There is a growing consensus that cell surfacespatehworks of domains, local
concentrations of membrane proteins, and lipidseqdifferent from the average for an
entire membrane. Cholesterol is likely importantonganising some types of domains,
usually termed lipid rafts [419]. Increasing datalicate that changes in membrane
cholesterol content have regulatory consequenceesffanteractions with the cell plasma
membranes and neurotoxicity [158, 186, 266]. Caalfaad cytofluorimetric evidence on
neuroblastoma cells, carrying wild-type and V717Cutated APP, supports this
hypothesis. Indeed, when ADDLs were added to th@meumedium of cells depleted in
membrane cholesterol following treatment with méatas, the A342 oligomers appeared
to accumulate earlier and to a greater extentaictdil plasma membrane. Recent data

suggest that cholesterol depletion, dispersing jietsdylinositol 4,5-bisphosphate from
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sites of functional interaction with cell proteinsan alter cell actin organization and
inhibit lateral diffusion of membrane proteins [42Blowever, it can be excluded that
different APP distribution in plasma membrane cortipants, likely resulting from lipid
raft reorganization in the present experimental ddwns, may contribute to (42
binding to the cell membrane. It has recently beeported that A binding and
aggregation occurs in lipid raft domains where dt mediated by clusters of the
ganglioside GM1 [241, 245]. Confocal laser micrgeecanalysis showed a marked
AB42-GM1 colocalization on membrane rafts in APPV7iitated fibroblasts obtained
from a FAD patient. Moreover, lipid peroxidationda®-OH isoprostane quantitative
analysis at the raft levels showed that ADDLs iretl@ more extensive membrane
oxidative-injury in APPV7171 fibroblasts than in ool fibroblasts from a healthy
subject. These data are also supported by the reedéhat lipid composition can
influence ADDL recruitment to raft microdomains pauroblastoma cells. In particular,
cholesterol-depleted membranes displayed enhand2dLAGM1 colocalization with
respect to control cells, whereas a low@42 binding to cholesterol-enriched lipid rafts
compared to control cells occurred in SY5Y, APPnd &APPV717G cells. Furthermore,
the pharmacological interference with lipid raftusture achieved by PDMP, a specific
inhibitor of GM1 biosynthesis, prevented342 incorporation in all clones exposed to
ADDLs. Moreover, the anti-GM1 antibody or CTX-B bling to the raft GM1 prevented
the amyloid lipid peroxidation process on plasmanine, suggesting that lipid rafts
are specific targets of membrane oxidative injury APPwt and APPV717G
neuroblastoma cells exposed top4R® aggregates. Interestingly, membrane lipid
peroxidation positively correlates with the periog effects of A42 oligomers on
DRMs. Indeed, DRMs purified from APP overexpressieis were more susceptible to
the decrease of fluidity produced by ADDL exposasecompared to rafts purified from
control cells. As a consequence, APPwt and APPV7avé&expressing cells were more
unsuccessful than SY5Y cells in facing aggregateatie injury, resulting in a more
significant increase in DRM lipid peroxidation. Maver, the higher increase in lipid
peroxidation levels in DRM compartments than inirenimembrane of Alzheimer
fibroblasts defines lipid rafts as a preferentiaeé dor AB aggregate binding to cell
surface. These results suggest that the more exidie DRMs, the greater its ability to
bind specifically ADDLs.
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Recent evidence suggest that DRMs differ substgntieom lipid rafts [421].
Moreover, membrane microdomains can arrange theeseinto larger detergent-
resistant membrane during triton treatment. Takimg account these limitations, the
present data are consistent with previous repodisating that ADDLs affect membrane
physical features such as fluidity and densityimfll packing, hindering both membrane
oxidation and permeabilization [222, 224, 239]. ®&CcAFM data also showed that
treatment of DRMs with ADDLs induced the formatiami large steps reflecting
differences between the thickness of a standaaydriland that of a thinner phase [243].
A leading theory on the molecular basis of amytmixicity is that pore-like aggregates
interact with the cell membranes leading to memérpermeabilization and free €a
imbalance [40, 58, 170]. In the present study, coaf microscope images with the
fluorescent probe calcein suggest that DRM distgrbproperties of ADDLs were
associated to the loss of membrane integrity in SYAPP overexpressing cells. The
lower calcein loading in APPwt and APPV717G cellsnpared to SY5Y cells, before
exogenously addition of ADDLSs, suggests a chroniglaid-induced membrane damage
with a loss of surface integrity and a constanteial leakage in cell facing a highef A
production. Notably, anti-GM1 antibodies and CTXsBiding to raft GM1 reduced the
calcein fluorescence decay induced by ADDLs, supppra major role of lipid rafts in
aggregate recruitment to the cell membrane. Thidirig suggests that these two ligands
can prevent raft structure alteration by decreasihg ADDL binding to GM1
amphipathic targets and subsequently disfavouring4?A incorporation into the
membrane. Indeed, the partial lipophilic natureraft GM1 can account for (42
intracellular uptake. We did not investigate in tthepn our cell system, any direct
inhibition of GML1 redistribution by CTX-B and an8M1 antibodies. However, the
addition of stoichiometric amounts of cholera toxmsamples containing ganglioside
GML1 seems to produce only a small decrease in tesuned diffusion coefficient [422].
This pattern relies on a progressive amplificatioechanism of the early reactive free
radicals by repeated chain reaction processes finlipgds consistent with the age
dependence of AD. This data identifies lipid raftskey targets of oxidative damage as a
result of their ability to recruit 42 aggregates to the cell surface. Finally, arrexdte

APP processing in Alzheimer’s fibroblasts strengthéhe claim that the changes
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observed could be the direct outcome of the chrpnésence of an increased grade of

cellular oxidising environment induced by A

Protective effect of new S-acylglutathione derivaties against amyloid-induced

oxidative stress

Reduced levels of GSH in specific regions of thetreg¢ nervous system and in
peripheral cells from AD patients carrying mutaian the APP and PS-1 genes have
been described [195, 209, 423]. The alteration SHGiomeostasis impairs neuronal
viability, leaving neurons vulnerable to oxidatisgess injury. Therefore, therapeutic
strategies based on intracellular increase in GSMdl$ by dietary or pharmacological
intake of GSH precursors or substrates for GSHh&g$ to protect the brain against
oxidative stress have been developed [195]. Bec&®dd itself poorly penetrates the
blood-brain barrier and does not freely cross t@llimembranes, other treatment
options to increase the brain concentration of Gifaeluding GSH carriers, analogs,
mimetics, or precursors, have been used in pat@mnénimal models [195, 348, 424-
426]. Taking into account these considerations, fiyathesis of new acyl-SG
derivatives able to cross neuronal plasma membraassdesigned. In particular, the
synthesis of GSH thioesters was performed by negqu¢tie electrophilic species of two
active acyl-CoA's (lauroyl-CoA and palmitoleoyl-CpAvith GSH, to form the
respective acyl-SG products. According to previpymlblished results, our data show
that lauroyl-CoA and palmitoleoyl-CoA, reactive dbster derivatives of lauric and
palmitoleic acids, are able to acylate a thiol-aeanihg nucleophile as the free cysteine
sulfhydryl group of GSH in vitro [370, 427]. Aftehe one-step procedure of reverse-
phase HPLC, the purification yield of acyl-SG waesat 10% as indirectly determined
by quantitative analysis of the respective GSHasdeafter subjecting these thioesters to
acid hydrolysis. No difference in the absorbancdues between sample and
background readings were observed at time O ofiydeolysis reaction, indicating that,
under our experimental conditions, the formatiorG&H derivatives involves the free
thiol group of the GSH cysteine, and not the freen@ group of glutamine. The
identity and the purity of acyl-SG thioesters weadidated by MALDI/TOF analysis.
As expected, GSH reacts with lauroyl CoA or palheibgl CoA in a 1:1 ratio. In
particular, the molecular weights of conjugatealtptmatch with the hypothesized one,
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ruling out the possibility that two equivalent maldes of S-acyl-CoA have reacted
simultaneously with the same molecule of GSH, oitk the cysteine sulfhydryl group
and the other with the glutamyl amino group.

The addition of fatty acyl CoA's at the free thgsbup of GSH cysteine represents a
useful approach in the production of potential ubifble drugs because of the
hydrophobic properties of the aliphatic chains. d1eéhese compounds acting as GSH
carriers allowed GSH to enter the cell and, onderialized in the cytoplasm, to be
converted back to the corresponding free fatty acid GSH by cellular thioesterases.
Moreover, the results showed that these compoumdsegsing long hydrocarbon
chains, with or without the presence of a doubladbm the structure, do not show
exactly the same biological aptitude. Indeed, awremse in antioxidant and
neuroprotective effects with the presence of theébteobond and the lengthening of the
chain occurred. This finding suggests that the tesbbnd portion and the hydrophobic
backbone might be important to this series of campls for the activity expression,
increasing the lipophilicity of the molecules, faating diffusibility of these
compounds into the cells and allowing the increafsentracellular GSH. Indeed, the
partial lipophilic nature of such compounds canocaext for their intracellular uptake.
We did not investigate in depth, in our cell systeminether the direct antioxidant
properties of the GSH conjugate’s fatty acid coynate were involved. However, fatty
acids could play a key role in maintaining the cwwal integrity and fluidity of
neuronal membranes, which account for neuronastnégssion [365].

In the present study, cell culture supplementatvith the newly synthesized acyl-SG
derivatives protects human SH-SY5Y neuroblastomis @gainst 842 aggregate-
induced oxidative stress, as shown by a significactease in cell viability. In
particular, pre-treatment of the cells with acyl-Soesters caused a significant
decrease in intracellular ROS accumulation and ipid | peroxidation by the
enhancement of the intracellular antioxidant scgeesx Moreover, the severe oxidative
stress in cells after exposure tgQ4 was partially reversed by the pre-treatment with
acyl-SG thioesters. In patrticular, cells pre-trdateith palmitoleoyl-SG displayed
milder and almost completely reversible oxidativeess after exposure to the
aggregates and to,B8, than cells pre-treated with lauroyl-SG, which ajsartially

recovered the ability to counteract redox statusration. Moreover, when (2
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aggregates were added to cellular culture medesy, ithduced a quick lipoperoxidation
and membrane oxidative injury in APPV717] mutatédmrdblasts. These findings on
peripheral cells are in agreement with severalistuthat provide evidence for excess
lipoperoxidation and protein oxidation associatethvAp deposits in APP and PS-1
AD brain and mutant mice [195, 268]. These findimgply a systemic abnormality in
FAD that could be important for the use of periglhesells in preclinical trials of
antioxidant drugs. Indeed, Alzheimer fibroblastsersemore resistant to amyloid
oxidative attack after pre-treatment with acyl-$esters, as a result of their increase
in GSH intracellular levels. In particular, the d&oih of palmitoleoyl-SG to the
APPV7171 fibroblast culture medium triggers mordegsive and powerful protective
effect against lipid peroxidation than lauroyl-SThese findings provide compelling
evidence that cells bearing increased powerfubamtant capacity are more resistant to
aggregate toxicity as a result of their increadatitato counteract amyloid oligomeric
attack. We have previously shown that familial Airher fibroblasts exhibited lower
levels of GSH and TAC than fibroblasts from healthybjects [209, 210]. TAC
impairment could reflect chronic exposure to andmmig environment in mutated
fibroblasts with a continuous over-production ofydord peptide. The daily intake of
such thioesters in AD patients could therefore mirne the cytotoxic effects of
oxidative stress after neuronal exposure to exirdae amyloid plaques. GSH was
found in eukaryotic cells at millimolar concentoats. A moderate increase in
intracellular GSH levels in pre-treated Alzheimdrdblasts strengthens the claim that
the changes observed could be the direct outcomigecthronic presence of a reduced
grade of cellular oxidizing environment inducedrbicromolar concentrations of acyl-
SG thioesters. This encourages to provide for &urtudies aimed at addressing the
potential role of acyl-SG thioesters versus amybgdregates in other experimental in
vivo models.

Several studies suggest that cell death assoaidatbdorotein aggregates begins with
stimulation of the apoptotic response, althougheméaata show necrotic rather than
apoptotic death in some cases [157, 402]. Becduasmvolvement of caspases has been
proposed in amyloid-induced apoptosis in culturedrans [428], | also investigated the
activation of caspase-3/CPP32. Accordingly, casf3adevels were significantly

increased in p42-treated cells. On the other hand, cells pradceavith acyl-SG
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thioesters underwent a significant reduction inpeas-3 activity. Based on these
observations, a mechanism was proposed by whiclh-S#&ythioesters can offer
neuronal protection againsf3A2 aggregate toxic insult by increasing the intitatzer
levels of GSH. Further studies are required to gaight into the potential use of such
acyl-SG thioesters as modulators ¢f4R cytotoxicity. The trial of these compounds in
in vivo models could be useful to design therapeutic egras for AD and other

oxidative stress-related diseases.
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CONCLUDING REMARKS

Taken together, these results provide informatieeful to depict a mechanism of cell
impairment and death that can be common to prééibggregates of most peptides
and proteins. It apparently starts with aggregatdibg to the cell membrane resulting
in membrane destabilization and the subsequeng darbngement of ion balance and
intracellular redox status as key events in tange¢ixposed cells to apoptotic death.

These results implement the recently published detathe role of a moderate
reduction of membrane cholesterol in AD pathogendsi particular, they suggest that
the extent of amyloid aggregate cytotoxicity degerainong others, by the amount of
cholesterol in plasma membrane. By affecting thgsigal properties of the membrane,
at the lipid raft level, cholesterol modulates timeraction and the uptake of the
amyloid aggregates into the cell membrane. Theeefoeuronal integrity appears to
require the maintenance of a proper steady-statel l&f brain cholesterol and its
reduction can result in severe impairment of cedlbility. Indeed, a mild loss of
neuronal membrane cholesterol results in a quicket increased binding of fA
oligomers to the neuronal membrane with subsecplesration of C& distribution and
cellular redox status eventually leading to celittie In particular, these data identifies
lipid rafts as specific targets of oxidative damagel membrane degeneration as a
result of their ability to recruit amyloid aggregatto the cell surface.

Moreover, these results put forward new acyl-SGvdéves as new antioxidants with
neuroprotective effect against amyloid-induced a#ice injury. The novel findings
propose a useful approach in the production ofriiatediffusible drugs because of the
hydrophobic properties of the acyl-SG thioestefsictv can cross the plasmalemma and
be trapped intracellularly following hydrolysisuthreleasing the parent carboxylic acid
and free GSH. In this view, this study introducéstantial innovations in biochemical
analysis and pharmaceutical sector research, veth antioxidant compounds, which
could be excellent candidates for therapeutic tneat of AD and other oxidative stress-

related diseases.
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AB
AB42-FAM

Acyl-SG
AD
ADDLs

AFM

APOE
APP

B-CD

BACE

BBB
BODIPY

BSA
BSTFA

calcein-AM
CM-H,, DCFDA

CNS
CR
CSF

CTX-B
DAPT

DMEM

DM SO
DPH
DRMs
ECL
EDTA
EGTA

ELISA

FAD
FBS

Amyloid-f3 peptide

ApB42 amine-reactive
succinimidyl esters of
carboxyfluorescein
S-acyl-glutathione
Alzheimer’s Disease
Amyloid B-Derived Diffusible
Ligands

Atomic Force Microscopy

Apolipoprotein E
Amyloid Precursor Protein

methyl-cyclodextrin

Fluo3-AM
G418

GM1
GSH
HBSS
HEPES

HFIP
HPLC

HypF-N

Beta site APP Cleaving Enzyme HRP

or 3-secretase

Blood Brain Barrier
4.,4-difluoro-3’,4adiaza-s-
indacene

Bovine Serum Albumin
N,O-bis(trimethylsilyl)-
trifluoroacetamide

calcein-acetoxymethyl

2'-7' dichlorodihydrofluorescein
diacetate, acetyl ester

Central Nervous System
Congo Red

Cerebro Spinal Fluid

Cholera Toxin subunit B
N-[N-(3,5-difluorophenacetyl)-I-
alanyl]-S-phenylglycine t-buthyl
ester

Dulbecco’s modified Eagle’s
medium

Dimethylsulfoxide
1,6-diphenyl-1,3,5-hexatriene

4-HNE
IAPP

LDH
MALDI/TOF
MDA

MTT

MUFA

PBS
PDMP

PM SF

PI3-SH3

PS1

PS-2
PUFA

Detergent-Resistant MembranesPVDF

Enhanced Chemiluminescence

RNS

Ethylenediaminetetraacetc acid ROS

Ethylene glycol-bigt
aminoethylether) N,N,N’,N’-
tetraacetc acid

Enzyme-linked immunosorbent
assay

Familial Alzheimer’s Disease
Foetal Bovine Serum

SDS-PAGE

SFA

TAC
TEM

ABBREVIATIONS

Fluo3-acetoxymethyl ester
Geneticin

Monosialotetrahexosylganglioside
Glutathione
Hank’s Balanced Saline Solution

N-(2-hydroxyethyl)piperazine-N’-
(2-ethanesulfonic acid)
Hexafluoro-2-isopropanol

High-Pressure Liquid
Chromatography
N-terminal domain of the
prokaryotic hydrogenase
maturation factor HypF
Horseradish Peroxidase

4-hydroxyalkenals
Islet Amyloid Polypeptide

Lactate Dehydrogenase
Matrix-Assisted Laser
Desorption/lonization Time-Of-
Flight

Malonaldehyde
3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide
Monounsaturated Fatty Acids
Phosphate Buffer Saline
D-Threo-1-phenyl-2-
decanoylamino-3-morpholino-1-
propanol
Phenylmethylsulphonylfluoride
SH3 domain from bovine
phosphatidyl-inositol-3' —kinase

Presenilin-1

Presenilin-2
Polyunsaturated Fatty Acids
Polyvinylidene difluoride
Reactive Nitrogen Species
Reactive Oxygen Species
Sodiumdodecylsulfate
Polyacrylamide Gel
Electrophoresis

Saturated Fatty Acids

Total Antioxidant Capacity
Transmission Electron
Microscopy
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TFA
TFE

ThT
Vit E

Trifluoroacetic acid
Trifluoroethanol

Thioflavin T
Vitamin E
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