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Abstract: Alzheimer’s disease (AD) is the most common age-related neurodegenerative disorder,
responsible for nearly two-thirds of all dementia cases. In this review, we report the potential AD
treatment strategies focusing on natural polyphenol molecules (green chemistry) and more specifically
on the inhibition of polyphenol-induced amyloid aggregation/disaggregation pathways: in bulk and on
biosurfaces. We discuss how these pathways can potentially alter the structure at the early stages of AD,
hence delaying the aggregation of AR and tau. We also discuss multidisciplinary approaches, combining
experimental and modelling methods, that can better characterize the biochemical and biophysical
interactions between proteins and phenolic ligands. In addition to the surface-induced aggregation,
which can occur on surfaces where protein can interact with other proteins and polyphenols, we
suggest a new concept referred as “confinement stability”. Here. on the contrary, the adsorption
of A and tau on biosurfaces other than A@3- and tau-fibrils, e.g. red blood cells (RBCs), can lead
to confinement stability that minimizes the aggregation of AP and tau. Overall, these mechanisms
may participate directly or indirectly in mitigating neurodegenerative diseases, by preventing protein
self-association, slowing down the aggregation processes, and delaying the progression of AD.
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1. Introduction

Alzheimer’s disease (AD) is the most common age-related neurodegenerative disorder,
responsible for nearly two-thirds of all dementia cases [1, 2] including Lewy body dementia, vascular
dementia and frontotemporal dementia (FTD) [3, 4] . The prevalence of AD is about 5-10% above the
age of 60 years but increases up to 40-50% above the age 85 years [5]. With the ageing of the
population [6], dementia affects nearly 50 million people worldwide, and is predicted to increase to
152 million by 2050 [7]. The estimated annual healthcare cost is US $1trillion, which could double by
2030 [7].

The multifactorial disorders of AD, considering genetic and non-genetic components, are clinically
characterized by memory dysfunction, loss of lexical access, spatial and temporal disorientation and
impairment of judgement. Although, the molecular mechanisms of AD have not been fully elucidated
yet, compelling evidence indicates that abnormal proteins accumulation in the brain, such as the
intracellular aggregation of the tau [8-10] and extracellular deposition of amyloid beta (AB) [11, 12]
leads to neuronal loss [13]. However, the heterogeneous nature of neurodegenerative disorders
increases the challenges to understand the underlying mechanisms from the initial phases to the
progression of AD. Over the years, several pathways have been studied including the AB cascade and
deposition, abnormal tau aggregation, oxidative stress, mitochondrial dysfunctions, lysosomal
alterations, neuroinflammation, and metabolic disorders where all of these converge to
neurodegeneration (Figure 1).

1.1 The amyloid-f8 pathway

Since 1991, the amyloid-cascade hypothesis has provided the main framework to understand the
pathogenesis of AD [14, 15]. The basis for this hypothesis was the discovery of autosomal dominant
mutations in three genes — APP, PSEN1 and PSEN2 (the latter two encoding presenilin 1 and 2,
respectively) — that induce pathogenic AB aggregation into neuritic plaques [14, 15]. The amyloid
precursor protein (APP), a type | transmembrane protein, contains a large extracellular domain [16].
In familial AD with APP mutations, the amyloid cascade leads to early onset of cognitive deficits and
dementia, likely through complex age-dependent cellular and molecular changes, including the
spreading and deposition of neurofibrillary tangles (NFTs). Although mutations in the above three
genes do not occur in sporadic AD, similar neuropathological changes in AR and tau were observed in
both familial and sporadic AD [17-19].

Over the years, the amyloid-cascade hypothesis involved into an integrative model that provides
a general framing for other disease mechanisms, e.g., immunoreactivity, microgliosis, mitochondrial
dysfunction, oxidative stress, and dysregulation of protein homeostasis [20, 21].

1.2. The amyloid-f8 and Tau integrative pathways

It is now thought that AP and tau pathologies can follow both independent and dependent
pathways leading to AD. AB preferentially accumulates in brain regions with high metabolic demand
(such as association cortices) and spreads from neocortex to allocortex to brainstem, eventually
reaching the cerebellum [22-24]. Tau pathology, by contrast, first becomes evident in the
(trans)entorhinal cortex from which it spreads to limbic areas, and from there to the neocortex [25-
28]. The finding that AB and tau pathologies initially start in different brain regions, referred to as the
‘spatial paradox’, argues against the idea that tau pathology is driven by amyloid pathology occurring
in the same local brain area. AB and tau pathologies also follow distinct temporal sequences because
AB in the neocortex is already present 10-20 years before the emergence of clinical AD symptoms and
the rate of AR accumulation attenuates during the clinical stage of AD [29]. In addition, the extent and
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locations of AP deposition are only modestly correlated with the brain areas affected by
neurodegeneration [30, 31]. Both spatially and temporally, tau pathology correlates much more
strongly with neurodegeneration and cognitive impairment than AR pathology. Increased tau PET
signal is associated with worse cognitive performance in both cognitively normal individuals and
patients with clinical AD [26, 27, 32, 33]. The spread of tau pathology was associated with a specific
gene-expression profile of ‘axon-related’ genes, whereas the spread of AB was linked to a different
profile of ‘dendrite-related’ genes. A third subset of ‘lipid metabolism-related’ genes was linked to
increased spread of both AB and tau pathology [34].

Learning, memory and cognitive deficits characterize AD patients, whereas memory deficits are a
hallmark of amnestic mild cognitive impairment (aMCl). These altered functions largely originate from
synaptic dysfunction involving altered synaptic proteomes [35, 36] with the particular contribution of
AB42 oligomers [35, 37]. These oligomers cause oxidative damage to synaptic membranes [38],
suggesting the relation between oligomer-induced oxidative damage and synaptic dysfunction.

1.3. Role of the amyloid-f3 oligomers

Many oligomeric AR species have been described [39]. Large oligomers of AB42 are relatively less
toxic whereas small AB42 oligomers (e.g. dimers or trimers that easily enter lipid bilayers) appear
highly toxic to synapses [40]. Thus, in the absence of amyloid plagues, soluble AB oligomers from AD
brains have been showed to impair hippocampal synaptic plasticity, decrease synapses, induce tau
hyperphosphorylation and neuritic dystrophy, activate microglial inflammation, and impair memory in
normal adult rodents [40]. Together, the soluble fraction of high molecular weight (HMW) oligomeric
ABs are far less bioactive than the smaller oligomers in AD brain. The composition of AB plaques is both
fibrillar and soluble HMW oligomeric ABs. Therefore, it is important to target diffusible AP species that
are highly bioactive in AD brain. Thus, the neutralization of the toxicity of oligomeric AB species was
suggested as a chronic therapy for AD [41, 42].

1.4. Amyloid-f3-targeted therapies

To date, there is no approved drugs that can either revert or cure the AD. The amyloid cascade
hypothesis has also guided most drug discovery efforts in both familial and sporadic AD, where the
objective was the removal of various forms of cerebral AB. Unfortunately, if AB-targeted therapies
tested in phase Il clinical trials (bapineuzumab, gantenerumab, solanezumab, crenezumab,
lanabecestat, atabecestat, verubecestat and elenbecestat) [43] can effectively reduce AB load in AD
brains, they were unsuccessful in slowing cognitive decline either with mild cognitive impairment or
AD patients. In addition, two phase lll clinical trials of AB-targeted therapy, aducanumab, were halted
in March 2019 [44]. Interestingly, in one of the two trials, cognitive decline was attenuated in patients
receiving high dose aducanumab, [44]. However, Alzheimer’s drug candidate aducanumab took a
beating from FDA advisors (Science, Nov. 6, 2020) and the FDA’s decision is expected by March 2021
[45].

The lack of beneficial effects on cognitive outcome from these trials could be due to different
reasons such as the timing of the interventions, as the studies involved patients in clinically advanced
stages of AD, and insufficient dosing or the wrong AB species being targeted [46]. Alternatively, the
failure of these trials could indicate that removing AB from the brain is not sufficient to halt cognitive
decline suggesting that tau pathology, tau-mediated neurodegeneration and other mechanisms in AD
are driven partially by AR pathways. Most of the unsuccessful therapeutic approaches for AD had
focused on AB or Tau pathways. Interestingly, Hommond et al. [47] suggested that AD treatments may
also need to be disease stage-oriented with AP and tau as targets in early AD and glucose metabolism
as a target in later AD. Recently, the EU-US Clinical Trials on Alzheimer’s Disease (CTAD) Task Force
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reported that effective treatments should include new biomarkers intervening in early stages of AD,
and of combination therapies [44]. This lead to the diversification of the development of the drug
portfolio.

1.5. Protection against Af8 by polyphenols

In this regard, several polyphenols have been investigated to promote neuroprotection by
targeting AB oligomers and attenuated AB-induced-ROS production, restore the AB-induced reduction
of antioxidants activities or mitochondrial dysfunctions (Figure 1) [48-51]. Numerous flavonoids can
interact and destabilize AP peptide structures, function of ligand:AB molar ratio [52]. Most polyphenols
that are AB-aggregation inhibitors share a catechol moiety, also related to anti-oxidative stress, such
as: (+)-taxifolin, myricetin, quercetin, (+)-catechin, epigallocatechin gallate (EGCG), anthocyanins [53],
OH-tyrosol, tyrosol [54-57] and rosmarinic acid or grape-derived polyphenols [58-61]. As a result, these
compounds can efficiently destabilize the B-sheet structures of AB and prevent the elongation of AB
oligomers.

Interestingly, some antioxidant polyphenols, such as resveratrol or quercetin-3-O-glucoside
[62], are able to enter the brain to a limited extent and have shown promise for AD treatment [63].
Another mechanism by which polyphenols could exert protective properties is by generation of a
hormetic response to their use [64-66], i.e. they generate a mild oxidative stress that the body tries to
mitigate by upregulating protective genes. This often leads to increases in the levels of antioxidants
such as glutathione and HO-1, mediated by activation of the transcription factor nuclear factor
erythroid 2-related factor 2 (Nrf2) [66, 67] (Figure 1).

Among the 560 anthocyanins (ACNs) identified in nature, the common anthocyanidin
aglycones, e.g., pelargonidin, cyanidin, delphinidin, peonidin, petunidin, and malvidin, can form
covalent conjugates with sugars and organic acids to generate a plethora of ACNs. Some ACNs have
the ability to cross the blood brain barrier and reach the brain [68, 69], particularly the hippocampus
[70-73]. The type and concentration of ACNs differ widely among different fruits and vegetables,
ranging from 1.4 mg/g to 800 mg/g of dry weight [74]. Youdim et al. [75] reported the citrus flavonoids,
hesperetin, naringenin and their relevant in vivo metabolites, as well as the dietary ACNs and in vivo
forms, cyanidin-3-rutinoside and pelargonidin-3-glucoside, are taken up by two brain endothelial cell
lines from mouse (b.END5) and rat (RBE4).

In this review, we first discussed the biochemical aspects of AB and tau which are relevant to
B-amyloidopathy and tauopathy. We then reported the potential of AD treatment strategies focusing
on natural polyphenol molecules (green chemistry) and specifically on the inhibition of polyphenol-
induced amyloid and/or tau aggregation or disaggregation pathways. We discussed how polyphenols
can potentially alter the structure and/or delaying AB and tau self-association at the very early stage
of AD, hence, potentially playing a key role in the progression of neurodegenerative disorders. In
addition, we suggest a new concept, referred as “confinement stability”, where the adsorption of AB
and tau on biosurfaces other than AB- and tau-fibrils, e.g. membranes, vessels, red blood cells (RBCs)
etc., can either lead to confinement stability or to surface-induced aggregation, depending on the
affinity of AP and tau to these surfaces.

2. Biochemical Aspects of AB40 and AB842

The molecular weights of AB40 and AB42 monomers are 4.33 and 4.51 kDa, respectively. AB42
with two additional hydrophobic residues (lle41 and Ala42) at the C-terminus, shows a greater
propensity to induce fibrils formation than AB40 [76]. The predicted solubility is higher for AB40 than
AB42 being 0.4 uM and 0.04 uM, respectively [77], consistent with AB42 experimental solubility of
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0.04 uM [78]. Both AB40 and AB42 monomers have a hydrodynamic radius (Rh) of 0.9 + 0.1 nm [79],
i.e. below the colloidal domain (~5nm to 5 um) [80]. The total mass of AB is estimated to 6.5 mg in
cortical grey matter of AD brain compared to 1.7 mg in control brains [81]. For example, an AB rate of
mass accumulation of 30 ng/hour is enough to place a person on the trajectory to accumulate 5mg of
AB in the brain over a 20-year time frame [81]. The in vivo fractional production and clearance rates
of ABin the human CNS was reported to be 7.6% per hour and 8.3% per hour, respectively
[82]. Importantly, AB fibrils from human brains are right-hand twisted, quite different from in vitro
fibrils [83]; this emphasizes the preferred use of human AD brains in future investigations. Additional
biochemical aspects of ABs can be found in Ref. [84].

3. Biochemical Aspects of Tau

In the perspective of understanding tau aggregation mechanisms, the following describe some
biochemical and biophysical properties of tau protein implicated in AD: structures, domains,
phosphorylated and binding residues, solubility, ionic charge, prone to or suppression of aggregation,
etc.

The accumulation of misfolded and aggregated forms of tau protein in the brain is a
neuropathological hallmark of tauopathies observed in neurodegenerative diseases (NDs), including
AD and Pick’s disease [85-87]. The microtubule-associated protein tau (MAPT), identified in mid-1970s
[88, 89], encodes the protein tau [90]. Tau is notably characterized by the presence of three or four
(according to the isoforms) imperfect repetitions of a motif of about 30 residues, known as the
microtubule-binding repeats (MTBRs), and where the N-terminal to the MTBR is a proline-rich region
(PRR) [91]. Moreover, tau can be characterized into four sections: N-terminal projection, proline-rich
domain, microtubule-binding domain (MBD), and a C-terminal [92]. Tau full length monomer
(hTaud40wt(441)) has a molecular weight of 45.8 kDa, a radius of gyration (Rg) of 6.5 + 0.3 nm and a
hydrodynamic radius (Rh) of 5.3 nm [93], within the colloidal domain.

Tau is a natively unfolded protein largely found in axons, where it serves to stabilize
microtubules that have a diameter of ~25 nm [94], and shows little tendency for aggregation [95].
Phosphorylation triggers tau-tau self-assembly [96]. Tau pseudophosphorylation on some sites found
preceding residue 208 mainly suppresses tau aggregation whereas tau pseudophosphorylation at sites
in the C-terminal region preferentially promotes tau self-association, particularly S422 [97, 98]. Tau
phosphorylation by GSK3B induced tau aggregation [99, 100]. Two hexapeptides, 2>VQJINK*° and
306yQJIVYK3YL, are effective in generating B-sheet structures while processing tau aggregation [101,
102].

Abnormal folding of the MAPT results into paired helical filaments (PHFs) and neurofibrillary
tangles (NFTs) [103]. The cores of PHFs and SFs are composed of eight B-sheets (B1-8) that run along
the length of the protofilament, adopting a C-shaped architecture [104]. Hydrophobic clustering,
aliphatic stacking (V339, L344, V350, 1354) and aromatic stacking (F346) stabilize the interior of B-helix
[104]. The existence of in vitro twisted ribbon-like assemblies of tau fibrils was observed, showing
corrugations with periodicities of 17.4 £ 2.7 nm (n=16) in fibrils of human tau40 [105].

In human AD cortex, soluble AB dimers induced tau hyperphosphorylation and neuritic
degeneration [106]. Therefore, AB is upstream of tau in AD pathogenesis and triggers the conversion
of tau from a normal to a toxic state, but there is also evidence that toxic tau enhances AB toxicity via
a feedback loop.



[

W N

O 0 3 N L b

10

12
13
14
15

16

17
18
19
20
21
22
23

24
25
26
27
28
29
30
31
32

33
34
35
36
37
38
39
40

41

42
43

The above biochemical and biophysical properties of AR and tau nucleation and growth
provide key fundamental molecular insights which are the basis for effective mechanisms in delaying
neurodegenerative bioprocesses.

4. General Structure of Polyphenols

Among 8000 known polyphenolic compounds, more than 5000 flavonoids are widely
distributed in plants [107-109], e.g. tannins, in particular proanthocyanidins with more than 1000
derivatives identified to date. Tannins can be classified into two groups: hydrolysable tannins and
condensed tannins [110, 111]. The condensed tannins, also referred as proanthocyanidins, are the
most abundant. Hydrolysable gallotannins contain gallic acid (GA) substituents esterified with a polyol
residue (mainly D-glucose). The biosynthetic pathway, starting from D-glucose and after the
galloylation reaction, yields di-, tri-, tetra, penta-, hexa-, hepta- and octagalloyl-glucoses. Gallotannin
with 10 (up to 12) units of GA esterified to a single glucose moiety are having many phenolic OHs, e.g.
tannic acid (TA) with 25 phenolic OHs. The majority of polyphenols have more than two aromatic rings,
essential for -7 stacking with aromatic amino acid residues of AB, and at least three phenolic hydroxyl
groups that can form hydrogen bonds with hydrophilic residues of AR [112].

5. Mechanisms and Delaying Aggregation of A8 and Tau

There are various mechanisms for delaying AR and tau aggregation in the context of AD.
Natural polyphenols are known to strongly associate with these proteins, thus have the potential to
prevent protein self-association and the formation of toxic oligomers, fibrils and plaques. Different
aggregation mechanisms occur in human brain, such as: salt-induced aggregation, bulk aggregation,
and surface-induced aggregation (either on AB and tau fibrils from secondary nucleation, or on
biosurfaces other than AB- and tau-fibrils). Interestingly, polyphenols are stable in high conductivity
environments, such as physiological conditions.

Nucleated polymerization processes are involved in many growth phenomena in nature [113].
For example, the biology of human brain involves molecular and macromolecular growth bioprocesses.
This includes different AP and tau structures, conformations and shapes, such as aggregate, cluster,
dimer, fibril, fiber, monomer, neurofilament light (NfL), NFTs, oligomers paired helical filament (PHF),
plaque, protofibril, and straight filament (SF). Some of the above are structures within the colloidal
domain (~5 nm to 5 um) [80]. Smaller molecules with less than ten or fifteen amino acids (aa’s) are
below this range, but protein oligomers of AB40/42 and larger macromolecules such as tau protein
with more than about 100 aa’s (e.g. taud41), are likely within this range. Nevertheless, the interactions
in both ranges are diffusion controlled (perikinetic).

Aggregate denotes dimers, trimers and higher order assemblies. The term oligomer often
refers to aggregates of 2-20mers [114]. Amyloid fibrils are linear aggregates with a repetitive cross-
beta structure. Primary nuclei can form during the lag phase from monomers in bulk solution. Then,
the proliferation of new aggregates takes place on fibrils catalytic surfaces, referred as secondary
nucleation [114, 115]. The lag phase can be minimized by addition of pre-formed nuclei or seeds [116].
Interestingly, a significant delay on the onset of AB40 fibrils formation was reported at a low
apolipoprotein E3 (apoE3) concentration (40 nM), equivalent to an apoE3:AB molar ratio of 1:1000
[117].

5.1 Salt-induced aggregation and Critical association concentration

The formation of AB fibrils and other polypeptide aggregates strongly depends on the
physiological and chemical environment e.g., the type and salt concentration [118]. Jain et al. [119]
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reported the impact of NaCl on the kinetics of AP fibril formation and B-rich oligomer formation, where
the aggregation rate significantly increased up to ~100 mM NaCl and reaches a plateau at about ~200
mM NaCl. Interestingly, the sodium concentration in human CSF and in serum was reported to be 145.3
to 147.7 mM [120]. Moreover, the aggregation kinetics and thermodynamics measurements yield the
following order of chloride cations for AB40 peptide aggregation: Mg2+ > Li+ > Na+ > K+, while sodium
anions are ranked as: SO2- > I- > Cl- > NO- ~ CIO- [118]. These series are known as lyotropic series and
are predicted from an extension of classical colloidal coagulation theory, by including the effects of
electroviscous drag [121, 122].

The critical association concentration of AB, or (CAC)ag, represents the minimum concentration of AR
leading to self-association, which depends among other parameters on the salt concentrations. For
example, the experimental (CAC)aps0 Was reported to be: ~0.2 uM [123], ~0.7-1 uM [124], 0.88 +/- 0.07
1M [125], and Hellstrand et al.[126] showed that spontaneous aggregation only occurs when AB42
concentration is ~0.2 uM, all in the presence of salt. Novo et al. [127] reported that the in vitro AB42
critical aggregation concentration, under physiological conditions, is about 0.091 + 0.014 uM.
However, since the experimental solubility of AB42 is 0.04 uM [78], (CAC)aga2 in the absence of salt
should be less than 0.04 uM.

5.2 Bulk-induced nucleation and growth

This type of mechanism suggests that AB and tau association and aggregation occur in bulk
solution, e.g. physiological fluid such as CSF and blood environment. In the case of AB42 aggregation,
the key amyloid formation steps have been reported [128, 129] as: i) “the primary nucleation of new
aggregates from monomers in solution” [130-132], ii) “the addition of monomers to fibrils ends
resulting in their elongation” [76, 133, 134], and iii) “the secondary nucleation of monomers on the
fibrils surface” [128, 135, 136]. All the above three microscopic processes occur during all three
macroscopic phases (lag, growth and plateau), albeit at different rates, as governed by the rate
constants, and concentrations of reacting species at each point on time [114, 137, 138].

In bulk solution, the secondary nucleation process shows a much lower energy barrier than
primary nucleation (~10 times) [139], where the surfaces of existing amyloid fibrils is catalyzing the
formation of new pre-fibrillar aggregates from the soluble peptides [139, 140]. Moreover, Cohen et al.
[129] reported the free-energy landscape for secondary nucleation.

Strikingly, even though the oligomers are the key source of fibrils, less than 10% of AB42
oligomers successfully converted into fibrillar species, whereas the remaining 90% of the oligomers
dissociated back to the monomeric form [141]. Michaels et al. [141], suggested that oligomer
dissociation is ‘spontaneous’, whereas oligomer upconversion involves additional interactions with
monomers, and may occur in bulk solution in contact with the fibril surface [142]. As for AB42 and
AB40, the vast majority of oligomers do not form fibrils, but rather dissociates back to monomers. This
type of mechanism, has been ascribed to a non-classical nucleation process for AB42 amyloid fibrils
[141], but alternatively can be readily described by a dynamic equilibrium between oligomer formation
and break-up. Aggregates break up with a certain inherent rate constant and are formed by collisions,
which involve interactions between particles or molecules in solution. These processes are pH
dependent, as are other aggregation processes of proteins in general.

Frankel et al. [143] investigated the mechanisms underlying AB42 aggregation (0.8—10 uM) in
human CSF through the kinetic experiments, though in healthy humans AB42 concentration in CSF is
around 250 pM. They also found that the aggregation process involves the same microscopic steps in
CSF as in pure buffer, but the secondary nucleation rate constant is decreased [143].
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Natural polyphenolic molecules can alter and/or delay amyloid-B self-association and the
growth of oligomers/fibrils in bulk solution (Figure 2).

It is noteworthy that using AFM and mica sheets functionalized with 1-(3-aminopropyl)
silatrane (APS) showed that surface-induced aggregation occurs at a concentration at which no
aggregation in solution is observed [144], e.g. likely below the critical association concentration of AB.
The experiments were performed with full-size AR protein (AB42, 0.1 uM), a decapeptide AB(14-23)
(0.1 uM) and a-synuclein (0.01 uM); all three systems suggest a significant preference of the on-surface
aggregation pathway compared to the aggregation in the bulk solution [144].

5.3. Surface-induced aggregation on biosurfaces other than AB- and tau-fibrils

So far, we have reported AB elongation/aggregation on fibril surfaces which is consistent with
the related AD literature. However, other possible mechanisms must be highlighted since many more
biosurfaces in human brain are available for AB/tau adsorption and aggregation, thus probably
relevant to neurodegenerative diseases, such as AD.

In other words, aggregation can also occur on biosurfaces other than AB- and tau-fibrils, e.g.
membranes, vesicles, endosomes, exosomes, micelles, erythrocytes/red blood cells (RBC’s), platelets,
albumin and blood vessels. The total length and surface area of human brain capillaries are ~600 km
and ~20 m?, respectively [145, 146]. For example, AB can be cleared via perivascular drainage pathways
or deposited as neuritic plaques in the brain parenchyma or as cerebral amyloid angiopathy (CAA)
along vessel walls [147]. When AR deposition occurs in brain capillaries (CAA type 1), it tends to be
widespread in the neocortex and hippocampus [148, 149], and associated with severe AD pathology
[149, 150].

The human tau (hTau40) is also highly surface active and preferentially interacts with
negatively charged membranes [151, 152]. Georgieva et al. [153] reported that lipid membranes
efficiently facilitate in vitro tau aggregation. For their part, Yu et al. [154] reported that human islet
amyloid polypeptide (hIAPP) aggregation was strongly enhanced by negatively charged membranes.

In addition, AP peptides interact with plasma proteins and RBC’s surface [155-158]. In the
human body, 84% of the blood cells are RBCs and about 50% of the volume of blood (hematocrit)
consists of RBCs [159], having an overall negative charge [160]. In human blood, circulating blood cells
are exposed to nanomolar levels of soluble APR40/42 [161]. Interestingly, AB deposits in
the extracellular space of the brain and on the walls of cerebral blood vessels, mainly capillaries. A
dynamic equilibrium between brain A and plasma A has been reported by DeMattos et al. [162]. Lan
et al. [157] showed that 98% of AD peripheral RBCs were amyloid binding-positive. Kiko et al. [163]
provided evidence that AB40/42 were detected in RBCs. Moreover, AB42 interacted with RBCs more
avidly than AB40 [164]; in vitro and in vivo experiments suggested that AP induces oxidative damage
to RBCs [156, 164]. Morphological changes induced in RBCs, triggered by AB binding, was also observed
[157, 165]. Remarkably, AB and tau as well as alpha-syn/AB and alpha-syn/tau heterocomplexes were
also observed in RBCs [166, 167].

Interestingly, Koren et al. [168] postulated that circulating erythrocytes and likely also other
blood cells might be coated by polyphenols from nutrients. The binding of polyphenols [168] and
hydrolysable tannins [169] with RBC’s surface membrane have also been observed. RBCs and
lipoproteins in blood showed to be reservoirs and transporters of polyphenols [170]. Harbi et al. [170]
also determined the concentration of polyphenols associated with RBCs (intracellular + surface-
bound); e.g. EGCG binds to RBCs’ surface (33%) and intracellular (43%).
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Moreover, AB peptides interact with platelet surfaces in a highly specific manner [171], with
platelet being 4.9% of the number of cells in human body [159], and the main source of AB peptides in
blood (~90%) [172, 173]. Wolozin et al. [171] also found that low levels of soluble AB (0.1-1 nM)
augment adenosine-diphosphate(ADP)-dependent platelet aggregation. However, the ingestion of the
polyphenol quercetin-4'-O-B-D-glucoside inhibited platelet aggregation in humans [174].
Nevertheless, the impact of polyphenols on aggregation might differ whether platelets are activated
or not [175].

Biere et al.[176] found that the large majority of AB (~89%) is bound to albumin and specific
lipoproteins in human plasma. Albumin is also an AP carrier [177]. Interestingly, Yeggoni et al.[178]
showed that the natural polyphenol corilagin binds to human serum albumin (HSA) and found the
experimental binding constant of the complex to be 4.2 + 0.02 x 10°/mol with a free energy of -7.6
kcal/mol, also supported by their computational MD results.

Real-time precise determination of the growth rates of protein aggregates on surfaces can be
measured using a quartz crystal oscillator (surface) [179]. Although the quartz crystal microbalance
with dissipation (QCMD) method [180] proved to be reliable to study AP aggregation [181, 182], there
are very few publications on the interactions between polyphenols and A on surfaces. For example,
Wang et al. [183] showed a reduction of ~65% of the growth rates of AB monomer on curcumin-
induced aggregates. By using QCMD combined with liquid AFM, Yu et al. [154] observations pointed
toward a surface-involved pathway of protein adsorption and 2D amyloid aggregation. Surface
plasmon resonance (SPR) also showed to be an effective method to study the kinetic of ABR42
aggregation on carboxylated dextran-modified surfaces [184].

5.3.1 Surface-induced aggregation

Considering that AB [144] and tau [151-153] proteins are highly surface active and
preferentially interact with negatively charged membranes, this can trigger adsorption on membranes
followed by surface-induced aggregation where protein can interact with other proteins and
polyphenols. Importantly, human physiological AB [143, 185, 186] and tau [187] concentrations are in
the low nanomolar range. In 2017, Barnejee et al. [144] reported that on-surface in vitro aggregation
of AB and a-synuclein occurs at a concentration at which no aggregation in bulk solution is observed.
Interestingly, in 2005 we proposed that surface-induced aggregation/clustering occurs, causing an
induction period [188, 189].

Consequently, a strategy where surface-induced aggregation occurring below the critical
aggregation concentration of AB and tau, treated at the earliest stage, might result in minimizing
protein self-association, slowing down the aggregation processes and delaying the progression of AD.

5.3.2 Proposed concept: confinement stability

The adsorption of AB and tau on biosurfaces other than AB- and tau-fibrils, e.g. membranes,
vessels, albumin, red blood cells (RBCs), etc., can lead to confinement stabilization, a new concept
recently proposed [190]. For example, figure 3 shows that: AR and/or tau proteins (left) and phenolic
ligands (center), are confined and stabilized on RBC’s biosurfaces (red), which then prevents protein
self-association and slows down the aggregation process, hence delaying the progression of AD.
Moreover, polyphenolic ligands can associate with AB and/or tau proteins, forming complexes (right),
and thus prevent or inhibit self-association and aggregation of these proteins.

The adsorption and confinement of soluble AB and tau on biosurfaces potentially influences a
number of phenomena that might occur, such as structural changes, reconformation, increased local
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protein concentration, decreased protein entropy, alteration of physiological functions, and formation
of toxic AB-oligomers and/or protofibrils, tau NFTs, etc. Moreover, these confined and stabilized
proteins are unable to diffuse and collide with other proteins and/or cells in bulk solutions.
Confinement also occurs in hydrogels and tissues where it modifies the folding and aggregation of
proteins [191-193].

In AD, the impact of small molecules (proteins, polyphenols) and nanoparticles that are
stabilized by RBCs/platelets/vessel walls/etc., through confinement stability, is still to be enlightened.
Although RBC perturbation by AB protein has been reported [156], our hypothesis is that the overall
impact of polyphenols will be beneficial since they will bind to AB and/or tau proteins, e.g. resulting in
less oxidative damage.

We expect that our proposed concept of “confinement stability” highlights new and additional
mechanisms implicating AP and tau pathways in the physiopathology of NDs, such as AD.
Consequently, research is necessary not only to elucidate direct but also indirect pathways
involving surface-induced processes occurring on biosurfaces other than AB- and tau-fibrils.

6. Therapeutic Strategies for Decreasing A8 and Tau Production and
Aggregation

The complexity of AB/tau production and aggregation pathways, the role of the
monomer/oligomers or aggregated forms of AB/tau, and the unknowns regarding the progression of
AD highlight the challenges for the discovery of effective treatments to delay or prevent this disease.
For the amyloidopathy, some strategies targeting the amyloidogenic pathways (e.g. B-secretase (BACE)
inhibitor [194-197], the non-amyloidogenic pathways (e.g. a-secretase activator), as well as the y-
secretase inhibitors and modulators (GSM) (e.g. [198]) were developed with limited success. For the
tauopathy, some of the most promising therapies have been discussed by Simic et al. [199]: minimize
tau phosphorylation, proteolysis, aggregation, clearance of intra- and extra-cellular tau, and
microtubules stabilization. Nevertheless, the need for fundamental understanding of AP and tau
kinetics as well as aggregation inhibitors is imperative.

One strategy to mitigate AD may be the development of neuroprotective agents to prevent
protein self-association, reduce AB and tau aggregation and/or induce the formation of non-toxic AR
oligomers/tau NFTs. For example, polyphenolic ligand might prevent or delay AR and/or tau self-
association at the earliest stage, e.g. below the critical association concentration of AB and tau
proteins.

Table 1 shows molecular and pharmacological properties of some natural polyphenols and one
commercial synthetic drug for comparison, e.g. donepezil (Aricept) an acetylcholinesterase inhibitor
[200-203]. As expected, polyphenols are far less toxic than donepezil. For example, corilagin (B-1-O-
Galloyl-3,6-(R)-hexahydroxydiphenoyl-D-Glucose) [204, 205] has an LD50 between 3500-5000 mg/kg
b.wt. [206], suggesting a very low toxicity even at high dosages [206, 207] (Table 1). Moreover,
corilagin, a hydrolysable tannin, shows numerous pharmacological properties [208-213]. Corilagin
(more rigid) is a close analogue of 1,3,6-tri-O-galloy-B-D-glucose (TGG) (more flexible), with similar
molecular properties (Table 1) [84, 204]. This type of molecules also has remarkable properties for
stabilizing and/or destabilizing colloidal systems [188, 189]. For example, we proposed a surface-
induced clustering mechanism where corilagin/poly(ethylene oxide) clusters slowly built on micro-
cellulose surfaces (corresponding to the induction period) [189]. Very little or no research has been
performed on the inhibiting effects of corilagin and TGG on the kinetics of AB and tau
aggregation/disaggregation bioprocesses. Nonetheless, their complementary structures (rigid vs
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flexible) might be relevant in the context of AD [84]. For comparison, 1,2,3,4,6-penta-O-galloyl-B-D-
glucopyranose (PGG) alone inhibited: i) AB40/AB42 fibril formation; ii) AR aggregation at low
concentrations (IC50 = 3 uM); and iii) neurotoxic AB oligomer formation [214]. Interestingly, both TGG
and PGG molecules share similar properties, e.g. hydrophobicity and flexibility [84, 204]. Consequently,
both natural polyphenols corilagin and TGG have these physicochemical attributes, thus potential
candidates for AD treatment.

In addition, the effective concentrations (EC50) of TA on the formation, extension, and
destabilization of preformed amyloid-p fibrils (fAB40 and fAB42), are in the order of less than 0.1uM
[215], and the in vitro IC50 are 0.012 and 0.022 uM for AB40 and AP42, respectively [216]. TA also
inhibited the in vitro aggregation of tau peptide R3, with an IC50 of 3.5 uM [217]; however, the
inhibitor GA was less effective with an IC50 of 92 uM [217]. Moreover, TA shows low toxicity, e.g. LD50
of 2260 mg/kg (oral rat) (Table 1).

EGCG, with an LD50 of 2170 mg/kg (mice), remodels large oligomers/fibrils into less toxic off-
pathway assemblies [218]. Among fifteen secondary metabolites from plants, EGCG, myricetin,
silibinin, and luteolin lowered the AB aggregation below 40% [219]. Moreover, EGCG inhibited the in
vitro tau aggregation [220], in addition both EGCG and curcumin facilitated clearance of hyper-
phosphorylated tau [218].

There is a wide variety of mechanisms by which polyphenols show neuroprotective effects
[221]. For instance, earlier studies have reported IC50 values of myricetin against of AB40 and AB42
aggregation within 0.2 to 0.9 uM [222, 223]. Moreover, fisetin (3,3',4',7-tetrahydroxyflavone) inhibited
AB42 aggregation [224]. Their results suggest that the 3',4’-dihydroxyl group, but not the 3- or 7-
hydroxyl group, is critical for the inhibitory effect on the formation of AB42 fibrils [224]. The polyphenol
isomers vescalagin and castalagin protect SH-SY5Y neuroblastoma cells by reducing the toxicity of
AB42-oligomers [225]. Vescalagin totally inhibited aggregation at an AB42:polyphenol ratio of 1:1. Both
vescalagin and castalagin decreased the amount of parallel B-sheets, and induced rearrangement of
peptides into helix, anti-parallel B-sheets and other secondary structures [225]. Morin attenuates tau
hyperphosphorylation by inhibiting GSK3p, implicated in AD pathogenesis, and showed the strongest
inhibition in the GSK3p activity assay [226].

Potential strategies for effective anti-dementia drugs do not only focus on the inhibition of
oligomer/fibril formation, but also the destabilization/disaggregation of pre-aggregated AB- and/or
tau-fibrils, or a combination of them. Unsurprisingly, numerous polyphenols have this ability as
evidenced in the following section.

7. Destabilization and Disaggregation of A8 and Tau

Fibrils destabilization serves the dual purpose of deformed fibrils becoming non-neurotoxic
themselves and further inhibiting the formation of higher-order aggregates [227, 228]. Freyssin et al.
[229] reported the significant role of polyphenols on aggregation and disaggregation of amyloid
peptides, tau and a-synuclein, in line with dispersive properties of polyphenols such as tannins [230].

Bieschke et al. [231] showed EGCG to inhibit AB42 fibrillogenesis, but also the ability to convert
large, mature AP fibrils into smaller amorphous protein aggregates. Immuno-infrared sensor data are
consistent with the degradation of AB fibrils induced by EGCG [232]. Gallic acid was shown to inhibit
amyloid fibril formation (molar ratio AB:GA of 1:2) and to disaggregate preformed fibrils [233, 234].
Adding GA to the aggregated AB42 fibrils for 2 hours clearly reduced the AB42 fibril particle size from
predominantly 100 nm fibrils to ~60 nm [234]. Fujiwara et al. [214] showed, in vitro and in vivo, that
PGG disaggregated preformed A fibrils. After incubation of 25 uM of fresh fAB40 and fAB42 with 50
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UM TA, Ono et al. [215] showed that TA destabilized preformed AR fibrils. Liu et al. [233] proposed that
the gallate group in GA (and related compounds) is the structural motif that prevents fibril formation.

Curcumin showed in vivo [235], and in vitro [227], the ability to inhibit Ap aggregation and to
disaggregate preformed AR fibrils. The activity on insulin-degrading enzyme (IDE) toward AB42 in the
presence of resveratrol results in a substantial increase in AB42 fragmentation compared to the control
[236]. Sun et al. [237] demonstrated that tau alone gave long fibrils, while 50 UM resveratrol (RSV)
induced the formation of short tau fibrils, and 200 UM RSV led to smaller aggregates. Vion et al. [238]
showed that both resveratrol and trans e-viniferin, at 1 uM, induced disaggregation of pre-aggregated
AB42 peptide. Caillaud et al. [239] also reported that trans e-viniferin reduces the size and density of
amyloid deposits and decreases reactivity of astrocytes and microglia.

Khan et al. [240] provided a synopsis on the relationship between quercetin and cognitive
performance in AD. Quercetin and rutin inhibit the formation of AB fibrils and disaggregated AB-fibrils
[195]. Moreover, quercetin displays fibril destabilizing effects on preformed fibrillar AB, reversing AB-
induced neurotoxicity [241]. Dihydroquercetin (Taxifolin), also disassemble AB in vitro, reduced levels
of AB oligomers in vivo, and restored decreased cerebral blood flow as well as cerebrovascular
reactivity in Tg-SwDI mice [61].

Dihydromyricetin or anthocyanins/anthocyans also reduces fibrils formation and
disaggregates preformed fibrils [242-244]. Interestingly, only amorphous aggregates were formed
when the molar ratio of AB40 to dihydromyricetin was 1:3 [243].

Although Alzheimer’s pathways and the related polyphenols are constantly investigated, the
Gordian knot has not been untied yet. To solve this problem, we still need additional scientific
knowledge and tools. For example, many questions related to NDs cannot be handled experimentally
and could benefit by using advanced computational molecular methods.

8. Computer Simulation of Phenolic Ligands with A8 and Tau

After decades of experimental research where major advancements have been achieved, we
still need to identify the real cause of AD. Consequently, computational methods, often named 'in
silico' approaches, can accelerate the development, where scientists can generate experimental data
while molecular theoretical calculations are processing. However, even after almost 20 years of
amyloid aggregation MD simulations there are still limitations, more specifically: force field, protein
concentration and simulation length challenges [245].

Molecular modeling (MM) encompasses all theoretical and computational methods used to
model or mimic molecular behavior. MM development began in the early 1960s, although the
underlying math originated much earlier. The common feature of all MM methods is the atomistic-
level insights it provides. Numerous methods exist: e.g., molecular mechanics [246], semi-empirical
[247, 248], density functional theory (DFT) [249], molecular dynamics (MD) [250], ab-initio [251], as
well as sampling methods such as replica exchange molecular dynamics (REMD) [252-254], and
molecular docking [255-257]. The selection of methods hinges on whether a quick answer from
classical methods (e.g. molecular mechanics) is desired, as opposed to highly accurate results from
guantum mechanics-based calculations (e.g., ab-initio molecular orbital calculations) but time-
consuming.

The therapeutic area where computational methods impact most is in the small-molecule drug
discovery area, e.g. polyphenols. Virtually all small molecule drugs work by binding to proteins,
enzymes, receptors, and ion channels, and sometimes DNA or RNA. The binding of small molecule, or
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ligand, to the targeted protein induces a biological response. Small molecule drugs are popular,
because they are easy to produce, distribute and administer, and easily chemically modified to fine
tune the effects of the drug. Modelling methods can guide chemists to synthesize molecules with
improved binding to the protein, its activity. By improving the binding of the target molecule with the
desired protein target and reducing binding with undesirable related protein targets, ligands can be
made more selective, an attribute which reduces many side effects. Generally, pharmacokinetic
properties can be predicted with an in-silico method, allowing researchers to avoid wasting resources
on compounds that will either be too toxic, or have the wrong biological transport properties for a
successful drug. In silico methods are a way of reducing the chemical search space, by helping to design
experiments, and glean as much information as possible, from existing experimental data.

Given the experimental difficulties in terms of predictability from mouse to human in vitro/in
vivo clinical experiments, computer modelling (in silico) has emerged as a reliable tool to elucidate
brain chemistry. Due to their importance and size, both highly intrinsic disordered AB40 and AB42
proteins have been extensively studied. For example, using a coarse-grained force field coupled to
Hamiltonian-temperature replica exchange MD simulations, the equilibrium structures of AB40, AB42,
and AB40 (D23N) monomers [258], and dimers [259], were determined. They observed striking
morphological differences [258], and they also showed that AB42 dimer has a higher propensity than
AB40 dimer to form B-strands at the central hydrophobic core (residues 17-21) and C-terminal
(residues 30-42), i.e. critical segments for AB oligomerization. Chiricotto et al. [260] applied the multi-
scale Lattice Boltzmann Molecular Dynamics method (LBMD) to study the initial phases of the
hydrophobic central core of amyloid peptide (AB16-22; KLVFFAE) aggregation.

Using MD simulations, Zhao et al. [261] studied the early adsorption and conformational
change of AB oligomers from dimer to hexamer on three different self-assembled monolayers (SAMs)
terminated with CH3, OH, and COOH groups. Combining with experimental results, all SAM model
surfaces exhibited a seeding effect for AP polymerization [261].

Results from the virtual oligomerization inhibition (VOI) were in excellent agreement with the
experimental results, of the performance of six known AR aggregation inhibitors: brazilin, curcumin,
EGCG, ELNDOO5, resveratrol, and tacrine [262]. However, only EGCG is still active at phase lll, while
some of them were terminated due to the lack of efficacy. The EGCG ligand strongly interacted with
most residues of AB16-22, notably F19 and F20. Interestingly, with EGCG the oligomerization time was
significantly delayed: e.g., i) control (7, 20 and 48 ns), and EGCG-AP16-22 (16, 50, and 106 ns), for
dimer, trimer and tetramer, respectively [262]. Using a combination of in vitro experimental
measurements and in silico methods, Acharya et al. [232] found that the most favorable GlideScore
(-6.9; docking site #1) was obtained when EGCG binds inside the fibril, stabilized by m-stacking
interactions with residue F19 [232]. Zhan et al. [263] showed both EGCG and EGC disruptive capacity
on the newly cryo-EM resolved LS-shaped AB42 protofibrils by breaking the hydrogen bond between
H6 and E11 through m—mt interactions with residues H14/Y10 and hydrogen-bonding interactions with
E11 [263].

The interactions between dihydromyricetin and AB40 trimer were mainly nonpolar, and where
MD simulation showed the key AB40 interacting residues are V18, A21, D23 [243]. Mechanistic insights
from MD suggest that morin can penetrate into the AB42 hydrophobic core to disrupt the Asp23-Lys28
salt bridge and interfere with backbone hydrogen bonding [264]. Also, Lemkul et al. [264] reported
that morin inhibits the early stages of AB-peptide aggregation. Gargari and Barzegar [265] showed that
flavonoids (myricetin, morin) exert dual and more effective functions against monomeric aggregation-
prone state (fibrillogenesis suppression) and remodel the AP aggregation pathway (fibril
destabilization).
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Cyanidin-3-0-glucoside (Cy-3-G) inhibits AB40 fibrillogenesis, disrupts the B-sheet structure,
disaggregates preformed fibrils, and reduces amyloid cytotoxicity [266], e.g., when the AB40:Cy-3G
ratio was 1:3, the inhibitory effect on AB40 fibril formation was about 95%. Cy-3G mainly interacted
with: N-terminal region, central hydrophobic cluster and B-sheet region Il via hydrophobic and
electrostatic interactions [266].

In vitro and in silico results from Guéroux et al. [267], showed the ability of some polyphenols
from the procyanidin family, to specifically bind the proline-rich region of tau. Interestingly, the
galloylated procyanidins ECG and EGCG exhibit a higher affinity with respect to the non-galloylated
procyanidins [267]. Theoretical and experimental results indicated that tau interacts with TA by
forming a hairpin structure, hence, a feature for inhibiting tau polymerization [217].

More than ever, computing capacity and MM methods are transforming our understanding of
the brain chemistry and more specifically the underlying mechanisms of amyloid peptides aggregation
and disaggregation involved in NDs, such as AD.

9. Conclusions

Physicochemical interactions between protein and natural ligands play a major role in
numerous bioprocesses. Those have to be addressed to better understand the mechanisms and
responses of natural polyphenolic ligands/protein complexation. The AR peptide is an endogenous
compound involved in several NDs, such as AD which nucleates decades before a conclusive diagnostic.
The amyloid-cascade hypothesis has provided the main framework for understanding the AD
pathogenesis, where the basis is the pathogenic AB peptides aggregation into neuritic plaques. Yet,
this hypothesis must integrate the contributions of other proteins such as tau, which is involved in
more than 20 neurodegenerative diseases, including AD. Consequently, it is critical to intervene at the
earliest stage (e.g. nucleation, induction period) of the disease and to select the effective chemistry
with the right mechanisms. This complex task, not only needs highly sophisticated medical
experimental knowledge, but also theoretical molecular methods which helps to explore the
underlying mechanisms. To achieve this, a multidisciplinary approach, combining experimental and
theoretical methods, can be more effective to characterize the biochemical and biophysical
interactions between proteins and phenolic ligands.

Many pathways have been investigated to mitigate and delay amyloid- and tau-opathies, e.g.:
targeting amyloidogenic pathways (e.g. B-secretase (BACE) inhibitor), and non-amyloidogenic
pathways (e.g. a-secretase activator) as well as y-secretase inhibitors and modulators (GSM), inhibit
the nucleation process of formation of oligomers/protofibrils/fibrils, alter/reduce oligomer/NFTs
cytotoxicity, disaggregate pre-aggregated fibrils, etc. Nonetheless, one critical pathway is to prevent
self-association at the early stages of AD (induction period), and below the AB and tau critical
association concentrations.

The pathways described in this review are mainly related to amyloid- and tau-based surfaces
(e.g. protofibrils, fibrils, fibers, NFTs, etc). However, our review suggests a sub-ensemble which
includes surface-induced processes occurring on biosurfaces other than AB- and tau-fibrils, e.g.
membranes, vesicles, blood vessels, red blood cells (RBCs), platelets, and likely relevant to NDs. For
example, the adsorption of AR and tau on RBCs biosurfaces, can either lead to confinement
stabilization or to surface-induced aggregation, depending on the affinity of AB and tau, and
AB/phenolic ligand complexes, to these surfaces. Bioprocesses occurring on surfaces other than AB-
and tau-fibrils, can be analyzed under a new concept, referred as confinement stability (figure 2). For
example, adsorption of AB/tau proteins, phenolic ligands and AB/phenolic ligand complexes on human
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RBC’s biosurface, results in stability by confinement, i.e. these proteins, ligands and complexes are
unable to aggregate due to temporary or permanent confinement. Overall, this sub-ensemble may
also participate indirectly in mitigating neurodegenerative diseases, by preventing protein self-
association, slowing down the aggregation process, and delaying the progression of AD.

In any case, it is imperative to develop strategic pathways that will work at the very early stages and
below the critical association concentration (CAC) of AB and tau, i.e. even before they form dimers,
trimers and oligomers.

Author contributions: R.G. performed the extensive literature review, wrote and revised the
manuscript, designed the original figure describing the Confinement stability concept, proposed by
Prof. v.d.V. Mr. V.H and C.R. participated in the writing of the introduction and designed the figure 1.
C.R. and N.M. aided in revising the manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: The authors are grateful for the generous financial support by the R. Howard Foundation and
La Fondation Famille Lemaire. Professors Mousseau’s, Ramassamy’s and van de Ven and Dr.
Gaudreault’s work is also supported, in part, by grants from the Natural Sciences and Engineering
Research Council of Canada (NSERC) and the Research Chair Louise & André Charron on Alzheimer’s
disease.

Conflict of interest: The authors declare no conflict of interest.

16



[

O 0 9 N v W IN

A DA DM DM D P D W W W W W W W W W WM N DN NN DNDNDDNDNDN = e e e e e e e
AN N AW =, O 000NN PR WD, OOV NN N A WD~ O WOV N WD — O

References

[1]

[2]
3]

[4]

[5]

[6]
[7]
[8]

[9]

[10]

[11]

[12]

[13]

Winblad B, Amouyel P, Andrieu S, Ballard C, Brayne C, Brodaty H, Cedazo-Minguez A,
Dubois B, Edvardsson D, Feldman H, Fratiglioni L, Frisoni GB, Gauthier S, Georges J,
Graff C, Igbal K, Jessen F, Johansson G, Jonsson L, Kivipelto M, Knapp M, Mangialasche
F, Melis R, Nordberg A, Rikkert MO, Qiu C, Sakmar TP, Scheltens P, Schneider LS,
Sperling R, Tjernberg LO, Waldemar G, Wimo A, Zetterberg H (2016) Defeating
Alzheimer's disease and other dementias: a priority for European science and society.
Lancet Neurol 15, 455-532.

DeTure MA, Dickson DW (2019) The neuropathological diagnosis of Alzheimer’s
disease. Molecular neurodegeneration 14, 1-18.

Barker WW, Luis CA, Kashuba A, Luis M, Harwood DG, Loewenstein D, Waters C,
Jimison P, Shepherd E, Sevush S, others (2002) Relative frequencies of Alzheimer
disease, Lewy body, vascular and frontotemporal dementia, and hippocampal sclerosis
in the State of Florida Brain Bank. Alzheimer Disease & Associated Disorders 16, 203-
212.

Corriveau RA, Koroshetz WJ, Gladman JT, Jeon S, Babcock D, Bennett DA, Carmichael
ST, Dickinson SL, Dickson DW, Emr M, Fillit H, Greenberg SM, Hutton ML, Knopman DS,
Manly JJ, Marder KS, Moy CS, Phelps CH, Scott PA, Seeley WW, Sieber BA, Silverberg
NB, Sutherland ML, Taylor A, Torborg CL, Waddy SP, Gubitz AK, Holtzman DM (2017)
Alzheimer's Disease-Related Dementias Summit 2016: National research priorities.
Neurology 89, 2381-2391.

Corrada MM, Brookmeyer R, Paganini-Hill A, Berlau D, Kawas CH (2010) Dementia
incidence continues to increase with age in the oldest old: the 90+ study. Ann Neurol
67,114-121.

Hou Y, Dan X, Babbar M, Wei Y, Hasselbalch SG, Croteau DL, Bohr VA (2019) Ageing as
a risk factor for neurodegenerative disease. Nat Rev Neurol 15, 565-581.

(2019) Alzheimer’s Disease International. 2019. World Alzheimer Report 2019:
Attitudes to Dementia. London: Alzheimer’s Disease International.

Yen SH, Dickson DW, Crowe A, Butler M, Shelanski ML (1987) Alzheimer's
neurofibrillary tangles contain unique epitopes and epitopes in common with the heat-
stable microtubule associated proteins tau and MAP2. Am J Pathol 126, 81-91.
Grundke-lgbal 1, Igbal K, Tung Y-C, Quinlan M, Wisniewski HM, Binder LI (1986)
Abnormal phosphorylation of the microtubule-associated protein tau (tau) in
Alzheimer cytoskeletal pathology. Proceedings of the National Academy of Sciences 83,
4913-4917.

Kosik KS, Joachim CL, Selkoe DJ (1986) Microtubule-associated protein tau (tau) is a
major antigenic component of paired helical filaments in Alzheimer disease. Proc Nat/
Acad Sci U S A 83, 4044-4048.

Glenner GG, Wong CW (1984) Alzheimer’s disease: initial report of the purification and
characterization of a novel cerebrovascular amyloid protein. Biochemical and
biophysical research communications 120, 885-890.

Masters CL, Simms G, Weinman NA, Multhaup G, McDonald BL, Beyreuther K (1985)
Amyloid plaque core protein in Alzheimer disease and Down syndrome. Proceedings
of the National Academy of Sciences 82, 4245-4249.

Soto C, Pritzkow S (2018) Protein misfolding, aggregation, and conformational strains
in neurodegenerative diseases. Nat Neurosci 21, 1332-1340.

17



O 0 9 N i b W N~

A DA DM DM DA DD D W W W W W W W W W WDHKN NN DN DN DN DNDNDDN DN o e e e e e e e
N N R WD =, O 000NN R WD, OO0 PR WD, O WOV KA WD~ O

[14]
[15]
[16]

[17]

[18]

[19]

[20]
[21]

[22]

[23]
[24]
[25]

[26]

[27]

[28]
[29]

[30]

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

Selkoe DJ (1991) The molecular pathology of Alzheimer's disease. Neuron 6, 487-498.
Uddin M, Kabir M, Niaz K, Jeandet P, Clément C, Mathew B, Rauf A, Rengasamy KR,
Sobarzo-Sanchez E, Ashraf GM, others (2020) Molecular insight into the therapeutic
promise of flavonoids against Alzheimer’s disease. Molecules 25, 1267.

Ringman JM, Monsell S, Ng DW, Zhou Y, Nguyen A, Coppola G, Van Berlo V, Mendez
MF, Tung S, Weintraub S, Mesulam MM, Bigio EH, Gitelman DR, Fisher-Hubbard AO,
Albin RL, Vinters HV (2016) Neuropathology of Autosomal Dominant Alzheimer
Disease in the National Alzheimer Coordinating Center Database. J Neuropathol Exp
Neurol 75, 284-290.

Quiroz YT, Sperling RA, Norton DJ, Baena A, Arboleda-Velasquez JF, Cosio D, Schultz A,
Lapoint M, Guzman-Velez E, Miller JB, Kim LA, Chen K, Tariot PN, Lopera F, Reiman EM,
Johnson KA (2018) Association Between Amyloid and Tau Accumulation in Young
Adults With Autosomal Dominant Alzheimer Disease. JAMA Neurol 75, 548-556.
Scholl M, Ossenkoppele R, Strandberg O, Palmqvist S, Jogi J, Ohlsson T, Smith R,
Hansson O (2017) Distinct 18F-AV-1451 tau PET retention patterns in early- and late-
onset Alzheimer's disease. Brain 140, 2286-2294.

Selkoe DJ, Hardy J (2016) The amyloid hypothesis of Alzheimer's disease at 25 years.
EMBO Mol Med 8, 595-608.

De Strooper B, Karran E (2016) The cellular phase of Alzheimer’s disease. Cell 164, 603-
615.

Buckner RL, Snyder AZ, Shannon BJ, LaRossa G, Sachs R, Fotenos AF, Sheline YI, Klunk
WE, Mathis CA, Morris JC, others (2005) Molecular, structural, and functional
characterization of Alzheimer’s disease: evidence for a relationship between default
activity, amyloid, and memory. Journal of Neuroscience 25, 7709-7717.

Grothe MJ, Barthel H, Sepulcre J, Dyrba M, Sabri O, Teipel SJ, Initiative AsDN, others
(2017) In vivo staging of regional amyloid deposition. Neurology 89, 2031-2038.

Thal DR, Riib U, Orantes M, Braak H (2002) Phases of AB-deposition in the human brain
and its relevance for the development of AD. Neurology 58, 1791-1800.

Braak H, Braak E (1991) Neuropathological stageing of Alzheimer-related changes. Acta
Neuropathol 82, 239-259.

Johnson KA, Schultz A, Betensky RA, Becker JA, Sepulcre J, Rentz D, Mormino E,
Chhatwal J, Amariglio R, Papp K, Marshall G, Albers M, Mauro S, Pepin L, Alverio J,
Judge K, Philiossaint M, Shoup T, Yokell D, Dickerson B, Gomez-Isla T, Hyman B, Vasdev
N, Sperling R (2016) Tau positron emission tomographic imaging in aging and early
Alzheimer disease. Ann Neurol 79, 110-119.

Scholl M, Lockhart SN, Schonhaut DR, O'Neil JP, Janabi M, Ossenkoppele R, Baker SL,
Vogel JW, Faria J, Schwimmer HD, Rabinovici GD, Jagust WJ (2016) PET Imaging of Tau
Deposition in the Aging Human Brain. Neuron 89, 971-982.

Serrano-Pozo A, Frosch MP, Masliah E, Hyman BT (2011) Neuropathological alterations
in Alzheimer disease. Cold Spring Harb Perspect Med 1, a006189.

Jack CR, Jr., Holtzman DM (2013) Biomarker modeling of Alzheimer's disease. Neuron
80, 1347-1358.

Altmann A, Ng B, Landau SM, Jagust WJ, Greicius MD (2015) Regional brain
hypometabolism is unrelated to regional amyloid plaque burden. Brain 138, 3734-
3746.

18



O 0 9 N i b W N~

A DA DM DM DA DD D W W W W W W W W W WDHKN NN DN DN DN DNDNDDN DN o e e e e e e e
N N R WD =, O 000NN R WD, OO0 PR WD, O WOV KA WD~ O

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Ossenkoppele R, Schonhaut DR, Scholl M, Lockhart SN, Ayakta N, Baker SL, O'Neil JP,
Janabi M, Lazaris A, Cantwell A, Vogel J, Santos M, Miller ZA, Bettcher BM, Vossel KA,
Kramer JH, Gorno-Tempini ML, Miller BL, Jagust WJ, Rabinovici GD (2016) Tau PET
patterns mirror clinical and neuroanatomical variability in Alzheimer's disease. Brain
139, 1551-1567.

Aschenbrenner AJ, Gordon BA, Benzinger TLS, Morris JC, Hassenstab JJ (2018)
Influence of tau PET, amyloid PET, and hippocampal volume on cognition in Alzheimer
disease. Neurology 91, e859-e866.

Bejanin A, Schonhaut DR, La Joie R, Kramer JH, Baker SL, Sosa N, Ayakta N, Cantwell A,
Janabi M, Lauriola M, O'Neil JP, Gorno-Tempini ML, Miller ZA, Rosen HJ, Miller BL,
Jagust WJ, Rabinovici GD (2017) Tau pathology and neurodegeneration contribute to
cognitive impairment in Alzheimer's disease. Brain 140, 3286-3300.

Sepulcre J, Grothe MJ, d'Oleire Uquillas F, Ortiz-Teran L, Diez I, Yang HS, Jacobs HIL,
Hanseeuw BJ, Li Q, El-Fakhri G, Sperling RA, Johnson KA (2018) Neurogenetic
contributions to amyloid beta and tau spreading in the human cortex. Nat Med 24,
1910-1918.

Li S, Hong S, Shepardson NE, Walsh DM, Shankar GM, Selkoe D (2009) Soluble
oligomers of amyloid Beta protein facilitate hippocampal long-term depression by
disrupting neuronal glutamate uptake. Neuron 62, 788-801.

Bereczki E, Branca RM, Francis PT, Pereira JB, Baek JH, Hortobagyi T, Winblad B, Ballard
C, Lehtio J, Aarsland D (2018) Synaptic markers of cognitive decline in
neurodegenerative diseases: a proteomic approach. Brain 141, 582-595.

Haass C, Selkoe DJ (2007) Soluble protein oligomers in neurodegeneration: lessons
from the Alzheimer's amyloid beta-peptide. Nat Rev Mol Cell Biol 8, 101-112.
Butterfield DA, Boyd-Kimball D (2018) Oxidative Stress, Amyloid-beta Peptide, and
Altered Key Molecular Pathways in the Pathogenesis and Progression of Alzheimer's
Disease. J Alzheimers Dis 62, 1345-1367.

Walsh DM, Selkoe DJ (2007) A beta oligomers - a decade of discovery. J Neurochem
101, 1172-1184.

Yang T, Li S, Xu H, Walsh DM, Selkoe DJ (2017) Large soluble oligomers of amyloid B-
protein from Alzheimer brain are far less neuroactive than the smaller oligomers to
which they dissociate. Journal of Neuroscience 37, 152-163.

Lannfelt L, Moller C, Basun H, Osswald G, Sehlin D, Satlin A, Logovinsky V, Gellerfors P
(2014) Perspectives on future Alzheimer therapies: amyloid-p protofibrils-a new target
for immunotherapy with BAN2401 in Alzheimer’s disease. Alzheimer’s research &
therapy 6, 1-8.

Sevigny J, Chiao P, Bussiere T, Weinreb PH, Williams L, Maier M, Dunstan R, Salloway
S, ChenT, Ling Y, O'Gorman J, Qian F, Arastu M, Li M, Chollate S, Brennan MS, Quintero-
Monzon O, Scannevin RH, Arnold HM, Engber T, Rhodes K, Ferrero J, Hang Y, Mikulskis
A, Grimm J, Hock C, Nitsch RM, Sandrock A (2016) The antibody aducanumab reduces
Abeta plaques in Alzheimer's disease. Nature 537, 50-56.

Panza F, Lozupone M, Logroscino G, Imbimbo BP (2019) A critical appraisal of amyloid-
B-targeting therapies for Alzheimer disease. Nature Reviews Neurology, 1.

Aisen PS, Cummings J, Doody R, Kramer L, Salloway S, Selkoe DJ, Sims J, Sperling RA,
Vellas B, Task Force EUUSCTAD (2020) The Future of Anti-Amyloid Trials. The Journal
of Prevention of Alzheimer’s Disease 7, 146-151.

Fillit H, Green A (2021) Aducanumab and the FDA - where are we now? Nat Rev Neurol.

19



O 0 9 N i b W N~

A DA DM DM DA DD D W W W W W W W W W WDHKN NN DN DN DN DNDNDDN DN o e e e e e e e
N N R WD =, O 000NN R WD, OO0 PR WD, O WOV KA WD~ O

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

Musiek ES, Holtzman DM (2015) Three dimensions of the amyloid hypothesis: time,
space and 'wingmen'. Nat Neurosci 18, 800-806.

Hammond TC, Xing X, Wang C, Ma D, Nho K, Crane PK, Elahi F, Ziegler DA, Liang G,
Cheng Q, others (2020) B-amyloid and tau drive early Alzheimer’s disease decline while
glucose hypometabolism drives late decline. Communications biology 3, 1-13.

Alberdi E, Sdnchez-Gédmez MV, Ruiz A, Cavaliere F, Ortiz-Sanz C, Quintela-Lépez T,
Capetillo-Zarate E, Solé-Domeénech S, Matute C (2018) Mangiferin and morin attenuate
oxidative stress, mitochondrial dysfunction, and neurocytotoxicity, induced by amyloid
beta oligomers. Oxidative Medicine and Cellular Longevity 2018.

Fan Q, Liu Y, Wang X, Zhang Z, Fu Y, Liu L, Wang P, Ma H, Ma H, Seeram NP, Zheng J,
Zhou F (2020) Ginnalin A Inhibits Aggregation, Reverses Fibrillogenesis, and Alleviates
Cytotoxicity of Amyloid beta(1-42). ACS Chem Neurosci 11, 638-647.

Leri M, Natalello A, Bruzzone E, Stefani M, Bucciantini M (2019) Oleuropein aglycone
and hydroxytyrosol interfere differently with toxic AP1-42 aggregation. Food and
Chemical Toxicology 129, 1-12.

Tomaselli S, La Vitola P, Pagano K, Brandi E, Santamaria G, Galante D, D’Arrigo C, Moni
L, Lambruschini C, Banfi L, others (2019) Biophysical and in vivo studies identify a new
natural-based polyphenol, counteracting AB oligomerization in vitro and AB oligomer-
mediated memory impairment and neuroinflammation in an acute mouse model of
Alzheimer’s disease. ACS chemical neuroscience 10, 4462-4475.

Andarzi Gargari S, Barzegar A, Tarinejad A (2018) The role of phenolic OH groups of
flavonoid compounds with H-bond formation ability to suppress amyloid mature fibrils
by destabilizing B-sheet conformation of monomeric AB17-42. PloS one 13, e0199541.
Belkacemi A, Ramassamy C (2016) Innovative anthocyanin/anthocyanidin formulation
protects SK-N-SH cells against the amyloid-f peptide-induced toxicity: Relevance to
alzheimer’s disease. Central Nervous System Agents in Medicinal Chemistry (Formerly
Current Medicinal Chemistry-Central Nervous System Agents) 16, 37-49.

Taniguchi K, Yamamoto F, Arai T, Yang J, Sakai Y, Itoh M, Mamada N, Sekiguchi M,
Yamada D, Saitoh A, others (2019) Tyrosol Reduces Amyloid-B Oligomer Neurotoxicity
and Alleviates Synaptic, Oxidative, and Cognitive Disturbances in Alzheimer’s Disease
Model Mice. Journal of Alzheimer’s Disease 70, 937-952.

Garcia-Moreno JC, de la Riva MP, Martinez-Lara E, Siles E, Cafiuelo A (2019) Tyrosol, a
simple phenol from EVOO, targets multiple pathogenic mechanisms of
neurodegeneration in a C. elegans model of Parkinson’s disease. Neurobiology of aging
82, 60-68.

Romanucci V, Garcia-Vinuales S, Tempra C, Bernini R, Zarrelli A, Lolicato F, Milardi D,
Di Fabio G (2020) Modulating AB aggregation by tyrosol-based ligands: The crucial role
of the catechol moiety. Biophysical Chemistry 265, 106434.

St-Laurent-Thibault C, Arseneault M, Longpre F, Ramassamy C (2011) Tyrosol and
hydroxytyrosol two main components of olive oil, protect N2a cells against amyloid-f3-
induced toxicity. involvement of the NF-gppaB signaling. Current Alzheimer Research
8, 543-551.

Ono K, Hamaguchi T, Naiki H, Yamada M (2006) Anti-amyloidogenic effects of
antioxidants: implications for the prevention and therapeutics of Alzheimer’s disease.
Biochimica et Biophysica Acta (BBA)-Molecular Basis of Disease 1762, 575-586.

Sato M, Murakami K, Uno M, Nakagawa Y, Katayama S, Akagi K-i, Masuda Y, Takegoshi
K, Irie K (2013) Site-specific inhibitory mechanism for amyloid B42 aggregation by

20



O 0 9 N i b W N~

A DA DM DM D D W W LW W W W W W W WK N DN DNDNDNDNDNDDNDN e e e e e e e
DN K W NN —= O 002N N A WD~ O VOV N PHKH WD~ O VOO NN N B W — O

[60]

[61]

[62]

[63]

[64]

[65]

[66]
[67]

[68]

[69]

[70]

[71]

[72]

[73]

catechol-type flavonoids targeting the Lys residues. Journal of Biological Chemistry
288, 23212-23224.

Ehrnhoefer DE, Bieschke J, Boeddrich A, Herbst M, Masino L, Lurz R, Engemann S,
Pastore A, Wanker EE (2008) EGCG redirects amyloidogenic polypeptides into
unstructured, off-pathway oligomers. Nature Structural and Molecular Biology 15,
558.

Saito S, Yamamoto Y, Maki T, Hattori Y, Ito H, Mizuno K, Harada-Shiba M, Kalaria RN,
Fukushima M, Takahashi R, others (2017) Taxifolin inhibits amyloid-B oligomer
formation and fully restores vascular integrity and memory in cerebral amyloid
angiopathy. Acta neuropathologica communications 5, 26.

Ho L, Ferruzzi MG, Janle EM, Wang J, Gong B, Chen TY, Lobo J, Cooper B, Wu QL, Talcott
ST, Percival SS, Simon JE, Pasinetti GM (2013) Identification of brain-targeted bioactive
dietary quercetin-3-O-glucuronide as a novel intervention for Alzheimer's disease.
FASEB J 27, 769-781.

Perluigi M, Joshi G, Sultana R, Calabrese V, De Marco C, Coccia R, Cini C, Butterfield DA
(2006) In vivo protective effects of ferulic acid ethyl ester against amyloid-beta peptide
1-42-induced oxidative stress. J Neurosci Res 84, 418-426.

Mattson MP, Son TG, Camandola S (2007) Viewpoint: mechanisms of action and
therapeutic potential of neurohormetic phytochemicals. Dose Response 5, 174-186.
Begum AN, Jones MR, Lim GP, Morihara T, Kim P, Heath DD, Rock CL, Pruitt MA, Yang
F, Hudspeth B, Hu S, Faull KF, Teter B, Cole GM, Frautschy SA (2008) Curcumin
structure-function, bioavailability, and efficacy in models of neuroinflammation and
Alzheimer's disease. J Pharmacol Exp Ther 326, 196-208.

Nelson KM, Dahlin JL, Bisson J, Graham J, Pauli GF, Walters MA (2017) The Essential
Medicinal Chemistry of Curcumin. J Med Chem 60, 1620-1637.

Ma Q, He X (2012) Molecular basis of electrophilic and oxidative defense: promises
and perils of Nrf2. Pharmacol Rev 64, 1055-1081.

Faria A, Meireles M, Fernandes |, Santos-Buelga C, Gonzalez-Manzano S, Dueiias M, de
Freitas V, Mateus N, Calhau C (2014) Flavonoid metabolites transport across a human
BBB model. Food chemistry 149, 190-196.

Pogacnik L, Pirc K, Palmela |, Skrt M, Kim KS, Brites D, Brito MA, Ulrih NP, Silva RF (2016)
Potential for brain accessibility and analysis of stability of selected flavonoids in
relation to neuroprotection in vitro. Brain research 1651, 17-26.

Andres-Lacueva C, Shukitt-Hale B, Galli RL, Jauregui O, Lamuela-Raventos RM, Joseph
JA (2005) Anthocyanins in aged blueberry-fed rats are found centrally and may
enhance memory. Nutritional neuroscience 8, 111-120.

Milbury PE, Kalt W (2010) Xenobiotic metabolism and berry flavonoid transport across
the blood- brain barrier. Journal of Agricultural and Food Chemistry 58, 3950-3956.
Rashid K, Wachira FN, Nyabuga JN, Wanyonyi B, Murilla G, Isaac AO (2014) Kenyan
purple tea anthocyanins ability to cross the blood brain barrier and reinforce brain
antioxidant capacity in mice. Nutritional neuroscience 17, 178-185.

Fornasaro S, Ziberna L, Gasperotti M, Tramer F, Vrhovsek U, Mattivi F, Passamonti S
(2016) Determination of cyanidin 3-glucoside in rat brain, liver and kidneys by
UPLC/MS-MS and its application to a short-term pharmacokinetic study. Scientific
reports 6, 1-11.

21



O 0 9 N i b W N~

A DA DM DM DA DD D W W W W W W W W W WDHKN NN DN DN DN DNDNDDN DN o e e e e e e e
N N R WD =, O 000NN R WD, OO0 PR WD, O WOV KA WD~ O

[74]

[75]

[76]

[77]

[78]

[79]

[80]
[81]

[82]

[83]

[84]
[85]

[86]

[87]

[88]

[89]

[90]

[91]

Xiao T, Guo Z, Sun B, Zhao Y (2017) Identification of Anthocyanins from Four Kinds of
Berries and Their Inhibition Activity to a-Glycosidase and Protein Tyrosine Phosphatase
1B by HPLC—FT-ICR MS/MS. Journal of agricultural and food chemistry 65, 6211-6221.
Youdim KA, Dobbie MS, Kuhnle G, Proteggente AR, Abbott NJ, Rice-Evans C (2003)
Interaction between flavonoids and the blood—brain barrier: in vitro studies. Journal
of neurochemistry 85, 180-192.

Jarrett JT, Lansbury Jr PT (1993) Seeding “one-dimensional crystallization” of amyloid:
a pathogenic mechanism in Alzheimer’s disease and scrapie? Cell 73, 1055-1058.
Zheng W, Tsai M-Y, Wolynes PG (2017) Comparing the Aggregation Free Energy
Landscapes of Amyloid Beta (1-42) and Amyloid Beta (1-40). Journal of the American
Chemical Society 139, 16666-16676.

Tycko R (2015) Amyloid polymorphism: structural basis and neurobiological relevance.
Neuron 86, 632-645.

Nag S, Sarkar B, Bandyopadhyay A, Sahoo B, Sreenivasan VK, Kombrabail M,
Muralidharan C, Maiti S (2011) Nature of the amyloid-B monomer and the monomer-
oligomer equilibrium. Journal of Biological Chemistry 286, 13827-13833.

Van de Ven TG (1989) Colloidal hydrodynamics, Academic press.

Roberts BR, Lind M, Wagen AZ, Rembach A, Frugier T, Li Q-X, Ryan TM, McLean CA,
Doecke JD, Rowe CC, others (2017) Biochemically-defined pools of amyloid-f in
sporadic Alzheimer’s disease: correlation with amyloid PET. Brain 140, 1486-1498.
Bateman RJ, Munsell LY, Morris JC, Swarm R, Yarasheski KE, Holtzman DM (2006)
Human amyloid-B synthesis and clearance rates as measured in cerebrospinal fluid in
vivo. Nature medicine 12, 856-861.

Kollmer M, Close W, Funk L, Rasmussen J, Bsoul A, Schierhorn A, Schmidt M, Sigurdson
CJ, Jucker M, Fandrich M (2019) Cryo-EM structure and polymorphism of AB amyloid
fibrils purified from Alzheimer’s brain tissue. Nature communications 10, 1-8.
Gaudreault R, Mousseau N (2019) Mitigating Alzheimer’s disease with natural
polyphenols: a review. Current Alzheimer Research 16, 529-543.

Ballatore C, Lee VM-Y, Trojanowski JQ (2007) Tau-mediated neurodegeneration in
Alzheimer’s disease and related disorders. Nature reviews neuroscience 8, 663-672.
Brunden KR, Trojanowski JQ, Lee VM-Y (2008) Evidence that non-fibrillar tau causes
pathology linked to neurodegeneration and behavioral impairments. Journal of
Alzheimer’s Disease 14, 393-399.

Zhou L, Mclnnes J, Wierda K, Holt M, Herrmann AG, Jackson RJ, Wang Y-C, Swerts J,
Beyens J, Miskiewicz K, others (2017) Tau association with synaptic vesicles causes
presynaptic dysfunction. Nature communications 8, 1-13.

Weingarten MD, Lockwood AH, Hwo S-Y, Kirschner MW (1975) A protein factor
essential for microtubule assembly. Proceedings of the National Academy of Sciences
72, 1858-1862.

Witman GB, Cleveland DW, Weingarten MD, Kirschner MW (1976) Tubulin requires
tau for growth onto microtubule initiating sites. Proceedings of the National Academy
of Sciences 73, 4070-4074.

Chang E, Kim S, Yin H, Nagaraja HN, Kuret J (2008) Pathogenic missense MAPT
mutations differentially modulate tau aggregation propensity at nucleation and
extension steps. Journal of neurochemistry 107, 1113-1123.

Lippens G, Gigant B (2019) Elucidating Tau function and dysfunction in the era of cryo-
EM. Journal of Biological Chemistry 294, 9316-9325.

22



O 0 9 N i b W N~

A DA DM DM DA DD D W W W W W W W W W WDHKN NN DN DN DN DNDNDDN DN o e e e e e e e
N N R WD =, O 000NN R WD, OO0 PR WD, O WOV KA WD~ O

[92]

[93]

[94]
[95]

[96]

[97]

[98]

[99]
[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

Mandelkow E-M, Schweers O, Drewes G, Biernat J, Gustke N, Trinczek B, Mandelkow
E (1996) Structure, Microtubule Interactions, and Phosphorylation of Tau Protein a.
Annals of the New York Academy of Sciences 777, 96-106.

Shkumatov AV, Chinnathambi S, Mandelkow E, Svergun DI (2011) Structural memory
of natively unfolded tau protein detected by small-angle X-ray scattering. Proteins:
Structure, Function, and Bioinformatics 79, 2122-2131.

Ledbetter MC, Porter KR (1963) A "Microtubule" in Plant Cell Fine Structure. J Cell Biol
19, 239-250.

Wang Y, Mandelkow E (2016) Tau in physiology and pathology. Nature reviews
neuroscience 17, 22-35.

Martin L, Latypova X, Wilson CM, Magnaudeix A, Perrin M-L, Yardin C, Terro F (2013)
Tau protein kinases: involvement in Alzheimer’s disease. Ageing research reviews 12,
289-309.

Haase C, Stieler JT, Arendt T, Holzer M (2004) Pseudophosphorylation of tau protein
alters its ability for self-aggregation. Journal of neurochemistry 88, 1509-1520.

Liu F, Li B, Tung E-J, Grundke-Igbal I, Igbal K, Gong C-X (2007) Site-specific effects of
tau phosphorylation on its microtubule assembly activity and self-aggregation.
European Journal of Neuroscience 26, 3429-3436.

Rankin CA, Sun Q, Gamblin TC (2007) Tau phosphorylation by GSK-3p promotes tangle-
like filament morphology. Molecular neurodegeneration 2, 12.

Martin L, Latypova X, Terro F (2011) Post-translational modifications of tau protein:
implications for Alzheimer’s disease. Neurochemistry international 58, 458-471.

Von Bergen M, Friedhoff P, Biernat J, Heberle J, Mandelkow E-M, Mandelkow E (2000)
Assembly of 1T protein into Alzheimer paired helical filaments depends on a local
sequence motif (306VQIVYK311) forming B structure. Proceedings of the National
Academy of Sciences 97, 5129-5134.

Fischer D, Mukrasch MD, Biernat J, Bibow S, Blackledge M, Griesinger C, Mandelkow
E, Zweckstetter M (2009) Conformational changes specific for pseudophosphorylation
at serine 262 selectively impair binding of tau to microtubules. Biochemistry 48, 10047-
10055.

Ksiezak-Reding H, Ho L, Santa-Maria |, Diaz-Ruiz C, Wang J, Pasinetti GM (2012)
Ultrastructural alterations of Alzheimer’s disease paired helical filaments by grape
seed-derived polyphenols. Neurobiology of aging 33, 1427-1439.

Fitzpatrick AW, Falcon B, He S, Murzin AG, Murshudov G, Garringer HJ, Crowther RA,
Ghetti B, Goedert M, Scheres SH (2017) Cryo-EM structures of tau filaments from
Alzheimer’s disease. Nature 547, 185-190.

Wegmann S, Jung YJ, Chinnathambi S, Mandelkow E-M, Mandelkow E, Muller DJ (2010)
Human Tau isoforms assemble into ribbon-like fibrils that display polymorphic
structure and stability. Journal of Biological Chemistry 285, 27302-27313.

Jin M, Shepardson N, Yang T, Chen G, Walsh D, Selkoe DJ (2011) Soluble amyloid B-
protein dimers isolated from Alzheimer cortex directly induce Tau
hyperphosphorylation and neuritic degeneration. Proceedings of the National
Academy of Sciences 108, 5819-5824.

Ross JA, Kasum CM (2002) Dietary flavonoids: bioavailability, metabolic effects, and
safety. Annual review of nutrition 22, 19-34.

Singh AP, Wilson T, Kalk AJ, Cheong J, Vorsa N (2009) Isolation of specific cranberry
flavonoids for biological activity assessment. Food chemistry 116, 963-968.

23



O 0 9 N i b W N~

A DA DM DM D D W W LW W W W W W W WK N DN DNDNDNDNDNDDNDN e e e e e e e
DN K W NN —= O 002N N A WD~ O VOV N PHKH WD~ O VOO NN N B W — O

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

Namiesnik J, Vearasilp K, Kupska M, Ham K-S, Kang S-G, Park Y-K, Barasch D, Nemirovski
A, Gorinstein S (2013) Antioxidant activities and bioactive components in some berries.
European food research and technology 237, 819-829.

De Jesus NZT, Falcdo HdS, Gomes IF, Leite TIdA, Lima GRdM, Barbosa-Filho JM, Tavares
JF, Silva MSd, Athayde-Filho PFd, Batista LM (2012) Tannins, peptic ulcers and related
mechanisms. International journal of molecular sciences 13, 3203-3228.

Smeriglio A, Barreca D, Bellocco E, Trombetta D (2017) Proanthocyanidins and
hydrolysable tannins: occurrence, dietary intake and pharmacological effects. British
journal of pharmacology 174, 1244-1262.

Serrano J, Puupponen-Pimia R, Dauer A, Aura A-M, Saura-Calixto F (2009) Tannins:
current knowledge of food sources, intake, bioavailability and biological effects.
Molecular nutrition & food research 53, S310-S329.

Cohen SI, Vendruscolo M, Dobson CM, Knowles TP (2011) Nucleated polymerization
with secondary pathways. Il. Determination of self-consistent solutions to growth
processes described by non-linear master equations. The Journal of chemical physics
135, 08B611.

Arosio P, Knowles TP, Linse S (2015) On the lag phase in amyloid fibril formation.
Physical Chemistry Chemical Physics 17, 7606-7618.

Chiti F, Dobson CM (2017) Protein misfolding, amyloid formation, and human disease:
a summary of progress over the last decade. Annual review of biochemistry 86, 27-68.
Soto C (2003) Unfolding the role of protein misfolding in neurodegenerative diseases.
Nature Reviews Neuroscience 4, 49-60.

Evans KC, Berger EP, Cho C-G, Weisgraber KH, Lansbury PT (1995) Apolipoprotein E is
a kinetic but not a thermodynamic inhibitor of amyloid formation: implications for the
pathogenesis and treatment of Alzheimer disease. Proceedings of the National
Academy of Sciences 92, 763-767.

Klement K, Wieligmann K, Meinhardt J, Hortschansky P, Richter W, Fandrich M (2007)
Effect of different salt ions on the propensity of aggregation and on the structure of
Alzheimer’s AB (1-40) amyloid fibrils. Journal of molecular biology 373, 1321-1333.
Jain S, Udgaonkar JB (2010) Salt-induced modulation of the pathway of amyloid fibril
formation by the mouse prion protein. Biochemistry 49, 7615-7624.

Kawano Y, Yoshida K, Kawamura M, Yoshimi H, Ashida T, Abe H, Imanishi M, Kimura G,
Kojima S, Kuramochi M, others (1992) Sodium and noradrenaline in cerebrospinal fluid
and blood in salt-sensitive and non-salt-sensitive essential hypertension. Clinical and
experimental pharmacology and physiology 19, 235-241.

Van de Ven TGM (1988) On the role of ion size in coagulation. Journal of colloid and
interface science 124, 138-145.

Warszynski P, Van de Ven TGM (1991) Effect of electroviscous drag on the coagulation
and deposition of electrically charged colloidal particles. Advances in colloid and
interface science 36, 33-63.

Hasegawa K, Ono K, Yamada M, Naiki H (2002) Kinetic modeling and determination of
reaction constants of Alzheimer’s B-amyloid fibril extension and dissociation using
surface plasmon resonance. Biochemistry 41, 13489-13498.

O’Nuallain B, Shivaprasad S, Kheterpal I, Wetzel R (2005) Thermodynamics of AB (1-
40) amyloid fibril elongation. Biochemistry 44, 12709-12718.

24



O 0 9 N i b W N~

A DA DA DM P D D W W W W W W W W W WK N DN DN DN DNDNDDNDNDN = e e e e e e e
AN N R WD —= O 000NN NP WD~ OOV N KA WD~ OOV NS W — O

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]
[134]

[135]

[136]

[137]

[138]

[139]

[140]

Yagi H, Hasegawa K, Yoshimura Y, Goto Y (2013) Acceleration of the depolymerization
of amyloid B fibrils by ultrasonication. Biochimica et Biophysica Acta (BBA)-Proteins
and Proteomics 1834, 2480-2485.

Hellstrand E, Boland B, Walsh DM, Linse S (2010) Amyloid beta-protein aggregation
produces highly reproducible kinetic data and occurs by a two-phase process. ACS
Chem Neurosci 1, 13-18.

Novo M, Freire S, Al-Soufi W (2018) Critical aggregation concentration for the
formation of early Amyloid- (1-42) oligomers. Scientific reports 8, 1-8.

Cohen S|, Linse S, Luheshi LM, Hellstrand E, White DA, Rajah L, Otzen DE, Vendruscolo
M, Dobson CM, Knowles TP (2013) Proliferation of amyloid-B42 aggregates occurs
through a secondary nucleation mechanism. Proceedings of the National Academy of
Sciences 110, 9758-9763.

Cohen SI, Cukalevski R, Michaels TC, Sari¢ A, Térnquist M, Vendruscolo M, Dobson CM,
Buell AK, Knowles TP, Linse S (2018) Distinct thermodynamic signatures of oligomer
generation in the aggregation of the amyloid- peptide. Nature chemistry 10, 523-531.
Serio TR, Cashikar AG, Kowal AS, Sawicki GJ, Moslehi JJ, Serpell L, Arnsdorf MF,
Lindquist SL (2000) Nucleated conformational conversion and the replication of
conformational information by a prion determinant. Science 289, 1317-1321.

Lee J, Culyba EK, Powers ET, Kelly JW (2011) Amyloid-B forms fibrils by nucleated
conformational conversion of oligomers. Nature chemical biology 7, 602.

Kar K, Jayaraman M, Sahoo B, Kodali R, Wetzel R (2011) Critical nucleus size for disease-
related polyglutamine aggregation is repeat-length dependent. Nature structural &
molecular biology 18, 328.

Oosawa F, Asakura S, others (1975) Thermodynamics of the Polymerization of Protein,
Academic Press.

Collins SR, Douglass A, Vale RD, Weissman JS (2004) Mechanism of prion propagation:
amyloid growth occurs by monomer addition. PLoS biology 2.

Jeong JS, Ansaloni A, Mezzenga R, Lashuel HA, Dietler G (2013) Novel mechanistic
insight into the molecular basis of amyloid polymorphism and secondary nucleation
during amyloid formation. Journal of molecular biology 425, 1765-1781.

Scheidt T, tapinska U, Kumita JR, Whiten DR, Klenerman D, Wilson MR, Cohen SI, Linse
S, Vendruscolo M, Dobson CM, others (2019) Secondary nucleation and elongation
occur at different sites on Alzheimer’s amyloid-B aggregates. Science advances 5,
eaau3l12.

Cohen SI, Vendruscolo M, Dobson CM, Knowles TP (2012) From macroscopic
measurements to microscopic mechanisms of protein aggregation. Journal of
molecular biology 421, 160-171.

Linse S, Scheidt T, Bernfur K, Vendruscolo M, Dobson CM, Cohen S, Sileikis E, Lundqvist
M, Qian F, O’Malley T, others (2020) Kinetic fingerprints differentiate the mechanisms
of action of anti-AB antibodies. Nature Structural & Molecular Biology, 1-9.

Ferrone F (1999) Analysis of protein aggregation kinetics In Methods in enzymology
Elsevier, pp. 256-274.

Meisl G, Yang X, Hellstrand E, Frohm B, Kirkegaard JB, Cohen SI, Dobson CM, Linse S,
Knowles TP (2014) Differences in nucleation behavior underlie the contrasting
aggregation kinetics of the AB40 and AB42 peptides. Proceedings of the National
Academy of Sciences 111, 9384-9389.

25



O 0 9 N i b W N~

A DA DM DM DA DD D W W W W W W W W W WDHKN NN DN DN DN DNDNDDN DN o e e e e e e e
N N R WD =, O 000NN R WD, OO0 PR WD, O WOV KA WD~ O

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

Michaels TC, Sari¢ A, Curk S, Bernfur K, Arosio P, Meisl G, Dear AJ, Cohen SI, Dobson
CM, Vendruscolo M, others (2020) Dynamics of oligomer populations formed during
the aggregation of Alzheimer’s AB42 peptide. Nature chemistry, 1-7.

Anwar J, Khan S, Lindfors L (2015) Secondary crystal nucleation: nuclei breeding factory
uncovered. Angewandte Chemie International Edition 54, 14681-14684.

Frankel R, Tornquist M, Meisl G, Hansson O, Andreasson U, Zetterberg H, Blennow K,
Frohm B, Cedervall T, Knowles TP, others (2019) Autocatalytic amplification of
Alzheimer-associated AP42 peptide aggregation in human cerebrospinal fluid.
Communications biology 2, 1-11.

Banerjee S, Hashemi M, Lv Z, Maity S, Rochet J-C, Lyubchenko YL (2017) A novel
pathway for amyloids self-assembly in aggregates at nanomolar concentration
mediated by the interaction with surfaces. Scientific reports 7, 1-11.

Begley DJ, Brightman MW (2003) Structural and functional aspects of the blood-brain
barrier In Peptide transport and delivery into the central nervous system Springer, pp.
39-78.

Zlokovic BV (2008) The blood-brain barrier in health and chronic neurodegenerative
disorders. Neuron 57, 178-201.

Greenberg SM, Bacskai BJ, Hernandez-Guillamon M, Pruzin J, Sperling R, van Veluw SJ
(2020) Cerebral amyloid angiopathy and Alzheimer disease—One peptide, two
pathways. Nature Reviews Neurology 16, 30-42.

Thal DR, Ghebremedhin E, Orantes M, Wiestler OD (2003) Vascular pathology in
Alzheimer disease: correlation of cerebral amyloid angiopathy and
arteriosclerosis/lipohyalinosis with cognitive decline. Journal of Neuropathology &
Experimental Neurology 62, 1287-1301.

Makelda M, Paetau A, Polvikoski T, Myllykangas L, Tanskanen M (2016) Capillary
amyloid-B protein deposition in a population-based study (Vantaa 85+). Journal of
Alzheimer’s Disease 49, 149-157.

Attems J, Jellinger KA (2004) Only cerebral capillary amyloid angiopathy correlates with
Alzheimer pathology—a pilot study. Acta neuropathologica 107, 83-90.

Jones EM, Dubey M, Camp PJ, Vernon BC, Biernat J, Mandelkow E, Majewski J, Chi EY
(2012) Interaction of tau protein with model lipid membranes induces tau structural
compaction and membrane disruption. Biochemistry 51, 2539-2550.

Chirita CN, Necula M, Kuret J (2003) Anionic micelles and vesicles induce tau
fibrillization in vitro. Journal of Biological Chemistry 278, 25644-25650.

Georgieva ER, Xiao S, Borbat PP, Freed JH, Eliezer D (2014) Tau binds to lipid membrane
surfaces via short amphipathic helices located in its microtubule-binding repeats.
Biophysical journal 107, 1441-1452.

Yu Y-P, Zhang S, Liu Q, Li Y-M, Wang C, Besenbacher F, Dong M (2012) 2D amyloid
aggregation of human islet amyloid polypeptide at the solid—liquid interface. Soft
Matter 8, 1616-1622.

Kuo Y-M, Kokjohn TA, Kalback W, Luehrs D, Galasko DR, Chevallier N, Koo EH,
Emmerling MR, Roher AE (2000) Amyloid-p peptides interact with plasma proteins and
erythrocytes: implications for their quantitation in plasma. Biochemical and
biophysical research communications 268, 750-756.

Jayakumar R, Kusiak JW, Chrest FJ, Demehin AA, Murali J, Wersto RP, Nagababu E, Ravi
L, Rifkind JM (2003) Red cell perturbations by amyloid B-protein. Biochimica et
Biophysica Acta (BBA)-General Subjects 1622, 20-28.

26



O 0 9 N i b W N~

A DA DM DM DA DD D W W W W W W W W W WDHKN NN DN DN DN DNDNDDN DN o e e e e e e e
N N R WD =, O 000NN R WD, OO0 PR WD, O WOV KA WD~ O

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

Lan J, Liu J, Zhao Z, Xue R, Zhang N, Zhang P, Zhao P, Zheng F, Sun X (2015) The
peripheral blood of AB binding RBC as a biomarker for diagnosis of Alzheimer’s disease.
Age and Ageing 44, 458-464.

Rogers J, Li R, Mastroeni D, Grover A, Leonard B, Ahern G, Cao P, Kolody H, Vedders L,
Kolb WP, Sabbagh M (2006) Peripheral clearance of amyloid beta peptide by
complement C3-dependent adherence to erythrocytes. Neurobiol Aging 27, 1733-
1739.

Sender R, Fuchs S, Milo R (2016) Revised estimates for the number of human and
bacteria cells in the body. PLoS biology 14, e1002533.

Vandamme M-PI, Tiglias J, Nemat N, Preston BN (1994) Determination of the charge
content at the surface of cells using a colloid titration technique. Analytical
biochemistry 223, 62-70.

Seubert P, Vigo-Pelfrey C, Esch F, Lee M, Dovey H, Davis D, Sinha S, Schiossmacher M,
Whaley J, Swindlehurst C, others (1992) lIsolation and quantification of soluble
Alzheimer’s B-peptide from biological fluids. Nature 359, 325-327.

DeMattos RB, Bales KR, Cummins DJ, Dodart JC, Paul SM, Holtzman DM (2001)
Peripheral anti-A beta antibody alters CNS and plasma A beta clearance and decreases
brain A beta burden in a mouse model of Alzheimer's disease. Proc Nat!/ Acad Sci U S A
98, 8850-8855.

Kiko T, Nakagawa K, Satoh A, Tsuduki T, Furukawa K, Arai H, Miyazawa T (2012)
Amyloid B levels in human red blood cells. PloS one 7, e49620.

Nakagawa K, Kiko T, Miyazawa T, Sookwong P, Tsuduki T, Satoh A, Miyazawa T (2011)
Amyloid B-induced erythrocytic damage and its attenuation by carotenoids. FEBS
letters 585, 1249-1254.

Carelli-Alinovi C, Dinarelli S, Sampaolese B, Misiti F, Girasole M (2019) Morphological
changes induced in erythrocyte by amyloid beta peptide and glucose depletion: A
combined atomic force microscopy and biochemical study. Biochimica et Biophysica
Acta (BBA)-Biomembranes 1861, 236-244.

Daniele S, Pietrobono D, Fusi J, lofrida C, Chico L, Petrozzi L, Gerfo AL, Baldacci F,
Galetta F, Siciliano G, Bonuccelli U, Santoro G, Trincavelli ML, Franzoni F, Martini C
(2018) alpha-Synuclein Aggregates with beta-Amyloid or Tau in Human Red Blood
Cells: Correlation with Antioxidant Capability and Physical Exercise in Human Healthy
Subjects. Mol Neurobiol 55, 2653-2675.

Piccarducci R, Pietrobono D, Pellegrini C, Daniele S, Fornai M, Antonioli L, Trincavelli
ML, Blandizzi C, Martini C (2019) High levels of B-amyloid, tau, and phospho-tau in red
blood cells as biomarkers of neuropathology in senescence-accelerated mouse.
Oxidative medicine and cellular longevity 2019.

Koren E, Kohen R, Ginsburg | (2010) Polyphenols enhance total oxidant-scavenging
capacities of human blood by binding to red blood cells. Experimental Biology and
Medicine 235, 689-699.

Olchowik-Grabarek E, Sekowski S, Bitiucki M, Dobrzynska |, Shlyonsky V, lonov M,
Burzynski P, Roszkowska A, Swiecicka I, Abdulladjanova N, Zamaraeva M (2020)
Inhibition of interaction between Staphylococcus aureus alpha-hemolysin and
erythrocytes membrane by hydrolysable tannins: structure-related activity study. Sci
Rep 10, 11168.

Harbi SM, Hussien RA, Hawasawi |, Alshdoukhi I, Chopra V, Alanazi AN, Butler W,
Koroma R, Peters C, Garver DD, others (2020) Red Blood Cells and Lipoproteins:

27



O 0 9 N i b W N~

A DA DA DM P D D W W W W W W W W W WK N DN DN DN DNDNDDNDNDN = e e e e e e e
AN N R WD —= O 000NN NP WD~ OOV N KA WD~ OOV NS W — O

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

Important Reservoirs and Transporters of Polyphenols and Their Metabolites. Journal
of Agricultural and Food Chemistry 68, 7005-7013.

Wolozin B, Maheshwari S, Jones C, Dukoff R, Wallace W, Racchi M, Nagula S, Shulman
NR, Sunderland T, Bush A (1998) B-Amyloid augments platelet aggregation: reduced
activity of familial angiopathy-associated mutants. Molecular psychiatry 3.

Chen M, Inestrosa NC, Ross GS, Fernandez HL (1995) Platelets are the primary source
of amyloid B-peptide in human blood. Biochemical and biophysical research
communications 213, 96-103.

Kucheryavykh LY, Davila-Rodriguez J, Rivera-Aponte DE, Zueva LV, Washington AV,
Sanabria P, Inyushin MY (2017) Platelets are responsible for the accumulation of B-
amyloid in blood clots inside and around blood vessels in mouse brain after
thrombosis. Brain research bulletin 128, 98-105.

Hubbard GP, Wolffram S, Lovegrove JA, Gibbins JM (2004) Ingestion of quercetin
inhibits platelet aggregation and essential components of the collagen-stimulated
platelet activation pathway in humans. Journal of Thrombosis and Haemostasis 2,
2138-2145.

Frojmovic M, Wong T, van de Ven T (1991) Dynamic measurements of the platelet
membrane glycoprotein llb-llla receptor for fibrinogen by flow cytometry. I.
Methodology, theory and results for two distinct activators. Biophys J 59, 815-827.
Biere AL, Ostaszewski B, Stimson ER, Hyman BT, Maggio JE, Selkoe DJ (1996) Amyloid
beta-peptide is transported on lipoproteins and albumin in human plasma. J Biol Chem
271, 32916-32922.

Wang J, Gu BJ, Masters CL, Wang Y-J (2017) A systemic view of Alzheimer disease—
insights from amyloid-f metabolism beyond the brain. Nature Reviews Neurology 13,
612.

Yeggoni DP, Rachamallu A, Subramanyam R (2016) A comparative binding mechanism
between human serum albumin and a-1-acid glycoprotein with corilagin: biophysical
and computational approach. RSC Advances 6, 40225-40237.

Knowles TP, Shu W, Devlin GL, Meehan S, Auer S, Dobson CM, Welland ME (2007)
Kinetics and thermodynamics of amyloid formation from direct measurements of
fluctuations in fibril mass. Proceedings of the National Academy of Sciences 104,
10016-10021.

Marx KA (2003) Quartz crystal microbalance: a useful tool for studying thin polymer
films and complex biomolecular systems at the solution- surface interface.
Biomacromolecules 4, 1099-1120.

Okuno H, Mori K, Jitsukawa T, Inoue H, Chiba S (2006) Convenient Method for
Monitoring AB Aggregation by Quartz-Crystal Microbalance. Chemical biology & drug
design 68, 273-275.

Kotarek JA, Johnson KC, Moss MA (2008) Quartz crystal microbalance analysis of
growth kinetics for aggregation intermediates of the amyloid-B protein. Analytical
biochemistry 378, 15-24.

Wang C, Xu L, Cheng F, Wang H, Jia L (2015) Curcumin induces structural change and
reduces the growth of amyloid-p fibrils: a QCM-D study. Rsc Advances 5, 30197-30205.
Ryu J, Joung H-A, Kim M-G, Park CB (2008) Surface plasmon resonance analysis of
Alzheimer’s B-amyloid aggregation on a solid surface: from monomers to fully-grown
fibrils. Analytical chemistry 80, 2400-2407.

28



O 0 9 N i b W N~

A DA DA DM P D D W W W W W W W W W WK N DN DN DN DNDNDDNDNDN = e e e e e e e
AN N R WD —= O 000NN NP WD~ OOV N KA WD~ OOV NS W — O

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

Hu X, Crick SL, Bu G, Frieden C, Pappu RV, Lee JM (2009) Amyloid seeds formed by
cellular uptake, concentration, and aggregation of the amyloid-beta peptide. Proc Nat!
Acad Sci U S A 106, 20324-20329.

Grimmer T, Riemenschneider M, Forstl H, Henriksen G, Klunk WE, Mathis CA, Shiga T,
Wester HJ, Kurz A, Drzezga A (2009) Beta amyloid in Alzheimer's disease: increased
deposition in brain is reflected in reduced concentration in cerebrospinal fluid. Biol
Psychiatry 65, 927-934.

Mattsson N, Palmquvist S, Stomrud E, Vogel J, Hansson O (2019) Staging beta-Amyloid
Pathology With Amyloid Positron Emission Tomography. JAMA Neurol.

Gaudreault R, Whitehead MA, van de Ven TGM (2005) Mechanisms of flocculation of
microcrystalline cellulose by poly (ethylene oxide) and cofactor corilagin. Advances in
Paper Science and Technology 2, 1269-1292.

Gaudreault R, van de Ven TG, Whitehead MA (2005) Mechanisms of flocculation with
poly (ethylene oxide) and novel cofactors. Colloids and Surfaces A: Physicochemical
and Engineering Aspects 268, 131-146.

Koshani R, Tavakolian M, van de Ven TGM (2020) Cellulose-based dispersants and
flocculants. J. Mater. Chem. B 8, 10502-10526.

Simpson LW, Good TA, Leach JB (2020) Protein folding and assembly in confined
environments: Implications for protein aggregation in hydrogels and tissues.
Biotechnology Advances 42, 107573.

Ping G, Yuan JM, Vallieres M, Dong H, Sun Z, Wei Y, Li FY, Lin SH (2003) Effects of
confinement on protein folding and protein stability. Journal of Chemical Physics 118,
8042-8048.

Simpson LW, Szeto GL, Boukari H, Good TA, Leach JB (2020) Collagen hydrogel
confinement of Amyloid-beta (Abeta) accelerates aggregation and reduces cytotoxic
effects. Acta Biomater 112, 164-173.

Ali MY, Jannat S, Edraki N, Das S, Chang WK, Kim HC, Park SK, Chang MS (2019)
Flavanone glycosides inhibit B-site amyloid precursor protein cleaving enzyme 1 and
cholinesterase and reduce AP aggregation in the amyloidogenic pathway. Chemico-
Biological Interactions 309, 108707.

Jiménez-Aliaga K, Bermejo-Bescds P, Benedi J, Martin-Aragén S (2011) Quercetin and
rutin exhibit antiamyloidogenic and fibril-disaggregating effects in vitro and potent
antioxidant activity in APPswe cells. Life sciences 89, 939-945.

Majid H, Silva FV (2020) Inhibition of enzymes important for Alzheimer’s disease by
antioxidant extracts prepared from 15 New Zealand medicinal trees and bushes.
Journal of the Royal Society of New Zealand, 1-14.

Shimmyo Y, Kihara T, Akaike A, Niidome T, Sugimoto H (2008) Flavonols and flavones
as BACE-1 inhibitors: structure—activity relationship in cell-free, cell-based and in silico
studies reveal novel pharmacophore features. Biochimica et Biophysica Acta (BBA)-
General Subjects 1780, 819-825.

Golde TE, Koo EH, Felsenstein KM, Osborne BA, Miele L (2013) gamma-Secretase
inhibitors and modulators. Biochim Biophys Acta 1828, 2898-2907.

Simi¢ G, Babi¢ Leko M, Wray S, Harrington C, Delalle I, Jovanov-Milo$evié N, Bazadona
D, Buée L, De Silva R, Di Giovanni G, others (2016) Tau protein hyperphosphorylation
and aggregation in Alzheimer’s disease and other tauopathies, and possible
neuroprotective strategies. Biomolecules 6, 6.

29



O 0 9 N i b W N~

A DA DA DM P D D W W W W W W W W W WK N DN DN DN DNDNDDNDNDN = e e e e e e e
AN N R WD —= O 000NN NP WD~ OOV N KA WD~ OOV NS W — O

[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]

Yoshiyama Y, Kojima A, Ishikawa C, Arai K (2010) Anti-inflammatory action of donepezil
ameliorates tau pathology, synaptic loss, and neurodegeneration in a tauopathy
mouse model. Journal of Alzheimer’s Disease 22, 295-306.

Li Q, He S, Chen Y, Feng F, Qu W, Sun H (2018) Donepezil-based multi-functional
cholinesterase inhibitors for treatment of Alzheimer’s disease. European journal of
medicinal chemistry 158, 463-477.

Mezeiova E, Chalupova K, Nepovimova E, Gorecki L, Prchal L, Malinak D, Kuca K, Soukup
O, Korabecny J (2019) Donepezil Derivatives Targeting Amyloid-B cascade in
Alzheimer’s Disease. Current Alzheimer Research 16, 772-800.

Piemontese L, Tomads D, Hiremathad A, Capriati V, Candeias E, Cardoso SM, Chaves S,
Santos MA (2018) Donepezil structure-based hybrids as potential multifunctional anti-
Alzheimer’s drug candidates. Journal of enzyme inhibition and medicinal chemistry 33,
1212-1224.

Gaudreault R, van de Ven TG, Whitehead MA (2002) Molecular modeling of poly
(ethylene oxide) model cofactors; 1, 3, 6-tri-O-galloyl-B-D-glucose and corilagin.
Molecular modeling annual 8, 73-80.

Yamada H, Nagao K, Dokei K, Kasai Y, Michihata N (2008) Total synthesis of (-)-
Corilagin. Journal of the American Chemical Society 130, 7566-7567.

Reddy BU, Mullick R, Kumar A, Sharma G, Bag P, Roy CL, Sudha G, Tandon H, Dave P,
Shukla A, others (2018) A natural small molecule inhibitor corilagin blocks HCV
replication and modulates oxidative stress to reduce liver damage. Antiviral research
150, 47-59.

Li X, Deng Y, Zheng Z, Huang W, Chen L, Tong Q, Ming Y (2018) Corilagin, a promising
medicinal herbal agent. Biomedicine & Pharmacotherapy 99, 43-50.

WuN, ZuY, FuY, KongV, ZhaoJ, Li X, Li J, Wink M, Efferth T (2010) Antioxidant activities
and xanthine oxidase inhibitory effects of extracts and main polyphenolic compounds
obtained from Geranium sibiricum L. Journal of agricultural and food chemistry 58,
4737-4743.

Chung S-K, Nam J-A, Jeon S-Y, Kim S-I, Lee H-J, Chung TH, Song K-S (2003) A Prolyl
endopeptidase-Inhibiting antioxidant fromPhyllanthus ussurensis. Archives of
pharmacal research 26, 1024-1028.

Cheng J-T, Lin T-C, Hsu F-L (1995) Antihypertensive effect of corilagin in the rat.
Canadian journal of physiology and pharmacology 73, 1425-1429.

Youn K, Lee S, Jeong W-S, Ho C-T, Jun M (2016) Protective Role of Corilagin on A 3 25—
35-Induced Neurotoxicity: Suppression of NF-gppa B Signaling Pathway. Journal of
medicinal food 19, 901-911.

Yeo S-G, Song JH, Hong E-H, Lee B-R, Kwon YS, Chang S-Y, Kim SH, won Lee S, Park J-H,
Ko H-J (2015) Antiviral effects of Phyllanthus urinaria containing corilagin against
human enterovirus 71 and Coxsackievirus A16 in vitro. Archives of pharmacal research
38, 193-202.

Li X, Liu J, Chen B, Chen Y, Dai W, Li Y, Zhu M (2020) Covalent Bridging of Corilagin
Improves Antiferroptosis Activity: Comparison with 1, 3, 6-Tri-O-galloyl-p-d-
glucopyranose. ACS Medicinal Chemistry Letters.

Fujiwara H, Tabuchi M, Yamaguchi T, Iwasaki K, Furukawa K, Sekiguchi K, Ikarashi Y,
Kudo Y, Higuchi M, Saido TC, others (2009) A traditional medicinal herb Paeonia
suffruticosa and its active constituent 1, 2, 3, 4, 6-penta-O-galloyl-B-d-glucopyranose

30



O 0 9 N i b W N~

A DA DA DM P D D W W W W W W W W W WK N DN DN DN DNDNDDNDNDN = e e e e e e e
AN N R WD —= O 000NN NP WD~ OOV N KA WD~ OOV NS W — O

[215]

[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

have potent anti-aggregation effects on Alzheimer’s amyloid B proteins in vitro and in
vivo. Journal of neurochemistry 109, 1648-1657.

Ono K, Hasegawa K, Naiki H, Yamada M (2004) Anti-amyloidogenic activity of tannic
acid and its activity to destabilize Alzheimer’s B-amyloid fibrils in vitro. Biochimica et
Biophysica Acta (BBA)-Molecular Basis of Disease 1690, 193-202.

Porat Y, Abramowitz A, Gazit E (2006) Inhibition of amyloid fibril formation by
polyphenols: structural similarity and aromatic interactions as a common inhibition
mechanism. Chemical biology & drug design 67, 27-37.

Yao J, Gao X, Sun W, Yao T, Shi S, Ji L (2013) Molecular hairpin: a possible model for
inhibition of tau aggregation by tannic acid. Biochemistry 52, 1893-1902.

Zheng Q, Kebede MT, Kemeh MM, Islam S, Lee B, Bleck SD, Wurfl LA, Lazo ND (2019)
Inhibition of the Self-Assembly of AB and of Tau by Polyphenols: Mechanistic Studies.
Molecules 24, 2316.

Stefanescu R, Stanciu GD, Luca A, Paduraru L, Tamba B-1 (2020) Secondary Metabolites
from Plants Possessing Inhibitory Properties against Beta-Amyloid Aggregation as
Revealed by Thioflavin-T Assay and Correlations with Investigations on Transgenic
Mouse Models of Alzheimer’s Disease. Biomolecules 10, 870.

Wobst HJ, Sharma A, Diamond MI, Wanker EE, Bieschke J (2015) The green tea
polyphenol (-)-epigallocatechin gallate prevents the aggregation of tau protein into
toxic oligomers at substoichiometric ratios. FEBS letters 589, 77-83.

Singh M, Arseneault M, Sanderson T, Murthy V, Ramassamy C (2008) Challenges for
research on polyphenols from foods in Alzheimer’s disease: bioavailability,
metabolism, and cellular and molecular mechanisms. Journal of agricultural and food
chemistry 56, 4855-4873.

Ono K, Yoshiike Y, Takashima A, Hasegawa K, Naiki H, Yamada M (2003) Potent anti-
amyloidogenic and fibril-destabilizing effects of polyphenols in vitro: implications for
the prevention and therapeutics of Alzheimer’s disease. Journal of neurochemistry 87,
172-181.

Taniguchi S, Suzuki N, Masuda M, Hisanaga S-i, Iwatsubo T, Goedert M, Hasegawa M
(2005) Inhibition of heparin-induced tau filament formation by phenothiazines,
polyphenols, and porphyrins. Journal of Biological Chemistry 280, 7614-7623.

Akaishi T, Morimoto T, Shibao M, Watanabe S, Sakai-Kato K, Utsunomiya-Tate N, Abe
K (2008) Structural requirements for the flavonoid fisetin in inhibiting fibril formation
of amyloid B protein. Neuroscience letters 444, 280-285.

Araljo AR, Camero S, Taboada P, Reis RL, Pires RA (2020) Vescalagin and castalagin
reduce the toxicity of amyloid-beta42 oligomers through the remodelling of its
secondary structure. Chemical Communications 56, 3187-3190.

Gong EJ, Park HR, Kim ME, Piao S, Lee E, Jo D-G, Chung HY, Ha N-C, Mattson MP, Lee J
(2011) Morin attenuates tau hyperphosphorylation by inhibiting GSK3B. Neurobiology
of disease 44, 223-230.

Riviere C, Delaunay J-C, Immel F, Cullin C, Monti J-P (2009) The polyphenol piceid
destabilizes preformed amyloid fibrils and oligomers in vitro: hypothesis on possible
molecular mechanisms. Neurochemical research 34, 1120-1128.

Gupta S, Dasmahapatra AK (2020) Destabilization potential of phenolics on AP fibrils:
mechanistic insights from molecular dynamics simulation. Physical Chemistry Chemical
Physics 22, 19643-19658.

31



O 0 9 N i b W N~

A DA DA DM P D D W W W W W W W W W WK N DN DN DN DNDNDDNDNDN = e e e e e e e
AN N R WD —= O 000NN NP WD~ OOV N KA WD~ OOV NS W — O

[229]

[230]

[231]

[232]

[233]

[234]

[235]

[236]

[237]

[238]

[239]

[240]

[241]

[242]

[243]

[244]

Freyssin A, Page G, Fauconneau B, Rioux Bilan A (2018) Natural polyphenols effects on
protein aggregates in Alzheimer's and Parkinson's prion-like diseases. Neural Regen
Res 13, 955-961.

Gaudreault R, Safari S, van de Ven TG, Junghanns M (2016) in AWT Annual Convention
and Exposition, San Diego, CA.

Bieschke J, Russ J, Friedrich RP, Ehrnhoefer DE, Wobst H, Neugebauer K, Wanker EE
(2010) EGCG remodels mature a-synuclein and amyloid-B fibrils and reduces cellular
toxicity. Proceedings of the National Academy of Sciences 107, 7710-7715.

Acharya A, Stockmann J, Beyer L, Rudack T, Nabers A, Gumbart JC, Gerwert K, Batista
VS (2020) The Effect of (-)-Epigallocatechin-3-Gallate on the Amyloid-B Secondary
Structure. Biophysical Journal.

Liu Y, Pukala TL, Musgrave IF, Williams DM, Dehle FC, Carver JA (2013) Gallic acid is the
major component of grape seed extract that inhibits amyloid fibril formation.
Bioorganic & medicinal chemistry letters 23, 6336-6340.

Yu M, Chen X, Liu J, Ma Q, Zhuo Z, Chen H, Zhou L, Yang S, Zheng L, Ning C, others
(2019) Gallic acid disruption of AP1-42 aggregation rescues cognitive decline of
APP/PS1 double transgenic mouse. Neurobiology of disease 124, 67-80.

Yang F, Lim GP, Begum AN, Ubeda OJ, Simmons MR, Ambegaokar SS, Chen PP, Kayed
R, Glabe CG, Frautschy SA, others (2005) Curcumin inhibits formation of amyloid
oligomers and fibrils, binds plaques, and reduces amyloid in vivo. Journal of Biological
Chemistry 280, 5892-5901.

Krasinski CA, lvancic VA, Zheng Q, Spratt DE, Lazo ND (2018) Resveratrol sustains
insulin-degrading enzyme activity toward AB42. ACS omega 3, 13275-13282.

Sun X-Y, Dong Q-X, Zhu J, Sun X, Zhang L-F, Qiu M, Yu X-L, Liu R-T (2019) Resveratrol
Rescues Tau-Induced Cognitive Deficits and Neuropathology in a Mouse Model of
Tauopathy. Current Alzheimer Research.

Vion E, Page G, Bourdeaud E, Paccalin M, Guillard J, Bilan AR (2018) Trans arepsilon-
viniferin is an amyloid-p disaggregating and anti-inflammatory drug in a mouse primary
cellular model of Alzheimer’s disease. Molecular and Cellular Neuroscience 88, 1-6.
Caillaud M, Guillard J, Richard D, Milin S, Chassaing D, Paccalin M, Page G, Bilan AR
(2019) Trans arepsilon viniferin decreases amyloid deposits and inflammation in a
mouse transgenic Alzheimer model. PloS one 14, e0212663.

Khan H, Ullah H, Aschner M, Cheang WS, Akkol EK (2020) Neuroprotective Effects of
Quercetin in Alzheimer’s Disease. Biomolecules 10, 59.

Caruana M, Cauchi R, Vassallo N (2016) Putative role of red wine polyphenols against
brain pathology in Alzheimer’s and Parkinson’s disease. Frontiers in nutrition 3, 31.
Liang J, Lindemeyer AK, Shen Y, Lopez-Valdés HE, Martinez-Coria H, Shao XM, Olsen
RW (2014) Dihydromyricetin ameliorates behavioral deficits and reverses
neuropathology of transgenic mouse models of Alzheimer’s disease. Neurochemical
research 39, 1171-1181.

Jia L, Zhao W, Sang J, Wang W, Wei W, Wang Y, Zhao F, Lu F, Liu F (2019) Inhibitory
Effect of a Flavonoid Dihydromyricetin against AB40 Amyloidogenesis and Its
Associated Cytotoxicity. ACS chemical neuroscience 10, 4696-4703.

Belkacemi A, Ramassamy C (2016) Anthocyanins protect SK-N-SH cells against acrolein-
induced toxicity by preserving the cellular redox state. Journal of Alzheimer’s Disease
50, 981-998.

32



O 0 9 N i b W N~

A DA DM DM DA DD D W W W W W W W W W WDHKN NN DN DN DN DNDNDDN DN o e e e e e e e
N N R WD =, O 000NN R WD, OO0 PR WD, O WOV KA WD~ O

[245]
[246]
[247]
[248]
[249]

[250]

[251]

[252]

[253]

[254]

[255]

[256]

[257]

[258]

[259]

[260]

[261]

[262]

Strodel B (2021) Amyloid aggregation simulations: challenges, advances and
perspectives. Current opinion in structural biology 67, 145-152.

Huang N, Kalyanaraman C, Bernacki K, Jacobson MP (2006) Molecular mechanics
methods for predicting protein-ligand binding. Phys Chem Chem Phys 8, 5166-5177.
Stewart JJ (1989) Optimization of parameters for semi-empirical methods |. Method.
Journal of Computational Chemistry 10, 209-220.

Stewart JJ (1989) Optimization of parameters for semiempirical methods II.
Applications. Journal of computational chemistry 10, 221-264.

Becke AD (1988) Density-functional exchange-energy approximation with correct
asymptotic behavior. Phys Rev A Gen Phys 38, 3098-3100.

Abraham MJ, Murtola T, Schulz R, Pall S, Smith JC, Hess B, Lindahl E (2015) GROMACS:
High performance molecular simulations through multi-level parallelism from laptops
to supercomputers. SoftwareX 1, 19-25.

Kulik HJ, Luehr N, Ufimtsev IS, Martinez TJ (2012) Ab initio quantum chemistry for
protein structures. J Phys Chem B 116, 12501-125089.

Affentranger R, Tavernelli I, Di lorio EE (2006) A Novel Hamiltonian Replica Exchange
MD Protocol to Enhance Protein Conformational Space Sampling. J Chem Theory
Comput 2, 217-228.

Wang L, Friesner RA, Berne BJ (2011) Replica exchange with solute scaling: a more
efficient version of replica exchange with solute tempering (REST2). The Journal of
Physical Chemistry B 115, 9431-9438.

Bussi G (2014) Hamiltonian replica exchange in GROMACS: a flexible implementation.
Molecular Physics 112, 379-384.

Trott O, Olson AJ (2010) AutoDock Vina: improving the speed and accuracy of docking
with a new scoring function, efficient optimization, and multithreading. J Comput
Chem 31, 455-461.

Wang Z, Sun H,Yao X, LiD, Xu L, Li Y, Tian S, Hou T (2016) Comprehensive evaluation
of ten docking programs on a diverse set of protein-ligand complexes: the prediction
accuracy of sampling power and scoring power. Phys Chem Chem Phys 18, 12964-
12975.

Pagadala NS, Syed K, Tuszynski J (2017) Software for molecular docking: a review.
Biophys Rev 9, 91-102.

Coté S, Derreumaux P, Mousseau N (2011) Distinct morphologies for amyloid beta
protein monomer: AB1-40, AB1-42, and AB1-40 (D23N). Journal of chemical theory
and computation 7, 2584-2592.

Coté S, Laghaei R, Derreumaux P, Mousseau N (2012) Distinct dimerization for various
alloforms of the amyloid-beta protein: AB1-40, AB1-42, and AB1-40 (d23n). The
journal of physical chemistry B 116, 4043-4055.

Chiricotto M, Melchionna S, Derreumaux P, Sterpone F (2016) Hydrodynamic effects
on B-amyloid (16-22) peptide aggregation. The Journal of chemical physics 145,
035102.

Zhao J, Wang Q, Liang G, Zheng J (2011) Molecular dynamics simulations of low-
ordered Alzheimer B-amyloid oligomers from dimer to hexamer on self-assembled
monolayers. Langmuir 27, 14876-14887.

Man VH, He X, Ji B, Liu S, Xie X-Q, Wang J (2020) Introducing Virtual Oligomerization
Inhibition to Identify Potent Inhibitors of AR Oligomerization. Journal of Chemical
Theory and Computation 16, 3920-3935.

33



O 0 9 N i b W N~

W W W W W W W W DN NN NN NN N N N M o e e e e ek e
N N R WD =, O 0O 0NN DR WD R, O 000NN R WD = O

(%)
o)

W
\O

[263]

[264]

[265]

[266]

[267]

[268]

[269]

[270]

[271]

[272]

[273]

[274]

[275]

Zhan C, Chen Y, Tang Y, Wei G (2020) Green Tea Extracts EGCG and EGC Display Distinct
Mechanisms in Disrupting AB42 Protofibril. ACS Chemical Neuroscience.

Lemkul JA, Bevan DR (2010) Destabilizing Alzheimer?s AB42 protofibrils with morin:
mechanistic insights from molecular dynamics simulations. Biochemistry 49, 3935-
3946.

Gargari SA, Barzegar A (2020) Simulations on the dual effects of flavonoids as
suppressors of AP42 fibrillogenesis and destabilizers of mature fibrils. Scientific
Reports 10, 1-15.

Liu F, Zhao F, Wang W, Sang J, Jia L, Li L, Lu F (2020) Cyanidin-3-O-glucoside inhibits
ABA40 fibrillogenesis, disintegrates preformed fibrils, and reduces amyloid cytotoxicity.
Food & Function 11, 2573-2587.

Guéroux M, Laguerre M, Szlosek-Pinaud M, Fouquet E, Pianet | (2012) Polyphenols and
Alzheimer’s Disease: Tau/polyphenol interactions investigated by NMR and molecular
modelling. Nutrition and Aging 1, 201-206.

Diez-Silva M, Dao M, Han J, Lim C-T, Suresh S (2010) Shape and biomechanical
characteristics of human red blood cells in health and disease. MRS bulletin/Materials
Research Society 35, 382.

Youn K, Jun M (2013) In vitro BACE1 inhibitory activity of geraniin and corilagin from
Geranium thunbergii. Planta medica 79, 1038-1042.

Lee S-H, Jun M, Choi J-Y, Yang E-J, Hur J-M, Bae K, Seong Y-H, Huh T-L, Song K-S (2007)
Plant phenolics as prolyl endopeptidase inhibitors. Archives of pharmacal research 30,
827-833.

Awasthi M, Singh S, Pandey VP, Dwivedi UN (2016) Alzheimer’s disease: An overview
of amyloid beta dependent pathogenesis and its therapeutic implications along with
in silico approaches emphasizing the role of natural products. Journal of the
neurological sciences 361, 256-271.

Li F, Gong Q, Dong H, Shi J (2012) Resveratrol, a neuroprotective supplement for
Alzheimer’s disease. Current pharmaceutical design 18, 27-33.

Yisimayili Z, Guo X, Liu H, Xu Z, Abdulla R, Aisa HA, Huang C (2019) Metabolic profiling
analysis of corilagin in vivo and in vitro using high-performance liquid chromatography
guadrupole time-of-flight mass spectrometry. Journal of pharmaceutical and
biomedical analysis 165, 251-260.

Yu C, Shin YG, Chow A, Li Y, Kosmeder JW, Lee YS, Hirschelman WH, Pezzuto JM, Mehta
RG, van Breemen RB (2002) Human, rat, and mouse metabolism of resveratrol.
Pharmaceutical research 19, 1907-1914.

Rege SD, Geetha T, Griffin GD, Broderick TL, Babu JR (2014) Neuroprotective effects of
resveratrol in Alzheimer disease pathology. Frontiers in aging neuroscience 6, 218.

34



O 0 1IN N W —

15

16

Amyloid cascade I Common mechanisms I Tau pathway

[ Familial form of AD ] [ Sporadic form of AD ] I . I
t | wos ¢ o
Mitochondrial ‘ Oxiistive
Missense mutations Failure of AB, 4, dysfunction damage >
in the APP, PS1 or clearance ysiunctions
PS2 genes I I GSK38
8 4 APP $30 I Ne2 0 - Antioxidant genes I Hyperph?rs:ll:orylaﬁon
' \ | |
SAPPa SAPPb  ¢99 o &5
, I o Inflammation I
Lot
Tau aggregation
) AR, 5, monomer I I
l Nucleation phase Apoptosis )
AB oligomer I I
1 Elongation phase

= \0 tibrils
# AB plaques Alterations of the synaptic
Dysfunctions and plasticity
h Neurinal loss

Learning, memory and
cognitive deficits

Figure 1: Multiple targets of polyphenols in the integrative amyloid-cascade and tau pathway. Both AR and tau
pathology are independent and dependent pathways leading to AD. In familial form of AD, different mutations
on APP, PS1 and PS2 genes lead AB1.4; overproduction while in sporadic form of AD, failure of the AB1.42 clearance
under physiological conditions induced its gradual rising. The net result is to enhance the production of the
putatively neurotoxic ABi42 monomer at the expense of the putatively neuroprotective AB40. APBi.a;
accumulation into soluble oligomers induce oxidative damage, inhibit the activity of Nrf2 and thus the
antioxidant genes, activate NF-xB and the production of cytokines and finally cause apoptosis. ABi.42, ROS,
oxidative damage can activate glycogen synthase kinase 3B (GSK3p) which phosphorylate Tau protein. Both the
formation of NFTs due to the hyperphosphorylation of Tau and the amyloid cascade lead to synaptic dysfunction,
neuronal loss and finally to learning and cognitive impairment. ( 4% ) Represent different pathways targeted
by polyphenolic compounds.
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Figure 2: Hypothesis of phenolic-induced altering and/or delaying amyloid-B (AB) self-association and the growth
of oligomers/fibrils in bulk solution: (left) monomers of AB; (middle) AB/phenolic ligand complex; (right-top) AB-
oligomers and complexed with phenolic ligands; and (right-bottom) AB-fibrils and complexed with phenolic
ligands. The AB protein is green/red colored and the phenolic ligand is blue/red colored. The black T-shape
symbol refers to inhibition/delaying the growth of oligomers/fibrils. This cartoon is not to scale; i.e. the phenolic
ligand is much smaller than AB-protein.

Figure 3: A schematic of confinement stability: Adsorption of AB proteins (left), phenolic ligands (center) and
AB/phenolic ligand complexes (right) on human RBC’s biosurface (red), results in stability by confinement, i.e.
these proteins and ligands are unable to aggregate due to temporary or permanent confinement. This cartoon is
not to scale, i.e. AB, ligand and complexes are much smaller than indicated (RBC's diameter ~ 7.5-8.7 um [268]).
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1 Table 1: Molecular and pharmacological properties of some natural polyphenols related to A and Tau
2 aggregation/disaggregation and comparison with donepezil.

Parameter Corilagin TGG Tannic Acid EGCG Gallic Acid Curcumin Resveratrol Donepezil;
arameters orilag (TA) (GA) (Keto) (RES) Aricept
. oo 3 $
: 313 F
z 9 )
J oz I S @ Oy OH = O
20¢H . o \
~ C/ MO, O/ o 0‘{
Molecular structure 21, QQM o< 7
7 u\;\ HO' OH (2
oAl 4 OH =\ O
’ ;§ ¢ o §
. . . . Phenolic L. . . .
Type of molecule Tannin Tannin Tannin Flavonoid acid Curcuminoid Stilbenoid Synthetic
Molecular Formula C27H22018 C27H24018 C76H52046 C22H18011 C7HeOs C21H2006 C14H1203 C24H20NO3
Molar mass (g/mol) 634 636 1701 458 170 368 228 379
ibiti J Yes/Y
Inhibition of,.’-\B/Tau Yes?/Yes Yes?\Yes es/Yes Yes/Yes Yes/? Yes/Yes Yes/Yes Yes/Yes
aggregation
i i - Yes/? Yes/? Yes/? Yes/? Yes/Y ?/?
Dlsaggregatvlor? of AB NA/NA NA/NA es/ es/ es/ es/ es/Yes /
/Tau-fibrils
BACE1®
E inhibiti (IC50=34 PEP® Enhances Promotes non-
”Zym:s'” ! 'Ot” °f 1 umy; pEPE (IC50 = BACE o- ? BACE amyloidogenic | AChE, BACEL
enhancemen (1C50=0.2 0.157uM) Secretase pathways®
36uM)
Hydrolysable Yes Yes Yes Yes ? Yes Yes No
Phenolic rings (#) Yes (3) Yes (3) Yes (10) Yes (3) Yes (1) Yes (2) Yes (2) No (0)
Phenolic-OH (#) 9 9 25 8 3 2 3 0
Hydrophobicity Yes Yes Yes Yes Yes Yes Yes Yes
e 5.0in PBS 1.6 @pH 5- . 11.9 0.00293
Solubility in water (g\L) @pH 7.2 5 Very high 5 @20°C 0.4 @pH 7.3 0.03 @25°C
Biotransformation
EA, GA GA, EGC Trans-RES-3-O-
. - , GA, y ) ) TH ?
(metabollte;/derlvatlves M3 GA GA, PY EGC-MS, 4-OMGA DHC, THC glucuronides
Low (~0.1- . Poor .
) I 5
Bioavailability (Oral) ? NA NA 0.26%) High Low (< 1%) Very high
Toxicity LDso (mg/kg per 3500- 2260 (Oral 5000 (Oral 32.6
y “De0 IME/Ke P 5000 NA 2170 (mice) >2000 (mice) 7060 (rat) '
b.weight . rat) rat) (Oral rat)
(mice)
3 Corilagin ~ (B-1-O-Galloyl-3,6-(R)-hexahydroxydiphenoyl-D-Glucose); TGG  (1,3,6-Tri-O-Galloyl-B-D-Glucose);  EGCG
4 (Epigallocatechin-3- gallate); 2Binding with AP based on theoretical calculations (MD and HREX); MD= Molecular dynamics;
5 HREX= Hamiltonian Replica Exchange; [269]; cPEP = Propyl endopeptidase enzyme [270]; 9[218]; eDecreases the level of AR
6 by inducing non-amyloidogenic cleavage of APP [271, 272]; fCorilagin hydrolyzed metabolites (EA, GA and M3 (C20H18014)
7 [273,274] ); ePrimary metabolite in human liver (Trans-RES-3-O-glucuronide) [274, 275]; NA= Not available ; EA= Ellagic acid ;
8 EGC= Epigallo-catechin; PY= Pyrogallol; EGC-M5=5-(3' ,4' ,5-trihydroxyphenyl)-y-valerolactone and 5-(3' ,4'-
9 dihydroxyphenyl)-y-valerolactone (human major urinary metabolites of tea polyphenols); PBS= Phosphate-buffered saline;
10 DHC= dehydrocurcumin; THC= tetrahydrocurcumin; 4-OMGA= 4-O-methylgallic acid.
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