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Abstract: Alzheimer’s disease is a neurodegenerative disorder for which there is a continuous search
of drugs able to reduce or stop the cognitive decline. Beta-amyloid peptides are composed of 40 and
42 amino acids and are considered a major cause of neuronal toxicity. They are prone to aggregation,
yielding oligomers and fibrils through the inter-molecular binding between the amino acid sequences
(17-42) of multiple amyloid-beta molecules. Additionally, amyloid deposition causes cerebral amyloid
angiopathy. The present study aims to identify, in the existing literature, natural plant derived products
possessing inhibitory properties against aggregation. The studies searched proved the anti-aggregating
effects by the thioflavin T assay and through behavioral, biochemical, and histological analysis carried
out upon administration of natural chemical compounds to transgenic mouse models of Alzheimer’s
disease. According to our present study results, fifteen secondary metabolites from plants were
identified which presented both evidence coming from the thioflavin T assay and transgenic mouse
models developing Alzheimer’s disease and six additional metabolites were mentioned due to their
inhibitory effects against fibrillogenesis. Among them, epigallocatechin-3-gallate, luteolin, myricetin,
and silibinin were proven to lower the aggregation to less than 40%.

Keywords: Alzheimer’s disease; neurodegenerative disease; beta-amyloid aggregation inhibitors;
transgenic mouse model; naturally occurring polyphenol compounds

1. Introduction

Despite decades of preclinical and clinical research, Alzheimer’s disease (AD), a multifactorial
neurodegenerative disorder that involves several pathogenetic mechanisms is still a major and
increasing challenge in terms of global health [1,2]. Abnormal aggregation of beta-amyloid (Af) may
be the primary hallmark noticed in pathogenesis of this condition. The cleavage of amyloid precursor
proteins (APP) by 3- and y-secretase to the A peptides followed by soluble A3 monomers aggregate to
(3-sheet-rich oligomers and insoluble amyloid fibrils yields in the extracellular medium to senile plaques.
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Current data on amyloid-beta plaque formation, which is characterized by misfolding, aggregation,
and deposition of A peptide and leads to cellular dysfunction, loss of synaptic transmission, and brain
impairment indicate that AD is one of the protein misfolding disorders (PMDs). A recent step forward
in the field was obtained through experimental results indicating that misfolded protein aggregates
such as amyloid-beta in AD, human islet amyloid polypeptide in type 2 diabetes, or a-synuclein in
Parkinson’s disease could self-disseminate by seeding and spread the pathological deficits between
cells and tissues [3,4]. This breakthrough has broad implications for understanding the pathways
implicated in the onset and evolution of AD, as well as for the design of new plans and strategies for
treatment and diagnosis [5-7].

The aggregation of beta-amyloid peptides has been investigated extensively in the last 20 years [8].
In the amyloid fibrils, the amino-terminal end of the amyloid-beta peptide is exposed to the interaction
with other molecules, while the middle region and the carboxyl-terminal end of the peptide are involved
inintramolecular and intermolecular interactions between molecules of A [9]. Molecules which belong
to various classes were analyzed in previous studies as non-covalent binding partners for A3 peptide:
antibodies, peptides, proteins and low molecular weight molecules [3,4,8,10]. The methods employed
most often for comparing aggregation, and particularly amyloid fibril formation using different
experimental conditions, are the thioflavin T assay (Figure 1), transmission electron microscopy, atomic
force microscopy, and scanning electron microscopy. Sandwich ELISA and UV spectroscopy were
also described for quantifying the degree of aggregation, although these methods do not distinguish
between the form of the aggregated peptide, namely oligomers or fibrils [11,12].
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Figure 1. Chemical structure of thioflavin T.

Beta-amyloid fibrils and oligomers bind thioflavin T molecules, while monomers of beta-amyloid
do not interact with this chemical compound [13,14]. The excitation spectra of thioflavin T solubilized
at a concentration of 3 uM in 50 mM potassium phosphate buffer shows a maximum at 450 nm
in the presence of Af3(1-28) and A{3(1-40). The signal recorded at 450 nm had low intensity when
thioflavin T was measured alone. In the emission spectra, a maximum was recorded at 482 nm for
both A{3(1-28) and A[(1-40) incubated with thioflavin T, while thioflavin T alone did not present a
signal at this wavelength [15]. Although the molecular basis of the interaction between thioflavin T
and amyloid-beta fibrils is not completely understood, it is hypothesized that thioflavin T binds to
the 3-sheet resulted through the interaction of the sequences (17—42) belonging to a high number of
AB(1-42) molecules [16].

The insufficient therapeutic efficacy of currently approved drugs necessitates the introduction of
better in vivo preclinical models able to reproduce AD pathology, especially in the pre-symptomatic
phase, and then to explore useful tools for preventive and therapeutic screening [17,18]. In response
to this need, more than 180 transgenic/knock-out/knock-in AD models have been developed that
are mostly centered alone or in combination with human gene mutations in APP, presenilin 1
(PSEN1), apolipoprotein E (APOE), microtubule-associated protein tau (MAPT), and triggering receptor
expressed on myeloid cells2 (Trem2) or Beta-Secretase 1 (BACE1). Figure 2 presents the pathological
changes and the neurological deficits of the most common mouse transgenic models of AD used
in research: Af3 models: PDAPP [19], APP23 [20,21], Tg2576 [22,23], PS2APP [24], APPlon [25],
APPswe/PSEN1dE9 [26]; tau models: hTau [27], Thy-Tau22 [28], hTau-AT [29] and multiple transgenic
models: 3xTg-AD [30] and 5xFAD [31]. Although none of these models completely replicates the
most important features of human AD, in vivo models provide context and relevance insight into the
pathological alterations that define this condition [32-36].
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In a previous study performed by Stefanescu and colleagues [37], the authors searched for
amyloid-beta aggregation inhibitors, using as a literature search, criterion the mass spectrometric
methods developed for the analysis of non-covalent complexes. In the present study, the authors
aimed to find, by searching the scientific literature, natural plant derived products for which there
is experimental evidence obtained using thioflavin T assay, indicating an inhibitory activity of these
chemical compounds towards amyloid-beta fribrillogenesis. A literature search was performed for all
the compounds found, in order to verify whether there are studies carried out using the same natural
products on transgenic mouse models developing Alzheimer’s disease. The results from both types of
studies are presented in subchapters dedicated to each secondary metabolite from plants.

Mouse models of Alzheimer’s Disease
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Figure 2. Schematic representation of the most common mouse transgenic models of Alzheimer’s

e

Disease (AD) in association with their pathological changes and neurological deficits. A3 models:
PDAPP (hAPP695, 751 and 770 with Indiana V717F transgene, PDGF promoter), APP23 (hAPP751
containing the Swedish KM670/671NL transgene, Thy-1 promoter), Tg2576 (hAPP695 with Swedish
transgene KM670/671NL, HamPrP promoter), PS2APP (hAPP695 with Swedish mutation KM670/671NL
and PSEN2 with the N141I Volga German transgenes, Thy-1.2 promoter), APPlon (hAPP695 with
Indiana mutation V7171, Thyl promoter), APPswe/PSEN1dE9 (hAPP695 with Swedish mutation
KM670/671NL, PSEN1:deltaE9 transgenes); tau models: hTau (human tau), Thy-Tau22 hTau (transgene
containing the cDNA of the 412 amino acid isoform of human 4-repeat Table 272. V and P301S transgene),
hTau-AT (hTau40 isoform 2N4R with the A152T transgene), and multiple transgenic models: 3xTg-AD
(hAPP695 with Swedish KM670/671NL transgene Thyl promoter; hTau with P301L, ON4R mutation,
Thy1 promoter;PSEN1 with M146V mutation, PS1promoter; 5xFAD (hAPP695 with Swedish, London
and Florida mutations; PSEN1 with M146L and L28V mutations, Thyl promoter). LTP, long-term
potentiation; LTD, long-term depression of excitatory synaptic transmission.

2. Secondary Metabolites from Plants Identified as Inhibitors of Amyloid-Beta Fibrillogenesis

2.1. Gallic Acid

Liu et al. investigated the capacity of gallic acid to block the formation of amyloid-beta fibrils
using a solution of 50 uM A [3(1-40) incubated during 10 h and thioflavin T assay. They found that a
solution of 100 uM gallic acid prevented the fluorescence produced by thioflavin T molecules when
these are found in bound state to the A[3(1-40) fibrils [38]. Transmission electron microscopy images
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acquired after 20 h of incubation indicated also that in the presence of two-fold molar excess of gallic
acid mature fibrils were not formed [38]. In another study, the fibrillization of A(3(1-42) was monitored
by thioflavin T assay in the absence and in the presence of 100 uM gallic acid. Although the thioflavin
T assay results showed a diminished fluorescence of thioflavin T when A((1-42) was incubated with
gallic acid, the transmission electron microscopy (TEM) indicated that fibrils were present and gallic
acid may interfere with Ap binding [39]. Porzoor et al. incubated A{3(1-42) for 24 h in the absence or
presence of gallic acid at a final solution concentration of 20 uM amyloid-beta peptide and inhibitor.
Thioflavin T exhibited a decrease of the fluorescence in the presence of gallic acid [40]. Yu Mei et al.
reported experimental evidence indicating that preformed A((1-42) fibrils at 20 pM concentration
treated with two-fold molar excess of gallic acid underwent a disaggregation process [41].

The anti-amyloidogenic activity of gallic acid through gavage against cerebral Ap/B-amyloid
pathology at a daily dose of 30 mg/kg (dissolved in sterile water at the concentration of 3 mg/mL)
for 30 days in APP/PS1 double transgenic mice (starting at 4 or 9 months of age) was evaluated by
Yuetal. [41]. After one month of therapy with gallic acid, the brain sections of the 9-month-old APP/PS1
mice stained either with thioflavin S or with an amyloid plaque specific antibody 6E10 revealed an
important reduction in the size of A1-42 plaques, not in their numbers. In addition, GA in a 9-day
behavioral assessment battery not only proved to be effective in improving the spatial reference and
working memories of 4-month-old transgenic mice (low plaque stage), but also significantly reduced
the most severe deficits of cognitive functions developed by the 9-month-old AD mice (high amount of
brain A plaque depositions). Taken together, these findings lead to fact that gallic acid (Figure 3)
shrank the size of Af3 aggregates, although the mechanism of action remains unclear and possibly
prevented plaque development in the brain. All data support the idea that gallic acid may be added
in the future as a possible multitarget pharmacological compound in the prevention or treatment of
Alzheimer’s disease.
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Figure 3. Chemical structures of phenolic acids from plants whose inhibitory activity towards
beta-amyloid fibrillogenesis was studied.

2.2. Rosmarinic Acid

A 24 h incubation of Af3(1-42) and rosmarinic acid at a final concentration of 20 uM and analysis
of the resulting solution by thioflavin T assay, led to a very low intensity of thioflavin T fluorescence
when compared to the peptide incubated in the vehicle buffer [40]. A similar result was obtained by
Sun et al. when analyzing the intensity of thioflavin T fluorescence of a solution of A{3(1-42) incubated
with 1, 10, and 100 uM rosmarinic acid for 24 h [42].

Long-term oral administration of rosmarinic acid (diet containing 0.5% of phenolic compound)
for 10 months in transgenic female Tg2576 mice was correlated with an important reduction of
tris-buffered saline (TBS)-insoluble beta-amyloid peptides, namely A{3(1-40) and the total A{3(1-40)
and A[(1-42) quantified in the precipitate, resulted after centrifugation of mice brain homogenates
and resuspension in 5 M guanidine. Similarly, a reduction of the A3 oligomers recognized by the
A1l antibody, which interacts specifically with oligomers and does not form immune complexes
with beta-amyloid monomers or with fibrils, was quantified. A remarkable increase in TBS-soluble
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beta-amyloid peptides, namely A{3(1-42) and the total Af3(1-40) and A(1-42), was quantified in the
supernatant fraction. Moreover, the authors reported a decrease in the number of beta-amyloid plaques.
These data suggest that rosmarinic acid can inhibit the A} aggregation pathway from A3 monomers
to All-positive oligomers and from All-positive oligomers to Af3 deposition [43]. To explain the
mechanism of suppression of A3 aggregation by rosmarinic acid, Hase et al. [44] evaluated, using DNA
microarray analysis, the brains of transgenic Tg2576 mice fed a diet containing 0.5% rosmarinic acid for
10 months. The results revealed that dopamine secretion and the dopaminergic synapse pathway were
enhanced in the group of mice treated with rosmarinic acid. Moreover, the therapy with rosmarinic acid
led to an increase of monoamines levels in the cerebral cortex. Through the decrease of Af3 aggregation
by increasing in the brain, the concentration of monoamine secretion, dietary supplementation of RA
(Figure 3) may positively act in prevention and treatment of Alzheimer’s disease.

2.3. Salvianolic Acid B

According to experimental data published by Durairajan et al., salvianolic acid B inhibits A((1-40)
fibril formation in a dose-dependent manner, having maximum inhibitory effect at 100 uM. Moreover,
the addition of an increasing amount of salvianolic acid B to preformed fibrils obtained by four-days
incubation of a A(3(1-40) solution containing 15 uM peptide results in a dose-dependent reduction of
thioflavin T fluorescence [45]. In transmission electron microscopy, the same researchers observed
that addition of 1 uM salvianolic acid B solution at the beginning of the aggregation or after four-days
preincubation of a 50 pM solution, Ap(1-40) led to the formation of short fibrils and amorphous
structures of Af3(1-40). Porzoor et al. incubated A(1-42) for 24 h in the absence or presence of
salvianolic acid B at a final solution concentration of 20 uM amyloid-beta peptide and inhibitor and
observed a lowered fluorescence intensity in the presence of salvianolic acid B [40].

The data reported by Shen et al. [46] regarding daily intraperitoneal treatment with total salvianolic
acid at doses of 30 and 60 mg/kg for 14 weeks in APPswe/PS1dE9 mice revealed not only a reduction
of spatial cognitive impairments through decreasing Af(1-42) and A{3(1-40) levels, but also an
improvement of different other metabolic markers. This includes a decreased plasma low-density
lipoprotein cholesterol level, which seems to be positively associated in the hippocampus with A{3(1-42)
levels. The results of this study suggested that total salvianolic acid included a multi-metabolite
regulator whose mechanism was involved in decreasing the amount of A{3(1-40) and A{3(1-42) by
inhibiting the plasma low-density lipoprotein cholesterol level, the production or the activity of the
secretase involved in the amyloidogenic pathway. In AD management, the salvianolic acid (Figure 3)
can be a promising therapeutic agent due to its long-term protective effects on learning and memory
by regulating metabolites.

2.4. Luteolin

In a study published in 2008, Akaishi et al. demonstrated experimentally using thioflavin T
assay and the peptide Af(1-42), that 100 uM luteolin was able to decrease the intensity of thioflavin
T fluorescence to a very low value when compared with the peptide measured in the vehicle [47].
The investigation by thioflavin T assay of the extent of Af(1-42) fibrillization at the concentration
of 40 uM for both peptide and luteolin resulted in a strongly reduced fluorescence intensity of
thioflavin T [48].

Preclinical research using transgenic mouse models of AD revealed that luteolin (Figure 4) is able
to reduce amyloidogenesis determined by APP mutations related with familial AD [49] and traumatic
brain injury [50]. Intraperitoneal treatment for 30 days with luteolin (20 mg/kg/day) in elderly Tg2576
mice significantly attenuated the cognitive impairments and ELISA assay revealed an inhibition of
soluble AB(1-40) and A3(1-42) generation by 25% and 49%, respectively. The mechanism behind the
decrease of brain Af3 accumulation is most likely represented by a selective inactivation of glycogen
synthase kinase 3« vital for both PSEN1 processing/phosphorylation and interaction between APP
and PSENT1 [49].
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Figure 4. Chemical structures of flavonoids and flavanol-lignan silibinin from plants whose inhibitory
activity towards beta-amyloid fibrillogenesis was studied.

2.5. Quercetin

The inhibitory activity of quercetin on A{3(1-42) fibril formation was also analyzed by thioflavin T
assay [47]. Quercetin was incubated at three concentrations 1, 10, and 100 uM with 20 uM of Ap(1-42)
in vehicle and the values recorded for the thioflavin T fluorescence intensity were compared with the
values recorded for the sample containing A(3(1-42) in vehicle. According to the results, a diminished
fluorescence intensity was obtained for the sample containing 100 uM quercetin.

The effects of 12 months gavage quercetin therapy on neurodegeneration markers, cognitive and
emotional impairments in a triple transgenic (3xTg-AD) mouse model of AD using histological and
behavioral analyses were evaluated by Perez-Corredor et al. [51]. Long-term treatment with 100 mg/kg
quercetin, every 48 h, administered orally, has substantial effects on 3-amyloidosis decrease, and in the
hippocampus and amygdala, it tends to reduce tau pathology. These findings positively impacted
the cognitive functional recovery without altering the emotional abilities of these transgenic mice.
These data are in agreement with a previous study that demonstrated that chronic treatment with
quercetin for 3 months (intraperitoneal injection of 25 mg/kg/48 h quercetin dissolved in PBS containing
0.1% DMSO) on aged 3xTg-AD mice reduced tauopathy and extracellular amyloidosis protecting the
emotional and cognitive functions [52].

Zhang et al. [53] found that a daily dose of 500 mg/kg of quercetin suspended in corn oil, orally
administered for 10 consecutive days on transgenic 5XxFAD mice, increases in the cortex the levels of
apolipoprotein E fragments (apoE3 and apoE4) and decreases insoluble A(3(1-40) levels evaluated by
Western blot and real-time PCR. Increased levels of apoE lead to the clearance of A{3(1-42), and may
reverse memory deficits in AD mouse models. As a conclusion of these results, it is clear that the
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quercetin (Figure 4) therapy might delay the development and progression of histopathological
hallmarks and cognitive decline in AD.

2.6. Fisetin

A solution containing final concentrations of 20 uM A(3(1-42) and 100 uM fisetin was incubated
for eight hours at 37 °C. When using the thioflavin T assay, the intensity of the ThT fluorescence was
reduced to approximately 60% of the value obtained by incubating the peptide A{3(1-42) with the
vehicle (0.2% dimethyl sulfoxide) [47].

The effects on AD transgenic mice exerted by fisetin, a flavonol compound that in vivo possesses
multiple well-known neuroprotective properties and additionally neurotrophic and anti-amyloid
activities in vitro, was investigated by Currais et al. [54]. A daily oral dose of approximately 25 mg/kg
(0.5% compound in the diet) of fisetin administered from 3 to 12 months of age prevented progressive
memory loss and learning impairments. The compound (Figure 4), however, did not modify the
formation of amyloid plaques, deposits of proteins that are frequently associated with Alzheimer’s
disease. The results propose a way to treat AD signs individually on targeting amyloid plaques.

2.7. Myricetin

A solution containing final concentration of AB(1-42) of 10 uM and variable final concentrations
of myricetin (0.1, 0.3, 1, 3, and 10 pM) was incubated at 37 °C for 48 h. At the concentrations of 3 and
10 uM, the results of the thioflavin T assay indicate that the fluorescence decreased to approximately
50% [55]. Akaishi et al. obtained a reduction of the fluorescence to approximately 20% of the value
obtained for 20 pM A3(1-42) and vehicle using final concentration of 20 pM A{3(1-42) and 10 or 100 uM
myricetin [47].

Long-term oral myricetin therapy (including 0.5% phenolic compound in the diet for 10 months)
in Tg2576 AD females from 5 months of age was used by Hamaguchi et al. [43] to study different
aspects of the AP aggregation pathway. The treatment was associated with a reduction in All-positive
oligomers and a tendency to attenuate A plaque deposition without reaching a statistically significant
level. The drug does not influence Ap fibrillization. These results support the idea that myricetin
(Figure 4) can inhibit the A} aggregation pathway from Af3 monomers to All-positive oligomers,
accelerating the pathway from All-positive oligomers to A3 deposition. Therefore, myricetin could be
an attractive therapeutic candidate for preventing AD because it inhibits A3 oligomerization.

2.8. Dihydromyricetin

The aggregation of the peptide A(1-40) solubilized in 100 mM PBS, 10 mM NaCl, pH 7.4 at the
final concentration of 30 uM was monitored by thioflavin T assay in the absence and presence of 1, 3,
10, 30, and 90 uM dihydromyricetin. The intensity of the fluorescence decreased to less than 25% for
the sample containing A((1-40), incubated with 90 uM dihydromyricetin considering the fluorescence
intensity of A3(1-40) as 100%. An additional assay was carried out for the investigation of the effect
of dihydromyricetin on preformed fibrils obtained by incubating A{3(1-40) for 7 days, followed by
incubation for 72 h with dihydromyricetin, and observed a reduction in ThT fluorescence intensity.
The analysis by AFM of a sample containing 30 uM A (3(1-40) incubated for 120 h indicates formation
of amyloid fibrils, while analyzing a sample containing 30 uM A[3(1-40) and 90 pM dihydromyricetin
led to the observation of amorphous aggregates. In agreement with the ThT results, the AFM analysis
of a sample containing preformed Af(1-40) fibrils incubated with 90 uM dihydromyricetin for an
additional 72 h indicated that the sample did not contain fibrils [56].

Chronic oral administration of dihydromyricetin (2 mg/kg/day in 2% sucrose) in two different
transgenic mouse models of AD (TG2576 and TG-SwDI) has been correlated with a significant
amelioration of behavioral deficits and with a reduction in learning and cognitive impairments.
Moreover, dihydromyricetin (Figure 4) therapy for 3 months reduced the pathological accumulation
of both A31-40 and APB1-42 in the brain of TG-SwDI mice by restoring gephyrin (a postsynaptic
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gamma-aminobutyric acid protein -GABA, that regulates the formation and plasticity of GABAergic
synapses) to control levels, GABA transmission, and functional synapses [57].

2.9. Epigallocatechin-3-Gallate

Churches et al. obtained a decrease to less than 20% of the fibrillization process for Ap(1-42)
when the peptide was incubated with epigallocatechin-3-gallate (EGCG), both at a final concentration
of 40 uM [41]. A similar result was obtained when epigallocatechin-3-gallate was incubated with
AB(1-42) at 20 uM and 1:1 molar ratio [33]. Huang et al. obtained a complex through the combination
of EGCG and the peptide sequence KLVFE, the later representing the sequence [16-20] of the peptide
Ap(1-40). The analysis of the A{3(1-42) fibrillogenesis by thioflavin T assay led to the conclusion that
when A((1-42) and KLVFF/EGCG complex were incubated, the intensity of thioflavin T fluorescence
was very low [58]. Reduction and loss of ThT fluorescence was obtained when fibrils of A{3(1-42) were
incubated with EGCG at 1:1 and 1:5 ratios, respectively [59].

In the last decades, the neuroprotective properties of epigallocatechin-3-gallate (EGCG) in the
prevention and therapy of AD have been verified on different AD mice models. In transgenic APPswTg
2576 mice, intraperitoneal treatment with 20 mg/kg/day of EGCG for 2 months was associated with
a substantial reduction in cerebral A levels; soluble AR (1-40) and AR(1-42) levels were decreased
by ~54 and 44%, respectively; while insoluble Ap(1-40) and A{3(1-42) by 47 and 38%, respectively.
In addition, immunohistochemistry and thioflavin S histochemistry analyses revealed a considerable
decrease of amyloid plaques formation by 47-54% in hippocampal region and by 35-46% in cortical
brain area. These evidences are associated with an amplified generation of nonamyloidogenic APP
fragments («-CTF and sAPP-«) and a prominent c-secretase cleavage activity by about 40%, suggesting
that EGCG supports nonamyloidogenic processing of APP and diminishes cerebral amyloidosis [60].
Using the same transgenic mouse strain, Rezai-Zadeh and colleagues [61], in a subsequent study
investigating the effects of oral administration of EGCG (50 mg/kg/day for 6 months in drinking water)
on cognition, A3 aggregation, and tau pathology, reported similar results. Moreover, the treatment
exhibited beneficial cognitive effects in radial arm water maze evaluation and led to a reduction in
the toxic potential of soluble sarcosyl phospho-tau isoforms. These data were in agreement with
those reported by Li et al. [62] who explored the ability of EGCG (oral gavage, 20 mg/kg/day for
3 months) to interfere with A3 plaque deposits in various areas of the brain. The EGCG consumption
was able to reduce the AP deposits by 60% in the frontal cortex region and by about 52% in the
hippocampus of APP transgenic mice. In another study centered on APP/PS1 (APPswe, PSEN1dE9)
double transgenic mice, Jia et al. [63] investigated the effects of long-term gavage of 2 or 6 mg/kg/day
of EGCG (dissolved in 0.15 mL saline) for 4 weeks on cognitive functions, A levels, and capacity
to inactivate the TNF-a/ JNK signaling pathway to attenuate insulin resistance. The behavioral tests
revealed that EGCG ameliorates the spatial learning and memory impairments. Moreover, ELISA
and immunohistochemistry evaluations described a consistent decrease of the IRS-1pS636 level,
accompanied by a reduction of both soluble and insoluble A((1-42) levels in the hippocampus, in a
dose dependent manner. These results support the idea that systemic delivery of EGCG may attenuate
brain insulin resistance in animal models of AD. Chronic dietary supplementation with daily 50 mg/kg
of EGCG for 4 months, accompanied by a homecage access to a running wheel, was associated with
improved spatial learning and nest building skills and decrease of soluble A{3(1-42) levels by about
25-35% in the cortex and hippocampus of TgCRNDS8 mice. These data were consistent with an earlier
study that used this dose of EGCG in the same strain of mice [61] as well as research using long-term
voluntary exercise in transgenic AD mice [64]. Taken together, these findings underline the possibility
that dietary EGCG (Figure 4) may offer safe and effective prophylaxis for AD.

2.10. Silibinin

Yin et al. reported, in the year 2011, the results of the thioflavin T assay employed for the study of
the inhibition of A(3(1-42) peptide aggregation exerted by increasing concentrations of silibinin (0.1, 1,
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10, and 100 uM) incubated with Ap(1-42) at 20 uM concentration [65]. According to these results,
a solution of 100 uM silibinin decreased with 70% the aggregation of the A{3(1-42). Silibinin, as a dual
potential inhibitor of acetylcholinesterase and A3 peptide aggregation for AD therapy, was evaluated
on APPswe/PS1dE9 double Tg mice model by Duan et al. [66]. Intraperitoneal daily administration
of 200, 20, or 2 mg-Kg™! of silibinin (suspended in 0.5% carboxymethylcellulose sodium solution)
for 4 weeks resulted in an amelioration of cognitive deficits, a remarkable reduction in the surface
area of A plaque aggregates in the cortex and hippocampus (mainly 20 mg group), a decrease in the
activity and quantity of acetylcholinesterase, as well as an increase in synaptic protection, gliogenesis,
and neurogenesis. These data highlight that silibinin (Figure 4) plays an effective role in preventing the
aggregation of A3 by binding to the Af31-42, acting not only as a dual inhibitor of A3 aggregation and
acetylcholinesterase, but also as a neurogenic agent, being a “one molecule-multiple targets” promising
compound in AD therapy.

2.11. Oleuropein

Thioflavin T assay was carried out for the analysis of the inhibitory activity of oleuropein and
olive leaves extract towards A[3(1-42) fibrillogenesis. The results indicated a 61% and 60% inhibition of
AP (1-42) fibrillogenesis for oleuropein and olive leaves extract respectively.

Omar et al. [67] studied the effects of 4-months dietary supplementation of oleuropein (Figure 5)
comprising olive leaf extracts (50 mg/kg/day) on amyloid pathology along with possible behavioral
alterations in the APPswe/PS1dE9 and wildtype of mice. The therapy revealed a remarkable amelioration
of hippocampal neuropathology, leading to a marked reduction of amyloid plaques areas in the cortex
and hippocampus of APPswe/PS1dE9 mice compared to the control group. In a previous study on an
oleuropein aglycone diet fed (50 mg/kg/day for 8 weeks) in a mice model of amyloid-f3 deposition
(TgCRNDS), similar findings have been reported by Grossi et al. [68]. As a mechanism of inhibition of
A aggregation by olive biophenols, the authors propose a breakdown of the fibrils formed and the
interference with the rates of colloidal aggregation properties and the conformational preference of Af3,
which leads to further inhibition of aggregation.

/— ©
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Figure 5. Chemical structures of oleuropein and rutin.

2.12. Rutin

ApR(1-42) was incubated at a final concentration of 10 uM, alone or with 50 or 200 uM rutin [69].
The samples were analyzed during 24 h, at time intervals of 6 h, using thioflavin T assay. The results
indicated a significant decrease of the fluorescence intensity in the thioflavin T assay for the sample
containing 50 uM rutin and a very low signal of thioflavin T for the sample containing 200 uM rutin.

In vivo neuroprotective effects of a daily dose of 100 mg/kg rutin orally administrated for 6 weeks
were investigated by Xu et al. [70] in a double transgenic APPswe/PS1dE9 mice model. Compared with
the control group, the rutin-treated APPswe/PS1dE9 mice showed a reduction in A3 oligomers levels
by approximatively 60.8% and 31.7%, respectively, as identified with oligomer-specific A11 and W20
antibodies in dot-blot analysis correlated with an attenuation of spatial memory deficits. In addition,
rutin therapy downregulated microgliosis and astrocytosis; increased the activity of superoxide
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dis-mutase and antioxidant glutathione and its oxidized form ratio; reduced glutathione peroxidase
and malondialdehyde levels, as well as decreased interleukin-6 and interleukin-1§ levels in the AD
mouse brains. Taken together, these findings suggest that rutin (Figure 5) neuroprotective effects occur
by inhibiting the activation of glial cells and attenuating inflammatory cytokine production.

Interestingly, the intravenous delivery of Congo red/rutin magnetic nanoparticles to APPswe/PS1dE9
transgenic mice has been associated with detection of numerous amyloid plaques in enhanced magnetic
resonance imaging analysis and with marked improvement in spatial memory. Inmunohistochemistry
assay and Nissl staining revealed an important reduction in A plaque loads in the AD mouse brains,
showing that treatment with Congo red/rutin-magnetic nanoparticles had the capability to decrease A
deposits [71].

2.13. Curcumin

Jiang et al. [72] studied the process of fibrilization underwent by A[(1-42) solubilized at a final
concentration of 40 M and showed that the thioflavin T fluorescence intensity increases when A{3(1-42)
is mixed with 10 uM AI(III) and strongly decreases in the presence of 10 uM curcumin even if the
A[(1-42) was preincubated for three days with 10 uM AI(III).

Systemic curcumin treatment of APPswe/PS1dE9 mice aged 7.5-8.5 months for 7 days
(7.5 mg/kg/day in phosphate-buffered saline, delivered intravenously via tail vein) was able to
clear and reduce existing plaque deposits (~30%), suggesting an ability of curcumin to disaggregate and
inhibit A} aggregation. In vivo multiphoton microscopy evaluation revealed that curcumin penetrates
the blood-brain barrier, labels plaque deposits and brain amyloid angiopathy. Curcumin also resulted
in a limited but substantial reversal of the structural changes of dystrophic dendrites, comprising an
altered curvature and size of dystrophy. These data support the idea that curcumin may reverse existing
amyloid plaque deposits and associated neurotoxicity [73]. Studying the efficacy of the potential
properties of curcumin to inhibit A} aggregation in transgenic mice models of AD, Yang et al. [12]
revealed that brain sections of the APPsw Tg2576 mice incubated with this compound highlighted
preferential labeling of amyloid plaques. Administered peripherally to aged APPsw Tg2576 mice
(until 22 months), curcumin crossed the blood-brain barrier and bound plaques. Chronic therapy
for 5 months with low doses of curcumin formulated in chow (500 ppm) led to a reduction of Af3
levels by 40% and produced a 43% decrease in A3 deposits compared with control group. Lim and
colleagues [74] tested on Tg2576 mice the effects of dietary doses of curcumin (a low dose—160 ppm
and a high dose—5000 ppm of compound) on plaque pathology, oxidative damage and inflammation.
The drug considerably reduced oxidized proteins and interleukin-1beta, an increased proinflammatory
cytokine in the brains of these mice. The curcumin therapy with low doses reduced the astrocytic
marker GFAP and decreases by 43-50% plaque burden, insoluble and soluble Af3. It was found that in
combating the neurodegenerative process in AD, curcumin in low doses administered over a longer
period were more effective than high doses. At a higher concentration, curcumin binds to A3 and
blocks it’s self-assembly.

Wang et al. [75] in a research on APPswe/PS1dE9 transgenic mice evaluated the efficacy and
mechanisms of curcumin gavage on the prevention and therapy of AD in doses of 400, 200 and
100 mg/kg/day (suspended in 0.5% sodium carboxymethyl cellulose solution) for 3 months. Behavioural
tests have shown that medium- and high-doses of curcumin treatment can improve spatial learning
and memory capacity in these mice. Immunohistochemical and Western blot analyses revealed a
reduction of Ap(1-40), AB(1-42) and aggregation of amyloid-f3 in the CA1 hippocampal area; a decrease
in the expression of the y-secretase component presenilin-2 and an intensification in the expression
of amyloid-f3 degrading enzymes. These results suggest that curcumin may reduce pathological
aggregation of Af3, perhaps through mechanisms that inhibit its production, inhibiting presenilin-2
or increasing its clearance by growing degrading enzymes. Due to its multi-target effects, curcumin
(Figure 6) is one of the most effective and interesting agents for the development of AD therapeutics.
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Curcumin

Figure 6. Chemical structure of curcumin.
2.14. Crocin

The fluorescence intensity recorded for Ap(1-40) (0.23 mM) and Ap(1-42) (0.22 mM) after 2 and
3 h respectively of incubation at 37 °C decreased to 63% and 66% in the presence of crocin at the
concentration of 15.4 uM when compared with the fluorescence intensity of the amyloid peptides
incubated alone [76,77].

The effects of 1-month dietary supplementation of crocin (10 mg/kg/day) on beta-amyloid load
and related toxicity were evaluated in 5XFAD transgenic and wild-type mice by Batarseh et al. [78].
Using ELISA, the researchers showed that crocin (Figure 7) consumption was able to decrease Af3(1-40)
by 25% and A[3(1-42) levels by 29% in brain homogenates compared with control group. At least in
part, the reduction in total Af3 levels might be explained by an increase in the expression of neprilysin
(NEP) and up-regulation of the ApoE-clearance pathway.

OH o 0O
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OH OH
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Figure 7. Chemical structure of crocin.

2.15. Cryptotanshinone

The effect of cryptotanshinone on the AB(1-42) fibril formation was investigated by Mei and
colleagues using thioflavin T assay [79]. The formation of fibrils was analyzed in the absence and
presence of 1, 2.5, and 5 uM cryptotanshinione after 72 h incubation at 37 °C of the peptide Ap(1-42)
at 10 uM concentration. The intensity of the fluorescence decreased with the addition of increasing
concentrations of cryptotanshinione. In the case of the sample containing 5 M cryptotanshinione,
there was a decrease to 44% of the fluorescence intensity recorded for 10 uM A(3(1-42) incubated alone.

Chronic therapy for 4 months with oral cryptotanshinone at the doses of 5, 15, and 30 mg/kg/day
was associated in Morris water maze evaluation with an important amelioration of spatial learning and
memory deficits of APP/PS1 mice. There was no statistically significant difference between 15 and 30 mg
cryptotanshinione-treated groups. In addition, a modified immunohistochemical method revealed
significant attenuation of A3 deposits in the cortex and hippocampus. The authors suggested as the
mechanism involved in the positive effects of cryptotanshinone (Figure 8) on 3-amyloid deposition
attenuation in transgenic AD mice amyloid precursor protein metabolism modulation by upregulating
o-secretase [80].
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Figure 8. Chemical structures of cryptotanshinone and tabersonine.

2.16. Tabersonine

Thioflavin T assay was employed by Kai et al. for monitoring the formation of A[3(1-42) fibrils [81].
The results indicated that AB(1-42) at 80 uM solubilized in 100 mM phosphate buffer and 100 mM
NaCl (pH 7.4) exhibits an increasing intensity of fluorescence in the first 24 h, while the fluorescence
intensity remains constant in the following 96 h. At the addition of 10 uM before the beginning of the
A[3(1-42) aggregation process, the intensity of the fluorescence increases for 10 h, exceeding half of the
plateau intensity, and decreases in the following 100 h. In a third experiment, 10 uM of tabersonine
(Figure 8) were added to preformed fibrils obtained by incubation of A{3(1-42) for 24 h. The intensity of
the fluorescence decreased, indicating a disaggregation process. Atomic force microscopy experiments

performed by the same researchers agreed with the results provided by the thioflavin T assay.
The results of the search in the scientific literature are schematically presented in Table 1.

Table 1. Secondary metabolites from plants possessing inhibitory properties against beta-amyloid
aggregation: plant family, in vitro, and in vivo effects.

Secondary Scientific Name of Effects Observed Using In Vivo Findines
Metabolite the Plant (Family) Thioflavin T Assay &
reduction of A(1-42) plaques size,
Gallic acid Vitis vinifera diminishes/blocks fibril formation lm}i\r]z‘rlliﬁen;zxgzzs2?2{;:5:;:}2? dand
[38,41] (Vitaceae) disaggregates preformed fibrils 18 M . 1
transgenic mice; reduction of cognitive
deficits in 9-month-old AD mice
a significant reduction of A
Rosmarinic acid RosTnfzrm‘us diminishes/blocks fibril formation plaqu.e number
[40,42-44] officinalis in dose-dependent manner memory improvement
! (Lamiaceae) increase of TBS-soluble A3 monomers

and reduction of All-positive oligomers

Salvianolic acid B

Salvia miltiorrhiza

diminishes fibril formation in

decrease of APB(1-42) and AB(1-40) levels
in the hippocampus

[45,82] (Lamiaceae) dose-dependent manner reduction of spatial
cognitive impairments
inhibition of soluble A(1-40) and
Luteolin Daucus carota s _ . Ap(1-42) generation by 25% and
[47,48,60] (Apiaceae) diminishes fibril formation 49%, respectively,
attenuation of the cognitive impairments
Quercetin Malus domestica L o . reduction of tauopathy and
[47,52,53,83,84] (Rosaceae) diminishes fibril formation extracellular amyloidosis
Elsetln Fragaria moschata diminishes fibril formation prevention of progressive memory loss
[47,54] (Rosaceae) and learning impairments
Myricetin Vitis vinifera diminishes fibril formation in reducrtllé)n Sfrf(}ilenAllt-pOtStl t:e (t)hio[;n ers
[43,47,55] (Vitaceae) dose-dependent manner and a tendency to a .e. uate
plaque deposition
. diminishes/blocks fibril formation reduction of AB(1-42) and AR(1-40) levels,
. - Ampelopsis . S . .
Dihydromyricetin rossedentata in dose-dependent manner, amelioration of behavioral deficits,
[56,57,85] 8 (Vitaceae) disaggregates preformed fibrils in reduction of learning and

dose-dependent manner

cognitive impairments
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Secondary Scientific Name of Effects Observed Using In Vivo Findings
Metabolite the Plant (Family) Thioflavin T Assay &
o _ . reduction of the plaque formation,
EGCG Thea sinensis dm}ﬁlggse:_/slocekns (;;?:Lfg;?:;lon decrease soluble and insoluble
[39,48,49,59,62,63,86] (Theaceae) . P g APB(1-40) and AB(1-42),
disaggregates preformed fibrils . .
improvement of working memory
a remarkable reduction in the surface
area of Ap plaque,
Silibinin Silybum marianum diminishes fibril formation in a deocfr 222‘: Tc }tl}:leii:[slt\:e lr’tg}i/szn;in%u::tlty
[65,66] (Asteraceae) dose-dependent manner . yie . ! .
increase in synaptic protection,
gliogenesis, and neurogenesis
amelioration of cognitive deficits
Oleuropein Olea europea diminishes fibril formation in reduction of Ap levels and plaque
[67,68] (Oleaceae) dose-dependent manner areas in the cortex and hippocampus
a reduction in AP oligomers levels,
attenuation of memory deficits,
Rutin Malus domestica diminishes/blocks fibril formation reduct1;rllu(t):tr}r:;g;(;g}l)leo:;iigztsrscytosm,
[69-71] (Rosaceae) in dose-dependent manner malondialdehyde, interleukin-6,
and interleukin-1{ levels; increase of
glutathione/glutathione disulfide ratio
reduction of soluble and insoluble A,
Curcumin Curcuma lonea diminishes/blocks fibril formation plaque burden, and the astrocytic
) o 8! in dose-dependent manner, marker GFAP using low-dose
[12,72,74] (Zingiberaceae)
T disaggregates preformed fibrils TBS-soluble, reduction of
All-positive oligomers
Crocin Crocus sativus o - . decrease of AB(1-40) by 25% and
[76-78] (Iridaceae) diminishes fibril formation AP (1-42) levels by 29%, respectively
Cryptotanshinone Salvia miltiorrhiza o _ . a}ttenyatlon of AB depo§1ts
[79] (Lamiaceae) diminishes fibril formation amelioration of spatial learning and
memory deficits
Tabersonine Voacanga africana diminishes fibril formation )
[81,87] (Apocynaceae) disaggregates preformed fibrils

EGCG, Epigallocatechin-3-gallate; TBS, tris-buffered saline.

2.17. Other Plant Secondary Metabolites

Additional secondary metabolites which reduce the formation of amyloid-beta fibrils to ~20% are
maritimetin, robinetin, apigeninidin, and transilitin [48] and cyanidin glucoside [39]. The authors of
this review did not find studies using transgenic mouse models developing AD to which one of the
latter five plant secondary metabolites were administered as drugs.

3. Conclusions

Considering the fact that through the cleavage of amyloid precursor protein isoform 695 existing
mainly in the membranes of the neurons by beta- and gamma-secretases and by the cleavage of
the isoform 770 of amyloid precursor protein existing mainly in other tissues of the human body a
soluble form of amyloid beta peptide results, the authors propose a mechanism in which the secondary
metabolites could bind the soluble form of A in blood and could even cross blood-brain barrier and
bind soluble A peptides in the CNS reducing their aggregation. An increase in the solubility and
excretion of A} peptides through the binding of the natural product is desired. According to the
results discussed in this review, thioflavin T assay was employed in numerous studies for testing the
inhibitory effects of secondary metabolites from plants. In the present study, only the plant secondary
metabolites able to diminish the thioflavin T fluorescence to 60% or less than 60% of the value obtained
for AB(1-40) or A3(1-42) incubated in the vehicle were presented. The concentration of amyloid-beta
peptides varied in these studies from 10 to 50 M with two exceptions at tabersonine and crocin where
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80 and 230 uM, respectively, where employed. The concentration of inhibitor tested varied from 0.1 to
100 pM. In most of the studies, a concentration of 100 uM of plant secondary metabolite was necessary
for a decrease to less than 60%.

The concentrations at which these chemical compounds possess inhibitory properties as revealed by
thioflavin T assay are comparable with the concentrations which were employed in mass spectrometric
analyses for the observation of non-covalent complexes between amyloid-beta peptides and inhibitors,
as reported for the secondary plant metabolite oleuropein and also for melatonin and peptide
ligands, namely between 20-50 uM [37]. Further research could be carried out employing affinity
chromatography mass spectrometry [88] or direct mass spectrometric analysis of intact noncovalent
complexes, both methods having the advantage of the possibility of being coupled with specific
and non-specific enzymatic proteolysis of amyloid-beta peptide [89,90]. These studies would offer
information on the existence of a non-covalent complex between amyloid beta peptides and the plant
secondary metabolites presented in this study and could provide details on the amyloid-beta sequence
interacting with the inhibitor of the fibrillogenesis, contributing to the elucidation of the mechanism of
action of the beta-amyloid fibrillogenesis inhibitor.

For avoiding the false positive results which may occur in the verification of potential aggregation
inhibitors using thioflavin T assay, the process of beta-amyloid fibril formation has to be carefully
analyzed in the absence and presence of the substances tested as inhibitors and the fluorescent
properties of each inhibitor must be investigated [91-93].

The present study underlines the importance of these secondary metabolites in the search for an
effective drug against Alzheimer’s disease. Moreover, a future study involving the secondary plant
metabolites presented herein, administered separately to the same mouse model of Alzheimer’s disease,
could bring further information regarding their molecular mechanisms of action in vivo. These studies
should be associated with mass spectrometric determination of drug and of drug metabolites amount
in mouse body fluids and brain.

In vivo preclinical models have a crucial significance in understanding the mechanisms of AD,
and since, new findings occur in parallel with clinical medicine developments, secondary metabolites
from plants identified as inhibitors of Af3 aggregation in this article can be effective agents for the
development of AD therapeutics due to their ability to target multiple disease features such as
symptomatic therapies, risk factors, or mechanism-based versus non-mechanism based approaches.

Both in vitro and in vivo studies of secondary metabolites from plants presented in this paper
confirmed that they have a great influence on the delay and treatment of Alzheimer’s disease. However,
the results obtained using preclinical models may not be easy to translate and generalize to humans.
In recent decades, an increasing number of studies using polyphenolic compounds, found mainly in
red wine, grapes, red fruits, coffee, or green tea [94,95] have focused on their neuroprotective effects
in neurodegenerative conditions, as is the case of the recently described neuroprotection against
Af-mediated neurotoxicity by EGCG [96]. In addition, these research studies also revealed the ability
of EGCG to modulate mitochondrial functions [97], mediate autophagy flux [98], cross the human
BBB model, and protect cortical cultured neurons from oxidative stress [99]. It is generally known
and accepted that most polyphenols are great antioxidants and may also have anti-inflammatory
properties. Recent data extended on the initial antioxidant-based mechanism of polyphenols’ activity
by displaying that they are also able to modulate numerous cell-signaling pathways and mediators.
These properties stimulated the researchers’ interest in polyphenolic compounds and many studies
point out their potential role in preventing and treating a wide range of human pathological conditions
related to inflammation and oxidative stress, such as cancer, neurodegenerative and cardiovascular
disorders [100-102]. In clinical trials, curcumin and EGCG confirmed to target A3, tau, and transthyretin.
Investigating the side effects, drug absorption, and biological effects of curcumin in the treatment
of AD patients, Ringman et al. [103] and Baum et al. [104] reported that this molecule had no
significant beneficial effects nor serious side events, being able to delay decline, rather than to improve
cognitive functions. Interestingly, in the brain, curcumin levels were undetectable, suggesting limited
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bioavailability. In sum, result studies suggested that the inclusion of polyphenols in the diet or their
use as pharmacological drugs, nutraceuticals, or supplements, seems to be promising in the prevention
of pathologies with a neurodegenerative nature.

For preventing Alzheimer’s disease, the medicinal plants containing these inhibitors of A
fibrillogenesis may be recommended as a healthy diet to young people. In parallel, synthesis of
pharmacologically active compounds, followed by preclinical research and clinical trials may lead
to complete characterization of the mechanism of action and efficacy of each of these compounds.
The bindability and drugability of AB(1-40) and A(1-42), which represent also drug target molecules
as well as the drug likeness of the secondary metabolites, should be studied further both in reviews
gathering data on the current achievement level and through new experiments related to the solubility,
absorption, distribution, metabolization and excretion (ADME), structural characterization of the
binding sites of the target, determination of the binding affinity [105,106].
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Abbreviations
AD Alzheimer’s disease
Ap Amyloid-beta

APPswe/PS1dE9 mice referred to as APP/PS1, double transgenic mouse model of Alzheimer’s disease
over expressing amyloid precursor protein (APPswe), encoding the Swedish
mutations at amino acids 595/596 and an exon-9-deleted human PS1 (PS1dE9)

TG-SwDI mice triple transgenic mouse model of Alzheimer’s disease, express an ABPP with A3
flanking, double Swedish mutations (Lys670— Asn/ Met671—Leu), the Dutch
(Glu693—Gln), and the Iowa (Asp694— Asn) mutations (sequence numbering in
the ARPP770 isoform notation)

TG2576 mice transgenic mouse model, which express a 695-aa residue splice form of human
amyloid precursor protein modified by the Swedish Familial AD double mutation
K670N-M671L

TgCRNDS8 mice transgenic mouse model of Alzheimer’s disease
GABA gamma-aminobutyric acid
5XFAD mice transgenic mice overexpress mutant human APP(695) with the Swedish (K670N,

M671L), Florida (I716V), and London (V7171) Familial Alzheimer’s Disease (FAD)
mutations along with human PS1 harboring two FAD mutations, M146L and L286V

APP Amyloid Precursor Protein

PSEN1 presenilin 1

APOE apolipoprotein E

MAPT microtubule-associated protein tau

Trem?2 triggering receptor expressed on myeloid cells 2
BACE1 Beta-Secretase 1

EGCG Epigallocatechin-3-gallate

CTF carboxyterminal fragments generated by «-secretase
SAPPo generated when «-secretase cleaves APP

TNF-a Tumor Necrosis Factor alpha

JNK c-Jun N-terminal kinases

All oligomer-specific antibody

W20 oligomer-specific single chain variable fragment
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TBS tris-buffered saline

PBS phosphate-buffered saline

DMSO dimethyl sulfoxide

PCR polymerase chain reaction

PMDs protein misfolding disorders

LTP long-term potentiation

LTD long-term depression of excitatory synaptic transmission
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