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Abstract

Protein misfolding and aggregation into fibrillar deposits is a common feature of a large group of degenerative diseases affect-
ing the central nervous system or peripheral organs, termed protein misfolding disorders (PMDs). Despite their established
toxic nature, clinical trials aiming to reduce misfolded aggregates have been unsuccessful in treating or curing PMDs. An
interesting possibility for disease intervention is the regular intake of natural food or herbal extracts, which contain active
molecules that inhibit aggregation or induce the disassembly of misfolded aggregates. Among natural compounds, phenolic
molecules are of particular interest, since most have dual activity as amyloid aggregation inhibitors and antioxidants. In this
article, we review many phenolic natural compounds which have been reported in diverse model systems to have the poten-
tial to delay or prevent the development of various PMDs, including Alzheimer’s and Parkinson’s diseases, prion diseases,
amyotrophic lateral sclerosis, systemic amyloidosis, and type 2 diabetes. The lower toxicity of natural compounds compared
to synthetic chemical molecules suggest that they could serve as a good starting point to discover protein misfolding inhibi-
tors that might be useful for the treatment of various incurable diseases.
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Introduction

Protein misfolding disorders (PMDs) or proteinopathies are
a group of diseases characterized by alternative protein fold-
ing that leads to the formation, deposition and accumulation
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of toxic misfolded aggregates [1, 2]. Each type of protein
aggregate is generally specific for one disease, whether
occurring in the central nervous system (CNS) or the periph-
ery. Amyloid beta (AP) and tau aggregates are the hallmarks
of Alzheimer’s disease (AD) [3], whereas alpha-synuclein
(o-syn) is the main protagonist in Parkinson’s disease (PD)
[4]. All prion diseases or transmissible spongiform enceph-
alopathies (TSE) are known to present aggregates of the
misfolded prion protein (PrPSC) [5]. Likewise, amyotrophic
lateral sclerosis (ALS) cases display aggregates of super-
oxide dismutase 1 (SOD1) and TAR DNA binding protein
(TDP-43) [6]. Meanwhile, Huntington’s disease (HD) is
characterized by the accumulation of the protein huntingtin
(htt) that becomes prone to aggregate due to expansions of
glutamine-rich regions (polyQ), accumulating in neuronal
inclusion bodies [7]. Among the peripheral diseases, AA
amyloidosis is characterized by abnormal deposition of
the insoluble serum amyloid A protein (SAA) in the liver,
spleen and kidney [8]. In type 2 diabetes (T2D), the islet
amyloid polypeptide (IAPP or amylin) is deposited in the
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pancreatic beta cells of affected individuals [9]. For its part,
transthyretin amyloidosis is a slowly progressive condition
characterized by the accumulation of misfolded transthyre-
tin (TTR) in the peripheral nervous system, resulting in a
loss of sensation in the extremities or peripheral neuropathy
[10]. Despite inducing different diseases, the progression
of protein aggregation follows the same seeding—nucleation
kinetic model from the formation of a soluble intermediate
species to the generation of protofibrils and finally the accu-
mulation of insoluble fibrillar aggregates [1, 11]. Regard-
less of their composition, protein aggregates display several
common physicochemical features, including a f-sheet-rich
structure, insolubility in strong solvents and detergents, pro-
tease resistance, and the ability to bind amyloid-specific dyes
(i.e., Congo red and thioflavin) [12]. Accumulation of these
amyloidogenic proteins causes cellular dysfunction and tis-
sue damage leading to clinical onset in patients through the
induction of inflammation, oxidative stress, and cell death
[1]. Tissue damage progresses over many years before the
appearance of clinical symptoms, often leading to irrevers-
ible organ dysfunction. Therefore, intervention maybe more
successful through inhibiting aggregation pre-clinically by
stimulating degradation, disrupting preformed aggregates,
reducing cellular damage, or inducing the formation of non-
toxic species. For this reason, interest in non-toxic natural
compounds, derived from herbs and food, is rapidly grow-
ing. For instance, turmeric, grapes, parsley, spinach, and
rosemary are sources for curcumin, resveratrol, apigenin,
tannic acid, and rosmarinic acid, respectively, all molecules
that, as described below, have been shown to reduce mis-
folded aggregates. The advantageous properties of these
non-pharmacological molecules include world-wide avail-
ability, low cost, and low toxicity (especially at low con-
centrations). Their mechanisms of action are variable and,
at least in some cases, seem to involve direct interaction
with the aggregates which suggest they could be highly spe-
cific for this target [13, 14]. These inhibitors can interfere
in amyloid aggregation by blocking the primary nucleation,
inhibiting the formation of fibrillar aggregates, modifying
the conformation of the cytotoxic species formed into non-
toxic aggregates, or even disassembling preformed aggre-
gates. In addition, some of them have also an effect on the
disease pathology, such as reduction of oxidative stress,
amelioration of the inflammatory process, or decrease in
the levels of the misfolded protein by direct interaction with
the disease-related enzymes. In this review, we will discuss
the effect of some natural phenolic compounds on various
misfolded aggregated proteins and their potential as a thera-
peutic agent to treat PMDs.
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Role of misfolded proteins in disease
and their mechanism of formation
and toxicity

Misfolded aggregates are likely the main cause of the
pathological events in PMDs [1, 2, 15, 16]. The confor-
mational changes that a misfolded protein undergoes can
result in a loss of its physiological function, thus causing
a malfunction of the whole organ. Moreover, the resulting
conformation can be toxic and initiate a cascade of events
that can activate an inflammatory process or even conclude
with the death of the cell. Furthermore, amyloid aggre-
gates can impair and ultimately block the protein degra-
dation machinery, resulting in the collapse of the protein
quality control, compromising cellular function and sur-
vival. It is reported that aggregated B-sheet-rich proteins
inhibit the proteasome system by jamming the entry site
of the catalytic core [17-19]. Additionally, autophagy sys-
tem is impaired in different models of PMDs as well as
in inherited forms on neurodegenerative diseases, where
accumulation of autophagic vacuoles has been observed
[20-22]. All these processes can induce perturbations in
the permeability of cellular membranes compromising its
integrity, impair mitochondrial function, generate reactive
oxygen species, induce inflammation, and disrupt protein
homeostasis. Indirectly, aggregated misfolded proteins
also expose “sticky” hydrophobic surfaces resulting in
abnormal interactions with other proteins, which causes
the sequestration of many normal functional proteins and
their loss of function [1, 12, 23]. Together, all of these
events contribute to the onset of the pathological altera-
tions and clinical signs characteristic of PMDs [1].

The formation and accumulation of amyloidogenic mis-
folded aggregates are thought to follow a seeding—nuclea-
tion model [24, 25]. The limiting step in this process is the
formation of small and soluble misfolded proteins acting
as nuclei or seeds to propagate misfolding by recruiting
more of the native proteins into the growing polymers. In
this model, misfolded seeds are produced during the nucle-
ation or lag phase, which can nucleate the aggregation of
the same protein (homologous seeding) or another amy-
loidogenic protein (heterologous seeding or cross-seeding)
[11, 26, 27]. The nucleation phase is rate limiting and
thermodynamically unfavorable because correctly folded
proteins are undergoing conformational change to unstable
misfolded intermediates. The primary reason that this con-
formational transition occurs is because of the stabilization
provided by oligomerization. In fact, the introduction of
a preformed seed can accelerate the reaction by attenuat-
ing the nucleation phase. Upon reaching a conformation
able to resist clearance, the misfolded oligomers enter
the polymerization or exponential phase, where native
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proteins are rapidly recruited and misfolded. As a result,
these protein aggregates develop into large, insoluble and
proteolytically-resistant aggregates, thus resilient to cel-
lular clearance [2, 16, 24].

To avoid the development of pathogenesis due to the
accumulation of toxic misfolded aggregates, the use of
amyloid aggregation inhibitors can be an effective thera-
peutic strategy for the prevention or treatment of PMDs.
This can be achieved by reducing the toxicity of the aggre-
gates, avoiding the formation of new aggregates, inducing
the clearance of these species or even rescuing their original
function. Amyloid inhibitors have been described to interact
with amyloidogenic aggregates at different stages, by inhibit-
ing, blocking, or impairing self-assembly or amyloid aggre-
gation, or even clearing already formed aggregates [28-31]
(Fig. 1). Therapeutically useful compounds can basically
act at five different levels: (1) eliminating or reducing the
production of the protein component of misfolded aggre-
gates. These type of molecules may diminish or eliminate
the synthesis of the protein or a post-translational modifica-
tion (e.g., proteolysis, phosphorylation) required to render
the protein susceptible to misfold. (2) Targeting directly
the process of protein misfolding and aggregation. These
compounds may block the early conformational changes
stabilizing the functional monomeric protein, prevent the
initial nucleation into oligomeric seeds, block the elonga-
tion of aggregates into large amyloid fibrils, and also the
spreading of the seeds from cell-to-cell or tissue-to-tissue.
(3) Inducing the elimination of misfolded aggregates. This
class of compounds may act by disassembling preformed
aggregates or enhancing the natural biological clearance
mechanisms. (4) Targeting the abnormal consequences of
protein aggregates. These molecules could attenuate the tox-
icity of the misfolded aggregates, convert the toxic struc-
tures into harmless species or attack the secondary cellular
signaling pathways triggered by misfolded proteins (e.g.,
inflammation). (5) Affecting the intracellular trafficking or
localization of aggregates. Some aggregates can be produced
in different cellular compartments and specific small organic
compounds are able to stabilize the location of the misfolded
proteins, changing the deposition pattern [32-34]. Some of
the natural phenolic compounds we review here can inhibit
amyloid misfolding and aggregation by more than one of
these mechanisms as described next (Table 1).

Natural phenolic compounds as amyloid
inhibitors

Due to the recognized importance of misfolded aggregates in
the pathology and the incurable nature of most PMDs, many
different substances have been tested as amyloid inhibitors
with very variable results. They include peptides, antibodies,

antibiotics, nanoparticles, small synthetic molecules and
natural compounds. Although numerous compounds have
been shown to be active in the test tube, their effectiveness
in vivo, particularly in the real disease in humans, is limited
[35-38]. Some of the molecules tested have serious side
effects, including toxicity and induction of inflammation
[39]. Some others are difficult to synthetize, have a very
short half-life, or are not even able to cross the blood—brain
barrier (BBB), indispensable in the case of brain disorders.
During the last decade, much investigation has focused on
small natural molecules, rich in aromatic groups (like poly-
phenols). The attractiveness of these compounds resides on
the fact that they are normal biological molecules found in
food or herbal extracts, and thus usually exhibit high avail-
ability, stability, low side effects, and convenience. Phenolic
compounds can be found in fruits, vegetables and other types
of food such as wine, tea, and spices. More than 8000 phe-
nolic compounds have been identified ranging from simple
phenolic acids to high-polymerized structures [40, 41]. Poly-
phenols are secondary metabolites synthesized by plants,
fungi, and microorganisms involved in defense responses
to different stress triggers such as pathogens and UV radia-
tion. They contribute to the organoleptic quality of foods
derived from plants including color, astringency, aroma, and
bitterness. Their qualitative and quantitative distribution in
the plant varies according to species, organs, tissues, and
the stage of development. Polyphenols are characterized by
the presence of phenolic groups in their structure, i.e., pres-
ence of one or more hydroxyl groups on a benzene ring.
They are categorized according to the chemical structures
of the aglycones in flavonoids and non-flavonoids. Flavonoid
group is the largest one with more than 5.000 compounds
that contain two phenolic rings in their backbone. They are
classified as flavonols, flavones, isoflavones, flavanones,
flavanols, and anthocyanidins with regard to the hydroxy-
lation pattern in the chromane ring [40, 41]. The majority
of phenolic compounds have a high antioxidant potential
which allows them to inhibit the oxidation of hydrophobic
residues in the peptide sequence. In general, flavonoids have
limited absorption and a low bioavailability in the brain [42,
43]; however, they seem to be involved in neurogenesis and
neuronal regeneration, therefore, considered neuroprotective
and able to potentiate cognitive function, probably also due
to their antioxidant potential [44, 45]. In addition to flavo-
noids, there are some non-flavonoid polyphenols that have
been attributed with anti-amyloidogenic effect and most of
them are also considered potent antioxidant compounds.
In the past, polyphenols were not considered to have any
substantial nutritional value; however, in recent decades,
great interest has been raised due to their potential to pre-
vent many diseases such as atherosclerosis, cancer, T2D,
cardiovascular and neurodegenerative diseases.
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Fig.1 Stages of interaction of different amyloid inhibitors. The
native conformation of a protein is in balance with many other pos-
sible conformations. Among them, partially folded forms can lead
to alternative structures associated with PMDs. Formation of mis-
folded proteins is an unfavorable event and the intermediate species
are not as stable as the native folded counterparts (double-headed
orange arrows). Although cells have different mechanisms to get rid
of the misfolded aggregates, when the first seeds are generated, the
kinetic of the polymerization is faster, generating small oligomers,
protofibers, and fibers (orange arrow). Inhibitors of amyloid misfold-
ing and aggregation can interact at different stages of the polymeri-
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zation process to block the formation of toxic species (green lines).
They can act by inhibiting conformational changes from the native
to the misfolded conformation; blocking or impairing self-assembly
and production of oligomeric species; inhibiting the polymerization
of small-intermediate into larger species; inducing the formation of
off-pathway aggregates; and destabilizing, disassembling or remod-
eling already formed aggregates. In addition, some of them can trig-
ger a faster polymerization of the misfolded conformation into larger
fibrils, circumventing the formation of more toxic soluble oligomeric
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Table 1 Mechanisms of action of phenolic compounds on amyloid aggregate inhibition

Compound Amyloid target Mechanism of action Therapeutic effectiveness

Apigenin AB, a-syn, TTR, insulin Prevention of conformational changes Reduces A burden in mice
Brazilin A, PAP Inhibition of fibrillogenesis Not tested

Curcumin AB, a-syn, PrP, TTR Prevention of conformational changes Reduces plaque burden in AD mice

Epigallocatechin-3-gallate

Fisetin

Gallic acid, gallotannins

Isoquinolines

Kaempferol

Morin

Myricetin

Oleocanthal

Oleuropein

Oleuropein aglycon

Orcein, O4

Quercitin

Resveratrol

Rosmarinic acid

Tannic acid

Tanshinones

AB, tau, a-syn, IAPP, TTR, Htt

AP, Hit

AP, a-syn, insulin, IAPP

Ap

AP, a-syn

AB, IAPP, insulin
AB, a-syn, IAPP
AB, tau

AB, tau

AB, tau, a-syn, IAPP, TTR

AB, a-syn, IAPP

AB, tau, a-syn

AB, IAPP, Htt, TTR

AP, a-syn, HEWL, IAPP, insulin

AB, a-syn, PrP

AB, a-syn

Inhibition of fibrillogenesis
Disaggregation of preformed aggregates

Prevention of conformational changes
Inhibition of seeding
Disaggregation of preformed aggregates

Inhibition of fibrillogenesis

Formation of off-pathway aggregates
Inhibition of fibrillogenesis
Disaggregation of preformed aggregates

Inhibition of fibrillogenesis
Disaggregation of preformed aggregates

Prevention of conformational changes

Prevention of conformational changes
Formation of off-pathway aggregates
Disaggregation of preformed aggregates

Prevention of conformational changes
Inhibition of fibrillogenesis

Prevention of conformational changes
Inhibition of fibrillogenesis

Prevention of conformational changes
Inhibition of fibrillogenesis

Formation of off-pathway aggregates
Inhibition of fibrillogenesis
Disaggregation of preformed aggregates
Inhibition of seeding

Formation of off-pathway aggregates
Induction of faster polymerization

Prevention of conformational changes

Inhibition of fibrillogenesis

Formation of off-pathway aggregates

Inhibition of fibrillogenesis Disaggregation
of preformed aggregates

Prevention of conformational changes

Inhibition of fibrillogenesis Disaggregation
of preformed aggregates

Inhibition of fibrillogenesis Disaggregation
of preformed aggregates

Prevention of conformational changes

Inhibition of fibrillogenesis

Disaggregation of preformed aggregates

Reduces of p-a-syn in PD mice

Reduction IAPP aggregation in mice

No effect in PrPSc infected hamsters

Variety of outcomes in clinical trials for AD
and T2D

Reduces TTR and IAPP deposition in mice
Amelioration of symptoms in AL patients that
drink green tea

Prevents memory impairment in mice
Suppresses HD pathology in flies

PGG reduces the burden of AP deposition
Not tested

Inhibition of a-syn aggregation in mice.
Reduced AP load in mice.

Not tested

Reduces AP burden in mice

Not tested

Reduces AP deposition in AD mice.

Not tested

Reduces NFTs and levels of A in mice

Reduces AP burden in mice

Decreases IAPP formation in mice

Ameliorates memory impairment in MCI
patients

Reduces AP oligomerization and plaque
burden in mice

Negative results in CWD-infected mule deer

Reduction of associated pathology in mice

This table summarizes the phenolic compounds reviewed, the amyloidogenic proteins that have been reported to have an effect on, the mecha-
nisms of action by which the inhibitor is able to block the misfolding and aggregation of the amyloid, and available data on effectiveness of the
compound in vivo. In most of the cases, one single inhibitor has more than one target and can block the aggregation by more than one mecha-
nism determined by in vitro assays

a-syn alpha-synuclein, A amyloid beta, AL amyloid light chain amyloidosis, CWD chronic wasting disease, HEWL hen egg white lysozyme, Htt
huntingtin, JAPP islet amyloid polypeptide, PAP prostatic acidic phosphatase, PrP prion protein, 7TR transthyretin

Flavonoids

Apigenin

Apigenin (Fig. 2a) is a natural non-mutagenic flavone
with low intrinsic toxicity, which is found in parsley, cel-
ery, chamomile tea, onions, artichoke, and orange peels.
Apigenin can inhibit a broad spectrum of amyloidogenic
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«Fig.2 Chemical structure of reviewed phenolic compounds able to
inhibit amyloid misfolding and aggregation. a Apigenin, b epigal-
locatechin-3-gallate, ¢ fisetin, d kaempferol, e morin, f myricetin, d
quercetin, h brazilin, i curcumin, j gallic acid, k berberine, 1 cheler-
ythrine, m palmatine, n oleocanthal, o oleuropein, p oleuropein agly-
cone, q orcein, r resveratrol, s rosmarinic acid, t tannic acid, u tanshi-
none, i, v tanshinone IIA

misfolded proteins of the CNS (Af, a-syn) and the periph-
ery (TTR, insulin), by extending the lag phase and reducing
amyloid formation [46-50]. This function has been primarily
attributed to its ability to stabilize unfolded structures via
hydrophobic interactions and hydrogen bonding, resulting
in an increase in the lag time of the fibrillation process and
a reduction in the amount of fibrillar structures produced
[46-50]. However, it seems not to have the ability to desta-
bilize preformed amyloid fibrils nor inhibit the oligomeriza-
tion process once it has started or it does it very weakly, as
in the case of a-syn oligomers [48, 50, 51]. Administration
of apigenin effectively reduced the A burden and improved
learning and memory deficits in the APP/PS1 transgenic
mice model for AD [52]. Although a promising candidate,
we are not aware of the existence of any clinical trial with
apigenin in PMDs.

Epigallocatechin-3-gallate

Epigallocatechin-3-gallate (EGCG) (Fig. 2b), one of the
main active components of green tea leaves [53], is a fla-
vanol that has attracted a lot of interest due to its antioxi-
dant, antitumor, antibacterial and neuroprotective activity
both in vitro and in vivo [54, 55]. EGCG has been reported
to have promising effects on the reduction of aggregation
and toxicity of a large number of proteins that are involved
in PMDs; however, the mechanism of action remains unclear
and seems to be through the modulation of multiple path-
ways. Recent reports suggest that this flavanol may directly
interact, in a non-sequence-specific manner, with misfolded
proteins during very early stages of the aggregation cas-
cade [56]. A proposed mechanism is through the modula-
tion of toxic oligomer formation by binding and stabilizing
unfolded species of a-syn and Af, reducing fibrillation and
redirecting the aggregation pathway to form off-pathway,
amorphous non-toxic aggregates, blocking seeding and fur-
ther conformational changes that may result in aggregation
and cytotoxicity [57]. EGCG seems to interact in a different
way with tau, probably by binding to a partially misfolded
intermediate, preventing seeding and rescuing cells from
tau-induced toxicity [58]. EGCG also binds monomers,
intermediates, and mature fibers of IAPP by hydrogen-bond
interactions, inhibiting amyloid formation [59]. EGCG can
modulate TTR aggregation in vitro, maintaining the protein
in its soluble form and disassembling preformed fibrils into
amorphous aggregates [60, 61]. Similarly, EGCG suppresses

the formation of oligomeric htt in a dose-dependent man-
ner by inducing the formation of larger forms [62]. In vivo,
subchronic administration of EGCG in the drinking water
to transgenic mouse models overexpressing human TTR
demonstrated that EGCG diminishes TTR aggregation and
deposition in several mouse tissues [63], whereas in hIAPP
mice decreases the amount of IAPP fibrils in the pancreas
although the clinical signs were not altered [64]. In humans,
patients with amyloid light chain (AL) amyloidosis—a bone
marrow disorder where misfolded immunoglobulins deposit
in different organs, including the heart—show an ameliora-
tion of their cardiac condition after regular consumption of
green tea compared with patients that do not drink it [65],
suggesting a beneficial effect of this EGCG-rich beverage.
The multiple mechanisms of action discovered for EGCG
to inhibit amyloid aggregation and the apparent effect of
EGCG administration in AD patients position this flavonoid
as a one of the candidates to be used in the early stage of the
diseases or individuals at high risk.

Fisetin

Fisetin (Fig. 2¢) is a flavone that can be found in many fruits
and vegetables, such as strawberries, apples, grapes, onions
and cucumbers. Fisetin, as other flavonoids such as querce-
tin, sturdily inhibits aggregation of A in vitro by inhibiting
its fibrillogenesis [66]. Although the flavonol C-3 hydroxyl
group seems to be responsible for a high inhibitory activity
in fibril formation, the lack of a hydroxyl group at C-5 in
fisetin compared to quercetin at C-5 has a significant effect
on its inhibitory activity [66]. Moreover, the 3',4'-dihy-
droxyl group is indispensable for the anti-fibrillogenic activ-
ity of fisetin [67]. Intraperitoneal treatment with fisetin in
Ap-injected animals reduces AP accumulation, tau phospho-
rylation, and associated brain pathology including synaptic
impairment, inflammation, and cell death [68], whereas in
Drosophila models of HD the administration of fisetin is
able to suppress HD-related pathology [69]. Oral administra-
tion of fisetin to APP/PS1 AD mice prevents the develop-
ment of learning and memory deficits [70]. Currently, there
is a clinical trial recruiting patients with mild cognitive
impairment (MCI) to test the effect of fisetin in cognitive
function (http://www.clinicaltrials.gov).

Kaempferol

Kaempferol (Fig. 2d) is a flavonol phytoestrogen present in
apples, grapes, Brussels sprouts, tea, broccoli, grapefruit,
and tomatoes. Regarding its activity in protein aggregation
inhibition, it has been reported that kaempferol provides
protection against cytotoxicity induced by Af,, in a con-
centration-dependent manner. The apparent mechanism of
anti-fibrillogenic activity is by preventing conformational
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changes through interaction with hydrophobic regions of the
proteins [71, 72]. In mice, kaempferol reduces Ap-induced
neurotoxicity and memory impaired performance [73, 74],
as well as in AD flies [75]. Similar compounds sharing
kaempferol backbone, such as YCF2, can also block Af,,
polymerization and generate non-toxic species [76]. With
a proposed similar mechanism, kaempferol 3-O-rutinoside,
one of the main components of safflower flavonoid extract,
has been confirmed to inhibit a-syn aggregation in PD mice
[77]. Whether the effect of kaempferol is due to direct aggre-
gation inhibition or just reducing associated neurotoxicity
remains to be determined.

Morin

Morin (Fig. 2e) is a flavonol present in wine and several
fruits and vegetables, including guava, mock orange, and
dyer’s mulberry. In vitro studies have shown that morin
exerts neuroprotective effects by inhibition of AP aggrega-
tion through a mechanism that involves destabilization of
fibrils and production of off-pathway intermediates [78].
Morin is also effective in the inhibition of the formation
of IAPP aggregates, as well as the disaggregation of pre-
formed fibrils, expanding its potential for the treatment of
other non-neurological PMDs [79]. Even more, morin binds
to monomeric, oligomeric and fibrillary insulin, preventing
conformational changes and avoiding the release of oligo-
meric species [80]. The treatment of APP/PS1 AD trans-
genic mice with morin reduces the levels of soluble and
insoluble AP production, the formation of amyloid plaques,
and rescues the cognitive impairment observed in these ani-
mals. Furthermore, morin efficiently blocks tau phospho-
rylation, making it an interesting therapeutic agent for the
treatment of AD and other tauopathies [81]. In summary,
morin is able to block fibril formation and promote their
disassembling. Due to its ability to inhibit IAPP and insulin
aggregation, this flavonol should be considered as a potential
treatment for T2D.

Myricetin

Myricetin (Fig. 2f) is a natural flavonol present in vegetables,
fruits, and green tea. Several studies have reported the phar-
macological potential of myricetin as an inhibitor of amyloid
formation. It has been suggested that this flavonol has the
ability of binding to hydrophobic moieties of amyloid oli-
gomers preventing their aggregation [82]. In vitro, it blocks
tau aggregation by interfering with the elongation phase of
fibril assembly [83] and inhibits the oligomerization of Ap,,
[51]. It also inhibits the formation of oligomers and fibrils of
a-syn by preventing its conformational change into p-sheet
and the disruption of the fibrils, in a dose-dependent man-
ner [50, 84]. Myricetin destabilizes preformed a-syn and
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blocks fibrillization in a dose-dependent manner [85]. IAPP
is another amyloidogenic protein that has been tested using
myricetin as an amyloid inhibitor. The report shows that it
is able to reduce IAPP fiber formation, therefore, decreas-
ing its cytotoxicity in vitro [86]. The inhibitory activity of
myricetin has been also tested against the aggregation of hen
egg white lysozyme, a non-disease-related amyloidogenic
protein. In this case, the polyphenol produces a reduction in
the population of partially unfolded intermediates, decreas-
ing amyloid formation [87]. To our knowledge, no in vivo
studies have been performed using myricetin to treat PMDs.

Quercetin

Quercetin (Fig. 2g) is a flavonol widely distributed in fruits,
vegetables, especially abundant in beans and capers, and red
wine. In vitro, quercetin has been proved to be an effective
inhibitor against several aggregation-prone proteins, such
as A, a-syn, and tau [88—90]. The proposed mechanisms
of inhibition imply the direct interaction with the misfolded
proteins causing the stabilization of oligomeric species and
inhibition of fibril growth. Quercetin has been also shown
to covalently bind a-syn, increasing its hydrophilicity and,
therefore, inhibiting the aggregation [89]. Additionally,
several lines of evidence suggest that quercetin exerts cel-
lular protective effects against amyloids both in vitro and
in vivo, potentiating the importance of this compound as a
hit for drug development. For instance, quercetin was found
to be a protective molecule in cells exposed to AP [91]. In a
triple-transgenic mouse model of AD, the administration of
quercetin induced the reduction of NFTs and levels of Ap,
as well as an amelioration in neuroinflammatory process
and learning and memory impairment [92]. Quercetin3-
O-glucuronide, a glycosylated derivative form of quercetin,
is a potent inhibitor of Ap aggregation [93]. In summary,
quercetin represents a great candidate to treat neurological
disorders associated with protein misfolding and aggrega-
tion, especially due to its ability to cross the BBB [94]. How-
ever, no clinical trials have tested its efficacy in humans with
any PMD.

Non-flavonoids
Brazilin

Brazilin (Fig. 2h) is a polyphenolic compound present in the
legume Caesalpinia sappan. A recent study using virtual
screening, biophysical, biochemical, and cellular models
has shown that brazilin is a strong inhibitor of Af,, fibrillo-
genesis, disfavoring the formation of on-pathway fibrils. It
also has the ability to remodel mature fibrils and protect
cultured cells from Af,,-induced cytotoxicity [95]. The
suggested mechanism is by direct hydrophobic interactions
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and hydrogen bonding between brazilin and fibrillar struc-
tures. Based on pharmacokinetic studies in vivo, brazilin
could be considered a good therapeutic candidate due to its
high stability, long half-life after oral ingestion and intrave-
nous inoculation, and its ability to reach the brain [96-98].
In comparison to other polyphenols, brazilin has superior
potency against AP aggregation with an IC5, of 1.5 uM,
respectively, compared to 2.4 and 13.3 uM for EGCG and
curcumin. Moreover, brazilin can inhibit fibrillization
of other disease-related amyloids such as prostatic acidic
phosphatase (PAP) polymerization [99]. Although brazilin is
more potent inhibiting fibrillization than other natural com-
pounds, it has not been tested in vivo yet, so its efficacy and
ability to cross the BBB is unknown.

Curcumin

Curcumin (Fig. 2i) is a non-flavonoid biphenolic compound
found in Curcuma longa (the Indian turmeric or curry spice)
well known for its anti-inflammatory and antioxidant prop-
erties [100, 101]. Curcumin is a general inhibitor of amy-
loid aggregation because of its beneficial activity against
various PMDs, including AD, PD, T2D and prion diseases
[100, 102, 103], and it has been taken to clinical trial for AD
and T2D already. In the case of AD, it has been reported
that curcumin can directly bind and inhibit AP aggregation
in vitro [104] and in vivo [105]. When A, is incubated in
the presence of curcumin, its aggregation is significantly
prevented. In addition, curcumin can disaggregate preformed
aggregates and limit fibril and oligomer formation. In vivo
administration of curcumin significantly reduces plaque bur-
den in APP transgenic mice [105]. To explain these activi-
ties, docking studies revealed that curcumin prevents the
stacking interaction of the KLVFFA region of Ap, inhibiting
the formation of steric-zipper needed for oligomer formation
[106]. Chronic administration of curcumin also improves
cognition in a rat model intracerebrally injected with Ap,,
aggregates. In clinical trials, however, curcumin was not
able to reduce AP, levels in plasma or ameliorate impaired
cognition [107].

Curcumin has also been tested as an inhibitor of a-syn
aggregation in vitro. Curcumin efficiently destabilizes pre-
formed a-syn and avoids fibril formation in a dose-depend-
ent manner [85]. In cellular models, it disrupts aggregation
by increasing the amount of soluble monomeric a-syn spe-
cies [108]. In a fruit fly model of PD, curcumin was able
to ameliorate PD-related symptoms and favor brain cellular
survival [109]. Moreover, when curcumin was used to treat
a mouse model overexpressing human «-syn, there was an
improvement in animal’s locomotion due to a-syn phospho-
rylation modulation [103]. In the case of IAPP, in vitro stud-
ies suggested that curcumin can diminish aggregate forma-
tion and protect cells against amyloid-induced toxicity [110].

This effect is due to the fact that curcumin retards IAPP
aggregation by modifying its conformation [111].

The anti-amyloid potential of curcumin has also been
explored in the case of prion diseases. Curcumin has been
shown to reduce PrP-res accumulation in a cellular model
and partially inhibit the aggregation of PrP in a cell-free
assay [112]. However, no effect was observed when cur-
cumin was orally administered to hamsters intracerebrally
inoculated with scrapie. Some other studies suggested that
it binds in vitro to PrP intermediates and fibrils, selectively
to the non-native B-forms and a-helical intermediates of PrP,
preventing further conformational arrangements that could
result in aggregation [113].

In the case of transthyretin amyloidosis, curcumin stabi-
lizes TTR tetramers leading to a successfully abolishment of
TTR fibrillization by generating non-toxic off-pathway oli-
gomers [61]. It is reported that TTR inhibitors do not affect
stability of the TTR tetramer but bind to intermediate spe-
cies, hindering unfolding and aggregation [114]. Oral treat-
ment with curcumin reduces TTR aggregation and deposi-
tion and increases plasma TTR tetramer stabilization [115].

In summary, curcumin is able to inhibit protein mis-
folding and aggregation and even disaggregate fibrils both
in vitro and in vivo of a wide variety of aggregated proteins.
It also possesses a good safety profile and has the ability
to cross the BBB, which has encouraged its application to
in vivo PMD models. However, it has a poor bioavailability
and several derivatives have been synthetized to overcome
this issue [100, 116]. This might be the reason why the
multiple clinical trials studying curcumin as a treatment for
PMDs have not provided the expected results.

Gallic acid

Gallic acid (Fig. 2j) is a structurally simple phenolic acid
present in grape seeds, pomegranate, and black tea [117].
It has been reported that is able to inhibit aggregation of
several proteins implicated in PMDs, such as A, a-syn,
and insulin [118]. It seems that the particular moiety of gal-
lic acid is fundamental for its anti-amyloid activity, as it
forms part of more complex structures such as EGCG and
some tannins that have also been shown to be inhibitors
of aggregation. Regarding AP aggregation in vitro, gallic
acid is able to inhibit mature fibrillar Ap aggregation [118].
Gallic acid also prevents the formation of amyloids of an
aggregation-prone form of a-syn, inhibiting the production
of mature fibrils and favoring the formation of short amor-
phous aggregates. The mechanism of action is thought to be
through a transient and direct interaction of the compound
with unfolded monomeric species, stabilizing them [119].
This polyphenol also inhibits insulin conformational transi-
tion to B-sheet structure. However, no change in lag time
was observed, suggesting gallic acid interacts and stabilizes
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folded insulin, probably by disruption of aromatic interac-
tions or creation of hydrogen bonding [120].

Some gallic acid derivatives, such as galloylated esters,
are flavonoids found in green and black tea with anti-
aggregation activity. Gallotannins are hydrolysable tannins
derived from gallic acid bound to a polyol carbohydrate.
PGG (1,2,3,4,6-penta-0O-galloyl-pB-p-glucopyranose) is a
high molecular weight gallotannin that can be isolated from
Paeonia suffruticosa, a traditional herbal medicine with
anti-pyretic and anti-inflammatory activity. PGG inhibits
A fibril formation and destabilizes preformed A fibrils in
a dose-dependent manner in vivo and in vitro [121]. When
administered to AD mice by oral route, it reduced the burden
of A, and Ap,, deposition in the brain without any toxic
or adverse effect [121]. On the other hand, PGG is able to
inhibit IAPP aggregation in vitro, preventing the cytotoxic
effect of IAPP oligomers when tested in cell culture [122].
However, its high molecular weight and hydrophilicity may
make complicated its brain delivery due to a low BBB per-
meability. Therefore, it could be considered a good can-
didate to treat systemic misfolding disorders such as T2D
rather than AD.

Isoquinolines

A variety of natural compounds contain the isoquinoline
group, known by their dual ability to both inhibit enzymatic
activity and AP aggregation. Berberine (Fig. 2k) is usually
found in the roots, rhizomes, stems, and bark of several
plants including tree turmeric and barberry. Chelerythrine
(Fig. 21) is found in several herbaceous plants that belong
to the poppy family, whereas palmatine (Fig. 2m) can be
extracted from a number of plants used in the Chinese tradi-
tional medicine. These isoquinolines are able to both inhibit
AP aggregation as well as disaggregate preformed Ap,,
aggregates in the micromolar range, chelerythrine being
the most powerful of them (chelerythrine > berberine > pal-
matine) [123]. In fact, chelerythrine demonstrated its ability
to also inhibit the formation of A fibrils. However, cheler-
ythrine is a well-known selective protein kinase C (PKC)
inhibitor [124]. PKC reduces the accumulation of aggre-
gated A by activating the a-secretase activity; therefore,
promoting the non-amyloidogenic pathway [125]. In fact,
some studies have demonstrated that when chelerythrine was
added to neuronal culture it was able to increase Ap-induced
cytotoxicity [126, 127]. Therefore, this cannot be considered
as a candidate to treat AD although s its efficacy inhibiting
other misfolded proteins is not known.

Olive oil derivatives

Olive oil is obtained from the fruit of the Mediterranean
Olea europaea tree. It contains high levels of phenolic
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compounds, which have received considerable attention
due to its association with lower risk of cardiovascular and
cancer development, and delayed cognitive decline. Ole-
ocanthal, oleuropein, and oleuropein aglycone are the most
investigated olive oil derivative phenols due to their ability
to neutralize amyloid aggregation and toxicity.

Oleocanthal (Fig. 2n) is a phenolic secoiridoid component
of extra-virgin olive oil known for its anti-inflammatory and
anticancer features. Oleocanthal interacts with soluble oligo-
meric Af species, altering Ap oligomerization and modify-
ing its conformation. The amyloidogenic species formed in
the presence of this polyphenol display a decreased synaptic
binding in vitro, conferring less synaptotoxicity to the aggre-
gates [128]. In regard to tau aggregation, oleocanthal has
been proven to inhibit tau polymerization and, therefore, the
formation of tau fibrils in vitro by stabilizing the peptide into
the unfolded state, without interfering with tau-microtubule
interaction [129]. When Tgg,,n; AD transgenic mice were
treated with oleocanthal, a reduction in brain A burden was
observed, as well as a reduction in astrocyte activation [130].

Oleuropein (Fig. 20) is a phenylethanoid tyrosol found
in olive leaves and unprocessed olive drupes. Oleuropein
is able to interact with AP, and it is possible that this inter-
action may prevent its aggregation [131]. In culture cells,
oleuropein reduces Ap oligomers’ production by promot-
ing the non-amyloidogenic pathway [132]. In addition, this
polyphenol interacts in vitro with tau aggregates with an
IC5, of 4.1 pM, inhibiting its aggregation. In the presence of
oleuropein, tau fibers appear as shorter rods instead of long
twisted fibers [133]. However, it does not seem to penetrate
cell monolayers, so its potential to reach the brain and enter
into neurons appears to be very unlikely.

In extra-virgin olive oil, the tyrosol oleuropein aglycone
(Fig. 2p) is the most abundant derivative of oleuropein,
formed during olive ripening by enzymatic glucose removal.
It is been reported that oleuropein aglycone delays Af,, and
pyroglutamylated-3 AP (pE3-Ap) aggregation, reducing the
formation of oligomeric forms towards the development
of non-toxic protofibrils during the aggregation process,
decreasing its cytotoxicity [134, 135]. Oleuropein aglycone
inhibits tau fibrillization more efficiently (IC5,=1.4 pM)
than its parent compound oleuropein, reducing also the
size of the fibrils [133]. In addition, it is more lipophilic
than oleuropein, so it may have higher bioavailability. AD
worms fed with oleuropein aglycone showed less A oligo-
meric species and decreased deposition, ameliorated motor
impairment and increased their lifespan, presumably due to
the reduction of toxic AP forms [136]. It prevents Af,, and
pE3-Ap deposition and disassembles deposited AP plaques
in the transgenic AD mouse model TgCRNDS [135, 137].
As a consequence, plaques look less dense, cell proliferation
was increased, the inflammatory process was reduced, and
the cognitive impairment was improved [138]. In the case
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of T2D, oleuropein aglycone interferes with IAPP aggrega-
tion by reducing its cytotoxicity in cell culture due to the
generation of structurally different non-toxic aggregates,
favoring off-pathway species [139]. Recently, it has been
shown to inhibit the growth of a-syn oligomers into bigger
misfolded species [140]. Furthermore, oleuropein aglycone
blocks the formation of mature fibers and induces disag-
gregation of TTR fibrils [141]. In summary, this olive oil
derivative does not prevent misfolded protein aggregation
but it rather inhibits the formation of fibers and disassembles
aggregates, an important feature when treating patients with
already abundant aggregate deposition. Currently, a phase 2
clinical trial is open to study the effect of extra-virgin olive
oil on cognitive impairment in MCI and AD patients.

Orcein

Orcein (Fig. 2q) is a mixture of substances that share a phe-
noxazine backbone. It is extracted from lichens (Roccella
tinctoria) and used as natural purple dye for both food col-
oring and histological stain. Orcein successfully accelerates
spontaneous Af,, aggregation in vitro, converting toxic oli-
gomeric forms into non-toxic fibrillary species [142]. The
blue dye O4 is orcein-related small molecule that has been
identified as a potent Ap,, aggregation accelerator by reduc-
ing polymerization lag phase without altering fibril confor-
mation, stabilizing the aggregates, and generating seeding-
competent aggregates [142]. Although O4 is able to increase
the amount of mature fibrils, they seem to be less toxic for
neurons in culture. The rapid increase in the fibrillar forms
may decrease the concentration of soluble Ap,, oligomers,
producing a non-cytotoxic enriched scenario [142]. O4 is
also able to reduce the toxicity of a-syn aggregates in vitro.
While O4 does not change the aggregation kinetic of a-syn,
the compound reduces the formation of oligomers towards
the generation of large fibrils that appear to be less toxic in
neuronal cultures and have a reduced seeding ability [143].
In regard to IAPP, it has been recently published that O4
strongly inhibits the formation of mature fibrils, producing
instead globular, amorphous off-pathway assemblies [144].
The idea that small soluble aggregates are more toxic than
mature fibrils is reinforced by the mechanism of action of
this molecule to accelerate the aggregation process and pro-
duce a more mature species that is less harmful.

Resveratrol

Resveratrol (Fig. 2r) is a natural phytoalexin stilbenoid
polyphenolic compound produced naturally by several
plants in response to injury or when the plant is attacked
by pathogens (bacteria or fungi). It is abundant in grapes,
berries, soy beans, peanuts, and red wine. Several promis-
ing features have been associated with resveratrol and its

derivatives, being of special interest its anti-aggregation
capability against different amyloids. For instance, res-
veratrol inhibits the aggregation of AP by selectively trans-
forming oligomers and converting them into off-pathway
species unable to aggregate, reducing AP cytotoxicity
[145]. Resveratrol is able to bind to different conforma-
tions such as monomeric Ap,, and Ap,,, and even fibrillar
Ap, although in a weaker manner [146]. While resveratrol
can disaggregate Af,, fibrils, it has been reported that it
cannot prevent formation of oligomeric species [147]. In
addition, the presence of this compound in the culture
medium diminishes tau hyperphosphorylation [148]. In
AD murine models, resveratrol treatment reduces amy-
loid plaque deposition without affecting APP processing
[149, 150], ameliorates cognitive impairment [151, 152],
protects the integrity of the BBB [153], decreases micro-
gliosis, and reactive oxygen species [154, 155]. Although
resveratrol is rapidly metabolized and its bioavailability
would not be sufficient to exert its action, its conjugation
with nanoparticles for brain delivery shows promising
results [156]. Recently, it has been reported that people
affected by MCI showed ameliorated memory impairment
after resveratrol supplementation [157]. However, it did
not show a significant effect in AP plasma or CSF levels
when administered to Alzheimer’s patients in a controlled
clinical trial [158].

Resveratrol has been also studied for its potential to
inhibit the aggregation of IAPP and mitigate its toxicity
[159]. Molecular simulations suggest a direct interaction
of the polyphenolic compound with IAPP oligomeric spe-
cies, causing conformational changes that ultimately lead to
inhibition of fibril formation but without disaggregating pre-
formed IAPP amyloid fibrils [160-162]. This may be due to
its ability to stabilize oligomeric forms and to inhibit IAPP
oligomerization [163, 164]. It has been proposed that it is
also able to inhibit stacking of IAPP oligomers, avoiding
its aggregation and deposition [165]. In vitro cell survival
studies demonstrate that resveratrol produces off-pathway
non-toxic conformations, suggesting that its neuroprotective
effect is not just due to its antioxidant activity [166]. In vivo,
resveratrol derivatives abolish amyloid growth and associ-
ated damage [167].

Regarding other proteinopathies, resveratrol has also been
shown to decrease the toxicity associated with polyQ aggre-
gates in neuronal culture and C. elegans Huntington’s mod-
els [168]. Even more, resveratrol inhibits TTR amyloid fibril
formation and reduces the cytotoxicity induced by TTR in
human chondrocyte cultures [169, 170]. Therefore, resvera-
trol is an attractive molecule that could be used to reduce the
burden of aggregated proteins that occur in PMDs and with
anti-oxidant benefits that have shown some promising results
in recent clinical trials in AD and PD patients and that is
currently under evaluation to treat MCI and T2D.
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Rosmarinic acid

Rosmarinic acid (Fig. 2s) is a polyphenolic compound pre-
sent in species used commonly as culinary herbs such as
sage, oregano, basil, thyme, and peppermint. This curcumin
analog inhibits, in a dose-dependent manner, the formation
and extension of oligomeric and fibrillar AB,, and Ap,,
and it destabilizes preformed aggregates in vitro [171].
This effect is through direct interaction with the oligomeric
forms, reducing Ap-associated toxicity, tau hyperphospho-
rylation, and inducing neuroprotection [172—174]. In vivo
data demonstrate that oral administration of rosmarinic acid
exerts beneficial effects on cognition in mouse models of AD
and cerebral amyloid angiopathy (CAA) and prevents the
development of AD-related neuropathology by reducing Ap
oligomerization and plaque burden [172, 175, 176].

In addition, rosmarinic acid blocks the formation and
induces the destabilization of a-syn fibrils. It also inhibits
the new generation of small oligomers through a mechanism
involving the inhibition of the p-sheet conversion, reduc-
ing associated synaptotoxicity [84, 85]. This is particularly
important as small soluble oligomeric species are thought to
be highly toxic. Furthermore, this polyphenol is also able to
hinder fibril formation and disrupt preformed aggregates of
hen egg white lysozyme (HEWL), reducing its cytotoxicity
in cell culture [177, 178]. It has been reported that several
naturally occurring lysozyme mutants are associated with
familial non-neuropathic systemic amyloidosis; therefore,
this amyloidogenic protein is widely used to study aggrega-
tion associated with these amyloidosis.

Regarding T2D, rosmarinic acid has been proven to
repress the formation of IAPP amyloidogenic aggregates,
probably by opening the beta-sheet conformation, reduc-
ing TAPP-associated toxicity [179]. It is also able to bind to
the insulin monomer, blocking its ability to form amyloid
fibrils [180]. The pharmacological activity of rosmarinic
acid makes it a promising compound to treat several pro-
teinopathies, especially due to its ability to inhibit both
oligomeric and fibrillary conformations. Nevertheless, its
anti-amyloidogenic effect is not dose dependent and it is less
efficient than curcumin. So far, it has not been tested in any
clinical trial for PMDs.

Tannic acid

Tannins are polyphenolic molecules present in fruits, nuts,
legumes, chocolate, tea, and red wine and are well known by
their astringent potential. Tannic acid (Fig. 2t) is a naturally
occurring plant tannin composed of a central glucose mol-
ecule with one or more galloyl residues. In vitro, tannic acid
is able to inhibit AB,, and Af,, fibrillation and extension
and destabilize preformed AP fibrils and the polymerization
of AP peptides in dose-dependent manner [181] and is able
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to inhibit the formation of oligomeric and fibrillar a-syn,
and destabilize and disaggregate preformed oligomeric and
fibrillar a-syn [50, 85]. In prion diseases, tannic acid is con-
sidered a potent inhibitor of both murine and ovine the pro-
tease resistant form of prion protein (PrP-res) formation in
the test tube [182]. In addition, it was able to prevent prion
aggregation when evaluated in a solid-phase cell-free ham-
ster PrP conversion assay [183]. However, tannic acid failed
to extend the incubation period of chronic wasting disease
(CWD) when it was assayed as a therapeutic intervention to
prevent prion infection in experimentally challenged mule
deer [184].

Tanshinones

Tanshinones (Fig. 2u, v) are both lipophilic and hydrophilic
diterpenes isolated from the rhizomes of Salvia miltiorrhiza,
also named Danshen, commonly used in the traditional Chi-
nese medicine as a remedy for several diseases. To date,
more than 90 tanshinones or structurally related compounds
have been identified [185]. In vitro, tanshinones I and ITA
(TS1, and TS2, respectively), the major components of
Danshen, are able to extend AP aggregation lag phase in an
equimolar range, TS1 being the most potent compound to
inhibit formation of fibrillary species. In addition, both mol-
ecules disassemble fibrillar AP into smaller arrangements by
inducing structural disruption of the p-sheets in the struc-
ture [186]. Cryptotanshinone, another active constituent of
S. miltiorrhiza, has been shown to inhibit AP oligomeriza-
tion in vitro [187]. Regarding PD, TS1 and TS2 can inhibit
a-syn aggregation increasing the nucleation phase, induce
the formation of alternative conformations, decrease the for-
mation of oligomers and fibrils, and disassemble preformed
fibrillary species in the test tube [188]. Tanshinones have
been poorly studied in vivo to determine their effectiveness
to treat PMDs; however, an amelioration in the neuroinflam-
matory process associated with A has been observed in AD
mice, indicating that their mechanism of action in vivo could
be a downregulation of the pro-inflammatory reaction [189].

Concluding remarks

Misfolding and aggregation of amyloidogenic proteins are
the main culprits in the pathogenesis of a large group of
diverse diseases affecting the brain and various systemic
organs. Currently, there is not an efficient therapy for cur-
ing or slowing progression of the majority of PMDs. Since
amyloidogenesis is a multi-step process, there are several
targets where therapeutic intervention is possible. Although
many molecules have been shown to reduce protein mis-
folding and its negative consequences in in vitro or in vivo
models, the few molecules that have been tested in human
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clinical trials have shown disappointing results. Recently,
special attention has been paid to natural compounds due
to the ease of modifying their structure, their druggability
features, and especially their low toxicity which make them
good candidates for a safe treatment that can be started at
the pre-clinical stage of the disease. A growing body of
evidence indicates that natural phenolic compounds, espe-
cially polyphenols, are potent inhibitors of amyloidogenesis.
This diverse group of compounds acts at various different
levels and often has multiple beneficial activities. Some
polyphenols have been shown to target directly the process
of protein misfolding and aggregation of various amyloi-
dogenic proteins. Others have shown to act downstream of
protein aggregation to prevent the toxic consequences of the
accumulation of misfolded proteins. Yet, others may target
the secondary processes induced by the accumulation of
misfolded proteins, such as inflammation, oxidative stress,
and protein homeostasis. Interestingly, many polyphenols
have been shown to have simultaneously two or more ben-
eficial activities in combating PMDs. Among all phenolic
compounds tested for their amyloid inhibitory activity, cur-
cumin and resveratrol are be the best studied, with confirmed
targets including Ap, a-syn, IAPP, PrP%°, and TTR. Since
both are recognized as anti-aggregation molecules and anti-
oxidants, the combination of these two activities may be
necessary to obtain a potent effect against the progression
of proteinopathies. However, despite extensive testing in
in vitro and in vivo models, polyphenols are yet to be used
as a treatment for PMDs, a reluctance attributed to their poor
metabolic stability and low bioavailability at the needed
pharmacological concentrations. This is especially impor-
tant to treat brain disorders, where the drugs need to cross
the BBB and reach the affected area in sufficient quantities
to produce an effect. Phenolic compounds should be further
considered as a prophylactic intervention due to their easy
availability and accessibility, and especially because their
relatively low toxicity permits to begin treatment before the
onset of clinical symptoms. More research is necessary to
fully take advantage of the promising possibilities opened
by the use of polyphenolic natural compounds for the treat-
ment and prevention of some of today’s most debilitating
and chronic diseases.
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