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Abstract

Mediterranean and Asian diets are currently considered as the

most healthy traditional feeding habits effective against risk of

age-associated, particularly cardiovascular and neurodegener-

ative, diseases. A common feature of these two regimens is

the abundance of foods and beverages of plant origin (green

tea, extra virgin olive oil, red wine, spices, berries, and aro-

matic herbs) that are considered responsible for the observed

beneficial effects. Epidemiological data suggest that the phe-

nolic component remarkably enriched in these foods plays an

important role in reducing the incidence of amyloid diseases,

pathological conditions associated to tissue deposition of toxic

protein aggregates responsible for progressive functional dete-

rioration. Great effort is being spent to provide knowledge on

the effects of several natural phenols in this context, moving

from the test tube to animal models and, more slowly, to the

patient’s bed. An emerging feature that makes these mole-

cules increasingly attractive for amyloid disease prevention

and therapy is their wide spectrum of activity: recent pieces of

evidence suggest that they can inhibit the production of amy-

loidogenic peptides from precursors, increase antioxidant

enzyme activity, activate autophagy and reduce inflammation.

Our concept should than shift from considering natural phe-

nols simply as antioxidants or, at the best, as amyloid

aggregation inhibitors, to describing them as potentially multi-

targeting drugs. A main concern is the low bioavailability of

such compounds and efforts aimed at improving it are under-

way, with encapsulation strategies being the most promising

ones. VC 2014 BioFactors, 40(5):482–493, 2014
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1. Introduction
Amyloid diseases are a number of familial or, more often, spo-
radic conditions affecting peripheral organs/tissues or the cen-
tral nervous system characterized by the presence of extracel-

lular or intracellular proteinaceous deposits (amyloid)
[reviewed in Refs. 1 and 2]. The basic core component of amy-
loid is a fibrillar network made up of unbranched polymeric
fibrils of one out of a number of peptides/proteins, each char-
acteristic of a given disease. The highly ordered amyloid fibrils
display shared structural features (the amyloid fold) which
consist in a beta sheet-rich core where two beta-sheets facing
each other run along the fibril main axis with their beta-
strands, provided by the monomeric units, directed orthogo-
nally to the latter (the cross-beta structure). Amyloid fibril
growth results from ordered polymerization of specific pro-
teins/peptides basically under conditions favouring a reduction
of their thermodynamic stability, with ensuing misfolding, or
an increase of their expression or their aggregation propen-
sity, all of which can speed aggregate nucleation [1,2]. To
ensure that proteins fold correctly and maintain their proper
conformation and function over their entire life-span or that
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protein aggregates are cleared as far as they appear in the
cell, several machineries have been evolved, including molecu-
lar chaperones, the ubiquitin-proteasome system and the auto-
phagic pathway. The evolution of these tools testifies the key
importance that correct protein folding is ensured also in dif-
ferent environmental conditions, that misfolding and aggrega-
tion are avoided as much as possible and that, once present,
amyloid aggregates are cleared promptly.

Usually, the aggregated peptides/proteins display wild type
sequences, as it happens in the sporadic forms of the diseases;
however, in several cases these can also be variants resulting
from genetic mutations associated with early-onset familial
forms of the diseases. Even though the latter are much more
rare than the sporadic counterparts and may possibly repre-
sent similar, yet distinct, pathologies, their study, both in
humans and in transgenic animal models, has provided valua-
ble knowledge on the molecular basis of the much more wide-
spread sporadic forms [3]. Such findings support the widely
accepted link between protein aggregation and clinical mani-
festations of the disease. However, the structure of the true
pathogenic aggregates, the molecular basis of their cytotoxicity
and the contribution of the latter to the overall derangement
of tissue function are still the subject of an intense debate
[reviewed in Ref. 4].

Among the 27 human amyloid diseases presently identified
by the International Nomenclature Committee [5], Alzheimer’s
disease (AD), Parkinson’s disease (PD), and prion diseases are
by far the most studied for their severity, their large occur-
rence (particularly AD) in the aged population or their biologi-
cal and economical significance (prion diseases). Therefore, it
is not surprising that, after a large body of work done in the
past on systemic amyloidosis, the subsequent identification of
Ab peptide, a-synuclein (a-syn), and the prion protein (PrP) as
the main component of the AD plaques, intracellular Lewy
body or prion deposits, respectively, has driven much of the
research on amyloid in the past twenty years. Since 1990, the
development of animal models, particularly transgenic ones,
has remarkably advanced our knowledge of several aspects of
the pathophysiology of AD and other neurodegenerative dis-
eases and around 20 years ago has led to suggest a basic
shared neurotoxic mechanism for amyloids [6].

A step forward in the elucidation of amyloid toxicity was
done at the end of the 1990s, when the attention shifted from
mature amyloid fibrils to their precursors, notably oligomers
and protofibrils [7,8] and to the neuronal synapses and LTP as
the main target of cytotoxicity [9,10]. This view changed the
strategy of pharmacological research aimed at finding mole-
cules useful to combat cell/tissue impairment in amyloid dis-
eases: from counteracting fibril growth to hindering the
appearance of oligomers and other early assemblies in the
fibrillization path. Presently, the pivotal role of amyloid
oligomers as key players of amyloid cytotoxicity is widely rec-
ognized and supported by a large number of data on many in
vivo and in vitro amyloidogenic proteins indicating (i) a direct
cytotoxic effect of amyloid aggregates [9,10], (ii) their presence

inside AD brains [11,12], (iii) their growth within neuronal
cells [13,14], (iv) their ability to impair memory and cognitive
function [11,12] and (v) their involvement in physical degener-
ation of synapses [14].

The possibility to develop effective therapeutic or prophy-
lactic tools to combat amyloid toxicity requires a better under-
standing of the key features of cell/tissue derangement upon
exposure to toxic amyloids. Deciphering the latter in its com-
plexity and self-reinforcing effects can be quite demanding,
however, some basic shared perturbations in the exposed cells
have been clearly described. The different assemblies appear-
ing in the fibrillization process differ remarkably not only in
their cytotoxic potential but also with regard to the cellular
mechanisms and functions they interfere with or trigger. The
effects of pre-fibrillar aggregates include modifications of the
intracellular redox status, cell membrane permeability and
free Ca21 levels [15–17]; alterations of synaptic transmission
and plasticity [18], mitochondria functioning [15,19], ER home-
ostasis [20], and nuclear transcription [21,22] have also been
described, eventually leading to cell death by apoptosis or, less
frequently, by necrosis [21,23,24]. The fibrillar Ab deposits
appear the main responsible for tissue neuroinflammation
[25,26], even though they can also leak toxic oligomeric entities
from their ends. In addition, in several systemic amyloidosis the
burden of tissue-deposited material can, by itself, damage organs
simply by hindering a proper flow of nutrients to the cells [27].

That oxidative stress and alteration in intracellular Ca21

levels play a key role in damaging cells exposed to early
aggregates is suggested by many experimental data [17–22].
Cell treatment with antioxidants such as tocopherol, lipoic
acid, reduced glutathione or phenolic substances is protective
against aggregate toxicity [28,29]. Data also point to direct
effects of ageing and oxidative stress on cell viability in nerve
tissue through a reduction of the activity and expression levels
of the proteasome [30,31], whose engulfment or inhibition are
likely to result in the accumulation of oxidised or otherwise
damaged or misfolded proteins [32], as well as of the efficiency
of the autophagic response, which favours clearance of aggre-
gated material and damaged organelles reducing the ensuing
inflammatory response [33].

More generally, intracellular oxidative stress can be
related to some form of destabilisation of cell membranes by
toxic species with loss of regulation of plasma membrane pro-
teins such as receptors and ion pumps [34] and/or derange-
ment of mitochondrial function following Ca21 ingress in neu-
ronal mitochondria [35], impairment of oxidative metabolism
and release of strong inducers of apoptosis such as cyto-
chrome C. A similar chain of events could be at work in aged
tissues, whose cells are more susceptible to oxidative stress
and characterised by a lower energy load. Indeed, many stud-
ies support a close involvement of Ca21 deregulation in AD, PD
and prion diseases [reviewed in Ref. 36]]. Membrane lipid per-
oxidation with production of reactive alkenals and chemical
modification of membrane ion pumps can also contribute to
the increase in Ca21 levels in aggregate-exposed cells [37].
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Oligomer-induced increase of cell permeability to Ca21 can
also involve interaction with voltage-gated [38] or ligand-gated
calcium channels such as the glutamate NMDA and AMPA
receptors [39].

The search for any therapeutic strategy against amyloid
diseases requires a deep knowledge of the biophysical and
structural determinants of peptide/protein aggregation, the
path of aggregate growth, the identification of the species
responsible for cell/tissue derangement, the mechanisms and
molecular basis of the latter and, last but not least, the
defence response of the cells against those perturbations. In
recent years, an increasing body of research has focused natu-
ral phenols/polyphenols found in many foods as important mol-
ecules for their beneficial effects against ageing and age-
related pathological conditions. This review reports some of
these issues providing experimental support to the anti-
aggregation and beneficial properties of a number of these
substances as well as the clinical investigation of their possible
use in therapy of AD and other neurodegenerative diseases.

2. Natural Phenols/Polyphenols
as Anti-Amyloid Tools
Natural phenolic substances are present in many foods of
plant origin, including green tea, extra virgin olive oil (EVOO),
red wine, spices, berries, and aromatic herbs so that people
adopting specific diet habits (particularly the so-called Medi-
terranean diet (MD) and Asian diet) usually assume moderate
amounts of these substances continuously during their life-
span. This aspect may contribute to explain the results of
many epidemiological studies showing an association between
such diet habits and the significantly reduced incidence of age-
related diseases, including cardiovascular diseases, cancer
and amyloid diseases, particularly those implying neurodege-
nerative conditions [40], suggesting the use of such substances
as preventative agents. This seems particularly relevant in the
context of sporadic amyloid diseases that develop during a
very long time period (maybe the entire lifespan) but whose
symptoms manifest late in life, when tissue damage and func-
tional derangement become severe and often irreversible.

The most studied natural phenols as anti-amyloid tools are:
curcumin, a phenolic acid derivative and an ingredient of curry;
epigallocatechin-gallate (EGCG), the flavanol enriched in green
tea; resveratrol, a stilbene abundant in red wine; quercetin and
myricetin, flavonols present in tea, onions, cocoa, red wine and
in Ginkgo biloba extracts; oleuropein aglycone (OLE) and oleo-
canthal, secoiridoids typical of EVOO. Many other natural phe-
nols or some metabolic derivatives have also been considered,
yet with variable results; these include tannic acid, ellagic acid,
apigenin, baicalein, kaempferol, morin, fisetin, rutin, luteolin,
rottlerin, malvidin, piceatannol, ferulic acid, hydroxityrosol, caf-
feic acid, silibinin and nordihydroguaiaretic acid.

The interesting aspect that has emerged from the studies
carried out during the last decade is that such compounds do

not simply act on a single step of the amyloid disease such as
the aggregation process; rather, they seem to produce their
positive outcomes by modifying several different aspects of the
biological and functional features of the cells and tissues
where aggregation takes place. With this review we will try to
highlight this point focusing the main molecular mechanisms
by which natural phenols protect against amyloid diseases and
discussing some selected examples taken from the literature.

3. Inhibition of the Production of Toxic
Amyloid Aggregates
This issue is probably the most studied because the first ques-
tion that a biochemist poses when he starts considering a
potential anti-amyloid compound is: will it inhibit amyloid
aggregation in vitro and, more importantly, in vivo? And, if so,
will this result in a significantly reduced cytotoxicity? All the
considered phenols are able to interfere with the appearance
of toxic aggregates of amyloidogenic peptides, at least in vitro,
but they to this in different ways and with different outcomes
[41]; moreover, the behaviour of the same polyphenol can vary
depending on the amyloidogenic peptide with which it is chal-
lenged, thus displaying a certain degree of specificity. If we
look at the final outcome of the amyloidogenic process, we can
see that amyloid inhibitors can redirect aggregation towards
off-path intermediates preventing the formation of toxic
oligomers, the deposition of fibrillar material, or both, often
determining the transient or definitive formation of an amor-
phous peptide aggregate, apparently devoid of cytotoxicity
[42]; furthermore, in some cases they can also disaggregate
preformed fibrils with the release of monomers/oligomers pos-
sibly devoid of toxicity.

If we look at natural phenols we can find all the spectrum
of such possibilities [43]. For example, curcumin inhibits oligo-
merization of Ab, hen egg white lysozyme (HEWL) and human
islet amyloidogenic polypeptide (hIAPP) promoting fibril depo-
sition [44–46], while it inhibits both oligomerization and fibril-
lization of PrP [47]; EGCG stimulates the assembly of amor-
phous material and of non-toxic off-pathway oligomers by a-
syn and Ab; furthermore, it can also remodel their mature
fibrils and toxic oligomers into non-toxic small protein aggre-
gates [42,48]. However, EGCG inhibits transthyretin (TTR)
aggregation by stabilizing its native conformation but, differ-
ently from resveratrol, does not fit its T4 binding site [49,50].
OLE triggers the precipitation of both Ab and hIAPP into amor-
phous aggregates devoid of toxicity which eventually evolve
into non-harmful protofibrils [51,52]. In some cases these in
vitro results are coherent with what has been observed in vivo
in animal models. For example, a grape seed extract rich in
gallic acid, catechins and proanthocyanidins significantly
reduces Ab plaques in the brain of a transgenic mice model of
AD [53]. These studies allow for some consideration concern-
ing the effective doses of natural phenols: if we look at curcu-
min, which stabilizes TTR in its native tetrameric state in
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vitro, the 1.0 mM concentration used to inhibit TTR aggrega-
tion in the culture medium of a rat Schwannoma cell line
expressing the TTR L55P mutant [54] was well below the
21.4 6 3.6 mM concentration that could be achieved in the
plasma of a hTTR mice model expressing the V30M mutant
following a massive, yet not toxic, curcumin administration
(2.0%w/w of diet for a six week period); in these mice, curcu-
min selectively binds to the TTR thyroxine-binding sites stabi-
lizing the tetramer and decreasing amyloidosis in tissues [55].
OLE markedly reduces growth of toxic oligomers and plaque
deposition both in a Caenorhabditis elegans transgenic strain
expressing Ab (IC50 value for inhibition of worm paralysis, cal-
culated after OLE administration at L2 larval stage: 14.5 6 1.0
mM) [56] and in the TgCRND8 mouse model of Ab deposition
(50 mg/kg of diet for 8 weeks) [57]. If we consider a medium
daily food intake of 5.7 g for a 30 g mouse [58], this corre-
sponds to a daily dose of 0.28 mg OLE; transferring this to a
70 kg man, we obtain a daily dose of 650 mg OLE that would
be contained in more than 1.0 kg of an high phenol EVOO
[59]. It is than evident that the supposed beneficial effect of
OLE could be obtained in man only assuming this phenol as a
dietary supplement for long time periods. These studies sug-
gest that the inhibitory potency of a natural phenol, and its
effective doses, should always be confirmed in a living orga-
nism, also because some of these molecules display different
in vitro and in vivo activities. This is the case for the stilbene
nordihydroguaiaretic acid (NDGA), a strong anti-oxidant mole-
cule that inhibits Ab oligomerization (but not its fibrillization)
in vitro, while behaving in the opposite way in the Tg2576
mice model of AD, where it mainly impairs fibrillization with-
out interfering with the growth of toxic oligomers [60,61]. Sim-
ilarly, quercetin does inhibit Ab fibrillization but not its toxic
oligomerization in a C. elegans model of Ab deposition to
which it was given at a 0.073 mM medium concentration, even
though a previous in vitro study showed it was highly effective
against both Ab fibrillization and cytotoxicity to HT22 murine
neuroblastoma (quercetin concentration in culture medium: 10
ppm, corresponding to 0.033 mM) [62,63].

In the case of AD, some natural phenols seem to be able to
interfere with the enzymatic pathways leading to the formation
of the aggregation-prone Ab peptides from the amyloid precur-
sor protein (APP): EGCG (intraperitoneally injected in the
APPsw transgenic mice, 20 mg/kg for 60 days) and oleuropein
(12.5–50 mM in the culture medium of HEK293 and of SK-N-
SH neuroblastoma cells, overexpressing and endogenously
expressing APP, respectively) were shown to promote the non-
amyloidogenic a-secretase-mediated APP proteolysis increas-
ing the production of the N-terminal APP cleavage derivative
(soluble APP-a), with a decrease in Ab levels and plaques
[64,65]. Five flavonoids (myricetin, quercetin, kaempherol,
morin, and apigenin) were shown to inhibit the activity of the
b-site APP cleaving enzyme-1 (BACE-1) in vitro, but only
myricetin and quercetin displayed a similar behaviour in neu-
ronal cells at non-cytotoxic concentrations, with a reduction of
the levels of extracellular Ab [66]; the in silico docking simula-

tion indicated that the five flavonoids directly interacted with
the BACE-1 catalytic core by hydrogen bonding [66]. Finally, c-
secretase, or its catalytic subunit presenilin, the second
enzyme involved in the proteolytic cascade responsible for Ab
fragment generation, can be another target of polyphenols.
This is the case for curcumin (200 mg/kg/day, gavaged to
mice) that reduces the expression of presenilin-2 and increases
that of b-amyloid-degrading enzymes in the APPswe/PS1dE9
double transgenic mice [67].

4. Protection Against Oxidative Stress
All natural phenols display radical scavenging activities,
thanks to the aromaticity of their phenolic ring/s, and probably
this was the first property which prompted researchers to con-
sider these substances in the context of amyloid diseases, often
characterised by a pronounced oxidative stress. Some of these
molecules possess also metal-chelating properties and there-
fore can interfere with metal-catalysed ROS production (e.g.
the Fenton reaction). Anyway, the relevance of such scaveng-
ing activities in vivo could be less important than expected on
the basis of in vitro determinations, mainly because of the
chemical modifications natural phenols undergo following
their ingestion and absorption [68]: if we consider hydroxityro-
sol (HT), one of the phenolic components of olive oil and a deg-
radation product of OLE, we can see that glucuronidation
remarkably reduces its activity against LDL oxidation and in
DPPH radical scavenging [69]. Accordingly, a recent study sug-
gests that polyphenols could exert their direct antioxidant
activity mainly in the stomach (and hence before their absorp-
tion and chemical modification), where they would prevent the
formation of toxic lipid oxidation products [70]. On the other
hand, the efficacy of several natural phenols in reducing cellu-
lar ROS content seems to rely mainly on their ability to acti-
vate the enzymatic antioxidant defences: HT was shown to
increase Mn-superoxide dismutase (MnSOD) expression, thus
affecting age-associated mitochondrial ROS accumulation [71];
OLE was similarly found to increase SOD, catalase and gluta-
thione peroxidase activities in the brain of aged rats, thus
reducing the lipoperoxidative damage [72].

The upregulation of antioxidant enzyme expression by nat-
ural phenols often requires the activation of the redox-
sensitive transcription factor Nrf2, as exemplified by EGCG
[73]. Paradoxically, the mechanism by which these substances
induce antioxidant enzymes seems, at least in some cases, to
consist in the hormetic response to a pro-oxidant stimulus; for
example, in the presence of peroxidase, HT can undergo a
catechol-semiquinone-quinone redox cycling generating super-
oxide [71] while EGCG can lead to ROS production through the
auto-oxidation of its pyrogallol moiety and the reduction of Fe
(III) to Fe (II), which triggers the Fenton reaction [74,75]. That
hormesis can be more generally involved in the cell antioxi-
dant response is supported by a recent study where it was
shown that mild exposure of a pancreatic cell line to toxic
hIAPP oligomers results in a hormetic stimulus able to trigger
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the antioxidant defences counteracting a transient oxidative
stress [76].

5. Autophagy Activation
Autophagy is a mechanism of lysosomal degradation of pro-
teins and organelles essential for the maintenance of cellular
proteostasis and triggered primarily by nutrient deprivation,
organelle (particularly mitochondria) damage and protein
aggregate accumulation. Actually, the term autophagy com-
prises three different processes: macroautophagy, microau-
tophagy and chaperone-mediated autophagy, but here we will
refer just to macroautophagy (from now, simply autophagy),
the most studied and relevant in our context. Autophagy is
regulated by many proteins that promote autophagosome for-
mation and maturation as well as its fusion with lysosomes to
form autophagolysosomes [33]. Typical markers of autophagy
activation are Beclin-1 and LC3, involved in the first steps of
phagophore formation, and p62, participating in cargo recog-
nition by lysosomes.

Autophagy dysfunction is a common trait of many amyloid
diseases and it is particularly relevant in the neurodegenera-
tive ones [33]. The significant accumulation of immature auto-
phagic vacuoles in dystrophic neurites in AD suggests that
their transport and maturation to lysosomes may be impaired
[77]. A recent study in Drosophila has shown that Ab42 accu-
mulates and aggregates into autophagic-endosomal-lysosomal
vesicles with relocation of amyloid deposits to the extracellular
space in aged flies, suggesting that a similar route could be
significant in AD [78]. Autophagy may be impaired during
amyloid diseases as a consequence of a variety of concurrent
different mechanisms. For example, a reduction in the pro-
autophagic protein Beclin-1 is observed in AD [79] and muta-
tions in presenilin-1, responsible for early-onset AD, result in
selective impairment of autophagolysosome acidification and
cathepsin activation due to the failure of v-ATPase subunit tar-
geting to lysosomes [80]. Several molecules associated to fami-
lial PD, such as wild type a-syn, its A53T and A30P mutants,
DJ-1, parkin, PINK1 and LRRK2 are involved in the autophagic
pathway [77], while mutant Huntingtin sequesters Beclin-1
thus impairing the autophagic degradation of protein deposits
[81]. On the other side, autophagy stimulation [82] or reversal
of autophagy dysfunction by different treatments [33] has been
shown to ameliorate amyloid pathologies. Caloric restriction
(CR) is one of the most potent autophagy-activating stimuli and
the resulting lifespan increase greatly relies on the removal of
damaged components accumulating during cell ageing. Among
the key proteins activated by CR and capable to trigger
autophagy are Sirtuins (class III histone deacetylases) and the
AMP-activated protein kinase (AMPK), in response to the
increase in NAD1 and AMP, respectively [83].

Several natural phenols have been shown to activate
autophagy, thus behaving as CR mimickers, and in some cases
molecular targets of their action have been proposed. One of
the most studied is resveratrol whose autophagy-promoting

activity was shown to pass through Sirtuin-1, calcium-calmod-
ulin-dependent protein kinase-kinase b, AMPK, protein kinase
A and Akt [83–85]; 10 mM EGCG also stimulate autophagy in
vascular endothelial cells by similar mechanisms [86]. More
generally, AMPK appears to be involved in autophagy induc-
tion by natural phenols; in fact it is also activated by curcumin
and kaempferol [87,88].

The molecular details underlying the effects of other natu-
ral phenols have not been conclusively deciphered yet; this is
the case for OLE, which is an autophagy inducer both in cul-
tured cells and in a Tg mouse model of Ab deposition, where it
remarkably reduces both Ab deposition and cognitive impair-
ment while heavily increasing autophagy [57]. A secoiridoid
rich extract from EVOO was shown to upregulate Sirtuin-1
expression and to activate AMPK [89], and the relevance of
these pathways in the context of OLE-mediated autophagy
activation is currently under investigation in our laboratory.

Many pieces of evidence suggest that autophagy induction
by natural phenols contributes to their beneficial effects
against amyloid diseases as it is the case for kaempferol and
resveratrol against PD, OLE and resveratrol against AD and
resveratrol against ALS [33,57]. In a few cases, depending on
the administered dose or the experimental model, natural phe-
nols have also been shown to inhibit autophagy, or to induce
cell death through an autophagy-associated pathway [90]. The
autophagy-apoptosis relationship still needs to be better
assessed, as it appears very complex and dependent on the
cell type and functional state [91]; for these reasons such “hot”
topic deserves more extensive investigation, particularly in liv-
ing organisms.

6. Natural Phenols Protect Against
Tissue Inflammation
The anti-inflammatory properties of natural phenols are well
known [92], and the case history is so wide that it is impossible
to summarize it in a brief paragraph. Here we just limit to
emphasize the recently recognised relevance of these proper-
ties in the context of amyloid diseases counteraction.

Inflammation is an important pathological aspect of amy-
loid diseases; for example, in AD the sustained activation of
microglia and astrocytes in response to plaque deposition
results in over-production of nitric oxide, ROS, pro-
inflammatory cytokines (TNFa, IL-1b, and IL-6), and prosta-
glandins (PGE2), that greatly contribute to the neuropathology
[93]. The molecular mechanisms by which natural phenols
exert their anti-inflammatory activity are multiple. Besides
direct scavenging of oxidant species, these involve different
pathways some of which are in common with autophagy
induction (AMPK activation, mTOR inhibition) while others,
including PI3K/AkT, IKK/JNK, JAK/STAT and ACE inhibition,
are more specific to inflammation and lead to NFjB, AP-1,
HIF, and STAT inactivation [92]. In any case, the final outcome
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is the decreased production of pro-inflammatory
intermediates.

The beneficial effects of natural phenols administration to
animal models of amyloid diseases usually include the attenua-
tion of inflammation. For example, OLE, rutin, grape seeds
extracts and curcumin produce a reduction of microgliosis and
astrocytosis in the Tg mice models of AD [53,57,94,95].

7. Bioavailability
Generally speaking, natural phenols are absorbed by humans,
because following their ingestion they (or their degradation
and/or modification products) appear in the urine; however,
their bioavailability is poor: a review on 97 bioavailability
studies reported that the plasma concentrations of total
metabolites following oral administration of a polyphenol
ranged from 0 to 4 mmol/L with an intake of 50 mg aglycone
equivalents [96]. If we are interested in these compounds as
potential nutraceuticals or drugs useful against neurodegener-
ative diseases, we should also consider the extremely selective
permeability of the blood brain barrier (BBB). The aglycones
of polyphenols exploit passive diffusion through membranes
and are generally better absorbed then their glycated counter-
parts, though substantial quantities pass to the large intestine
to be eliminated [97]. Then, similarly to many non-polar xeno-
biotics, they can be subjected to Phase I and II metabolism
with the production of sulphated, hydroxylated and glucuro-
nide derivatives, as well as of degradation products [98].

In spite of all these obstacles, evidence suggests that some
natural phenols can cross the BBB as it is the case for curcu-
min which labels amyloid plaques in the brain of AD model
mice [99] and for OLE (or a derivative) which is found in the
rat brain parenchyma [100]. For what the conditions improv-
ing the bioavailability of various phenols are concerned, the
scenario is highly variegated. For example, EGCG plasma lev-
els are increased if it is given after an overnight fasting period
together with ascorbic acid and salmon omega-3 fatty acids,
without caffeine [101]; on the contrary, oleuropein stability
highly increases both in the stomach and in the intestine if it is
ingested with the meal [102].

Due to the great interest in natural phenols as promising
drugs, strategies are under study to improve their bioavailabil-
ity, and encapsulation is probably the most actively investi-
gated one, in some cases with promising results. Oleuropein
was found to enter b-cyclodextrin particles with its phenolic
portion, and this seemed to protect it from oxidation while
increasing its solubility [103]; curcumin was encapsulated in
b-cyclodextrin -stabilised PEG nanoparticles <80 nm in size
that favoured its stability and bioavailability after oral admin-
istration to TgCNRD8 mice, with an increase also in brain pen-
etration [104]; curcumin was also introduced in human serum
albumin nanoparticles, with an improvement in its anti-cancer
activity [105]; maltodextrin-Arabic gum nanoparticles were
used to encapsulate EGCG [106], and a recent review summa-
rizes the results obtained following encapsulation of various

polyphenols in liposomes with an improvement in solubility
and chemical stability which overcomes their low bioavailabil-
ity and, in some cases, increases their therapeutic effect in
vivo [107]. Most of these molecular devices have not been
tested yet in clinical trials; anyway this seems to be the best
strategy to improve natural phenols efficacy as drugs, while
reducing the administered dose.

8. Past and Ongoing Clinical Trials
The claimed beneficial properties of a number of natural phe-
nols against age-associated diseases such as cancer, cardio-
vascular diseases, neurodegeneration as well as other patho-
logical conditions, following their investigation in animal
models, have been tested in a number of clinical trials. Several
clinical trials have also been carried out with people main-
tained for prolonged time periods at specific dietary regimens
such as those with peculiar lipid contents or mimicking more
or less strictly the key features of the MD. The results of most
of these trials are not definitive and, in some cases, they
appear contradictory. This is probably due to the many fac-
tors, not merely diet-related, involved in the pathogenesis and
clinical progression of the investigated pathological condition
as well as to the difficulty in strictly controlling that the
enrolled people follows precisely the planned diet for long time
periods. Here we limit to a brief survey on some of the most
important clinical trials performed to assess the supposed ben-
eficial effects against neurodegeneration of purified natural
phenols or of phenol-enriched diets.

Evidence for an effective role of natural products in
dementia prevention is limited, however epidemiological and
clinical evidence is increasingly available on a number of poly-
phenols and phenol-enriched foods. In this context, curcumin,
resveratrol, EGCG and Ginkgo biloba extracts are the most
intensively studied molecules for their supposed anti-
neurodegenerative properties.

Curcumin has been investigated mainly for its anti-cancer
properties in humans. However, at present, four clinical trials
concerning its effects on AD have been carried out [reviewed
in Ref. 100]]. Two of these, performed in China and USA,
reported no significant differences in cognitive function or in
plasma and CSF biomarkers between placebo and curcumin-
treated groups; no adverse events were either reported
[108,109]. More recent trials also have not given definitive
results concerning the protection of curcumin or its lipidated
derivative against neurodegeneration in AD [110,111]. Consid-
ering the low bioavailability of the compound, in spite of its
good tolerability even at high doses, additional trials are
needed to determine the clinical usefulness of curcumin in the
prevention and treatment of AD, possibly increasing the dose,
using different administration strategies (nanoparticles),
enrolling a larger number of patients and prolonging the
treatment.

Published clinical trials of resveratrol were largely focused
on characterizing its pharmacokinetics and metabolism. In
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recent studies, also employing multiple doses, it was found to
be safe and reasonably well-tolerated at doses of up to 5 g/day
[reviewed in Ref. 112]. The results showed that resveratrol
positively modulates enzyme systems involved in carcinogen
activation and detoxification, and improved cerebral blood
flow. The latter data provide support to the “French paradox”
i.e. the epidemiological observation that French people suffers
low incidence of coronary heart disease in spite of a diet rich
in saturated fats, possibly due to the substantial pro-capita
consume of red wine, rich in resveratrol. However, such an
explanation was questioned by a study appeared in 2003 con-
cluding that the amount of resveratrol absorbed by drinkers of
red wine is very low and thus unlikely to explain the paradox
[113].

Epigallocatechins, particularly EGCG, have been largely
investigated, even in a number of clinical trials, for their anti-
cancer properties. Much less information is currently available
on EGCG effects against amyloid diseases and amyloid-
associated neurodegeneration in humans. Several clinical tri-
als are ongoing (see the ClinicalTrials.gov database, a service
of the U.S. National Institutes of Health), addressing AD, multi-
ple system atrophy (associated to a-syn deposition), cardiac
amyloid light-chain amyloidosis, Huntington disease, and one
on PD has been completed at the Beijing Institute of Geriatrics,
Xuanwu Hospital (China) but the results are not yet available.
A recent study suggests an inhibitory effect of green tea and/or
green tea extracts on the progression of cardiac amyloidosis
[114]. The Phase I trials providing information on the safety
profile and pharmacokinetics of EGCG are expected to enlarge
the window of opportunities to undertake well-controlled long-
term human studies to enable a full understanding of the pro-
tective effects of green tea catechins on various parameters in
different settings, particularly neurodegeneration.

Ginkgo biloba extracts have been extensively studied in
numerous clinical trials in the elderly, both healthy, demented
or after ischemic stroke. These studies in several cases yielded
positive outcomes in terms of protection against cognitive
decline in dementia patients [reviewed in Ref. 115]. Such
results support the opportunity to administer G. biloba after
acute ischemic stroke [116]. Moreover, a recent study has
highlighted the benefit of treatment with a G. biloba standar-
dized extract, with a strong delay in the deterioration of the
living day activities, as compared to placebo, similar to that
obtained by the use of a cholinesterase inhibitor [117]. Other
trials reported similar results showing that a once-daily dose
of 240 mg of the same extract resulted in a significant and
clinically relevant improvement in cognition, psychopathology,
functional measures and quality of life of patients [118,119].
However, the outcome of another placebo-controlled trial
showed that long-term use of the same G. biloba extract did
not reduce the risk of progression to AD, as compared with
placebo [120].

Several clinical trials have also been carried out in recent
years on patients fed with diets naturally enriched in several
polyphenols, as it is the case for MD, to investigate possible

relationships between the latter and the incidence of a number
of pathologies including the neurodegenerative ones. Particu-
lar efforts were devoted to investigating EVOO efficacy, since
this is one of the most characterizing “ingredients” of the MD,
and a valuable source of natural phenols. One of the most
cited surveys on the association between the use of olive oil
and cognitive decline in a large elderly population is the
“Three-City Study,” where around 7,000 subjects character-
ized by variable use of olive oil in their diet were examined.
The results showed that subjects with moderate or intensive
use of olive oil displayed lower odds of cognitive deficit respect
to those who never used olive oil [121]. The results of this
study have been confirmed by more recent randomized trials,
the so-called PREDIMED and PREDIMED-NAVARRA studies
carried out on 477 and 522 participants, respectively, at high
cardiovascular risk. The cognitive performance of the enrolled
people was examined taking into account their dietary habits
in terms of previous long-term intake of polyphenol-rich foods
(PREDIMED) or after 6.5 years of nutritional intervention
(PREDIMED-NAVARRA). After adjustment for several poten-
tially interfering factors, the first study led to conclude that an
intervention with a MD enriched with EVOO, wine or nuts
improved cognition as compared with a control diet, but in the
second study only EVOO supplementation seemed to be associ-
ated to significantly better cognitive performances [122,123].
The results of other studies have substantially confirmed these
surveys, converging towards a beneficial effect of the MD on
cognitive function in spite of many differences between the
investigated populations [reviewed in Ref. [124].

Finally, another prospective study carried out on 49,281
men and 80,336 women, of which 805 developed Parkinson
disease during 20 to 22 years of follow-up, showed that the
habitual intake of dietary flavonoids was significantly related
to a reduced risk of disease [125]. Nevertheless, the authors
caution that the results must be confirmed by other large pro-
spective studies carried out on populations with wider hetero-
geneity in dietary flavonoids. Overall, these studies reinforce
the notion that natural phenols, particularly those enriched in
the MD, might counteract age-related cognitive decline.

9. Conclusions
The past decade has seen a terrific rise in the studies focused
at describing the beneficial effects of phenolic substances of
plant origin either at the molecular and at the clinical level.
These studies were prompted by the widely recognized associ-
ation between specific dietary regimens and a reduced risk of
age-associated pathologies such as cancer, cardiovascular dis-
eases and neurodegeneration. However bias-free, more accu-
rate studies are needed to assess that undoubtedly these diets
and their characterizing foods somehow are really able to
slow up ageing and to prevent, at least in part, age-associated
neurodegenerative pathologies such as AD and PD.

What makes phenolic compounds really interesting as
potential drugs is their emerging multifunctionality (Table 1):
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Summary of the most relevant biological activities against amyloid diseases reported in this article for representative natural

phenols

Phenol Formula Biological activity References

Curcumin Inhibits amyloid aggregation [44–47,53,54]

Activates autophagy [85]

Reduces neuroinflammation [93]

Reduces the expression of presenilin-2 and

increases that of b-amyloid-degrading

enzymes

[126]

AD clinical trials: not conclusive [106–109]

EGCG Inhibits amyloid aggregation [42,48,49,57]

Promotes the a-cleavage of APP [62]

Reduces APP transcription [64]

Upregulates antioxidant enzymes [71]

Activates autophagy [84]

Halts progression of cardiac amyloidosis [112]

Resveratrol Inhibits amyloid aggregation [50]

Activates autophagy [33,81–83]

Reduces neuroinflammation [57]

Improves cerebral blood flow [110]

Oleuropein aglycone Inhibits amyloid aggregation [51,52,55,56]

Its glycated precursor promotes

the a-cleavage of APP

[63]

TABLE 1
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they can no more be considered just for their anti-oxidant
activity (also because this could be greatly reduced following
ingestion, as we have highlighted) and the plethora of effects
they elicit poses a real challenge to biochemists and pharma-
cologists. The spectrum of pathways that should be monitored
following cell/organism exposure to phenols is becoming wider
and wider and it seems that we are still far from obtaining a
complete picture.

An underestimated approach is the experimentation of
complex nutraceuticals/pharmaceuticals formulations of more
phenols and/or of phenols associated to other compounds,
exploring natural as well as new combinations. In fact, looking
at the doses of single phenols that produce beneficial effects in
vivo, these are often higher than those corresponding to the
normal intake of foods enriched in them, according to specific
dietary regimens known to reduce the incidence of certain dis-
eases. This suggests the possible existence of synergies in both
the mechanisms of absorption and the pharmacological action
that could be favourably exploited as well as the need to
assume these low doses for long time periods and/or to
increase the intake of these substances by assuming specific
nutraceutical products.

This “bench” side of the research would provide clues to
understand the outcomes of clinical trials, that we expect will
give more significant results when strategies aimed at improv-
ing the bio-availability and tissue targeting of these substances
will be adopted. Encapsulation inside properly formulated
nanoparticles appears a promising frontier that could pave the
way to the development of brain-targeted nutraceutical prod-
ucts useful for the specific prevention of age-associated neuro-
degeneration and mental decline which eventually culminate
into various forms of dementia, one of the most widespread

and severe conditions in the increasingly more aged popula-
tion, which poses dramatic budget costs for the health systems
in the developed countries.
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