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Abstract Life expectancy of most human populations has

greatly increased as a result of factors including better

hygiene, medical practice, and nutrition. Unfortunately, as

humans age, they become more prone to suffer from neu-

rodegenerative diseases and neurotoxicity. Polyphenols can

be cheaply and easily obtained as part of a healthy diet.

They present a wide range of biological activities, many of

which have relevance for human health. Compelling evi-

dence has shown that dietary phytochemicals, particularly

polyphenols, have properties that may suppress neuroin-

flammation and prevent toxic and degenerative effects in

the brain. The mechanisms by which polyphenols exert

their action are not fully understood, but it is clear that they

have a direct effect through their antioxidant activities.

They have also been shown to modulate intracellular sig-

naling cascades, including the PI3K–Akt, MAPK, Nrf2,

and MEK pathways. Polyphenols also interact with a range

of neurotransmitters, illustrating that these compounds can

promote their health benefits in the brain through a direct,

indirect, or complex action. We discuss whether polyphe-

nols obtained from diet or food supplements are an effec-

tive strategy to prevent or treat neurodegeneration. We also

discuss the safety, mechanisms of action, and the current

and future relevance of polyphenols in clinical treatment of

neurodegenerative diseases. As populations age, it is

important to discuss the dietary strategies to avoid or

counteract the effects of incurable neurodegenerative dis-

orders, which already represent an enormous financial and

emotional burden for health care systems, patients, and

their families.
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Introduction

Dietary polyphenols exhibit a strong potential to counteract

neurotoxicity and neurodegeneration. In recent years, evi-

dence has been produced suggesting that dietary polyphe-

nols can prevent the development of serious complications

associated with neurodegenerative disorders, as well as

take part in a therapeutic strategy to attenuate the delete-

rious effects promoted by those same disorders. The

pathophysiology of neurological disorders is complex and

few clinically relevant medicines are available in the

market to combat Alzheimer’s disease (AD), stroke, mul-

tiple sclerosis (MS), Parkinson’s disease (PD), Hunting-

ton’s disease (HD), or other neurodegenerative diseases.

The few available options are expensive and have limited

efficacy. For example, interferon b-1a is used for MS

(Lampl et al. 2012); levodopa is used for PD (Singer 2012);
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tetrabenazide is used for HD (de Tommaso et al. 2011), and

tissue type plasminogen activator (tPA) is available for

stroke (Haile et al. 2012). The high cost and limited effi-

cacy of these treatments emphasizes a clear demand for

alternative therapies. In this context, dietary polyphenols

have emerged as a possible source of bioactive molecules

with the capacity to exert a positive action against neuro-

toxicity and neurological diseases. The etiology of neuro-

logical disorders is very complex but most of those

diseases present common features, including mitochondrial

dysfunction, oxidative stress, genetic alterations, regulation

of cytokines expression, inflammation and modification of

signaling pathways. In fact, polyphenols are reported to

alter signaling pathways and induce cell death through both

apoptosis and autophagy, an evolutionarily conserved

mechanism of lysosomal proteolysis in eukaryotes, which

occurs in response to nutrient deprivation. This property of

polyphenols to trigger autophagy is important in the

treatment and prevention of neurodegenerative diseases,

since decreased autophagic degradation and mitochondrial

protein aggregates are particularly harmful in post-mitotic

cells (such as neurons), whose loss is observed in these

disorders (Pallauf and Rimbach 2013).

Polyphenols are found in a variety of alimentary sour-

ces, including beverages, (such as tea and red wine), herbs,

seeds, fruits (such as apples, berries, and cocoa), and also

in extra virgin olive oil (EVOO) (for extensive review

(Perez-Jimenez et al. 2010; Rigacci and Stefani 2015)).

Flavonoids are among the most abundant polyphenols in

human diets, representing about 2/3 of all those ones

ingested. Phenolic compounds incorporate in their structure

one or more benzenic rings with one or more hydroxyl

groups. Most polyphenols are synthesized by the phenyl-

propanoid metabolic pathway (shikimate pathway), in

which phenylalanine is used to produce 4-coumaroyl-CoA.

In flavonoids biosynthesis, 4-coumaroyl-CoA incorporates

three units of malonyl-CoA (acetate pathway), forming a

polyketide before differentiating into chalcones, which are

precursors for all of the flavonoid structures. The metabolic

pathway continues through a series of modifications to

yield flavanones, then dihydroflavonols and latter antho-

cyanins. Along this pathway, many other classes of flavo-

noids can be formed, namely flavonols, flavan-3-ols

(catechins), and proanthocyanidins (tannins) classes. The

flavonoids, which encompass a large number of secondary

metabolites, present a structure of two benzenic rings (A

and B) and a three-carbon bridge that can usually form a

third ring (C) (Dewick 2002).

There are numerous polyphenols and their bioactivity

depends on their structure, concentration, and availability

at the site of action. Indeed, to have any relevance in

neurotoxicity and neurodegeneration, dietary polyphenols

must cross the blood–brain barrier (BBB). As will be

discussed in the next subchapters, several of these com-

pounds have already proven capacity to cross the BBB and

exert their action in the brain (Faria et al. 2010). Moreover,

there is an enormous geographical variability on the human

intake of polyphenols. Thus, it is very difficult to evaluate

the contribution of each source to the overall effect of

polyphenols. Here, we present an up-to-date overview of

the possible therapeutic potential of dietary polyphenols

against neurotoxicity and neurodegeneration. We will dis-

cuss the question: are polyphenols dietary agents against

neurotoxicity and neurodegeneration? In this discussion,

we stress that while exciting new discoveries have been

made, which make this subject important to discuss, a

definitive conclusion is far from being reached. We pro-

pose to discuss diet as a natural source of phytochemicals

with potential to protect the brain from neurodegeneration.

Among those phytocompounds, we focused on polyphe-

nols, particularly catechins.

Edible and Medicinal Plants as a Source
of Polyphenols

Plants have played an important role in modern civiliza-

tion. They serve not only as a natural source of compounds

with therapeutic potential but also as an alternative source

of drugs. According to the World Health Organization, a

medicinal plant is any plant that contains substances that

are of interest for therapeutic purposes, or that contains

precursors for chemo-pharmaceutical semisynthesis.

Medicinal plants can have any or all of its morphological

parts including leaves, roots, rhizomes, stems, barks,

flowers, fruits, grains or seeds, employed in the control or

treatment of a particular disease or group of medical con-

ditions. These non-nutrient plant chemical compounds are

referred as phytochemicals (from the Greek phyto meaning

‘plant’) (Doughari 2012). In a more complex and detailed

definition, we can describe phytochemicals as structurally

diverse secondary metabolites, synthesized not only by

plants but also by non-pathogenic endophytic microor-

ganisms living within plants. Notably, these metabolites

are essential to plants since they help them to survive under

environmental stresses, protect them from microbial

infections and environmental pollutants, provide them a

defense from herbivorous organisms, and attract natural

predators of such organisms, as well as lure pollinators and

other symbiotes (Leonov et al. 2015; Stefani and Rigacci

2014; Wink 2003).

Polyphenols are one of the largest groups of phyto-

chemicals with important roles in plants, including pro-

tection from photosynthetic stress and reactive oxygen

species (ROS). For instance, they help plants to survive

various environmental stresses, including UV light, heat
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and cold stresses, osmotic stress and high salinity, extreme

pH, water deficit, dehydration, and even nutrient depriva-

tion. They protect plants from viral, bacterial, yeast and

fungal infections, defend plants from invading insects,

herbivorous animals and competitor plant species. There is

also evidence supporting that these phytochemicals are

beneficial to survival and reproduction of plants (Leonov

et al. 2015). Indeed, the synthesis of polyphenols (and

many other phytochemicals) in plants is induced by a wide

range of environmental stresses. Notably, it has been

shown that polyphenolic profile provides a chemical sig-

nature of the environment state. For instance, the xeno-

hormesis hypothesis postulates that plants synthesize

phytochemicals as part of a response to hormetic envi-

ronmental stresses, such as UV light, thermic stresses,

osmotic stress and high salinity, water deficit and dehy-

dration, nutrient deprivation, and infection (Howitz and

Sinclair 2008; Lamming et al. 2004). As referred, there is

an enormous variability on the intake of polyphenols by

individuals from different countries. Still, more than 1 g of

phytochemicals per day is commonly ingested in diet

(Ovaskainen et al. 2008; Si and Liu 2014). Moreover, as

dietary flavonoids are known to occur in lower amounts

than the simpler phenolic acids, several studies have shown

these latter ones are consumed in greater quantity than

flavonoids (Ovaskainen et al. 2008; Perez-Jimenez et al.

2010). It is estimated that individual flavonoid consump-

tion is approximately 190, 313, and 454 mg per day,

respectively, for the citizens of the United States, Spain,

and Australia (Chun et al. 2007; Johannot and Somerset

2006; Zamora-Ros et al. 2010). These substances are bio-

logically active and known to provide health benefits for

humans (Hasler and Blumberg 1999).

There are more than 4000 phytochemicals cataloged. Of

these, only a small fraction of about 150 phytochemicals

have been studied in detail, and several functions were

already attributed to these compounds. For example, they

stimulate mechanisms that protect the human body from

infections, they also counterbalance free radicals, and

suppress enzymes that produce carcinogens and activate

enzymes that degrade carcinogens. Phytochemicals are

described as having protective effects against complex

diseases such as diabetes mellitus, high blood pressure, and

macular degeneration (Richa Tyagi et al. 2015). Notably,

they are suggested to be obligatory in a healthy diet. They

are also reported to slow aging and counteract problems

arising from health problems including heart sickness,

cancer, cataracts, stroke, high blood compression, osteo-

porosis, and urinary tract infections (Richa Tyagi et al.

2015) (For review see (Boeing et al. 2012)).

Phytochemicals are structurally diverse chemical com-

pounds. Based on their chemical nature they can be divided

into the following major classes: (1) phenolic compounds

(including flavonoids, phenolic acids, namely hydroxy-

benzoic and hydroxycinnamic acids, lignans, tyrosol esters,

stilbenoids, and alkylresorcinols); (2) terpenes (including

monoterpenes and sequiterpenes, sterols, triterpenes and

saponins, and carotenoids); (3) betalains (including beta-

cyanins and betaxanthins); (4) organosulfur compounds;

(5) organic acids; (6) quinones; (7) methylxanthines; and

(8) alkaloids (Hansen and Halkier 2005; Hooper et al.

2010; Kennedy and Wightman 2011; Leonov et al. 2015;

Menendez et al. 2013; Si and Liu 2014; Somani et al. 2015;

Wu et al. 2014) (Fig. 1). Phenolic compounds are one of

the largest and most studied groups of phytochemicals.

As discussed in the previous section, dietary polyphe-

nols are phytochemicals with very interesting properties.

They are categorized according to the nature of their car-

bon skeleton, ranging from basic phenolic molecules to the

highly complex flavonoids, the most common and widely

studied of all classes of phenolic compounds (Roche et al.

2015; Scalbert et al. 2005). The phenolic compounds, in

general, and the flavonoids, in particular, represent an

important component of a normal human diet (Kennedy

and Wightman 2011). Flavonoids are categorized into fla-

vonols, flavones, catechins, flavanones, anthocyanidins,

and isoflavonoids (Hollman and Katan 1999), being that

catechins remain as one of the groups with the most

powerful bioactivity and medicinal relevance. Indeed,

catechins (also known as flavan-3-ols or simply flavanols)

and their derivatives are the main class of phenolic com-

pounds present in several plants (Fig. 2). Some of the

major catechins are (-)-epicatechin (EC), (-)-epigallo-

catechin (EGC), (-)-epicatechin-3-gallate (ECG), and (-)-

epigallocatechin 3-gallate (EGCG) (Dias et al. 2013, 2014;

Moderno et al. 2009; Nunes et al. 2014). EGCG is the most

abundant catechin in tea (Camellia sinensis L.) leaves and

has been extensively studied (Fresco et al. 2006; Nunes

et al. 2014; Seeram et al. 2006; Wheeler and Wheeler

2004; Yang et al. 2004). The health benefits attributed to

catechins are suggested to be due to their chemical struc-

ture. Catechins are composed of two aromatic rings (A and

B) linked by a dihydropyran heterocyclic ring (C) and are

characterized by the presence of several hydroxyl groups,

in different positions in the general chemical structure

(Braicu et al. 2013; Nunes et al. 2014) (Fig. 3). Their

structural differences rely mainly on the presence and

number of different groups attached to the aromatic rings

(Braicu et al. 2013; Dias et al. 2014; Moderno et al. 2009).

EC has two hydroxyl groups in the A ring (at carbons 5 and

7), an ortho-dihydroxil group in the B ring (at carbons 30

and 40) and one hydroxyl group in the C ring (at carbon 3).

EGC and ECG are similar to EC, but EGC has a trihy-

droxyl group at carbons 30, 40, and 50 on the B ring (instead

of an ortho-dihydroxil group), while ECG has a gallate

moiety esterified at carbon 3 of the C ring (instead of a
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hydroxil group). EGCG has both a trihydroxyl group at

carbons 30, 40, and 50 on the B ring and a gallate moiety

esterified at carbon 3 on the C ring (McKay and Blumberg

2002; Nunes et al. 2014). Unfermented teas, such as white

and green tea, are well-known for their high contents of

these compounds. It has been proposed that the galloyl

moiety is responsible for the main specific activities of tea

catechins, especially lipid lowering effect (Braicu et al.

2013; McKay and Blumberg 2002). Furthermore, the two

catechins with galloyl moiety (EGCG and ECG) are

reported to possess the most potent biological activities

(Kim et al. 2014a). The most abundant green and white teas

polyphenol, EGCG, have been suggested to be responsible

for most of the beneficial effects of these beverages in

clinical and animal studies as well as in the in vitro studies

(Basu et al. 2010; Chyu et al. 2004; Dias et al. 2013; Kim

2008; Kim et al. 2007; Nunes et al. 2014; Potenza et al.

2007; Shanafelt et al. 2009). The most described mecha-

nism for the beneficial health effects of EGCG is attributed

to its antioxidant properties (Chen and Zhang 2003).

Nevertheless, recent findings suggest that autophagy

should also be taken into consideration when discussing

EGCG action (Kim et al. 2013). However, the mechanisms

of action of these compounds are very variable and remain

a matter of intense research.

Neurodegeneration at a Glance

Etymologically, the word ‘‘neurodegeneration’’ is composed

of the prefix ‘‘neuro-,’’ which designates nerve cells, and

suffix ‘‘degeneration,’’ which in the case of tissues or organs

refers to a process of losing structure or function. Thus, in the

strict sense, neurodegeneration corresponds to any patho-

logical condition primarily affecting neurons which induces

loss of their structure or function. Neurodegenerative dis-

eases represent a large group of neurological disorders with

heterogeneous clinical and pathological properties that

result in neuronal anatomic or functional malfunctioning.

Most of these diseases are reported as arising for unknown

causes and progress in a relentless manner. There are hun-

dreds of neurodegenerative disorders, from which we

Fig. 1 Schematic drawing of the major classes of phytochemicals.

There are eight major classes: phenolic compounds, terpenes,

betalains, organosulfur compounds, organic acids, quinones,

methylxanthines, and alkaloids. From all classes, polyphenols are

one of the largest groups of phytochemicals and one of the most

studied
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highlight a small group that includes AD, PD, HD, and

amyotrophic lateral sclerosis (ALS) (Przedborski et al.

2003). It has been consistently reported that themost reliable

risk factor for developing a neurodegenerative disorder,

especially AD or PD, is aging (Van Den Eeden et al. 2003).

Although these diseases have different clinical features, the

causal mechanisms at the cellular level appear to be similar.

The majority of neurodegenerative diseases are defined as

complex multifactorial disorders, as both familial and spo-

radic forms are known, with genetic and environmental

factors contributing to its onset. AD, PD, and ALS are the

three major neurodegenerative diseases. AD and PD are the

most studied due to their severity and large occurrence in

aged populations. Protein misfolding is a complex and

multistep phenomenon eventually leading to amyloid for-

mation that is the basis of a variety of diseases, including AD

and PD. AD is characterized by cognitive decline and is

etiologically related to amyloid deposition (Ho et al. 2005).

Notably, this cognitive decline was reported as significantly

reduced through the consumption of green tea (Kuriyama

et al. 2006). Neurodegenerative diseases represent an

increasing social and economic burden to our aging

societies. Some reports suggest that 15 % of population over

65 years suffer from AD and 1 % from PD (Cantuti-

Castelvetri et al. 2000). The United Nations have reported

that the number of people suffering from age-related neu-

rodegeneration, particularly from AD, will exponentially

increase from 25.5 million in 2000 to an estimated 114

million in 2050 (Jellinger 2006; Wimo et al. 2003). Neu-

rodegeneration shortens the life expectancy of affected

patients, but not all neurodegenerative disorders are fatal per

se, and some of the deleterious effects can be counteracted

(Przedborski et al. 2003). The brain and nervous system are

very prone to oxidative stress (OS) since they are inade-

quately equipped with antioxidant defenses. Indeed,

increased oxidative damage, mitochondrial dysfunction,

accumulation of oxidized aggregated proteins, inflamma-

tion, and defects in protein clearance are key events that lead

to pathologies by targeting neurons (Halliwell 2006).

Besides neurons, all of the central nervous system (CNS) is

sensitive to OS and suggested to be the basis of neurode-

generative diseases development (Nunes et al. 2014; Valko

et al. 2007). Thus, there is compelling evidence that OS plays

a critical role in the establishment of neurodegenerative

Fig. 2 General structure of a flavonoid (and its numeration system)

and chemical structures of the main classes of flavonoids. The basic

flavonoid structure is the flavan nucleus, consisting of two aromatic

rings (A and B) linked by a three-carbon aliphatic chain, which

normally has been condensed to form a pyran ring. This large group

of polyphenols can be classified into several classes according to the

oxidation and pattern of substitution of their central C ring
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diseases by inducing neuronal loss and neurodegeneration

(Ischiropoulos and Beckman 2003).

Only a very low percentage of neurodegenerative dis-

eases are caused by genetic mutations. Indeed, the largest

percentage is suggested to be caused by OS and other

deleterious effects, including mitochondrial dysfunction,

that lead to the formation of neurotoxic molecules. Among

the several mechanisms proposed to occur, evidence shows

that promotion of apoptosis or programmed cell death is a

key event (Winner et al. 2011). As discussed, aging is the

greatest risk factor for neurodegenerative diseases. Curi-

ously, OS and mitochondrial DNA mutations are also

associated with aging (Lin and Beal 2006), although con-

sensus has not been reached as to whether they are cause or

consequence. Toxic environmental factors may also initiate

neurodegenerative processes. There are reports showing

that some neurodegenerative conditions arise in geographic

or temporal clusters. A clear example is the case for the

PD–ALS complex, which has been suggested to be due to a

toxic compound present in Cycas circinalis L., an indige-

nous plant commonly ingested as a food or medicine by

indigenous Chamorro people of Guam and other Mariana

islands in the Western Pacific (Kurland 1988; Przedborski

et al. 2003). Indeed, environmental factors can cause

metabolic changes in humans that either increase the pro-

duction of reactive oxygen and nitrogen species (ROS and

RNS) or decrease the antioxidant action associated with

increased lipid peroxidation, protein, and DNA oxidation

(Aseervatham et al. 2013; Mylonas and Kouretas 1999).

Oxidized proteins accumulate in cells via aggregations

causing mitochondrial damage, which in turn causes pro-

tein damage (Giordano et al. 2014). ROS also damages

DNA, leading to aberrant cell cycle, and further deregu-

lation of several crucial growth factors, including p53 and

Wnt, that are key players in neurodegenerative diseases and

cancer (Driver 2014). Therefore, several factors besides

aging, such as environmental factors, are implicated as the

basis of neurodegeneration (Fig. 4). As mentioned, dietary

polyphenols have important antioxidant properties and are

probably the most studied phytochemicals. As a conse-

quence, they are rapidly gaining attention as promising

candidates for clinical testing toward the protection against

Fig. 3 Chemical structures of the main tea catechins. Figure illus-

trates two aromatic rings (A, B) and a dihydropyran heterocyclic ring

(C), which is the basic structure of flavonoids. The (-)-epicatechin

(EC) is constituted by an ortho-di-hydroxil group in the B ring (at

carbons 30 and 40) and a hydroxyl group in the C ring (at carbon 3),

and its ester derivative (-)-epicatechin 3-gallate (ECG) differs in this

structure by possessing an additional gallate moiety esterified in the

C ring, at carbon 3. On the other hand, (-)-epigallocatechin (EGC)

contains a trihydroxil group on the B ring (at carbons 30, 40 and 50) and
its ester derivative (-)-epigallocatechin 3-gallate (EGCG) addition-

ally possesses an esterified gallate at the carbon 3 of the C ring
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neurodegeneration and acute neuronal injury (e.g., stroke)

(Calabrese et al. 2009; Joseph et al. 2009; Mandel and

Youdim 2004; Simonyi et al. 2005).

Polyphenol Antioxidant Properties: Focus
on Catechins

The current research on polyphenols is focusing on several

possible actions, including health promotion, disease pre-

vention, and the development of therapeutic interventions.

However, evidence suggests that the benefits of polyphe-

nols may be greater than currently known; their antioxidant

properties can counteract OS induced by free radicals,

which is involved in the etiology of a wide range of chronic

diseases (Ames and Gold 1991). Polyphenols are secondary

metabolites that play a host of general, protective roles

(e.g., donation of electrons or hydrogen atoms, free radical

scavenging, chelation of metallic ions, UV light-absorbing,

inhibition of enzymes involved in the production of free

radicals, and antiproliferative agents) and defend plants

against microorganisms such as bacteria, fungi, and viru-

ses. They also manage inter-plant relationships and may

dictate or modify the plant’s relationship with more com-

plex organisms (Kennedy and Wightman 2011; Tahara

2007; Wink 2003). Many of these phytochemicals have

been well studied for their abilities to prevent or treat

chronic diseases including prevention and treatment of

cancer (McCann et al. 2003; Miller and Snyder 2012),

cardiovascular disease (Bohn et al. 2012; Vasanthi et al.

2012), obesity (Gonzalez-Castejon and Rodriguez-Casado

2011; Yun 2010), diabetes (Sears and Ricordi 2012), and

neurological dysfunctions (Youdim and Joseph 2001).

Significant antioxidant properties have been attributed to

polyphenols and associated with their capacity to treat

chronic diseases (Anderson et al. 2001; Hertog et al. 1993).

Antioxidants are compounds that protect cells against the

damaging effects of ROS including singlet oxygen,

superoxide anion, peroxyl and hydroxyl radicals, and per-

oxynitrite which result in increased OS and cellular dam-

age (Mattson and Cheng 2006). Antioxidants act by

reacting with free radicals, especially ROS, reducing OS.

Fig. 4 Schematic representation of the establishment of neurodegeneration, taking in consideration that aging, environmental factors and

oxidative stress play a key role in those processes
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By definition, free radicals are metastable chemical species

that can trap electrons from biomolecules in the immediate

surroundings. Antioxidant compounds have distinct

mechanisms of action, and some antioxidant polyphenols

not only scavenge ROS but also have transition metal

chelating activity for species such as ferrous ions (Fe2?)

(Obrenovich et al. 2011).

When not effectively scavenged, free radicals may

damage biomolecules such as lipids, proteins, and DNA,

resulting in abnormalities that may lead to disease (Uddin

et al. 2008). Interestingly, several studies have shown that

many dietary polyphenolic compounds derived from plants

are more effective antioxidants in vitro than powerful well-

known antioxidants, such as vitamins E or C, and thus

might contribute to protective effects against several dis-

eases in vivo (Jayasri 2009; Rice-Evans et al. 1997). From

a historical perspective, studies were more focused on the

antioxidant capabilities of carotenoids, vitamins, and

minerals. In recent years, this paradigm has changed and

the number of studies focused on the effects of dietary

polyphenols on human health has considerably increased.

Most of those studies strongly support a role for polyphe-

nols in the prevention of degenerative diseases.

Tea catechins are powerful hydrogen-donating antioxi-

dants and free radical scavengers of ROS and RNS (Nanjo

et al. 1996; Rice-Evans 1999; Salah et al. 1995). The potent

radical scavenging properties of polyphenols have been

attributed to the presence of the ortho-30,40-dihydroxy
moiety in the B ring of their molecule (e.g., catechin,

ECG), which participates in electron delocalization and

stabilizes the radical form. The gallocatechins possess a

trihydroxyl group in the B ring (30,40,5-OH) and the gal-

lates contain a galloyl moiety attached to flavan-3-ol at the

3 position (C ring), adding three more hydroxyl groups, as

in the case of ECG and EGCG. Both the galloyl moiety and

the three hydroxyls in the B ring are suggested to confer

better antioxidant activity (Nanjo et al. 1996). White and

green tea polyphenols were reported to have a more pow-

erful antioxidant activity than vitamins E and C (Rice-

Evans et al. 1995). As discussed, polyphenols are the most

abundant antioxidants present in a normal diet with a total

intake as high as 1 g/day. This quantity is not only much

higher than all other classes of phytochemicals but also all

other known dietary antioxidants. For comparative pur-

poses, this is 10 times higher than the intake of vitamin C

and 100 times higher than the intake of vitamin E and

carotenoids (Scalbert et al. 2005). These compounds are

reported to possess several health benefits to the brain,

including neuroprotective and neurorescuing properties at

very low quantities, such as micromolar or submicromolar

concentrations (Mandel et al. 2005). Their effect in the

brain is relatively well-known and they are reported to

inhibit lipid peroxidation induced in homogenates of brain

mitochondrial membranes (Levites et al. 2002) and brain

synaptosomes (Guo et al. 1996). Still, many antioxidant

compounds, in particular vitamins C, E, some B group

vitamins and some polyphenols are known to possess both

antioxidant and pro-oxidant properties under certain con-

ditions. The possible use of these antioxidants in therapy

should therefore always take into account that they may

have labile redox potential (for extensive review (Obren-

ovich et al. 2011)).

Polyphenols and Neurodegeneration

The brain has a vast array of cognitive and behavioral

functions that depend on an intricate network of neurons

and supporting glial cells (i.e., astrocytes and microglia).

Despite comprising only 2 % of the adult body weight, the

brain requires a substantial amount of energy to maintain

its function. Changes in the functional integrity or effi-

ciency of energy supply contribute to impairments in brain

function, neuronal signaling, and other brain dysfunctions.

As discussed, neurodegenerative diseases are suggested to

be promoted by OS (Halliwell 2001). There has been a

growing interest in pharmacological treatments to coun-

teract the biological decline associated with aging and

neurodegenerative diseases to improve quality of life of the

elderly. For example, a number of agents have been pro-

posed to slow the progression of AD. Of these, we high-

light monoamine oxidase inhibitors, anti-inflammatory and

cholinergic agents, estrogens, or neurotrophic factors, and

obviously antioxidants (Combs et al. 2000; Emilien et al.

2000; Halliday et al. 2000; Pitchumoni and Doraiswamy

1998; Sramek and Cutler 1999; Youdim and Joseph 2001).

Notably, pharmaceutical companies continue to invest in

the search for a suitable agent that could be used to

counteract the deleterious effects of neurodegenerative

disorders. However, there has not been a strong investment

in phytochemicals utilization, although they appear to have

significant benefits that have yet to be fully exploited. For

instance, the increased consumption of tea polyphenols has

been reported to possess beneficial effects to brain func-

tion(s) (Nunes et al. 2014, 2015). In fact, tea has shown to

possess neuroprotective properties for PD, AD, and

ischemic damage. One important mechanism for the pro-

tective effects of EGCG, the main component in unfer-

mented tea’s and in neurodegenerative diseases are its iron-

chelating properties (Mandel et al. 2004), and dysregulated

iron metabolism may be a central pathological feature of

PD (Obrenovich et al. 2011). Most of the studies focused

on polyphenols and neurodegeneration are based on tea

catechins. It was reported that intracisternal injection of EC

could improve intracisternal glucose oxidase-induced

memory impairment (Matsuoka et al. 1995). The same
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study also reported that intravenous injection of catechin or

EC improved brain dysfunction induced by cerebral

ischemia. Although these constituents were supplied

intravenously, there is also evidence that tea polyphenols

can localize within the brain following dietary consump-

tion (Youdim and Joseph 2001) and thus could be available

to promote similar actions (Matsuoka et al. 1995). Indeed,

tea polyphenols have been reported as possessing neuro-

protective properties even at micromolar or submicromolar

concentrations (Mandel et al. 2005). Typically there are

approximately 150 mg of water-soluble polyphenols in a

cup of green tea. The major bioactive polyphenol present in

unfermented teas is EGCG, but other polyphenols such as

ECG, EGC, and EC are present. These catechins, known to

act as antioxidants, may require concentrations substan-

tially higher than those commonly found and available in

the body, especially in the brain where they were reported

to be present only in the nanomolar range after green tea

consumption (Schaffer and Halliwell 2012). Of great

interest, epidemiological studies have also provided solid

evidence that diets rich in polyphenols may present a high

benefit for the human brain function (Commenges et al.

2000; Letenneur et al. 2007). Studies in rodents and in

humans with isolated polyphenols (Macready et al. 2009;

Maher et al. 2006) or polyphenols-rich foods and plant

extracts (e.g., tea, blueberries or pine bark extract) (Mac-

ready et al. 2009; Nurk et al. 2009; Ryan et al. 2008) have

reported an improvement in memory and cognition. A

study with thirty-one volunteers taking a placebo or treated

with Teavigo� (a caffeine-free purified and refined tea

extract consisting of *94 % EGCG and *6 % vitamin C)

showed that its consumption increased self-rated calmness

and reduced self-rated stress, illustrating that catechin rich

extracts may have positive effects on brain function. Other

double-blinded, placebo-controlled, crossover study per-

formed in 27 individuals receiving placebo and EGCG

showed that a single dose of orally administered EGCG can

modify several cerebral blood flow parameters in humans.

The results obtained in this study show that, in comparison

to placebo, a lower (135 mg) dose of EGCG induces a

reduction in cerebral blood flow during the task period

(Wightman et al. 2012). Unfortunately, there is a lack of

intervention studies focused on the effect of catechins in

neurotoxicity and neurodegeneration and the molecular

pathways altered by these compounds. Although the

mechanisms remain largely unknown, free radical scav-

enging, metal chelation, and interaction with enzymes, for

example, by binding to ATP sites and receptors—modu-

lating their activities—have been suggested as key events

for the positive impact of polyphenols on the brain

(Schaffer et al. 2006; Spencer 2008, Spencer 2009).

Besides the mechanisms already discussed, recent literature

provides evidence for a protective role of polyphenols by

promoting autophagy. Lately, there is an increasing num-

ber of studies showing the pro-autophagic potential of

polyphenols (Pallauf and Rimbach 2013; Singletary and

Milner 2008). Indeed, there is strong evidence that autop-

hagy can take part of the underlying mechanism of

polyphenols action. Data have shown that protein aggre-

gation, neuroinflammation, and ROS-producing dysfunc-

tional mitochondria tend to decrease with well-functioning

autophagy (Pallauf and Rimbach 2013). Several studies

support an association between autophagy and polyphenols

action, since polyphenol-supplemented diets are capable to

reduced neuroinflammation in mice (Abraham and Johnson

2009) and have ROS production-reducing effects on

mitochondria in a Drosophila PD model (Long et al. 2009),

while plant metabolites (including polyphenols) were

shown to prolong life span via promotion of autophagy

(Morselli et al. 2010; 2011).

Recently, the potential role of polyphenols in regulating

human health through epigenetic effects has also become

evident, regardless the specific mechanisms still being

unclear. Most neurodegenerative diseases are considered

complex diseases caused by a variety of factors and may be

familial or sporadic in origin, with genetic and environ-

mental factors contributing to their development. Recent

studies showed beneficial effects on those diseases via

regulation of nuclear factor kappa B (NFRB) expression,
chromatin remodeling, through inhibition or activation of

histone deacetylases (HDAC) and DNA methyltransferases

(DNMT) activities, which in turn can reverse abnormal

gene expression (Remely et al. 2015). For instance, some

polyphenols such as genistein, myricetin, and quercetin,

with a hydroxyl group at positions 5 and 7, caused both

inhibition and activation of HDACs and DNMTs depend-

ing on experimental conditions (Ayissi et al. 2014; Remely

et al. 2015). Notably, bioactive phytochemicals, including

EGCG, resveratrol, and curcumin, play important roles as

epigenetic modifiers (Li et al. 2011; Martin et al. 2013;

Meeran et al. 2010). Thus, eating certain foods that contain

bioactive dietary compounds like EGCG can promote

epigenetic modifications such as DNA methylation, histone

modification, and noncoding RNA. A study conducted by

Fang et al. (Fang et al. 2003) showed that EGCG treatment

lowered DNA methyltransferase activity in esophageal

cancer cells and resulted in the reversal of the hyperme-

thylated state of tumor suppressor genes. Recent studies

also suggest that changes in microRNA expression may

also be mediated by EGCG and other polyphenols. More-

over, an extensive investigation by Milenkovic and col-

laborators (Milenkovic et al. 2012) used miRNA

microarrays to probe for 567 miRNAs in mice that had

been supplemented with nine different polyphenols,

including phenolic acids and flavonoids, for 2 weeks. This

study showed that there was an average fold change of -2
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for downregulated miRNAs and an average fold change of

2.24 for upregulated miRNAs (Milenkovic et al. 2012).

These alterations in the epigenome are suggested to aid in

the prevention of various age-associated disorders, namely

neurodegenerative diseases (Daniel and Tollefsbol 2015).

As discussed, polyphenols are classically described as

potent antioxidants, since they have the ability to directly

scavenge-free radicals and other reactive species (for a

detailed review see Halliwell 2006), at least in vitro

(Pannala et al. 1997; Russo et al. 2000; Visioli et al. 1998).

However, their in vivo relevance remains a matter of

debate. The possible brain effects of polyphenols can also

be indirect, through several mechanisms such as (1) acti-

vation of a hormetic dose–response and (2) effects on

peripheral systems of the body, influencing the CNS

functioning (Schaffer and Halliwell 2012). As discussed,

the brain is highly vulnerable to OS and thus, sufficient

supply of antioxidants to the CNS is pivotal to maintain

brain homeostasis (Halliwell 2006; Reiter 1995). It has

been proposed that polyphenols can act as antioxidants via

two main mechanisms of action (Sandoval-Acuna et al.

2014). The first comprises a direct scavenging action

against free radicals or ROS (Amic et al. 2007; Bors et al.

1990), and a favorable induction of endogenous enzymes

involved in ROS-removing (e.g., SOD, catalase, and Gpx)

and antioxidant-synthesis. The second is linked with a

direct inhibitory action of polyphenols on the metal-de-

pendent formation of free radicals (i.e., superoxide anion

and hydroxyl radicals) and on ROS-producing enzymes

(for review (Sandoval-Acuna et al. 2014)).

Catechins are the major group of flavonoids found in

unfermented teas and their antioxidant properties, initially

detected in vitro, has led to a growing interest in the

potential health benefits of tea consumption (Higdon and

Frei 2003). Numerous in vitro studies have focused on tea

catechins antioxidant activity against various radicals,

including hydroxyl, superoxide anion, peroxyl, and 2,2-

diphenyl-1-picrylhydrazyl (DPPH) radicals (Atoui et al.

2005; Tang et al. 2001). It was shown that ECG, EC, and

catechin have a peroxyl radical scavenging activity ten

times higher than well-known antioxidants such as vitamin

C and b-carotene (Nakao et al. 1998). In addition to

polyphenols present in tea, EVOO-derived ones have also

been studied in recent years. EVOO is becoming more

important in daily diets due to its health beneficial effects,

most of which are related to its antioxidant content. Their

most studied and widely known biological activities,

involved in neuroprotection, are free radical scavenging/

antioxidant action, lipid peroxidation inhibition, anti-in-

flammatory, glutathione restoration, and antiapoptotic

properties (Khalatbary 2013).

A recent study, using the double transgenic TgCRND8

mice (overexpressing the Swedish and Indiana mutations in

the human amyloid precursor protein), examined in vivo

effects of 8 weeks dietary supplementation of oleuropein

aglycone (OLE) (50 mg/kg of diet) the main polyphenol

found in EVOO. This study supported the efficacy of a

healthy diet, and the beneficial effects of the Mediterranean

diet, which can be traced back to the intake of EVOO and

its main polyphenol, OLE. Thus, they strongly suggest that

dietary supplementation with OLE may prevent or delay

the occurrence of AD and may reduce the severity of its

symptoms (Grossi et al. 2013).

The polyphenols antioxidant mechanisms can affect

various sub-cellular compartments, and their effect at

mitochondrial level was recently recognized as a key

mechanism for their action (Schaffer et al. 2012; Smith

et al. 2012; Visioli et al. 2011). For instance, resveratrol

has been suggested to improve mitochondrial function and

to protect against metabolic disease by activating Sirtuin 1

(SIRT1) and PGC-1alpha signaling (Schaffer et al. 2012).

Mitochondria are key players in the regulation of cell

homeostasis. They are critical for energy production but at

the same time, ROS accumulate as by-products of the

electron transport chain, causing mitochondrial damage.

The most effective mechanism to produce ATP in the cell

is via mitochondria, through oxidative phosphorylation

(Kelsey et al. 2010). Indeed, 90 % of cellular ATP is

generated by the oxidative phosphorylation, making mito-

chondria also the main generators of cellular ROS, which

are produced at complexes I and III of the electron trans-

port chain (ETC). Without ATP, the cell becomes deprived

of energy and eventually dies. During this process, oxygen

plays an essential role. Although oxygen is essential for

energy production by aerobic organism, it also promotes

the formation of free radicals, inducing OS. In normal

physiological conditions organisms have antioxidant sys-

tems that allow a certain degree of protection against free

radical toxicity. Thus, OS occurs when there is a high

production of oxidants or a low level of antioxidants,

resulting in an imbalance between oxidant and antioxidant

systems toward an environment rich in free radicals that

can cause damage. There are many sources of ROS and

RNS (for detail see Fig. 5). Moreover, OS can be extrin-

sically induced by environmental factors (chemicals, UV

light, and infectious organisms, among others) or intrinsi-

cally generated by endogenous factors that include the ETC

in mitochondria, enzymes (such as NADH oxidase and

nitric oxide synthase (NOS) and respiratory bursts from

inflammatory cells (Thanan et al. 2015), among others.).

The processes of senescence and neurodegeneration that

occur in the CNS are suggested to be a consequence of

mitochondrial oxidative insults and impaired electron

transfer. The accumulation of several oxidation products in

neurons during aging strongly suggests and supports that

consumption of antioxidant compounds may delay
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neurodegenerative processes (Assuncao and Andrade

2015). Mitochondria not only represent the major site of

superoxide anion radical generation in cells but are also an

important target for oxidative action of ROS (Smith et al.

2012). The mitochondrial ETC generates superoxide under

physiological conditions, and OS increases ROS produc-

tion. Additionally, damage of mtDNA appears to alter ETC

proteins expression and functioning, causing the produc-

tion of more superoxide anion radical. Reducing excess

amounts of mitochondria-generated superoxide seems

important to protect against OS-related diseases (for review

Indo et al. 2015). Polyphenols can also act directly as

antioxidant in vivo through a ROS-scavenging mechanism,

as reported for some of these compounds (i.e., quercetin

and EGCG), which have been shown to enter and accu-

mulate within mitochondria (Sandoval-Acuna et al. 2014).

Indeed, dysfunction of single mitochondrial enzyme com-

plexes, ROS production, mitochondrial permeability tran-

sition pore opening (mPTP), and elevated apoptosis, as

well as structural alterations and a diminished mitochon-

drial content, play a role in brain aging and are believed to

be crucial for the onset and progression of neurodegener-

ative diseases (Bilsland et al. 2008; Casley et al. 2002;

Napoli et al. 2006; Schaffer et al. 2012). One of the major

relevant effects of oxidative damage is lipid peroxidation,

which is essential in the development of neurodegenerative

diseases, because polyunsaturated fatty acids are abundant

in the lipid bilayers of the brain cells (Subczynski and

Hyde 1983). In fact, lipid peroxidation end products were

reported to be highly increased in patients with AD (Aluise

et al. 2010; Galasko and Montine 2010; Neely and Montine

2002; Reed et al. 2008), PD (Tsang and Chung 2009), and

HD (Perez-De La Cruz et al. 2009; Reed 2011). ROS

(hydrogen peroxide or superoxide anion radical) formation

mainly occurs as a direct result of energy production pro-

cesses in nearly all tissues of the body, which will inevi-

tably be exposed to their damaging effects. Nevertheless,

the effects of ROS can be particularly evident in certain

tissues and especially in the brain. When compared with all

other tissues undergoing mitochondrial respiration, the

brain uses more than 20 % of all oxygen available being

the potential for ROS exposure concomitantly increased

(Rossi et al. 2008). Moreover, brain tissue-specific reac-

tions such as those involving the enzyme monoamine

oxidase also contribute to comparatively high levels of

ROS-like hydrogen peroxide (Rossi et al. 2008). Brain is

metabolically very active but has reasonably less capacity

for cellular regeneration compared to other organs. In

normal conditions, and specifically in brain tissue, 1–5 %

of the oxygen is converted to ROS (Bhat et al. 2015) which

leads to the assumption that the brain is particularly sus-

ceptible to ROS damaging effects. Indeed, these values are

considerably lower when analyzing the production of ROS

by other tissues. A study that measured the production of

ROS by intact mitochondria from rat skeletal muscle, heart,

and liver showed that only 0.15 % of the oxygen is con-

verted to ROS in those tissues (St-Pierre et al. 2002).

Moreover, In AD and PD high levels of ROS-induced

damage have been reported within the brain region that

undergoes selective neurodegeneration highlighting the

relevance of ROS in the onset and progression of those

diseases.

In recent years, it has been suggested that polyphenols,

acting as antioxidants, decrease ROS levels. For instance,

in a study focused on the effects of flavonoid-rich extract

from Rosa laevigata Michx fruit against hydrogen perox-

ide-induced damage in PC12 cells, suggested that the fla-

vonoids enhanced positive effects against hydrogen

Fig. 5 Schematic

representation of several

sources for reactive oxygen

species (ROS) and reactive

nitrogen species (RNS) in the

cell. There are different

endogenous and environmental

factors that end-up in ROS and

RNS overproduction including

chemicals, UV light, infectious

organisms or NADH oxidase,

and nitric oxide synthase

(NOS), among others
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peroxide-induced oxidative injury by adjusting OS, and

controlling apoptosis and inflammation (Liu et al. 2014).

Notably, they also diminished intracellular generation of

ROS (Liu et al. 2014). Moreover, the efficacy of a number

of dietary antioxidants (polyphenols, carotenoids, thiolic

compounds, and oligoelements) on the viability of neuronal

PC12 cells following nerve growth factor (NGF) depriva-

tion (a model of age-related decrease of neurotrophic

support that triggers neuronal loss) has been described

(Amara et al. 2015). All dietary antioxidants were able to

efficiently support cell viability by reducing ROS levels

and restoring mitochondrial function, while preserving

neuronal morphology. Furthermore, ROS reduction and

neuroprotection during NGF withdrawal were also

achieved with defined cocktails of 3–6 different antioxi-

dants at concentrations 5–60 times lower than those used in

single treatments, suggesting that their antioxidant activity

was preserved even at very low concentrations (Amara

et al. 2015).

Polyphenols in Neurodegenerative Diseases

The neuroprotective properties of unfermented teas have

been attributed to its high content of phenolic compounds,

particularly catechins and other flavan-3-ols, and their

antioxidant activity (Nunes et al. 2014). Interestingly,

white tea has been proven to possess a strong antioxidant

activity, higher than any other type of tea. A recent study

described that white tea extract was richer in flavonoids

than green tea extract, predominantly EGCG, which is

known as one of the most powerful antioxidants and the

most pharmacologically active catechin derivative (Dias

et al. 2014). Amyloid plaque formation and its toxicity are

inhibited by EGCG (Bastianetto et al. 2006). EGCG has

other neuroprotective and/or neuromodulator actions,

namely protection against hydrogen peroxide-induced

toxicity (Okello et al. 2011) and mitochondrial dysfunction

related to amyloid toxicity (Dragicevic et al. 2011). In

neurons, aggregation of amyloid beta (Ab) protein stimu-

lates ROS production due to mitochondrial dysfunction,

through an N-methyl-D-aspartate-dependent pathway. This

process is known to be quenched by EGCG, thus protecting

against neurodegenerative diseases (He et al. 2011). OS

and the associated ROS generation contribute to inflam-

mation and are implicated in the onset of neurodegenera-

tive diseases (Halliwell 2001). Both AD and PD patients

show oxidative damage and increased iron accumulation in

specific areas of the brain (Riederer et al. 1989). In fact,

AD and PD have similarities in pathology, including

marked increase in OS, increased lipid peroxidation,

reduced mitochondrial activity, increased iron concentra-

tion, a-synuclein aggregation, leading to neuronal toxicity,

as well as mitochondrial and cytochrome c oxidase mal-

function (Perry et al. 2002; Recchia et al. 2004). Resver-

atrol, the main phenolic compound present in red wine,

possesses also many biochemical and pharmacological

activities potentially useful for the treatment of neurode-

generative diseases, including ROS scavenging, reduction

of inflammation, mitochondrial biogenesis promotion, and

caloric restriction (CR) mimicking. SIRT1 and AMPK

activation by resveratrol result in upregulation of several

protective biological functions (e.g., autophagy) and inhi-

bition of neuronal death by apoptosis (Stefani and Rigacci

2014). There are several clinical trials in progress to further

disclose the potential therapeutic effect of resveratrol on

cognitive function and cerebral blood flow, in brain aging

with mild cognitive impairment (MCI) and AD. There are

also some polyphenols that appear to be capable of inter-

fering with enzymatic pathways that lead to the formation

of the aggregation-prone Ab peptides from amyloid pre-

cursor protein (APP). EGCG (intraperitoneally injected in

APPsw transgenic mice, 20 mg/kg for 60 days) and oleu-

ropein (12.5–50 mM added to the culture medium of

HEK293 and SK-NSH neuroblastoma cells, overexpressing

and endogenously expressing APP, respectively) promote

the nonamyloidogenic a-secretase-mediated APP proteol-

ysis, increasing the production of the N-terminal APP

cleavage derivative (soluble APP-a), which leads to a

decrease in Ab levels and plaques (Kostomoiri et al. 2013;

Rezai-Zadeh et al. 2005).

Polyphenols as Modulators of Intracellular
Signaling

Besides the conventional actions discussed above,

polyphenols have been consistently reported as modulators

of intracellular signaling. Indeed, polyphenols are reported

to interact with several neuronal and glial kinase signaling

cascades, being the most widely studied the mitogen-acti-

vated protein kinases (MAPK), phosphoinositide 3-kinase

(PI3K)/protein kinase B (PKB), and target of rapamycin

(TOR) signaling (for extensive review (Baptista et al. 2014;

Williams and Spencer 2012)). Indeed, polyphenols can

directly bind to individual protein kinases and change their

phosphorylation state, thus modulating the outcome and

physiological function of the signaling events involved (for

review (Hou and Kumamoto 2010)). There are some

studies showing that polyphenols can directly modify these

pathways altering brain function. Resveratrol has been

reported to protect against neurodegeneration induced by

ischemia through downregulation of the expression of

glycogen synthase kinase 3 (GSK-3b) and cyclic adenosine

monophosphate (cAMP) response element binding (CREB)

proteins, in a mode controlled by PI3K/Akt signaling
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(Simao et al. 2012). It was also shown that baicalein, a

flavonoid isolated from the roots of Scutellaria baicalensis

Georgi and Scutellaria lateriflora L., protects neurons

against ischemia injury, in a mechanism mediated by PI3K/

Akt signaling (Liu et al. 2010).

Neurotoxicity is known to be mediated by several sig-

naling molecules, including NFkB, which not only medi-

ates inflammatory processes, but also Ab toxicity (Valerio

et al. 2006). Indeed, activation of NFkB contributes to

inflammation and cell death under ischemic conditions

(Zhang et al. 2005). Several flavonoids, such as kaemp-

ferol, quercetin, acacetin, apigenin and luteolin have shown

the capacity to inhibit Ab1-40 and Ab1-42 through a

downregulation of NFkB pathway (Paris et al. 2011).

Others, as the soybean isoflavone, have also been shown to

improve learning and memory ability in rats, by inducing a

decrease in NFkB activity (Ding et al. 2011). Moreover,

resveratrol (Capiralla et al. 2012) and baicalein (Xue et al.

2010) were reported to inhibit Ab-induced inflammation

also by downregulation of NFkB signaling pathway. A

preventive effect of silymarin, which is extracted from the

seeds of Silybum marianum (L.) Gaertn or milk thistle, in

cerebral ischemia–reperfusion-induced brain injury in rats,

possibly through impairing NFkB activation, was also

reported (Hou et al. 2010). Interestingly, quercetin has

shown properties that protect the rat brain against OS and

hypoxia-induced damage (Patir et al. 2012). Other

polyphenols that can be attained by diet, such as catechins

and fisetin, were also reported to protect the brain from

ischemic and oxidative injuries, by inhibiting NFkB

expression (Ashafaq et al. 2012; Gelderblom et al. 2012).

The oral administration of resveratrol to humans was

reported to reduce OS and inflammatory markers, causing a

decrease in NFkB binding activity (Ghanim et al. 2010)

and a increase in nuclear factor (erythroid-derived 2)-like 2

(Nrf2) activity (Ghanim et al. 2011).

Peroxisome proliferator-activated receptor gamma

(PPAR gamma) signaling is also reported to play a major

role in neurodegeneration and cerebral ischemia (Chen

et al. 2012). In a study carried out following the occlusion

and reperfusion of the middle cerebral artery in rats, PPAR

gamma expression and translocation to the nucleus was

reported, with the polyphenol baicalein presenting the

capacity to prevent those effects (Xu et al. 2010). A

resveratrol derivative known as pterostilbene was shown to

downregulate the expression of PPAR-a (Chang et al.

2012) in a SAMP8 mouse model, which is a model to

examine the pathophysiology of early defects associated

with AD (Morley 2002). The encoding of antioxidant

proteins is reported to be dependent of Nrf2 signaling (Shin

et al. 2012). Several polyphenols have been shown to

interact with this pathway. For instance, EC was reported

to protect neurons against stroke and OS through an

upregulation of Nrf2 signaling (Shah et al. 2010).

Resveratrol showed brain protective properties, by

increasing the expression of Nrf2 (Ren et al. 2011). It has

also been shown that caspase-3 activation in neurons due to

OS is blocked by flavonoids (Schroeter et al. 2001; Spencer

et al. 2001). Thus, there is strong evidence that the

antioxidant properties of polyphenols can be a result of

direct but also of indirect actions, particularly by modu-

lating several intracellular signaling pathways (Fig. 6).

Polyphenols can also interact with a range of neuro-

transmitters and other signaling molecules including

GABAA, adenosine, opioid, nicotinic, and receptor tyrosine

kinases (Karton et al. 1996; Katavic et al. 2007; Lee et al.

2011; Medina et al. 1998). For instance, resveratrol, hes-

peretin, and naringenin were reported to have an inhibitory

effect in several kinases (Fischer and Lane 2000; Huang

et al. 1999). Notably, MEK inhibitor PD98059 has a

structural homology with flavonoids (Reiners et al. 1998),

illustrating that dietary flavonoids may interact with MEK

signaling pathways, changing their biological functions.

Indeed, flavonoids are reported to exert their anti-inflam-

matory effects through regulation of MEK1 and extracel-

lular-signal-regulated kinase (ERK) signaling (Lee et al.

2013). Polyphenols can activate or inhibit ERK, depending

on the concentration (e.g., epicatechin) (Kim et al. 2004).

In addition, it has been reported that resveratrol inhibits

MEK (Rahman et al. 2006). Another crucial event for brain

is calcium influx, which is implicated in neuronal death

that occurs in most neurodegenerative diseases. Catechins

were suggested to up-regulate these calcium fluxes, since

they are known to increase the AMPA glutamate receptor

subunit Glur2 levels, which is essential to calcium-medi-

ated neuronal events, modulating neurotransmission, plas-

ticity, and synaptogenesis (Isaac et al. 2007; Schroeter

et al. 2007). All these events, controlled by polyphenols,

provide evidence that protection against neurotoxicity and

neurodegeneration described after exposure to these com-

pounds is mediated by the integrated action of signaling

pathways crucial for several biological processes.

Polyphenols Absorption and Bioavailability

Dietary polyphenols present a wide range of biological

activities. Besides the mechanisms discussed above, these

compounds are also reported to interact with autoimmune

response (Chen 2011), metal ion chelation (Mandel et al.

2007), prions (Rambold et al. 2008), acetylc-

holestinesterase activity (Papandreou et al. 2009), autop-

hagy (Pallauf and Rimbach 2013), and several other

factors. The beneficial effects of polyphenols are highly

evidenced, and since they can be attained from plant foods,

it has been suggested that they may be clinically very

Neurotox Res (2016) 30:345–366 357

123



relevant to counteract or avoid neurotoxicity and neu-

rodegenerative diseases. Interestingly, several flavonoids

and other polyphenols have been shown to possess hor-

mone-like properties due to their capacity to bind estrogen

receptors (Louw et al. 2013) and affinity to testosterone

receptors (Nifli et al. 2005). Those properties have been

overlooked and should be taken in consideration when

assessing the safety and health applications of polyphenols.

Moreover, dietary supplementation of polyphenols to pre-

sent any effect on the brain must first cross the BBB. It has

been already shown that some polyphenols are retained,

becoming more concentrated, in the neural tissue than in

plasma (Kalt et al. 2008; Milbury and Kalt 2010; Talavera

et al. 2005). Several dietary flavones, such as hesperetin

and naringenin, were already shown to cross the BBB

(Youdim et al. 2003, 2004a, 2004b), and it has been sug-

gested that the penetration of these compounds is depen-

dent on their lipophilicity (Youdim et al. 2003).

Polyphenols can also cross BBB through specific efflux

transporters, particularly P-glycoprotein, which has already

been reported to possess different affinity fluxes according

with the polyphenol present (Youdim et al. 2004a). Inter-

estingly, it has also been suggested the existence of binding

sites at brain plasma membrane with high affinity for these

compounds (Han et al. 2006). Nevertheless, this remains a

matter of debate and these sites have not yet been

characterized.

The parameters of absorption, bioavailability, biodistri-

bution, and metabolism of polyphenols are not entirely

understood, but in general it appears that some polyphenols

are bioactive upon absorption through the intestine in their

native or modified form. It is well established that

polyphenols are metabolized by intestinal flora and their

metabolites can also be absorbed. Natural polyphenols are

frequently in conjugated form, with one or more sugars,

generally bound to the hydroxyl groups. Their physical,

chemical, or biological properties are influenced by gly-

cosylation, which also defines natural polyphenols

absorption by the small intestine. These processes are also

affected by their molecular size, degree of polymerization

(tannin formation), binding to proteins, or dietary fibers,

and solubility (Rahman et al. 2006). It is very important to

highlight that the systemic availability of natural

polyphenols can be very low after oral administration,

since most of them are metabolized by intestinal enzymes.

Absorption by the gut epithelium leads to biotransforma-

tion by the liver, where polyphenols are methylated and/or

conjugated with glucuronic acid or sulfate (Rahman et al.

2006). For instance, studies with radio-labeled resveratrol

in mice have revealed that resveratrol is distributed to all

organs and remained detectable in the lung, spleen, heart,

brain, and testis for up to 6 h (Vitrac et al. 2003).

Bioavailability of catechins is also very changeable. EGCG

is the only known polyphenol present in plasma, with a

large proportion (77–90 %) in a free form (Chen et al.

1997). The other catechins are highly conjugated with

glucuronic acid and/or sulfate groups, and it has been

described that galloylation of catechins reduces their

Fig. 6 Schematic

representation of mechanisms

underlying the biological effects

of polyphenols as modulators of

intracellular signaling.

Polyphenols, such as

resveratrol, quercetin and

baicalein, activate cellular

stress-response pathways

resulting in the upregulation of

neuroprotective genes. For

example, ERK can activate the

nuclear factor erythroid

2-related factor 2 (Nrf2). In

addition, polyphenols can also

regulate the transcription factor

NF-jB, which can mediate

adaptive cellular stress

responses by reducing the

expression of inflammatory

cytokines. NFkB activation also

contributes to inflammation and

cell death under ischemic

conditions
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absorption (Van Amelsvoort et al. 2001). It was reported

that only EGC was methylated and that 4-O-methyl-EGC

accounted for 30–40 % of the total metabolites of EGC

(Van Amelsvoort et al. 2001). These aspects are very

important when extrapolating the effects observed in the

in vitro studies to the in vivo brain situation. Therefore, the

ability of these compounds to cross the BBB that has been

mentioned above, and which tightly controls the influx to

the brain of metabolites and nutrients as well as drugs, is of

utmost importance for the relevance of polyphenols present

in diet to the aging brain.

Therefore, it is well established that only a small frac-

tion of polyphenols is absorbed, with the majority being

hydrolyzed or metabolized before absorption (Bolca et al.

2013; Faria et al. 2014), illustrating that it is crucial to

determine the mechanisms of action of these compounds

according to their concentrations and the compounds

resultant from their metabolization. This is often over-

looked, but is of particular relevance, since it has been

shown that the conjugated forms of polyphenols and their

derivatives have similar, if not greater, bioactivity and may

interact with the same signaling pathways (Chiou et al.

2014; Monagas et al. 2010).

Conclusion

Thus, to assess if polyphenols are in fact strong dietary

agents against neurotoxicity and neurodegeneration, it is

pivotal to study the biotransformation of these compounds

and the biological activity of their metabolites. More

studies are needed to go far beyond the conventional

approach of using specific representatives of polyphenol

families. Dietary intervention studies in mammals,

including humans, provided compelling evidence that

polyphenols can improve memory and learning by pro-

tecting the brain from neurotoxicity, enhancing neuronal

function and stimulating a certain degree of neuronal

regeneration (Galli et al. 2002; Haque et al. 2006; Kur-

iyama et al. 2006). Nevertheless, the molecular mecha-

nisms responsible for such effects remain largely unknown.

Moreover, it must be noted that safety issues may arise

depending on the polyphenols concentration obtained from

food supplements. These are not controlled as medicinal

drugs, and so can be toxic (Murakami 2014). Thus, further

studies are needed to allow us a wider perspective on the

bioavailability, biotransformation, synergism with other

dietary compounds, safety, pleiotropic effects, specific

molecular targets, interactions, concentration-dependent

effects, and toxicity of dietary polyphenols, which may

allow us to evaluate their real potential as a dietary strategy

against neurotoxicity and neurodegeneration.

In fact, there are still doubts about if some antioxidants

could be potentially harmful to health, since an increase in

glycation-mediated protein damage (carbonyl stress) has

been reported in some cases (Obrenovich et al. 2010).

Despite their beneficial health effects, polyphenols have

also been shown to have adverse effects. The co-adminis-

tration of natural products, namely polyphenols, along with

conventional medicines can lead to a modified bioavail-

ability and cause important changes of metabolic pathways,

leading to therapeutic inefficacy and increased risk of

toxicity (Margina et al. 2015). Antioxidant activity of

polyphenols constitutes their most important property and

also the most discussed (Boots et al. 2008; Margina et al.

2015; Spanou et al. 2012; Stagos et al. 2012). Nevertheless,

flavonoids (like many other antioxidants) can also act,

under certain circumstances, as pro-oxidants, for example,

in systems containing redox-active metals (copper, iron,

etc.). In vivo, most transition metal ions are sequestered in

forms unable to catalyze free radical reactions. Under

specific conditions, this situation can be modified, as very

low levels of free copper ions may be released following

tissue injury (e.g., atherosclerotic lesions) and possibly

hepatic Cu(II) overload diseases (Wilson disease), thereby

being able to promote pro-oxidant effects in association

with dietary flavonoids (Galati and O’Brien 2004; Halli-

well and Gutteridge 1990; Margina et al. 2015; Smith et al.

1992). Some individual flavonoids, for example quercetin,

particularly at high-dose levels, have potentially toxic

effects including pro-oxidant activity, which could be

related to mutagenicity and mitochondrial toxicity. It has

been shown that quercetin efficiently protects against

hydrogen peroxide-induced DNA damage in rat lung

epithelial (RLE) cells by a reduction in glutathione (GSH)

level, an increase in lactate dehydrogenase (LDH) leakage,

as well as an increase of cytosolic-free calcium concen-

tration (Boots et al. 2008, 2007), thus acting as a toxicant.

This conversion of quercetin into a potential toxicant,

while offering protection by scavenging ROS, has been

referred as ‘‘the quercetin paradox’’ (Boots et al. 2007). On

the other hand, resveratrol has demonstrated antitumor

action (Apostolou et al. 2013). It has been shown that

resveratrol reverses the multidrug resistance of cancer

cells, through downregulation of the MDR-1 gene and

P-glycoprotein expression levels, enhancing the cytotoxi-

city of doxorubicin within solid tumor cells (MCF-7)

(Huang et al. 2014; Kim et al. 2014b). Interestingly, some

authors claim that the possible pro-oxidant action of some

polyphenols is a potential mechanism for their beneficial

effects. One example is EGCG, which reduces oxygen to

yield hydrogen peroxide, thus promoting apoptosis and

exerting cytotoxic activity against bacteria (Nakagawa

et al. 2004). Nevertheless, the degree to which polyphenols

are able to act as anti- or pro-oxidants in vivo is not yet
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well understood and remains a matter of debate (Proc-

hazkova et al. 2011). This will remain a hot topic of

research for the years to come.
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