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Resveratrol (Res) is a non-flavonoid compound with pharmacological actions such as

antioxidant, antiinflammatory, hepatoprotective, antidiabetes, and antitumor. This

plant-derived chemical has a long history usage in treatment of diseases. The excellent

therapeutic impacts of Res and its capability in penetration into blood–brain barrier

have made it an appropriate candidate in the treatment of neurological disorders

(NDs). Tau protein aggregations and amyloid-beta (Aβ) deposits are responsible for the

induction of NDs. A variety of studies have elucidated the role of these aggregations in

NDs and the underlying molecular pathways in their development. In the present

review, based on the recently published articles, we describe that how Res administra-

tion could inhibit amyloidogenic pathway and stimulate processes such as autophagy

to degrade Aβ aggregations. Besides, we demonstrate that Res supplementation is ben-

eficial in dephosphorylation of tau proteins and suppressing their aggregations. Then,

we discuss molecular pathways and relate them to the treatment of NDs.
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1 | INTRODUCTION

The diseases involving peripheral nervous system (PNS) and central

nervous system (CNS) are known as “neurological disorders (NDs)”

(Raghavendra, Acharya, & Adeli, 2019). The estimates demonstrate the

enhanced incidence rate of NDs and annually, a high number of individ-

uals are diagnosed with NDs. It seems that this trend is going to be

ascending in the following years, demanding new strategies in treat-

ment, management and prevention of NDs (Choi, Santhosh, &

Choi, 2020). A number of symptoms are associated with NDs including

seizures, pain, loss of consciousness, low coordination, paralysis, and

muscle weakness. More than 500 diseases are connected to the
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nervous system and Alzheimer's disease (AD), Parkinson's disease (PD),

Huntington's disease (HD), and multiple sclerosis (MS) are the most

known one. Besides, trauma to brain and infections (viral, bacterial, fun-

gal and parasitic infections) can cause NDs (Acharya, Hagiwara, &

Adeli, 2018; Bairy et al., 2017; Bhat, Acharya, Adeli, Bairy, &

Adeli, 2014a, 2014b; Sridhar, Bhat, Acharya, Adeli, & Bairy, 2017). The

challenge faced in NDs is that the origin of causes of NDs is not fully

understood, making it difficult to effectively treat them. Furthermore,

there is no therapeutic agent with the capability of restoring neuronal

network damage (Cummings, Lee, Ritter, & Zhong, 2018; Kieburtz,

Reilmann, & Olanow, 2018; Lang & Espay, 2018). So, finding com-

pounds with neuroprotective activity is of importance in the treatment

of NDs. There have been attempts to develop synthetic and natural

compounds for alleviation of NDs (S. Shakeri et al., 2020). The results

have been satisfactory and over the recent years, a high number of

drugs have been discovered and their neuroprotective activity has been

investigated in the treatment of NDs and pathological events related to

the brain. Among these compounds, medicinal plants are of interest

due to their great therapeutic impacts (Mortezaee et al., 2019). The

newly published articles have also confirmed the potential of naturally

occurring compounds in treatment of NDs (Elifani et al., 2019). For

instance, curcumin is a naturally occurring nutraceutical compound

derived from Curcuma longa with great pharmacological impacts such

as antioxidant (Shanmugam et al., 2015; Xiang et al., 2020),

antiinflammatory (Biswas et al., 2019), antidiabetes (Yan et al., 2020),

and anticancer (Ghaffari et al., 2019; Shanmugam, Kannaiyan, &

Sethi, 2011; Shanmugam, Warrier, Kumar, Sethi, & Arfuso, 2017;

Tewari et al., 2018; Yarla et al., 2016). This compound targets various

signaling pathways such as nuclear factor erythroid 2-related factor

2 (Nrf2) (Zhou et al., 2019) and Wnt (Yen et al., 2019), affects organ-

elles such as mitochondria (Bagheri et al., 2019) and endoplasmic retic-

ulum (ER) (A. Shakeri, Zirak, Wallace Hayes, Reiter, & Karimi, 2019), and

processes such as autophagy (Y. Wang et al., 2019) and apoptosis

(Kielbik et al., 2019) to stimulate its neuroprotective impacts. A same

story occurs for other natural chemicals. Another example is crocin, as

one of the major components of Crocus sativus with excellent biological

and therapeutic impacts (X. Xie et al., 2019). The administration of

crocin is advantageous in amelioration of spatial memory impairment

caused by hyoscine. In this way, crocin upregulates the expression of

extracellular signal-regulated kinase (ERK) to improve learning capacity

(Adabizadeh et al., 2019). These studies demonstrate that plant-derived

compounds can be considered as efficient options in the treatment of

NDs due to their capability in targeting molecular pathways, organelles,

and proteins. In this review, we discuss the neuroprotective impacts of

resveratrol (Res), as a naturally occurring compound, based on its

impacts on tau protein and amyloid-beta (Aβ) plaques.

2 | THE PHYSIOLOGICAL ROLE OF TAU
PROTEIN

Tau is a microtubule-associated protein (MAP) that was discovered in

1975 by Weingarten and colleagues (Clavaguera, Duyckaerts, &

Haïk, 2020). This protein is resistant to heat and regulates the poly-

merization of microtubules (Colin et al., 2019). Tau protein is encoded

by a single gene known as MAPT that is located on chromosome

17 (Brunello, Merezhko, Uronen, & Huttunen, 2019). This gene is

suggested to be expressed on most of the neurons (Takeda, 2019).

There are six isoforms of tau protein that are different in term of alter-

native splicing of exons 2, 3, and 10 (Katsumoto, Takeuchi, &

Tanaka, 2019). The tau protein plays a critical role under physiological

conditions by assembling and polymerization of free tubulin and

microtubules, and consequently, generation of stabilized microtubules

(Mishan, Kanavi, Shahpasand, & Ahmadieh, 2019). Besides, tau protein

contributes to the cargo conveyance and signaling pathways

(Shahani & Brandt, 2002; Spires-Jones, Stoothoff, de Calignon,

Jones, & Hyman, 2009). Based on the role of tau protein in polymeri-

zation of microtubules and also non-microtubule-related functions of

this protein, it has been demonstrated that a number of alterations

occur in the interaction of tau protein. It seems that the interaction of

tau protein with microtubules is not as stable as it was believed

(Janning et al., 2014). By interacting with multiple binding proteins,

tau protein is able to perform different functions. It has been reported

that tau protein has dynamic interaction with microtubules and

plasma membrane-binding protein annexins, leading to the distribu-

tion of tau protein in cells (Gauthier-Kemper et al., 2018). Morris and

colleagues have shown that this behavior of tau protein is vital for the

non-microtubule-related functions (Morris, Maeda, Vossel, &

Mucke, 2011).

As it was mentioned, tau protein is involved in controlling micro-

tubules. It is held that tau protein modulates the polymerization, stabi-

lization, and inhibition of microtubules. These functions have made

tau protein an inevitable part of microtubule regulation. Any distur-

bance in interaction between tau protein and microtubule is associ-

ated with impairment in microtubule-dependent transport and loss of

cellular viability and polarity (Ebneth et al., 1998; B. Zhang

et al., 2004). Tau protein is mainly found in neurons, but this protein

has been identified in glial cells too (Müller, Heinrich, Heck, Blohm, &

Highlights

• Over the past decades, an increase has occurred in the

incidence rate of neurological disorders (NDs) such as

Alzheimer's disease (AD) and Parkinson's disease (PD).

• Amyloid-beta (Aβ) plaques and tau protein aggregations

are involved in the development of NDs such as AD.

• Resveratrol (Res) has demonstrated great therapeutic

effects, particularly neuroprotective activity.

• Res is capable of suppressing Aβ and tau protein aggrega-

tions and decreasing their adverse effects to prevent the

generation of NDs.
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Richter-Landsberg, 1997; Weingarten, Lockwood, Hwo, &

Kirschner, 1975). Furthermore, tau protein can be found in a variety

of locations including nucleus, mitochondria, dendrites, synapses, and

plasma membrane (Brandt, Léger, & Lee, 1995; Camero et al., 2014;

F. Dou et al., 2003; Ittner et al., 2010; Kimura et al., 2014; Tecza &

Zylinska, 2016). This strongly demonstrates that tau protein has other

actions plus to the regulation of microtubule dynamics. The tau pro-

tein contributes to the synaptic activity, so that its deletion is related

to the impairment in synaptic development (Pallas-Bazarra

et al., 2016). Besides, tau protein attaches to the DNA to ensure its

stability, showing that tau protein may be involved in DNA protection

(Camero et al., 2014; Sultan et al., 2011). Tau protein has also the

capability of interacting with lipids and membranes, and also, may be

involved in regulation of signaling pathways by targeting membrane

receptors (Cardona-Go et al., 2006; Georgieva, Xiao, Borbat, Freed, &

Eliezer, 2014; Gomez-Ramos, Diaz-Hernandez, Rubio, Miras-Portu-

gal, & Avila, 2008; Klein et al., 2002). These studies demonstrate the

critical roles of tau protein in cells and any impairment in this protein

may induce abnormalities.

It is worth mentioning that tau protein undergoes a variety of

post-translational modifications including phosphorylation, acetyla-

tion, ubiquitination, oxidation, and sumoylation (C.-X. Gong, Liu,

Grundke-Iqbal, & Iqbal, 2005; Martin, Latypova, & Terro, 2011; Min

et al., 2015). It seems that these modifications are important in pro-

duction of a functional tau protein and any perturbation in these mod-

ifications can result in aggregation of tau protein and development of

disorders known as “tauopathy.” Among the post-translational modifi-

cations, phosphorylation is of importance. During physiological condi-

tions, phosphorylation is suggested to be a vital modifier. However,

hyperphosphorylation can lead to the aggregation of tau proteins and

stimulation of tauopathy (Ballatore, Lee, & Trojanowski, 2007; Iqbal,

Liu, & Gong, 2016). It has been reported that abnormal phosphoryla-

tion of tau proteins induces the formation of neurofibrillary tangles

(NFTs) that may lead to the generation of AD by negatively affecting

neuronal function (H. Zhao et al., 2013).

3 | TAU PROTEIN AND PATHOLOGICAL
EVENTS

The abnormalities in tau protein lead to the generation of brain-

related pathological events. These disorders are due to the aggrega-

tion of tau proteins. As it was mentioned, tau protein has functions

beyond regulation of microtubules. A newly published article by Pick-

ett and colleagues has shed some light on the function of tau protein.

It seems that tau protein involves in behavioral deficits in AD, so that

aggregation of tau proteins reduces the expression of genes involved

in synapses, leading to the behavioral abnormalities. This shows the

critical function of tau protein in synapses and its association with

symptoms in AD. By decreasing the aggregation of tau proteins, the

expression of genes restores and behavioral deficits reduce, showing

that the adverse impacts of tau proteins are reversible (Pickett

et al., 2019). Notably, the levels of tau proteins in the plasma can be

considered as potential biomarkers for cognitive decline or neu-

rodegeneration (Cavedo et al., 2020). It is held that high levels of tau

proteins disrupt the connection of hippocampus with anterior-

temporal network. This hippocampus dysfunction decreases memory

capacity (Harrison et al., 2019). The tau proteins can be accumulated

in astrocytes to induce astrogliopathy. The astrogliopathy is exten-

sively found in aging brain. Based on the most recent findings, tau

depositions in astrocyte can be considered as biomarkers for diagnosis

of AD (Nolan et al., 2019). It is noteworthy that the aggregation of tau

protein during AD negatively affects the glucose metabolism of brain

(hypometabolism) and consequently, diminishes significantly the cog-

nitive scores of patients (Baghel et al., 2019). These studies highlight

the fact that tau protein aggregations affect adversely the expression

of genes and metabolic pathways that are necessary for the proper

function of brain, leading to the enhanced risk of AD or deteriorating

this pathological event (Singh et al., 2019; Tabuas-Pereira et al., 2019;

Viode et al., 2019).

Phosphatidylinositol-binding clathrin assembly protein (Picalm) is

one of the loci involved in onset of AD. The underlying mechanism is

notable for further targeting. Picalm contributes to the clathrin-

mediated endocytosis and regulates autophagy process. Autophagy

dysfunction is responsible for generation of pathological events such as

NDs and cancer (X. Chen et al., 2020; Hazari, Bravo-San Pedro, Hetz,

Galluzzi, & Kroemer, 2020). Lack of autophagy is associated with aggre-

gation of tau proteins and emergence of brain abnormalities (Pragati,

Chanu, & Sarkar, 2020). A decrease in Picalm enhances the levels of tau

proteins in brain and density of NFTs. It has been shown that these

abnormalities and aggregation of tau proteins are along with impair-

ment in autophagy process (Ando et al., 2020). A newly published arti-

cle has demonstrated that genetic background is a candidate involved

in spread of tauopathy (Smolek et al., 2019). The aggregations of tau

proteins are found in temporal, ventral, lateral, and primary cortical

areas of brain. Notably, the enhanced levels of tau proteins in temporal

and frontal areas have most significant impacts on the decline in the

memory and brain functions (Pereira, Harrison, La Joie, Baker, &

Jagust, 2020). Interestingly, accumulation of tau proteins produces a

signal of “eat-me” on living neurons. As a consequence, microglia attack

these neurons and phagocyte them. So, prevention of microglial activity

can be a promising option in alleviation of the condition (Pampuscenko

et al., 2019). Furthermore, modification of actin cytoskeleton of

microglia can improve the clearance pace of tau proteins (R. Das,

Balmik, & Chinnathambi, 2020). These two studies show that a precise

strategy should be considered in overcoming tau aggregation by micro-

glial cells. Finally, imaging techniques have been developed in mapping

tau proteins and need further elaboration to be used in clinic (Inaba

et al., 2019; Kramer et al., 2020).

4 | AMYLOID-BETA: FROM PHYSIOLOGY
TO PATHOLOGICAL ASPECT

The process of proper folding of proteins is tightly regulated by multi-

ple molecular pathways and organelles. This phenomenon is critical
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for having functional proteins (Mputhia et al., 2019). Sometimes, the

misfolding of proteins leads to the production of aggregations, known

as “amyloids” (Banach, Konieczny, & Roterman, 2019). A high number

of proteins can be loaded on these aggregations to produce fibrous

deposits that are harmful for cells and tissues (Ow & Dunstan, 2014).

The amyloids are associated with generation of various disorders due

to their role in induction of cell damage and cell death (Rambaran &

Serpell, 2008; Verma, Vats, & Taneja, 2015). So, amyloid transforma-

tion is a consequence of protein misfolding (Baldwin et al., 2011; Dill &

Chan, 1997; Dobson, Šali, & Karplus, 1998), and the aggregations of

amyloids interfere with biological pathways, leading to the emergence

of diseases (Chiti & Dobson, 2006). Studies have shown that neurons

are more susceptible to these types of aggregations and undergo

reversible and irreversible damages, when they are exposed to amy-

loids. The amyloid-beta (Aβ) is the most common type of amyloid

aggregations in the brain and is responsible for the development of

NDs (Greenberg et al., 2020). This shows that Aβ plaques emanate

from protein misfolding and their role in progression of NDs has been

explored. The interesting point is that in spite of having debates about

the exact cause of NDs such as AD, the scientists are in agreement

with the role of Aβ plaques in NDs emergence (Polanco et al., 2018;

van der Kant, Goldstein, & Ossenkoppele, 2020).

Aβ emanates from the proteolytic decomposition of amyloid

precursor protein (APP) (Chai, Leung, Callaghan, & Gelissen, 2020).

APP plays physiological roles in the brain development and preserv-

ing neuronal function. As a transmembrane protein, APP is found in

astrocytes, microglia, and neurons (Brothers, Gosztyla, &

Robinson, 2018; Nalivaeva & Turner, 2013). During the normal con-

ditions, α-secretase and γ-secretase form a non-amyloidogenic

sAPPα from APP. However, in amyloidogenic pathway, β-secretase

(instead of α-secretase) cleaves APP and then γ-secretase degrades

the resulting by-product, leading to the production of Aβ (Takahashi,

Nagao, & Gouras, 2017). It is worth mentioning that via

amyloidogenic pathway, a variety of Aβ variants are produced includ-

ing Aβ (1–40), Aβ (1–42), and Aβ (11–42). Aβ (1–40) is the major type

in patients with AD, whereas Aβ (1–42) is extensively found in elder

people. Furthermore, Aβ (1–40) is soluble in water, whereas Aβ

(1–42) forms fibrils. The soluble Aβ aggregations are more harmful

than fibril one, showing the high toxicity induced by Aβ (1–40) in

patients with AD (Dahlgren et al., 2002; Oddo et al., 2003; Verma

et al., 2015). It should be noted that Aβ is necessary for the appropri-

ate function of brain and has neuroprotective activities (Bateman

et al., 2006; Brothers et al., 2018). The abnormalities in the produc-

tion of Aβ or lack of clearance of Aβ can exert adverse impacts on

neurons (Mawuenyega et al., 2010). These studies demonstrate that

Aβ is the result of protein misfolding and their aggregations harm-

fully affect the cells. The neurons are more vulnerable to the dam-

ages caused by Aβ. The Aβ is beneficial at physiological

concentrations, but its high levels can induce neurotoxicity (Leong,

Ng, Chye, Ling, & Koh, 2019; Panza, Lozupone, Bellomo, &

Imbimbo, 2019; Picone, Nuzzo, Giacomazza, & Di Carlo, 2019). Not

only does Aβ is a neurotoxic peptide, but also it can lead to abnormal

phosphorylation of tau proteins (Flemmig, Zamocky, & Alia, 2018).

High concentrations of Aβ in brain are toxic for the proper func-

tion of brain and can induce malfunctions. A number of diseases can

enhance the level of Aβ in the brain. In diabetes mellitus (DM), a

decrease occurs in the levels of insulin. It seems that insulin deficiency

increases the levels of Aβ (1–42). This amyloid is involved in progres-

sion of AD, showing the relationship among DM, Aβ levels, and the

risk of AD (Imamura et al., 2020). The increased concentrations of Aβ

also reduce learning capacity (Ruotolo et al., 2020). The cognitive defi-

cits resulted from Aβ deposition are reversible and can be alleviated

by administration of plant-derived natural products such as

b-sitosterol (Ye, Li, Hao, Qin, & Ma, 2020). It is worth mentioning that

Aβ aggregation stimulates hypertension and it is necessary to preserve

cerebral perfusion (Palmer et al., 2020). The studies highlight the fact

that Aβ has neuroprotective roles at physiological concentrations and

its high levels stimulate adverse impacts on brain (Pietroboni

et al., 2019; Schultz, Byman, & Wennstrom, 2019). In respect to the

cytotoxic effect of Aβ on neurons and providing conditions for pro-

gression of NDs, efforts have been directed towards finding agents to

degrade Aβ aggregations or reduce their levels. Although there have

been satisfactory results of using synthetic drugs in attenuation of Aβ

plaques, medicinal plants are suggested to be more beneficial in deg-

radation and decreasing Aβ aggregations. A number of studies have

explored the potential of natural chemicals in attenuation of Aβ levels

and restoring cognitive and learning capacities (Z. Y. Cai, Wang, Lu, &

Yang, 2019; T. K. Das, Jana, Chakrabarti, & Abdul Hamid, 2019;

Jakubowski, Orr, Le, & Tamamis, 2019; J. Xu, Wu, Zhang, &

Yang, 2018).

5 | RESVERATROL: PHARMACOLOGICAL
ASPECTS

Res (3,5,4/−trihydroxy-trans-stilbene) was first isolated from the roots

of white hellbore (Veratum grandiflorum) and Polygonum cupsidatum

(Baek et al., 2016; S. Deng et al., 2019; Ko et al., 2017; Mishra

et al., 2019; Y.-K. Xie et al., 2019). This plant has a long history of

being used in traditional Chinese medicine (Vauzour, 2012). It has

been employed along with other commonly used natural compounds

like thymoquinone (Siveen et al., 2014; Woo, Hsu, Kumar, Sethi, &

Tan, 2013), honokiol (P. Rajendran et al., 2012), escin (S. M. Tan

et al., 2010), pinitol (Sethi, Ahn, Sung, & Aggarwal, 2008), iso-

rhamnetin (Ramachandran et al., 2012) and so forth for the treatment

of inflammatory conditions and different malignancies. Res is exten-

sively found in a variety of plants including peanut, blueberries, and

grapes (Kim, Chung, & Song, 2019). There are two major types of Res:

(a) trans-Res and (b) cis-Res (Intagliata, Modica, Santagati, &

Montenegro, 2019). The trans-Res is more stable than cis-Res. This

predominant form can be converted into cis-Res by exposing to sun-

light or ultraviolet (UV) radiation (Camont et al., 2009). The Res can be

administered through oral or intravenous routes (Amri, Chaumeil,

Sfar, & Charrueau, 2012; Chauhan, 2015). The transepithelial diffusion

is the main pathway for the absorption of Res (Goldberg, Yan, &

Soleas, 2003). The Res has a poor bioavailability because of its rapid
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metabolism in liver and intestine via glucuronidation and sulfation

(Bitterman & Chung, 2015; Man, Li, & Xia, 2020; Patel et al., 2011;

Walle, Hsieh, DeLegge, Oatis, & Walle, 2004). Due to its poor bio-

availability, a number of nanocarriers such as polymeric nanoparticles

(NPs), micelles, lipid-based NPs, liposomes, and so on have been

developed to enhance its bioavailability, resulting in an increase in its

therapeutic and biological activities (Figure 1) (Ha et al., 2019; Hai

et al., 2017; Marycz et al., 2019; Milinči�c et al., 2019; M. Wang

et al., 2017; L. Zhang et al., 2019).

Res is of interest due to its great pharmacological impacts such as

antioxidant (Ulrih et al., 2020), antiinflammatory (Ma, Fan, Li, Zhang, &

Yan, 2019), antidiabetes (Q. Wu et al., 2019), antitumor (Honari,

Shafabakhsh, Reiter, Mirzaei, & Asemi, 2019; J. Xie et al., 2019),

hepatoprotective (Q. Chen, Sun, Huang, Wang, & Hong, 2019), cardi-

oprotective (Ferreira et al., 2019), and the capability of reducing lipids

(Xiang et al., 2020). Res has a high capability in decreasing the level of

oxidative stress to inhibit mitochondrial dysfunction and apoptosis

(X. Tan et al., 2019; Y. Zhang et al., 2019). Res is able to target various

signaling pathways to exert its therapeutic activities. By inhibition of

PI3K/Akt/Nrf2 signaling pathway, Res prevents the resistance of can-

cer cells to chemotherapy and enhances the antitumor activity of che-

motherapeutic agents (L. Zhang, Zhu, et al., 2019). It appears that

chemotherapy is associated with adverse impacts on other organs and

cells of the body. Administration of Res is a promising strategy in

reducing the oxidative stress and inhibition of apoptotic cell death. It

has been shown that Res mainly decreases oxidative stress via stimu-

lation of nuclear factor erythroid 2-related factor 2 (Nrf2) and its tar-

gets such as superoxide dismutase (SOD) and heme oxygenase-1

(HO-1) (M. Wu et al., 2019).

Res can be considered as a potential supplementation in the

treatment of osteoarthritis. Multiple factors are involved in the gener-

ation of osteoarthritis, and inflammatory cytokines and obesity are

among them. In alleviation of obesity-related osteoarthritis, Res

administration exerts modulatory impacts on PI3K/Akt and TLR4 sig-

naling pathways. The in vitro and in vivo experiments demonstrate

that through induction of PI3K/Akt signaling pathway, Res inhibits

TLR4, leading to the amelioration of osteoarthritis (X. Xu et al., 2019).

Besides, Res diminishes the expression of JAK2/STAT3 signaling path-

way to ameliorate osteoarthritis (M. Jiang et al., 2019). The clinical tri-

als have also confirmed the safety of Res in the treatment of

osteoarthritis. Res can be supplemented with meloxicam in ameliora-

tion of pain and promoting physical function in patients with osteoar-

thritis (Hussain, Marouf, Ali, & Ahmmad, 2018).

DM is a chronic metabolic disorder and annually, a high number

of people are diagnosed with this disease (Moradi-Marjaneh,

Paseban, & Sahebkar, 2019; Y. Wang et al., 2019). Strategies for man-

agement and treatment of DM have been conducted. The administra-

tion of Res is advantageous in DM therapy. By activation of

autophagy via upregulation of Beclin-1 and LC-3II, Res alleviates

ischemic/reperfusion (I/R) injury in diabetic myocardium

(Qu et al., 2019). In amelioration of hepatic I/R injury, Res supplemen-

tation diminishes remarkably the levels of inflammatory cytokines and

oxidative stress (Aktas et al., 2019). Loading Res on solid lipid

nanoparticles (SLNs) promotes antidiabetic activity of Res. Res-loaded

SLNs effectively ameliorate insulin resistance by downregulation of

synaptosomal-associated protein 23 (Snap23), syntaxin 4 (Stx4), and

vesicle-associated membrane protein 2 (Vamp2) (Mohseni,

ArabSadeghabadi, Ziamajidi, Abbasalipourkabir, & RezaeiFarimani,

2019). The reproductive system is negatively affected by DM.

Administration of Res is related to the improved DNA integrity and

sperm parameters (Bahmanzadeh, Goodarzi, Rezaei Farimani, Fathi, &

Alizadeh, 2019). The 500 mg intake of Res for 4 weeks promotes met-

abolic status in patients with DM to prevent coronary heart disease

(Figure 2) (Hoseini et al., 2019). The mentioned studies demonstrate

that Res has excellent protective effects and can be an appropriate

option in the treatment of various diseases.

6 | CHEMISTRY AND BIOSYNTHESIS OF
RESVERATROL

As it was mentioned earlier, Res has two isoforms known as trans and

cis in which trans isoform is more active (Francioso, Mastromarino,

Masci, d'Erme, & Mosca, 2014). The trans isoform of Res is stable and

resistance into heat, while cis isoform is unstable and immediately

converts into trans isoform (Soleasc, 1995; Trela &

Waterhouse, 1996). A number of factors such as irradiation time,

wavelength, temperature, pH, and physical status affect isomerization

of trans-Res. The biosynthesis of Res is similar to the production of

cinnamic acids and flavonoids such as naringenin via phenylpropanoid

pathway (Keylor, Matsuura, & Stephenson, 2015). At the first step,

phenylalanine as a by-product of shikimate pathway undergoes enzy-

matic reactions to generate linear tetraketide. This is an intermediate

for the synthesis of flavonoid via chalcone synthase (Schöppner &

Kindl, 1984). On the other hand, external stimuli such as irradiation,

pathogens, and trauma can stimulate gene encoding stilbene synthase
F IGURE 1 The various nanocarriers applied in delivery of
resveratrol [Colour figure can be viewed at wileyonlinelibrary.com]
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(Vannozzi, Dry, Fasoli, Zenoni, & Lucchin, 2012). After biosynthesis,

Res structure undergoes alterations to enhance its antifungal

and antioxidant activities (Flamini, Mattivi, Rosso, Arapitsas, &

Bavaresco, 2013). The glycosylation of Res results in storage of this

compound in cell tissues and protection against oxidation (Regev-

Shoshani, Shoseyov, Bilkis, & Kerem, 2003). It is worth mentioning

that Res monomer can be oligomerized to produce complex phenolic

secondary metabolites containing 2–8 Res units with antifungal activi-

ties (PWVM Langcake & McCarthy, 1979; P Langcake & Pryce, 1976).

7 | NEUROPROTECTIVE ACTIVITY OF
RESVERATROL

It is held that Res possess potent neuroprotective impacts. Recent

studies have shown the neuroprotective activities of Res in both

in vitro and in vivo experiments. The prion infection is associated with

a number of alterations in the levels of nerve growth factor (NGF) and

regulatory kinases, predisposing to NDs. The administration of Res

significantly enhances the level of NGF and inhibits prion replication.

Also, Res upregulates the expression of positive regulatory kinases

including p-CREB, p-CaAAKIV, and CaMKK2 to elevate the level of

NGF (X. Xu et al., 2019). A combination of Res and curcumin is advan-

tageous in promoting the antioxidant defense system and reducing

the level of oxidative stress to alleviate the adverse impacts caused by

fipronil, a phenylpyrazole insecticide (AlBasher et al., 2019). The sup-

plementation with Res decreases I/R injury. This is obtained by

preserving and restoring mitochondrial function and induction of

AMP-activated protein kinase (AMPK)/Mfn1 signaling pathway (Gao,

Wang, Li, & Li, 2019). In alleviation of I/R injury, Res also upregulates

the expression of microRNA (miR)-149-5p to decrease p53 expression

and inhibit apoptotic cell death (Teertam & Jha, 2019). Inflammatory

factors may adversely affect the brain function. The administration of

Res downregulates the expression of nuclear factor-kB (NF-kB) as a

molecular pathway involved in neuroinflammation (Q. Chen

et al., 2019). Through enhancing hippocampal neurogenesis, Res

improves cognitive deficits in children (Elifani et al., 2019). Activation

of autophagy is beneficial in reducing stress and prevention of apo-

ptosis (De Biase et al., 2020). In an ischemic brain, Res stimulates

autophagy by AMPK induction to preserve mitochondrial function

and suppress the generation of reactive oxygen species (ROS)

(Pineda-Ramírez et al., 2019). Overall, the studies approve the neuro-

protective impacts of Res. This naturally occurring compound is able

to affect signaling pathways to exert its neuroprotective activity. Also,

it diminishes the levels of oxidative stress and inflammatory factors as

well as inhibits apoptosis in neuronal cells (Z. Dou, Rong, Zhao,

Zhang, & Lv, 2019; Lin et al., 2020; Y.-K. Xie, Zhou, et al., 2019;

L. Zhang, Wang, et al., 2019; R. Zhao, Zhao, Su, Zhang, & Zhao, 2019).

8 | RESVERATROL AND TAU PROTEIN

Based on the great pharmacological and neuroprotective activities of

Res, this compound can be advantageous in the treatment of NDs

caused by tau protein. AD is a progressive neurodegenerative disorder

that causes dementia in elder people (Hampel et al., 2010; Mayeux &

Stern, 2012). Tau proteins are involved in the generation of AD and

available drugs are just effective in reducing the severity of symptoms

(Hardy & Selkoe, 2002; Holtzman, Mandelkow, & Selkoe, 2012;

Kumar & Singh, 2015; Salomone, Caraci, Leggio, Fedotova, &

Drago, 2012). Elevating the activity of proteosomal degradation may

reduce the adverse effects caused by tau protein. Administration of

Res decreases the activity of heat-shock protein 70 (Hsp70), while it

enhances the ubiquitination of proteins and their degradation by

F IGURE 2 The several molecular
pathways involved in therapeutic effects
of resveratrol [Colour figure can be
viewed at wileyonlinelibrary.com]
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proteasome 20s, leading to a significant diminution in

hyperphosphorylated tau proteins. This demonstrates that Res

improves cognitive deficits and supports against neurodegeneration

by increasing the degradation of tau proteins (Corpas, Grinan-Ferre,

Rodriguez-Farre, Pallas, & Sanfeliu, 2019). Accumulating evidence has

shown a relationship between AD and glucoma (Jindal, 2013; Nucci

et al., 2015; Tsolaki et al., 2011). It seems that glucoma can be consid-

ered as a neurodegenerative process that negatively affects visual sys-

tem (Nucci et al., 2016; Nucci, Martucci, Martorana, Sancesario, &

Cerulli, 2011). Optic nerve head astrocytes (ONHAs) are metabolic

blocks for optic nerve and also provide a structure to protect optic

nerves (Hernandez, 2000). It has been demonstrated that inflamma-

tory factors and oxidative stress are responsible for damages in

ONHAs and this story is also true for AD (Bellaver, Souza, Souza, &

Quincozes-Santos, 2017; T. Jiang & Cadenas, 2014). Exposing ONHAs

to oxidative stress is associated with induction of apoptotic cell death

and decreased viability and proliferation of these cells. It is held that

during oxidative stress, dephosphorylation of tau protein occurs in

serine 422 (Ser422), providing a site for cleavage of tau protein by

caspase. This leads to the cytoskeletal alterations and accelerates the

production of NFTs. The Res supplementation inhibits the stimulation

of caspases to suppress tau cleavage and emergence of astrocyte

degeneration (J. C. Means, Lopez, & Koulen, 2020). It is worth men-

tioning that a combination of Res and morin is efficient in reducing

the levels of hyperphosphorylated tau proteins and stabilization of

them (K. C. Yu, Kwan, Cheung, Ho, & Baum, 2018). As it was men-

tioned in earlier sections, post-transcriptional modification of tau pro-

tein is tightly regulated by phosphatases and kinases. The perturbance

in these pathways results in hyperphosphorylation of tau proteins and

emergence of NDs. Protein phosphatase 2A (PP2A) and glycogen

synthase kinase-3β (GSK-3β) are the main phosphatases and kinases

of tau protein, respectively (Landrieu et al., 2011; Rankin, Sun, &

Gamblin, 2007). The upregulation of GSK-3β and downregulation of

PP2A occurs in NDs such as AD. Besides, GSK-3β stimulates the

hyperphosphorylation of tau protein (Lee, Lau, Miller, & Shaw, 2003;

Noh et al., 2009; Ponce-Lopez, Hong, Abascal-Díaz, &

Meneses, 2017). By administration of Res, PP2A undergoes

upregulation, while a decrease occurs in the activity of GSK-3β by

induction of PI3K/Akt signaling pathway (Shati & Alfaifi, 2019). Nota-

bly, Res not only decreases the aggregation of tau proteins, but also

increases the uptake of extracellular tau proteins. Besides, Res allevi-

ates neuroinflammation and synaptic loss by reducing tau phosphory-

lation (X.-Y. Sun et al., 2019).

Elucidating the underlying mechanism involved in the impact of

Res on tau proteins is of importance in terms of directing the further

studies for the treatment of NDs. The aggregation of tau proteins

leads to the stabilization of microtubules and subsequently, develop-

ment of paired helical filaments (PHFs). The PHFs may be responsible

for the progression of AD (Alonso, Grundke-Iqbal, Barra, &

Iqbal, 1997; C.-X. Gong et al., 2005). As it was mentioned, PP2A is a

phosphatase for tau protein and its decreased activity is evident in

patients with AD (C. X. Gong et al., 1995; C. X. Gong, Singh, Grundke-

Iqbal, & Iqbal, 1993; F. Liu, Grundke-Iqbal, Iqbal, & Gong, 2005;

Loring, Wen, Lee, Seilhamer, & Somogyi, 2001; Sontag et al., 2004;

Vogelsberg-Ragaglia, Schuck, Trojanowski, & Lee, 2001). So, one

potential strategy in the treatment of AD and other NDs can be an

increase in the activity of PP2A by inhibiting its degradation. The

microtubule-associated ubiquitin ligase MID1 contributes to the

proteosomal degradation of PP2A through ubiquitination

(Trockenbacher et al., 2001). The Res supplementation enhances the

dephosphorylation and stabilization of tau protein by disruption of

MID1-PP2A complex and preventing PP2A degradation (Schweiger

et al., 2017). Vanadate is a phosphatase inhibitor capable of inhibiting

the function of PP2A and PTP1B (Kanno, Tsuchiya, Tanaka, &

Nishizaki, 2016; Landrieu et al., 2011). Moreover, vanadate stimulates

oxidative stress and tau phosphorylation, predisposing to AD

(Derkinderen et al., 2005; Korbecki, Baranowska-Bosiacka,

Gutowska, & Chlubek, 2015). Suppressing the adverse impacts of van-

adate is of interest in AD therapy, since exposing to the vanadate is

associated with an increase in the phosphorylation of tau protein at

Ser396. Res effectively inhibits tau phosphorylation and alleviates oxi-

dative stress by suppressing tau phosphorylation via downregulation

of ERK1/2 and GSK-3β signaling pathways (K. A. Jhang, Park, Kim, &

Chong, 2017). In addition to GSK-3β, the calmodulin-dependent pro-

tein kinase II (CaMKII) is also a kinase with regulatory impacts on tau

protein modification. In cells exposed to formaldehyde, the activities

of GSK-3β and CaMKII enhance, whereas the activity of PP2A

undergoes downregulation. In order to decrease the tau phosphoryla-

tion caused by formaldehyde and ameliorate cytotoxicity, Res inhibits

GSK-3β and CaMKII. Besides, Res elevates the activity of PP2A to

enhance the degradation of tau proteins (He et al., 2016). The Res is

able to suppress tau cleavage by inhibition of caspase activity (John

C. Means, Gerdes, & Koulen, 2017). By preventing the phosphoryla-

tion of tau proteins at Ser404, Res ameliorates cognitive deficits

(J. Cheng et al., 2017). The studies hold the view that based on the

capability of Res in penetration into blood–brain barrier (BBB), its

administration is advantageous in improving the damages caused by

tau protein aggregation (Salberg, Yamakawa, Christensen, Kolb, &

Mychasiuk, 2017; Tecza & Zylinska, 2016). Taking everything into

account, it is held that Res is a potent neuroprotective agent by

targeting the aggregation and phosphorylation of tau proteins. These

effects lead to improvement in cognitive and learning capacities and

also inhibit the damages on neurons (Table 1, Figure 3) (J. Cheng

et al., 2016; Jeon et al., 2012; Porquet et al., 2013; Soliman, Ismail,

Badr, & Nasr, 2017).

9 | RESVERATROL AND AMYLOID-BETA

Protein misfolding and aggregation of Aβ result in the development

of NDs such as AD and PD (Soto, 2003; Yamin, Ono, Inayathullah, &

Teplow, 2008). The Aβ deposition is associated with induction of

neuroinflammation and neuronal cell death (Suzuki et al., 2013).

Besides, Aβ plaques disrupt metal ion homeostasis and are involved

in pathogenesis of AD (Sommer, 2002). The increasing evidence

shows that metal ions such as Cu2+, Fe2+, and Zn2+ can be co-
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localized by Aβ plaques (Bush, 2000). This attachment not only

enhances the aggregation of Aβ plaques, but also elevates the levels

of ROS, leading to the induction of neurotoxicity (Dong et al., 2003;

Guilloreau, Combalbert, Sournia-Saquet, Mazarguil, & Faller, 2007).

In respect to the poor bioavailability of Res, loading Res on func-

tional selenium NPs can improve its therapeutic impacts. It seems

that Res-loaded selenium NPs significantly diminish ROS production

and inhibit Cu2+-mediated Aβ aggregation. Besides, the selenium also

has an inhibitory impact on Aβ aggregation (L. Yang, Wang, Chen,

Wang, & Zheng, 2018). Based on the involvement of several factors

in pathogenesis of AD such as Aβ deposition, metal ions and oxida-

tive stress, using a multi-targeted strategy is of importance in effec-

tive treatment of AD (Bajda, Guzior, Ignasik, & Malawska, 2011;

Cavalli et al., 2008; Guzior, Wieckowska, Panek, & Malawska, 2015;

León, Garcia, & Marco-Contelles, 2013; C. Lu et al., 2013). A variety

of multi-target-directed ligands (MTDLs) have been developed over

the past decades (Bolognesi, Cavalli, & Melchiorre, 2009; Giacomini,

Rupiani, Guidotti, Recanatini, & Roberti, 2016; Jerabek et al., 2017;

Ono et al., 2008; Turner et al., 2015). Incorporation of

3-hydroxypyran-4-one moiety (maltol) into the structure of Res leads

to the formation of Res-maltol hybrid with the capability of targeting

multiple factors. It has been demonstrated that Res-maltol hybrids

are able to suppress the aggregation of Aβ (1–42) with high antioxi-

dant activity that is beneficial in reducing oxidative stress. Besides,

Res-maltol hybrids can chelate metal ions to prevent further deposi-

tion of Aβ plaques (G. Cheng et al., 2018). A hybrid of Res and

clioquinol considerably suppresses the aggregation of Aβ (1–42)

plaques. Besides, this hybrid disrupts and destabilizes the Aβ (1–42)

protofibril structure via enhancing the interchain distance between

chains A and B, interfering salt–bridge interaction, and diminishing

the number of backbone hydrogen bonds (Saini, Shuaib, Goyal, &

Goyal, 2019). The studies demonstrate that MTDLs of Res such as

deferiprone-Res, tacrine-Res, and Res-indazole have high neuro-

protective impacts and can be considered as potential agents in the

treatment of NDs due to their capability in suppressing Aβ aggrega-

tion (Jerabek et al., 2017; Lan et al., 2018; P. Xu, Zhang, Sheng, &

Ma, 2017). Besides, derivatives of Res such as its prenylated deriva-

tives have shown the ability of inhibiting Aβ deposition (Puksasook

et al., 2017). Seino and colleagues revealed that Gnetin C as a Res

dimer also enhances the viability of neurons by diminishing the levels

of Aβ (Seino et al., 2018). The great antioxidant activity of Res medi-

ated through Nrf2/HO-1 signaling pathway, and its capability in

reducing Aβ expression makes Res an appropriate option in the

treatment of NDs (Kong et al., 2019).

F IGURE 3 The inhibitory effect of resveratrol on tau protein, their aggregation, and adverse effects with involvement signaling pathways
[Colour figure can be viewed at wileyonlinelibrary.com]
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It is worth mentioning that Aβ can be found in extracellular envi-

ronment as oligomers and in exosomes (L. Rajendran et al., 2006). The

exosomes are able to enhance the aggregation and deposition of Aβ

plaques and subsequently, deteriorate the NDs (Bellingham, Guo,

Coleman, & Hill, 2012; Kokubo et al., 2005; Tkach & Théry, 2016; Val-

erie Vingtdeux, Sergeant, & Buee, 2012). In AD, alterations occur in

vascular system that interferes with oxygen supply, resulting in induc-

tion of hypoxia in brain (Chui & Ramirez-Gomez, 2015; Farkas &

Luiten, 2001). Notably, hypoxia is a major factor involved in enhanced

generation of Aβ plaques from APP (L. Li et al., 2009; Peers

et al., 2009; Sun et al., 2006). The Res supplementation down-

regulates CD147 to suppress hypoxia-mediated deposition of exo-

somal Aβ (J. Xie, Li, et al., 2019). It has been demonstrated that Aβ

aggregations can stimulate the activation of microglial cells, leading to

the production of inflammatory factors (Z. Cai, Hussain, & Yan, 2014).

The inflammation adversely affects neurons and is associated with

neuronal cell death. On the other hand, thioredoxin-interacting pro-

tein (TXNIP) contributes to the modulation of cellular redox status

and its abnormal expression occurs in NDs (Nasoohi, Ismael, &

Ishrat, 2018). Upregulation of TXNIP is related to the inhibition of

thioredoxin (TRX) and induction of inflammatory pathway NLRP3

(Y. Liu et al., 2014). The Aβ deposition activates microglial cells

through stimulation of TXNIP/TRX/NLRP3 axis to enhance the levels

of inflammatory factors. The administration of Res reverses this route

and neutralizes the toxic effects of Aβ (Mortezaee et al., 2019). A

newly published article by Yang and colleagues demonstrates that a

combination of Res and metformin diminishes the viability of neurons

(A. J. T. Yang, Frendo-Cumbo, & MacPherson, 2019). This article high-

lights the fact that safety aspects should be considered too.

It is worth mentioning that Aβ aggregations contribute to the

pathogenesis of AD through three distinct pathways: (a) elevating the

excitability of pyramidal neurons, (b) inhibiting A-type-fast-

inactivating K+ currents, and (c) making a delay at rectifying K+ cur-

rents (Dai, Yang, Chen, & Yang, 2014; Good, Smith, & Murphy, 1996;

Minkeviciene et al., 2009). So, restoring potassium channel function is

a potential strategy in AD therapy. In order to prevent the mentioned

adverse impacts of Aβ deposits on potassium channels, Res down-

regulates and suppresses the induction of protein kinase A (PKA) and

PI3K/Akt signaling pathway (Yin et al., 2017). As it was discussed ear-

lier, Aβ aggregations are involved in induction of inflammation and

oxidative stress. Underlying signaling pathways are of interest for fur-

ther targeting by protective compounds. Accumulating data have

demonstrated that AMPK signaling pathway inhibits inflammation and

oxidative stress by downregulation of nuclear factor-κB (NF-κB)

(Salminen, Hyttinen, & Kaarniranta, 2011). Based on the critical roles

of AMPK in regulation of biological pathways including lipid metabo-

lism and cellular homeostasis, any impairment in this pathway may

contribute to the generation of AD (Salminen, Kaarniranta, Haapasalo,

Soininen, & Hiltunen, 2011). Res applies a same way to suppress the

oxidative stress and inflammation caused by Aβ aggregations. This

naturally occurring compound triggers AMPK signaling pathway to

protect neuronal cells against Aβ-mediated inflammation and oxida-

tive stress (Chiang, Nicol, & Cheng, 2018). Notably, Aβ aggregations

demonstrate adverse impacts on mitochondria through enhancing

ROS production, induction of mitochondrial dysfunction, and interfer-

ing with electron transfer chain (Amakiri, Kubosumi, Tran, &

Reddy, 2019; J. Lu et al., 2019; Muraleva, Kozhevnikova, Fursova, &

Kolosova, 2019; Pepperberg, 2019). As a result, ensuring the mito-

chondrial function is of importance in the treatment of AD. On the

other hand, the self-digestion of intracellular organelles and compo-

nents is performed by a process known as autophagy (Wen &

Klionsky, 2019; Y. Yang & Klionsky, 2020). There are different types

of autophagy. Mitophagy is a certain kind of autophagy responsible

for the regulation of mitochondrial quality (Hazari et al., 2020; Jamali

et al., 2020). It is held that dysfunctional mitochondria considerably

elevate the level of oxidative stress and ROS production (Cherubini,

Lopez-Molina, & Gines, 2020; Y. Li, Wang, He, Ji, & Mao, 2019). So,

selective degradation of dysfunctional mitochondria by mitophagy can

ameliorate toxic impacts caused by Aβ. Res stimulates Beclin-1 and

Parkin to induce mitophagy and alleviate Aβ-induced oxidative stress

(H. Wang, Jiang, Li, Gao, & Zhang, 2018).

The stimulation of autophagy is a promising strategy in reducing

Aβ deposits (Lachance et al., 2019; Yuan, Yidan, Jian, Xiangjian, &

Guofeng, 2020). The Res supplementation ameliorates Aβ-induced

cytotoxicity by autophagy induction via tyrosyl transfer-RNA (tRNA)

synthetase (TyrRS)/poly (ADP-ribose) polymerase 1 (PARP1)/SIRT1

axis (H. Deng & Mi, 2016). Res is also beneficial in improving cognitive

deficits caused by Aβ aggregations (R. Wang, Zhang, Li, &

Zhang, 2017). It is held that the protective impacts on memory capac-

ity are mediated by inhibition of phosphodiesterase 4 (PDE4), as a fac-

tor involved in cognitive deficits (He et al., 2016). The

neuroinflammation caused by Aβ aggregation decreases after Res

administration by downregulation of NF-κB pathway (H. F. Zhao

et al., 2015). The capability of Res in preserving cholesterol homeosta-

sis and decreasing amyloidogenic pathway through upregulation of

SIRT1 is important in AD therapy (Sathya et al., 2017). The studies

confirm the neuroprotective impact of Res and its inhibitory effect on

Aβ aggregation (Loureiro et al., 2017).

As it was mentioned, Aβ induces neuroinflammation and oxidative

stress through microglial cell activation. The enhanced levels of Aβ

and microglial activation have been identified in patients with

AD. The increasing evidence has demonstrated that NADPH oxidase

partially mediates the neuroinflammation caused by Aβ plaques

(Abubaker et al., 2019; Tarafdar & Pula, 2018; C. Zhang et al., 2018).

The administration of Res significantly reduces oxidative stress and

production of pro-inflammatory factors by inhibition of microglial

stimulation via NADPH oxidase downregulation (Table 2, Figure 4)

(Yao et al., 2015).

10 | CONCLUSION AND REMARKS

At the present review, we discussed and reviewed the articles about

the effect of Res, as a naturally occurring compound, on tau protein

aggregations and Aβ deposits. Res has shown therapeutic impacts and

can be considered as a promising candidate in the treatment of
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various disorders. In spite of having poor bioavailability, this plant-

derived chemical is able to penetrate into BBB and exert its neuro-

protective effects. Multiple studies have demonstrated the neuro-

protective impacts of Res and its capability in reducing oxidative

stress and inflammation, protecting neurons against apoptotic cell

death, and inhibiting the invasion and proliferation of brain tumors.

Notably, it has been demonstrated that Res is able to affect tau pro-

teins. These proteins are vital for the proper function of brain and

they undergo a number of post-transcriptional modifications such

as phosphorylation. Protein misfolding and hyperphosphorylation

lead to the production of tau proteins that are dysfunctional and

can aggregate, resulting in negative effects on neurons and brain

function. The studies demonstrate that Res applies several steps to

reduce tau protein aggregations and protect neurons. First, Res

enhances the proteosomal degradation of hyperphosphorylated tau

proteins to improve learning and memory capacities. Second, Res

administration is associated with inhibition of caspase activity to

prevent tau protein cleavage. Third, Res regulates the activities of

phosphatases and kinases involved in post-transcriptional modifica-

tion of tau proteins, so that Res upregulates the activity of PP2A,

while it decreases the function of GSK-3β and CaMKII to inhibit the

abnormal phosphorylation of tau proteins. It is held that these

effects are mediated through PI3K/Akt stimulation. Fourth, Res

stabilizes tau proteins by disrupting MID1-PP2A complex. These

studies highlight the fact that Res is efficient in the treatment of

NDs by affecting tau proteins and can be administered with other

neuroprotective drugs to enhance their therapeutic impacts. Fur-

thermore, Res has exhibited potentiality in targeting Aβ aggrega-

tions. It seems that multi-targeting is of importance in inhibition of

Aβ aggregations, since these deposits can induce inflammation and

oxidative stress. Hybrids of Res have been developed to simulta-

neously inhibit oxidative stress, inflammation, and Aβ aggregation.

TABLE 2 The effects of resveratrol on amyloid-beta and its adverse impacts

In vitro

In

vivo Molecular target Results Refs

Human SH-SY5Y

neuroblastoma cells

— — A simultaneous decrease in Aβ
aggregations and oxidative stress

(S. Y. Li, Wang, & Kong, 2014)

Organotypic hippocampal

cultures

— Inhibition of glial and JNK

activations

Amelioration of oxidative stress

and neuroinflammation induced

by Aβ

Frozza et al., 2013a)

Mouse cortical neurons — Stimulation of SIRT1/Akt1 Inhibition of Aβ-mediated apoptosis (J. Zhang et al., 2014)

PC12 cells — Downregulation of ROCK1 Suppressing Aβ-induced apoptosis (Feng et al., 2013)

— Rat Inhibition of GSK-3β and JNK Improving learning and memory

capacities

(Frozza et al., 2013b)

— Rat Activation of HO-1 pathway Alleviation of Aβ-mediated

neurotoxicity by reducing iNOS

and lipid peroxidation levels

(Huang, Lu, Wo, Wu, &

Yang, 2011)

Murine RAW 264.7

macrophages and microglial

BV-2 cells

— Inhibition of TLR4/NF-κB/
STAT signaling pathway

Reducing Aβ aggregation and

neuroinflammation

(Capiralla et al., 2012)

Human neuroblastoma cells — — No effect on Aβ aggregation.
Inhibition of oxidative stress and

neuroinflammations

(Granzotto & Zatta, 2011)

Mouse primary neurons — Stimulation of autophagy and

AMPK signaling pathway

Degradation of Aβ plaques by
autophagy and reducing their

deposits

(V. Vingtdeux et al., 2010)

SK-N-BE cells — Induction of SIRT1 signaling

pathways

Prevention of neurotoxicity and

oxidative stress caused by Aβ
plaques

(Albani et al., 2009)

PC12 cells — Inhibition of caspase-3 activity Reducing oxidative stress mediated

by Aβ plaques
(X. Lu et al., 2009)

Transgenic Caenorhabditis

elegans

— Induction of UBL-5 and XBP-1 Degradation of Aβ plaques by
stimulation of autophagy

(Regitz, Fitzenberger, Mahn,

Dussling, & Wenzel, 2016)

H19-7 hippocampal neuronal

cells

— Inhibition of GSK-3β Improving memory capacity and

inhibition of oxidative damage

mediated by Aβ plaques

(Rege, Geetha, Broderick, &

Babu, 2015)

PC12 cells — Acetylation of p53 Inhibition of Aβ-mediated neuronal

cell death (apoptosis)

(Ai, Li, Li, & He, 2015)

Abbreviations: AMPK, AMP-activated protein kinase; GSK-3β, glycogen synthase kinase-3β.
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The high antioxidant activity of Res mediated through Nrf2/HO-1

signaling pathway and its ability in inhibition of Aβ aggregations

show that Res can suppress the oxidative stress caused by Aβ,

while it inhibits Aβ deposits. Neutralizing the inflammation caused

by Aβ aggregations is performed by Res supplementation via down-

regulation of TXNIP/TRX/NLRP3 axis. Besides, Res upregulates/

downregulates AMPK and NF-κB signaling pathways, respectively.

This leads to the reduced level of oxidative stress and inflammation

caused by Aβ plaques. The Res administration also can inhibit

amyloidogenic pathway and suppress NADPH oxidase, as a poten-

tial factor involved induction of inflammation and oxidative stress.

These studies demonstrate that Res is not only able to target Aβ

and tau protein aggregations but also can prevent the adverse

impacts of these aggregations.

In this review, we collected various studies evaluating the efficacy

of Res in the treatment of NDs via targeting tau proteins and Aβ

plaques. However, studies have focused on in vitro and in vivo experi-

ments, and there is still a long way for their clinical translation. A look

at clinicaltrials.gov shows that a high number of studies have been

considered for evaluating the efficacy of Res in clinical trials in which

some of them have been completed and others are in process. It has

been demonstrated that Res has excellent potential in amelioration of

NDs. In a study, it was revealed that Res administration in older adults

is associated with improvement in memory performance and hippo-

campal functional connectivity along with increasing glucose metabo-

lism (Witte, Kerti, Margulies, & Flöel, 2014). Besides, Res

administration can ameliorate blood flow to promote cognitive abili-

ties (Kennedy et al., 2010). Overall, clinical trials are in agreement with

the fact that Res has great neuroprotective impacts in human

(Wightman et al., 2014). It appears that most important issue related

to Res is its poor bioavailability. Although Res can penetrate into BBB,

low bioavailability minimizes its neuroprotective impacts. Further

studies can focus on developing NPs for Res delivery to improve its

therapeutic impacts.
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