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ABSTRACT

Alzheimer’s disease (AD) is by far the most prevalent neurodegenerative disease of aging and is a major burden
for patients, caregivers, and the overall health care system. The complexity of AD pathophysiology and the lack
of deep understanding of disease mechanisms impeded the development of AD therapy. Currently approved
treatments for AD only modestly improve cognitive function but do not modify disease course. The lack of
pharmacological approaches has led to the consideration of alternative strategies to prevent or to slow down the
progression of AD. There has been a growing interest in the scientific community regarding the impact of diet
and nutrition on AD. Grape derived nutraceuticals and phytochemical compounds have demonstrated anti-
amyloidogenic, antioxidative, anti-inflammatory and neurotrophic properties and present as potential novel
strategies for AD treatment. In this review, we summarize promising grape derived polyphenols that have been
shown to modulate AD pathophysiology including amyloid plaques and neurofibrillary tangles formation, AD-

induced oxidative stress, neuroinflammation and synaptic dysfunction.

1. Introduction

Alzheimer’s disease (AD) is a multifactorial disease characterized by
complex relationships between multiple interrelated biological and
pathologic processing including genetic and environmental factors, age,
education, and lifestyle, which make it difficult to decipher the patho-
physiology and consequently challenging to treat or cure. The major
hallmarks of AD consist of extracellular accumulation of f-amyloid (Af)
plaques and intracellular aberrant aggregation of hyperphosphorylated
Tau tangles. The accumulation of plaques and neurofibrillary tangles is
accompanied by excessive activation of inflammatory pathway, mito-
chondrial dysfunction, and energy depletion, etc. All these events lead to
synaptic loss and neuronal death. These cellular cascade manifest in
patients as progressive neurocognitive impairment accompanied by
language alterations and continuing deterioration of a person’s ability to
perform everyday activities (Alzheimer’s Association, 2020). World-
wide, approximately 50 million people have AD or AD related dementia
but only 25% of people have been properly diagnosed (2019 Alz-
heimer’s Statistics- Alzheimers.net). The number of individuals having
AD is projected to double every twenty years (Prince, 2015).
Geographically, there is divergence between the countries affected by

AD. AD is more prevalent in highly developed countries including
Western Europe and North America and is less common in Sub-Saharan
Africa (Alzheimer disease international website). In the U. S., AD is by
far the most prevalent neurodegenerative disease of aging, with an
estimated prevalence of 5.3 million cases, anticipated to grow to 11-16
million cases by the year 2050 ((NASP), 2010, (AA), 2006). Countries
with low/middle-income are projected to be significantly affected by
2050. These numbers strongly suggest that the major factors contrib-
uting to AD do not solely rely on genetics, age or socio-economical
status, other factors such as environmental factors and lifestyle could
significantly impact the onset and progression of the disease. AD is a
major cause of functional disability in the elderly and pose a heavy
burden on the society and the caregivers. Estimated direct healthcare
costs due to AD in the U.S. amount to $148 billion annually, plus an
additional $94 billion in unpaid costs to caregivers ((NASP), 2010, (AA),
2006). Therefore, as the world aging population continues to grow, the
global healthcare system will face major demographic fiscal pressure in
coming decades.
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2. Multiple pathological mechanisms underlying AD

The pathogenesis of AD is still under active investigation. Histo-
pathologically the familial form of AD and the sporadic forms of AD are
indistinguishable from each other and are characterized by neuro-
degeneration of the brain, especially the hippocampus and the rest of the
neocortex that is associated with numerous hyperphosphorylated,
aggregated tau in intraneuronal neurofibrillary tangles (NFT) and oli-
gomerized AP (0AB) peptides in extracellular neuritic plaques. Both tau-
and Ap-mediated pathogenic mechanisms are key contributory factors to
AD. Moreover, neuroinflammation mediated by primed microglia has
increasingly received attention as another key AD pathogenic mecha-
nisms (Agostinho et al., 2010). It is postulated that in the early stage of
AD, activation of microglia leads to phagocytosis and reduction of Ap
accumulation. However, prolonged activation of microglia leads to the
release of proinflammation cytokines which initiates the inflammatory
cascade and subsequently contributes to neuronal damage and cell death
(Perry et al., 2010; Streit et al., 2004; Jiang et al., 2012). Oxidative stress
and altered redox balance caused by age, AD pathology, metal accu-
mulation and mitochondrial dysfunction also contribute to the patho-
genesis of AD. Below, we will discuss the currently knowledge of the
factors contributing to AD pathogenesis and the potential processes that
can be modulated by select grape derived polyphenols (Fig. 1).

2.1. Beta-amyloid and tau

Senile plaques are mainly composed of Ap peptides that results from
amyloidogenic proteolytic processing of amyloid precursor protein
(APP), a transmembrane protein with a large luminal domain and a
short cytoplasmic domain (Masters et al., 1985). APP is first cleaved by
B-secretase followed by the y-secretase to generate soluble p-APP
(sAPP@), APP intracellular domain (AICD) and toxic species of Ap. The
non-amyloidogenic processing is initiated by the cleavage of APP by
a-secretase within the Ap domain followed by y-secretase cleavage
resulting in soluble a-APP (sAPPa), AICD and non-toxic P3. Both clinical
and preclinical studies showed that cognitive deterioration in AD is
linked to the accumulation of extracellular soluble oligomeric Ap species
rather than amyloid plaque deposition in the brain (Morgan, 2005;
Shankar et al., 2007, 2008; Selkoe, 2002; Terry et al., 1991; Walsh et al.,
2002; Klein, 2002). Oligomeric Ap, including high molecular weight
(HMW) oligomeric Ap as well as low-n oligomers ranging from dimers to
octamers, induce synapse degeneration, synaptic plasticity disruption
and decreases in long-term potentiation (LTP) all of which contribute to
mechanisms underlying the onset and progression of dementia in AD
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(Wang et al., 2002; Lacor et al., 2004; Klyubin et al., 2005; Selkoe, 2008;
Jacobsen et al., 2006; Lesne et al., 2008; Klein, 2002). It is widely
acknowledged that during aging, the imbalance between over-
production of Ap peptides and their elimination led to the peptide ag-
gregation, and associated neurotoxicity (Kang et al., 1987; Haass et al.,
1992; Butterfield et al., 2001; Yankner et al., 1990).

Microtubule-associated protein tau is a highly soluble phosphopro-
tein that regulates microtubule stability and polymerization (Wein-
garten et al., 1975; Cleveland et al., 1977). Abnormal aggregation of
hyperphosphorylated tau into paired helical filaments (PHFs) and sub-
sequently the formation of neuropil threads (NTs) and neurofibrillary
tangles (NFTs) in the brain are characteristic features of AD (Kametani
and Hasegawa, 2018). Hyperphosphorylation of tau protein interferes
with its normal function (Alonso et al., 1994). In AD, aberrantly phos-
phorylated tau protein redistributes from the axon to the soma, inducing
microtubule network breakdown and axonal transport deficits which
ultimately result in neuritic atrophy and cell death. Moreover, hyper-
phosphorylated tau detached from microtubule is very likely to
self-aggregate into neurotoxic PHFs (Mocanu et al., 2008; Anderton
et al., 2001). There is a strong association between AD disease pro-
gression and tau aggregation and between neuronal loss and the for-
mation of NFTs in the brain (Ihara, 1988).

2.2. Oxidative stress

Oxidative stress is caused by the imbalance between the activity of
physiological antioxidant defense system and the production of reactive
oxygen species (ROS). Under physiological conditions, the antioxidant
defense system will detoxify the organism from the reactive oxygen
compounds produced and repair the associated damages (Betteridge,
2000; Dong et al., 2014; M.S. Uddin, 2017). In the brain, ROS are
generated from cellular metabolism, and the accumulation of free rad-
icals will interfere with the normal redox (reduction/oxidation) state of
the cells and subsequently lead to protein, lipid and DNA damages
within the cells. These events will then negatively alter the intracellular
signaling pathways, affect brain neurotransmitters and ultimately attack
neurons and glial cells, leading to increased cellular apoptosis (Uttara
etal., 2009; Gilgun-Sherki et al., 2001; Salganik, 2001). Oxidative stress
occurs in several human chronic diseases but has been strongly impli-
cated in aging and neurodegenerative diseases (Salganik, 2001; Frido-
vich, 1999). Indeed, studies have demonstrated that oxidative stress can
lead to the accumulation and aggregation of Ap in AD patients brains
(Botchway Bo, 2017). Studies from postmortem brains revealed
age-dependent increase of oxidative damages (oxidized proteins, lipids,
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Fig. 1. Schematic illustration of the role of grape derived polyphenols (GDP): Simplified AD pathogenic pathways (blue arrows) and the protective actions of GDPs
(red lines) are schematically illustrated: through 1) interfere with APP process and oAp induced synaptic disruption; 2) prevent abnormal tau hyperphosphorylation
and aberrant aggregation; 3) reduce neuroinflammation and oxidative stress. These collective activities of GDP protect against AD neuropathology by simultaneously
targeting multiple AD mechanisms and thereby preventing AD neuropathology and promoting cognition function.
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and DNA) (Choi et al., 2004) and mitochondrial dysfunction may
contribute to increased oxidative stress in AD (Wang et al., 2009a; Zhu
et al., 2004). Oxidative stress may also play a role in protein misfolding
contributing to abnormal aggregation of A and tau (Marianl et al.,
2005).

2.3. Neuroinflammation

Neuroinflammation, triggered by the innate immune responses in the
central nervous system (CNS) plays a central role in AD pathogenesis.
This is supported by genome-wide association studies linking microglia-
specific genes, TREM2 and CD33 and late onset of AD (Guerreiro et al.,
2013; Jonsson et al., 2013). Microglial cells are resident
macrophage-like cells that play pivotal roles in host defense and tissue
repair in the CNS, Normal activities of microglia are considered bene-
ficial in maintaining homeostasis. For example, microglia are involved
in the phagocytosis and degradation of abnormal protein aggregates
such as Ap aggregates (Ries and Sastre, 2016; Tahara et al., 2006; Wil-
kinson and El Khoury, 2012). It has been suggested that failure of
microglia to remove A is a key contributing factor of Af accumulation
(Hickman et al., 2008; Theriault et al., 2015; Weiner and Frenkel, 2006).
However, under conditions of chronic neuroinflammation, such as
during aging and AD and other neurological disease condition, aberrant
chronic activation of microglia leads to disruptions of microenviron-
ment in the CNS (Matcovitch-Natan et al., 2016; Keren-Shaul et al.,
2017; Krasemann et al., 2017), thereby contributing to pathogenic in-
sults to the brain. Microglia participate in the immune response in AD by
activating the complement cascade and producing inflammatory cyto-
kines such as IL-1p, IL-6 and TNF-a (Wyss-Coray, 2006). IL-6 is one of the
main pro-inflammatory cytokines released by activated microglia and -
is strongly deregulated in AD (Udan et al., 2008; Sugama et al., 2009;
Patel et al., 2005). For example, there is a positive correlation between
the degree of mental retardation and serum levels of IL-6 in patients with
Down Syndrome whose trisomy for chromosome 21 leads to increased
expression of the amyloid precursor protein (APP) and AB peptide
fragments, leading to AD pathology with clinical symptoms presenting
later in life, suggesting that there is a direct relationship between the
expression of inflammatory markers and cognitive capacities (Wilcock
and Griffin, 2013; Carta et al., 2002).

2.4. Synaptic dysfunction

Synaptic alteration/dysfunction is increasingly viewed as one of the
earliest events in the initiation of AD-type cognitive decline preceding
neuronal loss (Scheff et al., 2007; Spires et al., 2005; Le et al., 2001).
Numerous studies have demonstrated significant alterations in the
structure of dendrites and spines, including dystrophic dendrites, aber-
rant sprouting and curvature of dendritic processes, and loss of dendritic
spines with accompanying synapse loss in hippocampal and neocortical
pyramidal cells in the brain of AD patients as well as in mouse models of
AD (Urbanc et al., 2002; Tsai et al., 2004, Mclean et al., 1999). In both
AD patients (Lue et al., 1999; Wang et al., 1999) and AD mouse models
(Mucke et al., 2000; Oddo et al., 2003; Shankar et al., 2007; Palop et al.,
2006; Davies et al., 1987), losses of brain neuronal synapses and den-
dritic spines are correlated with increased levels of soluble 0Ap in the
brain. Most importantly, synaptic loss shows the most robust correlation
with cognitive decline in AD (Scheff et al., 2007; Le et al., 2001; Rocher
et al., 2008). Therefore, preventing synapse loss and restoring synaptic
function may provide a viable strategy for early protection/intervention
to slow AD progression and to preserve cognitive function.

3. Challenges for AD therapy and alternative strategy
AD is multifactorial disorder. The familial form of AD accounts for

less than 1% of all cases. The exact causes of the sporadic form of AD,
which accounts for over 99% of the cases, are not yet well understood.
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Current FDA-approved treatments for AD include three acetylcholines-
terase inhibitors donepezil (ARICEPT, ARICEPT ODT), rivastigmine
(EXELON), and galantamine (RAZADYN, REMINYL) (Birks, 2006), and a
noncompetitive N-methyl-D-aspartate antagonist, memantine (NAME-
NDA) (Robinson and Keating, 2006). These medications have been
shown to modestly improve cognitive function but do not significantly
modify the progression of the disease. Despite tremendous efforts and
investment, drug discovery for AD has encountered hundreds of failed
clinical trials and there has been no new treatment since the last drug
approved in 2003. Current advancement in AD human trials has shown
some efficacy of various antibody therapies in removing neuritic pla-
ques: e.g., a phase II study by FEisai and Biogen showed Lecanemab
(BAN2401), a humanized IgG1 antibody, significantly reduced amyloid
plaques; Donanemab (LY3002813), another humanized IgG1 antibody
developed by Eli Lilly showed significant removal of amyloid plaque.
Both drugs showed some cognitive stabilization during the trial period
but also was associated with increased incidence of amyloid-related
imaging abnormalities cerebral edema (ARIA-E). Similar antibody
Aducanumab (BIIB037) developed by Biogen was submitted to the FDA
but was rejected for its weak efficacy. Therefore, there is an urgent need
to develop novel therapeutic strategy to prevent or treat AD.

Alternative treatments for AD have increasingly received attention in
the past decade. This is represented by nutraceuticals, including dietary
supplements and herbal remedies, acupuncture and meditation. In
recent years, nutraceutical research is focused on identifying bioactive
components and potential mechanisms underlying their beneficial ef-
fects in preventing and potentially treating many diseases. With the
increase in life expectancy and health awareness, and market expansion
in healthcare spending, nutraceuticals are filling the gaps of the limi-
tation of modern medicine, especially for chronic conditions, such as
cardiovascular and neurological disorders. Grape derived nutraceuticals
have been receiving increasing attention due to their exceptional bio-
logical activities. We will discuss the benefits of grape derived poly-
phenols in AD-mediated cellular deterioration, including protein
misfolding, oxidative stress, inflammation, synaptic dysfunction and
memory loss (Fig. 1).

4. Grape polyphenols

Grape and grape derived nutraceutical products are represented by
grape seed extract (GSE), grape juice and grape wine. The main nutri-
tional features are mostly associated with their rich content of phenolic
acids, flavonoids and stilbenes (Kurkin, 2003). GSE is enriched in
proanthocyanidins (PAC) and comprised of the basic flavan-3-ol units
including catechin, epicatechin, catechin gallate and epicatechin gallate
(Fig. 2A). These basic units form various dimers, trimers, oligmers and
polymers though C4—C8 or C4—C6 interflavan bonds (Sharma et al.,
2010). Anthocyanins (AC) are pigments that accumulate in berry skins
during the ripening of grapes and contribute to the red/blue color of
grape juice and grape wine (Cantos et al., 2002; Xu et al., 2011). The
major ACs in grape juice and grape wine are cyanidin-glucoside (Glc),
delphinidin-Glc, peonidin-Glc, petunidin-Glc and malvidin-Glc (Fig. 2B)
(Xu et al., 2011; Rivero-Perez et al., 2008). The content and composition
of ACs vary depending on the type of grape berries used and the AC
profile in grape juice or grape wine is usually similar to the grape skins.
For example, Noiret grape berries is a hybrid predominantly of Vitis
vinifera and Vitis labrusca origin and the most abundant AC in Noiret
grape is delphinidin-Glc while the predominant AC in Cabernet Sau-
vignon grape is malvidin-Glc (Xu et al., 2011; Ryan and Revilla, 2003).
The major flavonols in grape juice are myricetin and quercetin and they
normally exist as glucosides, galactosides, rhamnosides, rutinosides and
glucuronides (Fig. 2C) (Mattivi et al., 2006; Azuma et al., 2012; Koyama
et al., 2012; Makris et al., 2006; Castillo-Munoz et al., 2009). Quercetin
is the major flavonol of all white grapes while myricetin is the major
flavonol of most of the red grapes (Mattivi et al., 2006). The main grape
stilbenes are cis- and trans-resveratrol (3,5,4'-trihydroxysilbene)
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Fig. 2. Structures of major polyphenols in grape and grape products. (A) Proanthocyanidins (B) Anthocyanins (C) Flavonols and (D) Stilbenes.

(Fig. 2D) and their derivatives (Bavaresco L., 2002, Vitrac et al., 2005).
Resveratrol is among the most extensively investigated polyphenols for
its pleiotropic activities.

4.1. Grape seed extract (GSE)

There are many commercial grape seed extracts in the market. It is
one of the most widely used grape-derived nutraceutical supplements
and has been associated with many health benefits. There are growing
interests to develop GSE for preventing or treating chronic and degen-
erative diseases, such as cardiovascular disorders, cancer, as well as
neurological diseases including AD. In AD research, GSE has been shown
to interfere with Ap peptides aggregation and potently destabilize pre-
formed misfolded Ap aggregates in vitro (Ono et al., 2008; Hayden et al.,
2015; Wang et al., 2008). In animal models, GSE from two commercially
available sources (MegaNatural® and Vinlife®) were able to benefit AD
pathology in two independent mouse models of AD. Specifically, treat-
ment of Tg2576 mice that overexpress mutant form of APP linked to
early-onset familial AD with MegaNatural® GSE (Polyphenolics, CA)
significantly reduced Ap neuropathology and mitigated cognitive dete-
rioration (Wang et al., 2008). Vinlife® GSE obtained from Tarac Tech-
nologies (Australia) was shown to reduce amyloid neuropathology in the
APPSwe/PS1dE9 mouse model of AD (Wang et al., 2008, 2009b).
Research in tauopathy showed that GSE significantly inhibits tau protein
aggregation in vitro (Ho et al., 2009b) and interferes with the stability of
native PHF isolated from AD brain (Ksiezak-Reding et al., 2012). In
murine JNPL3 transgenic mice that express human tau containing the
most common FTDP-17 mutation, GSE treatment significantly reduced
the number of motor neurons containing hyperphosphorylated and
insoluble tau in the spinal cord (Santa-Maria et al., 2012). In the TMHT
mouse model of AD, GSE treatment significantly attenuated the devel-
opment of AD type tau neuropathology in the brain through mechanisms
associated with attenuation of extracellular signal-receptor kinase (ERK)
1/2 signaling (Wang et al., 2010).

Catechin, epicatechin, catechin gallate and epicatechin gallate are
the main PACs in GSE (Fig. 2A) and they exist as monomeric, oligomeric
and polyomeric forms. Bioavailability study showed that polymeric
forms of PACs are largely not bioavailable (Wang et al., 2012). Mono-
meric PACs are bioavailable and the primary circulating forms of

polyphenols following oral administration of GSE are catechin and
epicatechin monomeric glucuronides and methylated glucuronide me-
tabolites. Similar metabolites were identified in the brain following
subchronic dosing (Chen et al., 2017; Wang et al., 2013). Oral con-
sumption of epicatechin was shown to inhibit the amyloidogenic APP
processing and reduce Af neuropathology in vivo in the TASPTM mice
that carries the Swedish mutation in APP and the M146V mutation in
PSEN1 (Cox et al., 2015). Plant derived epicatechin was also shown to
enhance angiogenesis and improve spatial memory in mice (Van Praag
et al., 2007). Brain bioavailable epicatechin metabolite 3'-O-Me-EC-Gluc
was shown to significantly improve basal synaptic transmission and
maintenance of long term potentiation (LTP) through mechanisms
associated with activation of CREB and CREB co-activator CBP/p300,
which are key factors in synaptic plasticity essential for learning and
memory (Bartsch et al., 1998; Chrivia et al., 1993). In vivo studies also
showed that epicatechin can influence ROS and lipid peroxidation in
AD-associated oxidative stress. A single oral dose of epicatechin
administration was able to decrease Ap-mediated lipid peroxidation and
ROS formation in the hippocampal formation indicating the neuro-
protective effects of epicatechin (Cuevas et al., 2009). It is well estab-
lished that dietary polyphenols can be actively metabolized by intestinal
microbiota and convert to phenolic acids. Oral administration of GSE led
to the detection of many phenolic acids in plasma. Among these,
3-hydroxybenzoic acid and 3-(3'-hydroxyphenyl) propionic acid were
found to accumulate in the brain. In vitro assay showed that both
phenolic acids can potently inhibit Af aggregation into neurotoxic
oligomeric and fibrillary forms (Wang et al., 2015).

4.2. Grape juice

Concord grape juice (CGJ) is the most common grape juice in North
America. In clinical studies, following a 12-week CGJ supplementation,
subjects with mild cognitive impairment (MCI) showed improvements in
verbal learning, verbal and spatial recall (Krikorian et al., 2010). MCI
subjects with 16 weeks of CGJ consumption reduced semantic interfer-
ence on memory tasks compared to the placebo group (Krikorian et al.,
2012). Brain imaging via functional MRI showed relatively greater
activation in anterior and posterior regions of the right hemisphere in
subjects with CGJ treatment (Krikorian et al., 2012). In middle-aged and
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older adults, 12-week daily consumption of CGJ showed improvements
in immediate spatial memory and driving performance compared to the
placebo control group and these improvements seems to be long lasting
(Lamport et al., 2016). Similar studies were carried out in healthy young
adults and consumption of grape juice acutely enhanced aspects of
cognition and mood (Haskell-Ramsay et al., 2017). Preclinical studies
also showed that grape juice consumption can improve learning and
memory in a rat model for AD (Siahmard et al., 2012). Grape juice is a
rich source of ACs, PACs, flavonols and phenolic acids. A survey of
different grape juice samples showed that the majority of commercial
grape juices have similar polyphenol compositions as CGJ (Xu et al.,
2011). It is postulated that the rich content of ACs and flavanols in CGJ
contribute to its benefits in improving cognitive function. The main ACs
in CGJ are cyanidin-Glc, delphinidin-Glec, malvidin-Glc and peonidin-Glc
and the major flavonols in CGJ are myricetin-Glc, myricetin-glucuronide
(Glur), quercetin-Glc and guercetin-Glur. A survey of 15 different
commercial grape juice samples showed that the composition of ACs and
flavonols are similar to the CGJ (Xu et al., 2011). Bioavailability studies
of CGJ showed that oral administration of CGJ in rats leads to plasma
and brain detection of quercetin-Glur, O-methyl (Me)-quercetin-Glur,
malvidin-Gle, petunidin-Gle, delphinidin-Gle, peonidin-Glc and
cyanidin-Glc (Chen et al., 2017; Wang et al., 2013). These brain
bioavailable ACs have many bioactivities. ACs are known to be strong
antioxidants and anti-inflammatory agents. Oxidative stress and neu-
roinflammation play important role in the pathogenesis of AD. Delphi-
nidin is a potent lipid peroxidation inhibitor and active scavenger of
superoxide anion (Tsuda et al., 1996). The antioxidant capacity of
cyanidin-Glc is 3.5 times more potent than vitamin E analogue (Wang
et al., 1997) and oral administration of cyanidin-Glc improves oxidative
stress-induced hepatic ischemia-reperfusion in rat (Tsuda et al., 2000).
Both malvidin-Glc and cyanidin-Glc have potent anti-inflammatory ac-
tivities. In vitro studies demonstrated that malvidin-Glc and cyanidin-Glc
are able to decrease inflammatory mediators such as TNF-a, IL-1, IL-6
and iNOS-derived nitric oxide in various cell models (Decendit et al.,
2013; Paixao et al., 2012; Serra et al., 2013; Pratheeshkumar et al.,
2014). Oligomeric Ap (0Ap) are potent synaptotoxins and can impair
synaptic plasticity. Hippocampal slices from young mice exhibit
impaired LTP following oA incubation while cyanidin-Glc was able to
protect against oAp-induced synaptic deficits (Wang et al., 2014).

4.3. Grape wine

Epidemiological studies indicate that moderate consumption of red
wine lower the incidence of AD (Dartigues et al., 1993; Orgogozo et al.,
1997; Dorozynski, 1997; Luchsinger et al., 2004; Truelsen et al., 2002).
In preclinical studies, it has been shown that consumption of Cabernet
Sauvignon and Muscadine wine significantly reduced AD-type neuro-
pathology and improved cognitive function in Tg2576 mouse model of
AD (Wang et al., 2006; Ho et al., 2009a). Interestingly, the two red wines
attenuate AD phenotypes through independent mechanisms. In partic-
ular, Cabernet Sauvignon promotes non-amyloidogenic processing of
APP (Wang et al., 2006) while Muscadine interferes with Af oligomer-
ization (Ho et al., 2009a). Bioavailability studies showed that flavonal
quercetin-3-O-Glur is capable of reaching the brain following oral wine
consumption and contributes to protection against AD by modulating
multiple mechanisms, including reducing Ap generation, reducing Ap
oligomerization, and promoting neuroplasticity processes (Ho et al.,
2013). Quercetin is a flavonoid mainly found in red wine, but can also be
found in onions and apples (Priprem et al., 2008). It was shown to be
able to reduce brain A4 and Af42 levels by preventing APP cleavage by
BACE-1 in a 3xTg mouse model for AD (Sabogal-Guaqueta et al., 2015).
Treatment with quercetin was shown to modulate both soluble and
insoluble Ap levels in the brain (Sabogal-Guaqueta et al., 2015; Moreno
et al., 2017; Zaplatic et al., 2019), and promotes learning and memory
functions (Devi and Ohno, 2012; Spencer, 2009). Moreover, quercetin
has been shown to be more effective than Vitamin C and E, glutathione
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or beta carotene (Choi et al., 2003; Heijnen et al., 2002; Rice-Evans
et al., 1995) at scavenging free radicals and preventing oxidant-induced
apoptosis. In addition to its high oxygen radical scavenging properties,
quercetin also has the ability to inhibit lipid peroxidation (Fioranl et al.,
2010) and to chelate iron and other metals that could be detrimental to
the brain (Salganik, 2001; Rice-Evans et al., 1995).

Resveratrol is the main stilbene found in grape skin and red wines.
The health benefits of resveratrol have been intensively investigated in
various diseases due to its antioxidant, anti-inflammation and neuro-
protective activities. It has been reported that resveratrol could modu-
late neuroinflammation and induce adaptive immunity in patients with
AD (Moussa et al., 2017). Subjects with mild-moderate AD were treated
orally with pure, synthetic resveratrol at 500 mg once a day with a dose
escalation of 500 mg every 13 weeks. In AD subject following 52-weeks
treatment, there was a significant decrease of CSF level of MMP9, a
metallopeptidase that regulates BBB permeability. The decrease of CSF
MMP9 levels suggests that resveratrol may decrease the permeability of
CNS and reduce the infiltration of leukocytes and other immune mod-
ulators into the brain. Treatment with resveratrol was also accompanied
by reduced levels of pro-inflammatory cytokines and chemokines such
as IL-IR4, IL-12P40, IL-12P70, TNF-a and RANTES in plasma. Interest-
ingly, resveratrol treatment also increased CSF level of
macrophage-derived chemokine (MDC) (Moussa et al., 2017), a potent
chemoattractant for immature dendritic cells and monocytes (Godiska
et al., 1997), suggesting resveratrol treatment may promote immune
responses to amyloid-induced brain injury. In animal models, resvera-
trol was shown to promote intracellular Ap clearance through activation
of autophagy and AMPK signaling (Vingtdeux et al., 2011). In tau
transgenic mice, resveratrol was shown to inhibit tau aggregation and
reduce tau pathology (Anderson et al., 1979; Yu et al.,, 2018). The
anti-inflammatory activity of resveratrol is mediated through NF-kB.
Resveratrol dose-dependently inhibits IKKa, IkBa, and NF-kB activation
in vitro (Capiralla et al., 2012; Zhao et al., 2018) and suppress NF-xB in
vivo (Capiralla et al., 2012; Poulose et al., 2015). Resveratrol can
modulate oxidative stress through induction of nuclear factor erythroid
2-related factor (Nrf2)-dependent heme oxygenase 1 (HO-1) expression
(Kim et al., 2012; Son et al., 2013). In animal studies, resveratrol
treatment significantly increases superoxide dismutase enzyme activity
(Chen et al., 2016). The neuroprotective effect of resveratrol is thought
to be mediated by SIRT1, a NAD + -dependent deacetylase responsible
for regulating brain senescence (Herskovits and Guarente, 2014; Stac-
chiotti et al., 2018). Overexpression of SIRT1 in mice reduces brain
inflammation, and SIRT1 deficiency exacerbated Ap-mediated pathol-
ogy in mice (Pasinetti et al., 2015). It is worth mentioning that despite its
exceptional bioactivities, clinical trials in AD prevention and treatment
are largely unsuccessful. This could be due to the low bioavailability and
fast metabolism of resveratrol in the intestine and liver (Sergides et al.,
2016). In animal studies, oral gavaging of 300 mg/kg/day
trans-resveratrol for 10 days led to the detection of less than 1 nM of
resveratrol-3-O-glur in the brain (Wang et al., 2014; Chen et al., 2017)
further confirming that brain bioavailability of resveratrol is very
limited.

Similarly to GSE, wine polyphenols are also extensively metabolized
by intestinal microbiota to various phenolic metabolites and may exert
their bioactivity to brain health.

5. Conclusion

Grape and grape derived nutraceutical products from grape juice and
wine are continuously receiving increasing attention. Preclinical evi-
dence demonstrated that grape polyphenols attenuate Af-mediated
neuropathology by directly inhibiting AP generation, promoting Af
clearance and interfering with Ap oligomerization. Grape polyphenols
may mitigate tau-mediated neuropathology thorough modulating tau
hyperphosphorylation and inhibiting aberrant tau aggregation. Through
their strong antioxidant, anti-inflammatory activities, grape
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polyphenols exert neuroprotection and promote brain resilience to AD
and related dementia (Fig. 1).

In spite of their promising bioactivities and increasing efforts
committed to clinical testing of polyphenols for AD intervention, clinical
development of grape polyphenols for AD is hindered by our limited
knowledge of 1) Bioavailability: the specific forms of polyphenols
(including polyphenol metabolites) that are capable of accumulating in
the brain. Most polyphenols are hydrophilic and penetrate cellular lipid
bilayers by passive diffusion, and in most cases, membrane carriers are
required to transport polyphenol metabolites across the gastrointestinal
track, the blood-brain barrier (BBB), and cellular plasma membrane. 2)
Bioactivities: the specific brain-available polyphenol forms that engage
in AD target molecules and their underlying mechanisms of actions. AD
is a multifactorial disease, involving several different major etiopatho-
genic processes. It is currently thought that the lackluster performance
of preclinical paradigms and concepts for developing AD therapies
might be in part, due to the inadequacy of the prevailing approach
targeting individual instead of multiple AD pathogenic mechanisms.
Grape polyphenols have shown pleotropic bioactivities. Conceptually,
grape polyphenols can be designed to target multiple AD pathogenic
mechanisms and increase the likelihood of therapeutic efficacy. There-
fore, understanding the molecular mechanisms of action will provide
bases for the development of grape polyphenols as a multi-target AD
intervention. 3) Standardization: the composition of most of the crude
extracts such as grape seed polyphenol extracts, grape juice or wine
extracts is very complicated and varies from batch to batch, which limits
their advance in clinical studies. Therefore, standardization of grape
derived products is an important aspect for their future development as
AD therapies.

In summary, grape derived nutraceutical products have shown
promising health benefits. However, the path to further advancement on
AD treatment remains long and more scientific investigation are needed
to fill the fundamental gaps for future translational studies.
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