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Neurodegenerative disorders constitute a group of multifaceted conditions
characterized by the progressive loss of neurons and synaptic connections consequent
to a combination of specific genetic predispositions and stochastic stressors. The
neuropathologies observed in both Alzheimer’s and Parkinson’s disease are in part
attributed to compounding intrinsic and extrinsic environmental stressors, which we
propose may be limited by the administration of specific grape derived phytochemicals
and their metabolized derivatives, specifically polyphenols isolated from grape
botanicals. Current therapies for neurodegenerative disorders are limited as they solely
target the final disease pathologies including behavioral changes, cognitive deficits,
proteinopathies and neuronal loss; however, this strategy is not a sustainable approach
toward managing disease onset or progression. This review discusses the application
of grape derived polyphenols as an adjunctive treatment paradigm for the prevention
of neuropathologies associated with Alzheimer’s disease, Parkinson’s disease and
Chronic Traumatic Encephalopathy by simultaneously ameliorating two stochastic
stressors that facilitate their disease pathologies: inflammation and oxidative stress.
The biophysical attributes of grape-derived polyphenols buffer against redox potential
dependent peripheral and neuroinflammation and down regulate the activation of
inflammasomes in microglia and astrocytes, which could provide a novel mechanism
through which grape-derived polyphenols simultaneously suppress risk factors across
pathologically distinct neurodegenerative conditions. This approach therefore offers
a prophylactic mode, not feasible through current pharmacological agents, to target
activity dependent risk factors for neurodegenerative disorders that manifest over an
individual’s lifetime.

Keywords: polyphenols, inflammation, inflammasome, reactive oxygen species, neurodegeneration

INTRODUCTION

Neurodegeneration is the defining feature of a group of age-related neurological disorders
characterized by the progressive atrophy of neurons in cortical and subcortical brain
structures. The distinct etiological roots of neurodegeneration remain to be fully characterized;
however, stochastic environmental stressors and toxins effectuating persistent inflammation
and elevated oxidative stress increase the likelihood of developing neurodegenerative
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conditions and precede canonical neuropathologies commonly
associated with neurodegeneration (Verdile et al., 2015).
Identifying toxins and stressors responsible for altering
homeostatic processes has been an imperative of research
efforts, and has measurably strengthened our understanding
of how neurodegeneration develops in certain environmental
settings. To patients and clinicians, identification of toxins and
stressors also supports the development of novel therapeutic
regimes that target the oxidative and inflammatory effectors
to such environmental exposures. Neurodegeneration is
a common condition manifesting as different diseases
depending on both genetic and pathological predispositions.
Amyotrophic Lateral Sclerosis and Huntington’s disease are
neurodegenerative disorders that have strong familial and
genetic predispositions (Al-Chalabi et al., 2016), whereas
Alzheimer’s disease (AD) and Parkinson’s disease (PD) do
have smaller genetic components but are more commonly
attributed to stochastic environmental stressors that accumulate
over a lifetime (Przedborski et al., 2003). Currently approved
therapies for both types of neurodegenerative disorders, focus
on alleviating final pathological manifestations or cognitive
impairments including decreased working memory, loss of
cognitive function, dysregulation of neurotransmitter signaling
and the accumulation of protein inclusions commonly observed
in neurodegenerative disorders. However, such therapeutic
approaches have limitations to their efficacy as they only treat
disease symptoms, rather than the effectors of disease pathology.
Patients also develop tolerance, necessitating titration with higher
doses and incurring both increased economic costs and side
effects. Moving toward the development of sustainable and long-
term treatment options that effectively ameliorate the disease
pathologies, novel therapies should strive to target fundamental
mechanisms of the neurodegenerative pathologies. In the context
of AD and PD, the accumulation of inflammation and oxidative
stress throughout an individual’s lifetime are among the primary
aggravators of disease onset and progression (Umeno et al.,
2017). Targeting these two mutually aggravating presymptomatic
physical states could therefore expand the treatment window
that is limited for traditional pharmacological therapies. This
review will therefore present evidence supporting the claim that
polyphenols, by simultaneously alleviating oxidative stress and
inflammasome-mediated inflammation, may fill a unique niche
for treatment of presymptomatic neurodegenerative disorders
that targeted pharmacological therapies are not designed to
provide.

Alzheimer’s Disease
Alzheimer’s Disease is an age-related neurodegenerative disease
with treatment options limited to cholinesterase inhibitors for
memory impairments. In later disease stages, AD incurs greater
costs due to patient care in handling the progressive memory
loss, nervousness, cognitive disability, and the eventual loss
of bodily functions that ultimately lead to death. AD is the
sixth leading cause of death in the United States affecting
5.4 million Americans and costing the healthcare system an
estimated $236 billion: numbers which are expected to triple
over the next 30 years (Alzheimer’s Association, 2016). Globally,

AD impacts an estimated 46.8 million people costing a sum of
$818 billion (Saijo et al., 2010). Between 5–10% of all AD cases
can be traced to autosomal dominant mutations that predispose
individuals to early onset development (Frisardi et al., 2010);
these include mutations in the amyloid precursor protein (APP)
and presenilins (PSEN) 1 and 2 (Van Cauwenberghe et al., 2016).
The PSEN1 and 2 encode the gamma secretase catalytic unit
responsible for producing amyloid beta isoforms from the APP
precursor protein. Mutations in either APP or PSEN1/2 lead to
the elevated production of the aggregating neurotoxic amyloid
beta (Aβ) (1–42) isoform (Klein et al., 1999). It is believed that the
overproduction of Aβ42 and amyloid fibrillogenesis contribute
in some manner to the cascade of neuropathologies culminating
in neurodegeneration characteristic of AD; the extent to which
Aβ42 contributes to AD progression is under considerable
debate, as anti-Aβ therapies failed to prevent AD-associated
cognitive decline, in spite of attenuated brain Aβ depositions.

The remaining sporadic forms of AD are in part attributed
to synergistic interplays between the accumulation of lifestyle
dependent environmental stressors and genetic polymorphisms
prevalent in patients with sporadic AD (Solfrizzi et al., 2004;
Gatz et al., 2006; Verdile et al., 2015). Exposure to environmental
toxins from smoking or alcohol notably increase the risk of
developing AD (O’Brien and Markus, 2014). Additionally, several
studies have shown a positive association between diabetes
mellitus (Mittal et al., 2016), obesity (Pistollato et al., 2018)
and cardiovascular disease (Cermakova et al., 2015) with AD.
Altered sleep dynamics also serve as a potent risk factor for
the development of AD symptomology (Benedict et al., 2015).
Together each of the risk factors associated with AD have the
similar basis in that they elevate markers for oxidative stress
and inflammation. An individual’s susceptibility to develop AD
involves the interactions between these lifestyle factors and
various genetic predispositions known to facilitate late-onset
AD. Genetic risk loci associated with late-onset AD include
the less-favorable allele of apolipoprotein E (APOE), APOEε4
(Michaelson, 2014), which compromises the ability of APOE
to promote clearance of Aβ in conjunction with the insulin
degrading enzyme (IDE), therefore encouraging Aβ aggregation
in the extracellular region (Kim et al., 2009). As an indication
of the contribution by stochastic stressors, APOEε4 alone does
not necessarily lead to the development of AD as at least 75%
of patients heterozygous for APOEε4 do not develop AD (Farrer
et al., 1997). Other coding variants that increase susceptibility for
AD include, but are not limited to Karch et al. (2014), proteins
involved in innate immune responses such as the triggering
receptor expressed on myeloid cells 2 (TREM2), PLCG2 and
ABI3 (Sims et al., 2017) and variants of ABCA7 (Steinberg
et al., 2015). Regardless of the lifestyles, or genetic predisposition
associated with the onset of AD, the common manifestations
and physiological symptoms involve inflammation and oxidative
stress, the effectors of AD risk factors that will be further
discussed in this review.

Parkinson’s Disease
Parkinson’s Disease is the leading movement disorder and
estimates suggest that more than 1 million people in the
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United States live with PD. More than 60,000 new PD cases
are diagnosed each year; a prevalence expected to double in
line with an aging population by 2040 (Kowal et al., 2013).
Like AD, there is a substantial economic burden associated
with PD. Estimated costs are over $25 billion per year for
treatment, lost income and social security measures (Mayo
Foundation for Medical Education and Research [MFMER],
2017). Approximately 10% of PD cases have a familial origin and
can be traced to a small number of genetic mutations resulting
in early-onset PD (Thomas and Beal, 2007). Leucine-rich repeat
kinase 2 (LRRK2) is the most frequently mutated autosomal
dominate gene sufficient for familial and some sporadic PD
cases. Although the pathological mechanism of LRRK2 mutations
has yet to be fully elucidated (Dachsel et al., 2010), LRRK2
regulates microglia activity and inflammatory responses (Kim
et al., 2012). Genetic variations in β-glucocerebrosidase (GBA)
and PARK-designated genes also notably increase the risk for
development of PD-associated neuropathologies. PINK1 (PTEN-
induced putative kinase 1) and its binding partner Parkin are
also commonly mutated proteins in PD that normally maintain
the integrity of the mitochondrial membrane and initiate
autophagy of damaged mitochondria; however, when mutated,
they fail to eliminate damaged mitochondria contributing to
the accumulation of respiration-associated oxidants (Kondapalli
et al., 2012). Based on epidemiological evidence, non-monogenic
sporadic PD involves the exposure to pesticides neurotoxic
to dopaminergic neurons (L’Episcopo et al., 2018). Exposure
to such compounds elevates cellular oxidative potentials
and mitochondrial dysfunction (McCormack et al., 2002),
inflammation (Dzamko et al., 2015) and primes neuroglial cells
toward activated phenotypes (Wu et al., 2002). Thus, mutations
and neurotoxins implicated in PD can promote the accumulation
of oxidative stress by compromising mitochondrial integrity,
increasing ROS production or mediating inflammatory pathways.
Such molecular signals promote canonical neuropathological
signatures of PD including the aggregation of α-synuclein
or activation of microglia activation in dopaminergic circuits.
Therefore, life style factors that similarly increase oxidative stress
and inflammation will aggravate PD disease progression.

Chronic Traumatic Encephalopathy
Chronic Traumatic Encephalopathy (CTE) is a
neurodegenerative disorder most prevalent in individuals
who have experienced repetitive brain traumas or acute
traumatic brain injury (TBI). Athletes who play contact intensive
sports often resulting in concussions such as professional football
players or soldiers exposed to military grade blasts are at an
increased risk for developing CTE compared to the general
population (Omalu, 2014). TBI does not always predispose
individuals to CTE, but are highly correlative. Pathological
examination of post-mortem brain tissue from athletes and
military veterans exposed to blunt force trauma resulted
in the diagnosis of CTE in 63% of the subjects, while 11%
were diagnosed with AD (McKee et al., 2013). As suggested
by this study, CTE can be comorbid with other prevalent
neurodegenerative disorders like AD and fronto-temporal
dementia, and often share neuropathologies and activated

neuroinflammatory pathways. Instances of TBI are also prevalent
in everyday life, as estimates found that in 2010 approximately
2.5 million people in the United States experienced a TBI that
required a hospital visit (National Hospital Discharge Survey
[NHDS], 2010) with estimations for the cost of acute care
for TBI related injuries alone are over $60 billion annually
in the United States (Hendricks et al., 2012). Thus, like other
neurodegenerative conditions, risk factors for CTE exert
significant health and economic burdens on society.

Patients diagnosed with CTE initially present with insidious
symptoms associated with cognitive dysfunction including
irritability, impulsivity, depression and short-term memory
loss (McKee et al., 2009). As the disease progresses individuals
develop dementia-like symptoms that parallel increased
tauopathy signatures, multifocal axonal varicosities, and axonal
loss. Similar genetic predispositions also appear between AD
and CTE. Notably as for AD, the APOEε4 allele confers a
significant risk for developing CTE associated dementia when
previously exposed to mild TBI (Sundström et al., 2007).
An increased risk to develop CTE-like neuropathologies
in APOEε4 allelic populations was similarly observed in a
cohort of boxers, who throughout their professional career
had been exposed to significant head trauma (Jordan et al.,
1997).

NEURODEGENERATIVE DISORDERS
AND THEIR PATHOLOGICAL MARKERS

Alzheimer’s Disease
Neuropathological surveys of patients with advanced AD observe
pervasive neurodegeneration and distinct neuropathological
features including intercellular neurofibrillary tangles composed
of hyperphosphorylated tau and intracellular senile plaques
composed of Aβ42 (Magalingam et al., 2018). Neurodegeneration
in AD patients is initially selective for cholinergic neurons in the
Nucleus Basalis of Meynert of the basal forebrain (Whitehouse
et al., 1982; Arendt et al., 1985; Liu et al., 2015). Selective
degeneration of cholinergic fibers in early phase AD is consistent
with initial symptoms of memory loss and decreased executive
functioning (Schmitz and Nathan Spreng, 2016) and cortically
projecting axons from caudal part of this nucleus primarily
innervate neocortical neurons in the temporal lobe, which
also undergo neurodegeneration in early-phase AD. As AD
progresses, neurodegeneration is evident by the thinning of the
neocortical plate and the magnitude of thinning is proportional to
AD symptomatology (Dickerson et al., 2009). Neurodegeneration
in AD also involves synaptic depletion and retraction of axonal
fibers, which can facilitate neuronal apoptosis (Lista and Hampel,
2017). Advanced AD is also pathologically characterized by
increased permeability of the blood brain barrier (BBB), as
confirmed by multiple post-mortem tissue analyses (Sweeney
et al., 2018).

Elevated markers of inflammation and oxidative stress are
pervasive in all brain regions in AD and serves as important
biomarkers and potential pathological targets, as they promote
Aβ deposition, microglia activation, and BBB permeability
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(Heneka et al., 2015). The oxidative stress biomarker 8-
oxoguanine, a DNA lesion produced by hydroxy oxidation
of guanine, exhibits abundant expression patterns in post-
mortem AD tissue (Sheng et al., 2012). Additionally, aberrant
regulation of cytosolic redox states in AD is evident by elevated
oxidized lipid compounds such as 4-hydroxynonenal (Sayre
et al., 2002), acrolein (Lovell et al., 2001) and 4-hydroxyhexenal
(Bradley et al., 2012) in the hippocampus of AD patients. The
magnitude of oxidative biomarker expression was a function
of AD symptom severity, which supports the notion that
inflammation and oxidative stress are neurotoxic self-reinforcing
mechanisms that promote cytoarchitectural and morphological
alterations observed in AD patients. Two of the cytokines
notably upregulated in AD post-mortem tissue samples are IL-
1β and IL-18 (Mrak and Griffin, 2001; Ojala et al., 2009). Their
overexpression implicates activated inflammasome complexes in
the generation of neuroinflammatory states, as both cytokines
require proteolytic activation by inflammasome dependent
caspase-1 activity from their zymogen forms; inflammasome
complexes in AD will be described in more detail later. Of note,
the brain is particularly susceptible to oxidative stress due to its
high energy expenditure and oxygen consumption: estimations
indicate that the brain uses up to 20% of the body’s circulating
oxygen content (Chen and Zhong, 2014). Elevated inflammatory
biomarkers from cerebrospinal fluid (CSF) and plasma of
patients with mild-cognitive impairment (MCI), a prodromal
condition of AD, indicate that in addition to end-stage AD,
inflammation is also a preclinical condition of AD (Eikelenboom
et al., 2002; Tarkowski et al., 2003), further validating its
potential as a therapeutic target. As neuroinflammation also
compromises the BBB in AD (Montagne et al., 2015), the
resulting infiltration of peripheral monocytes into the brain,
furthers the neuroinflammatory load in AD patients (Simard
et al., 2006). The propagation of neuroinflammation in AD is
also implicated as a driving force behind the aggregation of the
pervasive Aβ and tau pathologies in AD brains (Simon et al.,
2018).

Oxidative stress aggravates neuroinflammation via
mechanisms involving microglial activation, which is an
effector of aberrant synaptic pruning and synapse loss (Cai
et al., 2014), a prominent AD neuropathology. Activation
of microglia is in part triggered by Aβ protofibril deposits
(Banerjee et al., 2011) and activation of microglia in AD has
been confirmed by both in vivo imaging techniques (Garraux
et al., 2013) and post-mortem tissue analysis (Solito and Sastre,
2012). The recruitment of peripheral monocytes into the
brain by neuroinflammation, contributes to the production
of sterile insult signals, such as HMGB1 (Rouhiainen et al.,
2004). In addition to oxidative stress, sterile insult signals
act as a second important facilitator of neuroinflammation
in AD as HMGB1 upregulates production of inflammasome
components, which when activated constitute a primary effector
of microglia-mediated inflammation. Indeed, inappropriate
activation of the NLRP3 inflammasome contributes to the
pathogenesis of AD (Tan et al., 2013). The inflammasome
also drives AD pathologies by recognizing and translating Aβ

into inflammation; phagocytosis of Aβ by microglia stimulates

lysosomal breakdown and consequent release of cathepsin B,
an endogenous trigger of NLRP3 inflammasome activation that
promotes neurotoxic IL-1β and caspase-1 release (Halle et al.,
2008), which is essential for the downstream neuroinflammatory
events observed in the AD brain. Indeed, there is a highly
upregulated expression of caspase-1 in human MCI and AD
brains and mice carrying Nlrp3(−/−) or Casp1(−/−) mutations
were largely protected from the neural deficits associated with
early-onset AD (Heneka et al., 2013). IL-1β has a particular
association with AD because in both mouse models and human,
it has been shown responsible for cognitive deficits, as measured
by MMSE, (Tarkowski et al., 2003) and tau pathology in triple
transgenic AD mice (Kitazawa et al., 2011). Additionally, IL-1β

may also prime neurons to undergo excitotoxic death by the
recruitment of MAPKs and potentiate glutamate-induced
neurotoxicity (Tan et al., 2013).

Parkinson’s Disease
PD is a multifactorial disease characterized by the progressive
degeneration of dopaminergic neurons in the substantia
nigra pars compacta leading to motor deficits including
shaking, bradykinesia, rigidity, depression, dementia, and
digestive difficulties (Jankovic, 2008). The pervasive effects and
complexity of PD generates a battery of non-motor symptoms
including olfactory deficits, sleep disturbances, depression,
gastrointestinal disorders, and cognitive decline, all of which
worsen as a function of disease severity (O’Sullivan et al.,
2008). Aggregated α-synuclein fibrils are the predominate
neuropathology associated with clinical manifestations of PD
(McCann et al., 2014). It is important to recognize, however
that a subset of patients with LRRK2 missense mutations
exhibit nigral degeneration and PD symptomology without
α-synuclein aggregates, commonly found in Lewy bodies
(Giasson et al., 2006). α-Synuclein is a presynaptic protein
capable of self-aggregating when mutated or misfolded due
to certain point mutations or multiple repeats resulting in
Lewy bodies and Lewy neurites (Olanow and Schapira, 2013).
α-Synuclein accumulation begins early in PD development
in the brain stem and then spreads to the dorsal motor
nucleus of the vagus nerve, locus coeruleus to the nucleus
accumbens in a caudal-rostral migration (Olanow and Schapira,
2013). Elevated α-synuclein inclusions in presynaptic regions
leads to loss of cellular homeostasis and neuronal death by
stimulating neurotoxicity, activation of inflammatory pathways
and microglial activation (Jin et al., 2014). Indeed, patients
with PD exhibit preferential activation of microglia in the
substantia nigra region (McGeer et al., 1988), which correlates
with the level of neuronal degeneration (Imamura et al.,
2003). The α-synuclein aggregates also co-localize where
there are higher numbers of activated microglia stimulating
the conversion to a M2-like activated phenotype, known
to potentiate inflammatory environments (Doorn et al.,
2014). Interestingly, dopamine is an endogenous inhibitor
of inflammasome activation (Yan et al., 2015) so the loss
of dopamine characteristic of PD may drive inflammasome
activation and consequently the elevation in inflammation and
oxidative stress.
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In line with the activation of microglia as a pathological
signature of PD, activation of the inflammasome is a major
source of neuroinflammation in PD. In both MPP+ and
α-synuclein transgenic mouse PD models, elevated expression
of NLRP3, caspase-1, and IL-1β have been observed in neurons
while rotenone, a key pharmacological inducer of PD, induced
strong upregulation of inflammasome activation in vivo in a
manner dependent on Cdk5 (Zhang et al., 2016). Interestingly,
α-synuclein, only when found as pathological aggregates,
stimulates NLRP3 inflammasome activation via its interaction
with TLR2 (Gustot et al., 2015). Another study attributed
the microglial phagocytosis of α-synuclein as a trigger for
NLRP3 inflammasome activation and consequent elevation of
IL-1β levels (Codolo et al., 2013). Through another mechanism,
MPTP-induced PD neuronal loss was exasperated by uncoupling
protein 2 knockout, a protein controlling mitochondrial integrity
and oxidative stress production, due to, in part, elevated
inflammasome activation (Lu et al., 2014). Finally, in an in vivo
PD model using both intracranial injection of 6-OHDA or
LPS, inflammasome activation was found to be elevated at the
sites of injection correlated with motor deficits in the rats.
Interestingly, treatment with a caspase-1 inhibitor (Ac-YVAD-
CMK) inhibited the motor deficits and improved neuronal
survival to both the OHDA- and LPS-induced PD pathology
indicating that inflammasome activation and its downstream
pathways are critical determinates for PD pathologies (Mao
et al., 2017). Based on this mounting evidence suggesting the
role of the inflammasome in PD pathology, one group used
rifampicin, a compound with neuroprotective properties, to
show that pretreatment with rifampicin prevented rotenone-
induced cytotoxicity in microglia by the prevention of NLRP3
activation and consequent caspase-1 activity (Liang et al., 2015).
The final study indicates that therapeutic strategies that inhibit
inflammasome activation have the potential to reduce PD-
induced pathologies.

Chronic Traumatic Encephalopathy
CTE can be distinguished by unique neuroanatomical features
that are also consistent with heightened neuroinflammation
and persistent oxidative stress. High-resolution T1 volumetric
MRI scans have aided in the differentiation of CTE from
other neurodegenerative disorders by identifying aggregated
phosphorylated tau proteins, which is a unique neuropathological
signature of CTE, as opposed to Aβ deposition together with
tau in AD (Small et al., 2013). Further neuroimaging studies
found that athletes who experienced head trauma have greater
reductions in hippocampal volume (Singh et al., 2014; Bernick
et al., 2015) as compared to age-matched non-football-player
controls. Other studies have similarly demonstrated that TBI
increases the risk to develop CTE associated neuropathologies
(Gavett et al., 2010) and causes a reduction in the brain
volume of the entorhinal cortex, the amygdala as well as less
severe degrees of neuronal loss in the subcallosal and insular
cortex, olfactory bulbs, mammillary bodies, locus coeruleus,
substantia nigra, medial thalamus, and cerebral cortex. Notably,
the pronounced involvement of subcortical and brainstem
structures is unique to CTE among other neurodegenerative

conditions. The neuropathological manifestations in confirmed
CTE patients progress in proportion to clinicopathological
features, such as memory loss and increased tendency for
emotional lability, aggression, and violent outbursts (McKee
et al., 2009). The clinical aspects of CTE match the apparent
preferential neurodegeneration of brain regions associated with
emotional processing and attention.

At the cellular level, patients with CTE exhibit an
accumulation of phosphorylated tau protein as neurofibrillary
tangles (NFTs), neurites, and glial tangles (GTs) in both
cortical and subcortical structures. Tau deposition in CTE
has distinguishable features from those in patients with AD
(Schmidt et al., 2001). In CTE, the density of NFT and GT
clusters is greater (Gavett et al., 2010), there is a distinct pattern
of clustering of tau-immunoreactive abnormalities in brain
perivascular regions, and the clustering is specific to superficial
upper cortical layers responsible for corticocortical connections
(McKee et al., 2009; Costanza et al., 2011). In addition to unique
patterning of tauopathies in CTE, subjects with TBI-induced
CTE have increased expression of the TAR DNA-Binding Protein
43 (TDP-43), which is prominent in the neurites and intranuclear
regions of neurons and glia. A subset of CTE patients that have
TDP-43 proteinopathy in spinal cord neurons are at increased
risk for developing motor neuron degenerative conditions
(McKee et al., 2010). Inflammation and reactive microglia are
considered to significantly contribute mechanistically to CTE.
In line with this, microglia activation was evident up to 17 years
following a TBI (Ramlackhansingh et al., 2011) and implicates
TBI as a priming event for persistent neuroinflammatory
conditions and white matter degeneration that progresses as a
function of time (Johnson et al., 2013). Patients with Dementia
Pugilistica, a condition associated with repetitive TBI’s, also
exhibit inflammatory pathologies such as heightened microglial
activation and significant C1q labeling of neurons, along with
substantial neurofibrillary tangles (NFTs). Inflammation may
thus be a key inciting as well as propagating feature of DP
neuropathology. As the severity of the clinical symptoms
progresses through the course of CTE as the neurodegeneration
increases (Stern et al., 2011), interventional treatments that target
neuroinflammatory mechanisms may play an important role
in preventing the progression of CTE-like neurodegenerative
conditions.

The Interplay of Oxidative Stress and
Inflammation in Neurodegeneration
Inflammation and oxidative stress are both age-related conditions
that mutually aggravate the neuropathological features of
AD, PD, and CTE. Notably, there is significant molecular
crosstalk between the regulatory mechanisms of inflammation
and oxidative stress creating a feedback loop of aggravating
phenotypes (Figure 1). Inflamm-aging was a special term
coined by Francheschi et al. which suggested that age-related
chronic low-grade inflammation is asymptomatic, but overtime
the effects compound to promote altered cellular function
(Franceschi et al., 2006). Immunosenescence describes the
aging of the immune system, which has reduced ability to
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FIGURE 1 | Polyphenol inhibition of neurodegenerative mechanisms. Inflammation and oxidative stress are prevalent within all neurodegenerative disorders and
constitutes a potential target for therapeutic intervention. Since induction of inflammation and oxidative stress create a positive feedback loop, targeting both
mechanisms is essential to quench their elevated state in the context of neurodegenerative disorders. Grape-derived polyphenol compounds have antioxidant and
anti-inflammatory properties identifying them as a potential therapeutic approach for attenuation of neurodegenerative disorders.

respond to new antigens and mount an appropriate immune
response and is considered one consequence of age-induced
inflammation (Pawelec, 2017). This includes the inability to
remove senescent cells as the reduced expression of TLRs
and phagocytic activity of macrophages compromises their
recognition by immunomodulators (Costantini et al., 2018).
This is particularly important considering the crosstalk between
inflammation and oxidative stress increases as a function of
age, particularly from the failure of mitophagy, which leads to
the accumulation of malfunctioning mitochondria that produce
more ROS (Lionaki et al., 2015). ROS accumulation leads
to damaged cells, consequent activation of the inflammatory
mediators activated protein-1 and nuclear factor kappa B (NFκB)
which eventually leads to a cellular senescent state (López-Otín
et al., 2013). Although senescent cells are normally removed
by the immune system, as a consequence of age-mediated
immunosenescence and the reduced activity of immune cells,
senescent cells accumulate, release proinflammatory cytokines
and cyclically drive inflamm-aging (Fougère et al., 2017).
This is particularly important considering that oxidative

stress and inflammation are mutually aggravating one another
increasing the risk for disease and serve as risk factors for
neurodegeneration.

CURRENT TREATMENTS FOR
NEURODEGENERATION

Alzheimer’s Disease
Current therapies for AD treat disease symptoms and final
manifestations including Aβ and tau aggregates, memory loss,
imbalances in acetylcholine levels, behavioral changes or sleep
deficits. The prevailing therapeutic strategy for symptomatic
dementia associated with AD involves acetylcholinesterase
inhibitors (ChEi’s) that compensate for acetylcholine deficits
and loss of projection cholinergic neurons in the basal
forebrain. Toxicity associated with upward titration and long-
term use limits their prolonged clinical utility, and over
time AD neuropathologies progress in spite of treatments
with ChEI’s (Hogan, 2014). From a different perspective,

Frontiers in Pharmacology | www.frontiersin.org 6 August 2018 | Volume 9 | Article 867

https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-00867 August 28, 2018 Time: 12:57 # 7

Herman et al. Grape Polyphenols for Neurodegenerative Pathologies

repurposing of existing therapeutic compounds with other
primary indications for AD has not only provided insight
into the mechanism of AD, but also exhibited initial clinical
efficacy. One promising therapy involving direct intranasal
insulin improved cognition (Reger et al., 2008) and reduced
key markers of AD including amyloid, tau, and decreased
glucose metabolism (Craft et al., 2012). Another strategy involves
leveraging monoclonal antibodies targeting different Aβ species
(i.e., monomer, oligomer, protofibril, and fibril) to recruit
the host’s immune system to eliminate extracellular amyloid
aggregates (Broadstock et al., 2014). In spite of their effectiveness
in clearing amyloid plaques, they failed to improve cognitive
function or impede neurodegeneration (Honig et al., 2018).
The preliminary results from these trials indicate that plaque
pathologies may be a consequence rather than an effector of
neurodegenerative disorders. Other therapies in clinical trial aim
to eliminate Aβ plaques by inhibiting the γ- or β-secretases
responsible for producing them. These studies have either shown
little success in the clinic (Fleisher et al., 2008; Coric et al.,
2012) or demonstrate high levels of adverse side-effects such as
in the case of the BACE1 inhibitor MK-8931 (Cai et al., 2012;
Broadstock et al., 2014). Elimination of tau aggregates is another
treatment paradigm and one compound, methylene blue, is in
Phase III clinical trials to prevent the tau-tau binding.

As inflammation plays an important role in the etiology
of AD pathologies, several anti-inflammatory therapies have
been tested in clinical settings. For instance, long-term use of
NSAIDs decreases AD development, slows disease progression,
and improves cognitive functioning (Andersen et al., 1995;
Laura et al., 2004). Likewise, ibuprofen and flurbiprofen potently
ameliorate Aβ burden via modulation of γ-secretase and invoking
anti-inflammatory effects possibly through the regulation of
COX-2 (Carreras et al., 2013). In more robust clinical trials
however, NSAIDs and other anti-inflammatory drugs exhibited
limited clinical efficacy (Thal et al., 2005; Soininen et al.,
2007) including the COX-2 inhibitors naproxen and celecoxib
(Lyketsos et al., 2011) as well as ibuprofen (Pasqualetti et al.,
2009). Azeliragon is a novel small molecule inhibitor against
the Receptor for Advanced Glycation End products (RAGE):
a receptor that initiates inflammatory cascades in response
to sterile insults. Azeliragon is presently in phase 3 clinical
trials toward slowing progression in patients with mild AD
where preclinical trials have shown Azeliragon to decrease Aβ

plaque deposition while promoting anti-inflammatory effects and
reducing cognitive decline (Burstein et al., 2018).

Several antioxidant therapies have been tested in AD patients
but with little success. Although supplementation with vitamin
E and C in addition to cholinesterase inhibitors reduced levels
of LPO in the blood, there were no changes in cognition (Arlt
et al., 2012). Similarly, treatment with vitamin E, C, and a-lipoic
acid reduced LPO levels though had no impact on Aβ42 or
phosphorylated tau (Galasko et al., 2012). Interestingly, the
polyphenolic compound curcumin, previously shown to inhibit
Aβ aggregation and have antioxidant capabilities in AD animal
models (Kenjiro et al., 2004), has shown no success in human
clinical trials (Baum et al., 2008). Similarly, Ginkgo biloba,
another polyphenolic-rich plant with antioxidant properties,

showed no significant effect on cognitive decline in aging
individuals (Snitz et al., 2009). The potential yet multiple failures
to develop an effective AD therapy using antioxidants therefore
indicates that the current strategies need revision, and emphasize
the importance of targeting presymptomatic oxidative stress and
inflammation. It is also possible that the antioxidant therapy
may not cross the BBB where it is required to have an effect;
likewise singularly reducing oxidative stress may not be sufficient
to alleviate the symptoms of AD as neuroinflammation alone can
increase oxidative load.

Therapeutic approaches under clinical development for AD
target the neuroimmune system, microglia activation, or proteins
in neuroinflammatory cascades. Mutations in the heterozygous
triggering receptor expressed on myeloid cells (TREM2)
represent an emerging genetic risk factor for AD (Pottier et al.,
2013) and implicates microglia activity as contributing to AD
development. The exact role TREM2 plays in innate immune
responses is a matter of debate with evidence suggesting it is
responsible for plaque uptake by microglia, but other studies
found that TREM2 deficiency decreases neuroinflammation
and protects against plaque induced neuronal toxicity (Leyns
et al., 2017). An antibody targeting TREM2 activity is currently
under preclinical development for AD. The receptor-interacting
serine/threonine-protein kinase 1 (RIPK1) is another protein
involved in microglia initiated neuroinflammation, is elevated
in microglia of post-mortem cortical samples from AD patients
(Ofengeim et al., 2017), and is being targeted by small molecular
inhibitors in a Phase 1 clinical trial. Another anti-inflammatory
approach for AD involves an inhibitor of NLRP3 inflammasome
assembly, which in preclinical studies reduced Aβ plague
deposition, memory impairment and microglia activation in
an APP/PSEN1 murine model of AD. Initial preparations are
underway to test this compound in a Phase I trial for AD.

Parkinson’s Disease
The predominant symptomatic therapies for PD increase
intrasynaptic concentrations of dopamine in degenerating
dopamine nigrostriatal circuits. Dihydroxyphenylalanine
(L-DOPA) is the molecular precursor of dopamine and its
decarboxylation by tyrosine hydroxylase increases levels of
intrasynaptic dopamine. Treatment of PD with formulated
L-DOPA is the most common monotherapy for PD motor
impairments (Poewe et al., 2010). The breakdown of dopamine
by monoamine oxidase B (MAO-B) is another enzymatic
pathway pharmacologically targeted for treatment of PD
inhibiting the breakdown of intracellular dopamine. Inhibitors
of MAO-B are often provided as adjunct therapy to L-DOPA
supplementation to increase their efficacy (Moussa et al.,
2017). Direct agonism of D1 dopamine receptors improves
axial motor symptoms and dyskinesia in PD, but is limited
in efficacy compared to MAO-B and L-DOPA treatment
as independent preliminary randomized placebo-controlled
studies involving dopamine receptor agonists pramipexole
and ropinirole elicited no disease modifying effect in patients
with early stage PD (Bonuccelli et al., 2009). Thus, treatment
with dopamine surrogates does not prevent progression
of underlying PD neuropathologies as increased dosing
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is required to maintain therapeutic efficacy (Poewe et al.,
2010).

Alternative therapeutic approaches for treatment of PD
focus on neuron and microglia metabolism and the reduction
of synuclein plaques. Creatine monophosphate is an energy
source during periods of cytosolic ATP depletion and has
neuroprotective attributes in preclinical models of PD (Yang
et al., 2009). However, in several clinical trials, creatine
supplementation failed to improve PD associated symptoms (Mo
et al., 2017). In addition to its antimicrobial activity, minocycline
was shown to decrease microglia mediated neuroinflammation
in models of PD, but a clinical trial failed to show improvements
in PD symptomatology (Ninds Net-Pd Investigators, 2008).
Immunotherapeutic approaches in PD target PD-specific
extracellular protein aggregates, such as α-synuclein. Two
antibodies, BIIB054 and PRX002, show preliminary efficacy
in removing plasma α-synuclein in humans and clearing the
protein aggregates from brain regions in mouse models of PD
(Valera and Masliah, 2016; Brys et al., 2018) and both therapies
are currently under Phase 2 development for PD.

Other novel therapeutic approaches under clinical
development for PD target neuroinflammatory pathways.
Gene polymorphisms of the LRRK2 protein are among the most
prevalent causes of late-onset autosomal dominant and sporadic
PD; the protein is highly expressed in macrophages, monocytes,
and neutrophils and mutations result in hyperinflammatory
responses from innate immune cells (Gillardon et al., 2012).
The LRRK2 kinase is closely related to the receptor-interacting
protein (RIP) kinases, which are key regulators of inflammasomes
(Liu W. et al., 2017). Experiments with toll-like receptor 4
(TLR4)-stimulated rat primary microglia show that inflammation
increases LRRK2 activity and expression, while inhibition of
LRRK2 kinase activity or knockdown of protein expression
attenuates TNFα secretion and iNOS induction. From this
and similar studies, an inhibitor of the LRRK2 is currently
under clinical development for PD in patients with LRRK2
polymorphisms.

GRAPE-DERIVED POLYPHENOLIC
COMPOUNDS ATTENUATE RISK
FACTORS OF NEURODEGENERATION

Current treatment paradigms for neurodegenerative disorders
are limited by their poor long-term efficacy and significant
side-effects, creating an urgent need to develop preventative
therapies that target common pre-symptomatic risk factors such
as oxidative stress and inflammation. In addition to serving
as effective first line treatments for cancer (Neuroimaging
et al., 2010) and multiple sclerosis (Nurmikko et al., 2007),
polyphenols may also serve as a prophylactic treatment for
neurodegenerative disorders, as they potently and simultaneously
target inflammatory and oxidative pathways. Grapes in particular
are abundant in bioactive polyphenols, which include resveratrol,
lycopene, quercetin, and flavan-3-ols, each of which possesses
potent antioxidant and anti-inflammatory activities (Pezzuto,
2008). Several clinical trials have been conducted outlining the

benefits of grape-derived compounds (Table 1); however, more
work is required to define the specific bioactive components of
these formulations and how they suppress the underlying disease
physiologies. Our group has previously outlined the benefits of
polyphenol-rich grape extracts toward the prevention of AD
(Pasinetti et al., 2015); in the following section we will expand on
the application of specific grape-derived polyphenols toward the
prevention of oxidative stress and inflammation in the context of
AD, PD, and CTE while introducing potential new mechanisms
of action through attenuation of inflammasome activation.

Polyphenolic Compounds Alleviate
Alzheimer’s Disease Neuropathologies
Our group characterized the composition of a Grape
Seed Polyphenol Extract (GSPE) containing 79.2 mg/g of
proanthocyanidin dimers, 33.7 mg/g of catechin, 17 mg/g of
epicatechin, and 22.3 mg/g of gallic acid (Ho et al., 2018).
Using this extract, we observed multiple neuroprotective effects
including the inhibition of Aβ fibril formation, oligomerization,
and aggregation in vitro (Ono et al., 2008). These results were
replicated in an in vivo transgenic Tg2576 AD mouse model in
which GSPE treatment over 5 months inhibited high-molecular
weight Aβ aggregates in the brain, which paralleled an increased
in cognitive function as assessed with the Morris water maze test
(Wang et al., 2008). In particular, we found that GSPE reduced
the 56 kDa Aβ aggregate which is specifically related to memory
dysfunction in rats. This study also found no differences in the
activity of α-, β- or γ-secretases or insulin-degrading enzyme
(IDE) indicating that the clearance of Aβ was not affected and
the mechanism of GSPE may be a result of preventing Aβ’s
initial aggregation. The microbiome was necessary to synthesize
brain bioavailable phenolic acids derived from GSPE, which
emphasizes how reciprocal interactions along the gut-brain axis
contribute to disease progression (Pasinetti et al., 2015).

Apart from Aβ aggregation, we have shown how GSPE
attenuates the formation of tauopathies, another pervasive
clinical manifestation in AD dementias. Non-covalent
interactions between GSPE-derived polyphenols and tau residues
were believed to be the mechanism of action for the prevention
of tau peptide aggregation (Ho et al., 2009). Indeed, we showed
in a Drosophila eye model of tau production that GSPE
administration prevented the eye-specific neurodegeneration
associated with tau formation (Pfleger et al., 2010). In a transgenic
NLRP3 mouse model, GSPE administered in the drinking water
reduced the accumulation of tau pathology while protecting
mice against motor deficits associated with the neuropathology
(Santa-Maria et al., 2012). Finally, in the TMHT transgenic
mouse model of AD tauopathy, GSPE attenuated tau aggregation
in the mouse brain by inhibiting both the phosphorylation and
assembly of tau peptides (Wang et al., 2010).

As previously outlined, inflammation and oxidative stress
are highly integrated and contribute to neuropathological
progression in AD. Many studies have moved forward to establish
how grape-seed derived polyphenols simultaneously manage
oxidative stress and inflammation in model systems of AD.
Procyanidin B2 is a highly expressed proanthocyanidin in grape
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seeds and was shown to inhibit inflammasome activation in
LPS-stimulated THP-1 macrophages through the transcriptional
inhibition of COX2 and iNOS and reduced production of IL-
6 and nitric oxide (Neus et al., 2014). Trimethyltin-induced
memory dysfunction after 30 days in rats was prevented by
rutin (0.75%) treatment particularly by reducing the number
of reactive microglia and pro-inflammatory cytokines (Koda
et al., 2009). Gallic acid, another major compound in grapes,
attenuated Aβ plaque-induced neuroinflammation in cultured
microglia by inhibiting NF-κB acetylation and transcription
of inflammatory cytokines (Mi-Jeong et al., 2011). Gallic acid
also modulated upstream activation of the Aβ peptide fibril
in vitro (Liu et al., 2013). Resveratrol is a stilbene, abundant
in grapes, which has been extensively studied in the context of
AD neuropathologies. Resveratrol promotes the clearance of Aβ

plaques via an intracellular mechanism involving proteasome
degradation of Aβ (Marambaud et al., 2005). Resveratrol also has
multiple antioxidative capacities including direct sequestration
of free radicals, inhibition of nicotinamide adenine dinucleotide
phosphate oxidase and myeloperoxidase gene transcription and
promotion of the antioxidant enzymatic activity of SOD, catalase,
glutathione and thioredoxin (Carrizzo et al., 2013). Resveratrol
was also shown to inhibit neuroinflammation, which was
demonstrated in in vitro LPS-mediated activation of astrocytes
and microglia evidenced by reduced release of TNFα and nitric
oxide (Bi et al., 2005). In the context of AD, neuroinflammation
induced by treatment of Aβ1-42 in astrocytes and N9 microglial
cell lines was dose-dependently inhibited by resveratrol treatment
by regulating NF-κB translocation and p-IκB expression (Zhao
et al., 2018). In D-galactose-mediated AD in rats, resveratrol (40
or 80 mg/kg body weight) inhibited Aβ1-42 fibril formation,
neuroinflammation, accumulation of advanced glycation end-
products (AGEs) and increased the integrity of the BBB (Claudin
5) indicating that in vivo, resveratrol can simultaneously alleviate
neuroinflammation and oxidative stress in an AD model (Zhao
et al., 2015). There are a handful of clinical trials using resveratrol
in the context of AD that have attempted to validate their
preclinical efficacy. The impact of daily resveratrol treatment
with a dose increment of 500 to 2000 mg per day over
52 weeks in 119 patients with mild to moderate AD revealed
that resveratrol penetrated the BBB in low micromolar amounts
and attenuated the progressive decline of Aβ40 in the CSF, a
factor associated with elevated activity of daily living (Sawda
et al., 2017). In a follow-up study, resveratrol was shown to
markedly reduce MMP9 CSF levels and increase macrophage-
derived chemokine (MDC), IL-4, and fibroblast growth factor-2.
Compared to baseline, resveratrol increased plasma MMP10,
decreased IL-12 and RANTES indicating that the beneficial
impact of resveratrol could be working through the suppression
of neuroinflammation (Moussa et al., 2017). In contrast, another
clinical trial that provided 500 mg of resveratrol to patients with
mild to moderate AD neither decreased plasma or CSF levels
of Aβ40, nor prevented brain volume loss as determined by
volumetric MRI (Turner et al., 2015). This dichotomy of effects of
resveratrol support the notion that AD is a complex multifaceted
disease that requires several risk factors to be simultaneously
targeted by a successful therapeutic. Further, therapies such as

resveratrol that target the pre-symptomatic AD pathologies need
to be administered early in the disease progression to prevent the
accumulation of pathogenic markers.

Composite polyphenol solutions exhibit unique antioxidative
properties in AD model systems, and results described below
indicate synergism between bioactive components to contribute
to their effects. For example, a grape seed pomace rich in
flavonoids at a dose of 2% w/w dry powder inhibited age-
related and chemically induced increases of lipid peroxidation
and DNA damage in rats.(Rho and Kim, 2006) In a chronic
cerebral hypoperfusion model representative of AD pathologies,
oral administration of GSPE (95% purity, procyanidine 95%,
polyphenol >85%, free phenol 15–25%) for 1 month rescued
memory deficits by restoring cholinergic neuronal function
and repressing oxidative damage in the hippocampus (Chen
et al., 2017). A grape powder treatment, containing 3.5 mg
of gallic acid equivalents per gram determined by the Folin-
Ciocalteu method, incorporated into the diet at low-dose (3%)
or high-dose (6%) over 66 weeks increased spatial learning
and memory performance, lowered expression of Aβ fibrils
and β-secretase in aging rats fed high-fructose-high-fat diet.
This long-term study indicated that the cognitive decline and
neurodegenerative predisposition in aging rats due to poor
diet can be prevented with dietary intervention containing
grape extract (Chou et al., 2016). Finally, in a single-prolonged
stress (SPS) model, grape powder containing 57.2 mg/kg of
catechins and 566 mg/kg of anthocyanins, prevented SPS-
induced behavioral and memory impairment in rats by
preventing increased plasma corticosterone levels, reversing
anxiety and depression behavioral deficits, while maintaining
BDNF levels in the amygdala of SPS rats (Solanki et al., 2015).
A grape seed proanthocyanidin extract consisting of catechin,
epicatechin and epicatechin gallate, enhanced cognition and
spatial memory in APP/PS1 transgenic AD mice in addition to
reducing Aβ fibrils and tau hyperphosphorylation. These data
corroborated the in vitro studies in PC12 cells where the GSPE
extract alleviated Aβ cytotoxicity, apoptosis and increased the
mitochondrial membrane potential indicating that the reduced
cytotoxicity could be due to the elevated oxidative protection
(Lian et al., 2016).

Attenuation of Parkinson’s
Neuropathologies by Grape-Derived
Polyphenol Compounds
The antioxidant and antiinflammatory action of grape-
derived polyphenols also alleviates neuropathologies and
symptomologies observed in PD model systems. The common
6-hydroxydopamine (6-OHDA) toxic model of PD induces
a state of chronic inflammation, mitochondrial dysfunction,
and oxidative stress that contributes to disease onset and
progression (Jin et al., 2014). When administered to the right
striatum by unilateral injection, 6-OHDA elicits a selective loss
of dopaminergic neurons in the substantia nigra resulting in
dopamine depletion in the striatum associated with the common
PD pathologies (Deumens et al., 2002; Jin et al., 2008). Within the
context of this model system, 4 weeks of 100 mg/kg Grape Seed
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Extract (GSE) treatment in rats demonstrated a beneficial effect
on the direct and indirect striato-thalamo-cortical pathways
in PD coupled with improved motor disorders (Sarkaki et al.,
2012). In another study, an extract (Regrapex-R) prepared from
whole grapes containing polyphenols (450 mg), anthocyanins
(12 mg), and resveratrol (100 mg) exhibited dose-dependent
scavenging effects on ROS, protective effects on the enzymatic
activities of the mitochondrial electron transport chain and
pyruvate dehydrogenase in the liver mitochondria which
protected transgenic α-synuclein expressing Drosophila PD
models fed 0.08 mg/100 g culture media from loss of motor
function (Long et al., 2009). Also, extracts prepared from
grape seeds rich in anthocyanins and proanthocyanidins (total
820 mg/g polyphenols) were shown to protect rotenone-induced
PD pathologies in a primary midbrain cultures by inhibiting
dysfunctions in mitochondrial respiration (Strathearn et al.,
2014).

Treatment with single grape-seed derived polyphenols
similarly improved multiple neuropathological signatures
in PD model systems. One study showed that each chrysin,
catechin, gen strain, quercetin, and naringenin, in primary
rat mesencephalic cultures, protected against oxidative stress-
induced cell death via a number of stressors including hydrogen
peroxide, rotenone, and the PD-associated neurotoxic N-methyl-
4-phenyl-1,2,3,6-tetrahydropyridinium hydrochloride (MPP)+
(Mercer et al., 2005). Flavonoids in particular exhibited
antioxidative characteristics, as the grape-derived flavonoids
quercetin and catechin significantly reduced the onset of
neuronal death induced by the exposure to ROS (Mercer
et al., 2005). Myricetin, an abundant compound in grape
extracts, also was shown to prevent α-synuclein oligomerization
in vitro and prevent the subsequent synaptic toxicity in mouse
hippocampal slices (Takahashi et al., 2015). Additionally, a
95% proanthocyanidins mixture containing 60–80% oligomers
derived from grape seeds when administered to mice for 7 days
effectively elevated serotonin dopamine and noradrenaline levels
in the frontal cortex, hippocampus and hypothalamus, likely by
inhibiting monoamine oxidase-A activity (Xu et al., 2010).

One study utilizing the 6-OHDA model in Sprague-
Dawley rats showed that resveratrol treatment at 10, 20, and
40 mg/kg over 10 weeks preserved the motor deficits associated
with dopaminergic neuron loss. These observations were also
associated with a suppression of COX-2 activity and TNFα

mRNA in the substantia nigra suggesting that resveratrol
treatment attenuates elevated neuroinflammation in the PD brain
(Jin et al., 2008). Resveratrol treatment at 20 mg/kg for three
weeks presented significant protective effects in in vitro and
in vivo PD models. In rats pre-treated for 15 days with resveratrol
prior to a unilateral intrastriatal injection with 6-OHDA,
there was a significant decrease in the levels of thiobarbituric
acid reactive substances (TBARS), lipid peroxidation, and
decreased activity of phospholipase A2. The investigators also
reported a significant increase in expression and activities of
antioxidants such as glutathione in the striatum (Khan et al.,
2010). The authors speculated that by enhancing the presence
of these antioxidants either directly or indirectly, resveratrol
helped preserve dopaminergic neurons’ integrity by preventing

dopamine autoxidation (Khan et al., 2010), a key mechanism of
increased oxidative stress in dopaminergic neurons.

An important consideration toward neuroinflammatory
mechanisms in PD, like AD, is the attenuation of microglia
activation (Liu et al., 2003; Bureau et al., 2008). In an in vitro
co-culture system of neuronal PC12 cells and N9 microglia
activated by exposure to the endotoxin lipopolysaccharide (LPS),
resveratrol and quercetin prevented apoptosis of the PC12
neurons in a manner dependent on the inhibition of microglial
activation and consequent reduction of IL-1β and TNFα release
(Bureau et al., 2008). Further, in rat primary midbrain neuron-
glia cultures, resveratrol dose-dependently protected neuronal
integrity to LPS-induced inflammation by preventing microglia
activation and inhibiting NADPH oxidase, intracellular MAPKs
and NF-κB signaling pathways that together promote heightened
inflammatory responses (Zhang et al., 2010).

Polyphenol Compounds in Chronic
Traumatic Encephalopathy
The preclinical application of grape-derived polyphenol
compounds for the treatment of CTE has produced mixed results
likely due to the lack of samples and heterogeneity of the disease.
Some successful studies include treatment of rats exposed to a
moderate force fluid percussion injury model of TBI with the
polyphenol quercetin. Treatment with quercetin after the injury
maintained levels of glutathione, prevented the induction of
the oxidative mediator myeloperoxidase, and preserved axonal
integrity and function (Schültke et al., 2005). Pretreatment of
mice with ellagic acid prior to a TBI in rats provided resilience
against multiple TBI induced neuropathologies, including CTE.
The administration of ellagic acid prevented memory and
hippocampal long term potentiation impairments, and decreased
the brain concentration of IL-1β and IL-6 (Farbood et al., 2015).
Whether or not ellagic acid maintained BBB integrity by reducing
brain inflammatory cytokines is an important line of future
investigation that can provide insight to TBI neuropathologies.
Acute treatment with resveratrol following TBI, in contrast
to pretreatment, similarly prevented TBI-induced activation
of microglia in the cerebral cortex, corpus callosum and
hippocampus of rats, while also preventing TBI-mediated
upregulation of inflammatory cytokines IL-6 and IL-12 in the
hippocampus (Gatson et al., 2013). Oxyresveratrol, a compound
structurally similar to resveratrol, also prevented TBI-induced
neuropathologies (Andrabi et al., 2004). Experimental evidence
indicates that grape-derived polyphenol compounds have the
potential to provide relief for TBI-induced neuropathologies
thereby decreasing the risk of developing CTE.

Polyphenol Compounds as Free Radical
Scavengers
Polyphenol compounds have inherent antioxidant characteristics
due to the electron structure of their phenolic rings. Reactive
oxygen species (ROS) can be derived from the mitochondria,
as seen following lysosomal rupture, osmotic disequilibrium, or
metabolic stress (Perron and Brumaghim, 2009), or can be of
a non-mitochondrial origin, such as following the reaction of
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ionizing radiation with cellular components, metal oxidizers,
and from NADPH oxidases or xanthine oxidase (Droge, 2002).
The steady state of ROS in a cell is derived from mitochondria
and shifting of this equilibrium toward the generation of
more free radicals promotes the production of inflammatory
cytokines by activating inflammasome complexes (Zhou et al.,
2011). Polyphenol compounds can prevent this sequence of
events through its inherent ability to sequester excessive ROS.
Abundant ROS generated in the cytoplasm include superoxide
anion radicals (.O2), hydrogen peroxide (H2O2), hydroxyl radical
(.OH), alkoxyl radicals (.OR), or peroxyl radicals (.OOR).
In addition to activating inflammasomes, ROS readily react
with cellular lipids, carbohydrates, proteins and nucleic acids
to produce toxic secondary species. Polyphenol compounds
are strong antioxidants due to their characteristic aromatic
ring structure that always contains at least one substituent
hydroxyl group. Polyphenols eliminate strong ROS such as
hydroxyl radicals through homolytic cleavage of the hydroxyl
group, which delocalizes the singlet electron into the π

orbitals of phenol ring and forms energetically stable resonance
derivatives. The relatively higher reduction potential of the new
radical compounds prevent further propagation of new radicals.
Polyphenol compounds are diverse in the number of aromatic
rings and their conjugating moieties, which increase or decrease
their antioxidative properties, respectively. For example, a greater
number of para- and ortho- substituent electron donating
groups on aromatic rings decrease the hydroxyl dissociation
energy, while more conjugated π orbitals in the planar
structure increase resonance effects (Foti, 2007). Abundant
grape derived polyphenolic compounds including resveratrol,
quercetin, catechin and epicatechin, each would have strong
antioxidative properties due to their conjugated π orbitals and
increased number of hydroxyl groups (Figure 2). On a relative
basis, it was previously reported that between the four polyphenol
compounds mentioned, quercetin most readily sequesters the
synthetic radical DPPH and the physiological peroxynitrate
anion from solution followed by catechin, epicatechin and
resveratrol (Rice-evans et al., 1995). Sequestration of free
radicals by these polyphenols was amplified when administered
synergistically. The superior free radical scavenging properties
of quercetin relative to epicatechin and catechin may be
attributed to additional resonance stabilization of the ketone-
enol conjugated system. The unique structural properties of
polyphenols may, therefore, provide them their strong anti-
inflammatory effects and may act as a preventative treatment
for neurodegenerative disorders that are propagated by ROS
production and heightened inflammation.

Polyphenols Inhibit Microglia Activation
and Inflammasome-Mediated
Inflammation
As indicated throughout this discussion, inflammasome-
mediated neuroinflammation may contribute to overt
neuropathological signatures in neurodegenerative disorders.
Inflammasomes are a class of multimeric protein complexes
that are responsible for initiating and propagating inflammation

in response to endogenous or exogenous insult signals, such
as alterations to intracellular redox potentials. The NLRP3
inflammasome is of particular interest for neurodegenerative
disorders because experimental evidence indicates that it
gates neuroinflammatory responses through its unique kinetic
properties, which is different from other inflammasomes
(Sutterwala et al., 2014). As neurodegenerative disorders are
collectively characterized by progressive accumulation of
neuroinflammatory markers in response to oxidative stress,
dysregulated NLRP3 activity may represent a principal source of
their neuroinflammatory pathologies.

Activation of the NLRP3 inflammasome requires a two-
step paradigm whereby an initial stress signal promotes the
transcription of the Nlrp3 gene, while a second activation
signal promotes assembly of the multimeric complex and
its activation (Herman and Pasinetti, 2018). Upon activation,
the caspase-1 domain of the NLRP3 inflammasome cleaves
zymogen forms of IL-1β and IL-18 into their functional forms
(Garlanda et al., 2013). Importantly, molecular intermediates
downstream of oxidative and metabolic stress facilitate the
assembly of the NLRP3 inflammasome. For example, ROS
production, a characteristic of neurodegenerative pathology, is
a potent signal for NLRP3 inflammasome assembly (Baughman
et al., 2011; Chen et al., 2015). Cholesterol crystals and Aβ

plaques, prominent in AD neuropathologies, similarly activate
the NLRP3 inflammasome via the production of ROS (Rajamaki
et al., 2010). Inhibition of NLRP3 activation by removing
intracellular ROS through ROS scavengers represent a mean
to mitigate presymptomatic systemic and neuroinflammation
observed across neurodegenerative disorders. Specifically, the
antioxidant properties of polyphenols outlined in Section
Polyphenol Compounds as Free Radical Scavengers identify them
as potential inhibitors of ROS mediated NLRP3 activation.
Several studies provide evidence that grape-derived polyphenols
can suppress inflammasome activity and the production of
deleterious inflammatory cytokines (Hein et al., 2010). There is
no evidence yet to indicate that polyphenolic compounds directly
inhibit the NLRP3 inflammasome either through allosteric
regulation of the complex or inhibition of complex assembly.
Rather, evidence suggests that the sequestration of free radicals by
polyphenols plays a critical role in the preventing the activation
of the NLRP3 inflammasome.

In a subarachnoid hemorrhage model of TBI, the
administration of resveratrol prevented cerebral inflammation
and cortical apoptosis, events that were concomitant with
reduced NLRP3 activity, microglia activation, and neutrophil
infiltration into the brain (Zhang et al., 2017). Inhibition of the
NLRP3 inflammasome and neuronal apoptosis via resveratrol
in this model was mediated in part through sequestration of
superoxide anion levels. Another study showed that resveratrol
inhibited the accumulation of acetylated α-tubulin, which is a
function of both cytosolic redox states and damage incurred by
mitochondrial damage, thus preventing the proper assembly
of the inflammasome components to elicit an inflammatory
response (Misawa et al., 2015). Alternatively, the suppression of
NLRP3 cytokine production and ROS by resveratrol in a separate
rat TBI model was shown to be sirtuin 1 (SIRT1) dependent,
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FIGURE 2 | Sequestration of ROS by polyphenols: one mechanism grape derived polyphenols may benefit patients with presymptomatic neurodegenerative
disorders are by buffering the redox state in neurons, microglia or astrocytes. Oxidative stress is a prominent pathology across all neurodegenerative disorders and
its production by different stressors can result in self propagating loop of inflammation, DNA damage, and apoptosis. Polyphenols like trans-resveratrol inhibit ROS
propagation by hydroxy radicals, for example, because its unique chemical structure affords the generation of energetically stable resonance radicals. This
mechanism may partially contribute to neuroresilient traits of polyphenols.

illustrating the pleiotropic manner by which polyphenols
suppress NLRP3 mediated neuroinflammation (Zou et al., 2018).

Quercetin inhibited the induction of inflammation by the
toxin E. coli O157:H7 in epithelial cells by maintaining both
mitochondrial integrity and by preventing the accumulation
of mitochondrial ROS (Xue et al., 2017). In the monosodium
urate model of gout arthritis, quercetin pre-treatment inhibited
the inflammatory phenotype by, at least in part, inhibition
of the NLRP3 inflammasome (Ruiz-Miyazawa et al., 2017).
Catechin also inhibited MSU-induced IL-1β secretion and
NLRP3 inflammasome activation in MSU-challenged THP-
1 cells in a ROS-dependent manner (Jhang et al., 2015).
Similarly, in a collagen-induced model of arthritis, quercetin
inhibited inflammasome activation and associated inflammatory
induction (Yang et al., 2018). The administration of the
polyphenol quercetin prior to spinal cord injury in mice,
which similarly decreased NLRP3 mediated cytokine production
through the downregulation of ROS (Jiang et al., 2016). In a
rat model of diabetes, increased intracellular ROS upregulated
the thioredoxin-interacting protein (TXNIP), which facilitates
activation of the NLRP3 inflammasome. Administration of
quercetin to streptozocin-induced diabetic mice prevented
TXNIP upregulation and inflammatory responses, highlighting
the antioxidant characteristics of quercetin (Wang et al., 2013).

The procyanidins also possess anti-inflammatory activity, as
illustrated through by their ability to inhibit inflammasome

activation and reduce ROS formation in a LPS-induced model
of human endothelial cell inflammation (Yang et al., 2014).
Similar observations were evident following LPS-stimulation of
macrophages (Neus et al., 2014). Like quercetin, procyanidins
inhibited monosodium urate induced inflammation in mice
by blocking inflammasome activation, IL-1β release and ROS
production (Liu H.J. et al., 2017). In an attempt to develop
a therapy against morphine-induced tolerance, procyanidins
were found to increase sensitivity to morphine by inhibiting
inflammasome activation in the spinal cord microglia (Cai
et al., 2016). The shared ability of quercetin and procyanidins
to prevent inflammasome activation through a reduction in
ROS despite their distinct three-dimensional conformation
and different conjugating moieties support a mechanism of
action involving radical sequestration rather than protein-
ligand interactions. Altogether, there is substantial evidence
suggesting that the polyphenolic components of grape-derived
extracts are potent inhibitors of the inflammasome, an important
factor in neurodegenerative pathogenesis; however, further
investigations are necessary to determine how grape-derived
polyphenols can influence inflammasome activity in the context
of neurodegenerative disorders.

Activation of inflammasomes parallels microglia reactivity.
Studies were therefore conducted to determine if polyphenols
simultaneously target NLRP3 inflammasome activation and
microglia reactivity. One study found that intraperitoneal
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administration of dihydromyricetin attenuated the number
of activated microglia in the hippocampus and cortex
of APP/PS1 mice while reducing expression of NLRP3
inflammasome components and stimulating clearance of Aβ

(Feng et al., 2018). Dual down regulation of these inflammatory
pathways by the grape derived flavonoid dihydromyricetin also
improved standard cognitive deficits observed in the APP/PS1
transgenic model of AD. Further studies should continue to
characterize suppression of different innate immune pathways
by polyphenols.

CONCLUSION

While current therapies for Alzheimer’s disease, Parkinson’s
disease and CTE provide acute symptomatic relief,
neurodegeneration proceeds exponentially in the brain.
Both oxidative stress and neuroinflammation precede
overt symptomology of neurodegenerative disorders and
each promotes neurotoxic environments associated with
neurodegeneration. Dietary botanicals, in particular grape-
derived polyphenols, have the potential to serve as an alternative
treatment mode for the prevention of neurodegenerative
disorders due to their ability to limit activation of oxidative
pathways and inflammation following the exposure to stochastic
environmental stressors. As reviewed, individual polyphenols
have been shown both in vitro and in vivo to have potent

antioxidant and anti-inflammatory activity that improve
neuropathological features and behavioral phenotypes in
neurodegenerative diseases. In particular, a previously untapped
mechanism of neuroinflammation involving inflammasome
activation may be a potential pharmaceutical target of
polyphenolic anti-neuroinflammatory effects in the context of
neurodegeneration. The studies to date are encouraging as
they support the development of an optimized grape-derived
polyphenol therapeutic that through its anti-inflammatory and
antioxidant activities, may delay the onset or slow the progression
of neurodegenerative diseases.
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