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Abstract: The global prevalence of Alzheimer’s disease
and Parkinson’s disease is steadily increasing due to the
aging population. The lack of effective drugs against
these neurodegenerative disorders makes it imperative to
identify new strategies for their prevention and treatment.
Recent studies have revealed that harnessing the power of
the gut microbiota through modification of diet may be a
valuable approach for reducing the risk, modulating the
symptoms, and ameliorating the pathophysiological as-
pects of neurodegenerative diseases. Consuming specific
dietary components can alter the prevalence of bacterial
communities within the gut to a healthy enterotype,
which can influence the production of beneficial metab-
olites by microbiota. This article focuses on several di-
etary components, which have been demonstrated to
affect the gut microbiota—brain axis and therefore could
lead to attenuation of specific pathological processes in
neurodegenerative diseases. Published evidence indicates
that fermented foods, including kefir, and foods that are
high in bioactive polyphenols and complex carbohydrates,
such as grapes, pomegranates, and seaweed, may be
effective at reducing neuroinflammation, oxidative stress,
neurotransmitter dysfunction, and neuronal death associ-
ated with Alzheimer’s and Parkinson’s diseases. Even
though experimental evidence supporting the protective
properties of the above dietary components in these
diseases is emerging, it is evident that further human
clinical studies are required to conclusively establish the
benefits of any suggested dietary interventions. The
translational potential of such research is illustrated by
the clinical success of the recently developed Alzheimer’s
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Introduction

Due to the rapidly aging worldwide population, the
prevalence of neurodegenerative diseases has gradually
increased over the past few decades reaching epidemic
levels (Brayne and Miller 2017; Milo and Kahana 2010).
Although many advances have been made to understand
the complex mechanisms underlying their pathogenesis,
neurodegenerative disorders such as Alzheimer’s dis-
ease (AD) and Parkinson’s disease (PD) remain incurable
(Brayne and Miller 2017; Dorsey et al. 2007; Ferri et al.
2005; Scheltens et al. 2021). Therefore, identifying novel
approaches to prevent the onset, ameliorate symptoms,
and delay the progression of AD and PD is imperative to
improve the quality of life in elderly populations.
Recent evidence indicates that the gut microbiota can
significantly affect the overall health of humans. Diet mod-
ifications, such as limiting meat and dairy consumption and
increasing the intake of fruits and vegetables, as well as
fermented foods, have been shown to shift the gut micro-
biota to a healthy enterotype and reduce the risk of major
chronic diseases such as cancer, cardiovascular disease,
and type II diabetes mellitus (Schulze et al. 2018; Wastyk
et al. 2021). Research efforts investigating the impact of diet
on the gut microbiota have been made possible by advanced
sequencing technologies which identify various commu-
nities of bacteria residing in the gut of healthy individuals
and subjects affected by various diseases. A meta-analysis of
sequencing data obtained from various gut bacterial studies
of healthy individuals reveals several trends; regardless of
ethnicity and geographical location, healthy gut microbiota
have the highest abundance of the phyla Firmicutes and
Bacteroidetes. The phyla Actinobacteria and Proteobac-
teria are also found in great abundance. Actinobacteria,
specifically Bifidobacterium, are often found in probiotics
and play an important role in maintaining a healthy
gut. Although Actinobacteria contribute significantly to a
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healthy gut microbiota, they are less abundant than Fir-
micutes and Bacteroidetes. Following Actinobacteria,
Proteobacteria are the next most prevalent phylum of
bacteria in the healthy gut microbiota (Mobeen et al. 2018).

While there is an abundance of studies linking diet and
gut microbiota to the etiology of nonintestinal diseases,
limited information is available about the effects of diet on
the gut microbiota—brain axis throughout the progression
of neurodegenerative disorders (Anand et al. 2015; Jalil-
piran et al. 2020; Ley et al. 2014); however, signaling be-
tween the gut and the brain has been shown to play an
active role in the pathogenesis of these diseases (Sampson
et al. 2016). Gut microbiota composition and decreased
microbial diversity have been linked to AD and PD etiology
(Kesika et al. 2021; Yemula et al. 2021). The purpose of this
article is to illustrate the potential of several foods to
modify the risk, progression, and severity of neurodegen-
erative diseases. The ability of these foods to modulate the
composition and metabolic activity of gut bacterial com-
munities or to be converted into bioactive compounds by
metabolic processes of gut microbes is discussed. This
article focuses on studies that are pertinent to the link
between a number of bioactive dietary compounds, gut
microbiota, and neurodegenerative diseases and is limited
to discussing AD and PD.

Although AD and PD have differing etiologies and
disease mechanisms, they display several overlapping
symptoms and pathophysiological features. AD is charac-
terized by the deposition of neurotoxic amyloid-beta (AB)
and tau protein aggregates in the brain, whereas clinically,
patients present with progressive dementia due to cortical
and hippocampal atrophy (Kowalski and Mulak 2019;
Scheltens et al. 2021). The hallmark features of PD include
the degeneration of dopaminergic neurons in the sub-
stantia nigra pars compacta (SNpc) and the development
of Lewy bodies consisting of a-synuclein. Clinically, PD
patients present with motor symptoms, such as tremors
and bradykinesia, and nonmotor symptoms, including
gastrointestinal and olfactory dysfunctions, which often
emerge prior to the onset of motor disturbances (Smith and
Parr-Brownlie 2019). A shared pathophysiological feature
of both AD and PD is chronic neuroinflammation, which
results from adverse activation of the neuroimmune system
(Bjelobaba et al. 2017; Kowalski and Mulak 2019; Wang
et al. 2015b). When microglia, the resident immune cells of
the brain, become chronically activated by stimuli such as
the disease-associated AP or a-synuclein, they secrete an
abundance of inflammatory mediators and neurotoxins
that promote neurodegeneration (Hoenen et al. 2016;
Mandrekar-Colucci and Landreth 2010). Apoptosis of
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neurons caused by the buildup of neurotoxins leads to
impairments in memory, cognition, and motor function
(Han et al. 2017; Yasuda et al. 2013). Another hallmark
common to AD and PD is mitochondrial dysfunction,
which is associated with damage to mitochondrial DNA
(mtDNA) and increased oxidative stress within neurons,
resulting in metabolic dysregulation and altered neuro-
transmitter production (Cenini et al. 2019).

AD and PD are multifaceted neurological disorders,
making them challenging to diagnose and treat (DeMaagd
and Philip 2015; DeTure and Dickson 2019). The blood-
brain barrier (BBB) represents an additional obstacle for
developing effective therapies because it is poorly pene-
trated by most drugs. Furthermore, most of the drugs
currently used to relieve symptoms of these diseases cause
an abundance of unwanted effects at therapeutic doses,
such as gastrointestinal symptoms, dizziness, and fatigue
(He et al. 2018; Szeto and Lewis 2016). Therefore, until a
disease-modifying treatment option becomes available,
identifying new nonpharmacological interventions that
can be used for disease prevention and management of
symptoms is critical. This article covers four dietary com-
ponents that have been found to modulate both clinical
manifestations and specific pathophysiological features of
AD and PD. Altering the diet to include grapes, pome-
granates, kefir, and seaweed may be an effective dietary
approach to prevent and modulate the progression of these
neurodegenerative diseases.

Methods

Studies published between 1997 and 2022 are cited in this article,
with more than half of these articles appearing during the last five
years. The initial search was performed within Ovid Medline, PubMed,
and Google Scholar databases using the following keywords: Alz-
heimer’s disease, neuroinflammation, diet, microbiota, microbiome,
Parkinson’s disease, neurodegenerative disease, gut—brain axis, gut,
microglia, astrocytes, and glia. Abstracts of the retrieved research
articles were screened, and full versions of the relevant articles were
acquired. Furthermore, pertinent articles were identified by reviewing
the reference lists of cited publications.

Grape products

The health benefits of consuming grapes and grape prod-
ucts have been an area of interest in health science
research for many decades. Grape products have protective
effects against coronary heart disease, cancer, and type 2
diabetes mellitus (Rasines-Perea and Teissedre 2017;
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Singh et al. 2015). These benefits are believed to be a
result of the high concentration of antioxidant and anti-
inflammatory polyphenols found in the seeds, skin, and
pulp of the fruit (Nuttall et al. 1998).

Bioactive compounds and metabolites

Animal studies have demonstrated that gut microbiota
are key metabolizers of various grape polyphenols. For
example, the coadministration of antibiotics with a grape-
derived bioactive dietary polyphenol preparation consist-
ing of grape seed polyphenol extract, concord grape juice,
and resveratrol significantly reduces the plasma concen-
tration of phenolic products in mice (Frolinger et al. 2019).
Catechin and epicatechin are two major grape polyphenols
that are extensively fermented by gut microbes, forming
highly bioactive and bioavailable metabolites (Carry et al.
2018). Specific gut bacteria, such as Bacteroides ovatus in
the phylum Bacteroidetes, are responsible for producing
3-hydroxybenzoic acid (3-HBA) and 3-(3’-hydroxyphenyl)
propionic acid (3-HPPA) by metabolizing grape catechins
and epicatechins (Ho et al. 2019; Zhao et al. 2019). Oral
administration of grape seed-derived polyphenol extract
for 11 days increases the concentration of 3-HBA and
3-HPPA in rat brain tissue, indicating that these metabo-
lites can cross the BBB. The same microbiota-derived me-
tabolites interfere with the assembly of AP peptides into
neurotoxic aggregates and inhibit the formation of a-synu-
clein fibrils in vitro, demonstrating their potential to act as
neuroprotective agents (Ho et al. 2019; Wang et al. 2015a).
The formation of AP plaques and a-synuclein fibrils in the
brain are pathophysiological features of AD and PD,
respectively. Because 3-HBA and 3-HPPA cross the BBB,
altering the diet to include grape products and to facilitate the
growth of specific gut bacteria, which produce these metab-
olites, could inhibit the formation of pathological protein
structures in the brain (Ho et al. 2019; Pardridge 2009).

Whole grape products

Whole grape products have been shown to modulate the
human gut microbiota. For example, the daily consumption
of whole grape powder for 4 weeks increases the alpha
diversity index of the gut microbiome and alters the abun-
dance of specific bacteria such that the relative abundance
of the phylum Verrucomicrobia and the genera Akkerman-
sia, Flavonifractor, and Lachnospiraceae increases, whereas
that of the genera Bifidobacterium and Dialister decreases
(Yang et al. 2021). However, only limited studies have been
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conducted to investigate whether the consumption of grape
products benefits individuals diagnosed with possible or
probable AD or PD, and the data obtained by these studies
are often contradictory (Vislocky and Fernandez 2010). A
mouse model of stress is characterized by elevated brain
mRNA levels of the proinflammatory cytokines interleukin
(IL)-6 and tumour necrosis factor a (TNF-a). The pretreat-
ment of animals with a polyphenol-enriched grape juice for
5 days prior to the induction of stress causes the return of
IL-6 and TNF-a mRNA levels to those seen in unstressed
animals. The expression of NADPH oxidase 2 and heme
oxygenase 1 genes that are upregulated in oxidative stress
are also reduced to near-normal levels in stressed animals
treated with grape juice, indicating a beneficial effect of this
treatment on the oxidative stress response (Bobadilla et al.
2021). Alleviating oxidative stress in the brain could
decrease the death of dopaminergic neurons (He et al. 2020),
as well as inhibit the misfolding of AP and a-synuclein
(Abramov et al. 2020).

Human research demonstrates that the consumption
of whole grape products improves cognition. A study
involving elderly persons with mild cognitive impairment
reveals that the daily consumption of grape powder pre-
serves brain metabolic activity. Participants who consume
the grape formulation show no significant decline in brain
metabolism, whereas subjects who are given a placebo
display a significantly reduced metabolic activity in the left
superior posterolateral temporal cortex and right posterior
cingulate cortex (Lee et al. 2017). Similarly, another study
indicates that elderly adults who consume red wine daily
have improved cognitive performance with benefits
increasing in a dose-dependent manner up to 75-100 ml of
wine per day, when compared to individuals who do not
drink wine (Nurk et al. 2009).

Grape seed extract

Concentrated grape seed extracts provide a possible means
of achieving more potent effects when compared to the
whole fruit. In a scopolamine-induced rat model of AD,
pretreatment and cotreatment with grape seed oil positively
affect spatial memory and brain acetylcholine levels, sug-
gesting its neuroprotective activity. Learning and memory of
rats administering grape seed oil have improved by 20%,
according to the Morris water maze test (Berahmand et al.
2020). Protective effects of the grape seed extract are also
observed in an in vitro rotenone-induced model of PD.
Rotenone reduces the viability of human SH-SY5Y-derived
neuronal cells by 60% and upregulates the production of
intracellular reactive oxygen species (ROS) in these cells.
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Treatment with liposomes containing a grape seed and skin
extract after rotenone administration rescues the neuronal
cell viability and reduces the intracellular ROS production to
control levels (Marino et al. 2021). Similar benefits are
observed in a 6-hydroxydopamine (6-OHDA) animal model
of PD (Ben Youssef et al. 2021). The intraperitoneal admin-
istration of a grape seed and skin extract before 6-OHDA
insult increases the survival of dopaminergic neurons in the
SNpc by 50% and results in a complete rescue of the motor
function of mice evaluated using the open-field test. The
accompanying in vitro investigations identify reduced
neuronal apoptosis through inhibition of the caspase-3
pathway, downregulation of the proinflammatory nuclear
factor (NF)xB signaling, and decreased ROS production by
dopaminergic neurons as the candidate mechanisms
responsible for the beneficial effects of this extract (Ben
Youssef et al. 2021). Thus, grape seed extract exhibits several
distinct neuroprotective properties.

Resveratrol

Resveratrol is another health-promoting grape polyphenol,
which has been suggested to be protective against obesity,
type II diabetes, and cardiovascular disease (Pannu and
Bhatnagar 2019; Springer and Moco 2019). This polyphenol
is found in highest concentrations in the seeds and skin of
grapes (Li et al. 2006). Resveratrol is a small and lipophilic
molecule, which allows it to pass through the BBB (Turner
et al. 2015) and makes it suitable for targeting CNS
pathologies.

Modulation of gut microbiota

Resveratrol is rapidly broken down in the gut, blood, and
peripheral tissues and is dependent on gut microbiota for
increasing its bioavailability and therapeutic effectiveness
(Chaplin et al. 2018). Bifidobacterium infantis and Lacto-
bacillus acidophilus, of the phyla Actinobacteria and Fir-
micutes, respectively, are two gut bacteria that can form
resveratrol by metabolizing its precursors, such as piceid
found in grape juice (Basholli-Salihu et al. 2016; Theilmann
etal. 2017). In addition, gut bacteria hydrolyze glucuronate
and sulfate conjugates of resveratrol back to unconjugated
resveratrol, facilitating its enterohepatic circulation and
increased bioavailability (Pannu and Bhatnagar 2019;
Springer and Moco 2019).

The bioactivity of resveratrol is well-established;
however, its metabolites are also responsible for many of
the beneficial effects of this polyphenol. For example, in
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vitro fermentation of fecal bacteria with resveratrol-3-O-
sulfate, a major metabolite of resveratrol, facilitates the
growth of Lactobacillus reuteri and Lactobacillus intestinalis.
Furthermore, resveratrol-3-O-sulfate improves intestinal
barrier integrity in lipopolysaccharide (LPS)-treated Caco-2
cells, amodel of the intestinal epithelial barrier, as shown
by upregulated mRNA expression of tight junction pro-
teins such as occludin, zonula occludens (Z0)-1, claudin-
1, and claudin-4 (Zhang et al. 2021). Animal studies have
demonstrated that this metabolite, as well as another
major product of resveratrol metabolism, trans-resvera-
trol-3-O-glucuronide, is found in the brain less than 1 h
after oral administration of resveratrol, confirming that
these compounds can cross the BBB (Menet et al. 2017).
Resveratrol metabolites also display some of the same
biological activities as resveratrol including anticancer
and antiestrogenic effects (Aires et al. 2013; Ruotolo et al.
2013); thus, administering resveratrol and increasing its
metabolism by gut microbiota could have protective ef-
fects on brain functions.

Effects on short-chain fatty acids

Animal studies of cardiovascular disease, obesity, and
insulin resistance have shown that the consumption of
resveratrol can modify the gut microbiota by decreasing
the abundance of pathogenic bacteria and increasing the
abundance of short-chain fatty acid (SCFA)-producing
bacteria. Due to its ability to modulate the composition of
the gut microbiota, resveratrol demonstrates beneficial
effects on body weight and metabolism (Bird et al. 2017;
Zhou et al. 2019). SCFAs have also received attention for
their anti-inflammatory and antioxidant effects in the
brain. A recent study identifies that SCFAs produced by gut
bacteria regulate select microglia functions in vitro, such as
inhibiting the immune-induced production of proin-
flammatory mediators TNF-a, IL-1B, and monocyte che-
moattractant protein (MCP)-1, and decrease the production
of cytotoxic ROS by human monocytic THP-1 cells and
myelomonocytic HL-60 cells, respectively, used as models
of human microglia. Selective SCFAs also inhibit the
phagocytic activity of THP-1 microglia-like cells (Wenzel
et al. 2020). The SCFAs produced in the gut can be detected
in serum and can pass through the BBB, making them a
candidate of neuroprotective agents (Bachmann et al. 1979;
Cummings et al. 1987; Dalile et al. 2019). Therefore,
increasing the abundance of SCFA-producing bacteria
may be one of the mechanisms leading to attenuated in-
flammatory and oxidative stress responses after con-
sumption of resveratrol-containing foods.
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Candidate mechanisms of action

Advances have been made to understand the mechanisms
through which resveratrol achieves its broad spectrum of
beneficial effects. The accumulation of abnormal protein
aggregates and injured mitochondria in the brains of AD
and PD patients is a widely recognized pathological feature
of these diseases. Oxidative stress caused by injured
mitochondria can initiate the production of misfolded
proteins, including AB and a-synuclein, which promote
inflammation in the brains of AD and PD patients leading
to neurodegeneration. Therefore, enhancing the clearance
of injured mitochondria and anomalous proteins may
mitigate the pathological features of these diseases (Lezi
and Swerdlow 2012; Sweeney et al. 2017; Wu et al. 2011).
Resveratrol induces neuronal autophagy through the
activation of adenosine monophosphate (AMP)-activated
protein kinase/sirtuin-1 (AMPK/SIRT1). Studies establish
that the activation of this pathway leads to the clearance of
injured mitochondria and misfolded proteins including AB
and a-synuclein, identifying a potential mechanism
through which resveratrol may reduce neuroinflammation
in AD and PD (Li et al. 2018; Wu et al. 2011).
Peroxisome-proliferator-activated receptor gamma
coactivator (PGC)-1a is a transcription coactivator that is
involved in mitochondrial biogenesis and energy meta-
bolism. The downregulation of brain PGC-1a levels has
been reported in AD and PD and is associated with mito-
chondria and synapse dysfunction, oxidative stress, and
cell damage (Shin et al. 2011; Sweeney et al. 2017). The
expression of PGC-1a can be induced by resveratrol indi-
rectly through the AMPK/SIRT1 pathway. For example,
culturing PD patient-derived fibroblasts with resveratrol
rescues mitochondrial function through activation of the
AMPK/SIRT1/PGC-1a pathway. Resveratrol also increases
the mRNA expression of several PGC-la gene targets,
including mitochondrial transcription factor A, and cyto-
chrome c, resulting in improved oxidative phosphorylation
capacity of mitochondria and reduced ROS production
(Ferretta et al. 2014). Furthermore, Katsouri et al. (2016)
demonstrate that the increasing human PGC-1a expression
in transgenic AD mouse models reduces AP deposition and
improves memory and cognitive functions. Results from
the novel object recognition test show that transgenic AD
mice, which also overexpress PGC-1a, spend approxi-
mately 25% more time exploring new objects compared to
familiar objects; meanwhile, control animals expressing
lower PGC-1a levels explore novel objects 4% more than
familiar objects. This indicates that upregulation of PGC-1a
is one of the mechanisms through which resveratrol may
ameliorate AD pathology (Katsouri et al. 2016).
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In mouse models of accelerated aging, resveratrol
restores cognitive and neuromuscular functions to levels
comparable with those seen in aging-resistant mice.
Compared to untreated animals, mice that are adminis-
tered resveratrol by intragastric gavage score approxi-
mately two to four times better in the Morris water maze
test for learning and memory and the tightrope test for
neuromuscular coordination and sensorimotor capacity.
These effects are associated with increased antioxidant
activity in the whole-brain homogenates, including
upregulated superoxide dismutase mRNA and enzymatic
activity, increased glutathione peroxidase (GSH-Px) ac-
tivity, and decreased malondialdehyde (MDA), a product
of lipid peroxidation. In addition, the percentage of
mtDNA deletions is reduced, indicating that resveratrol
protects mitochondria from DNA damage inflicted by
oxidative stress (Liu et al. 2012). Although aging and
neurodegenerative disease are two different processes,
senescence-accelerated mouse models can offer impor-
tant insights into the contribution of oxidative and in-
flammatory stress to the degeneration of mitochondria
and decline in cognitive functions in older adults living
with AD and PD (Heng et al. 2017).

Resveratrol may also act by modulating the expression of
proteins that regulate apoptotic processes involved in AD and
PD. A study using rat PC12 neuronal cells shows treatment
with the parkinsonian toxin 1-methyl-4-phenylpyridinium
ion (MPP+) results in oxidative stress, cell death, and an
associated increase in the ratio of proapoptotic B-cell
lymphoma (Bcl)-2-associated X protein (Bax) to anti-
apoptotic Bcl-2 protein. The pretreatment of neuronal cells
with resveratrol before the addition of MPP+ significantly
increases their survival rate and restores the Bax to Bcl-2
protein ratio to control levels. Resveratrol also inhibits the
cytosol to nucleus translocation of apoptosis-inducing
factor and the release of apoptosis-inducing cytochrome ¢
from mitochondria (Bournival et al. 2009).

Some of the neuroprotective effects of resveratrol
could be mediated by its interaction with astrocytes, which
support a broad range of neuronal functions (Linnerbauer
et al. 2020). When added to rat neuron-astrocyte co-
cultures, resveratrol increases the number of dopaminergic
neurons and neurites and upregulates dopamine uptake.
Since these beneficial effects are not observed in neuron
monocultures or neuron—microglia cocultures, they could
be due to astrocytes releasing neurotrophic factors
including brain-derived neurotrophic factor (BDNF) and
glial cell line-derived neurotrophic factor (GDNF). When
resveratrol is coadministered to the cell culture with anti-
BDNF and anti-GDNF antibodies, the protective effects are
no longer observed (Zhang et al. 2012). Altered dopamine
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metabolism and decreased neurotrophin levels are asso-
ciated with the progression of PD (Masato et al. 2019;
Sampaio et al. 2017); therefore, resveratrol could be used to
correct these abnormalities.

Resveratrol may also decrease microglia-mediated
neurotoxicity. When murine BV-2 microglia are pretreated
with resveratrol prior to immune stimulation with the bac-
terial endotoxin LPS, they secrete lower levels of inflam-
matory mediators, including IL-6, IL-1 receptor antagonist
(IL-1ra), IL-27, macrophage colony-stimulating factor,
MCP-1, MCP-5, and TNF-a compared to cells exposed to LPS
only. These protective effects of resveratrol are due to the
inhibition of toll-like receptor (TLR)4/TIR-domain-contain-
ing adaptor-inducing interferon-f leading to attenuated
NFkB activity (Capiralla et al. 2012). TLR4, when stimulated
by AP or other endogenous damage-associated molecular
patterns, mediates inflammatory responses throughout the
brain, and its overactivation has been associated with neu-
roinflammation in neurodegenerative diseases such as AD
and PD (Leitner et al. 2019). Capiralla et al. (2012) further
demonstrate that the pretreatment of the RAW 264.7 mac-
rophages with resveratrol inhibits the fibrillar Ap-triggered
activation of signal transducer and activator of transcription
(STAT)1 and STAT3, phosphorylation of NFkB inhibitor
alpha (IxkBa), and TNF-a and IL-6 secretion. Another study
shows that pretreatment with resveratrol prior to rotenone
administration attenuates murine BV-2 microglia activation.
Resveratrol inhibits the rotenone-induced production of
ROS, MDA, IL-6, IL-1B8, and TNF-a (Sun et al. 2021). The
neuroprotective effects of resveratrol are also confirmed in
the amyloid precursor protein (APP)/presenilin 1 (PS1)
mouse model of AD. Oral administration of resveratrol for
15 weeks before the onset of amyloidosis leads to smaller A
plaques and less microglial activation compared to mice fed
a diet not supplemented with resveratrol (Capiralla et al.
2012). Reducing microglia-mediated neuroinflammation
and the deposition of AP plaques, along with decreasing
oxidative damage and modifying apoptotic and neurotoxic
processes, have been suggested as potential therapeutic
strategies in AD and PD (He et al. 2020; Wang et al. 2015b).

Human clinical studies

The beneficial effects of resveratrol in the periphery are
well-established; however, whether resveratrol is protec-
tive against neurodegenerative diseases remains unclear.
Even though animal and in vitro studies indicate neuro-
protective effects of resveratrol in AD and PD models (Meng
et al. 2020), very limited human clinical studies have been
performed, providing only preliminary evidence for its
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effectiveness in modulating neurodegenerative diseases
(Moussa et al. 2017; Turner et al. 2015).

Clinical trials indicate that resveratrol improves the
biomarkers of AD and decreases neuroinflammation in
patients living with mild to moderate AD (Moussa et al.
2017; Turner et al. 2015). Oral administration of resveratrol
for 52 weeks stabilizes the decline in plasma and cerebro-
spinal fluid (CSF) AP40 compared to the placebo group
(Turner et al. 2015). Moussa et al. (2017) report a similar
stabilizing effect for CSF AP40 as well as AB42 following the
administration of resveratrol for the same time period.
Since the decreased plasma and CSF levels of AP40 and
AB42 are associated with cognitive decline in AD (Seppald
et al. 2010), the altered AP trajectories indicate that
resveratrol treatment may slow the progression of the dis-
ease process (Moussa et al. 2017). Furthermore, the treat-
ment with resveratrol significantly reduces CSF levels of
matrix metalloproteinase 9, an indicator of BBB damage
that is associated with neuroinflammation. This observa-
tion indicates that resveratrol may improve the BBB
integrity and limit the influx of inflammatory mediators
into the brain (Fourati et al. 2020). The neuroprotective
effects of grape products discussed in this section are
summarized in Table 1.

Pomegranate products

Pomegranate products have beneficial clinical effects in
diverse human pathologies including cancer, diabetes,
obesity, and cardiovascular disease (Banihani et al. 2014;
Bassiri-Jahromi 2018; Eghbali et al. 2021; Hosseini et al.
2016). A high content of bioactive polyphenols in pome-
granate products is suggested to be responsible for their
favorable effects in these peripheral diseases (Al-Harbi et al.
2021; Fourati et al. 2020); however, only few experimental
and clinical studies have explored the neuroprotective
effects of pomegranate products in neurodegenerative dis-
ease (DaSilva et al. 2019).

Modulation of gut microbiota

Consumption of pomegranates has been shown to support
gut microbiota richness in rodents due to the prebiotic
functions of polyphenols in the pomegranate fruit (Sorrenti
et al. 2019); however, Mosele et al. (2015) demonstrate that
the daily consumption of pomegranate juice by healthy
volunteers does not alter the human fecal bacteria com-
munity significantly, but rather changes the abundance of
specific bacterial metabolites present in the collected
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Table 1: Potentially protective biological activity of grape products in neurodegenerative diseases.

Study Model Treatment Main findings Reference

type

In vitro Rotenone-treated human Rotenone (100 pM) for 24 h, followed Treatment with liposomes rescues neuronal Marino et al.
SH-SY5Y-derived neurons by liposomes containing a grape seed cell viability (2021)

and skin extract (400 pg/ml) for 48 h Reduces intracellular ROS production
6-OHDA-treated primary Grape seed and skin extract (500 or  Reduces apoptosis through inhibition of the Ben Youssef
murine midbrain dopami- 1000 pg/ml) for 6 h prior to 6-OHDA  caspase-3 pathway, downregulation of the et al. (2021)
nergic neurons insult proinflammatory NFkB signaling pathway,
and lowering of ROS production by dopa-
minergic neurons

LPS-treated Caco-2 cell Resveratrol-3-0-sulfate (100 pM) Improves intestinal barrier integrity as Zhang et al.
model of intestinal epithe- measured by upregulated mRNA expression (2021)

lial barrier of occludin, ZO-1, claudin-1, and claudin-4

PD patient-derived Resveratrol (25 pM) for 24 or 48 h Rescues mitochondrial function through Ferretta et al.
fibroblasts AMPK/SIRT1/PGC-1a pathway (2014)

Increases gene expression of TFAM and
cytochrome c leading to improved mito-
chondrial oxidative phosphorylation
capacity and reduced ROS production
MPP+ treated rat PC12 Pretreatment with resveratrol (0.1 pM) Increases survival rate of neurons Bournival et al.
neuronal cell model of PD 3 h prior to MPP+ Normalizes Bax to Bcl-2 protein ratio (2009)
Inhibits cytosol to nucleus translocation of
AIF and reduces release of apoptosis-
inducing cytochrome ¢ from mitochondria
Rotenone-treated murine  Pretreatment with resveratrol (50 pM) Inhibits rotenone-induced production of Sun et al.

BV-2 microglia 1 h prior to rotenone ROS, MDA, IL-6, IL-1B, and TNF-a (2021)
Animal Mouse model of stress by  Oral pretreatment for 5 days with Reduces mRNA levels of proinflammatory ~ Bobadilla et al.
immobilization 200 pl polyphenol-enriched grape mediators IL-6 and TNF-a to those observed (2021)
juice prior to stress in unstressed animals

Normalizes indicators of oxidative stress
(NOX2 and HMOX-1)

Scopolamine mouse model Pretreatment and cotreatment with Improves spatial memory, as tested by Berahmand
of AD grape seed oil (2 mg/kg) daily for Morris water maze et al. (2020)
10 days Increases brain levels of acetylcholine
6-OHDA mouse model of PD Grape seed and skin extract adminis- Improves survival of dopaminergic neurons Ben Youssef
tered intraperitoneally prior to in SNpc etal. (2021)
6-OHDA insult Enhances motor function as demonstrated
by open-field test
Senescence-accelerated Daily oral administration of resvera-  Restores cognitive functions to levels seen Liu et al.
mouse model of aging trol (25-100 mg/kg) for 8 weeks in aging-resistant mice (2012)

Increases antioxidant activity as measured
by upregulated SOD mRNA and enzymatic
activity, increased GSH-Px activity, and
decreased MDA

Protects from oxidative stress-induced
mitochondrial DNA damage as indicated by
lower percentage of mtDNA deletions

APP/PS1 mouse model of  Diet supplemented with 0.35% Smaller AB plaques Capiralla et al.
AD resveratrol for 15 weeks prior to the  Less reactive microglia (2012)
onset of amyloidosis
Human Elderly persons with mild  Consumption of 36 g grape powder in Preserves metabolic activity in the left Lee et al.
clinical cognitive impairment 240 ml (8 ounces) water twice per day superior posterolateral temporal cortex (2017)
trials for 6 months and right posterior cingulate cortex
Patients with mild to mod- Daily consumption of resveratrol Stabilizes the decline in plasma and CSF Turner et al.

erate AD (0.5-2 g) for 52 weeks AB4O0 levels (2015)
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Table 1: (continued)

Study Model Treatment Main findings Reference
type

Patients with mild to mod-

erate AD (0.5-2 g) for 52 weeks

Daily consumption of resveratrol

Stabilizes the declinein CSFAB40 and AB42 Moussa et al.
levels (2017)

6-OHDA, 6-hydroxydopamine; AD, Alzheimer’s disease; AIF, apoptosis-inducing factor; AMPK/SIRT1, AMP-activated protein kinase/sirtuin-1;
APP, amyloid precursor protein; Ap, amyloid beta; Bax, Bcl-2-associated X protein; Bcl, B-cell lymphoma; CSF, cerebrospinal fluid; GSH,
glutathione; HMOX-1, heme oxygenase 1; IL, interleukin; LPS, lipopolysaccharide; MDA, malondialdehyde; MPP+, 1-methyl-4-phenylpyridinium
ion; mtDNA, mitochondrial DNA; NF, nuclear factor; NOX2, NADPH oxidase 2; PD, Parkinson’s disease; PGC, peroxisome-proliferator-activated
receptor gamma coactivator; PS1, presenilin 1; ROS, reactive oxygen species; Px, peroxidase; SNpc, substantia nigra pars compacta; SOD,
superoxide dismutase; TFAM, mitochondrial transcription factor A; and TNF-a, tumor necrosis factor a.

samples (Mosele et al. 2015). An in vitro study modeling the
human gut microbiota finds that adding pomegranate
powder to microbe cultures beneficially alters the micro-
biota metabolism to increase the production of inhibitory
neurotransmitter gamma-aminobutyric acid (GABA) and a
subset of SCFAs including acetate and propionate (Farag
et al. 2020). The downregulation of GABA is implicated in
the pathophysiology of motor and nonmotor symptoms of
PD (Murueta-Goyena et al. 2019), and as mentioned pre-
viously, SCFAs have anti-inflammatory activity in the CNS;
therefore, modulating the gut microbiota by consuming
pomegranates may have neuroprotective and anti-
neuroinflammatory effects.

Indole-3-propionic acid

When pomegranate juice is consumed, the gut microbiota
increases the production of the SCFA indole-3-propionic
acid (IPA), which is accompanied by an increase in plasma
IPA concentrations (Henning et al. 2019). IPA is known for
its protective effects in the periphery as well as in the brain
(Hwang et al. 2009; Zhao et al. 2019). A study using a rodent
model of ischemia reveals that the consumption of IPA
leads to higher neuron survival rates in the hippocampus
compared to control animals. The potent antioxidant activ-
ity of IPA is believed to be responsible for these effects
because decreased lipid peroxidation can be detected in
hippocampal homogenates as reduced levels of 4-hydroxy-
2-nonenal (Hwang et al. 2009). Although ischemia has a
different etiology than AD and PD, it promotes AD-like
neurodegeneration, as shown by the overexpression of APP,
neuroinflammation, and neuronal loss (Pluta et al. 2018).
Therefore, models of ischemia can offer valuable insights
into the neuroprotective effects of pomegranate against
neurodegenerative disease. IPA has also been shown to be
protective against the neurotoxic effects of Ap. For example,
in vitro experiments demonstrate that rat embryonic day 18

primary hippocampal neurons and SK-N-SH human neuro-
blastoma cells are protected against AP toxicity when
cotreated with IPA. Further experimentation establishes
that IPA decreases Ap-induced lipid peroxidation in rat PC12
neuronal cells (Chyan et al. 1999).

Urolithin A

Urolithin A is another bacterial metabolite, which is
produced from the ellagitannins found in pomegranate. It
has been shown to have neuroprotective effects both in
vivo and in vitro. A study using APP/PS1 transgenic AD
model mice demonstrates that a daily oral administration
of urolithin A improves learning and memory in some
cases, restoring the parameters measured by the Morris
water maze test to values that are close to those obtained
by wild-type animals consuming a placebo diet (Gong
et al. 2019). Upon examination of the brain tissue,
enhanced hippocampal neurogenesis can be observed. In
the cortex and hippocampal region, there is significantly
less amyloid plaque deposition and fewer activated glial
cells. Furthermore, urolithin A-treated animals have
lower levels of the inflammatory mediators TNF-a and
IL-1B in both the cortex and the hippocampus. Gong et al.
(2019) propose that these neuroprotective effects of uro-
lithin A are mediated by the AMPK/NFxB and AMPK/p38
mitogen-activated protein kinase (MAPK) pathways due
to the significant increase in phosphorylated (p)-AMPK
and a decrease in p-p65NFkB, p-p38MAPK, B-site APP
cleaving enzyme 1 (BACE1), and APP in the cortex and
hippocampus (Gong et al. 2019).

Urolithin A may also exert neuroprotective effects in
PD. A study using rotenone-induced rat model of PD
demonstrates that the consumption of pomegranate juice
for 11 days protects the animals from developing motor
defects by approximately 80%, as shown by postural
instability tests. Urolithin A is able to cross the BBB
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following oral administration because its presence can be
detected in brain homogenates by ultraperformance liquid
chromatography coupled with electrospray ionization
tandem quadrupole time-of-flight mass spectrometry.
Compared to untreated animals, there is significantly less
neurodegeneration in the substantia nigra of rats treated
with urolithin A, accompanied by a significant reduction in
the ratio of a-synuclein oligomers to monomers in the
midbrain indicating diminished aggregation of a-synu-
clein. The antioxidant activity of urolithin A could also
partially contribute to the neuroprotective effects observed
in this study since further analysis of brain tissue shows a
significant decrease in lipid peroxidation, as shown by the
reduced levels of MDA. An increased activity of the anti-
oxidant GSH system is also demonstrated by upregulated
levels of GSH, catalase, GSH-Px, and glutathione
S-transferase. Furthermore, the expression of mitochon-
drial aldehyde dehydrogenase 2, an enzyme that detoxifies
cytotoxic aldehydes and protects against oxidative stress,
is also increased (Kujawska et al. 2020). Liu et al. (2022)
identify the benefits of urolithin A treatment in a 6-OHDA
mouse model of PD. Compared to animals not treated with
urolithin A, C57BL/6] mice that are administered urolithin
A by intraperitoneal injection for 7 days prior to 6-OHDA
insult display increased survival of dopaminergic neurons
in the nigrostriatal system and enhanced motor function,
as demonstrated by 1.6-2.75-fold improvement in various
motor function tests including the pole, suspension,
rotarod, and apomorphine-induced rotation tests (Liu et al.
2022). The presence of neuroprotective compounds such as
IPA and urolithin A in pomegranate products, including
juice, combined with their ability to favorably alter the
metabolite profile of gut microbiota, could make these
foods beneficial in neurodegenerative pathologies.

Human clinical studies

Consumption of pomegranate products has promising
beneficial effects on cognitive parameters in humans. A
study involving healthy middle-aged and older adults
reveals that the consumption of pomegranate juice helps
preserve memory function. According to the Brief Visuo-
spatial Memory Test-Revised, subjects consuming a pla-
cebo beverage experience a significant decline in test
scores over a 12-month study period, whereas in the group
of individuals regularly drinking pomegranate juice, there
is a slight increase in the scores, albeit insignificant
(Siddarth et al. 2020). Buschke Selective Reminding Test of
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verbal memory shows a significant 25% increase in the
consistent long-term retrieval score in older adults with
memory complaints who consume pomegranate juice for
28 days. No increase in this test score is observed in the
placebo group. Functional magnetic resonance imaging
demonstrates that subjects consuming pomegranate juice
also display increased activity in the basal ganglia, thal-
amus, left inferior frontal gyrus, left middle frontal gyrus,
left inferior temporal gyrus, left and right occipital lobes,
left and right fusiform gyrus, and the parahippocampal
regions (Bookheimer et al. 2013). These beneficial effects
should be considered when designing neuroprotective di-
etary interventions because memory impairment and
decreased brain activity are symptoms of AD, and to a
lesser extent to PD.

Supplementation with pomegranate has also aided in
neuropsychological improvement following ischemic
stroke. Stroke patients who consume pomegranate poly-
phenol pills display significant improvement on The
Repeatable Battery for the Assessment of Neuropsycholog-
ical Status, especially in the visuospatial/constructional and
language subsections (Bellone et al. 2019). Ischemic stroke is
a major risk factor of AD (Vijayan and Reddy 2016); thus,
enhancing cognitive functions following cerebrovascular
events could assist in the prevention of neurodegenerative
diseases. The neuroprotective effects of pomegranate prod-
ucts discussed in this section are summarized in Table 2.

Kefir

Kefir is a fermented probiotic milk product traditionally
made from kefir grains containing yeasts in combination
with lactic acid and acetic acid bacteria. The exact microbial
composition of kefir varies depending on the origin of the
grains, fermentation process, culture methods, and main-
tenance (Prado et al. 2015). The consumption of traditionally
made kefir has been shown to promote healthy gut micro-
biota communities and alleviate the symptoms of peripheral
inflammatory conditions including inflammatory bowel
disease and allergies (Curciarello et al. 2021; Kim et al. 2019;
Takata et al. 2015; Yilmaz et al. 2019). Reduced biomarkers of
peripheral inflammation, such as erythrocyte sedimentation
rate and blood levels of C-reactive protein (CRP), have been
reported in patients with Crohn’s disease after consumption
of kefir for 4 weeks (Yilmaz et al. 2019). The potential of kefir
to beneficially modulate the gut microbiota—brain axis in
neurodegenerative diseases is an emerging topic that has
been discussed in a recent review by Pereira et al. (2021).
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Table 2: Potentially protective biological activity of pomegranate in neurodegenerative diseases.
Study Model Treatment Main findings Reference
type
In vitro The simplified human in- Pomegranate extract (0.5 or 5 mg/ml) Alters gut microbiota metabolismincluding Farag et al.
testinal microbiota for 24 h increased production of GABA and SCFAs  (2020)
(SIHUMIX)
Rat E-18 primary hippo- Cotreatment with IPA (1-100 pM) and  Protects against AB toxicity as seen by Chyan et al.
campal neurons and SK-N-  AB (1 pM) for 24 h increased neuronal cell viability (1999)
SH human neuroblastoma
cells
Rat PC12 neuronal cells Cotreatment with IPA (1-100 pM) and  Inhibits AB-induced lipid peroxidation Chyan et al.
AB (10 pMW) (1999)
Animal Transient forebrain Daily oral administration of IPA Increases neuron survival rate and Hwang et al.
ischemia in Mongolian (10 mg/kg) for 15 days prior to decreases lipid peroxidation in the (2009)
gerbils ischemic insult hippocampus
APP/PS1 transgenic mouse Daily oral administration of urolithin A Improves spatial learning and memory Gong et al.
model of AD (300 mg/kg) for 14 days Enhances hippocampal neurogenesis (2019)
Decreases amyloid plaque deposition,
reduces reactive glial cells, and lowers
concentrations of TNF-a and IL-1pB in cortex
and hippocampus
Increases p-AMPK and decreases
p-p65NFkB, p-p38MAPK, BACE1, and APP
in cortex and hippocampus
Rotenone-induced rat Daily oral administration of sixfold Reduces neurodegeneration in substantia Kujawska et al.
model of PD concentrated pomegranate juice nigra (2020)
(500 mg/kg) for 10 days prior to rote- Decreases ratio of a-synuclein oligomers to
none injection followed by 35 days monomers demonstrating diminished ag-
treatment with pomegranate juice and gregation of a-synuclein
rotenone Reduces lipid peroxidation as indicated by
lowered MDA levels
Upregulates antioxidant systems as
measured by increased levels of catalase,
GSH, GSH-Px, and GSH-S-transferase
Increases expression of mitochondrial
aldehyde dehydrogenase 2 indicating
improved protection against oxidative
stress
6-OHDA mouse model of PD Daily intraperitoneal injection of uroli- Increases survival of dopaminergic neu- Liu et al.
thin A (10 mg/kg) for 7 days priorto  rons in the nigrostriatal system (2022)
6-OHDA Improves motor function measured by the
pole, suspension, rotarod, and
apomorphine-induced rotation tests
Human Healthy middle-aged and Daily consumption of 240 ml (8 ounces) Preserves visual memory function overa  Siddarth et al.
clinical older adults pomegranate juice for 12 months 12-month period as measured by signifi-  (2020)
trials cantly better BVMT-R learning scores

Nondemented older adults
with self-reported memory
complaints

Daily consumption of 240 ml (8 ounces)
pomegranate juice for 28 days

compared to the placebo group

Improves verbal and visual memory func-
tions as demonstrated by cognitive testing
and fMRI

Increases brain activity in the basal
ganglia, thalamus, left inferior frontal gy-
rus, left middle frontal gyrus, left inferior
temporal gyrus, left and right occipital
lobes, left and right fusiform gyrus, and the
parahippocampal regions

Bookheimer
et al. (2013)
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Table 2: (continued)
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Study Model Treatment

type

Main findings Reference

Ischemic stroke patients

stroke

Consumption of 1 g pomegranate
polyphenol pill (equivalent to 240 ml
juice) twice daily, starting 2 weeks after

Improves neuropsychological functions as Bellone et al.
measured by increased RBANS score, (2019)
especially in visuospatial/constructional

and language domains

6-OHDA, 6-hydroxydopamine; AD, Alzheimer’s disease; AMP, adenosine monophosphate; AMPK, AMP-activated protein kinase; APP, amyloid
precursor protein; AR, amyloid B; BACE1, B-site APP cleaving enzyme 1; BVMT-R, Brief Visuospatial Memory Test-Revised; fMRI, functional
magnetic resonance imaging; GABA, gamma-aminobutyric acid; GSH, glutathione; IL, interleukin; IPA, indole-3-propionic acid; MAPK, mitogen-
activated protein kinase; MDA, malondialdehyde; NF, nuclear factor; p, phosphorylated; PD, Parkinson’s disease; PS1, presenilin 1; Px,
peroxidase; RBANS, Repeatable Battery for Assessment of Neuropsychological Status; SCFA, short-chain fatty acid; and TNF-a, tumor necrosis

factor a.

Modulation of gut microbiota

Interestingly, clinical studies evaluating the benefits of
consuming commercially produced probiotics in various
health conditions often report no significant improvement
or contradictory evidence (McFarland 2021; Suez et al.
2019). Yet, clinical trials that utilize traditional kefir, made
with kefir grains, have consistently detected favorable
outcomes for diverse pathologies, such as type II diabetes
mellitus, osteoporosis, and obesity (Ostadrahimi et al.
2015; Praznikar et al. 2020; Tu et al. 2015). The effectiveness
of traditionally made kefir is believed to be due to the
survival of the yeasts and bacteria found in the grains,
which better resist the harsh environment of the gut
compared to other traditional probiotic species such as
Saccharomyces cerevisiae (Kim et al. 2019).

Efforts have been made to understand the underlying
mechanisms through which kefir elicits its beneficial effects.
A recent study has aimed to identify how kefir engages the
gut microbiota—brain axis to modulate neurological func-
tions. It demonstrates that the oral administration of kefir
containing Lactococcus lactis, Lactobacillus kefiranofaciens,
Pseudomonas spp., and Bifidobacterium breve for 3 weeks
reduces the repetitive behavior assessed by the marble
burying test by approximately 30% and ameliorates deficits
in the reward-seeking behavior induced by milk consump-
tion, whereas other parameters studied, including anxiety-
like and depressive-like behaviors, are not affected. This
improvement in neurological functions is accompanied by
decreased peripheral inflammation, as shown by reduced
circulating levels of neutrophils, lower concentration of
chemokine C-X-C motif ligand 1, higher concentration of
the anti-inflammatory cytokine IL-10, and increased circu-
lating levels of regulatory T cells (van de Wouw et al. 2020).
Supplementing the diet with kefir also modulates mouse

gut bacterial communities, which significantly correlates
with positive changes in behavioral and immunological
parameters. In addition, kefir consumption increases the
overall bacterial diversity throughout the gut. Specifically,
there is an increase in the prevalence of L. reuteri,
Eubacterium plexicaudatum, Bifidobacterium pseudo-
longum, Parabacteroides goldsteinii, Bacteroides intestina-
lis, Anaerotruncus unclassified, and Alistipes unclassified.
Furthermore, the prevalence of Lachnospiraceae bacte-
rium 3_1_46FAA, Cutibacterium acnes, Bacillus amyloli-
quefaciens, and Candidatus Arthromitus is decreased. The
lower prevalence of Ca. Arthromitus is correlated with
the observed increase in circulating regulatory T cells,
whereas the higher abundance of B. pseudolongum is
correlated with the observed decrease in circulating
neutrophils. Interestingly, none of the bacterial species
present in the kefir beverage colonize the gut of the mice
(van de Wouw et al. 2020). A study using the germ-free
transgenic mouse model of PD has demonstrated that gut
bacteria are necessary for the progression of a-synuclein-
mediated brain pathology, which indicates that modu-
lating the gut microbiota may have protective effect in PD
(Sampson et al. 2016).

Alterations in the gut microbiota are also associated
with changes in neurotransmitter production within the gut
of the mice. Most notably, the increased prevalence of
B. pseudolongum and L. reuteri positively correlates with an
increased capacity of the microbiota to produce glutamate
and GABA (van de Wouw et al. 2020). Altered neurotrans-
mission, resulting from disrupted neurotransmitter pro-
duction and regulation throughout the body, is a key feature
of neurodegenerative diseases, including AD and PD;
therefore, this study offers important insights into how gut
microbiota may be able to modulate neurotransmitter pro-
duction throughout the progression of neurodegenerative
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disease, and how fermented foods, like kefir, could be used
to beneficially adjust this modulation (Kaur et al. 2019;
O’Gorman Tuura et al. 2018).

Kefir minimizes risk factors of
neurodegenerative diseases

Although kefir is well-known for its anti-inflammatory and
antiallergic effects in the periphery (Yilmaz et al. 2019), its
consumption can also reduce certain risk factors of
neurodegenerative diseases including oxidative stress and
hypertension. Aging, the most considerable risk factor for
neurodegenerative diseases (Lin and Beal 2006), is asso-
ciated with oxidative stress, which also directly contributes
to the pathogenesis of AD and PD (Chen and Zhong 2014;
Raza et al. 2019). An in vivo study using aged mice reveals
that treatment with Probiotics Fermentation Technology
(PFT), a novel kefir grain product containing Lactobacillus
kefiri P-IF, L. kefiri P-B1, Kazachstania turicensis, Kazach-
stania unispora, and Kluyveromyces marxianus, reverses
age-associated oxidative stress. After 6 weeks of supple-
menting the diet with PFT, oxygen radical formation is
inhibited, GSH and total antioxidant capacity is increased,
whereas nitric oxide and MDA levels are reduced demon-
strating a reversal of age-associated oxidative changes
back to the levels comparable to young, untreated mice
(Ghoneum et al. 2020).

Increasing evidence links midlife systolic hyperten-
sion to magnified risk of AD, suggesting that high blood
pressure may be a contributing factor to the development
of this neurodegenerative disease (Lennon et al. 2019). In
the spontaneously hypertensive rat model, oral supple-
mentation with kefir for 9 weeks significantly attenuates
mean arterial pressure. The same study also describes
improved morphology of the intestinal barrier and a
reduction of the proinflammatory cytokines TNF-a and
IL-6 in the hypothalamic paraventricular nucleus and
rostral ventrolateral medulla, areas of the brain directly
involved in the pathogenesis of hypertension (de Almeida
Silva et al. 2020).

Kefir modulates symptoms of
neurodegenerative diseases

In addition to reducing select risk factors of neurodegen-
erative diseases, consuming kefir has recently been shown
to also modulate disease symptoms. A study using a fly
model of AD finds that supplementing the feed with kefir
made from grains containing L. kefiranofaciens, L. kefiri,
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Acetobacter fabarum, L. lactis, and Rickettsiales improves
the neurodegenerative phenotype of the flies, as shown by
a 1.6-fold higher survival rate and a two-fold improvement
in the climbing ability as well as reduced severity of
vacuolar lesions in the brain (Batista et al. 2021). Beneficial
effects of kefir on AD symptoms have also been reported in
human studies. Patients with suspected AD who consume
kefir for 90 days display a significant improvement in
cognitive functions and parameters: a 66% and 62% in-
crease in immediate and late memory test scores, respec-
tively; a 100% increase in the Similarity and Cookie Theft
Picture test scores, which are representative of the visual-
spatial and abstraction abilities, respectively; an approxi-
mate 25-30% improvement in the Boston and Verbal
Fluency tests, which examine executive and language
functions; and a 28% increase in the Mini-Mental State
Examination (MMSE) score. These improvements are
accompanied by a significant reduction in the serum levels
of proinflammatory cytokines TNF-a, IL-12p70, and IL-8.
Kefir supplementation also supports mitochondrial func-
tion, as shown by the increased mitochondrial membrane
potential and reduced intracellular ROS levels in erythro-
cytes collected from the study subjects. The kefir beverage
used in this study is inoculated with kefir grains that
contain Acetobacter aceti, Acetobacter sp., Lactobacillus
delbrueckii, Lactobacillus fermentum, Lactobacillus fruc-
tivorans, Enterococcus faecium, Leuconostoc spp., L. kefir-
anofaciens, Candida famata, and Candida krusei (Ton
et al. 2020). Other studies demonstrate the beneficial ef-
fects of similar probiotic supplementation in modulating
neurocognitive outcomes. For example, consuming milk
containing L. acidophilus, L. fermentum, Lactobacillus
casei, and Bifidobacterium bifidum for 12 weeks results in
significantly enhanced cognitive functions in AD patients,
as shown by a 28% improvement in their MMSE scores,
which contrasts the 5% decline in MMSE scores observed in
the control group. In addition, this fermented beverage has
favorable effects on insulin metabolism and serum levels of
triglycerides, MDA, and CRP, indicating improved energy
metabolism and decreased oxidative stress and inflam-
mation (Akbari et al. 2016). The neuroprotective effects of
kefir discussed in this section are summarized in Table 3.

Seaweed

Seaweed is a popular food traditionally consumed in East
Asia that has gained attention for its wide range of associ-
ated health benefits including lowered blood pressure,
improved blood lipid profiles, and reduced risk of stroke.
Regular consumption of seaweed may also have anticancer,
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Table 3: Potentially protective biological activity of kefir in neurodegenerative diseases.

Study Model Treatment Main findings Reference
type
Animal Aged (10-month-old) Daily oral administration of PFT Reverses age-associated oxidative changes  Ghoneum
Swiss albino mice (2 mg/kg) for 6 weeks as demonstrated by inhibited oxygen radical et al. (2020)
formation

Reduces NO and MDA levels
Increases GSH, total antioxidant capacity,
and antihydroxyl radical content

Eight-week-old spon- Daily oral administration of kefir Decreases mean arterial pressure de Almeida
taneously hyperten- (0.3 ml/100 g) made from kefir grains for  Improves intestinal barrier morphology Silva et al.
sive rats 9 weeks Reduces TNF-aand IL-6 levels in hypothalamic (2020)

paraventricular nucleus and rostral ventro-
lateral medulla
Drosophila mela- Kefir mixed with food Improves neurodegenerative phenotype as Batista et al.
nogaster model of AD demonstrated by enhanced survival rate and (2021)
climbing ability of flies as well as reduced
severity of vacuolar lesions in the brain

Eight-week-old Daily oral administration of kefir (0.2 ml)  Improves repetitive and reward-seeking van de Wouw
C57BL/6) mice containing L. lactis, L. kefiranofaciens, behavior as well as enhances contextual et al. (2020)
P. spp., and B. breve for 3 weeks learning and memory

Decreases peripheral inflammation as
measured by reduced circulating levels of
neutrophils, lower concentration of CXCL1,
higher concentration of IL-10, and increased
circulating regulatory T cells

Increases prevalence of L. reuteri, E. plex-
icaudatum, B. pseudolongum, P. goldsteinii,
B. intestinalis, Anaerotruncus unclassified,
and Alistipes unclassified in the gut
Decreases prevalence of L. bacterium
3_1_46FAA, C. acnes, B. amyloliquefaciens,
and Ca. Arthromitus in the gut

Human Humans with Daily oral administration of kefir (2 ml/kg) Improves memory, visual-spatial, abstrac- Ton et al.
clinical suspected AD containing A. aceti, A. sp., L. delbrueckii,  tion, executive, language, constructive, and (2020)
trials L. fermentum, L. fructivorans, E. faecium,  attentive abilities

Leuconostoc spp., L. kefiranofaciens, Ca.  Reduces serum levels of TNF-a, IL-12p70, and

famata, and Ca. krusei for 90 days IL-8

Enhances mitochondrial function as

measured by increased mitochondrial mem-

brane potential and reduced intracellular ROS

in erythrocytes
Humans with Daily oral administration of probiotic milk Increases cognitive function as demonstrated Akbari et al.
suspected AD (200 ml) containing L. acidophilus, L. casei, by improved MMSE scores, which contrasts  (2016)

B. bifidum, and L. fermentum for 12 weeks the decline of such scores in the control group

Enhances energy metabolism as demon-

strated by improved insulin metabolism and

serum levels of triglycerides

Decreases oxidative stress and inflammation

as measured by lowered MDA and CRP levels

AD, Alzheimer’s disease; CRP, C-reactive protein; CXCL, CXC motif ligand; GSH, glutathione; IL, interleukin; MDA, malondialdehyde; MMSE,
Mini-Mental State Examination; NO, nitric oxide; PFT, probiotics fermentation technology; ROS, reactive oxygen species; and TNF-a, tumor
necrosis factor a.
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antiviral, antidiabetic, and anti-inflammatory effects
(Brown et al. 2014). Epidemiological data show that, when
compared to Western societies, East Asian countries have
lower incidences of a range of chronic illnesses, including
neurodegenerative diseases, coronary heart disease, and
stroke. However, over the past few decades, as East Asian
cultures have veered away from traditional foods and
embraced more Westernized diets, the prevalence of some
of these chronic diseases has grown significantly (Iso 2011;
Kim et al. 2009; Ni et al. 2018). Dietary patterns containing
seaweed have also been linked to improved brain health
and have, therefore, been studied for their potential to
prevent AD and PD, as well as to slow down their pro-
gression (Hannan et al. 2020; Pereira and Valado 2021).

Modulation of gut microbiota metabolism

It is reported that AD patients have elevated levels of
circulating phenylalanine, isoleucine, and the proin-
flammatory type 1 T helper (Th1) cells (Larsson and Mar-
kus 2017; Wang et al. 2019; Wissmann et al. 2013).
Furthermore, culturing murine Th1 cells with phenylala-
nine and isoleucine promotes their proliferation (Wang
et al. 2019). Peripheral immune cell infiltration into the
brain is one of the proposed mechanisms that contributes
to neuroinflammation in neurodegenerative diseases
(Sommer et al. 2017; Wang et al. 2019). In AD, damage to
neurons correlates with the increased entry of peripheral
leukocytes across the BBB, which results in activation of
CNS immune cells, promoting further infiltration of effector
T cells into the brain (Burgaletto et al. 2020). Therefore,
converting the gut microbiota to an enterotype that reduces
the production of phenylalanine and isoleucine leading to
decreased proliferation of peripheral effector Th1 cells may
be one of the mechanisms by which seaweed and its con-
stituents, such as sodium oligomannate, slow the pro-
gression of AD. Other studies have also reported amino
acid level changes in the serum of PD patients. Figura
et al. (2018) analyzed the serum amino acid profiles of
patients with PD and reported that, when compared to
individuals with shorter disease duration, subjects with
more advanced PD have lower serum levels of alanine,
arginine, and phenylalanine, but increased concentra-
tions of threonine (Figura et al. 2018). A more recent
systematic review and meta-analysis indicates that PD
patients exhibit decreased serum levels of aspartate,
serine, tryptophan, and lysine, but elevated serum proline
and homocysteine concentrations compared to age- and
sex-matched healthy controls (Jiménez-Jiménez et al.
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2021). Due to these inconsistent findings, additional
studies investigating changes in amino acid metabolism
throughout the progression of AD and PD pathologies are
warranted; nonetheless, the consumption of seaweed has
emerged as a dietary intervention that can mitigate this
dysregulated amino acid metabolism.

Phlorotannin

The neuroprotective effects of seaweed may be due to its
rich content of various bioactive polyphenols such as
phlorotannin. It is present in brown algae and demon-
strates neuroprotective effects against AB-induced cyto-
toxicity in vitro. A study investigating the neuroprotective
activity of various fractions of extracts from Ecklonia
radiata, a brown alga, reports that, of the six fractions
tested, the one containing the highest concentration of
phlorotannin shows the strongest antiaggregative effect
against AP, 4, as well as the greatest antiapoptotic activity
in preventing AB;_,>-induced cell death. The phlorotannin-
containing fraction inhibits over 90% of AB, 4, aggregate
formation. Treatment with ApB;_,, causes apoptosis of 20%
of rat PC12 neuronal cells, whereas concomitant exposure
to the phlorotannin fraction lowers this rate nearly three-
fold (Alghazwi et al. 2020). Reducing the aggregation of AR
and its neurotoxicity has been proposed as a therapeutic
strategy in AD (Szeto and Lewis 2016).

Polymannuronic acid

Seaweed also contains an abundance of carbohydrates
with bioactive properties. Polymannuronic acid is a poly-
saccharide component of alginate found in the cell walls of
brown seaweed. An in vivo study using the C57BL/6] mouse
model of PD reports that, when compared to untreated
animals, mice fed with polymannuronic acid daily
for 4 weeks prior to injection with 1-methyl-4-phenyl-
1,2,3,4-tetrahydropyridine (MPTP) display improved
motor function compared to the control animals (Dong
et al. 2020). This effect is attributed to a significantly
higher survival rate of tyrosine hydroxylase immunore-
active (TH-IR) neurons in the SNpc. Treatment of PD mice
with polymannuronic acid suppresses the mRNA
expression of the pro-inflammatory cytokines TNF-a and
IL-6 in the colon and SNpc, but increases the mRNA
expression of occludin and ZO-1, which are tight junction-
associated  proteins  essential for maintenance
of blood-brain and intestinal barriers. Therefore, the
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neuroprotective effects of polymannuronic acid are likely
mediated by attenuating inflammation in the gut, brain,
and systemic circulation, as well as by enhancing the
integrity of the BBB and intestinal barrier (Dong et al.
2020). A recent study using the same mouse model of PD
demonstrates that the oral administration of poly-
mannuronic acid for 4 weeks prior to MPTP insult protects
against loss of dopaminergic neurons, enhances motor
function, and improves neurotransmitter levels in the
striatum. Compared to untreated PD mice, those that
consume polymannuronic acid have significantly more
TH-IR neurons in the SNpc, approximately 30% quicker
descent time in the pole test indicating improved motor
function, and increased striatal levels of serotonin and its
main metabolite, 5-hydroxyindole acetic acid (Du et al.
2021). A different study using the N2a-sw murine cell model
of AD finds that a 24 h treatment with unsaturated man-
nuronate oligosaccharide, a depolymerized derivative of
polymannuronic acid, leads to significantly reduced AB;_4,
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production and deposition. This is caused by the down-
regulation of APP and BACE1, which are proteins essential
for the amyloidogenic pathway contributing to AD patho-
genesis (Bi et al. 2021).

Sodium oligomannate

Sodium oligomannate is another carbohydrate found in
brown algae that has been used to develop an anti-AD
drug, GV-971. This drug modulates the gut microbiota to
decrease neuroinflammation, as observed in the 5XFAD
transgenic and APP/PS1 mouse models of AD. The oral
administration of GV-971 once a day for 3 months signifi-
cantly improved the cognitive functions of APP/PS1 mice,
as shown by improvements in various spatial learning and
memory performance scores in the Morris water maze test,
which in some cases reach levels comparable to those seen
in wild-type animals. Compared to untreated mice, GV-971

Table 4: Potentially protective biological activity of seaweed in neurodegenerative diseases.

Study type Model Treatment Main findings Reference
In vitro Rat PC12 neuronal cell  Phlorotannin extracted from Ecklonia Inhibits in vitro AB1_,, aggregation by 90% Alghazwi
model of AD radiata for 48 h Reduces AB;_4,-induced apoptosis threefold et al. (2020)
Murine N2a-sw neuronal Unsaturated mannuronate oligosac- Decreases AB;_4, production as measured by  Bi et al.
cell model of AD charide (1 mg/ml) for 24 h downregulated APP and BACE1 expression (2021)
Animal MPTP-induced C57BL/6) Oral administration of poly- Improves motor functions as measured by Dong et al.
mouse model of PD mannuronic acid (30 mg/kg) for increased survival of TH-IR neurons in SNpc (2020)
4 weeks Exhibits anti-inflammatory effect in CNS as
measured by suppressed IL-6 and TNF-a mRNA
expression
Enhances integrity of BBB and intestinal barrier
as demonstrated by increased expression of
occludin and Z0-1
MPTP-induced C57BL/6) Oral administration of poly- Increases survival of TH-IR neurons in the SNpc Du et al.
mouse model of PD mannuronic acid (30 mg/kg) for Improves motor function in pole test (2021)
4 weeks prior to MPTP Increases striatal levels of serotonin and its
metabolite 5-hydroxyindole acetic acid
5XFAD transgenic Oral administration of GV-971 Normalizes fecal and blood phenylalanine and Wang et al.
mouse model of AD (100 mg/kg) for 1 month isoleucine concentrations (2019)
Decreases Th1 cells, reactive microglia, AR
plaque deposition, and tau phosphorylation in
the brain
APP/PS1 mouse model Oral administration of GV-971 (50 or Improves cognitive functions as measured by =~ Wang et al.
of AD 100 mg/kg) for 3 months enhanced spatial learning and memory (2019)
performance
Human Phase Ill clinical trial of Oral administration of GV-971 Improves ADAS-Cog12 score compared to Xiao et al.
clinical patients with mild to (450 mg) twice a day for 36 weeks baseline and patients who took a placebo (2021)
trials moderate AD

AD, Alzheimer’s disease; ADAS-Cog12, Alzheimer’s Disease Assessment Scale; APP, amyloid precursor protein; AB, amyloid B;
BACE1, B-site APP cleaving enzyme 1; BBB, blood-brain barrier; CNS, central nervous system; IL, interleukin; MPTP, 1-methyl-4-phenyl-

1,2,3,4-tetrahydropyridine; PD, Parkinson’s disease; PS1, presenilin 1;
TNF-a, tumor necrosis factor a; and ZO, zonula occludens.

SNpc, substantia nigra pars compacta; Th1, type 1 T helper;
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administration also alters the composition of gut micro-
biota communities, inhibits infiltration of peripheral Thi
cells in the brain, reduces microglial activation, modifies
brain cytokine levels, and decreases AB plaque deposition
and tau phosphorylation in the brains of APP/PS1 AD mice.
To determine the possible mechanisms through which
GV-971 inhibits neuroinflammation, fecal metabolome an-
alyses of wild-type, untreated APP/PS1 and GV-971-treated
APP/PS1 AD mice have been conducted, which reveal
significant alterations in amino acid metabolism, specif-
ically within the phenylalanine- and isoleucine-related
pathways. Fecal and blood concentrations of phenylala-
nine and isoleucine are substantially elevated in untreated
AD mice compared to those in wild-type mice, and GV-971
administration significantly reduces the concentrations of
these amino acids to levels similar to those of wild-type
mice. In addition, the fecal matter has been transplanted
from GV-971-treated AD mice to untreated wild-type mice,
which are subsequently intraventricularly administered
aggregated AP. A decrease in Thl cells in the brain of
recipient mice is observed, demonstrating that the feces of
GV-971-treated AD mice effectively substitute oral admin-
istration of GV-971. Coadministration of antibiotics
abolishes these effects, further demonstrating that the
therapeutic actions of GV-971 are achieved mainly through
alteration of the gut microbiota (Wang et al. 2019).

Human clinical studies

GV-971 has recently been shown by a phase III clinical trial
to significantly improve cognition in patients with mild to
moderate AD. This is demonstrated by a statistically sig-
nificant —2.15 point difference between the treatment and
placebo groups in change from the baseline after 36 weeks
of treatment according to the 12-item cognitive subscale of
the Alzheimer’s Disease Assessment Scale (ADAS-Cog12).
The drug-placebo difference in ADAS-Cog12 scores in-
creases with duration of treatment and severity of cognitive
decline. Although additional research is required to iden-
tify the GV-971 mechanisms of action, this trial demon-
strates improvement in clinical scores, whereas nonclinical
studies provide evidence of disease-modifying mechanistic
actions of GV-971 illustrating the potential of this drug to
ameliorate symptoms and slow the progression of AD (Xiao
et al. 2021). Notably, GV-971 has already been approved for
clinical use in China to improve cognitive function in mild
to moderate AD (Ettcheto et al. 2021). The neuroprotective
effects of seaweed discussed in this section are summa-
rized in Table 4.
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Conclusions

Specific dietary components may ameliorate or prevent the
onset of neurodegenerative diseases either by modifying
the gut microbiota composition to a healthier enterotype or
by utilizing the metabolic activity of gut microbiota to
produce bioactivate molecules that target neurodegener-
ative processes and pathology. Although numerous studies
link diet with health, whether overall or CNS, there is a
significant knowledge gap related to the effects of diet and
specific dietary components on neurodegenerative dis-
eases that are mediated through the alteration of gut
microbiota composition and activity (Bianchi et al. 2021;
Micha et al. 2017). This article illustrates the neurological
benefits of increased intake of grapes, pomegranate, kefir,
and seaweed (see Tables 1-4 for summary). It can be
concluded that consuming foods that are either fermented
or rich in bioactive polyphenols and complex carbohy-
drates may aid in the prevention of AD and PD and
amelioration of disease progression. Combining dietary
interventions with pharmacological agents is another
promising therapeutic strategy that has to be explored in
the future (Scheltens et al. 2021). Although further human
clinical studies are needed to ascertain the benefits
observed in animal and in vitro studies, the aforementioned
dietary components have been found to modulate the gut
microbiota—brain axis and to show potential as non-
pharmacological interventions for the management of AD
and PD.
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