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current challenges and future directions for the prevention and treatment of NDs using dietary antioxi-
dants are discussed, and useful information on the prevention and treatment of NDs is provided.

© 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Neurodegenerative diseases (NDs), including Alzheimer’s disease
(AD), Parkinson’s disease (PD), Huntington’s disease (HD) and
amyotrophic lateral sclerosis (ALS), among others, are debili-
tating heterogeneous diseases that have been difficult to cure thus
far. NDs seriously endanger people’s health and quality of life. As
the population ages, the incidence of NDs is increasing at an
alarming rate worldwide'  and placing a heavy burden on society
and healthcare systems.

The etiology of NDs has not been fully elucidated, but numerous
research studies have shown that the pathogenesis of NDs is closely
related to oxidative stress” . Reactive oxygen species (ROS) are
critical intermediates of cellular signaling pathways. Under normal
conditions, cells have an antioxidant defense system that includes
enzymatic antioxidants such as superoxide dismutase (SOD),
catalase (CAT), and glutathione peroxidase (GSH-Px) and non-
enzymatic antioxidants such as uric acid, glutathione and coen-
zyme Q10, among others. However, the brain is more vulnerable to
oxidative stress than other organs due to the low activity of the
antioxidant defense system in the brain® for the following reasons.
First of all, the oxygen demand of the brain is very high, accounting
for 20% of the oxygen consumption of the human body. Second,
oxidation-reduction active metals such as iron or copper are present
in large quantities in the brain and they are actively involved in
catalyzing the formation of ROS’. Third, although the production
rate of ROS is very high, the brain’s antioxidant defense system is
relatively low due to the high rate of oxidative metabolism and the
high content of polyunsaturated fatty acids (PUFA) in the cell
membrane'’. Furthermore, the level of glutathione (GSH) in the
brain is relatively low, which plays the role of endogenous anti-
oxidant in the removal of ROS''. Due to the important role of
oxidative stress in the pathogenesis of NDs and the susceptibility of
the central nervous system (CNS) to oxidative stress, delaying or
preventing the degeneration of nerve cells by scavenging ROS or
preventing their formation has become one of the promising stra-
tegies to prevent and treat NDs.

Due to their pathophysiology, NDs require long-term and
sometimes lifelong drug treatment, which increases the risk of
adverse effects of medicinal products on other clinical aspects of
the patient. In fact, synthetic medicinal drugs are widely used to
treat most NDs, but these medicinal drugs have adverse treatment
effects'?. Therefore, when prescribing exogenous dietary antioxi-
dant supplements, special consideration should be given to those
that can be used for a long time, are easily available, have few
adverse effects and work best as part of the daily diet or as a dietary
antioxidant supplement regardless of the age of the patient.

In addition, a major problem in the treatment of NDs is the
limited delivery of many medicinal products to the brain due to
the presence of the blood—brain barrier (BBB), which makes it
difficult to reach sufficient concentrations of active substances in
the brain and decreases their bioavailability'*. This may be one of

the main reasons why effective neurological treatments are diffi-
cult to develop. Although the BBB is an important factor to
consider, few research studies have examined the BBB perme-
ability of dietary antioxidant supplements.

In recent years, research studies have found that the risk of
some NDs may be reduced by supplementing or ingesting various
fruits, vegetables and other foods and consuming antioxidants in
the diet'*'®. The most widely studied dietary antioxidant sup-
plements mainly include active substances such as vitamin C,
vitamin E, carotenoids, polyphenols and flavonoids. Dietary
antioxidant supplements are mainly found in foods such as fresh
fruits, vegetables, nuts and oils. They are becoming increasingly
popular in the prevention and treatment of NDs because of their
abundant sources, their natural, non-toxic nature and the fact that
they can be consumed in the usual human diet'’. At the same time,
because of their lipophilic properties, many dietary antioxidant
supplements can pass through the BBB and play an important
biological role in the CNS'®. Numerous experimental and epide-
miological studies have shown that dietary antioxidant suplements
can effectively scavenge ROS, reduce lipid peroxidation, antago-
nize oxidative damage, protect neurons and improve and enhance
cognitive function and memory'® >'.

In recent years, much of the peer reviewed literature has
described the impact of natural products on a certain ND or the
impact of a certain natural product on NDs. Although there are
some research studies on the effects of natural products on NDs, the
antioxidant mechanism of dietary antioxidant supplements in this
process has not been deeply explored, and there are few systematic
summaries on preclinical and clinical data. In addition, the BBB
permeability of dietary antioxidants is one of the obstacles to their
use in ND treatment, but very scarce scientific literature has focused
on this aspect. With the accumulation of basic research and the
continuous expansion of dietary antioxidant functions, more and
more people are exploring the beneficial effects of dietary com-
ponents on diseases. Therefore, this manuscript review summarizes
the underlying pathophysiological pathways of oxidative stress in
the development of NDs and explores the physiological role of the
BBB. This article reviews the BBB permeability of common dietary
antioxidant supplements and the existing evidence for the preven-
tion and treatment of NDs and summarizes the future direction of
dietary antioxidant supplements in the prevention and treatment of
NDs. It lays a theoretical foundation for the effective prevention,
treatment and management of various NDs, thereby ensuring
healthy aging of the global population.

2. Ocxidative stress and neurodegenerative diseases

2.1.  Oxidative stress plays an important role in the pathogenesis
of neurodegenerative diseases

Ocxidative stress is a potentially damaging imbalance of redox
states in the body, involving excessive generation of toxic ROS
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and/or dysfunction of the protective antioxidant system>>*>. When
the production of ROS exceeds the counteracting mechanisms of
the antioxidant system, oxidative stress will occur, resulting in
oxidative damage to proteins, nucleic acids and lipids, affecting
the normal functioning of the body and inducing the occurrence of
various diseases such as NDs*>%*,

NDs are a debilitating heterogenous group of diseases that
have so far been difficult to cure. They are characterized by the
slow and progressive loss of specific neuronal cell subsets, and/or
the loss of their specific functions, which worsen over time,
culminating in conditions such as memory impairment, movement
disorders and other functional impairments>. NDs have become
an important health and economic problem, and their aetiology
has not been fully elucidated; however, increased oxidative stress
has been recognized as one of the underlying common causes of
various NDs*® 27,

As the main site of neurodegenerative immune responses, the
brain is a highly metabolic organ with high concentrations of
transition metals, which are capable of producing highly reactive
hydroxyl radicals together with hydrogen peroxide™. At the same
time, it has a relatively low antioxidant capacity and almost no
regenerative function, factors which increase its susceptibility to
damage from oxidative stress and neurodegeneration®'*.

Accumulating data suggest that oxidative stress and the
resulting neuronal damage may be closely related to the patho-
genesis of a variety of NDs, including AD, HD, PD and ALS,
among others™®**~ % as shown in Fig. 1. Large amounts of the
lipid peroxides 4-hydroxynonenal and malondialdehyde (MDA),
as well as protein carbonyl and 3-nitrotyrosine, associated by-
products of protein oxidation, were found in the brains of AD
patients’®. Subsequent research studies have confirmed that the
levels of ROS in AD patients are increased, and in severe clinical
cases, the protein folding function of the endoplasmic reticulum is
impaired, and the clearance of damaged proteins mediated by
proteases and autophagy is reduced, which promotes the accu-
mulation of amyloid-g (AB) and TAU proteins®’. Oxidative stress
may be the trigger or relay station of HD. Consistent with the
immunohistochemical data, analysis of biochemical assays in HD
patients show significant increases in MDA and 4-hydroxynonenal
brain levels, almost 8-fold greater than in control subjects®®.
Several research studies have shown that oxidative stress is
involved in the misfolding and accumulation of mutant huntingtin
protein, which induces proteotoxicity and impairs oxidative
metabolism, leading to neuronal damage and death®”*°. Previous
research studies have found that the activity of mitochondrial
respiratory complex I in substantia nigra pars compacta of PD
patients decreases and destroys the electron transport chain, which
may lead to the excessive production of ROS and induce
apoptosis*'. Changes in antioxidant molecules have been reported
even in the early stages of PD. Furthermore, oxidative stress in-
duces the degeneration of motor neurons in the cerebral cortex of
patients with ALS, damages mitochondria and leads to the
apoptotic death of motor neuron cells*>**. Mutations in the su-
peroxide dismutase 1 gene encoding Cu/Zn-SOD were found in
patients with familial ALS, resulting in excessive production of
hydroxyl radicals and massive oxidative stress, resulting in ALS
disease occurrence™,

In addition, the role of metabolic antioxidants, such as uric
acid, in the treatment of stroke is a field of great concern® *%,
Animal model studies have shown that administering uric acid
after stroke can prevent long-term cerebral arterial remodeling,
alleviate brain damage, and protect endothelial cell function in the

brain®’. Systematic reviews and meta-analyses of animal studies
have also found that uric acid therapy may have neuroprotective
effects against ischemic stroke””. In a research study of emergency
treatment for acute ischemic stroke, Llull et al.”' found that uric
acid therapy significantly improved the clinical condition of pa-
tients and reduced neurological deficits. Li et al.’> conducted a
literature review and found that uric acid has multiple protective
effects on neurons, including antioxidant, anti-inflammatory, and
anti-apoptotic effects. Uric acid can also inhibit endothelial cell
adhesion and inflammatory reactions, thereby reducing brain
damage. Overall, these research studies suggest that antioxidants
may have beneficial effects in the treatment of neurological dis-
eases, including stroke.

2.2. Do antioxidants play key roles in the treatment of
neurodegenerative diseases?

Due to the susceptibility of the CNS to oxidative stress and the
important role of oxidative stress in the pathogenesis of NDs>?,
delaying or preventing the degeneration of nerve cells by clearing
ROS or preventing its formation has become one of the promising
strategies for the prevention and treatment of NDs. In recent years,
research studies have found that natural antioxidants in fruits,
vegetables, edible flowers and tea have obvious antioxidant effects
and low adverse effects, as well as preventive and protective ef-
fects on NDs and other diseases™. These dietary antioxidant
suplements not only reduce the harmful activities of ROS and
oxidative stress but also promote the regenerative capacity of the
adult human brain™. Therefore, it is necessary to study and
summarize the role of dietary antioxidant suplements in the pre-
vention and treatment of NDs.

3. Bood—brain barrier permeability and drug delivery

The blood—brain barrier (BBB) is a highly selective permeability
barrier that regulates the passage of endogenous and exogenous
compounds to facilitate the transport of specific nutrients, pre-
cisely regulates ion homeostasis, protects the brain against many
pathogens and toxic compounds and is the structural basis for
maintaining the homeostasis of the internal environment of the
CNS°*7. The BBB is a dynamic structure composed of an as-
sembly of brain endothelial cells (BECs), basement membrane
and the pericytes embedded in it, astrocyte foot processes and
intercellular tight junctions (TJs)*®, as shown in Fig. 2. Among
these, BECs are the main morphological structures of the BBB. In
contrast to vascular endothelial cells in other parts of the body
with high permeability, endothelial cells in the BBB lack fenes-
trations, and there are continuous and dense TJ proteins between
cells’’. These unique structural features limit the paracellular
transport of active substances and can strictly regulate the trans-
port of ions, molecules and cells between the blood and the brain.

Although the cerebrovascular system plays an important pro-
tective role in maintaining the internal environment balance
necessary for neuronal function, the BBB also prevents the entry
of drugs, making CNS diseases more difficult to treat than those
that can be reached by the systemic circulation. Normally, the TJs
of the BBB allow only H,O, some gases and lipid-soluble mole-
cules to pass selectively via passive diffusion®”', and most hy-
drophilic molecules and large hydrophobic substances cannot
freely cross the BBB®>%*. Molecules critical to neuronal function,
such as glucose, purine bases, choline, nucleotides, amino acids,
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Oxidative stress plays an important role in the pathogenesis of neurodegenerative diseases (NDs). The pathology of NDs [including

Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), amyotrophic lateral sclerosis (ALS)] is closely related to the
production of oxidative stress, which in turn promotes the further development of NDs. Excessive production of active substances will lead to
oxidative damage of proteins, lipids and nucleic acids and induce the formation of misfolded amyloid-8 (AB), a-synuclein («a-syn), mutant
Huntington protein and superoxide dismutase 1, resulting in neurodegeneration.

fatty acids and vitamins, are selectively transported by relatively
high concentrations of specific membrane transporters in BECs**.
These transporters mainly include ATP-binding cassette efflux
transporters and solute carrier transporters. However, many po-
tential neuroprotective substances may also be the substrates of
these efflux transporters, resulting in reduced brain permeability®®

Many dietary antioxidants can reduce oxidative stress injury
in vitro, whereas in vivo the non permeability of the BBB is

considered one of the greatest challenges, which makes it partic-
ularly difficult for antioxidant compounds to enter the brain tissue.
It is estimated that 98% of small molecules administered sys-
temically cannot cross the BBB, which leads to the failure of
almost all medicinal drugs discovery and development projects in
NDs®®. Therefore, the potential for dietary antioxidants to either
protect or penetrate the BBB must be considered with respect to
NDs.
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Figure 2  The structure and permeability of the blood—brain barrier (BBB). (a) Permeability of the BBB. The BBB separates the brain from the

components of circulating blood and is formed by endothelial cells connected by tight junction proteins (TJs). TJs allow essential nutrients (such
as oxygen, glucose, amino acids, among others) to enter the brain parenchyma through simple diffusion, passive diffusion between cells (par-

acellular) or through cells (transcellular) and via transporters that transport essential macromolecules. It limits the entry of potentially harmful
molecules in the blood (about 98% of drugs) into the brain. (b) Structure of the neurovascular unit of the BBB. The capillary cavity is surrounded
by endothelial cells, and the TJs are located between brain endothelial cells, preventing most substances from flowing into the brain from the
blood. Endothelial cells and pericytes are surrounded by a common basement membrane. The ends of astrocytes surround endothelial cells and
pericytes and provide connections between neurons and BBB. (c) The basic molecular structure of TJ protein complexes of BBB. Claudins and
occludin compress two adjacent endothelial cells together. These proteins are linked to cytoskeletal proteins (actin) through helper proteins such

as ZOs (zona occludens), which promote the formation of TJs.

4. The role of dietary antioxidant suplements in the
prevention and treatment of neurodegenerative diseases

Dietary antioxidants are active substances that inhibit oxidation or
repair oxidative damage to cellular components. They can effec-
tively prevent damage to lipids, proteins and DNA®’. In order to
help clear excess ROS and maintain the balance between ROS
production and antioxidant defense system, endogenous antioxi-
dant system exists in all cells including neurons®®, but the activity
of antioxidant defense system in the brain is low. Antioxidant
enzymes such as SOD, CAT, GSH-Px and GR (glutathione
reductase) are able to participate in the regulation of ROS and
RNS® 7%, Metabolic antioxidants are endogenous antioxidants
that are produced by metabolic reactions in cells, such as uric acid,
glutathione, coenzyme Q10, melatonin, transferrin, lipoic acid, and
bilirubin, among others’®. Nutritional dietary antioxidant suple-
ments are exogenous antioxidants, which are active compounds

that cannot be produced in the body and must be provided through
food or dietary antioxidant supplements’* (Table 1).

If the production of ROS increases too rapidly, the endogenous
antioxidant defense system of the brain is not sufficient to prevent
damage. Exogenous dietary oxidant suplement can help the body
maintain homeostatic control of ROS to prevent oxidative stress.
Particularly attractive agents are those that can be used in the long
term with little to no adverse effects and are readily available.

There is growing evidence that antioxidant intake from the
diet, through supplementation or intake of various foods, may
reduce the risk of certain NDs'>'%7>7 (Fig. 3). The most widely
studied dietary antioxidant suplements are active substances such
as vitamin C, vitamin E, carotenoids and polyphenols/flavonoids.
Dietary antioxidant suplements, mainly found in fresh fruits,
vegetables, nuts and oils (Fig. 4), are increasing in popularity for
the prevention and treatment of NDs because they are easily
sourced, natural and non-toxic and can be consumed in the normal
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Table 1  Antioxidants in neurodegenerative diseases.
Species Source Example
Endogenous enzymes Endogenous Sod, Cat, Gsh-Px, Gr
Metabolic antioxidants Endogenous Uric acid, GSH, coenzyme Q;o, melatonin, transferrin, lipoic acid, bilirubin
Nutritional antioxidants Exogenous Vitamin C, vitamin E, carotenoids, polyphenols, flavonoids
Synthetic antioxidants Exogenous Bha, Bht, Tbhq

BHA, butyl hydroxyanisole; BHT, butylated hydroxytoluene; CAT, catalase; GSH-Px, glutathione peroxidase; GR, glutathione reductase; GSH,

glutathione; SOD, superoxide dismutase; TBHQ, tert-butylhydroquinone.

human diet'”"””. However, their uptake is limited by the BBB,
making it difficult to reach active concentrations in the brain’®.
Although the BBB is an important factor to consider, few research
studies have examined the BBB permeability of dietary antioxi-
dant suplements. The list of dietary antioxidants and BBB
permeability of dietary antioxidants is summarized in Table 2. The
major dietary antioxidant suplements studied in preclinical and
clinical trials in NDs are described in Tables 3 and 4.

4.1.  Vitamins

4.1.1.  Vitamin C

Vitamin C (ascorbate) is mainly obtained from fruits and vege-
tables such as oranges (Citrus sinensis L. Osbeck), strawberries
(Fragaria x ananassa Duch.), lemons (Citrus limon), kiwifruit
(Actinidia chinensis Planch), spinach (Spinacia oleracea L.), bell
peppers (Capsicum annuum L.), kale (Brassica oleracea L. var.
acephala DC.) and broccoli (Brassica olearecea var. italica)
(Table 2)”°. It is one of the most important water-soluble antiox-
idants. Vitamin C has been reported to cross the BBB via glucose
transporter 1 (Table 2). Glucose transporter 1 is a facilitative
glucose transporter imports oxidized vitamin C (dehydroascorbic
acid). Reduced vitamin C is taken up by another set of reduced
vitamin C transporters, which are sodium-dependent vitamin C
transporters (i.e., SVCT1 and SVCT2)***°. Vitamin C has been
linked to uptake by its transporters and a dysregulation of this
system contributes to neurodegeneration in HD®'*%,

Recent research studies also seem to confirm the role of
vitamin C in preventing oxidative stress injury in the brain®’.
In vivo studies have shown that ascorbic acid can inactivate the
main by-products of neuronal metabolism, superoxide radical and
hydroxyl radical®*. The fact that vitamin C neutralizes the oxygen
free radicals that are abundantly produced during brain neuro-
degeneration seems to support its role in counteracting neuro-
degeneration. Ascorbic acid has also been shown to prevent lipid
peroxidation induced by various oxidants in brain microsomes
and sections, as well as cultured cells®. However, it is also
noteworthy that randomized clinical trials have still failed to
demonstrate any association between vitamin C and pathophysi-
ological remission of NDs*®, suggesting that prevention of defi-
ciency appears to be more beneficial than vitamin C supplemen-
tation.

It is worth noting that ascorbic acid has a dual role as an
antioxidant and a pro-oxidant®”. One research study showed that
low doses of vitamin C (200 and 400 mg/kg bw) protected neurons
by scavenging free radicals; however, higher doses (600 mg/kg
bw) resulted in oxidative stress and cognitive impairment®® (Table
3)838388 Therefore, much basic research and many clinical ex-
periments are still needed to explore the specific mechanism of
vitamin C in NDs.

4.1.2.  Vitamin E

Vitamin E is a class of fat-soluble vitamins, including four to-
copherols (designated as «, @, v, and ) and four tocotrienols
(designated as «, 8, v, and 6)89 90 of which the most biologically
active isomer is a-tocopherol’’ that can be obtained from wheat
germ (Triticum vulgare), soybeans (Glycine max (Linn.) Merr.),
spinach (Spinacia oleracea), tomatoes (Solanum lycopersicum L.),
vegetable oil, cod (Gadus morhua) liver oil and other foods””.
Vitamin E is able to cross the BBB by passive diffusion and
accumulate at therapeutic levels in the CNS (Table 2)°1:92,

The ability of vitamin E to reduce oxidative damage to the
brain has been demonstrated in preclinical and clinical human
studies. In brain tissue, vitamin E can increase the level of GSH
and the activities of various endogenous antioxidant enzymes”.
Using neuronal cells, Crouzin et al.”* demonstrated that vitamin E
can provide protection against antioxidant damage through
genomic effects. In a human clinical study, de Wilde et al.”
showed that dietary antioxidant supplementation with vitamin E
slowed the onset of dementia in patients with AD. In an AD
mouse model, increasing dietary intake of vitamin E inhibited
lipid peroxidation and effectively reduced the risk of AD prior to
the occurrence of pathophysiological changes such as A8 depo-
sition’®. Vitamin E inhibits p38 mitogen-activated protein kinase
(p38) activation by preventing oxidative stress, thereby preventing
TAU protein phosphorylation”” (Table 3)**°*_ Increasing dietary
intake of vitamin E can slow down the development of PD in
humans. A meta-analysis showed a protective effect against PD in
people with moderate and high dietary vitamin E intake, which
protected the cell membrane from ROS damage by blocking
peroxidation of cell membrane lipids”®. Studies in animal models
of PD have shown that vitamin E is neuroprotective against 6-
hydroxydopamine (6-OHDA)-induced ROS and can significantly
increase GSH levels in most brain regions and reduce the adverse
effects of 6-OHDA on the brain”. In addition, vitamin E may
reduce the progression of ALS and neuronal damage by reducing
lipid peroxidation'?.

However, while there is evidence to support the role of vitamin
E supplementation in preventing neurodegeneration by scavenging
excess free radicals, many research studies have yet to confirm
these findings, some with contradictory results, and the exact role
of vitamin E in the remains hotly debated. A clinical investigation
study published in 2017 evaluated 7540 cognitively intact elderly
men and found that taking a low dose (400 IU/day) of vitamin E
did not delay the onset of AD'". Lloret et al.'”” showed that
vitamin E did not reduce plasma oxidative stress in AD patients
(Table 4)'°"'9% And it has recently been shown that high-dose
vitamin E supplementation is not as safe as previously thought.
Taking too much vitamin E can lead to a variety of risks, including
hemorrhagic stroke, retinopathy, impaired immune function,
impaired clotting, and neoplastic diseases'®> ', A randomized
controlled trial showed that postmenopausal women who received
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Antioxidant effects of dietary antioxidants in the prevention and treatment of neurodegenerative diseases (NDs). Dietary antioxidants

reduce oxidative stress by inhibiting lipid peroxidation, scavenging reactive oxygen species (ROS), and increasing the activity of antioxidant
enzymes [superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GSH-Px)] and the level of antioxidant molecule glutathione
(GSH). They significantly increase the expression of nuclear factor erythroid 2 like 2 (NRF2), inhibit the expression of nuclear transcription factor
kappa B (NF-«B), and directly reduce the excessive production of ROS. By effectively reducing amyloid-G (AB) deposition and TAU protein

phosphorylation, they can improve neurodegeneration.

high doses of vitamin E increased cardiovascular mortality within
2 years'?®. Vitamin E also has anticoagulant activity, and some
clinical studies have shown that excess vitamin E can affect blood
clotting in the fetus'®”'%®. A clinical trial showed that vitamin E
can significantly increase the risk of prostate cancer in men'”. In
addition, dietary studies have shown that the intake of large
amounts of vitamin E from food alone or from food supplements
is related to the increase in the prevalence of retinopathy in
Caucasian patients''?. In the future, more neurological research is
needed to determine its efficacy and safe therapeutic doses.

4.2. Carotenoids

Carotenoids, a natural pigment found in fruits, vegetables and
seaweed, have a variety of biological activities, including anti-
oxidant properties, and play an important role in warding off brain
disease''""''?. Most carotenoids are essentially lipophilic and have
the ability to penetrate the BBB (Table 2). A growing number of

neurological studies have shown that various dietary antioxidant
carotenoids, including lycopene, astaxanthin, $-carotene, lutein
and fucoxanthin, have protective effects on people with
NDSIH 116

4.2.1.  Lycopene

Lycopene is a natural carotenoid pigment with a broad presence in
fruits and vegetables, such as tomatoes (Solanum lycopersicum),
watermelons (Citrullus lanatus), grapefruit (Citrus paradisi
Macf.) and pomegranates (Punica granatum L.)''". Due to its
lipophilicity, lycopene can adequately reach the brain by crossing
the BBB and play an important biological role in the CNS''®
(Table 2 and 3)''"'"%.

Lycopene has been shown to antagonize oxidative stress
damage and protect neurons, and long-term intake of lycopene-
rich foods can effectively prevent the occurrence or development
of NDs''>'?°, The antioxidant potential of lycopene is further
reflected in its ability to inhibit membrane lipid peroxidation and
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Figure 4

Main types and food sources of dietary antioxidants. The most widely studied dietary antioxidants include vitamins, carotenoids,

flavonoids, non-flavonoid polyphenols, phenolic acids and other substances. They mainly exist in fresh fruits, vegetables, nuts and oils.

the accumulation of hydrogen peroxide and superoxide, upregu-
lating the intracellular antioxidant defense system'>''** (Table
3)'%3. Hwang et al.'”' have confirmed that lycopene can inhibit
AQ-induced SH-SYSY cell apoptosis by reducing intracellular
ROS levels and inhibiting NF-«kB activation, suggesting that
lycopene can effectively inhibit A@-mediated oxidative stress and
cellular apoptosis. Kaur et al.'** demonstrated that lycopene
reduced oxidative damage, inhibited liposomal superoxide pro-
duction, and increased the level of GSH and the activity of SOD in
a rotenone-induced PD model. In mouse models of PD, lycopene
exhibits antioxidant properties. Administration of enriched lyco-
pene (10 mg/kg bw) significantly avoided the degeneration of
substantia nigra dopaminergic neurons and the decrease of striatal
dopamine (DA) levels in a PD model'®. In addition, Huang
et al.'?® showed that lycopene can effectively resist synaptic
damage induced by oxidative stress induced by tert-butyl hydro-
peroxide in vitro, and the possible mechanism of its protective
effect is related to activation of the PI3K/AKT pathway.

The antioxidant properties of lycopene are particularly
important in the protection of mitochondria. Lycopene treatment
prevents loss of mitochondrial inner membrane potential, restores

mitochondrial redox homeostasis and reduces ROS production'?’.
Qu et al.'*® demonstrated that lycopene improves energy meta-
bolism in primary cortical neurons by preventing the loss of
mitochondrial complex I, II, III and IV activity during A
treatment.

4.2.2.  Astaxanthin

Astaxanthin (Table 2 and 3)'*°'*! is a carotenoid with antioxi-
dant activity that is often found in shrimp (Caridea), crab (Bra-
chyura), salmon (Oncorhynchus keta), trout (Salmo trutta L.),
brown algae (Phaeophyceae), and yeast (Saccharomyces cer-
evisiae)'”’. Astaxanthin can be carried directly by fat molecules
and cross the BBB to exert a neuroprotective effect on the
brain'**'?'. Astaxanthin could be detected in the hippocampus of
rats following oral administration at 100 mg/kg bw'*’. A ran-
domized clinical trial found that consumption of astaxanthin at
10 mg per day is beneficial to the human body and has no adverse
effects on a healthy adult'*>. Due to its powerful antioxidant
properties and lack of adverse effects, astaxanthin was approved
by the U.S. Food and Drug Administration as a dietary antioxidant
supplement in 1999.



Table 2  Dietary antioxidant supplements and blood—brain barrier permeability.
Species Studied material Main source Brain CAS Chemical Molecular Chemical structures Ref.
penetration number formula weight
Vitamins Vitamin C Oranges, strawberries, + 50-81-7 CeHgOg 176.12 J/\’ 79
lemons, kiwifruit, spinach, \
bell peppers, kale, broccoli
Vitamin E Wheat germ, soybeans, aF 2074-53-5 Cy0H500, 430.71 1 ~ 91,92
spinach, tomatoes, vegetable R
oil, cod liver oil
Carotenoids Lycopene Tomatoes, watermelons, + 502-65-8 CyoHse 536.87 117,118
grapefruit and pomegranates
Astaxanthin Shrimp, crab, salmon, trout, + 472-61-7 C40Hs5,04 596.85 " 129—131
brown algae, yeast J
(-Carotene Carrots, sweet potatoes, = 7235-40-7 CyoHse 536.89 o ) 140
pumpkins LK I=n
Lutein Kale, spinach, oranges, egg + 127-40-2 C40Hs560, 568.87 . r 144
yolks, avocados
Fucoxanthin Wakame (Undaria Unknown 3351-86-8 C4,Hs50¢ 658.91 Ve | 153
pinnatifida), Kombu s N
(Laminaria japonica Aresch),
Hijiki (Hijikia fusiformis)
Flavonoids Epigallocatechin-3- Green tea, black tea, red wine + 989-51-5 CyH 50 458.37 ; 165
gallate b e
L
Anthocyanidin Blueberries, grapes, F / / / Bt 175
strawberries, cherries, h
pomegranates, cabbage
Quercetin Onions, apples, broccoli, + 117-39-5 Ci5H;007 302.24 : 184—186
blueberries X
Rutin Buckwheat, oranges, grapes, 9k 153-18-4 C,7H30046 610.52 194,195
apples, tea
Silymarin Milk thistle (Silybum Unknown 65,666-07-1 Cy5H5,040 482.44 203
marianum)
Genistein Soybean 446-72-0 C5H 005 270.24 212
Hesperetin Oranges, grapes, lemons 520-33-2 C16H1406 302.28 219
Non-flavonoid Resveratrol Tea, red wine, grapes, berries, + 501-36-0 C4H,03 228.24 230—233
polyphenols apples, plums, peanuts
Curcumin Turmeric (Curcuma longa L.) + 458-37-7 C,1H500¢ 368.38 ~ 240
Phenolic acids Gallic acid Tea, blueberry, raspberries, + 149-91-7 C7HgOs5 170.12 248—251
grapes, bananas, wheat,
Caffeic acid barley, nuts + 331-39-5 CoHgO4 180.16
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CHsO, 154.12

99-50-3

Protocatechuic acid

194.18

C1oH004

1135-24-6

Ferulic acid

262,263

232.28

C13H16N202

73-31-4

Olives, tomatoes, grapes

Melatonin

Others

273-275

o)
1>
<
o)
I
S

CoH,5N30,S

497-30-3

Black fungus, king oyster
mushroom, enoki, and

Ergothioneine

shiitake mushrooms

285

177.288

Ce¢H;1NOS,

4478-93-7

Broccoli, watercress,

Sulforaphane

Brussels sprouts and cabbage

Astaxanthin exhibits strong antioxidant properties, and it has
been demonstrated to exert antioxidant protection in people
with neurological disorders'*®. Administration of astaxanthin
reduces AB-mediated damage to cultured cells through multiple
mechanisms, key among them being the reduction of ROS.
Research studies have shown that astaxanthin can reduce lipid
peroxidation and the level of ROS-generating enzymes and
increase the activity of antioxidant enzymes'**. Astaxanthin has
also been shown to increase the expression of nuclear factor
erythroid 2 like 2 (NRF2), thereby preventing oxidative
stress' ™. Astaxanthin can restore the activity of antioxidant
enzymes, reduce the production of ROS, and reduce the damage
caused by 1-methyl-4-phenylpyridinium (MPP")-induced
oxidative stress on PC12 cells'*®. In addition, astaxanthin was
able to scavenge H,0,-induced ROS in PC12 cells and inhibit
Ca”" influx'?’. Astaxanthin can also regulate the ratio of BCL-
2/BAX, down-regulate the expression of a-synuclein (c-syn)
and inhibit MPP™-induced SH-SY5Y cell damage'*®. The re-
sults of a research study on a 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-induced PD mouse model showed
that astaxanthin can alleviate the clinical signs associated with
PD in mice, slow down the metabolic rate of DA and promote
the release of DA, all of which are related to the ability of

astaxanthin to increase the level of antioxidants in the brain'>°.

4.2.3.  B-Carotene

B-Carotene is a carotenoid found mainly in fruits and vegetables
such as carrots (Daucus carota var. sativa Hoffm.), sweet po-
tatoes (Ipomoea batatas L. Lam.) and pumpkins (Cucurbita
moschata Duch.) and is considered a potent active biological
antioxidant, especially in lipid-rich tissues such as neurons.
However, the lack of research studies thus far demonstrating the
ability of §-carotene to cross the BBB into the brain limits its
use in the treatment of NDs.

B-Carotene can reduce the accumulation of ROS, including
hydrogen peroxide and lipid peroxide free radicals (Tables 2
and 3)“%'*! In addition, B-carotene has been shown to pro-
tect neurons from hydrogen peroxide damage and to improve
the retention of intracellular antioxidants such as GSH and
SOD'*""1*2 The ability of B-carotene to combat lipid peroxi-
dation and ROS is a key factor in it suitability as a treatment for
brain-related diseases. A previous meta-analysis showed that
dietary intake containing sufficient (-carotene reduced the
incidence of AD and associated dementia'*’. 8-Carotene in-
creases protein expression of nuclear NRF2 and upregulates
downstream targets containing antioxidant response elements
(ARE) such as NADPH quinone oxidoreductase 1 (NQO1) and
haeme oxygenase-1 (HO-1), thereby reducing oxidative damage
to neurons'**. Hira et al.'*' showed that 8-carotene was able to
attenuate streptozotocin-induced cognitive deficits by inhibiting
acetylcholinesterase (AChE) and reducing A accumulation
through its antioxidant effects. These results suggest that
B-carotene could be used to treat NDs such as AD. §-Carotene
has no prooxidative activity in the brain and is therefore

considered to be a safe antioxidant'*.

4.2.4.  Lutein

Lutein is a carotenoid sourced from green leafy vegetables,
particularly kale (Brassica oleracea var. sabellica L.) and
spinach (Spinacia oleracea), in addition to orange and yellow
fruits and vegetables, egg yolks, avocados (Persea americana
Mill.) and other foods. Lutein is thought to pass through the



Table 3  In vitro and in vivo studies of dietary antioxidant supplements with beneficial effects on neurodegenerative diseases.

Species Studied In vitro/ Experimental model  Effective dose and Mechanisms Main results Ref.
Material in vivo duration
Vitamins Vitamin C In vitro Neuro2a cells 200 pmol/L Increase of GSH concentration; Control oxidative stress in the brain; 83
Hn33.11 cells 36 h Reduced ROS level; Prevent neuronal death
Regulate the expression of apoptosis genes
(BCL-2, BAX, Caspase 8)
In vivo Brains of 5 male pups 100 mg/kg bw Decreased oxidative stress index and Against neuronal depletion in the 85
60 days increased the activity of antioxidant hippocampus
enzymes;
Reduced the number of apoptotic cells and
dark neurons in sub-regions of hippocampus
In vivo Charles-Foster rats 200, 400 mg/kg bw Reduction of AB accumulation; Recovery of memory impairments; 88
Swiss albino mice 27 days Reduce ROS level Prevention of neurodegeneration in the
hippocampus
Vitamin E In vivo Sprague—Dawley rats 1 pmol/L Inhibited the increase of intracellular Ca*"  Protect hippocampal neurons from 94
72 h induced by oxidative damage oxidative damage
In vivo Tg2576 8 IU/day Significantly reduce the level of lipid Slow down the development of AD 96
8 months, peroxidation;
6 months Significant reduction in Ag levels and
amyloid deposition
In vitro Primary cells of rat 1 mmol/L Protects neurons from Ag toxicity; Prevent and improve AD 97
cortical neurons 24 h Reduce GSH oxidation and lipid
PSENI1dE9-85Dbo/] 800 peroxidation;
transgenic mice IU/kg bw Reduce oxidative stress
21 days
In vivo Sprague—Dawley 100 TU/kg bw Significant increase in DA; Has a neuroprotective effect on PD 295
male rats 5 weeks Significantly increased SOD and GSH
levels;
Significantly reduced MDA levels;
Significantly reduced lipid peroxidation
Carotenoids Lycopene In vivo Adult male 10 mg/kg bw Decreased the levels of AB;_4»; Prevention and treatment of AD 118
Wistar rats 40 days Reduce Ag-induced oxidative damage
In vivo Female Sprague 50, 100, 200 mg/kg Increased SOD activity in the hippocampus; Alleviate the pathological characteristics 123
—Dawley rats bw Decrease ROS generation of dementia
2 months
In vivo CD-1 male mice 50 mg/kg bw/day Increased the activities of antioxidant Alleviate oxidative stress induced 296
8 weeks enzymes GSH-Px, GSH, and SOD cognitive impairments
In vitro BV, microglial cells  0.03% (w/w) of Reduce LPS-induced amyloidogenesis, Might be a promising drug candidate for 297
Male C57BL/6 J mice standard chow cognitive impairments, and oxidative stress; the treatment of AD
5 weeks Reduce LPS-induced accumulation of A
50 pmol/L 8 h
In vitro Hippocampal NSCs 0,0.1, 1, 2,4, 8 and Enhance neuronal survival and reduce Prevention and treatment of oxidative 298
and cerebral cortical 16 pmol/L oxidative damage; stress-related AD lesions
neurons 24 h Reduced ROS generation significantly
In vivo Adult male 1—4 mg/kg bw Reduce learning and memory deficits by Remission and treatment of AD 299
Wistar rats 14 days restoring the levels of CAT, GSH, SOD;

Reduce AB;_4-induced mitochondrial
dysfunction
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Astaxanthin

B-Carotene

Lutein

In vivo

In vitro

In vivo

In vivo

In vivo

In vitro

In vitro and

in vivo

In vivo

In vivo

In vivo

In vivo

In vivo

In vivo

In vivo

Young male
Wistar rats

SH-SYS5Y human
neuroblastoma cells
Mice model of
MPTP-induced PD

Male C57BL/6 J mice
Male

Wistar rats

PC12 cells

SH-SYSY cells

C57BL/6 mice

Male
Wistar rats

Male
Albino mice

Male
C57BL/6 mice

Adult rhesus monkeys

Male
ICR mice

Male
C57BL/6 mice

The fruit flies
(Drosophila
melanogaster wild-
type - Harwich strain)

2.5—5 mg/kg bw/day

0.5—1 pmol/L
2h,24h

5—20 mg/kg bw/day
7 days

30 mg/kg bw day
1 month

10, 20, 40 mg/kg
bw 5 days

5, 10, 20 pmol/L
24—36 h

50 pmol/L, 25 h
30 mg/kg bw
28 days

0.6, 3, 6 mg/kg
bw/day

28 days

1.02, 2.05 mg/kg
bw/day
14 days

20, 30, 50 mg/kg
bw/day
1 week

4.5 mg/kg bw/day
6—12 months

30, 15, 7.5 mg/kg
bw/day

7 days

5, 10, 20 mg/kg
bw/day

7 days

Diet containing
lutein-loaded
nanoparticles, in
water

2, 6 or 20 umol/L
7 days

Reduce AB;—_4,-induced memory loss,

mitochondrial-oxidative damage; Reversed

AB1_4o-induced caspase-3 activities

Reduce AB_4, secretion in SH-SYSY cells;

Reduce H,0,-induced oxidative stress
Attenuates oxidative stress;
Reduce destruction of DA neurons;

Depletion in the levels of striatal DA and its

metabolites
Reduce oxidative stress;
Enhanced synaptic plasticity

Down regulate oxidative stress markers

(MDA) in cerebral cortex and hippocampus,

up regulate SOD and GSH

Suppress MPP*-induced oxidative stress in

PC12 cells

Inhibit MPP™"-induced production of
intracellular ROS;

Up regulation of SOD and CAT

Increase in antioxidant activity;

Increased CAT activity in the cerebral
cortex;

Reduced the lipid peroxidation levels
Significantly increased levels of all
antioxidant enzymes and decreased AChE
activity;

GSSG/GSH ratio was decreased significantly

Significantly reduce lipid peroxidation;
Increase antioxidant enzyme activity;
Increase SOD level and decrease MDA
level;

Activate the NRF2 signaling pathway,
alleviate acute oxidative stress
Significantly reduce oxidative stress of
polyunsaturated fatty acids in the brain
Elevated GSH/GSSG and SOD, GSH, and
CAT activities;

Decreased MDA contents, 8-OHdG
expression

Reduce DA metabolism;

Enhance the levels and activities of GSH and

GSH-Px
Restore the DA levels, AChE activity and
oxidative stress indicators

Prevention and treatment of AD

Attenuate onset and development of AD

Neuroprotective effect against MPTP
induced experimental PD in mice

Restore cognitive function; Improve
performance in cognitive behavioral
tasks

Have the protective effect on the brain
cell of rat

Strongly considered as a potential
neuroprotectant and adjuvant therapy for
patients with PD

Attenuate onset and development of PD

Protects the brain, and is a safer
nutritional supplement

Improve cognitive ability and treat NDs
such as AD

Confirm the direct protective effects of
(-carotene supplementation on
neuroprotection

Protect the brain from oxidative stress

Afford strong neuroprotective effect

Improve the behavioral pattern and offer
neuroprotection against PD

Protect the nerves of the brain, attenuate
symptoms of PD

300

301

302

131

303

304

305

140

141

306

144

147

150

152

(continued on next page)

syueprxonue AIe)dIp Jo 9[0I [BIOYAUS] [BONLIO Y],

666¢



Table 3 (continued)

Species Studied In vitro/ Experimental model  Effective dose and Mechanisms Main results Ref.
Material in vivo duration
In vitro AB—4; fibrils 1 pg/mL, Inhibition of A fibril formation; Maintain brain health and improve 307
5 pg/mL Potent anti-amyloidogenic activity cognitive function
24 h
In vivo Sprague—Dawley rats 40, 80, 160 mg/kg Reduce serum ROS levels; Prevent severe brain damage through 308
bw/day Increase SOD and GSH activities; antioxidation
5 weeks Up regulate NRF2 and exert antioxidant
effect
Fucoxanthin In vivo Wild type mice and 50, 100, 200 Reduce oxidative stress in injured brains; Alleviate neurological deficits, cerebral 157
NREF2-deficient mice  mg/kg bw/day Reverse the up-regulation of MDA and edema, brain lesion and neuronal
7 days increase the activity of GSH; apoptosis
Increase the neuron survival
In vitro Primary cortical 5, 10, 20 pmol/L Significantly suppress ROS accumulation; Protect neurons from oxidative stress 158
neuron cultures 24 h Enhance NRF2 expression;
Suppress apoptosis in cultured neurons
In vivo C57BL/6 mice 10 mg/kg bw/day Repress a-synuclein abnormal Exert the neural protective effect, might 159
14 days accumulation, oxidative stress and motor perform as a beneficial remedy toward
impairment; PD amelioration
Reverse the MPTP-mediated decline of DA
neuron
In vivo AP oligomer-treated 50, 100, 200 Significantly inhibited oxidative stress; Attenuate cognitive impairments in A 309
mice mg/kg bw/day Attenuate AB neurotoxicity oligomer-injected mice, Prevention of
17 days, AD
In vitro SH-SYSY cells 0.3—3 pmol/L Reduce H,0,-induced intracellular ROS; For the treatment of NDs caused by or 310
2h Significantly decreased H,O,-induced characterized by oxidative stress
neuronal apoptosis and neurotoxicity
Flavonoids Epigallo-catechin- In vivo Male Sprague 100 mg/kg bw/day Significantly lower AB;_4, expression in the Ameliorate learning and memory 165
3-gallate —Dawley rats 4 weeks hippocampus and cortex; impairment in aging rats, and is a
Significantly lower A content; potential substance for the treatment of
Reduce oxidative stress AD
In vivo Male 40 mg/kg bw/day Inhibition of lipid peroxidation and protein Improve the oxidative stress caused by 166
Wistar rats 4 weeks oxidation; sodium fluoride in rat hippocampus and
Significantly decreased the levels of weakened the neurotoxicity
oxidative stress markers;
Significantly increased the levels of non-
enzymatic antioxidants
In vivo Male C57BL/6 mice 40 mg/kg bw Decrease hippocampal A8 plaque deposit Alleviate AD memory deficits, 168
2h number; prevention and treatment of AD and
Reduce oxidative stress other similar NDs
In vitro and Primary brain 1.5, 5, 15, 50, 150, Significantly decline in the accumulation of As a novel, safe and suitable therapeutic 169
in vivo microvascular 500 pg/mL, 2 h Ap plaques; alternative for the treatment of AD

endothelial cells
Male C57BL/6 mice

40 mg/kg bw
24 h

Reduce A4, peptide levels;
Reduce oxidative stress
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Anthocyanidin

Quercetin

In vitro

In vivo

In vivo

In vitro

In vitro

In vitro

In vivo

In vitro

In vitro

In vivo

In vivo

In vivo

In vivo

In vivo

PC12 cells

Male

Wistar rats

CD-1 male mice

Murine
neuroblastoma
N2a cells
PC12 cells

SH-SYSY cells

Male C57BL/6 N
mice

SH-SYSY cells

PC12 cells

Wistar rats

C57BL/6 N mice

Kunming mice

Sprague—Dawley rats

Male Sprague
—Dawley rats

1, 2,5, 10, 20 pmol/L  Inhibit a-Syn fibrillation and aggregation,

24 h, 48 h

10 mg/kg bw/day
15 days

2 mg/kg bw
8 h, 24 h,

3 days

1 pmol/L
48 h

2.5, 5, 10, 20,
40 pmol/L
24 h

25—500 pg/mL
24 h

12 mg/kg bw/day
30 days

100 pmol/L
24 h

5—80 pmol/L
24 h

200 mg/kg bw/day
25 days

24 mg/kg bw/day
14 days
30 mg/kg bw/day
8 weeks

100 mg/kg bw/day
7 weeks

20 mg/kg bw/day
10 days

disaggregate a-Syn mature fibrils, as well as
protect a-Syn overexpressed-PC12 cells
against damage;

Reduce ROS production

Significantly reduce the level of lipid
peroxidation;

DA contents decreased in a dose-dependent
manner

Increase GSH-Px activity in striatum;
Attenuate the METH-induced increase of
striatal CAT and SOD protein levels
Reduce toxic levels of brain Ag;

Reduce ROS generation

Suppressed intracellular ROS production;
Reduce damage by oxidative stress;
Increase the expression of antioxidant
enzymes, remove free radicals
Significantly decreased intracellular ROS
levels;

Reduced cellular lipid peroxidation;
Increased CAT activity

Significantly increased expression of NRF2,
mitigate oxidative stress;

Reduced MDA levels;

Increased GSH levels

Significantly inhibited AB;_4o-induced
oxidative stress; Increase the level of SOD;
Protect SH-SYSY cells against oxidative
stress-induced

Significantly attenuated AgS;

Protected AB-induced DNA damage by
blocking ROS and superoxide accumulation
Induced an decrease in lipid peroxidation;
Increased antioxidant enzymes levels;
Reduced ROS generation

Prevented ROS production

Adjust the balance of redox system;
Significantly increase SOD level and
decrease MDA level

Reduced ROS level and lipid peroxidation

Significantly reduce level of MDA and
increased level of SOD;

Scaveng free radicals and inhibits oxidative
enzymes

Protect the nerves in the brain and have 170
the potential to treat PD

Prevention and treatment of PD 171

Mitigate the METH-induced striatal 173
toxicity in the mouse brain

Hold the potential to protect neuronal 174

function in AD

Play an effective protection role in the 311
pathogenesis of PD, reduce the risk of

PD

Protect neurons from oxidative stress 177

Improved memory functions in AD mice 178

Provide a new treatment strategy for AD 179

Prevention of oxidative stress-mediated 312

AP neurotoxicity

Attenuate memory deficits, protects 313
against oxidative damage in the brain

Improve spatial memory 314

Maintain thinking and memory in aging 315
mice, improve spatial memory ability

Agent for age-related NDs such as AD 316

Protect the brain from oxidative stress 187

(continued on next page)
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Table 3 (continued)

Species Studied In vitro/ Experimental model  Effective dose and Mechanisms Main results Ref.
Material in vivo duration
In vitro Mouse Mixed cortical 1—10 pmol/L Significantly reduced ROS level; Suggest their potential therapeutic 189
neuronal cell 30 min Reduce neuronal cell death and intracellular effects on various NDs
ROS accumulation
In vivo Adult Sprague 25—75 mg/kg bw/day Attenuation of rotenone- induced loss in Potential properties for prevention and 190
—Dawley rats 4 days striatal DA, and nigral oxidized and treatment of PD
increased GSH;
Increase in endogenous antioxidant enzymes
(CAT and SOD) activities
In vitro Immortalized murine  1—100 pg/mL Reduce tert-butyl hydroperoxide-induced Protect the brain from oxidative stress 193
microglial cells (BV- 24 h oxidative stress
2 cell line)
In vitro and Dopaminergic MN9D 10, 30 umol/L, 24 h  Protect DA cells from oxidative stress- Prevention and treatment of NDs, 317
in vivo cell line 25 mg/kg bw/day induced cell death; including PD
MitoPark transgenic 8 weeks Slow down the progressive degeneration of
mice DA neurons
In vivo APPswe/PS1dE9 20, 40 mg/kg bw/day Inhibit radical induced stress; Lessening learning and memory deficits, 318
mice (C57/BL) 16 weeks Reduce the production of ROS; prevention of memory loss and AG-
Promote the clearance of intracellular Ag; induced neurotoxicity
Attenuate AB-induced neurotoxicity
In vivo Male 0.3 mmol/L/day Reduced oxidative stress; Protects the brain from sodium tungstate- 319
Wistar rats 3 months Significantly restored GSH; induced oxidative stress of the nervous
Prevente changes in the brain ROS system
In vivo Male 10 mg/kg bw/day Protect from oxidative stress and lipid Protect the brain from oxidative stress 320
Wistar rats 6 days peroxidation;
Restore antioxidant enzymes activities and
reduce MDA levels
In vivo Male 50, 100, 200 Diminished reduction of DA levels; Showing anti PD’s properties 321
C57BL/6 mice mg/kg bw/day Increased SOD and GSH-Px
14 days
Rutin In vitro PC12 cells 10, 50, 100 mol/L Significantly increased SOD and GSH; Protect the brain from oxidative stress 191
8h Increase CAT activity;
Reduce MDA
In vitro SH-SYSY cells 0.8, 8 pmol/L Decrease the production of ROS, NO and Prevent the development of AD, protect 196
30 min MDA; the aging brain or slow down the
Enhance the antioxidant enzyme activity of neurodegenerative process
SOD, CAT and GSH-Px
In vitro SH-SYSY cells 25—100 nmol/L Decrease ROS generation; Increased Mitigation A Induced neurotoxicity 197
24 h intracellular GSH content; with neuroprotective effect
Reduce lipid peroxidation level
In vivo APPswe/PSEN1dE9 18—25 mg/kg bw/day Significantly reduced A@ deposits, and Ameliorate synaptic plasticity 198
double-transgenic 7 months oxidative stress impairment and reverse spatial learning
mice and memory deficits
In vitro SH-SYSY cells 0.8, 8 pmol/L Decrease ROS, NO and MDA Prevention and treatment of AD 199
8 h Enhance the activities of SOD, CAT and

GSH-Px
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‘Te 30 Suoyq ulf



Silymarin

Genistein

In vitro

In vivo

In vivo

In vitro

In vivo

In vivo

In vivo

In vivo

In vivo

In vivo

In vitro

In vivo

In vivo

In vitro

SH-SYS5Y cells

Male Wistar rats

Male Wistar rats

SH-SYSY cells

Caenorhabditis
elegans

Male

Wistar rats

Male albino
Wistar rats

Adult male
Wistar rats

Male Wistar rats

Male albino
Wistar rats

Hippocampal neurons

Male Swiss albino
mice

C57BL/6 mice

PC12 cells

0.1, 1 mg/mL
12 h, 60 h

25, 50 mg/kg bw/day

14 days

50, 100 mg/kg bw/day

31 days

50 pmol/L
72 h

25, 50 pmol/L, 24 h

100, 200, 300
mg/kg bw/day
15 days

200, 400, 800
mg/kg bw/day
14 days

50 mg/kg bw/day
15 days

160 mg/kg bw/day
11 days

10, 50, 100 mg/kg
bw/day
1 week

0.1, 0.2, 0.4, 0.8,
1 pg/mL
24 h

10, 20, 30 mg/kg
bw/day
28 days

10 mg/kg bw/day
3 days

25, 50, 100 pmol/L
2h

Prevent oxidative stress induced by AS;
Interfere with A@ aggregation and
neurotoxicity;

Reduce AQ levels;

Effectively reduced the generation of NO
Significantly decreased MDA level;
Increased SOD, CAT and GSH-Px activities;
Increased AChE activity

Significantly increased SOD, CAT and GSH-
Px activities in the cerebrum and striatum;
Decreased the MDA level;

Increased AChE activity

Reduce A4, aggregation;

Inhibit lipid peroxidation;

Alleviate oxidative stress

Alleviate oxidative stress;

Reduce A4, aggregation

Significantly increased SOD and GSH
activities;

Suppress ROS production;

Restore the brain’s antioxidant capacity
Significantly reduced MDA activity;
Increased GSH activity; Decreased AchE;
Reduce cortical and hippocampal lipid
peroxides formation

Suppress the production of ROS;
Significantly increased SOD and GSH;
Significantly reduce MDA

Significantly increased in the activities of
CAT, SOD and GSH-Px;

MDA diminution;

Suppress ROS production

Reduce hippocampal level of MDA;
Increase activity of SOD, CAT and GSH;
Ameliorat hippocampal AChE activity;
Alleviated oxidative stress

Reduce excessive production and deposition
of AB peptides;

Increased cell viability;

Decrease ROS and MDA

Suppress oxidative stress in hippocampus;
Reduce lipid peroxidation;

Reduce ROS;

Increase GSH, increase total antioxidant
capacity

Suppressed superoxide production;
Increased GSH content and decreased MDA ;
Inhibit oxidative stress

Alleviate oxidative damage induced by
AB2s.353

Increase GSH; Attenuate ROS levels

Rescue memory deficits in AD 200
transgenic mice, prevention and

treatment of AD

Prevention and treatment of HD 201

Reduce neurobehavioral deficits in rats 202

and neurotoxicity

Might be a novel therapeutic agent for 204

the treatment of AD

Prevention and the treatment of AD 206
Prevention and treatment of PD 207
Improve cognitive impairment and 208

enhance memory ability

Maintaine cognitive and behavioral 209
functions, alleviate brain antioxidant
status, and prevent and treat nervous

system disease

Alleviate neurotoxicity, potential useful 210
candidate in the protection from nervous

system

Prevention of cognitive dysfunction, 214
attenuate spatial recognition,
discrimination, and memory deficits

Prevention and the treatment of early- 216
stage AD
Effectively protect cortical neurons 217

against oxidative stress, ameliorate the

cognitive defects

Effectively reduced cerebral infarction, 218
attenuated neuronal injury and apoptosis

Might possess neuroprotective role 322
through its antioxidant activity

(continued on next page)
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Table 3 (continued)

Species Studied In vitro/ Experimental model  Effective dose and Mechanisms Main results Ref.
Material in vivo duration
Hesperetin In vivo Male C57BL/6 N 50 mg/kg bw/day Attenuate oxidative stress; Restore memory impairment associated 220
mice 6 weeks Reduce the production of AS with neurodegeneration, could be a
therapeutic agent to treat NDs
In vivo Male 50 mg/kg bw/day Reduced ROS production and lipid Ameliorate cognition, spatial learning, 221
C57BL/6 N mice 5 weeks peroxidation; and memory processing
Improve antioxidant protein level;
Reduced ROS in the cortex and
hippocampus regions
In vivo Male 10, 20 mg/kg bw/day Decreased lipid peroxidation of hippocampal Enhance learning and memory, potential 222
Wistar rats 3 weeks area; properties for prevention and treatment
Increased GSH; of AD
Reduced oxidative stress and increased
antioxidant enzymes
In vivo Male albino mice 1, 5, 50 mg/kg bw/day Increased SOD and GSH in the hippocampus Prevented non-spatial/spatial learning 223
3 days and prefrontal cortex and memory decline, enhanced
antioxidant defense
In vivo Male 0, 50, 150 mg/kg Elevated GSH; Ameliorate anxiety and depression-like 225
Sprague Dawley rats  bw/day Activated NRF2 pathway, decreased behaviors and protect the brain
10 weeks oxidative stress
In vitro SH-SYSY cells 10—40 pmol/L Ameliorate ROS; Might be a potential agent for treating 226
6—48 h Increase SOD, GSH-Px, CAT; A neurotoxicity
Reduce the production of A8
Non-flavonoid Resveratrol In vitro Immortalized 10, 50 pmol/L Increase the expression of antioxidants Reinforce the protective mechanisms 239
polyphenols lymphocytes from AD 18 h (CAT, SOD); against memory loss in AD
patients Reduce oxidative stress
In vivo Adult male 20 mg/kg bw/day Amelioration of oxidative stress; Maintaining intracellular antioxidant 323
Wistar albino rats 3 weeks Restored redox balance; status is a promising way to prevent and
NRF2 and GSH-Px activation treat PD
In vitro Neuronal stem cells 1—20 pmol/L Decrease apoptosis and the levels of MDA; Improved neuronal injury and enhanced 324
24 h Increase the activity of SOD and content of neuroprotective effect
GSH;
Activation of NRF2
In vivo Adult male Sprague 15, 30 mg/kg bw/day  Activation of NRF2; Improved neuronal injury and enhanced 325
—Dawley rats 7 days Reduction of oxidation biomarkers; neuroprotective effect
Reestablished SOD activity;
Decreased MDA levels
Curcumin In vitro SH-SYSY cells 5 pmol/L Increase GSH; Play a potential role in the treatment 243
24 h Reduce oxidative stress; neurological diseases
Inhibit ROS accumulation
In vitro Mouse neuroblastoma 0.1, 1, 10 pmol/L Reduce ROS and oxidative stress Prevention and treatment of AD 244
cells 24 h
In vivo Male 100 mg/kg bw/day Increase GSH; Partly alleviate clinical symptoms of PD 246
Lewis rats 50 days Decrease accumulation of ROS and MDA; and exert potential neuroprotective

Ameliorate dopaminergic neuronal damage

and oxidative injury

therapeutic effects
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Phenolic acids

Others

Phenolic acids

Melatonin

In vitro

In vivo

In vitro

In vitro

In vivo

In vivo

In vivo

In vivo

In vivo

In vitro

In vivo

In vitro

In vitro

In vivo

In vivo

PC12 cells

Caenorhabditis
elegans

Cerebellar granule

neurons
Neural stem and
progenitor cells

Adult male
Wistar rats

Male Wistar rats

Adult male
Wistar rats

Male
Swiss mice

Male
C57BL/6 mice

PC12 cells

Male

BALB/cA mice

PC12 cells

PC12 cells

C57BL/6 mice

C57BL/6 mice

0.1, 1, 5, 10, 20
pumol/L
24 h

25 mmol/L
30 min

1 pg/mL

24 h

0.06 mmol/L
7 days

50, 100 mg/kg bw/day

14 days

50 mg/kg bw/day
4 weeks

60, 120 mg/kg bw/day

10 days

0.01, 0.1, 1, 10
mg/kg bw/day
21 days

20, 40, 80 mg/kg
bw/day

7 days

1 mmol/L

12 h

0.5%, 1%, or 2% in

diet

8 weeks

50, 100, 150,
200 umol/L
2h

1.2 mmol/L
24 h

0.5 mg/kg bw/day

4 months
5 mg/kg bw/day
18 weeks

Efficiently attenuated Af,s.3s-induced
oxidative damage;

Inhibit ROS;

Activate NRF2 expression

Reduce lipid peroxidation;

Activate NRF2 pathway and increase
antioxidant activity

Reduce oxidative stress caused by H,O, and
ROS production

Significantly augmented the activities of
CAT in the cells;

Significantly reduced the levels of
endogenous of ROS

Reduce oxidative stress and lipid
peroxidation;

Increase CAT, SOD activities and GSH-Px in
brain

Restore antioxidant enzymes;

Prevent glutathione depletion;

Inhibit lipid peroxidation

Reduce oxidative stress and increase
antioxidant defense system;

Restoration of normal levels of cerebellar
and cerebral CAT, SOD, MDA
Significantly increased SOD, CAT and GSH-
Px activities;

Significantly decreased on lipid peroxidation
Reduce oxidative stress;

Reduce the production of by-products that
interfere with antioxidant activity

Restore the loss of antioxidant enzyme
activities and markedly ameliorate lipid
peroxidation

Decrease ROS and protein carbonyl content;
Retain GSH content

Reduce the content of lipid peroxide and
increase the activities of GSH-Px and SOD

Reduce oxidative stress;
Increase GSH level

Reduce AS deposition;

Reduce oxidative stress

Reduce oxidative stress;

Preserve the nigrostriatal DA function

Prevention and treatment of NDs

Exert antioxidant and neuroprotective
effects

Protect brain nerves, effectively alleviate
NDs

Promote brain recovery and repair in
NDs

Prevent hyperlocomotion and brain
oxidative damage

Might be used as potent neuroprotective
substance in the prevention of PD

Ameliorate the neurotoxicity via
oxidative stress reduction and increase
antioxidant defense system

Prevention and treatment of nervous
system disease

A potent neuroprotective substance in
PD patients

Enhance neuroprotective effect,
prevention and treatment of PD

Might be helpful for the prevention or
alleviation of aging

Improve the cognition of aged rats,
protect the nervous system

Might be a candidate chemical for the
treatment of oxidative stress-induced
NDs

Improve the spatial learning, alleviate
the memory impairment

Slow down idiopathic PD progression,
ameliorate locomotor deficit in the
chronic model of PD

247

253

254

255

256

258

326

327

328

329

330

331

332

269

270

(continued on next page)
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BBB and play an important active biological role in the nervous
system (Table 2 and 3)'**. Research studies have shown that lutein
can be detected in the brains of rhesus monkeys (Macaca mulatta)
after oral administration of 0.25—0.5 pumol/kg bw of lutein'**.

Known for its vision-enhancing properties, lutein has also been
shown in research studies to play an important role in brain health
and may even help prevent NDs'*>'*°. Lutein reduces lipid
peroxide accumulation and MDA formation, restores antioxidant
levels in the brain, and reduces oxidative stress in a concentration-
dependent manner (Table 3)]47. In addition, research studies have
shown that lutein can increase the expression of NRF2 and
participate in the transcriptional regulation of antioxidant en-
zymes'*®. A clinical study conducted in 2017 showed that human
beings with high concentrations of lutein in their brains had
younger neural responses than those with low concentrations'*’
(Table 4)'*'%° Nataraj et al.'*° demonstrated the potential ben-
efits lutein in the treatment of PD. Specifically, lutein can improve
MPTP-induced mitochondrial dysfunction, oxidative stress and
dyskinesia and protect dopaminergic neurons by increasing anti-
oxidant defence and reducing mitochondrial dysfunction. Badgu-
jar et al."”' showed that the long-term administration of lutein at a
dose of 40 mg/kg bw in rats could regulate ROS in the brain and
protect the brain from oxidative damage. A recent research study
showed that in Drosophila exposed to rotenone, lutein-loaded
nanoparticles restored DA levels, tyrosine hydroxylase and
AChE activity and oxidative stress indicators and improved the
survival rate of Drosophila152 (Table 3)150'15 2. Furthermore, di-
etary lutein has not been shown to have any adverse effects in
humans.

Ref.
271
333
334

Might be an alternative way to alleviate

Prevent and decelerate PD-like
the development of AD

neurodegeneration
hippocampal neurons

Main results

attenuated AB-induced oxidative damage;

oxidative stress;
Increase GSH-Px and SOD
Hippocampal slices of 5, 15, 45, 135 nmol/L.  Scavenge free radicals to mitigate oxidative Against neurodegenerative events in

Wistar rats

apoptosis
Reduce oxidative stress; Efficiently

stress;
Protected against oxidative stress and cell

Attenuate MPP*-induced apoptosis and

Mechanisms

4.2.5.  Fucoxanthin

Fucoxanthin is a carotenoid that occurs naturally in edible brown
seaweeds such as Undaria pinnatifida, Laminaria japonica Aresch
and Hijikia fusiformis, among others, and has antioxidant prop-
erties (Table 2)'°3. However, it is unclear whether fucoxanthin can
cross the BBB.

Although there are few research studies on the function of
fucoxanthin in comparison with other carotenoids, a growing body
of research suggests that fucoxanthin has a potential protective
role in NDs'>*'*°_ Fucoxanthin and its metabolites have strong
free-radical-scavenging activity. Fucoxanthin pre-treatment can
reduce the content of MDA, increase the activity of SOD, increase
the antioxidant capacity of neurons and reduce the level of lipid
peroxidation. Fucoxanthin can prevent AS-induced neurotoxicity
by reducing oxidative stress'>°. Research studies have shown that
fucoxanthin can protect SH-SYSY cells from oxidative damage
caused by ROS and AB'>*. Fucoxanthin activates NRF2 and key
redox targets downstream of NRF2, such as the expression of
HO-1, SOD and BCL-2, protecting rodent brains from oxidative
damage'”'*® Sun et al.'” showed that fucoxanthin exerted
neuroprotective effects on MPTP-mediated PD mice by inhibiting
a-syn expression and oxidative stress and could be used as a
potential therapeutic drug to improve PD (Table 3)"%7 17,

Effective dose and

duration
5 mg/kg bw/day

10 pmol/L
7 weeks

24 h
2h

Experimental model
SH-SYSY cells

Wistar rats

In vitro/
in vivo
In vitro
In vitro
In vivo

Studied
Material

4.3.  Flavonoids

Flavonoids are polyphenolic substances isolated from higher
plants, mainly obtained from fruits, vegetables, grains and other
foods, and are the most ingested polyphenolic compounds. A diet
rich in flavonoids helps fight oxidative stress'®*'®'. Thus far, a
variety of flavonoids have been determined to have high antioxi-
dant activity, including gren and black tea (Camellia sinensis)

Table 3 (continued)

Species

5XFAD, 5 familial Alzheimer’s disease mutation; 8-OHdG, 8-hydroxy-2-deoxyguanosine; a-Syn, a-synuclein; A3, amyloid-8; AchE, acetylcholinesterase; AD, Alzheimer’s Disease; CAT, catalase; DA,
Dopamine; GSH, glutathione; GSH-Px, glutathione peroxidase; GSSG, Oxidized glutathione; H,O,, hydrogen peroxide; HD, Huntington Disease; LPS, lipopolysaccharide; MDA, malondialdehyde;

METH, Methamphetamine; MPPT, 1-methyl-4-phenylpyridinium; NDs, neurodegenerative diseases; Nrf2, nuclear factor erythroid 2 like 2; NSCs, Neural stem cells; PD, Parkinson’s disease; ROS,

reactive oxygen species; SOD, superoxide dismutase; Tg2576, transgenic mouse model.
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Table 4  Application of dietary antioxidant supplements in clinical studies of neurodegenerative diseases.
Studied material Participant Effective dose and Outcome measure Main result Ref.
duration
Vitamins 7540 men Vitamin E 400 IU/day Screening for dementia No significant preventive 101
54 £+ 1.2 years and cognitive impairment effect on the incidence of
AD and dementia
57 AD patients Vitamin C Measured blood oxidized Reduce oxidative stress in 102
800 IU/day GSSG, Mini-Mental some AD patients and
6 months State, Blessed-Dementia maintains cognitive status
Scale, and Clock Drawing
Test
214 young adults aged  Vitamin C 500 mg/day Stroop color-word test Significantly increased 335
20—39 4 weeks attention and cognitive
functions
47,335 participants Vitamin C Risk indicators for ALS No association between 336
<400 mg/day, supplemental use of
400 < 700 mg/day, and vitamin C and risk of
>700 mg/day ALS
45,837 men and Vitamin E Total antioxidant Intake of dietary vitamin 337
38,937 women aged 14.9 years capacity; Risk of PD E was associated with a
74—76 years lower risk of PD
1036 PD cases Vitamin E PD clinical symptoms Do not substantially 338
6.0, 7.6, 9.3, 14.6, 176.8 affect the risk of PD
IU/day, 4 years
Carotenoids 62 older adults 12 mg/day The memory, executive Improve cognitive 145
1 year function and cognitive function in community-
flexibility dwelling
60 adult participants Diet Assess attentional Slow cognitive decline. 149
25—45 years old inhibition; Assess Protective role of
response inhibition carotenoids in CNS may
be evident during early
and middle adulthood
682 participants Dietary intakes of total Assesses the severity of A higher level of dietary 339
without a clinical carotenoids, alpha- four parkinsonian signs antioxidant nutrients may
diagnosis of PD carotene, beta-carotene, (bradykinesia, gait, slow the rate of
lutein-zeaxanthin, tremors, and rigidity) parkinsonian clinical sign
lycopene, and beta- progression in older
cryptoxanthin. adults
5.7 &+ 3.0 years
193 healthy Daily intake of fruits and Mini-mental state Reduce the prevalence of 340
community dwellers vegetables examination; clock cognitive impairment in
45—102 years old drawing test; dem-tect later life
scale
1092 nondemented Daily intake fruits and Mini-mental state Moderately decrease the 341
older participants vegetables examination; Isaac’s set risk of dementia and AD
10 years test; Benton visual
retention test
6958 participants Diet AD-associated mortality Reduce the AD mortality 342
aged older than 50 12 years risk
years
2983 middle-aged Diet The cued recall task; Contribute to the 343
adults 13 years Backward digit span task; preservation of cognitive
Trail making test and function during ageing
semantic fluency task
49 healthy women 12 mg/day Verbal fluency, memory, Improve cognitive 344
1 year processing speed and function
accuracy, and self-reports
of mood
295 adult participants Diet The global measure of Prevention of cognitive 345
65—84 years of age, 3 years cognitive function decline

overweight, at risk for
AD and eating a
suboptimal diet in the
Boston and Chicago
city areas

included a
neuropsychological test
battery of twelve
performance-based tests.

(continued on next page)
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Table 4 (continued)

Studied material Participant Effective dose and Outcome measure Main result Ref.
duration
63,257 men and Diet Incident cases were Not associated with the 346
women Average 19.4 years identified through follow- risk of developing PD in
45—74 years old up interviews, hospital Singaporean Chinese
records, or PD registries
Flavonoids 25 working mothers 12 ounce (355 mL)/day Visual verbal learning Improve performance on 183
40—50 years old 12 weeks test; Immediate recall everyday tasks and
(verbal memory); visual cognitive ability
spatial learning test; rapid
visual information
processing
28 participants 200 mL/day Rey auditory; verbal Low-dose anthocyanin 347
55+ years old 8 weeks learning test; verbal did not have any
fluency task; digit-span significant effect on
backwards task; stroop cognition, nerve growth
task; counting span factor
40 men and women Diet Levels of physical Improve the fatigue 348
6 weeks activity; Fatigue levels; experienced early on in
Fatigability; Health those with the nervous
descriptives system disease and
improved mobility and
physical activity
92 patients fulfilling 400 mg/day Clinical scales; lab-tests Delay PD or multiple 349
clinical criteria for PD 48 weeks system atrophy and other
or multiple system related diseases
atrophy
Healthy 50—69 years 450, 900 mg/day The modified Rey Improve a cognitive 350
old subjects 3 months auditory learning task; phenotype that
The ModBent task characterizes the aging
hippocampal circuit
96 subjects 6, 12 mg/day Somatometry; Improve cognitive 351
12 weeks haematology; urine function in the healthy
screens; CogHealth and aged individuals
Groton maze learning test
27 healthy adults 135, 270 mg Near-infrared No significant differences 352
45 min spectroscopy; Oddball were observed for the
reaction time task; rapid level of the cognitive
visual information performance/mood
processing task; stroop measures
task
Non-flavonoid Forty subjects 180 mg/day Buschke selective Improved memory and 353
polyphenols 51—84 years old 18 months reminding test; verbal attention in non-demented
memory outcome adults
measure; consistent long
term recall; brief visual
memory test
60 adults 500 mg/day Rapid visual information Subjective ratings of 354
18 and 30 years old 28 days processing; serial ‘fatigue’ were
subtractions; measures of significantly lower;
cerebral blood flow Significantly increased
diastolic blood pressure;
Levels of resveratrol
metabolites were
significantly higher
120 AD patients 500, 1000, 1500, Magnetic resonance Resveratrol and its major 355
2000 mg/day imaging acquisition and metabolites penetrated the
52 weeks analyses blood—brain barrier to
have central nervous
system effects
23 healthy adults 250 mg Near-infrared Cognitive function, mood 356
45 min spectroscopy; serial and blood pressure were

subtractions; rapid visual
information processing;
mood visual analogue
scales

not affected
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Table 4 (continued)

Studied material Participant Effective dose and Outcome measure Main result Ref.
duration
Healthy older adults 200 mg/day Neuropsychological Improve memory 357
50—80 years old 26 weeks testing; magnetic performance in
resonance imaging association and increase
acquisition and analyses hippocampal functional
connectivity in older
adults
36 persons with mild- 2, 4 g/day AD assessment scale- Anti-oxidant; Anti- 358
to-moderate AD 48 weeks cognitive subscale; AD amyloid effects; The
cooperative study- efficacy of AD is
activities of daily living unknown
Phenolic acids 56 participants 200 mg/day Magnetic resonance Reduce AD pathological 359
65—85 years old with 48 weeks imaging; ADAS-Jcog mechanisms; Improve
mild cognitive score cognitive functioning
impairment
38 healthy 300 mg/day Verbal and visual memory ~ Improvement of cognitive 360
participants 16 weeks test; finger tapping test; functions including motor
symbol digit cording; speed, psychomotor
stroop test; shifting speed, and executive
attention test; continuous functions
performance test
8 healthy elderly men 330 mg/day Verbal and visual memory ~ Improvement of 361
and women 6 months test; finger tapping test; attentional, executive, and
symbol digit cording; memory functions
stroop test; shifting
attention test; continuous
performance test
411 non-demented 2 cups/day Measurement of cerebral Reduce the risk of AD or 362
older adults 3 years Ap deposition; related cognitive decline
measurement of cognitive by reducing pathological
activity; vascular risk cerebral A deposition
score
38 men and 37 400 mg/day Plasma antioxidant The antioxidant will be 363
women 8 weeks capacity; lipid profile; quickly absorbed; It has a
38.5 £ 9 years old vascular function neutral effect on blood
lipids and blood vessel
function
5632 subjects 1—2 cups Mini-mental state; Reduction of mild 364
65—84 years old 3.5 years Babcock story recall test; cognitive impairment and
activities of daily living AD risk
scale
60 healthy older 540 mg Rapid visual information Significantly improve 365
adults 40, 120 min processing reaction time; symptoms of headache;
50 years old or older inspection time; Jensen Did not significantly
box decision/reaction improve cognitive
times; serial subtraction function
N-Back working memory
Others 85 patients diagnosed 0.15 mg/day Magnetic resonance Reduced cerebrospinal 366
as mild cognitive 6 months imaging examination; fluid total TAU level;
impairment cerebrospinal fluid Improve the learning and
protein analysis memory function of
patients
8 patients with mild- 5 mg/day Electroencephalographic Significantly reduces 367
to-moderate AD 3 days recordings; relative nocturnal sleep onset in
power, inter/ patients with mild-to-
intrahemispheric, Fronto- moderate AD
Posterior correlations
80 patients diagnosed 2 mg/day AD assessment scale- Positive effects on 368
with mild to moderate 24 weeks cognition; instrumental cognitive functioning and

AD

activities of daily living;
mini-mental state
examination; sleep
quality index; a daily
sleep diary; safety
parameters

sleep maintenance in AD
patients

(continued on next page)
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Table 4 (continued)

Studied material ~ Participant Effective dose and Outcome measure Main result Ref.
duration
25 elderly subjects Melatonin-containing Mini-mental state Improve cognitive 369
86 + 6 years old with supplement of examination; digit, function and attentional
mild cognitive docosahexaenoic acid verbal, and spatial span; abilities

impairment with tryptophan

12 weeks

Rey’s auditory-verbal
learning test; Rey
—Osterrieth complex
figure

ApQ, amyloid-8; AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis; CERAD, Consortium to Establish a Registry for Alzheimer’s Disease;

GSSG, oxidized glutathione; PD, Parkinson’s disease.

polyphenols, anthocyanins, quercetin and others. Many research
studies have also confirmed that most flavonoids can cross the
BBB and prevent neuronal degeneration'®>”'%*. Epidemiological
studies support the idea that daily intake of dietary flavonoids can
be beneficial in many NDs. Therefore, the following passages
summarize research studies conducted on some flavonoids against
NDs to enhance the understanding of flavonoids.

4.3.1.  Epigallocatechin-3-gallate

Epigallocatechin-3-gallate (EGCG) is a flavonoid mainly found in
green and black tea (Camellia sinensis), and red wine (Vitis
vinifera L.). It has powerful antioxidant activity and can cross the
BBB (Tables 2 and 3)'° where it has a positive impact on brain
function.

EGCG may exert neuroprotective effects by scavenging free
radicals and regulating the balance of oxidation and antioxidation.
One research study showed that enzymatic and non-enzymatic
antioxidant properties were significantly increased and markers of
oxidative stress decreased in the brains of sodium fluoride-
intoxicated rats after 4 weeks of EGCG administration (Table
3)'%. In rat neural cell lines, EGCG significantly increased the
expression of NRF2 and HO-1, inhibited nuclear transcription
factor kappa B (NF-«B), directly reduced the overproduction of
ROS and protected cultured neurons from oxidative stress-induced
cell death'®”. Tn a mouse model of familial AD, EGCG signifi-
cantly reduced AB production, attenuated Ag-induced ROS pro-
duction and induced a significant increase in brain synapses,
improving spatial learning and memory (Table 3)'°®'*”. The re-
searchers demonstrated that EGCG inhibits Cu(Il)-induced pro-
duction of ROS, thereby reducing a-syn overexpression and
primary systemic fibrosis in cells'’". In vivo research studies in a
rat model of PD induced by 6-OHDA showed that EGCG at
10 mg/kg bw by gavage reversed oxidative stress and immuno-
histochemical changes in the striatum and improved cognitive
dysfunction (Table 3)'7%!7!,

In addition to the direct antioxidant capacity, the neuro-
protective effects of EGCG are also shown indirectly by modu-
lating antioxidant enzymes'’>. Pan et al.'”® showed that pre-
treatment with EGCG for 30 min prevented methamphetamine-
induced reduction in striatal GSH-Px activity. Furthermore,
EGCG pre-treatment was observed to regulate methamphetamine-
induced changes in striatal CAT and Cu/Zn SOD protein levels.
Supplementation of EGCG upregulates the antioxidant system and
enhances the activity of key enzymes of the tricarboxylic acid
cycle (TCA cycle) and electron transport chain complexes in the
mitochondria of aging brains, thereby demonstrating its antioxi-
dant potential at the mitochondrial level (Table 3)7317

Nevertheless, there are still some obstacles to translating these
preclinical data into human clinical trials, mainly related to the
dosage regime (dose, interval and duration), and pharmacoki-
netics, particularly bioavailability issues, and these aspects should
be the main focus of future research.

4.3.2.  Anthocyanidins

Anthocyanins are flavonoids found widely in dark fruits, vegeta-
bles and grains. Common dietary sources include blueberries
(Vaccinium spp.), grapes (Vitis vinifera L.), strawberries, cherries
(Prunus spp.), pomegranates (Punica granatum), cabbage (Bras-
sica oleracea var. capitata L.) and other foods that contain high
amounts of natural pigments. Anthocyanins have strong antioxi-
dant properties and can cross the BBB to reach brain tissue, where
they exert neuroprotective effects (Table 2)'7.

Research studies have shown that anthocyanins can neutralize
ROS in cells, inhibit the generation of oxidative stress in nerve
cells and simultaneously reduce the level of intracellular oxidative
stress by effectively activating the production of endogenous
antioxidant enzymes'’®. Anthocyanins can prevent oxidative
damage to nerve cells by inhibiting both AB-induced oxidative
damage and the activation of the BAX pro-apoptotic protein in
mitochondria and by regulating the mitochondrial membrane po-
tential, thus protecting the CNS from various NDs (Table
3)"777179 Ali et al.'”® showed that anthocyanins can activate the
NRF2/HO-1 pathway and its target genes, thereby reducing ROS
production and neurodegeneration. Nutritional epidemiological
studies have shown that long-term intake of anthocyanin-rich
foods can significantly improve memory and cognition in the
elderly and slow the progression of neurological diseases'**-'®'.

Research studies in young, healthy adults have produced
controversial results: some believe anthocyanins to have no effect
on cognition'®, while others find them to have cognitive bene-
fits'®* (Table 4)'®. In conclusion, animal studies and randomized
human clinical trials suggest that anthocyanins can reduce
oxidative stress in the brain and improve cognition and neuro-
protection. Further research studies must focus on finding the
correct dosing regime (dose, interval and duration) for anthocy-
anin therapy in humans to achieve optimal neuroprotective
benefits.

4.3.3.  Quercetin

Quercetin is a strong antioxidant and a major dietary flavonoid
widely found in vegetables and fruits such as onions (Allium cepa
L.), apples (Malus domestica), broccoli (Brassica oleracea var.
italica) and blueberries (Vaccinium caesari.ense)184‘lxs .
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Research studies have shown that quercetin is able to penetrate
the BBB; however, the concentration of quercetin is much lower in
the brain than in the plasma, suggesting that mice have low BBB
permeability. A possible reason for this is that quercetin is a
substrate for BBB efflux transporters such as P-glycoprotein
(Table 2)"%*7"%9,

Interestingly, quercetin has properties that protect the rat brain
from oxidative stress damage. It has been proven that quercetin
can improve neuronal resistance to oxidative stress and excito-
toxicity by regulating the mechanism of cell death. Firgany et al.
(Table 3)'®” showed that quercetin may inhibit oxidative stress and
motor neuron excitotoxicity by inhibiting the p38/MAPK
pathway. Moujahed et al.'®® reported that quercetin reduces
intracellular ROS production and restores mitochondrial mem-
brane depolarization, thereby alleviating the neurotoxic effects
caused by styrene 7,8-oxide. Lee and Jung (Table 3)'*° showed for
the first time that quercetin directly interferes with the activation
of protein kinase C-¢ and p38 MAPK and ameliorates the dele-
terious effects of R-sulfoximine (BSO)-induced oxidative stress by
activating extracellular signal-regulated kinase 1/2 in neuronal
cells. Furthermore, in a rotenone-induced PD mouse model,
quercetin has been shown to upregulate the activity of mito-
chondrial complex I and increase the activity of CAT and SOD
(Table 3)"°. Another research study in a 6-OHDA-induced rat PD
model showed that quercetin treatment increased antioxidant and
striatal DA levels, decreased dopaminergic neuron loss, and
significantly increased neuronal survival'®'. In fact, quercetin and
its structurally related flavonoids have been identified as potential
lead compounds for the development of treatments for neuro-
degeneration in the human brain.

However, a major therapeutic limitation stems from the fact
that quercetin has poor solubility and absorption capacity, as well
as low brain bioavailability'*?, and does not cross the normal BBB
with high efficiency (Table 3)'°°. Further research is needed to
expand on the above aspects of quercetin.

4.3.4. Rutin
Rutin is a flavonoid found in a variety of plants, including buck-
wheat (Fagopyrum esculentum Moench), oranges (Citrus sinen-
sis), grapes (Vitis vinifera), apples (Malus domestica) and tea
(Camellia sinensis (L.) O. Ktze.)'"**. Rutin has been shown to
cross the BBB and act as an antioxidant in the brain (Table
2)194195

Several research studies have shown that rutin, as a potent
antioxidant, has potential protective effects against NDs'*°. Rutin
was able to dose-dependently reduce the formation of AS fibres
in vitro, suggesting that its effect may be related to its free-radical
scavenging activity and that it may inhibit neurotoxicity'?’. Pan
et al.'® found that rutin can specifically target microglia in the
brain, improve energy metabolism in microglia, enhance the
clearance of AB by microglia and delay the pathological process
of AD. Wang et al.'”? found that rutin dose-dependently attenu-
ated AfQ4r-induced neurotoxicity and enhanced antioxidant
enzyme activity in human neuroblastoma SH-SYSY cells. Hu
et al.”” demonstrated that treatment of SH-SY5Y cells with rutin-
loaded nanoparticles was protective against AB-induced cytotox-
icity and reduced NO and ROS levels. Rutin protects dopami-
nergic neurons from 6-OHDA-induced neurotoxicity by
upregulating the activities of antioxidant enzymes, including
SOD, CAT, GSH-Px and total GSH, and inhibiting lipid peroxi-
dation activity'®'. Suganya and Sumathi reported that rutin
ameliorated striatal damage in a 3-NP-induced HD model by

reducing the activity of lipid peroxides®'. Furthermore, rutin

inhibited lipid peroxidation, enhanced the activity of AChE and
attenuated sodium fluoride-induced neurotoxicity in the brain and
striatum of rats’"” (Table 3)]9 1,196-202

Although these basic research studies have presented concrete
evidence of its biological activity, there is an urgent need for
human clinical trials to provide additional data and further clarify
the therapeutic potential of rutin.

4.3.5.  Silymarin

Silymarin, a polyphenolic compound extracted from Silybum
marianum (a species of thistle) is one of the most widely used
flavonoids and is well known for its hepatoprotective activity
(Table 2)°**. However, its ability to cross the BBB has not yet
been reported.

The neuroprotective effect of silymarin has been demonstrated
in models of NDs*****. Silymarin has strong free-radical scav-
enging activity and can protect the CNS from damage. Research
studies have shown that silymarin significantly reduces the
expression of Afi_4p in the muscle tissue of Caenorhabditis
elegans by enhancing resistance to oxidative stress>"®. In addition,
silymarin can inhibit the formation of Ag fibres in PC12 cells and
improve behavioural abnormalities in a mouse model of AD by
ameliorating oxidative stress and inflammatory responses™”*. A
recent research study in a 6-OHDA-induced PD model showed
that intraperitoneal injection of different doses of silymarin (100,
200 or 300 mg/kg bw) for 15 days could increase the activity of
antioxidant enzymes in the brain, reduce the level of lipid per-
oxidation, repair 6-OHDA-induced sports injury and dose-
dependently increase the total number of surviving neurons in
the dense part of the substantia nigra”’. Another research study
reported that silymarin pre-treatment attenuated scopolamine-
induced oxidative stress by increasing ROS-scavenging activity
in cortical and hippocampal regions, increasing GSH content and
reducing MDA levels’*®. Silymarin (50 mg/kg bw) significantly
maintained cognitive and behavioural functions, reduced the
antioxidant state of the brain, and inhibited microglia activa-
tion””. Silymarin can also provide neuroprotection against
acrylamide-induced neurotoxicity by reducing oxidative stress and
inhibiting cathepsin D activity in the cerebellum of rats>'® (Table
3)204206-210 Meanwhile, silymarin has poor water solubility and
low bioavailability, and only 23%—47% can reach the systemic
circulation after oral administration which limits its activity, a
silymarin-loaded liquid nanoemulsion could be useful to deliver
poorly water-soluble silymarin with excellent hepatic protection

by enhanced oral bioavailability via nanosized particles®''.

4.3.6.  Genistein

Genistein is the most active isoflavone in soybean (Glycine max
(Linn.) Merr.) and a phytoestrogen that can cross the BBB (Table
2)?'2. Genistein has low water solubility and bioavailability, which
limits its absorption.

Genistein is an effective free-radical scavenger with high
antioxidant capacity in vitro>'>. Many recent research studies have
shown that genistein has certain preventive and therapeutic effects
on NDs such as AD. Mirahmadi et al.”'* showed that in an animal
model of lipopolysaccharide-induced cognitive dysfunction, oral
administration of genistein flavonoids (10 mg/kg bw) for one week
reduced lipid peroxidation and increased antioxidant defences
(SOD, CAT and GSH) in the hippocampus. More importantly,
high concentrations of genistein exhibited stronger antioxidant
activity in preventing Ap,s_3s-induced neuronal cell death
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compared to low concentrations of genistein, and at the micro-
molar level, the neuroprotective effect of genistein is mainly
mediated by its antioxidant activity’'>~'°, Rumman et al.*!’
showed that genistein ameliorated hypoxia-induced cognitive
impairment in mice by reducing lipid peroxidation, reducing ni-
trite and ROS levels and increasing GSH and total antioxidant
activity. Li et al.”'® showed that genistein may increase the anti-
oxidant level and reduce the level of lipid peroxide by regulating
the NRF2/HO-1 signaling pathway, so as to reduce the oxidative
stress induced by hypoxic—ischemic brain damage in neonatal
mice (Table 3)?!#2167218,

However, because of the unpredictability of genistein and the
uncertainty of the results obtained through various bio-
pharmacokinetic studies, the consistency of genistein in terms of
pharmacokinetics remains unclear, limiting its further
development.

4.3.7. Hesperetin

Hesperetin (4'-methoxy derivative of eriodictyol) is a citrus
flavonoid found in fruits such as oranges (Citrus sinensis), grapes
(Vitis vinifera L.) and lemons (Citrus limon). Hesperetin has been
shown to cross the BBB (Table 2)*'°, and it has been suggested
that the permeability of these active compounds depends on their
lipophilicity.

It has been widely reported that in different models of neuro-
degeneration, hesperetin can exert neuroprotective effects by
counteracting free radicals generated during cellular metabolism
and by enhancing endogenous antioxidant defence mecha-
nisms****?!. A research study evaluating the effect of hesperetin
on Ag-induced AD found that hesperetin significantly reduced
oxidative stress-mediated neuroinflammation, apoptosis and neu-
rodegeneration'®>. According to Kheradmand et al.>*?, that the
most important protective mechanism provided by hesperetin and
nano-hesperetin was a significant reduction in oxidative stress in a
rat model of AD through its reduction of hippocampal lipid per-
oxidation and increased GSH levels as well as increased antioxi-
dant enzyme activity. In addition, hesperetin treatment attenuated
scopolamine-induced changes in oxidative-antioxidant balance,
AChE activity, and neurogenesis in the hippocampus and the
prefrontal cortex to ameliorate scopolamine-induced nonspatial/
spatial learning and memory impairments”**. To analyse the effect
of hesperetin on PD, hesperetin was administered at a dose of
50 mg/kg bw for one week, and the results showed that hesperetin
reduced oxidative stress by regulating NRF2, NF-kB and mito-
chondrial apoptosis®*. Likewise, hesperetin attenuated high-
glucose-induced neuronal oxidative damage by activating the ca-
nonical NRF2/ARE pathway in SH-SY5Y cells’”. A recent
research study showed that hesperetin protects SH-SYSY cells
from advanced glycation end-product-induced ROS and neuronal
cell damage by downregulating A@ production and enhancing AS
degradation, leading to reduced A@ accumulation®®, which may
be an excellent option for the treatment of NDs under enhanced
glycation conditions (Table 3)?20~223223:226,

Future research should investigate the use of hesperetin as a
potential treatment for the prevention or management of NDs.

4.4.  Non-flavonoid polyphenols

Polyphenols are chemicals that are widely found in plants and
foods. Due to their lipophilicity, they can cross the BBB and exert

powerful antioxidant and free-radical-scavenging activities within
. . 227—229
the brain tissue”’ %%’

4.4.1. Resveratrol

Resveratrol is widely found in vegetables, fruits, and other plants
and at particularly high levels in wine (Vitis vinifera L.) and is one
of the most predominant natural polyphenolic compounds with
high biological activity”*>**'. In vitro and in vivo studies have
shown that resveratrol can cross the BBB and exert a positive
effect on NDs>*>2 (Table 2)**°~ 233, However, its oral bioavail-
ability is limited®**, and the presence of specific transporters that
allow it to cross the BBB, in addition to passive diffusion, remains
to be conclusively demonstrated.

Resveratrol is a potent antioxidant both in vitro and in vivo,
which exerts neuroprotective effects by scavenging free radicals and
upregulating cellular antioxidants against oxidative stress™.
Several research studies have shown that its ability to delay ND
progression is mainly manifested as inhibition of A8 aggregation
and destabilization of fibrotic AS, activation of sirtuin protein and
reduction of intracellular ROS accumulation, thus reducing neuro-
degenerative lesions in the hippocampus®>>~*°. A research study
conducted on mouse cortical neuronal cells showed that resveratrol
selectively induced the expression of NRF2 and HO-1 in a dose- and
time-dependent manner and provided protection against neurolog-
ical damage caused by free radicals and excitotoxicity™’. Resver-
atrol can also protect SK-N-BE cells (neuroblastoma model) from
AB and a-syn-induced oxidative stress and toxicity”*®. Resveratrol
can reduce oxidative stress by stimulating endogenous antioxidant
enzymes. This effect was demonstrated by Cosin-Tomas et al.
(Table 3)*? in a research study of a lymphoblastoid cell line from
AD patients showing that 50 pmol/L resveratrol treatment was able
to significantly upregulate gene expression in antioxidant systems,
including CAT and SOD2, compared with AD controls.

Overall, basic research suggests that resveratrol has a powerful
neuroprotective effect in humans. Although it penetrates the BBB,
its low bioavailability minimizes its neuroprotective effects.
Further research could focus on increasing its bioavailability to
improve its therapeutic effect.

4.4.2.  Curcumin

Curcumin is a polyphenol extracted from the rhizomes of Curcuma
L. and has the ability to cross the BBB (Table 2)**°. Recently, several
research studies have demonstrated its potential in NDs.

The beneficial effects of curcumin on NDs may be related to its
antioxidant properties. There is evidence to support the idea that
curcumin can reduce the level of ROS, protect the brain from lipid
peroxidation and reduce neuronal death caused by oxidative dam-
age’*!. Fikry et al.>** showed that curcumin could alleviate
degenerative histological changes and reduce oxidative stress in a
rotenone-induced rat model of PD. Uguz et al.”** showed that cur-
cumin reduced lipid peroxidation in a H,O,-treated SH-SY5Y
human neuroblastoma cell model, and thus protected neurons
from oxidative damage. In a mouse model of AD, dietary antioxi-
dant supplementation with curcumin reduced the accumulation of
Ap and oxidative stress in the cerebral cortex>** (Table 3)*+*>*,

Besides direct scavenging of ROS, curcumin also promotes
antioxidant function by enhancing the activity of endogenous
antioxidant molecules®*. Cui et al.**® showed that curcumin
treatment successfully reversed the decrease in HO-1, NQO1 and
GSH activities in the substantia nigra pars compacta (SNc) in a
rotenone-induced PD rat model. The research study found that
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curcumin treatment restored depleted GSH levels in neuronal
cells, maintained mitochondrial complex I activity, activated the
AKT/NRF2/HO-1 signaling pathway and prevented protein
oxidation®’ (Table 3)**¢**7,

Research also shows that curcumin is relatively non-toxic and
has few adverse effects. Its inclusion in the diet is recommended
for the elderly and those at risk for NDs. However, the poor
bioavailability of curcumin limits its therapeutic application in
brain diseases. Therefore, the improvement of curcumin
bioavailability is an important pharmacological challenge.

4.5.  Phenolic acids

Phenolic acids (such as gallic acid, caffeic acid, protocatechuic
acid or ferulic acid) are an important class of polyphenols widely
distributed in vegetables and fruits, and the phenolic hydroxyl and
carboxyl groups in their structures can react with ROS to exert
anti-free-radical effects”*®**’, Some research studies have shown
that dietary plant phenolics, when absorbed into the bloodstream,
can cross the body’s BBB and directly affect the function of brain
cells'®*°. These results are consistent with previous experiments
on experimental animals, suggesting that phenolic acids may
penetrate the mouse brain through the BBB to exert neuro-
protective activity (Table 2)'%24%7250,

From various research studies conducted so far, phenolic acids
have good nutritional function and antioxidant and other phar-
macological activities and can potentially be applied to inhibit the
progression of NDs. Caffeic acid has been shown to restore the
levels of endogenous antioxidants in the brain, such as CAT, GSH
and glutathione-S-transferase®', and prevent oxidative brain
damage induced by different prooxidants, such as ferrous sul-
phate® 2. Protocatechin readily crosses the BBB, protects neurons
from oxidative stress caused by glutamate excitotoxicity and
nitrosative stress caused by nitric oxide (NO); it also works by
retaining mitochondrial glutathione to inhibit mitochondrial
oxidative stress and consequent apoptosis and to reduce NO
production in microglia treated with lipopolysaccharide, showing
antioxidant activity”>>. Guan et al.”>* found that it can improve the
survival rate of cultured neural stem cells and progenitor cells,
upregulate the activity of intracellular antioxidant enzymes and
further protect nerve cells. On the other hand, gallic acid can
effectively reduce the generation of ROS, significantly increase
the activity of antioxidant enzymes in animal models of ketamine-
induced mania and reduce the activity of AChE and oxidative
stress in the hippocampus and striatum®”. Teixeira et al.”°
demonstrated the ability of gallic acid to prevent mitochondrial
lipid peroxidation in a cellular model using thiobarbituric acid
reactive substances (TBARS) as the biological endpoint. In
addition, ferulic acid can rescue DA neurons in the SNc region and
nerve endings in the striatum from rotenone damage, restore
antioxidant enzyme (SOD and CAT) activity, prevent glutathione
overconsumption, and inhibit lipid peroxidation®’(Table
3)2527255‘257. However, further human clinical trials are needed
to fully define the beneficial activities and therapeutic effects of
phenolic acids on neurons.

4.6.  Others

Melatonin, specifically an indoleamine, is a tryptophan-derived
hormone released by the pineal gland at night and has a role in
regulating the circadian rhythm>* 2, In addition to endogenous
synthesis, some foods are rich sources of melatonin, especially

olives (Canarium album (Lour.) Raeusch.), tomatoes (Solanum
Iycopersicum L.) and grapes (Vitis vinifera L.)**'. The lipophilic
and hydrophilic properties of melatonin allow it to easily cross the
BBB and confer antioxidant protection on the nervous system>
(Table 2)%°1262,

Melatonin functions as an antioxidant and may play an
important role in the development of various NDs induced by
oxidative stress’®’. Melatonin can increase the expression of
antioxidant enzymes (such as SOD and CAT) and inhibit the
excessive production of ROS?*. It can also reduce oxidative
damage to DNA, proteins and lipids®®>. Alghamdi et al.”®® showed
that melatonin can reduce A@ production and neuronal oxidative
damage in AD to promote the recovery of cognitive processes.
Others research studies have reported that melatonin exerts neu-
roprotective effects in AD mouse model by reducing the pro-
duction of A8 and TAU proteins, oxidative stress and neuronal
damage®®’. Sun et al.>®® in a mouse model of AD showed that
melatonin could reduce AB accumulation and ROS production,
improve cognition and alleviate memory deficits. Patki et al.”®”
showed that melatonin attenuated oxidative stress and alleviated
neurobehavioral deficits in a MPTP-induced PD mouse model. In
addition, melatonin can attenuate MPP*-induced apoptosis and
oxidative stress in SH-SY5Y human neuroblastoma cells and
reduce neuronal toxicity”’” (Table 3)°®* 27" Conversely, some
research studies suggest that melatonin triggers PD*’'. Therefore,
further research is needed to ensure better treatments for NDs.

Ergothioneine is an antioxidant of food origin and is known to
be present in only a few foods and microorganisms. Some of the
main sources include fungal foods such as black fungus
(Auricularia auricula), king oyster mushroom (Pleurotus eryngii),
enoki (Flammulina velutipes), and shiitake mushrooms (Lentinus
edodes). Ergothioneine does cross the BBB and its concentration
in vivo is controlled by the membrane transporter protein
OCTNI1°"2, Research studies have shown that it can be measured
in human cerebrospinal fluid and post-mortem brain tissue sam-
ples®”® and is readily accessible to the brains of mice®’* (Table
2)272—274_

Ergothioneine, is a naturally occurring amino acid and is a
thiourea derivative of histidine, containing a sulfur atom on the
imidazole ring, that may protect the nervous system and reduce
the risk of neurological disorders. A number of research studies
have investigated the neuroprotective effects and therapeutic po-
tential of ergothioneine®’> *"’. Song et al.”*" showed that ergo-
thioneine attenuated oxidative stress and prevented cognitive
deficits in a mouse model of D-galactose-induced dementia.
Ergothioneine may prevent cisplatin-induced neuronal damage
and enhance cognitive function in mice by inhibiting oxidative
stress and restoring AChE activity in neuronal cells®®'. In addi-
tion, a protective effect of ergothioneine against the toxicity of AS
was also observed. Mice injected with AB showed learning and
memory deficits, whereas mice pretreated with ergothioneine did
not show memory deficits*®>. A research study showed that when
subjects ate mushrooms rich in ergothioneine, there was a negative
correlation between their mild cognitive impairment and mush-
room intake?®®. Overall, ergothioneine has potential therapeutic
value as an antioxidant to protect the nervous system and reduce
the risk of nervous system diseases. However, more research
studies are needed to determine its efficacy and optimal dose.

Sulforaphane is an effective antioxidant, mainly found in
cruciferous vegetables, such as broccoli (Brassica olearecea var.
italica), watercress (Nasturtium officinale), Brussels sprouts
(Brassica oleracea var. gemmifera) and cabbage (Brassica
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oleracea var. sabellica L.). Research studies have shown that
sulforaphane has good oral bioavailability and can easily cross the
BBB (Table 2)**.

Sulforaphane has been proved to play a neuroprotective role
in vitro and in vivo model”®>**®. Sulforaphane can increase the
level of NRF2 protein in various brain regions including the basal
ganglia, leading to the up-regulation of antioxidant enzymes under
different stress conditions™®’. Morroni et al.”*® proved that in the
6-OHDA-PD mouse model treated with sulforaphane, the GSH
level in the striatum was significantly increased. Lee et al.”®
showed that sulforaphane significantly reduced AChE activity
and reduced scopolamine-induced memory impairment. In addi-
tion, sulforaphane can improve the cognitive function of the AS-
induced AD acute mouse model in the Y-maze and passive
behavior avoidance tests’”. Overall, these preclinical studies
suggest that sulforaphane may have potential as a neuroprotective
agent in the treatment of NDs, and more research studies are still
needed in the future to determine its safety and efficacy in
humans.

In conclusion, dietary antioxidant suplements are potent
bioactive compounds with pleiotropic effects and good prospects
as safe and effective treatments for NDs. However, some of the
above-mentioned antioxidant compounds have poor bioavail-
ability, which needs further improvement. At present, the research
on nanotechnology is the most extensive. Zhang et al.”’' have
shown that a natural small molecule, betulinic acid, isolated from
medicinal plants, can be assembled into nanoparticles, which can
be used as both an effective therapeutic agent for stroke treatment
and an effective carrier for drug delivery to the brain. The
polylactic-glycolic acid copolymer formed by curcumin has 40-
fold increased bioavailability compared to curcumin alone in
rats*>**%2. With the continuous development of research, polymer
nanoparticles or liposome nanocapsules have been used to in-
crease permeability through BBB and improve bioavailability.
Vanaja et al.””* showed that liposomal encapsulation of resveratrol
increased its bioavailability. In addition, focused ultrasound is an
emerging non-invasive technology for targeted drug delivery,
which can safely and reversibly disrupt the BBB and enhance drug
delivery”’. In the future, extensive research and human clinical
trials are still required to realize the therapeutic potential of these
medicinal products. Other preclinical and clinical studies of di-
etary antioxidant suplements with beneficial effects on NDs are
described in Table 3'30142:13%2947330 g Taple 47317363,

5. Conclusions and perspectives

The treatment of NDs is a global health challenge, and their
etiopathology has not been fully elucidated. Without understand-
ing the pathophysiologic basis for these diseases, developing
effective treatments will remain challenging.

The role of oxidative stress in the pathogenesis of NDs has
been well established in numerous preclinical and clinical human
studies. Thus, blocking the production of ROS or promoting
antioxidant defense systems in the brain may help treat NDs. Most
of the findings reviewed here examine the efficacy of dietary
antioxidant supplements in the treatment of NDs. Overall, these
dietary antioxidants supplements have shown great promise in
preclinical studies for NDs (AD, PD, HD and ALS). The reduction
of ROS-induced neurogenesis limits the ability of the adult brain
to regenerate. Dietary antioxidant supplements not only directly
and indirectly reduce the harmful activities of ROS and oxidative
stress but also promote the regenerative capacity of the adult

human brain. In this regard, it is important to point out that a
possible advantage of using dietary antioxidant supplements from
fruits, vegetables, nuts and oils in the treatment of NDs is that they
usually contain multiple antioxidant active compounds that can
enhance each other. Low cytotoxicity, broad population avail-
ability and the ability to cross the BBB make antioxidant therapy a
suitable candidate for combating NDs.

In order to optimize the intake of potentially beneficial oral
antioxidants, it is important to have a diversified and balanced
diet. People can incorporate a variety of antioxidant-rich fruits and
vegetables into their diet, including berries, citrus fruits, leafy
greens, sweet potatoes, nuts, and seeds. In addition to fruits and
vegetables, antioxidant-rich beverages such as green tea or coffee
can also be considered for daily consumption. It is equally
important to note that, in general, obtaining antioxidants through
whole foods rather than supplements is best. This is because whole
foods contain a variety of other beneficial nutrients that work
together to provide health benefits, while antioxidant supplements
may provide isolated nutrients in high doses that can be harmful if
taken in excess.

However, although preclinical animal studies have shown
promising results, success in clinical trials has been limited, and
the benefits of dietary antioxidant therapy in human NDs remain
controversial. Moreover, epidemiological data remain sparse and
controversial, perhaps due in part to the inherent difficulties in
conducting epidemiological surveys of the dietary habits of large
populations. Potential reasons for the conflicting results from
these experiments may include the use of inappropriate doses for
NDs or their different stages of development. Moreover, their
effectiveness in the brain may be limited by their bioavailability,
including an insufficient ability to cross the BBB and poor dis-
tribution in the brain regions, making it difficult for the antioxi-
dant compound to reach target sites. It is also possible that
treatment is initiated when the human patient is already in an
advanced state, where a certain number of neurons have already
died, at which point dietary antioxidant supplements may only
save the surviving neurons and may not be sufficient to alleviate
neurological symptoms. Therefore, it is suggested that dietary
antioxidant supplementation can be started at a young age, when it
can not only prevent but also delay the progression of diseases. In
addition, for a medicinal product to be effective, it must be
administered at its therapeutic concentration for the correct time
frame and for a sufficiently long period of time from the point of
injury. Therefore, any candidate medicinal product must be
carefully evaluated to determine the appropriate therapeutic
dosing regime. An important criterion that must be considered in
the treatment of NDs is the ability to cross the BBB. The BBB is
the main barrier between the CNS environment and peripheral
blood flow, and if the medicinal product does not pass through the
BBB, it will prevent the drug from entering the damaged site in
the brain, in which case the effectiveness of neuroprotective
medications may be limited. And studies in human beings must
focus on assessing the average dose associated with a beneficial
outcome without adverse effects, avoiding safety concerns
whenever possible. Therefore, there is an urgent need for larger
and more thorough human clinical trials to better understand the
mechanisms of dietary antioxidant supplements and reveal their
therapeutic potential, especially in various segments of the pop-
ulation (i.e. infants, children, adults and the elderly). It is expected
that a medication with good effectiveness and few adverse effects
will be developed, with almost no biophar-maceutical adverse
effects, which will be good news for patients with NDs.
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