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ABSTRACT: Natural antioxidants are a very large diversified family of molecules classified by activity (enzymatic or
nonenzymatic), chemical-physical properties (e.g.,, hydrophilic or lipophilic), and chemical structure (e.g., vitamins, polyphenols,
etc.). Research on natural antioxidants in various fields, such as pharmaceutics, nutraceutics, and cosmetics, is among the biggest
challenges for industry and science. From a biomedical point of view, the scavenging activity of reactive oxygen species (ROS) makes
them a potential tool for the treatment of neurodegenerative diseases including Alzheimer’s disease, Parkinson’s disease,
Huntington’s disease, dementia, and amyotrophic lateral sclerosis (ALS). In addition to the purified phytochemical compounds, a
variety of natural extracts characterized by a complex mixture of antioxidants and anti-inflammatory molecules have been successfully
exploited to rescue preclinical models of these diseases. Extracts derived from Ginkgo biloba, grape, oregano, curcumin, tea, and
ginseng show multitherapeutic effects by synergically acting on different biochemical pathways. Furthermore, the reduced toxicity
associated with many of these compounds limits the occurrence of side effects. The support of nanotechnology for improving brain
delivery, controlling release, and preventing rapid degradation and excretion of these compounds is of fundamental importance. This
review reports on the most promising results obtained on in vitro systems, in vivo models, and in clinical trials, by exploiting natural-
derived antioxidant compounds and extracts, in their free form or encapsulated in nanocarriers.

B INTRODUCTION

consequences of these phenomena include necroptosis and

The aerobic metabolism in mitochondria produces toxic
byproducts such as reactive oxygen species (ROS; e.g,
hydroxyl radical OH™, hydrogen peroxide H,0,, superoxide
ion 0,7) and other free radicals." Furthermore, specific genetic
disorders (e.g., inherited mitochondrial diseases) and exoge-
nous agents, such as pollutants, radiations, and smoke, increase
ROS levels in organisms.” An imbalance between antioxidant
systems and the production of oxidants, including ROS, is
known as oxidative stress. Due to their highly unstable nature,
ROS are prone to accept and donate electrons, interact with
biological molecules, such as proteins, lipids, DNA, and RNA,
and affect their structure/function. At the cell level,
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apoptosis induced by mitochondrial, death receptor, and

endoplasmic reticulum pathways."”
The central nervous system (CNS) is extremely sensitive to

ROS damage. Indeed, the CNS is a highly metabolically active

Received: May 26, 2022
Accepted: June 29, 2022
Published: July 19, 2022

https://doi.org/10.1021/acsomega.2c03291

25974 ACS Omega 2022, 7, 25974—25990


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Attilio+Marino"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matteo+Battaglini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nadia+Moles"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gianni+Ciofani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c03291&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03291?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03291?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03291?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03291?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03291?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03291?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03291?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/30?ref=pdf
https://pubs.acs.org/toc/acsodf/7/30?ref=pdf
https://pubs.acs.org/toc/acsodf/7/30?ref=pdf
https://pubs.acs.org/toc/acsodf/7/30?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c03291?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

EVE

organ that requires high concentrations of O,." In addition,
many neurochemical reactions produce elevated doses of ROS
due to the high content of oxidizable substrates, abundant
redox-active metals, large dependence on oxidative phosphor-
ylation in neural cells, and scarce levels of endogenous
antioxidants.” Sustained levels of ROS in the CNS are
implicated in the pathogenesis or progression of different
neurodegenerative diseases including Alzheimer’s disease
(AD), Parkinson’s disease (PD), Huntington’s disease (HD),
amyotrophic lateral sclerosis (ALS), and multiple sclerosis
(MS).?

Antioxidants are agents and molecules which stabilize or
deactivate free radicals. Cells are protected by a synergistic
combination of different antioxidant systems. Properties of
biologically functional antioxidants include the ability to
efficiently scavenge free radicals and chelate redox metals at
physiologically relevant levels. Organic antioxidants are a very
large diversified family of molecules divided into two different
categories: endogenous, synthesized by our cells, and
exogenous, obtained from the daily diet. Classifications are
based on the type of activity (enzymatic or nonenzymatic),
chemical-physical properties (e.g., hydrophilic or lipophilic),
and chemical structure (e.g, flavonoids, polyphenols, etc.). A
variety of phytopharmaceutical extracts show anti-inflamma-
tory, antimicrobial, anti-infective, and antiapoptotic proper-
ties.” In this review, we report the properties and activities of
the most promising natural-derived antioxidants that have been
recently exploited to counteract neurodegeneration, high-
lighting the path from in vitro studies and preclinical
investigations to the potential exploitation in clinics.

B ENDOGENOUS ANTIOXIDANTS AND THEIR ROLE
IN THE CNS

Endogenous enzymatic and nonenzymatic defenses protect our
CNS from oxidative stress, preventing neurodegeneration and
neuroinflammation. Genetic variants affecting functionality or
normal expression levels of these biological defenses are
frequently associated with the early onset or progression of
neuropathological diseases, demonstrating their fundamental
role in balancing ROS homeostasis in the CNS and in other
highly metabolic organs.” In this section, the most relevant
endogenous antioxidants and their role in neuroprotection will
be reviewed.

Superoxide dismutase (SOD) is a highly efficient intra-
cellular enzymatic antioxidant that catalyzes the dismutation of
superoxide anions to molecular oxygen and hydrogen peroxide,
according to reaction 1 in Table 1. SOD is expressed in nearly
all living cells exposed to oxygen, except for Lactobacillus
plantarum. Three isoforms of SOD are present in mammals:
the cytosolic SOD1, the mitochondrial SOD2, and the
extracellular SOD3. They differ not only in the amino acid
sequence and intracellular/extracellular localization but also in
terms of the reactive core, containing both Cu®" and Zn** as
metal cofactors in SOD1 and SOD3 and Mn** in SOD2. The
decrease in SOD2 function is demonstrated to induce different
pathological phenotypes, especially in the brain and in other
metabolically active tissues. Animal models characterized by
reduced SOD2 expression show neuronal effects also observed
in AD, such as high levels of endogenous oxidative stress,
hyperphosphorylation of the tau protein, and apoptosis.”

Human catalase is an enzyme characterized by a tetramer of
four polypeptide chains, is present in the peroxisome of aerobic
cells, and catalyzes the conversion of hydrogen peroxide to
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Table 2. Type of Exogenous Antioxidants and Main Applications in the Treatment of CNS Diseases
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exogenous
antioxidant type source functions exploitation in CNS disorder treatment ref
ascorbic acid vitamins vegetables and fruits ROS scavenging, collagen neuroprotection 20—-24
(vitamin C) synthesis
a-tocopherol vitamins vegetable oils, dried fruits, ~ protection against lipid neuroprotection in PD model, prevention of AD ~ 25-28
and whole wheat peroxidation progression
lutein carotenoids fruit, vegetables, and animal protection of retina against ~ protection against age-related macular 31-34
fat light-induced damage degeneration, improved cognitive functions
zeaxanthin carotenoids fruit, vegetables, and animal protection of retina against ~ protection against age-related macular 31, 32
fat light-induced damage degeneration
gallic acid polyphenols extracted from gallnuts, tea  high antioxidant activity anti-inflammatory, protection against AD and PD,  36—41
(phenols) leaves, olive oil, apples, protection against glutamate-induced
and grapes neurotoxicity
hydroxycinnamic polyphenols cinnamon oil and balsams  high antioxidant activity protection against PD, suppression of 42—45
acids (phenols) inflammation mediated by microglia
resveratrol polyphenols grapes, raspberries, and antioxidant, protection from  anti-inflammatory and neuroprotective properties, ~ 46—50
(phenols) blueberries pathogens improvement of cognitive and motor functions
in HD and MS
quercetin polyphenols fruits and vegetables antioxidant and anti- neuroprotection in PD models, improved recovery ~ 53—58
(flavonoids) inflammatory in ischemia-reperfusion models
tannins polyphenols fruits, vegetables, coffee, tea, no clear function in animals, inhibition of a-synuclein fibrilization 59, 60
(tannins) and wine mostly antioxidant and

antimicrobial

water and molecular oxygen, as indicated in reaction 2 of Table
1. Catalase also promotes the oxidation of toxins by hydrogen
peroxide, following reaction 3 of Table 1. It has been estimated
that 6 million molecules of hydrogen peroxide are converted to
water and oxygen each minute by a single molecule of enzyme.
The lack of catalase in genetic mouse models is known to
increase the occurrence of pathological conditions of diabetes
mellitus, obesity, and fatty liver.”” Concerning the CNS,
overexpression of the mitochondria-targeted catalase inhibits
the production of the amyloid  (Af) deposits and oxidative
DNA damage in the AD mouse model carrying a mutant
human amyloid precursor protein (APP).'” Recent studies also
reported a significantly higher catalase activity in both the
blood and the cerebrospinal fluid of PD, cerebellar ataxia, and
motor neuron disease patients.“

Glutathione peroxidase (GPx) is a family of eight different
isozymes (GPx1—8). GPx converts the hydrogen peroxide or
organic peroxide to water or ethanol, acting in combination
with the reduced monomeric glutathione (GSH), as shown in
reaction 4 of Table 1. In this reaction, GSH oxidizes to
glutathione disulfide (GS-SG). GS-SG is then reduced by
glutathione reductase to complete the cycle. GPx shows
protective effects on various neurodegenerative conditions,
including PD, AD, cerebral ischemia, and convulsive
disorders.'” Tron chelators and lipophilic antioxidants inhibit
the activity of a specific class of GPx, GPx4, inducing
uncontrolled oxidative stress and a regulated mechanism of
neuronal death named ferroptosis,"> known to plazf a key role
in the progression of neurodegenerative diseases.'”"*

Glutathione-S-transferase (GST) is a family of heteroge-
neous selenium-independent isozymes, which catalyzes the
conjugation of GSH to electrophilic centers and detoxifies
endogenous compounds. The omega-class GST is the only
GST characterized by the presence of cysteine, a polar amino
acid residue, in the active site.'® This property allows for
binding and reducing molecules that other GST members can
not scavenge. Genetic variants inducing omega-class GST
deficiency are linked to the early onset of ALS, AD, and PD.'®
Furthermore, the DA.VRA1 congenic rat strain expressing
higher levels of GST-alpha-4 is genetically protected toward
the degeneration of dopaminergic neurons of Substantia nigra

in response to 6-hydroxydopamine (6-OHDA),'® a toxin
commonly used to induce PD models.

GSH is an endogenous nonenzymatic thiolic antioxidant, a
tripeptide composed of cysteine, glycine, and glutamate. GSH
not only is a cofactor of several antioxidant enzymes but also
independently exerts an antioxidant function against free
radicals, peroxides, and lipid peroxides in the cytosol, nuclei,
and mitochondria, where it is particularly abundant (reactions
5 and 6 of Table 1)."” In addition, GSH regenerates the
exogenous antioxidant vitamins C and E back to their active
antioxidant forms. Oxidative stress coupled with mitochondrial
dysfunctions in the brain of PD patients decreases the GSH/
GSSG ratio, which is considered a marker of the neuro-
inflammatory and neurodegenerative phenomena occurring in
this disease.'® Recent meta-analyses also highlighted a
significant decrease in GSH in both cellular (erythrocytes
and leukocytes) and extracellular (plasma and serum)
components of AD patients’ blood."”” Reduced cellular, but
not extracellular, GSH levels are associated with mild cognitive
impairment (MCI)."”

B EXOGENOUS ANTIOXIDANTS

Exogenous antioxidants from fruits, vegetables, and other
sources in the daily diet represent an essential supply
supporting the endogenous antioxidant system. Exogenous
antioxidants are typically grouped into vitamin and nonvitamin
ones. In this section, the specific properties of the most
relevant exogenous antioxidants and their role in neuro-
protection will be reported (Table 2).

Ascorbic acid (the reduced form of vitamin C) is a water-
soluble vitamin located in intracellular and extracellular
hydrophilic compartments. Ascorbic acid is involved in
collagen synthesis and ROS scavenging, especially super-
oxide.” Furthermore, ascorbic acid cooperates with vitamin E
for the regeneration of a-tocopherol to prevent lipid
oxidations. Vitamin C is an essential nutrient for humans,
and it is widely available in vegetables and fruit. Among the
main sources are citrus fruits, tomatoes, strawberries, black-
currants, kiwis, dark leafy vegetables (e.g., broccoli, watercress,
and spinach), cabbage, and potatoes. The relevance of this

https://doi.org/10.1021/acsomega.2c03291
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vitamin C for the CNS has been demonstrated in the knockout
mice for the SVCT?2 ascorbate transporter. In this model, the
presence of vitamin C was not detected in the brain. The
absence of this vitamin induced cerebral hemorrhages and
death at postnatal day 1. This phenomenon may be attributed
to the impairment of the ascorbate-dependent collagen
synthesis that is necessary for both blood vessels and myelin
formation.”' Moreover, The role of ascorbic acid deficiency in
AD was studied by Dixit et al. in biogenic mouse models
heterozygous for the SVCT2 ascorbate transporter and with
human AD mutations in the APP presenilin and (PSENI)
genes.”” The deficiency of ascorbic acid in the CNS impairs
cognition, enhances amyloid deposition, and increases
oxidative stress in both the APP/PSEN1 model and in aging
wild-type mice.”> Furthermore, ascorbic acid displays a
neuroprotection role against glutamate-dependent excitotox-
icity and neurodegeneration in the developing postnatal rat
brain.”> Concerning HD, interesting work by Castro’s group
demonstrated that the SVCT2 ascorbate transporter of striatal
neurons expressing the mutant huntingtin (HTT) gene failed
the translocation to the plasma membrane, with consequent
impairment of the ascorbic acid uptake.”* The authors
suggested that this phenomenon may produce early metabolic
failure and neurodegeneration in HD.

Vitamin E is a class of liposoluble compounds including four
tocopherols and four tocotrienols, with a crucial antioxidant
function in lipids. Particularly, a-tocopherol is the most active
in the protection against lipid peroxidation. After the transfer
of hydrogen to a lipid peroxyl radical, conversion of a-
tocopherol to the a-tocopherol radical occurs. Vitamin C
reduces the a-tocopherol radical to its original form and
recovers its scavenging activity.zs’26 Vitamin E can be sourced
from many types of food such as vegetable oils (e.g., peanut,
sunflower seed, wheat germ, palm, and olive oil), certain dried
fruits (e.g., almonds, walnuts, and hazelnuts), and whole wheat.
Vitamin E deficiency, although very rare, causes nerve
problems. In a recent study by Schirinzi et al. on 100 PD
patients and 100 healthy controls, a higher dietary intake of
this vitamin was associated with an increase in PD occurrence
independent of gender and age, although unrelated to clinical
severity.27 In the same work, the chronic administration of a-
tocopherol fully rescued corticostriatal plasticity in the PTEN-
induced kinase 1 knockout (PINK1—/—) PD model, high-
lighting the neuroprotective action of this vitamin. Further-
more, in a double-blind, placebo-controlled, parallel-group,
randomized clinical trial (NCT00235716) involving 613 AD
patients, participants receiving 2000 IU/day of a-tocopherol
showed a significantly slower clinical decline as compared to
placebo controls (19% delay in clinical progression per year, as
measured by Cooperative Study/Activities of Daily Living).”*

The most important exogenous nonvitamin antioxidant
compounds are carotenoids and polyphenols. Carotenoids are
a class of about 850 fat-soluble tetraterpenes biosynthesized by
plants, algae, and photosynthetic bacteria. In plants, they are
involved in photosynthesis and in the protection from
photodamage. In animals, carotenoids can be supplied by
various dietary sources (e.g,, fruits, vegetables, and animal fat)
and are stored in fatty tissues. Carotenoids in animals play
different roles, the most relevant including as precursors of
vitamin A, photoprotectors, antioxidants, and enhancers of the
immunity system.”” Carotenoids exert their antioxidant
properties by scavenging ROS through physical reactions
(ie., accepting thermal energy from singlet oxygen)® and

chemically by capturing radicals from peroxynitrite and/or
nitrogen dioxide and inhibiting the nitration of tyrosine.”” The
macula of the human retina expresses three carotenoids which
especially absorb in the blue wavelengths: lutein, zeaxanthin,
and meso-zeaxanthin. The first two are obtained from the diet
and are the only carotenoids able to cross the blood—brain
barrier (BBB), while the last one is synthesized from lutein.
Their main role is to protect the retina against light-induced
oxidative damage, involved in age-related macular degener-
ation.”" Different observational studies demonstrated that the
supplemental intake of zeaxanthin and lutein decreases the risk
of this pathology.*” Of these two carotenoids, lutein preferably
accumulates in the brain. Independent studies revealed that the
dietary assumption of lutein produces cognitive health
benefits,*>** and the concentration of this carotenoid in the
brain is linked to the levels of cognitive functions.”

Polyphenols are a heterogeneous group of molecules
generated by the secondary metabolism of plants. Chemically,
they are characterized by aromatic rings and hydroxyl
functions. More than 8000 different phenolic structures are
known and grouped into phenols, flavonoids, and tannins.

Phenols display a phenolic ring and an organic carboxylic
acid function. Among the phenols, hydroxybenzoic acids, such
as syringic, vanillic, and protocatechuic acid, are extracted by
angiosperm plants, particularly in acidic fruits. The availability
of gallic acid, a highly investigated hydroxybenzoic acid, is
more limited (for example, it can be extracted from gallnuts,
tea leaves, olive oil, apples, and grapes). Gallic acid is
characterized by a molar trolox-equivalent antioxidant activity
(TEAC) of about 3-fold that of vitamin E and vitamin C.*°
Furthermore, gallic acid displays remarkable anti-inflammatory
properties, as demonstrated in the zymosan-induced acute
inflammation mouse model.”” The multifaceted neuroprotec-
tive activities of gallic acid in different preclinical AD and PD
models have been recently reviewed by Shabani et al.** In
addition, this hydroxybenzoic acid has been efliciently
exploited to counteract both the glutamate-induced neuro-
toxicity in primary rat cortex neurons’’ and the 6-OHDA-
induced apoptosis in human dopaminergic neural-like cells.”’
Also, gallic acid derivatives such as glucose gallates prevent the
isomerization and aggregation of the tau peptide, a hallmark of
AD, and promote the dissociation of tau from microtubules.*"

Another important group is represented by hydroxycinnamic
acids, which are the most widely distributed phenolic acids in
plants. They are hydroxylated compounds derived from
cinnamic acid, a compound that can be obtained from
cinnamon oil and balsams like storax. Cinnamic acid is slightly
soluble in water and freely soluble in many different organic
solvents. It is a typical component of the medicinal herbs in
traditional medicine and of the Balsam of Matariyya, which was
considered a panacea in Europe and the Middle East during
the Middle Ages.*” Oral administration of the cinnamic acid to
the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
mouse model of PD was able to protect dopaminergic neurons
in the substantia nigra and their fibers in the striatum from
degeneration.” The antidegenerative mechanism involves the
activation of the peroxisome proliferator-activated receptor o
(PPAR@), which is known to play a role in neuroprotection.**
The research group of Pahan also demonstrated that cinnamic
acid exerts an anti-inflammatory role by upregulating the
expression of the suppressor of cytokine signaling 3 (SOCS3)
in glial cells through the CREB pathway."

https://doi.org/10.1021/acsomega.2c03291
ACS Omega 2022, 7, 25974—-25990
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Figure 1. Neuroprotective molecular mechanisms of quercetin in the 6-OHDA-treated PD model. Adapted from ref 53 under a Creative Commons

Attribution License (CC BY 3.0).

Resveratrol is another nonflavonoid phenolic acid intensively
studied for its antioxidant, anti-inflammatory, and neuro-
protective properties.*”*” It is synthesized by different plants
via resveratrol synthase enzyme to protect it from pathogens
(e.g, bacteria and mushrooms). Higher concentrations of
resveratrol can be found in grapes, raspberries, and blueberries.
Biological targets of resveratrol include the quinone oxidor-
eductase 2 (NQO2), estrogen receptor-f (ER-f), glutathione
sulfotransferase-r (GSTP1), carbonyl reductase 1, protein
kinase B in interaction with NQO2, and integrin aVvp.** The
scarce viability of this phenol associated with the oral
administration can be attributed to its limited aqueous
solubility, with a short half-life (~10 min) that reaches more
than 9 h in the case of the sulfate and glucuronide forms.*” In a
recent interesting work by Belmonte-Reche et al., the authors
synthesized different O-silyl derivatives of resveratrol to
improve bioavailability.”® Moreover, triethylsilyl and ditriiso-
propylsilyl resveratrol derivatives showed improved anti-
inflammatory and neuroprotective capabilities compared to
plain resveratrol in vitro. Among these synthesized prodrugs,
the 3,5-triethylsilyl-4'-(6”-octanoylglucopyranosyl) resveratrol
26 was selected due to its superior biocompatibility and
neuroprotection properties in zebrafish embryos. Such a
compound reduced the severity of the motor dysfunctions in
the 3-nitropropionic acid HD model and decreased the clinical
score in an experimental autoimmune encephalomyelitis
mouse model of MS.

Flavonoids, the major group of polyphenols, consist of a
skeleton of two phenyl rings and one heterocyclic ring. The
position of the substituents and the number of hydroxyl groups
define their biological properties in terms of antioxidant
efficacy and as modulators of enzyme activity.”' Flavonoids
exert their antioxidant function as terminators of radical chains
by interacting with free radicals and as metal chelators.
Phenolic antioxidants (PhOH) donate a hydrogen atom to
radicals to inhibit oxidation. Legumes, medicinal herbs, and a
wide range of fruits are rich in flavonoids (they can be
extracted from celery, mint, Ginkgo biloba, chamomile, red
peppers, parsley leaves, and peels of citrus fruits).”> Leaves,
flowers, and fruits contain flavones in the form of glucosides.

Flavonols are the most extensive subgroup of flavonoids in
fruits and vegetables. They are constituents of proanthocyanins
and are characterized by the presence of a ketone group and a
hydroxyl group in position 3 of the C ring, which may also be
glycosylated. The most interesting flavonols include quercetin,

25978

kaempferol, fisetin, and myricetin. In a recent work, a 20 yuM
quercetin treatment was demonstrated to improve mitochon-
drial function, decrease oxidative stress, and decrease a-
synuclein protein expression in 6-OHDA-treated PC12 cells.”
Moreover, oral administration of quercetin also significantly
rescued the motor behaviors in the 6-OHDA PD rat model, by
inhibiting mitochondrial damage, a-synuclein aggregation, and
neuron apoptosis (the biological mechanism is shown in
Figure 1).”> Another independent proof of its neuroprotective
role in the 6-OHDA PD rat model has been observed by
Ghaffari et al. by using quercetin in the nanocrystal structure to
improve its water solubility.”* The protective mechanism of
quercetin toward dopaminergic neurons involves the activation
of Akt and protein kinase D1 (PKD1),> kinases known to play
a key role in cell survival. Quercetin also protects the human
brain endothelial cells upon hypoxia and reoxygenation
damage®® and was exploited to improve the functionality of
the BBB in cerebral ischemia-reperfusion rat models.”” The
activation of the Wnt signaling and the Sirtl/Nrf2/HO-1
pathway seems to be involved in the quercetin-induced
protection mechanism from cerebral ischemia-reperfusion
injury.58

Other subgroups of flavonoids include the water-soluble
anthocyanidin pigments (e.g., cyanidin, malvidin, pelargonidin,
and delphinidin), the aromatic colorless flavanones (e.g,
naringin, hesperetin, naringenin, and hesperidin), chalcones,
isoflavonoids (e.g., daidzein and genistein), and catechins (e.g.,
epigallocatechin gallate and epicatechin gallate).

Tannins are water-soluble phenolic compounds character-
ized by high molecular weight (MW between 0.5 and 20 kDa)
and by sufficient hydroxyl and carboxyl groups to complex with
biomolecules. The peculiar property of tannins is indeed to
bind to and precipitate amino acids, proteins, and alkaloids.
Tannic acid, ellagic acid, gallic acid, and pyrogallic acid belong
to this class, which is commonly presented in both
angiosperms and gymnosperms (e.g., food grains, legumes,
millets, sorghum, barley, fava beans, peas, pigeon peas, carobs,
winged beans, and dry beans contain a large number of
tannins). Despite different approaches being used for
extracting tannins, solvent extraction with acetone is preferable
to reduce tannin—protein complexes.” In a recent work by
Hideshima et al.,, a two-step screening approach selected the
tannic acid among 1262 FDA-approved small compounds as
the most promising molecule in inhibiting the a-synuclein
fibrilization without significant toxicity.*
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B PHYTOPHARMACEUTICAL EXTRACTS

Instead of isolated antioxidant compounds, phytopharmaceut-
ical extracts containing a complex variety of active molecules
offer the potential of a multitargeting therapeutic effect.
Different extraction techniques, including maceration, perco-
lation, infusion, counter-current extraction, supercritical fluid
extraction, phytonics process, pressurized liquid extraction,
microwave-assisted extraction, and sonication, have been
proposed depending on the type of vegetal source (e.g., leaves,
fruits, or spices) and on the properties of the molecules to be
extracted. For example, maceration allows for the extraction of
caffeic acid, p-coumaric acid, ferulic acid, hydroxycinnamic
acids, diterpenes, rosmarinic acid, and flavones from leaves of
thyme, sage, and marjoram.61 Monoterpenoids can be
efficiently extracted by hydrodistillation of leaves and flowers
(e.g, from rosemary and immortelle).”” Instead, terpenes can
be obtained by alcoholic maceration of flowers, seeds, leaves,
and roots (e.g, from licorice, coriander, and southern blue
gum).63 However, classical extraction techniques (maceration,
percolation, and infusion) usually require large amounts of
organic solvents and show a scarce amount of bioactive
molecules, and plant wastes can be still found in the extraction
solution. In the recent work of Fierascu et al,, the innovative
and sustainable techniques used for extraction (e.g., sonication,
microwaves, and pressurized liquid), the advantages/draw-
backs of using these methods, the bioactive compounds
extracted, and the extraction yields have been reviewed for
different plant materials.”* In the following part of the section,
the phytopharmaceutical extracts used for rescuing in vitro and
in vitro models of neurodegenerative diseases will be reviewed.
Curcumins are hydrophobic polyphenolic compounds
extracted from the rhizome of Curcuma longa, a herbaceous
tuberous plant widespread in South Asia, China, and India,
belonging to the family of Zingiberaceae.”> The curcumins
comprise diferuloylmethane (curcumin I) and its derivatives,
such as the p-hydroxycinnamyl-feruloyl-methane (curcumin II)
and the p,p-dihydroxydicinnamoylmethane (curcumin III).
The molecular targets of curcumins are quite wide, including
growth factors and small noncoding RNAs. Moreover,
curcumins are known to affect nucleosome remodeling, DNA
methylation, and histone modification.”® Curcumin I exerts its
anti-inflammatory action by inhibiting the cellular signaling of
the nuclear factor kappa B (NF-kB).°” Early preclinical studies
on the motor abilities and activity patterns of transgenic PD
Drosophila melanogaster models treated with curcumin I
showed the neuroprotective properties of this polyphenol.*®
The reduced PD mobility defects were associated with the
curcumin treatment and accompanied by decreased lipid
peroxidation and lower apoptosis levels. Also, curcumin I was
demonstrated to improve the PD motor symptoms in the
paraquat-induced Drosophila melanogaster model of PD.*
Similarly, curcumin-induced neuroprotective effects have been
demonstrated in 6-OHDA PD mouse models.”””" Its neuro-
protective action on the nigrostriatal pathways of these mice
was mediated by a7-nicotinic receptors.”' Concerning AD,
different independent in vitro experiments demonstrated that
curcumin I binds the Ap, inhibits the formation of its
aggregates, and destabilizes the preformed fibrils.”> However,
its hydrophobic nature, poor bioavailability, rapid metabolism,
limited BBB crossing ability, and quick excretion restrict the
therapeutic effects of its free orally administered form.”

Ginkgo biloba is an ancient and tall Chinese tree (currently
widespread throughout the world), belonging to the
Ginkgoaceae family. Ginkgo biloba extract (GbE) is obtained
from the dried leaves of the plant and results in a yellow
powder. The registered standardized extract of Ginkgo biloba
leaves EGb 761 is obtained by solid/liquid extraction using
aqueous acetone and contains 24% flavonoids (quercetin,
isorhamnetin, and kaempferol are the most represented), 6%
terpene lactones (3.1% ginkgolides and 2.9% bilobalide), and
other molecules (e.g., glucose, proanthocyanidins, and organic
acids).”* Different preclinical works reported protective effects
of EGb 761 in cerebral-ischemia models. Interestingly, Xiaomei
et al. observed that also long-term pretreatments (lasting 12
months before the injury via middle cerebral artery occlusion)
with this extract significantly decrease the ischemia-induced
neuronal damage in aged mice (24 months).”> Specifically,
reduced oxidative stress and infarct volume were found in
treated mice compared to controls. The effects were associated
with inhibition of the ERK activation. Furthermore, the use of
EGDb 761 in dementia patients has been investigated. A meta-
analysis of seven placebo-controlled, randomized, double-blind
clinical trials of at least 20 weeks in duration adopting EGb 761
to counteract dementia was carried out by Gauthier and
Schlaefke.”* The effect of 120 mg or 240 mg EGb 761
treatments versus placebo was considered for 2684 patients in
total. Change in cognition, activities of daily living, and global
rating significantly improved for EGb 761-treated participants
compared to the placebo condition. No significant increase in
the risk of adverse effects was observed compared to placebo,
therefore confirming the good tolerability and efficacy of this
extract for patients with dementia.

Grapes from the genus Vitis contain anti-inflammatory,
antineoplastic, and antiatherosclerotic phytochemicals in their
seeds, skins, and, in a lower amount, juice and stems. A large
number of compounds can be extracted from grapes, including
anthocyanidins, flavonoids (e.g, catechins, quercetin, and
rutin), small phenolic acids (e.g., gallic, p-cumaric, o-cumaric,
cinnamic, caffeic, gentisic, syringe, ferulic, and vanillic acids), a
variety of polyhydro phenols, chalcones, and stilbenes (e.g,
resveratrol), and numerous oligomeric and polymeric deriva-
tives/conjugates with sugars. Depending on the variety of
grapes, extraction approach, agricultural practices, and environ-
mental factors (i.e., heat, drought, and light/UV intensity), the
concentration and composition of the phenolic compounds are
highly variable.”® Leucoselectp-Phytosome is a standardized
grape seed extract rich in oligomeric proanthocyanidins
(OPC). Leucoselectp-Phytosome has been tested in a single-
blind randomized, placebo-controlled crossover clinical study.
An increase in the serum total antioxidant activity (TAG) was
observed compared to the control group.”” In other clinical
trials, improvements in cognitive functions were found in elder
people treated with grape polyphenol extracts, but no
significant effects were found in healthy young adults.”® Narita
et al. demonstrated that polyphenols display high affinity with
multiple biomolecules located in neurons of the hippocampus,
where they exert remarkable BDNF-independent neuro-
protective effects.””

Pomegranate (Punica granatum) belongs to the family
Punicaceae, is native from Iran, and is one of the oldest
known edible fruits. It contains high amounts of polyphenolic
compounds. The soluble polyphenolic content of pomegranate
juice is composed of anthocyanins, catechins, ellagic tannins,
and gallic and ellagic acids.”® The variable colors of the
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different pomegranate fruits, ranging from white to dark red,
are directly related to the composition of anthocyanins, which
changes during the development stages. Pomegranate is
composed of three different parts: seeds (which represent
30% in weight of the fruit and are composed of sugars,
vitamins, polysaccharides, polyphenols, and minerals), peels
(26—30% of the total fruit weight), and juice, which is a good
source of minerals like potassium, iron, phosphorus, calcium,
manganese. Antioxidant, anti-inflammatory, antihypertensive,
and antiatherogenic properties of its juice have been
demonstrated in different in vitro and in vivo models as
recently reviewed by Bonesi et al.®' The neuroprotective
effects of the juice are mainly attributed to ellagitannins
(especially punicalin, punicalagin, pedunculagin, ellagic acid,
and gallic and ellagic acid esters of glucose) and its derived
metabolites, which contribute to its antioxidative, anti-
inflammatory, and antiapoptotic activity. The oral preadminis-
tration of pomegranate extract was standardized to 40% ellagic
acid before cerebral ischemia-reperfusion brain injury signifi-
cantly protects adult rats from neuronal damage in a dose-
dependent manner.*” A reduced level of the nuclear factor NF-
kB p65, tumor necrosis factor @, and caspase-3, as well as an
increase in interleukin-10 and cerebral ATP, were associated
with the neuroprotective antiapoptotic action of the extract.*”
Furthermore, several independent investigations carried out on
in vivo AD models revealed strong neuroprotective effects of
both pomegranate extract and juice.*”** In a recent interesting
work by Malgorzata et al, administrations of the 6-fold
concentrated pomegranate juice (500 mg/kg b.w./day) in
rotenone-induced PD models (treatment with juice started 11
days earlier than rotenone administration) significantly
decreased a-synuclein aggregation and neural apoptosis, with
remarkable improvements on postural stability.*> The presence
of the ellagitannin-derived metabolites in the brain and in the
plasma of the animal models was confirmed as well by
ultraperformance liquid chromatographic tandem mass spec-
troscopy.

The culinary herb oregano is characterized by 70 species
belonging to the genus Origanum, mainly localized in the
Mediterranean territory. The most studied properties of
oregano are antioxidant, antimicrobial, antispasmodic, and
carminative.”® Both oregano extracts and essential oils show a
strong antioxidant and antimicrobial power, due to the high
concentrations of the carvacrol and thymol phenols. Oral
gavage with carvacrol in rats exposed to propiconazole reduces
DNA damage and improves the neurobehavioral effects of this
toxin due to its anxiolytic, antioxidant, and antigenotoxic
activities.””

Leaves of Camellia sinensis and, less frequently, of Camellia
taliensis are used for tea production. Green, oolong, and black
tea are different in the method of production/fermentation and
in the level of antioxidants, with green tea being the richest in
antioxidants when compared to the others.*® Black tea contains
mainly tannins, while green tea contains high concentrations of
antioxidant catechins. The red tea from Camellia sinensis is
obtained from the oxidized bud leaves. The main antioxidant
molecules present in green tea are catechin, epicatechin,
gallocatechin, epigallocatechin, epigallocatechin-3-gallate, epi-
catechin-3-gallate, and gallocatechin gallate.89 As already
specified, exogenous antioxidants play an important role in
preventing neurodegeneration induced by ischemic stroke. In a
recent work, Alexandre et al. investigated the effect of
preadministration with red, white, green, and black tea on

both oxidative stress and memory loss in an ischemia-
reperfusion rat model. Among tea types, only supplementation
with green and red teas (the latter obtained from the oxidized
bud leaves of Camellia sinensis) significantly reduced deficits in
object and social recognition memories. Furthermore, only
green tea was able to limit the deficits in spatial memory,
scavenge the oxidative stress in the hippocampal region, and
prevent the morphological alterations induced by a stroke.”
The more efficient neuroprotective effects of green tea may be
attributed to the superior antioxidant capacity of the catechins.

Ginseng (the root of the genus Panax) is characterized by
the presence of polyphenols, flavonoids, vitamins, and
ginsenosides.”’ The latter are a class of bioactive steroid
glycosides and triterpene saponins with antimicrobial and
antifungal properties produced by Panax for defense. The
attention of the scientific community has been mainly focused
on ginsenoside Rgl, a triterpenoid saponin with neuro-
protective properties. Rbl improves motor deficits in the
MPTP mouse model of PD. Moreover, treatments with this
saponin prevent PD-associated deficits in spatial memory and
learning in the MPTP mice.”” In the AD mouse models, the
pharmacologic targets of Rgl have been recently investigated
by high-throughput metabolomics and include 14 metabolites
involved in linoleic acid, arachidonic acid, tryptophan, and
sphingolipid metabolism pathways.”” A recent systematic
review by Hai-Yong et al. reported the preclinical studies
involving the Rgl for the treatment of cognitive dysfunctions
in AD models.”* The review included 32 investigations,
involving 1643 animals in total. This ginsenoside significantly
improved the cognitive functions in most AD models and
excluded SAMP8 transgenic mice and chronic stress-induced
animals. The combination of the anti-inflammatory and
antioxidant properties, together with the synaptic protection
capacity of this molecule, seems to be involved in the Rgl-
mediated improvement of cognitive behavior. However, it is
important to highlight that the probability of publishing
investigations with positive outcomes is higher compared to
studies with negative or inconclusive results.”>”® Moreover,
although ginseng extracts are commonly used in traditional
medicine, to date there is no substantial scientific evidence
supporting their effectiveness in treating medical conditions in
humans, and the medicinal use of these products is not
approved by the FDA.

Finally, naturally derived extracts with neuroprotective
activity also include those derived from berries,”” olives/olive
leaves,”® Nigella sativa,” and other herbs/fruits.'°%'!
However, a lower number of recent publications can be
found using such natural sources against neurodegeneration
processes, and therefore, a detailed description of their extracts
is not the main scope of this review. It is also important to
specify that, despite a large number of applications, the FDA
approved only two botanical drugs for marketing as
prescription drugs: the ointment against papillomavirus-
induced external warts based on green-tea-derived catechins
(sinecatechins, Veregen),102 and the crofelemer (Mytesi), an
oligomeric mix of randomly arranged catechin, epicatechin,
gallocatechin, and epigallocatechin from the latex of the Croton
lechleri tree used for the symptomatic relief of noninfectious
diarrhea in HIV adult patients.'”> The FDA also highlighted
the necessity to test botanical drug candidates with well-
controlled and adequately designed clinical trials to achieve
market approval.
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Bl ANTIOXIDANT EXTRACT-LOADED
NANOCARRIERS

Despite the great benefits and promising effects of natural
antioxidants, their use in CNS treatment is still somewhat
limited by their ability to cross the BBB and to reach the brain,
their susceptibility to oxidation, and their relatively poor
bioavailability.'”* Nanotechnology-based approaches involving
the use of nanocarriers to improve the limitations of natural
antioxidants (Figure 2) represent one of the most promising
tools for the future application of these compounds in clinical
trials.'”* The main types of nanocarriers exploited for

improving the bioavailability and the efficacy of natural
antioxidants are shown in Figure 3. The properties and
applications of lipid and polymeric nanostructures loaded with
natural antioxidants for applications at the CNS level are
summarized in Tables 3 and 4, respectively.

Lipid-based nanocarriers represent one of the most used
approaches to improve the bioavailability, targeting, and
delivery efficiency of therapeutic molecules. Lipid-based
nanostructures offer several advantages over other solutions
such as increased biocompatibility, relative easiness of
fabrication and functionalization, relatively low cost, and
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Table 3. Examples of Lipid Nanostructures Loaded with Natural Antioxidants along with Their Properties, Fabrication

nanostructure size preparation method application ref
curcumin-loaded lipid-PLGA bubbles 400 nm double emulsion evaporation BBB crossing and potential PD treatment 108
curcumin-loaded SLNs 148 nm hot mixing and homogenization potential treatment of HD 111
N-trimethyl chitosan surface-modified curcumin 412.0 £ 79.7 high-shear homogenization and enhancing curcumin brain delivery 112
loaded SLNs nm ultrasonication
curcumin-loaded niosomes 60 to 90 nm thin-film hydration improving neural stem cell therapy of TBI 113
Ginko biloba extract-loaded niosomes 141 nm film dispersion—homogenization improving oral bioavailability and brain 114
targeting of Ginko biloba extract
thymogquinone-loaded SLNs 172.1 £ 74 nm  hot homogenization potential treatment of HD 115
green tea polyphenol (—)-epigallocatechin-3- 30 to 80 nm co-solubilization potential treatment of AD and HAD 116
gallate loaded lipid nanoparticles
lipid emulsion of pomegranate seed oil 180 nm nanoemulsion by sonication potential treatment of MS 117
lipid emulsion of pomegranate seed oil 135 + 12 nm nanoemulsion by sonication potential treatment of CJD 118
lipid emulsion of pomegranate seed oil // nanoemulsion by sonication potential treatment of AD 119
lipid core nanocapsules loaded with resveratrol 249 + 5 nm interfacial deposition potential treatment of AD 120
resveratrol and grape extract-loaded SLNs 168 to 189 nm  combination of high-shear potential treatment of AD 121
homogenization and
ultrasonication
apolipoprotein E-functionalized and resveratrol- 155 nm combination of high-shear improvement of resveratrol brain targeting 122
loaded SLNs homogenization and
ultrasonication
resveratrol-loaded NLCs 142 nm high-temperature sonication potential treatment of ARSACS 123
antitransferrin receptor antibody-functionalized 133 £ 27 nm  extrusion enhancement of pomace seed extract BBB 124

and pomace seed extract-loaded liposomes

crossing and potential PD treatment

Table 4. Examples of Polymeric Nanostructures Loaded with Natural Antioxidants,

Procedure, and Biomedical Applications

along with Their Properties, Fabrication

nanostructure size preparation method application ref
curcumin-loaded PLGA 150—200 nm single emulsion-solvent potential treatment of AD 125
evaporation
curcumin nanoparticles 127.0 +£ 2.7 nm  antisolvent precipitation potential treatment of intracerebral 126
approach hemorrhage
curcumin-loaded lactoferrin nanoparticles 43—60 nm sol-oil chemistry and potential treatment of PD 128
ultrasonication
curcumin and curcumin—coumarin hybrid analogue loaded  141—168 nm nanoprecipitation antioxidant effect on SH-SYSY cells 129
PLGA nanoparticles
PLGA nanoparticles modified with a BBB-penetrating 139.8 + 152 emulsion-solvent potential treatment of AD 130
peptide co-delivering the Af generation inhibitor and nm evaporation
curcumin
curcumin nanoparticles 60—70 nm antisolvent method BBB crossing and potential treatment of AD 131
denondrosomal curcumin nanostructures // mixing of dendrosomes and  potential treatment of MS 132
curcumin
curcumin nanoparticles 10 nm encapsulation of curcumin  potential treatment of MS 133
in micelles
curcumin nanoparticles 10 nm encapsulation of curcumin  potential treatment for ALS 134
in micelles
curcumin-loaded PLGA nanoparticles 80—120 nm emulsion—diffusion— study of the protective effect of curcumin- 135
evaporation method loaded PLGA nanoparticles upon SK-N-SH
cells
thymogquinone-loaded PLGA nanoparticles 973 + 20 nm  emulsion solvent potential treatment of epilepsy 137
evaporation
anthocyanin-loaded PLGA-PEG nanostructures 120—16S5 nm emulsification-solvent protective effects against Af1—42-induced 140
evaporation technique oxidative stress in SH-SYSY cell line
anthocyanin-loaded PEG-gold nanoparticles 135 + 5 nm conjugation of anthocyanin  potential treatment of AD 141
to PEG-gold
nanoparticles
resveratrol-loaded PLGA-PEG nanostructures 70 nm nanoprecipitation protective effects against Af1—42-induced 142
oxidative stress in the PC12 cell line
white tea extract-loaded PCL and alginate nanostructures  380.8 + 37.9 nanoprecipitation white tea extract delivery and controlled 143
nm release
rosmarinic-acid-loaded chitosan nanostructures 300 nm ionic gelation delivery of antioxidant rosmarinic acid 145
oregano essential oil-loaded chitosan nanoparticles 40—80 nm oil-in-water emulsion and  delivery and controlled release of oregano 146
ionic gelation essential oil
tannic acid and ferulic acid nanostructures 190—450 nm flash nanoprecipitation potential treatment of PD 144

higher affinity for biological structures (e.g, the BBB) due to
their lipidic nature.'** Lipid nanostructures include emulsions,

which are liquid droplets of lipids stabilized by surfactants,
liposomes, and niosomes, which are lipid vesicles with an
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aqueous core, solid—lipid nanoparticles (SLNs), that are lipid
nanostructures characterized by an inner solid core entirely
made out of solid lipids, and nanostructured lipid carriers
(NLCs) that are characterized by a solid inner lipid core
containing droplets of liquid lipids.'*”'*® In general, the type
of lipid nanostructure is chosen based on the nature of the
cargo; in particular, structures characterized by an inner
aqueous core are usually used for the delivery of hydrophilic
substances, while nanostructures entirely composed of lipids
are more efficient as carriers of hydrophobic moieties.'**'%

Curcumin is one of the most investigated natural
antioxidants in biomedical research. This is mainly due to
the high potential of curcumin in terms of antioxidant
activities, anticancer effects, and neuroprotective and anti-
inflammatory capacities.m7’108 However, curcumin also
presents severe drawbacks such as its relatively low solubility
in water and its inability to cross the BBB in significant
quantities.' """ To improve curcumin drawbacks, several
delivery strategies based on the use of nanostructures have
been developed and investigated.'”®'"'~"'* N.Trimethyl
chitosan (TMC)-functionalized SLNs loaded with curcumin
(TMC-SLNs) were for example developed to improve its brain
availability. TMC-SLNs of an average diameter of 412.0 + 79.7
nm were prepared by a combination of shear homogenization
and ultrasonication and demonstrated high stability and the
ability to improve the curcumin BBB crossing efficiency and
brain accumulation."’* In another study, curcumin-loaded
SLNs (C-SLNs) realized with a homogenization procedure
and with an average diameter of 148 nm were tested on an in
vivo model of HD. HD animal models treated with C-SLNs
showed a significantly improved mitochondrial activity in
striatum cells and a reduction of mitochondrial swelling, lipid
peroxidation, and ROS accumulation.''’ An interesting
example of lipid nanostructures loaded with curcumin is
represented by the work of Yan and colleagues:'® hybrid
nanostructures composed of lipid and polylactic-co-glycolic
acid (PLGA) and loaded with curcumin (Cur-NPs) were
prepared through a double emulsion evaporation process. The
obtained nanobubbles, characterized by an average diameter of
436.0 + 58.3 nm, were administrated to PD animal models.
Combining Cur-NBs with a low-intensity focused ultrasound
(LIFU), Cur-NBs achieved brain accumulation thanks to the
BBB opening action of ultrasound stimulation. Moreover, Cur-
NBs were able to release curcumin at the CNS level and to
improve the motor functions of the PD animal models.'*®

A particular class of lipid nanostructure is represented by
niosomes, which are nonionic surfactant-based vesicles with a
structure similar to liposomes. Niosomes can be loaded with
both hydrophilic and hydrophobic compounds by exploiting
the different characteristics of the various parts of the
nanostructure.'”> Narouiepour et al. developed niosomal
nanoparticles loaded with curcumin (CM-NS) to enhance
the therapeutic potential of stem cell therapy in the treatment
of traumatic brain injury (TBI). CM-NS with a diameter
ranging from 60 to 90 nm were administrated orally to animal
models of TBI subjected to stem cell implantations in the
injury site. CM-NS demonstrated the ability to support stem
cell therapy efficiency by reducing inflammation and brain
edema and improving the overall motor activity of animals.' "
An interesting example of the application of niosomes is the
use of Ginko biloba (GbE) extract-loaded niosomes (average
diameter 141 nm), realized through a dispersion—homoge-

nization procedure, able to cross the BBB and deliver GbE to
the brain.'"*

Thymogquinone is an analgesic antioxidant phytochemical
compound found in Nigella sativa and Monarda fistulosa, able
to indiscriminately bind many different proteins (pan-assay
interference compound). SLNs loaded with thymoquinone
(TQ-SLNs) have been used as a countermeasure in an in vivo
model of HD obtained using the mitochondrial complex-II
inhibitor nitropropionic acid (3-NP). In particular, TQ-SLNs
were obtained through a process of hot homogenization with
an average size of 172.1 + 7.4 nm. TQ-SLNs showed the
ability to prevent the damages induced by 3-NP treatment,
preventing the histopathological alterations caused by the
increased oxidative stress caused by the toxin administra-
tion.""> Smith et al. developed nanolipid particles loaded with
green-tea-derived polyphenol (—)-epigallocatechin-3-gallate
(EGCG) as a potential treatment for both AD and HIV-
associated dementia (HAD)."'® In their work, they developed
relatively small nanostructures with a size ranging from 30 to
80 nm through a cosolubilization methodology. The obtained
nanostructures were able to significantly increase the
bioavailability of EGCG compared to the normal admin-
istration of non-nanostructured polyphenol.''®

An innovative approach consists of the formation of
nanodroplets of pomegranate seed oil named Nano-PSO.
These nanodroplets were obtained through a combination of
stirring and sonication combining Tween 80, glyceryl
monooleate, and glycerol. The obtained nanostructures, of an
approximative size of 180 nm, showed interesting antioxidant
activity, being able to reduce demyelination and oxidation of
lipids on in vivo models of MS."'” Nano-PSO of approximately
135 nm demonstrated the ability to prevent the oxidation and
the consequent neuronal loss in the brain of TgMHu2ME199K
mice, an animal model of the Creutzfeldt Jacob disease (CJD).
Interestingly, the treatment with Nano-PSO did not cause any
prevention or reduction of the prion accumulation typical of
CJD, acting mainly on the reduction of lipid oxidation at the
brain level.''® Nano-PSO also demonstrated the ability to
prevent Af accumulation in the brain of AD animal models,
suggesting the possibility to utilize Nano-PSO and other
nanostructure derivatives of pomegranate seed oil against
AD.1®

Resveratrol (3,5,4-trihydroxystilbene) is a polyphenolic
compound commonly present in the human diet, particularly
in grapes and grape derivatives such as red wine. In recent
years, the development of resveratrol-loaded nanostructures to
achieve brain targeting has been investigated due to the
pharmacological potential of resveratrol as an antioxidant and
anti-inflammatory compound.'*” In one such approach lipid-
core nanocapsules of approximately 249 + S nm loaded with
resveratrol (RSV-LPCs) were obtained through interfacial
polymer deposition and tested on an animal model of AD.
RSV-LPCs proved to be able to counteract the neuronal
impairments caused by the treatment with Af1—42, improving
memory function and reducing synaptic damage.'”’ In a
similar approach, Loureiro et al. developed SLNs loaded with
resveratrol and grape extract and functionalized with an
antitransferrin receptor monoclonal antibody (OX26 mAb)
through a combination of ultrasonication and high-pressure
homogenization. The obtained nanostructures, with a size
ranging from 168 to 189 nm depending on synthesis
parameters, demonstrated an improved ability to cross an in
vitro model of the BBB and enhanced inhibitory activity against
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the AB.">' Other strategies to achieve resveratrol BBB crossing
include the encapsulation of resveratrol inside SLNs function-
alized with apolipoprotein E (average size 150 nm), a protein
able to target the LDL receptors overexpressed by brain
endothelial cells and enhance brain targeting.122 Lastly,
nanostructured lipid carriers loaded with resveratrol (Res-
NLCs) of approximately 142 nm, obtained through high-
temperature ultrasonication, were tested on fibroblasts derived
from patients affected by autosomal recessive spastic ataxia of
Charlevoix-Saguenay (ARSACS). Res-NLCs demonstrated the
ability to reduce ROS accumulation and elicit an anti-
inflammatory activity on ARSACS patient-derived cells,
suggesting the possibility to exploit these nanostructures as a
countermeasure for the pathological hallmarks typical of the
disease.'*’

In a work recently published by our group, we proposed the
preparation of liposomes loaded with polyphenol-rich grape
pomace extracts (ext-LSs) as a potential treatment of PD. In
our work, liposomes with an average diameter of 133.0 + 27.0
nm realized through a coextrusion method were functionalized
with an antitransferrin receptor antibody. The obtained ext-LSs
showed the ability to cross an in vitro model of the BBB and to
counteract some common features of PD in a rotenone-based
in vitro model of the disease. In particular, ext-LSs were able to
reduce ROS accumulation, apoptosis, and a-synuclein
accumulation in neuronal-like cells treated with rotenone.'**

Despite the advantages presented by lipid nanostructures,
other approaches to manipulate the biodistribution and
enhance the properties of natural antioxidants are described
in the literature. Polymer-based nanostructures are a widely
used and studied class of nanomaterials commonly exploited as
nanocarrier systems. Similar to what has been previously
discussed concerning lipid-based nanostructures, curcumin is
once again one of the most studied natural antioxidants as
cargo for nanocarriers.'”>~"*> The FDA-approved copolymer
PLGA has been a widely used base for polymeric
nanostructures loaded with curcumin due to its high
biocompatibility and biodegradability.'** Some examples of
curcumin-loaded PLGA nanostructures include nanoparticles
able to prevent ROS accumulation in the SK-N-SH cell line,'*
neuron targeting PLGA nanoparticles with antioxidant and
antiamyloid properties,*> and curcumin-loaded PLGA nano-
structures cofunctionalized with a BBB targeting peptide and
the Af generation inhibitor S1 (PQVGHL peptide), able to
attenuate the behavioral and neuropathological feature of AD
in animal models."*° In an interesting work, Quezada et al.
describe the synthesis of curcumin—coumarin hybrids and
their loading in PLGA nanostructures. The obtained hybrid-
loaded PLGA nanoparticles demonstrated the ability to
prevent ROS accumulation in the SH-SYSY cell line."””
Lactoferrin-based nanostructures have also been proposed as
a potential delivery system for curcumin. In particular,
lactoferrin-loaded nanostructures obtained through sol-oil
chemistry with an average diameter of 43—60 nm were
employed as a countermeasure for ROS accumulation in a
rotenone-based in vitro PD model.””® One of the most
promising approaches involving the use of curcumin is
represented by the exploitation of nanostructures composed
mostly of curcumin, commonly referred to as “nano-
curcumin”."**"*'~"** Nanocurcumin is commonly obtained
through precipitation methods, usually in the presence of
stabilizers such as polyethylene glycol (PEG)'*® or poly-
vinylpyrrolidone (PVP)."*' Nanocurcumin has shown poten-

tial for the treatment of neurological diseases not only in
animals (such as on in vivo models of MS'*?) but also even in
clinical trials."**"** The safety of nanocurcumin has been
tested on patients affected by neurological diseases such as
ALS, in which the administration of nanocurcumin did not
cause any serious adverse effects.** Moreover, in other trials
on human subjects, the administration of nanocurcumin to MS
patients caused a significant downregulation of the expression
levels of mRNA involved in neuro-inflammatory processes.'*

Despite the attention given to curcumin, other natural
antioxidants have also been studied as a cargo of polymeric
nanostructures for the potential treatment of CNS diseases.
For example, thymoquinone-loaded PLGA nanostructures
(THQ-PLGA-NPs) have been proposed as a strategy to
improve the brain accumulation of THQ. In particular, various
nanoformulations of THQ-PLGA-NPs were realized through
an emulsion solvent evaporation method and administrated to
in vivo epilepsy models. The treated epilepsy animal models
showed an enhanced accumulation of THQ at the brain level
and an improvement in terms of seizure events.”’

Anthocyanins are a class of flavonoids with promising
antioxidant, anti-inflammatory, and neuroprotective ef-
fects."*®"3° However, anthocyanins are also highly unstable,
due to their tendency to be oxidized, causing reduced
biological activities."*® To overcome these limitations, several
approaches have been proposed involving the use of
nanocarriers. For example, one strategy described in the
literature involves the encapsulation of anthocyanins into
PLGA-PEG nanoparticles (PLGA-PEG-NPs) through a
solvent evaporation technique. The obtained anthocyanin-
loaded PLGA-PEG-NPs of approximately 165 nm showed
enhanced antioxidant properties compared to free anthocya-
nins, being able to prevent the toxicity induced by Ap
treatment on SH-SYSY, acting as antioxidant, antiapoptotic,
and anti-inflammatory agents.'*” In another approach,
anthocyanins were conjugated to polyethylene glycol-gold
nanoparticles (PEG-AuNPs)."*" The obtained PEG-AuNPs, of
about 135 nm in diameter, showed once again interesting
effects upon some of the common hallmarks of AD, being able
to inhibit apoptosis and neurodegeneration in Af1-42-treated
AD animal models."*’

Polymeric nanocarriers have been exploited also for the
delivery of the previously discussed resveratrol. In particular,
Lu and colleagues were able to obtain resveratrol-loaded
polymeric nanostructures composed of polycaprolactone
(PCL) and PEG of approximately 70 nm in diameter through
a coprecipitation synthesis method. The obtained nanostruc-
tures showed neuroprotective effects being able to reduce
oxidative stress and caspase-3 activation in PC 12 cells caused
by Ap treatment.'*” Sanna et al. proposed a method for the
encapsulation of white tea extracts in PCL and alginate
nanoparticles."*’ The authors were able to obtain nanostruc-
tures of approximately 380.8 + 37.9 nm average diameter
through a nanoprecipitation method. The obtained nanostruc-
tures demonstrated good stability, high antioxidant capacity,
and the ability to release tea extract in a controlled manner.'**

Lastly, tannic-acid-based nanoparticles have also been
proposed as antioxidant nanostructures for the treatment of
chronic oxidative stress. In particular, tannic acid nanoparticles
obtained through flash nanoprecipitation in the presence of
ferulic acid with an adipic acid linker (FAA) were able to
prevent aSYN fibrillization, reduce aSYN accumulation, and
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counteract inflammation, ROS, and NO production in
microglial cells."**

B CONCLUSIONS

Among the naturally derived antioxidant compounds, the most
encouraging results in counteracting deficits caused by
neurodegenerative diseases have been so far obtained by
using epigallocatechin gallate."’® This catechin from green tea
is able to efficiently inhibit the progression of Alzheimer’s
disease symptoms in young adults with Down’s syndrome
(NCT01699711)."*" Clinical investigations involving a larger
cohort of patients will be needed to evaluate the antidegener-
ative and neuroprotective effects of resveratrol
(NCTO00678431),"** despite that its brain availability and
antineuroinflammatory effects have already been demonstrated
in humans (NCT01504854).'*’ Instead, no clinical efficacy
was demonstrated when using vitamin E (NCT00040378) and
oral curcumin (NCT00099710) for the treatment of
Alzheimer’s disease symptoms. These negative results may be
attributed to the limited bioavailability of these compounds,
scarce brain targeting, or fast degradation. Therefore, future
works should be directed toward the modification and
nanoencapsulation of these molecules to protect them from
oxidation in the blood and facilitate their release in the
brain,"*°

Altogether, we believe that epigallocatechin-gallate and
resveratrol are two naturally derived compounds that may
have a clinical impact in the medium-/long-term for the
treatment of CNS diseases due to their strong antioxidant and
anti-inflammatory activities and thanks to the promising results
demonstrated in clinical trials by using their free form.
However, alternative administration routes (e.g, intranasal)
should be tested to promote the accumulation of these
antioxidants in the CNS.

Regarding antioxidant nanoformulations, clinical trials are
very limited, and further in-depth preclinical investigations will
be required to appropriately design efficient and safe
nanomedicines for these applications, especially focusing on
the targeted delivery of the cargo in the diseased CNS regions.
However, recent clinical trials using nanocurcumin (Sinacur-
cumin) showed promising results in decreasing neuro-
inflammation in patients with multiple sclerosis
(NCT03150966). Compared to the free form of curcumin,
curcumin in nanomicelles shows a remarkably higher solubility,
and therefore, an improved biodistribution is guaranteed. This
may explain the different outcomes obtained by using the
molecular and nanomicellar forms of curcumin in clinical trials.
Finally, among phytopharmaceutical extracts, the standardized
EGb 761 formulation from Ginkgo biloba leaves showed good
efficiency and no significant risks of adverse effects in dementia
patients, as demonstrated by meta-studies involving seven well-
controlled clinical trials.”* Finally, grape seed extracts showed a
role in improvin% cognitive functions in elderly people
(NCTO03526406),” but further studies with standardized
grape extracts on patients with CNS diseases will be required
to verify their actual potential in clinics.

CNS is highly metabolically active, extremely sensitive to
ROS damage, and prone to develop degenerative conditions
attributed to or associated with oxidative stress. Natural
product-derived molecules and extracts reported in this review
show a series of properties potentially useful for protecting
CNS from neurodegeneration, including antioxidant capacity,
anti-inflammatory functions, antiaggregation activity toward

misfolded proteins, antiferroptosis, and antiapoptotic roles.
The difficulty to cross the BBB and reach specific CNS regions,
the susceptibility to oxidation, and the relatively poor
bioavailability represent the main limitations to their actual
exploitation in the free-molecule forms. The recent develop-
ment of nanomedicine, especially in the preparation of brain-
targeting nanocarriers encapsulating molecules with different
chemical-physical properties, promises the realistic use of these
active principles in the treatment of CNS pathologies. We
therefore expect a substantial increase in clinical interest
toward these antioxidant nanoformulations. To achieve market
approval, however, full compliance with the indications of the
regulatory agencies, including adequately designed and well-
controlled clinical trials, will be necessary.
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