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Neurodegenerative diseases (NDs) represent a heterogeneous group of aging-related disorders featured by progressive
impairment of motor and/or cognitive functions, often accompanied by psychiatric disorders. NDs are denoted as ‘protein
misfolding’ diseases or proteinopathies, and are classified according to their known genetic mechanisms and/or the main
protein involved in disease onset and progression.
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| 1. Introduction: Neurodegenerative Diseases

In recent years, great advances have been made in understanding the genetic, molecular, and biochemical mechanisms
of neurodegenerative diseases (NDs), a group of disorders of the central nervous system (CNS) featured by extra- and
intra-cellular accumulation of misfolded proteins, as well as progressive dysfunction, degradation or death of neurons.
However, surviving neurons show remarkable morphological changes in the size and shape of the nucleus and chromatin
condensation [,

Protein misfolding is the main cause of a series of strictly connected events, first and foremost, the failure of the ubiquitin-
proteasome system (UPS), followed by the collapse of autophagy. Both events lead to oxidative stress, mitochondrial
energy deficiency, dysfunction of neurotrophins, and activation of neuroinflammation, as well as extensive formation of
free radicals. Concomitantly, dysfunctions of the neuronal Golgi apparatus and axonal transport can frequently occur [,

Alzheimer’s disease (AD), Parkinson’s disease (PD), and Huntington's disease (HD) are considered worldwide as the
main neurodegenerative disorders 22, sharing several similarities at the subcellular and molecular level such as synaptic
abnormalities, deposition of misfolded proteins in the brain, activation of glial cells, and loss of neuronal connectivity of
synaptic circuits. All these diseases usually appear in adulthood as slowly progressive disorders, mainly affecting motor,
cognitive, and mental functions 421,

1.1. Alzheimer’s Disease

Alzheimer’s disease (AD) is the most prevalent cause of dementia, with the number of patients expected to reach more
than 150 millions by mid-century worldwide. AD is a slowly progressive ND, which gradually impairs activities of daily
living and social functioning in affected people [ZIEITIE]

The development of AD symptoms is very insidious: it takes many years before patients begin to show memory
impairment exceeding that typically observed for their age group and many more years before their cognitive abilities
decline to a functionally disabling degree, with loss of spatial and temporal orientation, as well as verbal fluency 220,

In most cases, AD is late-onset and occurs sporadically, but some early-onset familial forms have been described, mainly
linked to three causative genes, i.e. APP, PSNE1, and PSENZ2, which respectively code amyloid precursor protein (APP),
presenilin-1 (PSNE1), and presenilin-2 (PSNEZ2) proteins. In addition, several genetic risk factors, including the €4 allele of
apolipoprotein E (ApoE), have been reported 111,

Currently, there is no definitive treatment for AD, and the available therapeutic interventions (Figure 1) are aimed at
managing the disease, i.e., mitigating or halting the associated symptoms 12I[L3](14](15]
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Figure 1. Molecular structures of main anti-AD drugs.

In sporadic AD, a reduction in brain weight, although not constant, is generally usual, as evidenced by macroscopic
findings. More severe atrophy is evident in early-onset and familial AD. Diffuse gyral atrophy and ventricular dilatation—
involving the temporal cortex, amygdala, hippocampus, and entorhinal cortex, without affecting the occipital lobe—are
often found.

Microscopic neuropathological features of AD—detected on post-mortem brain examination—include intracellular
neurofibrillary tangles (NFTs), and extracellular plaques of B-amyloid peptide (AB), both associated with neuronal loss and
altered synaptic connectivity [LEIL7IL8I19]

Under physiological conditions, microtubule-associated tau protein supports neuronal growth, but becomes cytotoxic
when hyperphosphorylated, precipitating as paired helical filaments, i.e., NFTs. Tau aggregation affects neuronal axons

and, consequently, causes neurodegeneration, with significant effects on AD pathogenesis and progression [22[21][22][23]
[24]

In turn, according to the Af3 cascade hypothesis, the formation of AP plaques is essentially generated from the catalytic
cleavage of APP, a transmembrane glycoprotein composed of 770 amino acids, operated first by B-secretase and then by
y-secretase, respectively, at the N- and C-termini of the protein [221[26]27],

The deposition of the cleavage product of APP is ultimately the strong self-aggregating B-amyloid peptide of 42 amino
acids, known as AB1_42 [28] which is neurotoxic both in vitro and in vivo 22, AB monomers form dimers, then oligomers,
protofibrils, and mature fibrils, finally resulting in the formation of AR aggregates 29,

Accumulation of AB;_4»> promotes further pathological effects, such as disruption of synaptic connections with consequent
neuronal damage and decreased release of cholinergic neurotransmitters. Indeed, the cholinergic system plays an
important role in learning so that cholinergic dysfunctions are the main causes of memory impairments observed in AD
patients BUE2 Therefore, many treatment strategies for AD have been focused on the restoration of the cholinergic
neurotransmission [23134],

In this context, available drugs are mainly cholinesterase inhibitors (ChEIs)—including donepezil B2 tacrine [8],

rivastigmine 37, and galantamine 28 (Figure 1) —which prevent acetylcholine breakdown, improving its bioavailability 2]
l24],

Memantine (Figure 1), an uncompetitive antagonist of glutamatergic N-methyl-d-aspartate (NMDA) receptors, represents
a valuable therapeutic option for AD. Indeed, glutamate stimulates post-synaptic receptors involved in memory processes,
while memantine decreases the excess of glutamate responsible for neuronal death in AD patients B240141].

Other promising anti-AD agents are molecules preventing AR or tau aggregation, from small compounds 421431144] ¢
peptides and monoclonal antibodies (mAbs) [L4[441145][46](47]

For example, based on the 17-21 residues of the AR peptide, i.e., LVFFA, Soto et al. designed a peptide inhibitor LPFFD,
also known as iAB5 1849 Dye to the substitution of valine with a proline residue, not able to fit in the B-sheet structure,
iAB5 exhibited a very low propensity to adopt a B-sheet conformation, preventing the interaction between A3 molecules
and the formation of B-sheet oligomers (48159,

Moreover, residues 16—20 of the AR peptide, i.e., KLVFF, are crucial for the formation of 3-sheet structures 51 KLVFF
peptide can bind its homologous sequence in AB, preventing its aggregation into amyloid fibrils E2[3154]



An alternative strategy explored in AD treatment consists in the solubilization of preformed p-amyloid plaques,
successfully realized with humanized mAbs or copper/zinc chelators. Indeed, oxidative damage — promoted by metals
such as iron, zinc, copper, and aluminium — is one of the main causes of AD, since these metals interact with 3-amyloids
and promote their aggregation =2,

Therefore, the use of suitable chelators, such as the copper chelator D-penicillamine (Figure 1) B854 gple to reduce the
amount of metal in the brain, can represent a valid approach to AD treatment 28159,

Further available anti-AD agents are non-steroidal anti-inflammatory drugs such as tarenflurbil (Figure 1), i.e., the pure R-
enantiomer of flurbiprofen [69) and/or antioxidants 2 most of which are derived from natural sources.

For example, osmotin is a 24 kDa multifunctional plant-derived protein from tobacco (Nicotiana tabacum), with a
remarkable neuroprotective effect, demonstrated in a mice model of AD [E2631(64]

However, all these available drug options are aimed at managing the disease since no definitive cure exists L2/[L3I[14]15]
1.2. Parkinson’s Disease

The second most common age-related neurodegenerative disorder and most common movement disorder is Parkinson’s
disease (PD), with a prevalence of over 2% after the age of 65.

Pathological features of this ND are a reduced number of dopaminergic neurons in the substantia nigra pars compacta
and the presence of Lewy bodies, i.e., eosinophilic intracellular inclusions formed by aggregates of the a-synuclein
(SNCA) protein. These aggregates begin to form in the medulla and olfactory bulbs, spreading progressively—according
to Braak's six-stage description—to involve pons, midbrain, limbic lobe, amygdala, and neocortex [62IBEI67IE8] The spread
of Lewy bodies eventually leads to the dysfunction of other neurotransmitter systems, such as adrenergic, cholinergic, and
serotonergic 69179,

Owing to the geographical variability observed in PD incidence, this disease has been regarded for years as a purely
sporadic disorder, mainly of environmental origin. The era of the recognized genetic contribution to the pathogenesis of
PD began in the late 1990s, thanks to the Contursi family (from the namesake village in Campania, Italy), in which
molecular genetic studies revealed in the gene locus 4g21-22 (termed PARK1) the first SNCA-associated PD [, Since
this gene has been identified, more than twenty genes and several independent risk-associated variants have been linked
to PD onset [72],

Several studies also demonstrated that the dysfunction of the UPS system plays a direct role in the pathogenesis of PD.
Under physiological conditions, UPS is responsible for most of the protein turnover within cells. In PD, misfolded and
aggregated SNCA impairs UPS function contributing to neuronal death 23],

It is now well accepted that PD is a complex multisystem ND, with both motor and non-motor signs and symptoms [Z4],

Since dopamine is involved in motor functions, its reduction results in brady-hypokinesia, rigidity, tremors, decreased
balance, and gait difficulties, which are the cardinal features of the PD motor phenotype [Z2IZ8IZ7],

Non-motor signs—which are very prominent, especially in advanced PD stages—result from multiple neurotransmitter
deficits in both the central and peripheral nervous systems, and significantly affect the quality of life of PD patients. These
signs include: cognitive (dysexecutive syndrome, mild cognitive impairment to dementia), behavioural (hallucinations,
delusions), mood depression, pain, dysautonomia (constipation, urgency, orthostatic hypotension), sleep, and vigilance
disturbances 878, Non-motor signs may also occur in the first stages of the disease, or precede the motor phase by
several years, such as olfactory deficit due to olfactory nerve damage 8%, or disturbances during rapid eye movement
(REM) sleep, such as vivid dreams and/or nightmares, that may be responsible for self- or hetero-aggressive acts, or
constipation.

Currently, the disease remains pathogenetically incurable, and only symptomatic approaches are available for PD
patients, while no disease-modifying therapies have been described (811821,

To restore the dopaminergic transmission, current approaches are essentially based on exogenous dopamine supply as
such or administered as its levodopa (L-DOPA) precursor (Figure 2) [83184]
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Figure 2. Molecular structures of main anti-PD drugs.

Indeed, dopamine is not able to overcome the blood—brain barrier (BBB), due to its low lipid solubility and lack of specific
transporters. In contrast, its natural L-DOPA precursor can cross the BBB to a certain extent and is then converted to
dopamine in the brain, due to the DOPA decarboxylase enzyme [B3l88 However, when orally administered, L-DOPA is
rapidly decarboxylated to dopamine; thus, the amount of drug effectively able to reach as such the CNS is very small. So,
to maintain its effectiveness, the L-DOPA dosage should be enhanced, but this increased dose is often associated with
severe side effects, such as depression, anxiety, insomnia, agitation, nausea, and vomiting Z2BUE7 Moreover, its long-
term use is accompanied by adverse effects, such as tardy action and disabling dyskinesia termed “Levodopa-induced
dyskinesia” [88],

To maintain the L-DOPA efficiency avoiding high doses or high dosage frequency, another effective possibility consists in
its co-administration with carbidopa (Figure 2), an inhibitor of the DOPA decarboxylase enzyme, able to prevent L-DOPA
metabolism at the periphery [E11(82],

However, disadvantages associated with the clinical use of L-DOPA stimulated the search for novel anti-PD drugs. In this
context, rotigotine—a non-ergot-derived D3/D2/D1 agonist (Figure 2)—proved to have neuroprotective properties and
lighten the motor symptoms of PD BA9991 Ajternative dopamine agonists are ropinirole, bromocriptine, and pramipexole
(Figure 2) (811,

Ropinirole is a non-ergoline D2/D3 dopamine receptor agonist able to specifically bind D2-receptors in the striatum and
substantia nigra 221231,

Bromocriptine is a semi-synthetic ergopeptine derivative and a potent dopamine receptor agonist able to stimulate the
striatal D2 non-adenyl cyclase-linked dopamine receptors 241,

Pramipexole is a non-ergot dopamine agonist especially used in association with L-DOPA or monoamine oxidase B
(MAO-B) enzyme inhibitors 921261,

Indeed, MAO-B is the main enzyme involved in the metabolic degradation of dopamine, reducing its available amount in
the brain. Thus, the inhibition of its activity, using for example rasagiline (Figure 2), represents a useful approach to
restore dopamine levels [2Z[281[99]

Urocortin, a corticotrophin-releasing hormone-related peptide, has recently been proposed as a cytoprotectant for cultured
hippocampal neurons, cerebellar granule cells, and GABAergic neurons 1001104

Iron accumulation in substantia nigra pars compacta has been proven to be a pathophysiological feature of PD, which
could induce the death of dopaminergic neurons, reactive oxygen species (ROS) up-regulation, and further loss of motor
control 102103 Thys, the term “iron-chelation therapy” generally refers to the reduction of abnormal iron accumulation in
substantia nigra pars compacta 2041,



As for AD, antioxidant agents could be effective also in PD treatment. Most antioxidant compounds are obtained from
natural sources as schisantherin A (Figure 2), a major dibenzocyclooctadiene lignan isolated from the fruit of Schisandra
chinensis, with potential anti-PD properties [192I[106]

1.3. Huntington’s Disease

Huntington’s disease (HD) is a rare neurodegenerative disorder that primarily affects basal ganglia neurons (caudate
nucleus and putamen) with striatal medium spiny neurons (composed of GABAergic neurons) almost completely lost in

the advanced stages of this disease. Early dysfunction with subsequent loss of cortical neurons is also prominent and
consistent with a decrease in brain weight [L07I[108][109][110]{111]

HD is caused by dominant mutations in the exon 1 of Huntingtin (HTT) gene encoding the HTT protein. The mutation
consists of an abnormal repetition of the CAG nucleotide triplet (40 or above), leading to the production of an altered
protein with an abnormally long polyglutamine tract (polyQ) at the N-terminal extremity 112 This polyQ segment induces
the intracellular aggregation of the mutant HTT protein (mHTT) in the caudate nucleus and putamen of basal ganglia,
ultimately causing cortico-striatal dysfunction and degeneration [L13I114][L15][116][117]

The typical signs and symptoms of HD—which generally become evident between the ages of 30 and 50, with some
reported cases of juvenile forms of HD (onset before the age of 20) 18l_consist of a triad of motor, cognitive and
psychiatric symptoms. The most typical sign of HD is represented by choreic movements—from ancient Greek: xopeia
(‘dance’)—hence, this ND is also known as Huntington’s chorea.

Other motor symptoms include abnormal postures (dystonia), rigidity with slow voluntary movements (bradykinesia), and
convulsions. Cognitive impairments are featured by a progressive slowing of ideational processes and deterioration of
memory, that gradually lead to dementia. Psychiatric symptoms, such as anxiety, apathy, loss of self-esteem, and guilt are
very frequent in the first stages of the disease, and often precede motor symptoms. The suicide rate is higher in patients
with early onset or clinically presymptomatic individuals. Other frequent and disabling signs of HD are weight loss, sleep
disturbances, and loss of circadian rhythm (119

According to macroscopic and microscopic examinations, pathological changes in HD were classified by Vonsattel into
four grades (0-4), each correlated with the degree of clinical impairment determined at the last pre-death evaluation 129,

Multiple processes seem to relate CAG expansion to neurodegeneration in HD, including transcriptional factors and
coactivators, ultimately leading to cell death [188Il121 |5 HD, oxidative stress and mitochondrial defects are also revealed,
the latter ones also leading to neuronal loss and reduced activity of the electron transport chain. HD is also accompanied

by neurochemical alterations in dopamine, adenosine, and glutamate receptors [12L[122][123][124]

Even today, the available pharmacological options for HD are only palliative L11[125][126][127]

Antidopaminergic agents, e.g., tetrabenazine (TBZ, Figure 3), are the main drugs used for HD therapy 12811291 vesjcular
monoamine transporter 2 concentrates monoamines into vesicles, while TBZ reversibly inhibits this action, reducing
presynaptic dopamine [1281(130],
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Figure 3. Molecular structures of main anti-HD drugs.



Nitrendipine (Figure 3) is a dihydropyridine calcium channel blocker that, exerting neuroprotective effects, can reduce the
incidences of dementia in HD. However, being hydrophilic, it scarcely crosses the BBB 1311,

Triggering a series of neuroprotective mechanisms, the disaccharide trehalose (Figure 3) can also improve cognitive
performance in HD patients 32,

Several studies demonstrated that HD is also featured by abnormal brain cholesterol homeostasis 1331341 Cholesterol
dysregulation occurs in astrocytes (13311361 and s linked to the action of mHTT on sterol regulatory element-binding
proteins (SREBPs) and its target genes, whose reduced transcription leads to lower production and a release of
cholesterol in the brain. The low amount of cholesterol available to be taken up by neurons 37381139 jmpairs neuronal
activities, causing brain malformations, and alterations in cognitive functions 49 Therefore, strategies aimed at
improving cholesterol delivery to neurons could be efficient in the treatment of the pathology [1411(142],

On the other hand, neurotrophic factors are responsible for the growth, development, and survival of brain cells 431,
Changes in the levels and activities of neurotrophic factors, such as the brain-derived neurotrophic factor (BDNF), have
been described in neurodegenerative disorders, including AD, PD, and HD [144[145][146][147] Therefore, the use of genes
that code BDNF can potentially prevent the death of brain cells and mitigate the symptoms of NDs [145]1148]

Causes, symptoms, and conventional treatments of these three neurodegenerative diseases are schematically
summarized in Figure 4.

A

L K.‘J
ALZHEIMER'S b AT 9

- ‘,? DISEASE e L2

; == &
LT " ) ,0
)

5

PARKINSON'S o b

Sy ) > " oistast o

%, |, HUNTINGTON'S N
g DISEASE ey (7]

Figure 4. Main causes, symptoms and conventional treatments for the main three neurodegenerative disorders here
described.

2. Oxidative Stress and Polyphenol Compounds in Neurodegenerative
Diseases

For all the NDs above described, it has been reported that excessive oxidative stress is involved in neuronal damage 149,
Free radicals in the brain are formed as a consequence of oxidation processes or poor physiological antioxidant activity. In
turn, ROS cause disruption in mitochondrial cellular lipids and proteins, as well as DNA damage, mitochondrial
dysfunction, and genome instability [L5QI[151][152][153]

Therefore, antioxidant agents have been widely investigated for their potential ability to prevent oxidative stress in NDs
[154]

In this context, natural bioactive compounds, especially polyphenols, have gained increasing attention for their
pharmacological and therapeutic potential [L55I[156][157][158][159]

A phenolic compound is a molecule having at least one aromatic ring on which one or more hydroxyl groups are attached.

According to their main structural features, polyphenols can be classified as flavonoids and non-flavonoids with further
subclasses [L57I[160][161]

Among polyphenols, the most important compounds are curcumin, resveratrol, rosmarinic acid, ferulic acid, a-mangostin,
anthocyanins, epigallocatechin-3-gallate (EGCG), quercetin, and thymogquinone (Figure 5) 157,
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Figure 5. Molecular structures of polyphenol compounds here described.

Curcumin (Figure 5) is naturally present in turmeric (Curcuma longa), an important food and medication widely used in
India and China. The chemical name of curcumin is diferuloylmethane and is a mixture of three major curcuminoids, i.e.,
curcumin, desmethoxy curcumin, and bis-desmethoxy curcumin [162]

Several studies proved that curcumin has antioxidant, anti-inflammatory, anticancer, antiviral, and antibacterial properties,
thus exhibiting great potential in various diseases, including neurodegenerative ones [163I16411165] ' Cyrcumin targets both
B-amyloid and tau AD markers, decreasing the production of AR plaques, tau hyperphosphorylation and the formation of
neurofibrillary tangles 881671 |n the case of HD, curcumin showed beneficial effects, especially when added to the diet
(168][169] ' However, its poor bioavailability, resulting from its rapid metabolism and body clearance as well as poor BBB

permeability, hindered its widespread use 279,

Resveratrol, or 3,5,4'-trihydroxystilbene (Figure 5), is a natural polyphenolic flavonoid and the main member of the
stilbene family. It can be found in nature as both cis and trans isomers, the latter considered to be the most abundant and

biologically active 7. In particular, it is mainly present in the seeds and skins of grapes, red wine, mulberries,

pomegranates, peanuts, tea, and rhubarb 7273174 Resveratrol presents several effects, such as anti-cancer, anti-
inflammatory, and anti-obesity 221, The neuroprotective effects of resveratrol in NDs are related to its ability to reduce

oxidative damage, toxicity, and apoptotic neuronal death LZIL72](175]

Unfortunately, after intravenous injection, resveratrol is rapidly metabolized in the liver and intestine into both glucuronic
acid and sulfate derivatives 78 This results in a low resveratrol bioavailability which limits its pharmacological
applications. In addition, resveratrol is also chemically unstable, since it is easily degraded by isomerization when
exposed to elevated temperatures, pH changes, or UV light 174,

Rosmarinic acid (Figure 5) is a hydrophilic compound isolated from Rosmarinus officinalis L., which showed promising
177

antioxidant properties linked to its ability to remove peroxynitrite anions and reduce inflammatory responses .
Ferulic acid (4-hydroxy-3-methoxycinnamic acid, Figure 5) exhibited both antioxidant and anti-inflammatory activities. In
detail, it can reduce neuronal oxidative stress, preventing cell death [178I[L79],

a-mangostin (Figure 5) is a polyphenolic xanthone isolated from the pericarp, bark, and dried sap of Garcinia mangostana

(1801 |t exhibits a number of pharmacological effects, including neuroprotective, antioxidant, antitumour, and anti-
neuroinflammatory actions [1811[182][183][184]

Anthocyanins, polyphenolic compounds of the flavonoid family, have been found in fruits, grains, and flowers, and are
reported to have antioxidant, anti-inflammatory, anti-apoptotic, and neuroprotective properties. Unfortunately,
anthocyanins are chemically unstable, because their phenolic hydroxyl groups are easily oxidized to quinones with
reduced biological activity [L85I[186][187]

EGCG (Figure 5), the major polyphenol in green tea, is known for its potent antioxidant properties (188l |n addition, it
interacts with numerous proteins involved in NDs, such as AB amyloid, a-synuclein, and HTT [L89I[190][191]

Quercetin (Figure 5) is a dietary flavonoid with well-recognized antioxidant, anti-inflammatory and autophagy-inducer
properties. Quercetin is present in apples, onions, parsley, berries, green tea, citrus fruits, and in some herbal remedies,



e.g., ginkgo biloba 192, For its potent neuroprotective action, quercetin represents a potential drug for the treatment of

NDs [L93I[104]1105]

Thymoquinone (2-isopropyl-5-methyl-1,2-benzoquinone, Figure 5) is the major active compound of the volatile oil of

Nigella sativa seeds, featured by remarkable antioxidant, antitumour, anti-inflammatory, and immunomodulatory properties
[196][197][198][199][200](201]

| 3. Targeting Brain

Treatments of NDs are often clinically ineffective due to the poor accessibility of administered drugs to the desired site of
action.

By engineering materials of a size usually within 1-100 nm, nanotechnology offers an alternative approach for promising
and innovative therapeutic solutions in NDs. Nanopatrticles can cross the BBB and release active molecules at target sites
in the brain, minimizing side effects. This review focuses on the state-of-the-art of nanoengineered delivery systems for
brain targeting in the treatment of AD, PD and HD.[292
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