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Antioxidants and Nanotechnology: Promises and Limits
of Potentially Disruptive Approaches in the Treatment
of Central Nervous System Diseases

Chiara Martinelli,* Carlotta Pucci,* Matteo Battaglini,* Attilio Marino, and Gianni Ciofani*

Many central nervous system (CNS) diseases are still incurable and only
symptomatic treatments are available. Oxidative stress is suggested to be

a common hallmark, being able to cause and exacerbate the neuronal cell
dysfunctions at the basis of these pathologies, such as mitochondrial impair-
ments, accumulation of misfolded proteins, cell membrane damages, and
apoptosis induction. Several antioxidant compounds are tested as potential
countermeasures for CNS disorders, but their efficacy is often hindered by
the loss of antioxidant properties due to enzymatic degradation, low bioavail-
ability, poor water solubility, and insufficient blood-brain barrier crossing
efficiency. To overcome the limitations of antioxidant molecules, exploitation
of nanostructures, either for their delivery or with inherent antioxidant pro-
perties, is proposed. In this review, after a brief discussion concerning the
role of the blood-brain barrier in the CNS and the involvement of oxidative
stress in some neurodegenerative diseases, the most interesting research
concerning the use of nano-antioxidants is introduced and discussed,
focusing on the synthesis procedures, functionalization strategies, in vitro

and in vivo tests, and on recent clinical trials.

1. Introduction

Reactive oxygen species (ROS) are normally produced as
byproducts of our physiological metabolism, in particular of
the aerobic respiration carried out by mitochondria.ll Physi-
ologically, the production and removal of ROS need to be main-
tained in a precise balance, in order to get suitable signaling
necessary for cell growth and correct metabolism.?l When ROS
are not properly scavenged by means of intracellular enzymes
or endogenous antioxidant molecules, they start accumulating
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and damaging biological macromolecules,
such as lipids, proteins, and DNA. In this
case, the imbalance toward ROS species
accumulation is often referred to as oxi-
dative stress. Indeed, oxidative impair-
ment of mitochondrial DNA and proteins
induces further ROS production and
reduces ATP synthesis.}l These effects
become detrimental in the case of dam-
aged and aged mitochondria.l

The ability of mitochondria to dysreg-
ulate calcium homeostasis, which con-
tributes to regular neuronal activity, has
been shown to be involved in the onset
of many neurodegenerative diseases.’™
The mechanism underlying this process
relies on hyperactivation of N-methyl-
p-aspartate (NMDA)-type receptors, that
increase intraneuronal calcium concen-
tration and stimulate opening of the
mitochondrial transition pore (MTP),
leading to release of proapoptotic pro-
teins.'% NF-E2-related factor 2 (Nrf2)
transcription factor has been proven to
be implicated in the antioxidant response, by activating free
radical scavengers and antioxidant enzymes. Its downregula-
tion correlates with neurodegenerative diseases (NDs), while
its overexpression presents many beneficial and protective
effects.'l Due to the above-mentioned reasons, it is evident
that the brain is extremely sensitive to oxidative stress.?
Many central nervous system (CNS) diseases are character-
ized by accumulation of ROS, which induce severe damages
to the brain tissues and irreversible neurodegeneration.[!213l

In the latest decades, the consumption of antioxidant mole-
cules in the daily diet has demonstrated to show positive effects in
relieving symptoms in patients affected by NDs.'"l Many efforts
have been devoted to investigating the properties of both natural
and synthetic compounds, and many researches have shown
their efficacy on in vitro and in vivo models of human disorders.

Despite the great promises and the potentiality of these
molecules, their application in medicine is still limited because
of their low bioavailability and poor solubility in water. More-
over, they easily undergo degradation, dramatically reducing
their antioxidant capacity."” Another great difficulty encoun-
tered, in general, by therapies of NDs is the need to cross the
blood-brain barrier (BBB), the natural defense system that iso-
lates and protects the CNS from possible dangerous agents.
In order to overcome all these issues, nanomedicine has been
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proposed as an innovative tool to deliver antioxidants to the
brain. Due to their physicochemical characteristics, nanoparti-
cles are able to encapsulate a significant amount of drug, pro-
tecting it from degradation, and increasing its bioavailability,
stability, and pharmacokinetic properties, while reducing pos-
sible toxic side effects.'®] Nanoparticles can easily be function-
alized with specific ligands that favor the crossing of the BBB
and/or that target particular cells or organelles.'”! For instance,
being the mitochondria the organelles where ROS are pro-
duced in larger amounts, they represent one of the most cov-
eted target site of antioxidant therapies.!'® The development of
nanomedicine and the possibility to design ad hoc nanocarriers
for targeted delivery of antioxidants to the brain have paved the
way for innovative therapeutic solutions.

Many different systems, both inorganic and organic, have
been developed and tested for this purpose. Polymeric nano-
particles, for instance, are being exploited for the treatment of
many diseases, such as cancer, due to their biocompatibility
and structural stability, and several polymers have been already
approved by the Food and Drug Administration (FDA).*]
Lipid-based nanoparticles, such as liposomes and solid lipid
nanoparticles, also offer a versatile platform for the fabrication
of nano-delivery systems. In particular, liposomes are well-
recognized nanoparticles for medical applications, due to their
low toxicity and to the possibility to encapsulate both hydro-
phobic and hydrophilic drugs.[®! For this reason, they could be
exploited also for antioxidant therapy. Finally, several kinds of
inorganic nanoparticles, such as cerium oxide nanoparticles,
are being tested not only as possible delivery tools, but also for
their inherent antioxidant activity.?!

In this work, first, a description of the most common
NDs and some examples of neurological pathologies sharing
mitochondrial dysfunctions and excessive ROS produc-
tion will be provided. Then, a detailed overview of different
nanomaterials, of their main fabrication procedures, and of
their applications as efficient and versatile delivery systems
will be provided, underlining their multiple advantages and
the few limitations that need to be overcome before further
development in the clinical context. Moreover, the main
strategies for active targeting of these nano-systems to the
brain and, in particular, to mitochondria, will be also intro-
duced. Finally, an overview of the clinical trials will be pro-
vided showing the importance of additional investigations
to confirm the disruptive potential of nano-antioxidants for
treating CNS diseases.

2. Reactive Oxygen Species and Oxidative Stress

With the term ROS, small reactive molecules, such as super-
oxide anions (O,7), hydrogen peroxide (H,0,) and hydroxyl
radical (‘OH), are identified.?!J ROS plays a pivotal role in the
maintenance of cellular functions and are involved in sev-
eral important processes, including energy production and
metabolism, autophagy, apoptosis, and immune responses.2?!
Under physiological conditions, ROS are mainly generated by
mitochondria through the reduction of molecular O, and
their levels are maintained under control by several defense
mechanisms, including endogenous antioxidant molecules
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(glutathione, cysteine, vitamins, and selenoprotein) and anti-
oxidant enzymes (catalase, superoxide dismutase, and glu-
tathione peroxidase).l??! Oxidative stress occurs when these
defense mechanisms are overwhelmed and are no longer able
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to control the ROS physiological levels, leading to serious
impairment of cellular functions.?)l Indeed ROS, being
extremely reactive molecules, are able to interact with several
intracellular macromolecules, compromising their proper
structure and functions. One of the main damages caused
by oxidative stress is due to lipid peroxidation: ROS reacting
with polyunsaturated fatty acids (PUFA) present in cell mem-
branes generate peroxyl radicals that can subsequently react
with other PUFA, generating lipid peroxides. Lipid peroxides
are more unstable than PUFA and can easily break into radi-
cals by a chain reaction that can seriously compromise the
integrity of cell membranes.?l Other important targets of
ROS are proteins, nucleic acids, and mitochondria.??l The
brain, and in particular neurons, can be severely impaired by
the accumulation of ROS. This is mainly due to two reasons:
i) while accounting for only 2% of the total body weight, the
brain is a very energy and oxygen demanding organ, being
responsible for the consumption of approximately 25% of all
glucose and 20% of oxygen present in the human body, thus
representing fertile soil for the formation of high amounts of
ROS;! ii) neurons are extremely sensitive to ROS-induced
damages, due to the high concentrations of metals involved
in redox reactions, high levels of PUFA, and relatively low
expression of antioxidant defense systems.[?®l Taking into
account the high sensitivity of CNS and neurons to ROS,
it is not surprising that a high level of oxidative stress has
been observed in several brain disorders, including Alzhei-
mer’s disease, Parkinson’s disease, brain stroke, multiple
sclerosis, and many other pathologies, collectively indicated
as neurodegenerative disorders (NDs).?>%’ In the following
paragraphs, we discuss how some of the most common CNS
disorders are linked to oxidative stress, giving a rationale
for the exploitation of nano-antioxidants in the treatment of
neurological diseases.
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3. Neurological Diseases Associated
to Oxidative Stress

3.1. Alzheimer’s Disease

In 2018, it has been estimated that the total amount of people
worldwide suffering from dementia accounted for more than
50 million, and two-thirds were referred to Alzheimer’s disease
patients.?! The number of people suffering from dementia is
expected to triple by 2050, with over 152 million cases expected
and an economic and social burden jumping from 1 trillion
US$ in 2018 to the expected 2 trillion US$ by 2030.128]
Alzheimer’s disease is characterized by a progressive loss of
cognitive abilities and by a significant reduction of brain volume.
The main hallmark of Alzheimer’s disease is the presence of the
so-called “senile plaques,” extracellular accumulation of the pep-
tide amyloid-B (AfB) in the gray matter of the brain?” (Figure 1).
Another hallmark of the disease is the presence of an intracel-
lular accumulation of the hyperphosphorylated Tau protein.
Alzheimer’s disease has also been associated with a high level
of oxidative stress and impairment of mitochondrial activities.2]
The initial cause leading to the development of Alzheimer’s dis-
ease is still unknown, and several theories have been proposed
during the years, based on the most common features of the dis-
ease. The main model proposed to explain Alzheimer’s disease
development is the amyloid cascade hypothesis, in which the
enzymatic cleavage of the type I membrane protein amyloid pre-
cursor protein (APP) is identified as the root of the pathology.*!l
Following the amyloid cascade hypothesis, the accumulation of
AP should be the key factor causing Alzheimer’s disease: it has
been widely demonstrated how Af accumulation can provoke
mitochondrial impairment and oxidative stress, leading to
neuronal cell death.’?] This hypothesis has generated many con-
troversies during the years, and has been recently doubted.*’]
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Figure 1. Main hallmarks of Alzheimer’s disease and their interconnections. ROS, mitochondrial dysfunction, and accumulation of A aggregates are
the most common key points of Alzheimer’s disease and all of them can cause or be caused by the others through a positive feedback loop. Genetic
mutations in genes involved in A metabolism or mitochondrial functions are also linked to the development of Alzheimer’s disease. At the end, the

impairments caused by these hallmarks lead to the death of neuronal cells.
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Figure 2. Main hallmarks of Parkinson’s disease and their interconnections. The accumulation of insoluble aggregated of o-synuclein is one of the main
hallmarks of Parkinson’s disease. These aggregates can lead to a high level of ROS, and to impairments in cellular clearance pathways or mitochondrial
dysfunctions that, in turn, can exacerbate the accumulation of a-synuclein. ROS, mitochondrial dysfunctions, and impairments in clearance pathways
are also interconnected into a self-reinforcing loop. Other factors can contribute to the development of Parkinson’s disease like genetic mutations,
dopamine oxidation, and exposure to toxin. The final outcome is the degeneration of the dopaminergic neurons.

In 2004, Swerdlow et al. proposed the innovative hypothesis
of the mitochondrial cascade to explain the cause of sporadic
Alzheimer’s disease.’** Following this theory, the impair-
ment of mitochondrial functions would not be a consequence
of the accumulation of Af, but the failure of the energetic mito-
chondrial activity leading to a shift in the metabolism of APP
and to an accumulation of A} with consequent neuronal cell
death.B**] In both hypotheses, what emerges is that Alzhei-
mer’s disease is associated with oxidative stress: however, it is
not clear whether it is a result of mitochondrial imbalance, is
generated by AB accumulation, or whether the high produc-
tion of ROS is per se the starting point in the cascade of events
causing Alzheimer’s disease.’¥l It has been demonstrated that
high levels of ROS might induce mitochondrial damage in
neuronal cells and that oxidative stress might stimulate the
production of AB.P So, as commented by some authors in
the literature,?% these three key elements of Alzheimer’s dis-
ease (ROS, mitochondrial impairments, and Af production and
accumulation) are linked in a vicious loop, where A3 might lead
to mitochondrial dysfunctions that in turn might generate oxi-
dative stress, further mitochondrial damage, and higher levels
of AB; Alzheimer’s disease has also been moreover associated
with compromised cellular antioxidant defense systems.[¢!
Currently, all the treatments used for Alzheimer’s disease are
symptomatic and are not able to revert neurodegeneration.*®!

3.2. Parkinson’s Disease

Parkinson’s disease is the most diffuse movement disorder and
the second most common neurodegenerative pathology after
Alzheimer’s disease. It has been calculated that Parkinson's dis-
ease affects between 0.1% and 0.2% of the population at any
given time.l’”] While the most famous feature commonly asso-
ciated with Parkinson’s disease is the resting tremor, there are
other movement impairments associated, including rigidity,
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bradykinesia, and postural instability.?¥ The movement disor-
ders present in Parkinson’s disease patients are usually linked
to the loss of the dopaminergic neurons of the substantia
nigra.®¥ The vast majority of Parkinson's disease cases are idi-
opathic and strongly associated with age, while only a small
amount have been associated with genetic factors (5-10% of the
cases).’¥ From a histological point of view, the most common
hallmark associated with Parkinson's disease is the presence of
the so-called Lewy’s bodies (LB).}**% LB are inclusions com-
posed of aggregated proteins widely spread in the CNS of Par-
kinson's disease patients. The major molecular component of
LB is the protein o-synuclein, widely expressed in the CNS,
representing 1% of the total cytosolic protein content.* The
aggregation of o~synuclein and the formation of LB has been
strongly correlated with neuronal death (Figure 2).2% The
causes that lead to orsynuclein aggregation in insoluble fibrils
are still largely unknown, nevertheless several mechanism
and cellular pathways have been linked to Parkinson's disease
pathogenesis, as described in the following.

Dopamine has been linked to the aggregation of o~synuclein,
and this might explain why dopaminergic neurons are one of
the main targets of neurodegeneration in Parkinson's disease.
Dopamine is, in fact, able to undergo auto-oxidation, gener-
ating H,0, and causing oxidative stress that might cause cel-
lular damages leading to Parkinson’s disease pathogenesis.[*!]

Mitochondrial dysfunctions have been linked with Par-
kinson's disease. In particular, it has been largely shown
how the inhibition of the mitochondrial electron transport
chain complex I caused by toxic compounds like 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and rotenone
might induce the production of high levels of ROS, leading to
Parkinson’s disease-like symptoms in vivo.[*?!

Oxidative stress seems to be a major hallmark of Parkin-
son's disease. Similarly to what we described concerning
Alzheimer’s disease, it is not clear whether oxidative stress is
a cause of Parkinson’s disease or rather a consequence of other

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

85UB01 SUOWLWOD aA1Ee.D 8|ed![dde sy Aq peusenob ae sojoiie VO ‘8SN JO S3|nJ J0j AkeiqiT Ul UQ /8|1 UO (SUONIPUCD-PUR-SWS)AL0 A |1 Aseid 1 Ul |uo//Sdny) SUONIPUOD pue swie | 8y 8es *[9202/y0/T0] uo Akiqiauliuo A8|iM * 1 euuY Blues a1oLedns B|onods - 10ond BNo | Ag 68STO6TOZ WYPR/Z00T OT/I0P/LL00 A8 |IM Alelq jBul|U0"peoUeApe;/Sdny oy papeojumod ‘€ ‘0202 ‘65922612



ADVANCED
SCIENCE NEWS

ADVANCED
HEALTHCARE
MATERIALS

www.advancedsciencenews.com

cellular impairments. For example, we discussed the role of
mitochondrial dysfunction in Parkinson’s disease pathogenesis,
but mithocondria are not only producer of ROS, yet also one of
the main targets of oxidative stress-induced damage.[*3! It has
been demonstrated that o~synuclein aggregation is affected by
elevated ROS levels.*3l and even the cellular clearance pathways
like the ubiquitin—proteasome system (UPS) can be impaired
by high levels of ROS.*I The correlation between oxidative
stress and Parkinson's disease has been enhanced by the obser-
vation that chronic exposure to pro-oxidative compounds like
paraquat and 6-OHDA can induce Parkinson-like symptoms.*’!

Even if the real causing mechanisms of Parkinson’s disease
are still under investigation, it seems that oxidative stress plays
a central role in the neurodegeneration associated with the
disease, being able to cause most of the cellular impairments
typical of Parkinson’s disease that, in turn, can lead to the gen-
eration of even more ROS in a self-reinforcing cycle.[*243:46]
Similarly to what we previously mentioned about Alzheimer’s
disease, the low level of antioxidant enzymatic activity like
superoxide dismutase (SOD) or glutathione peroxidase (GPx)
observed in Parkinson's disease patients seems to confirm
the link between oxidative stress and the disease.*’l Cur-
rently, there are no treatments able to revert the neurodegen-
eration of the dopaminergic neurons, and the gold standard in
Parkinson’s disease treatment is still the use of 3,4-dihydroxy-
i-phenylalanine (1-DOPA).*l 1-DOPA is highly effective in
counteracting the motor symptoms of the early stage of the
disease, however the chronic treatment with .-DOPA has been
correlated with the development of dyskinesia.*’! Several anti-
oxidant-based treatments have been tested during the years,
including vitamin E, melatonin, coenzyme Qi,, and creatine.
However, the results obtained have usually been modest: the
reason for the small effects of antioxidant-based therapies might
be the low local brain concentration of these molecules, the
insufficient increment in antioxidant capacities of neurons com-
pared to the high level of oxidative stress typical of Parkinson’s
disease, or the simple fact that, despite these molecules may be
able to reduce oxidative stress, they are incapable of reverting
neurodegeneration.*!

3.3. Ischemic Stroke

Nowadays, stroke is one of the leading causes of death world-
wide.[*-52 Blood vessels occlusion, due to fatty acid deposits,
induces high blood pressure and consequent stroke occurrence.
When blood, oxygen, and nutrients cannot efficiently reach the
brain, an acute and localized neurological deficit follows,3 and
neurons undergo death and necrosis. Ischemic stroke is the
most common pathology (=85% cases) and usually it involves
only a part of the brain.’ Accumulation of ROS plays a cen-
tral role both in the onset of the pathology®! and in the restora-
tion of normal blood flow to the ischemic tissue. During this
phase, called ischemia/reperfusion injury, ROS levels further
rise, damaging interested tissues and causing mitochondrial
impairment, inflammation, and consequent cellular apoptosis
and necrosis.P®) Mitochondria are the main sources of ROS
production after ischemia/reperfusion injury because of an
increase of the mitochondria membrane potential. Opening of
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mitochondrial permeability transition pore (mPTP) leads to Ca?*
fluxes into mitochondria with subsequent swelling and possible
ATP deprivation, leading to cell necrosis; NADPH oxidase is also
an important source of ROS in ischemia/reperfusion injury.”!

As stated above, the presence of excessive ROS levels induces
damages to lipids, and lipid peroxidation provokes membrane
breakage and dysregulation of transmembrane ion gradients
with subsequent cell death.”®! In particular, neurons undergo
continuous activation at the synapse.!

Actually, no treatments for ischemic stroke have been
approved in the USA so far, except for thrombus removal by
mechanical procedures or by intravenous injection of tissue-
type plasminogen activator (tPA). This enzyme is able to acti-
vate plasmin, which contributes to dissolve the obstructing
thrombus. However, this practice is effective only if the
injection occurs in the first 3 h after the ischemic eventl®
and, unfortunately, produces further damages to the starved
neurons.®!

Nowadays, despite the many struggles and efforts put in
basic research, suitable therapies for ROS-induced brain disease
are not yet accepted in clinical settings. Successful possibilities
come from the introduction of neuroprotective agents, such as
brain-derived neurotrophic factor (BDNF), which demonstrated
to be efficient upon direct intracerebroventricular administra-
tion.[%2 After conjugation to poly(ethylene glycol) (PEG) and to
antitransferrin receptor antibody, it correctly localizes into the
brain of rats with transient forebrain ischemia, showing poten-
tial therapeutic efficacy.®’]

Neuroendothelial breakage occurs up to 12 h after reper-
fusion injury, so after ROS have already damaged cells and
tissues.® It is evident that the best therapeutic strategy is
required to be able of crossing the BBB before breakdown, in
order to prevent ROS production upon reperfusion.

3.4. Other Central Nervous System Disorders

In this section, we describe some further neurodegenerative
conditions characterized by accumulation of high levels of ROS
and by mitochondrial dysfunctions. Patients typically suffer
from critical neurological impairments leading to a fatal out-
come, due to the absence of efficient therapies.

Huntington's disease (HD) is an inherited progressive neu-
rodegenerative disorder caused by an autosomal dominant
mutation in the huntingtin gene and characterized by pro-
gressive motor and cognitive injury and multiple psychiatric
symptoms.[°>60] Oxidative stress, metabolic dysregulations,
and mitochondrial dysfunctions are some of the key events
playing a role in its pathogenesis. The mutated gene encodes
for a protein that undergoes N-ter cleavage and successive oli-
gomerization, causing aggregates formation that, due to their
insolubility, deposit into neurons.®”l This causes impairment of
normal cellular functions and increased ROS levels, ending up
with neuronal death.l®®l The major motor impairment is trig-
gered by the problematic control of involuntary movements
and is the typical manifestation of the disease (for this reason
also named “chorea”). Oxidative stress plays an important role
in HD pathogenesis, and markers of oxidative damage have
been found in plasma, brain, lymphoblasts and cerebrospinal
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fluids.[®7% Tanez et al. reported increased oxidative stress, less
efficient antioxidant systems and high DNA fragmentation.”]
Moreover, it has been found that mitochondria become very
sensitive to stress induced by Ca’* and ROS in mutant striatal
neurons./’?

Currently, there are no available treatments for this
pathology and the only possibility is supporting patients in
relieving the symptoms. Many studies have demonstrated the
beneficial effects of antioxidant molecules on in vitro models
of HD. Ascorbic acid, ortocopherol, and idebenone showed
great potential in reducing or preventing the oxidative damage
in neurons.”>74 Melatonin has also been used as antioxidant
treatment, since it is effective in reducing increased lipid per-
oxidation and in restoring renal glutathione content.””! Inter-
estingly, coenzyme Qo showed high redox potential in murine
models of HD, capacity to protect neurons in a dose-dependent
manner, and contributed to reduce the volume of striatal
lesions,”® attenuating brain atrophy and improving motor
performance in transgenic models.””78]

Amyotrophic lateral sclerosis (ALS) is a progressive neuro-
degenerative disease that involves degeneration of upper and
lower motor neurons in the primary motor cortex, brainstem,
and spinal cord, with involvement of skeletal muscles, which
become atrophic, and a fatal outcome within 2-5 years from
the initial diagnosis.””) Genetic mutations in the SOD1 gene
are at the basis of the hereditary ALS. Aggregates of SOD1
aberrantly accumulate on the outer membrane and matrix of
mitochondria, increasing ROS responsible for mitochondrial
abnormalities and neuronal death.[8081]

ALS can be sporadic, in the majority of cases, and familial,
caused by hereditary genetic mutations.?! It can be caused by
many different environmental factors, but a prominent role
is imputable to oxidative stress,®3 induced by exposure to dif-
ferent exogenous risk factors (e.g., heavy metals, pesticides,
and electromagnetic fields).®*3% Common cellular anomalies
include loss of mitochondrial membrane potential, changes in
electron transport, formation of aggregates, altered Ca** home-
ostasis and excitotoxicity.®” 5

Currently, there are no therapies for ALS, and only two drugs
have been clinically approved. The first one is riluzole, a drug
targeting excitotoxicity,® the second one is edavarone, an
antioxidant agent able to scavenge lipid peroxides and hydroxyl
radicals.’” However, both these therapies only provide a mitiga-
tion of the symptoms.P! Regarding other antioxidants for ALS
treatment, AEOL 10150 is the most promising. This molecule
is able to eliminate ROS and has been already evaluated in a
clinical trial.%?]

Multiple sclerosis (MS) is a chronic disease of the central
nervous system that presents a series of neurological dys-
functions leading to disability. It is characterized by problems
to the propagation of nerve impulses, due to damages at the
myelin sheath that protects axons. Moreover, it can be defined
as an “autoimmune disease” because some evidence have been
reported that in this pathology the immune system recognizes
myelin as a foreign body attacking its own cells.”*l Many factors
can contribute to MS development, from genetic to complex
environmental issues (e.g., high-fat/carbohydrate diet).**%]
Interestingly, MS patients display reduced levels of some anti-
oxidant molecules in the blood®® and higher quantities of lipid
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peroxidation products in cerebrospinal fluid®! with respect
to healthy people. Activated microglia and macrophages are
involved in ROS increment and consequent degeneration of
myelin and neurons.[*%%!

Unfortunately, no therapies are available for MS and the
only possibility is currently treating symptoms and preventing
relapse. Innovative strategies are aimed at targeting both the
immune system and neurodegeneration.l'%! Improvement of
antioxidant therapies will be useful to reduce the risk of MS
onset and inhibit its irreversible progression;l'®!l however,
although some clinical trials have been already performed
with antioxidant molecules in MS patients, further studies
are required in order to determine the efficacy of combined
administration of antioxidant supplements and conventional
drugs. 102103

Autosomal recessive spastic ataxia of Charlevoix—Saguenay
(ARSACS) is a neurodegenerative disorder, phenotypically char-
acterized by walking difficulties and gait unsteadiness symp-
toms. The gene mutated and responsible for the pathology
encodes for sacsin (SACS), a protein involved in mitochondrial
network organization.'® It has been reported that ARSACS
cells show bioenergetic and mitochondrial impairment,
denoted by reduced respiratory chain activities and low mito-
chondrial ATP synthesis.!1% Sacsin is involved in intercon-
necting the mitochondrial network and contributes to their
proper localization in neurons,'%! and lack of sacsin induces
a hyper fused mitochondrial phenotype and a balloon-like mor-
phology.'% ARSACS is characterized by degeneration of the
spinal cord and progressive damage of the peripheral nerves
with consequent retinal changes and cognitive impairment.
This disease evolves from infancy to adult age, when patients
perform uncoordinated movements (ataxia) and perceive weak
legs, up to complete degeneration with lack of bladder and
intestinal control. This pathology shares many features with
the most common autosomal recessive cerebellar ataxia, Frie-
dreich’s ataxia (FA); indeed, FA is the leading condition in dif-
ferential diagnosis of ARSACS. Nowadays, no treatments are
described for this kind of diseases and it is commonly sug-
gested a psychological therapy, in order to correct the heavy
cognitive issues.[1%]

In the case of FA, possible therapeutic strategies are
focusing on mitochondrial disfunction, by the administration
of iron-chelating agents, that could prevent its accumulation
and induced oxidative damage.'”1%] Antioxidant molecules
including vincerinone, or coenzyme Qp, and its synthetic
analog idebenone, have shown preliminary promising results.
However, large clinical trials are currently missing.['%-111] The
development of ad hoc nanomaterials in the near future will be
the key for enhancing the low bioavailability of these molecules
and the need for mitochondrial targeting.

Brain cancer development and progression have been linked
with the presence of ROS: it has in fact been shown that high
levels of ROS can mediate genetic mutation or alteration to
growth factors and membrane receptors, leading to uncon-
trolled cell growth and proliferation.l'!?l This notwithstanding,
pro-oxidative compounds, rather than antioxidant-based strat-
egies, are usually used as possible therapy in cancer: this is
mainly due to the fact that the high metabolism of cancer cells
makes them more sensitive to ROS-induced damages with

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

85UB01 SUOWLWOD aA1Ee.D 8|ed![dde sy Aq peusenob ae sojoiie VO ‘8SN JO S3|nJ J0j AkeiqiT Ul UQ /8|1 UO (SUONIPUCD-PUR-SWS)AL0 A |1 Aseid 1 Ul |uo//Sdny) SUONIPUOD pue swie | 8y 8es *[9202/y0/T0] uo Akiqiauliuo A8|iM * 1 euuY Blues a1oLedns B|onods - 10ond BNo | Ag 68STO6TOZ WYPR/Z00T OT/I0P/LL00 A8 |IM Alelq jBul|U0"peoUeApe;/Sdny oy papeojumod ‘€ ‘0202 ‘65922612



ADVANCED
SCIENCE NEWS

ADVANCED
HEALTHCARE
MATERIALS

www.advancedsciencenews.com

respect to healthy cells.''2 However, the ability of antioxidant
compounds, like several members of the flavonoids family, to
reduce inflammation and oxidative stress of healthy CNS cells
while reducing cancer cell proliferation and viability has been
reported.['3!

Traumatic brain injury (TBI), as the name suggests, is a
disorder caused by traumatic events that usually lead to physical
damage like tearing of neurons or disruption of blood vessels.!!}*
Usually this first primary physical damage is accompanied by
inflammation, accumulation of ROS, BBB disruption, and mito-
chondrial dysfunction, causing the so-named secondary injury,
that can lead to the damage of healthy tissue not directly affected
by the first traumatic event.'"” The damages caused by the sec-
ondary injury can induce neuronal cell death that, in turn, can
cause further release of inflammatory factors and ROS, leading
to progressive neurodegeneration.''*1 Several antioxidant
compounds like curcumin, melatonin, and lipoic acid have
shown great promise in the treatment of TBI.['16-118]

4. Blood-Brain Barrier: The Main Obstacle
to the Treatment of Neurodegenerative Diseases

The brain is protected and surrounded by three main barriers:
the arachnoid barrier, the blood—cerebrospinal fluid barrier
and the blood-brain barrier.!'®120] The BBB, in particular, is
a continuous membrane enveloping the brain and separating
the blood flow from the brain environment. The basic com-
ponent of the BBB is the neurovascular unit (NVU), consti-
tuted by the endothelial cells of brain capillaries and by brain
astrocytes that are in direct contact with brain blood vessels,
thanks to cellular extensions called astrocytic endfeet and to
pericytes (Figure 3).1'2!] Other cells contribute to the formation
and maintenance of the BBB, including neurons, oligodendro-
cytes, microglia, and mast cells.l''! The main characteristic
of the BBB is the presence of tight junctions, which are cell-
to-cell contact structures mainly constituted by occludin and

Astrocyte Tight junction

endfoot
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claudin proteins,'2% and the biological function of which is
blocking the paracellular transport of most molecules.'?!] Other
molecular components that form or maintain tight junctions
include VE-cadherin, zonula occludens proteins (ZO-1, ZO-2,
and Z0-3), junctional adhesion molecules (JAM-A, JAM-B, and
JAM-C), and cingulin.['2!]

The evolutionary meaning of the BBB is to provide protection
and strict control of the brain environment: the BBB, in fact,
acts as a selective barrier granting the passage of only selected
molecules through a complex system of transport mecha-
nisms and enzymes able to metabolize substances in transit.
Some small molecules (under 500 Da) are able to pass the
BBB through passive diffusion, but most molecules, including
nutrients and brain waste metabolites, need facilitative or even
energy-dependent active transport systems to enter and exit
the brain environment.l'??l Some facilitative transport systems
include solute carriers (SLC), that grant the passage of small
nutrients like glucose (such as glucose transporter-1, GLUT-1),
or aminoacids carriers (such as large neutral aminoacid trans-
porter 1, LAT1), while large macromolecules are transported
through active transport systems like the receptor-mediated
transcytosis (one major example is the transferrin receptor, TfR,
mediated transport system) or the adsorptive-mediated transcy-
tosis (AMT).'21l Another class of transport proteins present in
the BBB is the group of ABC efflux transporter (ATP binding
cassette), which actively efflux possible toxic compounds from
brain capillary endothelium preventing their crossing into the
CNS (one major example is the P-glycoprotein, Pgp).[21]

During the embryonic development, the brain endothelial
cells gain a highly polarized structure, in particular in terms of
differential expression of transport proteins on abluminal and
luminal cell membrane. Some of the aforementioned trans-
port systems, such as GLUT-1 and LAT1, are expressed on
both sides of the brain endothelial cell membrane, granting a
bi-directional transport of substances to and from the CNS.['1%]
On the other hand, some active transport systems, like TfR-
mediated transport, are found only on luminal membranes

Pericyte

Tightjunction

Basal lamina

Microglia

Neuron

Astrocyte

Figure 3. The structure of the blood-brain barrier and of the neurovascular unit, mainly composed by brain capillaries endothelial cells, perycites,
astrocytic endfeet and microglia. The characteristic of the brain endothelial cells is the presence of tight junction that acts as a barrier for paracellular

transport. Reproduced with permission.['?l Copyright 2010, Elsevier.
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facilitating the transport from the blood to the brain. Finally,
other ATP-dependent transporters are localized on the ablu-
minal cell membrane (one example is the excitatory amino acid
transporter 1, EAAT1).'"% Brain endothelial cells also express
a large variety of ion transporters to maintain intracellular and
extracellular pH and ion concentration: also in this case, it has
been observed a differential expression of the transporters. As
an example, the sodium pump (for the active influx of sodium
and efflux of potassium) is localized on the abluminal cell
membrane, while the sodium-hydrogen pump is present in
the luminal side.l'?*l Finally, brain endothelium is also able to
metabolize and inactivate possible toxic compounds thanks to a
collection of enzymes, like cytochrome P450.11%]

While the complex organization of the BBB is a vital neces-
sity in order to grant a strict control of the brain environment,
on the other side it represents one of the main obstacles for
the delivery of drugs and therapeutic compounds to the brain.
In fact, it has been calculated that almost no large therapeutic
molecule, and only 2% of small-molecule drugs are able to reach
the brain.'??l This is due to several factors, including the
inability of most drugs to cross the brain endothelium, their
chemical composition or molecular dimension, and the enzy-
matic inactivation and efflux operated by cytochrome P450
and ABC efflux transporters, respectively.'?2124 To overcome
these limitations, one possible strategy is to bypass the trans-
port across BBB by administering drugs trough trans-cranial
or trans-nasal delivery.'’) Another strategy relies on the tem-
porary weakening of the brain endothelium barrier properties,
either by opening the tight junctions (by means of hyperos-
motic solutions, chemical stimuli or focused ultrasounds) or
by inhibiting the eflux pump of the endothelium.''” The in-
depth discussion of these strategies is beyond the scope of this
work and, for a more detailed description, we strongly suggest
to check the work of Furtado et al.;"'% here, we mainly focus on
the use of nanostructures as valid tools to overcome BBB and to
treat CNS diseases, and several BBB targeting strategies based
on nanomaterials are discussed in detail.

It is very important to stress out that, while BBB might be an
obstacle in the treatment of CNS pathologies, the involvement
of the brain endothelium in neurodegenerative diseases goes
far beyond that of a selective barrier. Indeed, it has been shown
that several pathological conditions including Alzheimer’s dis-
ease, Parkinson’s disease, multiple sclerosis, epilepsy, stroke
and brain tumors might lead to BBB inflammation and break-
down.[?l] Currently, there is no perfect and “to go” strategy to
overcome the BBB, and each method should be evaluated on
the basis of the patient’s clinical history, taking into account the
condition of the patient’s brain endothelium.

5. Organic Antioxidants as Possible Therapeutic
Agents in Neurodegenerative Diseases

Many neurodegenerative diseases are caused by excessive ROS
production, which induces substantial damages to biological
structures, especially to neurons.'213] These cells are very sen-
sitive to oxidative stress, due to their low antioxidant defense
systems, high consumption of oxygen, and presence of poly-
unsaturated fatty acids in their membranes.[?°]
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Due to the prominent role of oxidative stress in neu-
rodegenerative diseases, a possible therapeutic interven-
tion can be based on the consumption of supplementary
or natural antioxidants for relieving the symptoms of these
pathologies.'l Tt has to be considered that antioxidants are
not cell-specific molecules; therefore, they often display low
efficiency as therapeutic agents for NDs.[126l Creation of tar-
geted delivery systems for antioxidants could improve their
availability at the proper location, without altering healthy
cells.['?7]

During the recent years, antioxidant nanomaterials have
gained recognition for their multiple advantages, including
their ability to protect molecules, increasing bioavailability,
improving pharmacokinetic properties, and even, in some
cases, for their intrinsic antioxidant properties, that can be
exploited for scavenging free radicals. The possibility to design
multifunctional tools integrating diagnostic and therapeutic
properties has given nanomedicine the premises for its applica-
tion to human diseases.[®!

Organic antioxidants have raised great importance as pos-
sible therapeutic agents and can be divided into endogenous
and exogenous molecules.[128]

5.1. Endogenous Organic Antioxidants

Our body principally exploits endogenous antioxidant enzymes
(SOD, catalase, and glutathione peroxidase), macromolecules,
and small molecules for maintaining the correct ROS bal-
ance.?3l Nevertheless, their intracellular levels are not always
enough to counteract excessive ROS production, and cells
are not able to synthetize larger quantities upon oxidative
damage.1?’]

Delivery of SOD, mediated by nanoparticles, has been
reported in many studies. Mesoporous silica nanoparticles
were designed for SOD delivery; moreover, functionalization
with human immunodeficiency virus 1 (HIV) transactivator
protein (TAT) favored transmembrane delivery of the enzyme
with efficient ROS scavenging.'*l Poly(p,1-lactide-co-glycolide)
acid (PLGA) nanoparticles (NPs) were used to encapsulate SOD
and deliver it to human neurons upon oxidative damage, dis-
playing a dose-dependent protective activity. NPs were able to
stabilize the enzyme and demonstrated better efficacy respect
to SOD alone or PEG-SOD.!!31 A micellar system containing
SOD conjugated to oxidation-sensitive amphiphilic polysulfide/
PEG block copolymers efficiently neutralized superoxide by
converting it into hydrogen peroxide, successively removed by
the polysulfides.[132

Endogenous macromolecules, such as bilirubin, albumin
and ferritin, and small molecules, such as vitamins, ascorbic
acid and glutathione can also act as antioxidants.['33 Neverthe-
less, they work at very strict redox and pH conditions and, if
taken at high doses, they can lead to detrimental consequences
to our health. The introduction of endogenous antioxidant
small molecules, such as ascorbic acid and vitamin E, has been
proved to be effective in blocking the symptoms connected
to NDs in vivo.'3¥ 1t has been demonstrated that sodium-
vitamin C cotransporters (SVCT) are essential for preserving
the right amount of ascorbic acid in the plasma and into the
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Figure 4. In vivo administration of carbogenic nanozyme to mice with traumatic brain injury. a) Optical images of mice brains showing the BBB per-
meability by Evans blue staining (the higher the blue intensity, the higher the BBB permeability); b) analysis of the BBB permeability assay showing the
decrease of the permeability after treatment with nanozymes; c,d) MMP-9 level in hippocampus and e,f) astrocytes activation level decrement following
nanozyme injection; g) SOD activity, h) H,0O, concentration, i) lipid peroxidation, and j) glutathione disulfide concentration after nanozyme treatment.
Reproduced with permission.['3¢l Copyright 2019, American Chemical Society.

cerebrospinal fluid. Following the onset of ischemic stroke, its
absorption rises for neutralizing ROS.[*]

Mu et al. synthetized a carbogenic nanozyme starting from
lysine and ascorbic acid with increased antioxidant activity
with respect to plain ascorbic acid; this nanoplatform presents
multienzyme mimetic activity, reducing peroxide and glu-
tathione disulfide in a thrauma-injured murine model in vivo
(Figure 4).[136]

Concerning Alzheimer’s disease, assumption of vitamin
E has been associated to a reduced risk of developing this
pathology,'¥”! while glutathione has been found to be related
to Parkinson's disease and Alzheimer’s disease pathogen-
esis.[1313% Reduction in GSH levels in mitochondria correlates
to oxidative damagel!*?l and its decrease in the frontal cortex has
been found in patients with diagnosed Alzheimer’s disease.l'*!]
Vitamin D deficiency has recently been demonstrated a possible
factor leading to abnormal neurological development,'*?l and
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in Parkinson’s disease brain, loss of dopaminergic neurons has
been correlated to low levels of vitamin D in serum.!*3 Simi-
larly, vitamin B deficiencies have been correlated to neurode-
generative diseases onset.[1*4

Coenzyme Qq is a vitamin analogue able to act as interme-
diate during mitochondrial respiration and it has been shown
having also intrinsic antioxidant properties.'*! Administra-
tion of CoQ;y has many beneficial effects in patient’s affected
by NDs, however its bioavailability is very low. Development
of micelles, nanostructured lipid carriers and polymeric nano-
particles has provided the required therapeutic efficacy.'46-14]

5.2. Exogenous Organic Antioxidants
Regarding exogenous agents, increasing recognition is coming

to synthetic compounds and to phytochemicals present in
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fruits and vegetables with antioxidant, anti-inflammatory,
and protective properties.'>® Many efforts have been devoted
to demonstrate their therapeutic efficacy for neurodegen-
erative disorders, even though results have been sometimes
contradictory. This can be linked to the multiple mechanisms
leading to ROS formation, hence administration of a single
antioxidant could not be sufficient to counteract oxidative stress
in a pathological context.'>!]

Polyphenols are natural antioxidants produced as secondary
metabolites in fruits, vegetables, tea, wine, and juices. They
provide neuroprotective effects, due to their ability to interact
with transition metals and endogenous enzymes, influencing
many cellular pathways.'>2 The most common phenols are
flavonoids, such as flavonols, flavones, and anthocyanidins.
Quercetin, found in apples, tea, and onions, and catechin are
the most common polyphenols together with the nonflavoid
resveratrol, commonly found in red grapes.[1>3154
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Interestingly, anthocyanins have been successfully applied to
amyotrophic lateral sclerosis (ALS) therapy,'>* while resveratrol
has shown protective effects in Alzheimer’s disease patients.!'>®!
Catechins, extracted from green tea leaves, displayed very strong
antioxidant properties!’®”l and their administration reduced Af
production/aggregation in vitro and in vivo (Figure 5).[18]

Finally, curcumin, a nonflavonoid polyphenol derived from
turmeric, has demonstrated potent anti-oxidative capacity and
antiamyloidogenic effects. Upon injection into mice models
of Alzheimer’s disease, curcumin crossed the BBB, bound
plaques, and was also able to reduce amyloid levels preventing
fibrils and oligomer formation.['>” In a mouse model of focal
cerebral ischemia, it has been demonstrated that Nrf2 and
HO-1 expression was enhanced by curcumin that protected
brain from damage.['*

The antioxidant properties of phenolic molecules can
be attributed to the capability of phenol groups to convert
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Figure 5. Transgenic mice model of Alzheimer’s disease (Tg APPsw) examined upon peripheral injection of green tea epigallocatechin-3-gallate (EGCG,
left) or vehicle (PBS, right). a) Mouse brain coronal paraffin sections stained with antihuman Af antibody (4G8). CC, cingulate cortex; H, hippocampus;
EC, entorhinal cortex. b) Percentages of 4G8-immunoreactive Af3 plaques (mean = 1 SEM) and indication of their reduction in each brain region.
c) Mouse brain sections stained with thioflavin S. d) Percentages of thioflavin S plaques (mean £ 1 SEM) and indication of their reduction in each brain
region. Scale bar corresponds to 50 um. Reproduced with permission.['8 Copyright 2005, Society for Neuroscience.
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Figure 6. The suggested model for the self-regenerating redox cycle of nanoceria. Ce** present on the surface of the nanoparticles are able to bind and
scavange H,0, generating oxygen, hydrogen, and shifting to Ce>* (reactions 1-4). Ce3* can now bind and eliminate O%~ generating H,0, and reverting
to the initial Ce*" (reactions 5-7). Reproduced with permission.['® Copyright 2011, The Royal Society of Chemistry.

H,0, into water.'61162 However, these molecules can easily
be oxidized; therefore, they need to be encapsulated into
nanocarriers, such as nanoemulsions, liposomes, and solid lipid
nanostructures.61%4 Phenolic compounds have also been con-
jugated with polymeric components, in order to obtain a more
controlled and tunable release.'%! Finally, a new strategy has
been elaborated by polymerizing phenols into a polymer chain
with ROS-responsive linkers.[16¢]

6. Inorganic Nano-Antioxidants for Biomedical
Applications

6.1. Cerium Oxide Nanoparticles

Cerium oxide nanoparticles (nanoceria) have been vastly investi-
gated due to their antioxidant properties, and have shown great
promise for biomedical applications. In nanoceria, cerium is pre-
sent in two valence states on the surface of cerium oxide nano-
particles (Ce3"/Ce*), and the continuous redox shift between
these two states is at the basis of their ROS scavenging ability.['?”]
As described in the work of Celardo et al.l'%® cerium oxide
nanoparticles undergo a self-regenerating cycle of redox reactions
from Ce** to Ce* and back from Ce** to Ce?**, while eliminating
ROS like superoxide and hydrogen peroxide (Figure 6).

Cerium oxide nanoparticles present several advantages over
other antioxidant compounds:

1) Usually, antioxidant molecules present in a biological envi-

ronment, like vitamins, need constant replenishment either
through diet or constant administration. Nanoceria, on the
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other hand, thanks to their self-regenerating cycle, could act
as a ROS scavenger potentially endlessly with a single admin-
istration.

2) While antioxidant enzymes like SOD or catalase are able to
eliminate only specific types of ROS, cerium oxide nano-
particles are able to scavenge a vast range of ROS, including
superoxides, hydrogen peroxides, hydroxyl radicals, and even
reactive nitrogen species like nitric oxide radicals.[1%8170]

3) Since the antioxidant ability of cerium oxide nanoparticles
is strictly related to the Ce**/Ce*" ratio on the surface of the
nanostructures, this can easily be tuned by playing with the
synthesis parameters.['71]

These properties have attracted the attention of the research
community, and cerium oxide nanoparticles have been tested
both in vitro and in vivo as a potential treatment for patho-
logical conditions related to oxidative stress, including neu-
rodegenerative diseases. Our group has been investigating
the activity of nanoceria on neuronal cells in several works,
showing that cerium oxide nanoparticles are able to counteract
the damage induced by a pro-oxidative insult on different kinds
of neuronal cells, like differentiated PC-12 and SH-SY5Y.['72-174
Moreover, we were also able to demonstrate that cerium oxide
nanoparticles are capable of stimulating neuronal differentia-
tion, increasing neurite length and numbers, and dopamine
secretion levels;!'72174 moreover, we showed how nanoceria
affects the gene expression of neuronal cells, downregulating
the expression of genes involved in inflammation and up-
regulating genes involved in cellular defense mechanism and
neuroprotection.l'’”’! Nanoceria antioxidant effects have been
evaluated also using in vitro models of neurodegenerative
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diseases. D’Angelo et al.'’%l showed as nanoceria present the
ability to prevent AfB-induced damage in an Alzheimer’s dis-
ease in vitro model, affecting transduction pathways involved
in neuronal death and neuroprotection. The same group con-
firmed these results in 2012 by demonstrating that antibody-
conjugated PEGylated nanoceria, targeting Af3 aggregates, were
able to prevent neuronal cell death in an Alzheimer’s disease
in vitro model.'””] Cerium oxide nanoparticles have shown
also the ability to prevent Af-induced mitochondrial damage
in vitro, preventing neuronal cell death.l'”®! Pinna et al. showed
that cerium oxide nanoparticles are able to protect PC12 cells
in manganese-induced Parkinson’s disease in vitro models, by
reducing cell death levels and modulating dopamine produc-
tion.'”) An extremely interesting result has been obtained
by Song et al., which demonstrated that cerium oxide nano-
particles with organic coating were able to stimulate cellular
autophagic clearance pathways in a nontoxic way.'® As com-
mented by the authors, these results show that nanoceria could
be used to enhance the clearance and degradation of toxic
aggregates present in several pathological conditions, including
neurodegenerative diseases.

In recent years, nanoceria have been efficiency evaluated also
on in vivo and ex vivo models. In the work of Ganesana and col-
leagues, the real-time antioxidant activity of nanoceria was meas-
ured using an electrochemical biosensor based on cytochrome
C; in particular, it was calculated that the specific cerium oxide
nanoparticles used in this work (around 15 nm diameter) exhibit
a SOD-like activity equivalent to 527 U of SOD for 1 ug mL™!
of nanoceria, being able to reduce superoxide levels in a mice
brain slice.l'®] Another interesting work by Estevez et al.
showed how cerium oxide nanoparticles are able to reduce cell
death levels up to 50% in an ex vivo model of ischemia based
on mouse hippocampal brain slices.'®? In vivo studies have
demonstrated that nanoceria could be used as a protective agent
against several forms of neuronal damage, including cerebral
ischemia/reperfusion injury,!®#¥ lead-induced hippocampal
damage,'®¥ diabetic neurophaty,['®! and cognitive impairments
caused by hypoxia.'8] Yan et al. developed a nanozyme based
on Pt/CeO, with efficient catalytic activity for the treatment of
neurotrauma, and in vivo studies demonstrated that this mate-
rial can improve the healing and reduce neuroinflammation.!'8”]
In vivo studies proved that nanoceria might be further exploited
in the treatment of autoimmune diseases like multiple sclerosis
and amyotrophic lateral sclerosis. Heckman et al. demonstrated
that custom cerium oxide nanoparticles (2.9 nm in diameter)
stabilized with citrate/EDTA were able to reduce oxidative stress
and ameliorate symptoms and motor impairments in murine
models of MS (experimental autoimmune encephalomyelitis
animal model, EAE). Interestingly, the authors showed that
nanoceria had beneficial effects when administrated both in
a preventative and in a therapeutic regimen, suggesting that
they might have both protective and therapeutic effects.'88!
The same group tested nanoceria in a murine model of ALS
showing that the administration of cerium oxide nanoparticles
could prevent muscle loss and increase the life expectancy of
the animals.'®) Also Eitan et al. obtained good results using
in vivo model of MS, showing that a combined treatment with
lenalidomide and nanoceria could reduce the disease symp-
toms, white matter damage, and inflammatory response in EAE
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animals.?¥l Nanoceria showed promising results also for the
treatment of in vivo models of Alzheimer’s disease. In fact, in
the work of Kwon et al., tri-phenyl-phosphonium (TPP)*-func-
tionalized cerium oxide nanoparticles were administrated to
S5XFAD transgenic Alzheimer’s disease mouse models; thanks
to the functionalization, nanoceria specifically targeted mito-
chondria, ameliorating neuronal cells loss, limiting mitochon-
drial morphological damage, and mitigating reactive glycolysis.
Interestingly, the authors did not observe any reduction in Af
plaques deposition."]

Lastly, in vivo tests showed the beneficial effect of nanoceria
in Parkinson’s disease models. In another work by Kwon et al.,
three different kinds of cerium oxide nanoparticles (3 nm
diameter plain particles, TPP*-functionalized particles, and
clusters of 300 nm in diameter) were used to study the effect
of extracellular, intracellular, and mitochondrial targeting parti-
cles in an MPTP-induced Parkinson’s disease mouse model.l'2]
The authors showed that both intracellular and mitochon-
drial targeting cerium oxide nanoparticles were able to elicit a
neuroprotective effect by reducing ROS levels, inflammatory
response, tyrosine hydroxylase (TH), and lipid peroxidation.
Nanoceria clusters localized in extracellular space; although
they were able to scavenge ROS and reduce neuroinflamma-
tion, they did not show any effect against TH or lipid peroxi-
dation.'?] Hegazy et al. demonstrated that the treatment with
0.5 mg kg! of cerium oxide nanoparticles in 6-OHDA-induced
Parkinson’s disease rat models was able to increase dopamine
striatal concentration, reduce neuronal ROS and apoptosis
levels, and improve motor functions.['?l Kim et al. reported that
cerium oxide nanoparticles efficiently accumulated at the site of
ischemic stroke, thanks to BBB breakage caused by ischemia,
and were able to reduce ROS accumulation into damaged tis-
sues upon stroke induction. Treated animals showed reduced
apoptosis and smaller pathological areas as compared to control
animals.[1%4]

Despite the good results obtained using cerium oxide nano-
particles, major concerns have been raised concerning their
use. Several articles have reported no protective or even toxic
effects of nanoceria both in vitro'® and in vivo.'*®17] As com-
mented by several authors in the literature, many parameters,
including agglomeration, size, preparation conditions, surface
charge, pH, salinity of dispersion media and in vivo route of
administration can affect nanoceria efficiency and biocompat-
ibility.l1%8199] Another concern has been raised by the fact that
cerium oxide nanoparticles seem to accumulate in mammals
body without being completely expelled even after a long period
of time. For example, Yokel et al. showed that after the admin-
istration of 30 nm diameter nanoceria in rats, it was possible to
found nanostructures in spleen, liver and bone marrow even
after 90 days. Moreover, the authors observed very little decre-
ment in nanoceria concentration over the 90 day period.l?%%l
Thus, despite many promising results, nanoceria still need fur-
ther investigations before any clinical application is considered;
in particular it is of pivotal importance to deeply understand
the biodistribution, the possible adverse effects, and how these
are affected by nanoparticle features (size, coatings, charge and
surface characteristics, etc.) in order to eventually develop a
highly standardized and optimized nano-formulation exploit-
able in human healthcare.
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Cerium oxide nanoparticles are synthesized by two kinds
of approaches: the chemical methods and the green-based
methods. 201

The chemical approaches are currently the most used, but
they imply the use of organic solvents, high temperatures
and pressure, and external additives. The solution—precipita-
tion method is the most popular and most convenient. Usu-
ally, cerium nitrate hexahydrate is chosen as a precursor
from which Ce(OH)4 precipitates in the presence of bases,
such as aqueous ammonia or NaOH, and surfactants or sta-
bilizers. CeO, nanoparticles are then obtained by dehydra-
tion and heating of the hydroxide.?? The hydrothermal
method is another synthetic route in aqueous dispersion
in which the reaction is carried out inside an autoclave.202
Other less popular chemical approaches to prepare ceria nan-
oparticles are, for instance, the solvothermal method, ball
milling, thermal decomposition, microwave-assisted method,
oxidation.[202:203]

More recently, green-oriented and cost-effective synthetic
approaches have also been studied. These alternative proce-
dures include plant-mediated, fungus-mediated, nutrient-
mediated, and biopolymer-mediated synthesis.?%3! For example,
Patil et al. synthesized CeO, nanoparticles in presence of
pectin, extracted from Indian red pomelo fruit peels, that acts
as a reducing agent during the reaction.??%] The obtained
cerium oxide nanoparticles have a diameter < 40 nm, with good
antioxidant activity.24

6.2. Selenium Nanoparticles

Selenium (Se) is an essential element that plays vital roles in
the human body.?%! It is present in several proteins including
GPx, thioredoxin reductase (TrxR), and selenoproteins.['%l
Although Se is involved in several ROS scavenging reaction
and its supplementation has been correlated to enhanced anti-
oxidant functions,?%”l it has been widely demonstrated that
high doses of Se can be pro-oxidative and even toxic.2% The
main problem in the use of Se as an antioxidant supplement is
that the difference between therapeutic and toxic concentration
is very narrow.?%!! On the other hand, selenium-based nano-
particles (SeNPs) have shown to have similar or even higher
beneficial effect compared to Se-based compounds, but with
lower toxicity.2% Several authors have reported interesting
results concerning the use of SeNPs as a therapeutic agent for
neurodegenerative diseases.?021% Several works demonstrated
that SeNPs are able to reduce Af} aggregation and prevent Af-
induced toxicity in PC12 cells.?-213] In another work, SeNPs
were able to reduce neuronal death, ROS levels, and behavioral
disorders in a C. Elegans in vivo model of HD, by reducing also
the aggregation of huntingtin protein.?*”! In 2018, Amani et al.
reported the use of SeNPs as a countermeasure for ischemic
stroke.?1% In this work, PEGylated SeNPs functionalized with
an antitransferrin receptor monoclonal antibody (0X26-PEG-
SeNPs) were tested as a neuroprotective agent both in vitro
and in vivo, using a murine model of ischemic stroke. OX26-
PEG-SeNPs showed enhanced targeted transport in the brain,
and were able to reduce brain edema and hippocampal neu-
ronal cell loss. With further molecular analysis, the authors
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showed that OX26-PEG-SeNPs affect several cellular pathways
including inflammation, antioxidant defense, autophagy, and
apoptosis-related factors. In order to test the biocompatibility
of OX26-PEG-SeNPs organ biodistribution and histological
analyses were performed by the authors, showing no toxic
effect even after 28 days from the intraperitoneal administra-
tion.21% Even though the literature on the use of SeNPs in
neurodegenerative diseases treatment is somewhat limited
when compared to cerium oxide nanoparticles, the results pre-
sented in these works are promising enough to justify further
in vivo testing for brain disorders.

6.3. Other Antioxidant Inorganic Nanomaterials

Other inorganic nanomaterials have been tested as possible
antioxidants for the treatment of ROS-induced disorders.
Manganese oxide nanoparticles, such as MnO, and Mn;0,
NPs, have shown interesting abilities as antioxidants, being
able to mimic catalase activity by scavenging H,0, and gen-
erating oxygen as a byproduct. Singh et al. demonstrated that
MnO, NPs can be exploited to elicit cytoprotective effects upon
murine f-cell insulinoma. Singh et al. have shown in two dif-
ferent works that Mn;0, nanoflowers, mimicking the action
of three different antioxidant enzymes (CAT, SOD, and GPx),
were able to prevent oxidative damage in cells without affecting
the physiological antioxidant cellular functions, and were able
to show protective effects in an in vitro model of Parkinson’s
disease based on MPTP-treated SHSY-5Y.[214215]

Platinum-based nanomaterials are another group of nano-
particles that have shown interesting results as nano-antioxi-
dants, being able to replicate CAT and SOD activity.!®l In the
works of Takamiya et al., Pt nanoparticles were used as a coun-
termeasure to prevent and ameliorate the damages induced by
ischemic stroke, preserving NVU structure and neurological
functions in a mouse model of cerebral infarction.?17:218]

Mu et al. instead developed a trimetallic (triM) nanozyme
with multienzyme-mimetic activity as efficient scavenger of
reactive oxygen species and reactive nitrogen species (RNS) in
brain thraumatic injuries (Figure 7).[2%)

Yttrium oxide nanoparticles (Y,03;) protective antioxidant
effects were reported in HT-22 mouse hippocampal neuronal
cells, in a rat model of lead-induced neuronal damage, and in
an in vivo model of photo degeneration. However, Y,0j; ability
to ameliorate neurodegenerative disorders in animal models
still needs to be tested.[184+220.221]

Recently, an interesting work proposed the use of Pd hydride
(PdH) nanoparticles as a possible treatment of Alzheimer’s dis-
ease. The results obtained by Zhang et al. were quite remark-
able, showing that PdH were able to scavenge "OH, suppress
AP over-production, reverse synaptic deficit, ameliorate mito-
chondrial dysfunction, and even reduce cognitive impairments
in Alzheimer’s disease mice models.???l The authors theorized
that the obtained results were due not only to PdH nanoparti-
cles’ antioxidant ability, yet also to their capacity to generate
hydrogen molecule (H,) as a by-product of *OH scavenging. This
interesting work could lay the basis for the future exploitation of
PdH in Alzheimer’s disease and other neurodegenerative dis-
eases characterized by high levels of oxidative stress.
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Figure 7. Trimetallic nanozymes (TriM nanozyme) scavenging properties against ROS and RNS, with higher activity in neutral environment, and their
action in repairing brain injury. Reproduced with permission.?'®l Copyright 2019, American Chemical Society.

Lastly, some carbon-based nanomaterials including fullerene,
graphene, carbon nanotubes and carbon clusters have been
studied as antioxidants and as potential countermeasures
for some CNS disorders.?2*22] Even if these nanostructures
are carbon-based and, under a strictly chemical point of view,
organic, we prefer to briefly mention them at the end of this
paragraph, as they are synthesis products.

Fullerene nanoparticles (in particular spherical structures
with 30 carbon double bonds, Cg4) have shown high antioxidant
efficacy with very low cytotoxicity levels even in vivo.??%l One
of the most interesting abilities of fullerene is its interaction
with AfB: several works have reported that fullerene is able to
prevent and counteract the aggregation of A}, demonstrating
that it could be an ideal candidate for the treatment of Alzhei-
mer’s disease.[?2>22%] C has also been investigated as a poten-
tial treatment of Parkinson’s disease: polyhydroxylated fullerene
derivatives Cqo(OH),4 have shown the remarkable ability to pre-
vent MPP*-induced cell death in SK-N-MC neuroblastoma cells,
being able to rescue cell viability and reduce ROS levels and
ROS-induced damages.[?3*!

Even if the antioxidant ability of carbon nanotubes has been
reported, works featuring carbon antioxidant as intrinsically
antioxidant nanomaterials are extremely limited.*'”) 2D carbon-
based nanomaterials have also shown antioxidant ability, like in
the case of the study from Qiu et al., where the ROS scavenging
capacity of graphene was investigated using electron paramag-
netic resonance spectroscopy (EPR), and it was reported that
graphene oxide was able to scavenge both OH™ and O?" radi-
cals.??%] Bitner et al. reported the use of carbon nanoparticles
as countermeasure for cerebrovascular dysfunctions related to
traumatic brain injury (TBI): poly(ethylene glycol)-function-
alized hydrophilic carbon clusters (PEG-HCCs) were admin-
istered to a mild TBI/hypotension/resuscitation rat model
showing that these nanostructures were able to restore cerebral
blood flow, while normalizing O, and nitric oxide levels.l??’]

7. Nanovectors for Antioxidant Targeting
and Delivery

Antioxidant therapy for central nervous system disorders is sub-
jected to a series of problems related to the low bioavailability,
poor solubility in water, and fast degradation of the majority
of the conventional antioxidants. To overcome these issues,
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biocompatible nanoparticles can be used as delivery systems for
these molecules. Owing to their peculiar physicochemical pro-
perties, such as large surface-to-volume ratio and small sizes
(between 1 and 1000 nm), nanoparticles behave very differently
from the bulk materials. Nanoparticles are able to encapsu-
late a significant amount of drug, preventing its degradation,
improving its bioavailability with low impact on the immune
system, delivering it to the target site, and often enhancing its
therapeutic efficacy.'®! The versatility of nanomaterials makes
them easily adaptable for their final purpose. More importantly,
the possibility to introduce specific functional groups on their
surface that enable their targeting toward desired tissues paves
the way for a more sophisticated and precise treatment.['”]
Several nanosystems have been already approved by the FDA,
especially for cancer medicine.l'! The application of nanomate-
rials in antioxidant therapy is more recent, but there have been
already some promising results with different kinds of nano-
systems (Figure 8).

In this section, an overview of the main nanomaterials used
for antioxidant therapy is provided, as well as a description of
the main preparation techniques and the current strategies for
active targeting.

7.1. Polymeric Nanovectors

Polymeric nanoparticles are solid nanoparticles whose shape
could be either a nanosphere or a nanocapsule, depending
on the preparation method.'”?3] The antioxidant molecule is
generally loaded in the core or covalently bound to the polymer
that forms the particle, acting the nanomaterials mainly as a
drug delivery system. In some particular cases, such as polydo-
pamine, the polymer itself has inherent antioxidant activity.”!
Polymer nanoparticles offer high structural integrity and sta-
bility, long shelf life, and they can also be prepared with mate-
rials that are responsive to particular stimuli for a controlled
release of their cargo."”]

The matrix of polymeric nanoparticles is usually made of
synthetic biocompatible and biodegradable polymers, such
as poly(p,L-lactide-co-glycolide) acid (PLGA), poly(lactide)
acid (PLA), poly(methyl methacrylate) (PMMA), and poly(e-
caprolactone) (PCL).

PLGA nanoparticles have been extensively used in nano-
medicine since their in vivo biodegradation is well known, and
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Figure 8. Different classes of nanosystems exploited in the antioxidant therapy for central nervous disorders.

they have been already accepted by the FDA for drug delivery
purposes.?32 In the context of antioxidant therapy for CNS dis-
eases, curcumin-loaded PLGA nanoparticles have been proved
to possess higher neuroprotective activity than the free drug,
preventing the phosphorylation of Akt and Tau proteins caused
by oxidative stress in SK-N-SH cells.?33l The authors also
demonstrated the fundamental role played by the polymeric
matrix in the release kinetics of the drug, in the nanoparticles
uptake, and in the expression of some relevant neuroprotective-
and antioxidant-associated genes.23’]

Nanocurm, a formulation of curcumin loaded into NVA622
polymeric nanoparticles (derived from the polymerization of
N-isopropylacrylamide, vinylpyrrolidone and acrylic acid), was
demonstrated to be able to significantly decrease the prolifera-
tion and growth of different brain tumor cell lines, inducing
G2/M arrest and apoptosis.[23*

Yun et al. prepared poly(butyl cyanoacrylate) (PBCA) or
poly(p,L-lactide-co-glycolide (PLGA) nanoparticles encapsu-
lating SOD, with targeting moieties directed toward N-methyl-
p-aspartate (NMDA) receptor 1. These nanomaterials efficiently
protected neurons in vitro and in vivo.?3]

An interesting option for stroke treatment came from local
delivery of native superoxide dismutase (SOD) loaded into in
biodegradable poly(p,L-lactide-co-glycolide) nanoparticles, which
provided a sustained protective effect, with a 65% reduction in
infarct volume.[236]

Polymeric nanoparticles have been synthesized, modi-
fied with glycopeptides (g7), and loaded with cholesterol, the
levels of which are very low in HD mice. After intraperitoneal
injection, these nanoparticles were able to reach neurons,
contributing to cognitive dysfunctions recovery.?3”! Recently,
shrinkable nanoparticles made of PEG-poly(e-caprolactone)
carrying therapeutic molecules were designed to be respon-
sive to thrombin or matrix metalloproteinase-9, abundant at
the site of ischemic stroke, and targeted delivery was obtained
by conjugating them to specific overexpressed proteins
(Figure 9).12%8]
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In addition to synthetic polymers, natural polymers like
chitosan, alginate or gelatin are used to prepare nanocarriers.!!”]
Chitosan nanoparticles have been used to encapsulate polyphe-
nols extracted from Ilex paraguariensis, also known as yerba
mate, and the resulting system showed good release profile and
antioxidant activity.[?*"!

Antioxidant molecules can also be attached directly to the
polymer chains by covalent bonds. The conjugation reactions
are usually esterifications or acylations, mediated by coupling
agents like dicyclohexyl carbodiimide, 1-ethyl-3-(3-dimethyl-
aminopropyl) carbodiimide or N-hydroxysuccinimide esters.[?4%
For example, tannic acid has been covalently attached to
poly(metacrylic acid) to form tannic acid-decorated nanoparti-
cles, the antioxidant activity of which is higher than that of the
antioxidant alone.*!]

Polymeric nanoparticles can be synthesized with several
techniques. The two main procedures are the emulsion-solvent
evaporation process and the nanoprecipitation technique (or
solvent diffusion method).?*?l In the emulsion-solvent evapo-
ration process, the polymer is dissolved in an organic solvent
that is immiscible with water and then mixed with an aqueous
solution containing a surfactant or a stabilizer. Then, the emul-
sion is homogenized by sonication, and the organic solvent
is removed under reduced pressure. In the nanoprecipitation
technique, instead, the polymer is initially dissolved into an
organic solvent that is completely miscible with water. Upon
addition of water, the polymer will be no longer soluble in the
new water/solvent mixture, and it will start precipitating into
nanoparticles. The solvent is then removed by either evapora-
tion or dialysis. Compared to the other procedure, nanopre-
cipitation requires less toxic solvents, like dimethyl sulfoxide
or acetone. Both these two techniques are very sensitive to
preparation parameters, like the mixing order, the mixing time,
or the temperature.l'?43] Other preparation protocols involve
the polymerization of monomers in an emulsion where the
polymer directly precipitates into nanoparticles, and, for more
hydrophilic polymers, gelation or coacervation techniques./?*4
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Figure 9. Schematic diagrams of a,c) shrinkable and b,d) expandable PEG-poly(e-caprolactone) nanoparticles responsive to thrombin or matrix metal-
loproteinase-9, abundant at the site of ischemic stroke. Reproduced with permission.238l Copyright 2018, American Chemical Society.

Finally, as already mentioned earlier, there is another
category of polymeric nanoparticles where the repetitive units
of the polymers (or one portion of a copolymer) are antioxi-
dant molecules per se; therefore, the polymer nanostructure
itself owns inherent antioxidant activity. For example, melanin-
like nanoparticles are synthesized by polymerization, through
chemical oxidation, of dopamine.[?*#¢ Due to the presence of
functional groups such as catechol, melanin acts as a scavenger
against reactive oxygen and nitrogen species. Liu et al. demo-
nstrated that PEG-melanin-like nanoparticles (PEGMeNPs)
have neuroprotective and anti-inflammatory activity in vitro on
Neuro 2A cells, without affecting cell viability and mitochon-
drial function (Figure 10).2*l These nanoparticles were also
able to decrease the infarct area of ischemic brain on in vivo rat
models of ischemic stroke.[240]

Kang et al. synthesized poly(vanillin oxalate) nanoparticles
that are able, in the presence of H,0,, to generate CO, bubbles,
exploited for enhanced ultrasound imaging, and to release van-
illin, a well-known antioxidant molecule. These multifunctional
nanoparticles have proven to be effective both in vitro and in
vivo for hepatic ischemia/reperfusion injury, but they could be
promising for other kinds of ischemic injuries, in particular at
brain level.[162]

Stimuli-responsive antioxidant nanomaterials have been
developed in order to be able to work upon oxidative stress, for
example in the presence of hydrogen peroxide. Nanoparticles
incorporating copolyoxalate have been designed able to activate
in presence of H,0, and degrade it into safe compounds in vivo
(Figure 11).[16¢]

7.2. Lipid-Based Nanovectors

Lipid-based nanoparticles include systems made of lipids and/
or phospholipids. They can be classified depending on their
structure. Liposomes are composed of a mixture of amphiphilic
phospholipids, lipids and cholesterol organized into one or
more lipid bilayer enclosing an aqueous core. Due to this pecu-
liar morphology, liposomes are able to encapsulate hydrophilic
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drugs in the aqueous compartment and hydrophobic drugs in
the lipid portion.l'®247] Liposomes were the first nanoparticles
to be approved by FDA for the treatment of cancer.?*¥! Within
the field of antioxidant therapy, liposomes have been used to
deliver several kinds of antioxidant drugs and enzymes.?*]
For example, quercetin-loaded liposomes could have poten-
tial applications in the treatment of Alzheimer’s disease,
because they successfully inhibit acetylcholinesterase activity
in hippocampus and improve memory deficits caused by the
administration of AF64A, a cholinergic neurotoxin, in rats.[?>%
Curcumin-modified liposomes were shown to prevent Af for-
mation in Alzheimer’s disease and, due to their high affinity
for amyloid deposit, they could also be used for diagnostic
purposes.?1

As already mentioned, antioxidant phytochemicals have
gained important recognition as neuroprotective agents. Due
to their poor solubility, rapid clearance, and low stability, they
have been often encapsulated into lipidic carriers. Unilamellar
liposomes have been developed to carry quercetin to rat brain
model of ischemia/reperfusion injury; this treatment pre-
served the activity of antioxidant enzymes and inhibited edema
formation.?? Further, Sinha et al. demonstrated that it is
possible to prevent oxidative damage upon ischemia induction
by supplying ascorbic acid and o-tocopherol encapsulated or
intercalated in unilamellar liposomes a few hours prior to the
ischemic insult.?>3]

Wiley et al. designed lipopolysaccharide (LPS)-modified
liposomes targeting TLR4 receptor on the microglia in SOD-1
mutant mice and loaded them with minocycline demonstrating
preferential targeting of microglia cells and a delay in disease
progression.?¥ Interestingly, the administration of Cu, Zn
SOD liposomes favored the delivery of the antioxidant enzyme
to the brain, enhancing its protective activity in ischemia/reper-
fusion injury.l?>>2°¢

One of the techniques exploited to prepare liposomes con-
sists in the initial formation of a thin film of lipids by evapora-
tion of organic solvent from a lipid/solvent solution; the film
is then dispersed in an aqueous medium, triggering the for-
mation of large multilamellar vesicles. A subsequent step of
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Figure 10. a) Cytotoxicity, b) intracellular O, scavenging activity, and c) confocal fluorescence images of O, levels in Neuro 2A cells treated with
melanin-like nanoparticles. d) Protective effective of melanin-like nanoparticles against ROS in Neuro 2A cells under CoCl,-induced hypoxic conditions.
e) Expression of Bax and Bcl-2 in CoCl,-stimulated Neuro 2A cells with versus without PEGMeNPs, as well as in cells treated only with PEG-MeNPs.
Reproduced with permission.?4¢l Copyright 2017, American Chemical Society.

sonication, extrusion or homogenization is necessary to obtain
small unilamellar vesicles with a good monodispersity. Other-
wise, liposomes can be formed by the “reverse-phase evapora-
tion method,” in which a certain amount of water is added to
a solution of phospholipids dissolved into an organic solvent,
forming a water-in-oil emulsion, and thereafter the organic
solvent is removed under reduced pressure, resulting into the
formation of liposomes.[?>”]

Another typology of lipid-based nanoparticles is represented
by solid lipid nanoparticles (SLNs), whose matrix is composed
of lipids that are solid at body temperature. SLNs are mainly
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used to encapsulate hydrophobic drugs due to the nature of
the matrix.l>® However, the high crystallinity of the lipid core
can give rise to low drug loading efficiency and/or inefficient
drug release. For this reason, one or more lipids that are liquid
at body temperature are often included in the formulation.
These systems are called nanostructured lipid carriers (NLCs),
and their inner structure and the release profile can be modu-
lated by varying the amount of liquid lipid in the particle.l>>”!
NLCs have been proposed to encapsulate sesamol, a compo-
nent of sesame seeds and sesame oil with antioxidant activity,
improving its pharmacological profile and reducing oxidative
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Figure 11. a) In vivo imaging of H,0, in hind limbs of mice treated with rubrene-loaded HPOX nanoparticles (HPOX/Rb) upon ischemia induction
and direct injection of nanoparticles distal to the ligation sites. Red arrow indicates reperfusion at different time points (right hind limb), black arrow
indicates ligated left hind limb (ischemia), b) with or without the H,0, degrading enzyme catalase. Reproduced with permission.l"®®l Copyright 2013,

Elsevier.

stress, ischemia/reperfusion-induced neurobehavioral defi-
cits, and cellular damage in vivo, where the free drug failed
(Figure 12,).1260]

Rat models of ischemic/reperfusion injury were fed with
solid lipid nanoparticles loaded with curcumin and exhibited
improvement in cognitive functions, increased levels of endog-
enous antioxidant enzymes, enhanced activity of mitochondria,
and concomitant decrease of lipid peroxidation.?®!l In a very
promising work aimed at targeting mitochondria, curcumin
was encapsulated in solid lipid nanoparticles. Upon adminis-
tration to HD rats, mitochondrial activity was recovered and
endogenous antioxidant enzymes efficiency was restored.[26%]

With respect to the majority of other kinds of nanovectors,
the preparation of SLN and NLCs does not require the use of
toxic organic solvents. The two principal fabrication methods
are the high-pressure homogenization (HPH) and the micro-
emulsion technique.’®¥ HPH involves breaking up primary
large lipidic aggregates into sub-micron particles by using a
high-pressure homogenizer. Here, the particles are pushed at
high pressure (5-50 MPa) through a nozzle of a few microns.
The high shear stress breaks the initially large particles into
smaller objects, with sizes in the nanoscale.’>®! Prior to the
injection into the homogenizer, the lipids are melted at a tem-
perature 5-10 °C higher than their melting points, and an
aqueous surfactant solution, warmed at the same temperature,
is added. The drug can be either melted directly with the lipids
(hot homogenization) or added to the melted lipids and cooled
down to room temperature (cold homogenization) before
adding water. After the homogenization, the nanoemulsion is
let cool down at room or lower temperature. Ultrasonication is
often used as an alternative to the HPH to reduce aggregates
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size. In the microemulsion method, the lipids are melted and
mixed under stirring with a small amount of a surfactant solu-
tion at the same temperature. Thereafter, a sufficiently high
volume of water at 2-3 °C is added to solidify the initial lipid
droplets.[263.264]

7.3. Other Organic Nanovectors

Besides polymeric and lipid-based nanoparticles, other organic
nanomaterials have been used for drug delivery purposes and,
in particular, for the treatment of CNS disorders.

Dendrimers are synthetic 3D branched macromolecules with
a well-defined symmetric structure.?®>l They have a radial distri-
bution consisting of an inner core, from where the “branches”
grow through chemical reactions. Dendrimers are indeed
interesting for biomedical applications because of their low
polydispersity in terms of size and molecular weight, and the
easy control of the surface functionalization.?*>! Hydroxyl-ter-
minated polyamidoamine dendrimers carrying the antioxidant
N-acetylcysteine (NAC) were able to reduce oxidative stress
level in healthy BV2 murine microglia, more efficiently than
plain N-acetylcysteine.[26¢]

Polymersomes are structural analogs of liposomes, but there
are made of amphipathic block copolymers instead of lipids. A
block copolymer is a polymer containing two portions with dif-
ferent features; usually, one block is hydrophilic and the other
is hydrophobic, imparting amphiphilic properties to the whole
macromolecule. In polymersomes, the block copolymers are dis-
tributed in bilayers, where the hydrophilic part is oriented toward
the aqueous solvent, whereas the lipophilic block is composing
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Figure 12. Mice brain coronal sections stained with triphenyltetrazolium chloride (TTC): a) sham; b) ischemia/reperfusion (I/R), in which the infarcted
area is shown in white; c) I/R + nanostructured lipid carriers (S-NLCs, containing 25 mg kg™' of sesamol); d) I/R + 25 mg kg™ sesamol; e) I/R + LY294002
(25 pg uL™) + S-NLCs (25 mg kg™). f) shows the percentage of the infarcted area, demonstrating as the treatment with S-NLCs is effective in reducing
the damage. Reproduced under the terms of the CCA 4.0 International Licence.?5% Copyright 2017, the Authors. Published by Springer Nature.

the layer."”! The physicochemical properties of polymersomes
can easily be modulated by carefully choosing the right blocks,
their molecular weight, and the ratio between the two blocks.
Poly(ethylen-glycol)-b-poly(p,L-lactic-co-glycolic) acid polymer-
somes loaded with curcumin and functionalized with specific
peptides targeting the BBB, for instance, have been shown to
ameliorate cognitive dysfunction induced by AB,;_4, in mice.?¢”]

Finally, micelles are another group of nanoparticles made
of amphiphilic polymers or lipids with a spherical shape com-
posed of a hydrophobic core and a hydrophilic shell.l'”] Deng
et al. efficiently loaded thymol, a phenol extracted from Thymus
vulgaris L. and Origanum vulgare L. with antioxidant properties,
in Tween 80 micelles, demonstrating that the encapsulated
compound has higher antioxidant activity with respect to the
plain one in aqueous environment, where thymol is normally
insoluble.?®! An interesting study demonstrated that insulin-
p-o-tocopherol succinate (INVITE)-loaded-curcumin micelles
improved the efficacy of mesenchymal stromal cells (MSCs),
able to enhance neuronal protection and replace dead motor
neurons of the spinal cord. This innovative approach was
shown to present great promise for ALS treatment.[?%%]

7.4. Inorganic Nanovectors

Besides inorganic nanoparticles that possess an inherent anti-
oxidant activity, inorganic nanosystems can be also exploited
as passive carriers for drug delivery purposes. For example,
silica (SiO,) nanoparticles, due to their peculiar mesoporous
structure, ensure high loading capacity and homogeneous
distribution of drugs. Moreover, the strong covalent Si—O
bonds make these nanoparticles very resistant to degradation.
Si0, have been proven to be biocompatible, with low toxicity.[?”"!

Also iron oxide nanoparticles could be used as antioxidants
delivery systems because of their biocompatibility and, in parti-
cular, their tunable magnetic properties. For example, super-
paramagnetic iron oxide nanoparticles (SPIONs) interact with
external alternated magnetic fields and, therefore, they can be
used both for hyperthermia and as contrast agents in magnetic
resonance imaging (MRI).'® Moreover, the application of an
external magnetic field can be exploited to favor the crossing
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of the BBB of SPIONS, as recently demonstrated.’’! Iron
oxide nanoparticles functionalized with catalase were shown
to be able to convert ROS into O, mitigating hypoxia effects in
tumor microenvironment. The catalase activity in these parti-
cles was maintained even in hypoxic conditions, and resulted
three times more stable with respect to the free catalase.*’? In
another example, SOD was complexed with both mesoporous
silical®”3 and iron oxidel?’* nanoparticles, giving a great reduc-
tion of necrotic brain tissue.

PLA-coated mesoporous silica nanoparticles, functional-
ized with a ligand of the low-density lipoprotein receptor, were
efficiently loaded with resveratrol, and, being PLA degraded
in presence of ROS, the system ensured a stimuli-responsive
release of the antioxidant. Moreover, these nanoparticles were
shown to favor the passage through an in vitro BBB model and
to reduce oxidative stress of rat microglia.l?”!

In a very recent work, Amanzadeh et al. fabricated quercetin-
conjugated SPIONs and demonstrated that these nanoparticles
were able to improve learning and memory of intact Wistar
rats, more efficiently than the drug alone (Figure 13).27% This
result is really promising, especially for a potential treatment of
neurodegenerative diseases.

Inorganic nanoparticles can be synthesized in different ways
depending on the starting materials and on the desired final
product. Mesoporous SiO, nanoparticles are usually synthe-
tized by a sol-gel procedure using tetraethyl orthosilicate as
a precursor and surfactants as template agents.*’”] Iron oxide
nanoparticles are usually prepared by precipitation of ferrous or
ferric salts in aqueous media. Hydrothermal synthesis is a gen-
eral procedure that can be used for a large range of materials;
it involves the crystallization of the substance from aqueous
solutions at high temperature and pressure. Other procedures
include microemulsions, polyol process, decomposition in
organic media, and pyrolysis.l?’8]

7.5. Active Targeting in Antioxidant Therapy for Central Nervous
System Disorders
Crossing the BBB is one of the major obstacles for the treat-

ment of central nervous system disorders. Nanotechnology has
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Figure 13. Morris water maze test performed in rats treated with quercetin (QT), superparamagnetic iron oxide nanoparticles (Fe;04 NPs, SPIONSs),
quercetin-conjugated SPIONs (QT- Fe;O, NPs) at different concentrations (50 and 100 mg kg™') and compared to controls and sham (vehicle of
quercetin). a,b) The mean escape latency and c,d) the path length during all training days. Reproduced under the terms of the CCA 4.0 International
Licence.l’6l Copyright 2019, the Authors. Published by Nature Publishing Group.

given a great improvement in this sense in the recent years.
As a simple example, it has been demonstrated that small
lipid nanoparticles help drugs penetrating the BBB more effi-
ciently.?””l This kind of passive targeting, however, is difficult
to be controlled and can induce a specific accumulation in dif-
ferent sites.?®] Targeted drug delivery, on the other hand, aims
at being the nanoparticles selectively uptaken by the interested
tissues.?8!l Active targeting exploits the strong interactions
between a ligand and a specific receptor that is overexpressed
on the desired target site.[?81

To foster receptor-mediated endocytosis of endothelial cells
of the BBB, nanoparticles should be thus functionalized with
ligands that bind to specific receptors overexpressed on endothe-
lial cells, like transferrin receptors, insulin receptors, low-den-
sity lipoprotein receptors.'®l The conjugation of ligands on the
surface of the nanoparticles is simple and straightforward, and
several antibodies and proteins have been already used for this
purpose. However, since this kind of ligands are unstable and
can cause reactions from the immune system, peptides and
aptamers are often preferred.'®! Cell-penetrating peptides, for
instance, are known to efficiently cross the BBB, and they have
been conjugated to different kind of nanoparticles.?8?]

In order to increase the efficacy of the treatment with anti-
oxidants, the drug should be ideally localized mainly around
the site of action. Mitochondria are the preferred target in anti-
oxidant therapy, because they are the organelles where ROS are
produced at higher extent.'¥! Moreover, as already mentioned,
oxidative stress is often linked to mitochondrial dysfunc-
tion.283] There are several strategies to target mitochondria.
One of these is the exploitation of the electric potential gradient
across the inner mitochondrial membrane by using lipophilic
cations as targeting agents.[?®*l TPP* is one of the most used
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cations to target mitochondria, and several drug-TPP* conju-
gates have been already patented.?®>! MitoQ and MitoVit E are
examples of these kind of complexes, where TPP™ is linked to
quinone and vitamin E, respectively, and they have been shown
to accumulate inside mitochondria.?®l The aforementioned
hydroxyl-terminated polyamidoamine dendrimers conjugated
to N-acetylcysteine were functionalized with TPP*, and they
accumulate in mitochondria at a higher extent with respect to
nonfunctionalized dendrimers (Figure 14).126¢]

Short mitochondria-targeting peptides are also exploited.
These can be natural aminoacidic sequences or synthetic pep-
tides where both hydrophobic and cationic amino acids are
present.?8287-289 For example, Kang et al. designed a new
cell-penetrating peptide with a specific mitochondria-targeting
sequence (MTS), that is a precursor of mitochondrial proteins,
efficiently recognized by the translocation machinery at the mito-
chondrial membrane.?°”) MTS peptides internalization in mito-
chondria is mediated by the translocase of the outer membrane
and by the translocase of the inner membrane complexes.l?%!
The same group conjugated the synthetic MTS peptide to a met-
allothionein, a small protein with antioxidant properties, and
the resulting complex was successful in restoring the activity of
mitochondria and in reducing ROS production.?*”

8. Clinical Trials

As already stressed out before, the fundamental role ROS play
in many different neurodegenerative pathologies and neuro-
logical diseases open new perspectives for antioxidant therapy.
Just a few antioxidant drugs, such as idebenone, edaravone,
and dimethyl fumarate, have been already approved for use in
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humans to treat neurological diseases, while many other drugs
are still currently under preclinical and clinical evaluation. In
this section, more relevant clinical trials regarding antioxidant
compounds/nanocarriers to treat different pathologies of the
central nervous system are discussed in detail.

Concerning Alzheimer’s disease, 24 of the 46 started clinical
trials involving antioxidants have been completed.?*!l Many dif-
ferent antioxidants, such as alpha-lipoic acid and omega-3 fatty
acids, have been already tested with promising results!2922%3
Recent clinical trials investigated the effects of resveratrol,
a natural antioxidant polyphenol, in slowing the progres-
sion of Alzheimer’s disease. This polyphenol, which is highly
expressed in the grape skin, is well tolerated by patients up to
5 g per day,?*!l and therefore was orally administered at high-
doses (500-2000 mg per day) in mild to moderate Alzheimer’s
disease patients. Resveratrol was found, together with its
metabolites, in cerebrospinal fluid, indicating the CNS avail-
ability of this polyphenol.?>-2’ The levels of the matrix met-
allopeptidase 9 (MMP9) marker in cerebrospinal fluid and in
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Figure 14. Confocal images showing the colocalization of TPP*-dendrimers (TPP-D-Cy5, in red) with mitochondria (green), with respect to the
nonfunctionalized dedrimers (D-Cy5). Colocalization is evidenced by the yellow signal resulting from the overlapping of TPP*-dendrimers and mito-
chondria signals. Reproduced under the terms of the CCA 4.0 International Licence.?%¢! Copyright 2018, the Authors. Published by Ivyspring Publishers.

plasma blood resulted remarkably lower in resveratrol-treated
patients with respect to the placebo-treated patients;?”l MMP9
plays a key role in neurodegeneration and neuro-inflammation
regulating BBB permeability;?%301 the decrease of its levels
in cerebrospinal fluid may indicate that resveratrol limits brain
permeability, the infiltration of leukocytes, and other inflam-
matory agents. Furthermore, resveratrol modulated neuro-
inflammation and induced adaptive immunity by increasing
macrophage-derived chemokine (MDC), interleukin (IL)-4, and
fibroblast growth factor (FGF)-2.2] However, patients treated
with these doses of resveratrol were subjected to a greater
brain volume loss compared to the placebo group.?*>*%”! For
this reason, in another clinical trial, lower doses of resveratrol
were tested; an oral pharmacological preparation consisting of
5 mg of resveratrol, 5 g of glucose, and 5 g of malatel**2 was
administered to patients with Alzheimer’s disease to study its
efficacy in slowing the progression of the pathology.l’3 Results
showed that the preparation was safe and well tolerated by
patients; moreover, after 12 months, all the scores related to
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memory, attention, reasoning, language, orientation, and praxis
showed less deterioration in the treated with respect to the con-
trol group. However, the score differences between groups were
not statistically significant, and larger studies will be required
to evaluate the beneficial effects of resveratrol in Alzheimer’s
disease patients.

Another natural compound with antioxidant properties
used for the treatment of Alzheimer’s disease patients is epi-
gallocatechin-gallate, the major catechin in green tea.’*¥ This
catechin has also been successfully exploited to improve cogni-
tive performances and decelerate the Alzheimer’s disease-like
progression in Down's syndrome patients;3%! specifically, at
12 months from the beginning of the trial, participants treated
with epigallocatechin-gallate and cognitive training had signifi-
cantly higher scores in visual recognition, memory, inhibitory
control, and adaptive behavior.3%

Vitamin EB% and oral curcumin (curcumin C3 complex!3%8))
have also been tested in clinical trials for the treatment of
Alzheimer’s disease symptoms.B%31% Unfortunately, in both
cases, no evident clinical efficacy was reported, probably due
to the limited bioavailability of these compound, as already
pointed out in the previous sections. It this clear, in these cases,
how the encapsulation in nanocarriers, such as liposomes or
lipid nanoparticles, could dramatically improve the efficacy, the
targeting ability, and the antioxidant efficacy of these kinds of
molecules.>! However, the great majority of nanocarriers (e.g.,
liposomes) for brain diseases that are being currently tested in
clinical trials are applied for the treatment of cancer, or, rarely,
of meningitis, and not for the therapy of neurodegenerative
conditions.B!2

With respect to studies involving Alzheimer’s dis-
ease patients, a relatively low number of clinical trials on
antioxidants for the treatment of Parkinson's disease has
been completed. Resveratrol has been used only in two clin-
ical trials involving Parkinson's disease patients,33l while no
trials have been found using catechins. Clinical trials exploited
glutathione (via intranasal administration) as natural anti-
oxidant agent in patients.?' Most of the results obtained by
the clinical trials exploiting resveratrol and glutathione have
not yet been published, nor have been reported on reposi-
tory sites. Only results from a double-blind placebo-controlled
phase IIb study with intranasal glutathione were recently
published.B'>31% In this study, higher unified Parkinson’s
disease rating scale (UPDRS) and UPDRS motor subscores
were observed over baseline, but these improvements in the
treatment group were not statistically higher than those ones
achieved by the placebo group; placebo-related improvements
resulted more robust than those observed in previous Parkin-
son's disease studies. Appropriately powered longer-duration
studies on a larger cohort of participants will be required
to further investigate glutathione effects versus placebo in
Parkinson’s disease patients.

Interesting results have been observed with N-acetyl-
cysteine.?173181 Tn a phase 1 clinical trial '8 a single 150 mg kg™!
NAC intravenous infusion was administered to patients with
Parkinson’s disease and Gaucher disease and in healthy con-
trols;1% reduced-to-oxidized glutathione ratios were measured
in blood, and glutathione levels in the brain were monitored, for
the first time, by using a 7 T magnetic resonance spectroscopy
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(MRS); NAC infusion induced a significant increase of blood
glutathione redox ratios in all the groups. This enhancement
was followed by an increment of glutathione concentrations
in brain in all subjects. In another clinical trial,132%-321] repeated
oral NAC administrations were able to significantly increase
different peripheral antioxidant parameters (catalase and glu-
tathione redox ratio) with respect to baseline; however, brain
glutathione levels resulted unchanged, probably due to the low
oral NAC bioavailability. An overview of N-acetylcysteine effects
in neurodegenerative diseases has been recently reported by
Tardiolo et al.?21]

An effective antioxidant nanoformulation is nanocurcumin
(curcumin encapsulated in nanomicelles; SinaCurcumin),
whose immunomodulatory activity has been exploited for the
treatment of multiple sclerosis (MS).'%2 In a recent clinical
trial,3223231 MS patients received capsules of nanocurcumin
(curcumin encapsulated in polymeric nanoparticles; NanoCurc)
daily for 6 months or a placebo, as control; real-time PCR was
performed on blood samples to detect the gene expression levels
of miRNAs, miRNA-dependent targets, transcription factors
and proinflammatory cytokines. ELISA assays were then car-
ried out to analyze cytokine secretion. Interestingly, MS patients
treated with nanocurcumin were characterized by significantly
lower expression levels of inflammatory miRNAs (miR-145,
miR-132, and miR-16), STAT1, NF-xB, and AP-1. Such results
indicated that nanocurcumin may be able to inhibit neuroin-
flammation in MS patients. Other antioxidants that have been
used in clinical trials for counteracting the degenerative effects
of MS include natural antioxidants (ginkgo, biloba, vitamin
E/selenium, and essential fatty acidsP®**3?)), inosine,l3?l
NAC,3%”] and melatonin.3?8329)

9. Conclusions

Studies discussed in this review display remarkable data con-
cerning the use of nano-antioxidants as potential treatment of
several CNS pathologies. Intrinsically antioxidant nanomate-
rials such as nanoceria or other inorganic nanostructures seem
to be able to elicit a strong ROS scavenging activity, overcoming
the efficiency of commonly used substances and being able to
ameliorate several dysfunctions associated with CNS disorders
like oxidative stress, mitochondrial impairments, and even cog-
nitive problems in animal models.

Organic antioxidants as well represent a valid tool to treat
central nervous system diseases, and, particularly, neurode-
generative pathologies. The encapsulation of these compounds
in nanocarriers like lipid-based or polymeric nanostructures
seems to be able to overcome the limitations connected to the
use of plain drugs, such as low brain targeting efficiency, low
solubility, bioavailability, and biocompatibility. Owing to these
properties, antioxidant-loaded nanocarriers may be able to
reduce toxic side effects, and to control their cargo release and
biological responses.

Despite these interesting results, nano-antioxidant-based strat-
egies for the treatment of CNS need further investigations and
optimization before being exploitable in clinical applications.
Further in-depth studies involving the test of nano-antioxi-
dants in animal models of various brain diseases are of pivotal

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

85UB01 SUOWLWOD aA1Ee.D 8|ed![dde sy Aq peusenob ae sojoiie VO ‘8SN JO S3|nJ J0j AkeiqiT Ul UQ /8|1 UO (SUONIPUCD-PUR-SWS)AL0 A |1 Aseid 1 Ul |uo//Sdny) SUONIPUOD pue swie | 8y 8es *[9202/y0/T0] uo Akiqiauliuo A8|iM * 1 euuY Blues a1oLedns B|onods - 10ond BNo | Ag 68STO6TOZ WYPR/Z00T OT/I0P/LL00 A8 |IM Alelq jBul|U0"peoUeApe;/Sdny oy papeojumod ‘€ ‘0202 ‘65922612



ADVANCED
SCIENCE NEWS

ADVANCED
HEALTHCARE
MATERIALS

www.advancedsciencenews.com

necessity in order to fully understand the efficiency and the
possible adverse effects of these materials. However, generally,
antioxidants represent a valid tool to treat central nervous system
diseases, and, particularly, neurodegenerative pathologies, and
an increasing number of clinical trials exploiting antioxidant-
loaded smart nanocarriers is envisaged in the next future.
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