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Abstract: Coronavirus disease 2019 (COVID-19) is a rapidly spreading contagious infectious dis-
ease caused by the pathogen severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), that
primarily affects the respiratory tract as well as the central nervous system (CNS). SARS-CoV-2
infection occurs through the interaction of the viral protein Spike with the angiotensin II receptor
(ACE 2), leading to an increase of angiotensin II and activation of nicotinamide adenine dinucleotide
phosphate oxidase2 (NOX2), resulting in the release of both reactive oxygen species (ROS) and
inflammatory molecules. The purpose of the review is to explain that SARS-CoV-2 infection can
determine neuroinflammation that induces NOX2 activation in microglia. To better understand
the role of NOX2 in inflammation, an overview of its involvement in neurodegenerative diseases
(NDs) such as Parkinson’s disease (PD), Alzheimer’s disease (AD), and amyotrophic lateral sclerosis
(ALS) is provided. To write this manuscript, we performed a PubMed search to evaluate the possible
relationship of SARS-CoV-2 infection in NOX2 activation in microglia, as well as the role of NOX2 in
NDs. Several studies highlighted that NOX2 activation in microglia amplifies neuroinflammation.
To date, there is no clinical treatment capable of counteracting its activation, however, NOX2 could
be a promising pharmaceutical target useful for both the treatment and prevention of NDs and
COVID-19 treatment.
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1. Introduction

Coronavirus disease 2019 (COVID-19) represents a worldwide problem caused by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) identified in December
2019 in Wuhan, China [1].

Several modes of transmission of SARS-CoV-2 are known, but the dominant one is
respiratory, through aerosols. Other transmission modalities are hypothesized such as
contact with contaminated surfaces or fecal-oral transmission [2].

Although many patients are asymptomatic or mildly symptomatic, SARS-CoV-2 in-
fection manifests itself not only as viral pneumonia but as a very complex multi-organ
disease whose pathophysiological basis is not fully known [3]. In addition to mild or
moderate respiratory symptoms, severe symptoms such as dyspnea, hypoxia, and possible
complications such as acute respiratory distress syndrome (ARDS) and thromboembolism
were observed in SARS-CoV-2 patients. However, neurological manifestations, particularly
in the central nervous system (CNS) such as headache, dizziness, impaired consciousness
and motor coordination, acute cerebrovascular disease, and epilepsy have been observed
in SARS-CoV-2 patients. Instead, symptoms associated with the peripheral nervous sys-
tem (SNP) including anosmia and ageusia that could be considered early markers of the
disease [4].
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Recent studies have reported that SARS-CoV-2 can act also indirectly into the CNS.
Indeed, it was shown that the disease is the most severe form, can manifest itself as
an inflammatory syndrome due to excessive production and release of inflammatory
cytokines, as well as by dysfunction of the immune response. SARS-CoV-2 patients showed
elevated levels of pro-inflammatory cytokines including tumor necrosis factor-o (TNF-«),
interleukin-1beta (IL-1$3), interleukin-2 (IL-2), and interleukin-6 (IL-6) that activate specific
transcription factors such as nuclear factor-xB (NF-«B), which by inducing the expression
of pro-inflammatory genes, as well as by regulating the inflammasome can contribute to
neuroinflammation [5].

SARS-CoV-2 infection can induce the activation of microglia, resident immune cells
of the CNS, that play a role in both the regulation of homeostasis and inflammatory
response [6]. The pathophysiological insults promoted by a viral infection or hypoxic
condition determine the activation of microglia, which in turn activate the nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase (NOX) enzyme, responsible for the
production of superoxide anion (O, ) [7,8].

Therefore, in response to the increase in both inflammatory cytokines, Ang II, glucose,
and oxidized LDL, NOX2 is activated to generate O, ~, the latter responsible for cellular
senescence and aging [9,10].

Therefore, NOX2 activation can induce a notable increase of reactive oxygen species
(ROS) which are considered responsible for neuronal oxidative damage, to favor the
development and progression of neurodegenerative diseases (NDs) [11]. Several pieces of
evidence show that microglial activation of NOX2 is implicated in the pathogenesis of NDs
including Alzheimer’s disease (AD), Parkinson’s disease (PD), and Amyotrophic Lateral
Sclerosis (ALS) [8].

Recently, Violi et al. investigated the role of NOX2 and its possible involvement in
the pathophysiological mechanism of COVID-19. This investigation was conducted on 182
hospitalized COVID-19 patients which demonstrated a higher serum NOX2 dosage, specif-
ically in patients who needed mechanical ventilation or with thrombosis, so suggesting a
connection between NOX2 activation and clinical worsening [12].

The purpose of this review is to provide NOX2 aspects, specifically its activation
following viral infections such as SARS-CoV-2. Furthermore, we also summarized NOX2
microglia activation that may be involved in the development and/or progressions of
neurodegenerative diseases such as AD, PD, and ALS.

2. Neurotropism of SARS-CoV-2

Recent studies have confirmed the critical elements for cellular susceptibility to
SARS-CoV-2 infections. Usually, SARS-CoV-2 can enter into host cells by binding to
the Angiotensin-converting enzyme 2 (ACE2) receptor and transmembrane serine protease
2 (TMPRSS2) through the spike (S) glycoprotein located on the surface of the virus [13].
However, the distribution of ACE2 receptors in the host organism determines the viral
tropism. ACE2 is a ubiquitous receptor widely expressed in alveolar epithelial cells of the
lung, oral and nasopharyngeal mucosa, endothelium, and vascular smooth muscle cells
in the brain, heart, kidneys, and bladder. The distribution of ACE2 in nervous tissue is
poorly represented in neurons and microglia, instead, ACE2 mRNA has been found in the
spinal cord. The function of ACE2 is to control inflammation and blood pressure [14-18].
As ACE2 is expressed in different organs, this could explain both the multiplicity and
diversity of the symptoms associated with SARS-CoV-2 infection [19]. Although viral
infection predominantly involves the respiratory system, the latest studies suggest that the
virus can affect other organs such as the brain and nervous system. Indeed, the distribution
of ACE2 receptors in the olfactory epithelium was observed, so SARS-CoV-2 could enter
the brain through the olfactory nerve and olfactory bulb [20]. Furthermore, ACE2 has been
detected in neurons and glial cells but also in brain structures including the brainstem,
corpus striatum, cortex, and hypothalamus which could further explain the presence of
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the virus in the brain [21]. Noteworthy, the detection of SARS-CoV-2 in cerebrospinal fluid
(CSF) samples from patients with COVID-19 proving its neurovirulence [22].

To explain the presence of the virus in the nervous system, some viral entry routes
have been hypothesized. Especially, SARS-CoV-2 can spread in the CNS through two
main routes, haematogenic and axonal transport. The hematogenous pathway allows
SARS-CoV-2 to enter directly into the CNS through the endothelial cells of the blood-brain
barrier (BBB), according to a mechanism whereby SARS-CoV-2 can bind ACE2 expressed
in the capillary endothelium of BBB, or by infecting monocytes and macrophages to spread
directly into the CNS through the BBB [23]. As regards axonal transport, it originates
from the nasal cavity through the cribriform plate until it reaches the brainstem, involving
different anatomical structures such as the nasal cavity, the olfactory nerve, the olfactory
bulb, the piriform cortex, as well as the brainstem [24,25]. Moreover, the axonal transport
could be implicated in respiratory insufficiency as the virus through the olfactory nerve
and its subsequent progression in the rhino-encephalon could reach the respiratory centers
of the brainstem modulating the control of the respiratory rate [26]. Furthermore, recent
studies have shown that the entry of SARS-CoV-2 can be facilitated by the presence of
the neuropilin-1 receptor (NRP1), expressed both in the human brain and in the olfactory
epithelium [27].

3. Methodology

The purpose of this manuscript is to describe the SARS-CoV-2 neurotropism and its
possible involvement in the activation of NOX2 in microglia. Furthermore, we provide an
overview aimed to illustrate NOX2 activation as a possible cause of NDs such as PD, AD,
and ALS.

To select the studies, we performed a PubMed and Scopus search using the keywords.
The following keyword combinations: SARS-CoV-2 and Microglia; Microglia and an-
giotensin 2 and NADPH oxidase; NOX2 and Parkinson’s disease; NOX2 and Alzheimer’s
disease; NOX2 and Amyotrophic lateral sclerosis, were used to find suitable publications.
We have considered articles published up to 14 April 2021. Ultimately, in this review,
53 studies were considered evaluating the relationship between SARS-CoV-2 infection and
NOX2 activation in microglia, to evaluate its molecular mechanism underlying neuroin-
flammation to prevent the development of NDs.

4. Microglia Activation and Neuroinflammation

Recent investigations on COVID-19 patients have shown an increase in inflammatory
mediators such as cytokines and chemokines believed to be responsible for the physio-
logical alteration of the CNS [28]. These chemical mediators would be involved in both
the activation of microglia and astrocytes, resulting in neuroinflammation [29]. Moreover,
results from post-mortem neuropathological studies in COVID-19 patients showed that
microglia activation and cytotoxic T lymphocyte infiltration were mostly represented in
the brainstem, cerebellum areas [30], and also olfactory bulb and medulla oblongata [31].

The main role of activated microglia is to promote and exacerbate the inflammatory
process through the production of cytokines such as TNF«, IL-1f3, IL-6, compounds such
as nitric oxide (NO), ROS, and reactive nitrogen species (RNS) which can cause neuronal
damage and neurodegeneration [29,32].

The renin-angiotensin system (RAS) in the CNS is well represented and its components
are present in glial cells such as astrocytes and microglia and in different areas of the brain
such as the cortex and hippocampus [32]. Ang Il is a key effector peptide of the RAS known
to regulate blood pressure, behavior, central sympathetic activity. Nevertheless, Ang II
can have deleterious effects as it contributes to the development of oxidative stress and
inflammation [33].

SARS-CoV-2 infection can hinder the interaction with ACE2, leading to interaction
with the Angiotensin receptor (AT1) [29]. Therefore, Ang II binds to AT1 and subse-
quently activates by promoting the change of microglia from immunoregulatory M2 to
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pro-inflammatory M1 phenotype [34]. Notably, M1 microglia phenotype is activated by
compounds such as Toll-like receptor (TLR)-4 agonist, lipopolysaccharide (LPS), interferon
(IFN)-y, TNF«, and also by the increase of NOX levels [35].

NOX activation is not only concerned with free radical’s production such as superox-
ide anion but also involved in the regulation of Rho-kinase (ROCK) activity by inducing
changes in the actin cytoskeleton and stimulating the migration of inflammatory cells. [36].
Additionally, ROCK activation induced by Ang II can lead to the TNF-« release from
microglia, thereby stimulating neuronal NF-«B transcription and promoting both neurode-
generation and further microglial activation [37]. At the same time, ROCK is involved in
NOX activation through p38 mitogen-activated protein kinase (MAPK). Although there is
further evidence, some investigations prove that Ang II can activate both NOX and ROCK,
thus suggesting both pathways have a common mechanism [36].

Moreover, it has been observed that Ang Il-induced oxidative damage in microglia
leads to degradation of microglia ferritin and consequent release of iron which can ex-
acerbate oxidative damage [38]. Certainly, NOX2 activation is implicated in the pro-
inflammatory response and represents also one of the major sources of ROS, the main
inducers of aging and cell damage as well as NDs [39].

Furthermore, microglial activation can seriously compromise the functionality of the
BBB facilitating viral entry [29] and contributing to the infiltration of peripheral immune
cells [28]. Indeed, structural alteration of BBB following CNS infection in COVID-19
patients stimulated a potent neuroinflammatory response characterized by microglial
activation [40]. Recently, Mishra et al. focused attention on the role of exosomes in
microglia to identify pathways involved in the neuropathogenesis of SARS-CoV-2. In this
regard, human microglia were treated with exosomes from HEK-293T cells transfected with
S gene plasmids. The exosomal vesicles contained high levels of miR-148a and miR-590
that modulate gene expression of Ubiquitin Specific Peptidase 33 (UISP33) and Interferon
Regulatory Factor 9 (IRF9), which are found downregulated. MiR-590 can directly target
IRF9 while miR-148a suppresses USP33 expression levels in human microglia. USP33 is a
deubiquitinase that targets IRF9. Indeed, IRF9 downregulation causes harmful effects in
microglia, promoting microglial activation and neuroinflammation. Hence, the disruption
of the SP33-IRF9 axis promoted by SARS-CoV-2 infection would activate the inflammatory
phenotype of microglia which over time can induce neurodegeneration [41]. This evidence
was found in a patient with COVID-19 in whom a strong microglial activation was found
within the white matter [42]. This information supports the hypothesis that SARS-CoV-
2 infection may induce severe neurological repercussions related to its invasion in the
nervous system [29].

5. NOX2 Increases Oxidative Stress

NOX enzymes are protein complexes that can cross the cell membrane transfer elec-
trons to molecular oxygen to generate superoxide anion as well as ROS including hydrogen
peroxide (H,O,) and hydroxyl radicals (OH®). The NOX family includes 7 isoforms such
as NOX1-5 and Drosophilae harbor a dual oxidase (DUOX) 1 and 2, characterized by six
transmembrane domains, one cytoplasmic NADPH binding site, and two heme-binding
sites [43,44]. Furthermore, all NOX enzymes through both the flavine adenine dinucleotide
(FAD) domain and two heme groups, can catalyze the transfer of two electrons from
NADPH to molecular oxygen [45].

NOX2, the first NOX enzyme to be discovered, is widely expressed in phagocytes
including neutrophils and microglia where it exerts a defensive action against pathogens,
as well as in the proliferation and signaling cell [46,47].

NOX2, encoded in humans by the NOX2 gene, is the catalytic subunit linked to the
phagocyte membrane NADPH oxidase (PHOX). The NOX2 activation involves the binding
with p22PHOX a2 membrane protein that together with NOX2 was found in the phago-
some [48,49]. Therefore, the binding of NOX2 with p22"HOX Jeads to the formation of the
heterodimer known as flavocytochrome b558 [50]. NOX2 activation requires the presence
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of cytosolic organizing and regulating proteins including p40THOX, pa7PHOX 167PHOX and
the G-protein Rac [43]. Consequently, the NOX2 activation involves the translocation of
p40Phox, pa7Phox pe7Phox and Rac into a heterodimer cytochrome composed of gp91PHOX
and p22PHOX a5 well as the subsequent conversion of molecular oxygen to superoxide
anion. [51]. Probably, the NOX2 complex is activated through the phosphorylation of
p47PHOX in which several kinases have been involved as well as the replacement of gua-
nine nucleotides on Rac [52]. P47PHOX is found quiescent in the cytoplasm of microglia,
as soon as activated it is phosphorylated and subjected to a conformational change that
allows it to translocate on the membrane to bind membrane phospholipids including the
phosphatidylinositol-3 kinase (PI3K) as well as the C-terminal of p22PHOX characterized
by proline residues [53,54]. Additionally, p47"HOX can also activate the p67"HOX subunit,
which once active can bind Rac, probably through direct interaction with gp91PHOX [55].
Therefore, both p47PHOX and p67"HOX are necessary to activate NOX2 at the microglial
level [56]. In the same way, it was shown that the cytosolic subunit p40PHOX, although
not directly required for enzymatic activity, is involved in the modulation of ROS genera-
tion [57,58].

NOX2 exerts its antimicrobial action by direct production of ROS, as well as through
the activation of granular proteases and generation of neutrophil extracellular traps
(NETs). [59]. In the same way, NOX2 can play an important role in the regulation of
adaptive immunity, including both antigen presentation and lymphocyte response [59,60].

Under physiological conditions, NOX exerts several functions including host defense,
signaling and differentiation cell as well as the regulation of gene expression. Additionally,
it has been shown that increased NOX expression can contribute to the development
and/or progression of neurodegenerative and cardiovascular diseases [43].

Notably, NOX2 can be involved in the pathogenesis of diseases in which inflammation
plays an important role, including AD, PD, and ALS [60,61]. As, oxidative stress, inflamma-
tion, and microglial activation are common in the NDs, NOX2 could be a useful therapeutic
target for their management.

6. Role of NOX2 in Neurodegenerative Diseases

The NDs such as AD, PD, ALS represent a growing and frequent cause of disability in
developed countries. The common cause of these pathologies is represented by oxidative
stress which implementing with aging. The researcher has reached new goals as the role of
NOX2 in neurodegeneration. Notably, NOX2 activation in the CNS may be involved in the
development and progression of these disabilities. Furthermore, NOX2 activation can am-
plify the inflammatory process through both activation and differentiation of lymphocytes
T [11]. NOX2 activation also contributes to promoting oxidative stress, since its activation
induces superoxide production [62]. Given the above, NOX2 can be regarded as a novel
therapeutic target to prevent and counteract neurodegeneration [63].

6.1. NOX?2 in Parkinson’s Disease

The PD is a progressive ND characterized by progressive loss of dopaminergic neurons
in the substantia nigra pars compacta (SNpc) of the brain, with a consequent reduction
of dopamine (DA) levels. The hallmarks of PD are the aggregates of a-synuclein (o-
syn) included in Lewy’s bodies in dopaminergic neurons in the SNpc and other areas of
the brain [64]. The main disorders in PD are tremor, bradykinesia, rigidity, and balance
disturbances and they influence the individuals” quality of life [65]. Neuronal degeneration
is promoted from several factors such as inflammation and oxidative stress. Most cases of
PD (about 90%) are in the sporadic form. Instead, a small percentage (about 10%) represent
a familial form, since genetic mutations such as Synuclein Alpha (SNCA), leucine-rich
repeat kinase 2 (LRRK2), Parkin (PRKN), protein deglycase (DJ-1), phosphatase, and tensin
homolog-induced putative kinase 1 (PINK1) are involved [66]. Recent studies have shown
that PD patients may be more susceptible to SARS-CoV-2 infection as it compromises
adaptive immunity. Furthermore, it has been hypothesized that this viral infection could
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induce the accumulation of x-synuclein, causing neurodegeneration. Furthermore, it has
been hypothesized that this viral infection could induce the accumulation of x-synuclein,
causing neurodegeneration. In this regard, it has been shown an increase of inflammation
following the infiltration of SARS-CoV-2, which in turn can lead to the activation of
endothelial cells in the pulmonary vascular system, as well as to the development of
hypoxia. Consequently, respiratory hypoxia in COVID-19 patients could promote ROS
formation and oxidative stress in the brain. Additionally, the increase of ROS levels could
lead to an alteration of the redox balance in the mitochondria and thus promote apoptosis.
Moreover, there is evidence that oxidative stress induced by increased ROS following
hypoxia, may contribute to the death of dopaminergic neurons and thus promote PD [40].

The microglial activation and pro-inflammatory cytokines have been observed in
the substantia nigra (SN) in patients with PD. Recent studies have shown that «-Syn is
related to NOX2 activation, which in turn was able to induce the microglia activation,
however, the mechanism is not yet known. Hou et al., investigated the role of integrins
in NOX2 activation, especially in CD11b, the « chain of the «Mf32 integrin, expressed in
immune cells as microglia. This experimental study was conducted on microglial cells
treated with x-Syn (50, 100, and 200) nM useful for reproducing a PD model. Indeed, it
was possible to observe the translocation of p47°HOX (NOX2 subunit) in the membrane
and consequently, an increase in ROS production which would represent a key step for
NOX2 activation. Subsequently, a-Syn-induced microglia were treated with anti-CD11b
antibodies showing neither p47'HOX translocation nor ROS production. Likewise, as ob-
served in vitro experiments, NOX2 did not activate in CD11b =/~ compared to wild-type
(WT) mice. Additionally, an increase in RhoA and ROCK levels was observed. To evaluate
whether Rho-kinase was involved in NOX2 activation, a-Syn-induced microglia were
transfected with RhoA siRNA. RhoA knockdown in microglia was able to reduce RhoA
and ROCK expressions as well as inhibiting superoxide production and translocation
of p47PHOX Thus, in this study, it was demonstrated that CD11b might play a role in
a-Syn-induced NOX2 activation [67]. In compliance with these results, another study has
focused on the involvement of integrins in NOX2 activation and its possible implication
in PD. To reproduce a PD model, primary midbrain neuron-glia cultures were exposed to
active metabolite 2,5-hexanedione (HD) (8 mM). Zhang et al. observed a significant loss
of dopaminergic neurons caused by the microglia activation. Indeed, Microglia-depleted
cultures subjected to the same treatment did not show significant alteration in cell viability.
Furthermore, the authors observed increased ROS levels in BV2 microglial cells exposed to
4,8, and 16 mM (HD). To clarify whether superoxide was produced by NOX2, microglia
cells were co-treated with apocynin suggesting that NOX2 was responsible for inducing
ROS production and also the translocation of p47°HOX, Likewise, also in vivo was obtained
an increase in p47"HOX Jevels in the midbrain membranes of HD-treated mice compared to
control. Instead, to assess whether «M[32 integrin (also known as CD11b) was involved
in NOX2 activation, HD-induced, microglia cells were co-treated with integrin inhibitors
Arginylglycylaspartic acid (RGD) or anti-aM antibody. The findings showed that both the
RGD and the anti-aM antibody were able to inhibit superoxide production and p477HOX
translocation. Coherently, the same results were found in HD-treated mixed-glia cultures
obtained from aMp2-deficient («M ~/~) mice Further demonstrating the implication of
this receptor in NOX2 activation. Finally, the authors also assessed that the oM [32-Src-ERK
pathway would play a key role in NOX2 activation. Thus, HD-treated BV2 microglia were
pre-treated with Src and ERK inhibitors, demonstrating that inhibition of the «M[32-Src-
ERK pathway had attenuated neurotoxicity in dopaminergic neurons [68]. Instead, Hou
et al. also investigated NOX2 activation the potential role of complement receptor 3 (CR3)
in NOX2 activation of microglia cells after exposure to pesticides. BV2 microglial cells
were treated with a combination of paraquat and maneb (P+M), respectively 10 + 0.6 pM
concentrations for inducing dopaminergic neurodegeneration. In this way, increased ROS
levels and p47PHOX translocation were observed, demonstrating the NOX2 activation. Con-
versely, pretreatment with NOX2 inhibitors such as apocynin and diphenyleneiodonium
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(DPI) in BV2 microglia demonstrating that ROS levels and p47"HOX translocation were
induced by NOX2. Subsequently, the CR3 receptor (integrins) role was studied, thus its
inhibition obtained with RGD-pretreatment in BV2 microglia cells. The results decreased
both superoxide production and translocation of p47"HOX, supporting the hypothesis of
integrins involvement in NOX2 activation. Consequently, integrin inactivation impacted
the Src-ERK pathway. Indeed, both inhibitions of Src and ERK reduced the translocation
of p47PHOX Instead, immunofluorescence analysis was performed to detect the microglia
activation and its morphology using an anti-Iba-1 antibody, a microglia marker. The find-
ings revealed greater cellular bodies, reduction in the number of dopaminergic neurons,
and major reactivity to Iba-1 antibody after P+M-treatment in WT than CR3 =/~ mice.
Based on these results, it was possible to confirm that the C3-Src-ERK pathway could be
strongly implicated in NOX2 activation [69]. In compliance with the previous study, P+M
treatment (10 + 30 mg/kg, respectively) was also administered to male C57BL/6] mice for
inducing dopaminergic neurotoxicity after 2, 4, and 6 weeks of exposure. The dopaminergic
neurodegeneration was increased in a time-dependent manner. Moreover, P+M treatment
was able to increase a-synuclein oligomer levels. Therefore, the authors administered
taurine (150 mg/kg) to mice treated with P+M for 6 weeks, obtaining encouraging results
on the improvement of both dopaminergic neuron viability and a-synuclein expression.
Furthermore, taurine has contributed to attenuate microglial activation and p47"H9X and
gp91PHOX Jevels after P+M exposure in the midbrain of mice. NOX2 could play a role
not only in inflammation but would be able to induce microglia polarization through the
activation of the NF-Kb pathway. However, taurine was able to mitigate dopaminergic
neurodegeneration through the reduction of x-synuclein levels and NOX2 activation after
exposure to P + M [70]. As widely known, the x-Syn aggregation was implicated in ND,
including PD. Several studies have shown that a-synuclein mutations such as A30P and
AB3T resulted in increased activation of microglia, resulting in severe loss of dopaminergic
neurons. For this reason, Wang et al. experimented with a neuron-glia culture exposed
to A29-V40 peptide (x-synuclein mutations) or phorbol 12-myristate 13-acetate (PMA) to
reproduce PD. These cultures were co-treated with apocynin to inhibit NOX2, and the
co-treatment has contributed to restoring the viability of dopaminergic neurons and their
ability DA uptake. Nevertheless, NOX2 inhibition is less efficient in neuronal cells LPS-
treated, indicating that other factors could promote neurotoxicity besides NOX2. Further
comparison was made between neurons-astrocytes and neuron-glia cultures. Initially,
neuron-astrocytes culture treated with A29-V40 did not show any neuronal damage. How-
ever, the addition of microglia to the latter culture showed a significant loss of DA uptake.
Instead, gp91"HOX = /= microglia were added to the neuron-astrocytes culture treated with
A29-V40, demonstrating that this peptide did not compromise dopaminergic neurons.
Based on the results obtained, NOX2 activity in microglia promoted A29-V40-induced
neurotoxicity. Furthermore, both PMA and A29-V40 treatment had induced translocation
of p47PHOX and p67PHOX in rat microglia-derived highly aggressively proliferating immor-
talized (HAPI) cells. A29-V40 peptide could bind gp91PHOX on the surface and activate
increasing superoxide levels. Hence, the superoxide could be converted in H,O, by super-
oxide dismutase (SOD), then H,O, could cross the membrane and subsequently promote
phosphorylation. To assess whether treatment with PMA or A29-V40 could affect p47 PHOX
and p67°HOX phosphorylation, the microglia culture was pretreated with SOD and catalase
or HyO,. In consideration of the results, H,Op-induced gp91"HOX = /= microglia promoted
the phosphorylation of p477HOX and Erk1/2 demonstrating that several factors could affect
NOX2 activation. Likewise, microglia activation after A29-V40 peptide injection was eval-
uated in vivo. As evidence, activated microglia and increased malondialdehyde (MDA)
levels were observed in WT mice rather than gp91PHOX = /= mice. These results suggested
that a-Syn could both activate NOX2 and promote microglial activation leading to neuronal
damage [71]. The effects of simultaneous administration of LPS and «-Syn were evaluated
in both in vivo and in vitro, to investigate the neurodegenerative mechanisms in the PD.
Zhang et al. observed severe loss of dopaminergic neurons and decreased DA uptake in rat
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primary midbrain neuron-glia cultures treated with LPS (0.5 ng/mL) + «-Syn (20 nmol/L).
It was interesting to observe that the co-treatment induced a less DA uptake in neuron-
microglia culture compared to neuron-astroglia culture, thus demonstrating the role of
microglia in promoting neurotoxicity. In addition, an increase in ROS levels was observed,
therefore the role of NOX2 as a cause of increased ROS levels was investigated. The in vivo
experiment was conducted in which NOX2*/* and NOX2~/~ mice were compared to
highlight different factors after administration of the LPS (0.2 ug/uL) + syn (0.0125 ug/uL)
treatment in SN. Interestingly, a decrease in both dopaminergic levels and DA uptake was
found in NOX2*/* mice, conversely, both the number of microglia and the ROS levels
increased. The same results were found in rat primary midbrain neuron-glia cultures
obtained from NOX2*/* and NOX2~/~ mice. However, p47"HOX and gp917HOX were
increased in LPS + syn treatment, demonstrating their involvement in NOX2 activation.
Instead, DPI pre-treatment (NOX2 inhibitor) improved the viability of dopaminergic neu-
rons, moreover, microglia and ROS were reduced. Furthermore, the combined treatment in
microglia increased both mRNA expression and levels of Protein Kinase C (PKC-6), p38,
ERK, and NF-KB, thus ex-plaining that NOX2 promoted neuroinflammation [72]. Addi-
tionally, Jiang et al., evaluated the pharmacological proprieties of clozapine to reduce the
inflammatory state induced by NOX2 activation. The neuroprotective effects of clozapine
were investigated in neuron-glia mixed culture cells after induced LPS or 1-methyl-4-
phenylpyridinium (MPP*) to explore their role in neurotoxic conditions. To evaluate the
efficacy of pre-treatment with clozapine N-oxide (CNO) or N-Desmethylclozapine (NDC)
for 30 min before LPS (15 ng/mL) or MPP* (0.25 uM) treatment. CNO (0.01 uM) or NDC
(0.1 pM) pretreatment demonstrated its neuroprotective effects as an increase in both DA
uptake and viability of dopaminergic neurons. These compounds also reduced Iba-1 and
CD11b levels in LPS-induced microglia. Of note, LPS treatment induced the release of
inflammatory compounds such as superoxide, TNF-«, and NO. However, superoxide
release was mitigated in pre-treatment with CNO or NDC, modulating neuroinflammation.
To investigate the role of NOX2, dopaminergic neurons obtained in gp91"HOX_deficient
mice were compared with WT (gp91HOX+/*) mice and treated with LPS. Dopaminergic
neurons of gp91PHOX_deficient mice after LPS-treatment showed no difference in DA up-
take. Further demonstration of NOX2 involvement after the LPS-treatment was given by
the inhibition of p47"HOX translocation caused by CNO and NDC in microglia HAPI cells.
To prove the neuroprotective effects of these compounds, male C57BL /6] mice were treated
with MPP* (20 mg/kg) for 6 days and pretreated with CNO or clozapine (1 mg/kg) for 21
days. In line with previous findings, CNO reduced neuronal damage and ameliorated mo-
tor deficit MPP+-induced. Therefore, these pharmaceutical compounds have demonstrated
their beneficial properties for protection against neurotoxicity useful for the management
of NDs such as PD [73]. To illustrate the implications of both microglia and NOX activation
in NDs such as PD, a group of researchers conducted an in vivo experiment. In this study, a
PD model was induced by intraperitoneal (i.p) injection of LPS (5 mg/kg) in male C57BL/6]
(NOX2*/*) and Cybb (NOX2~ /™) mice which served to promote neurodegeneration and
increase oxidative stress. Inmunohistochemical analysis was performed through which
the loss of dopaminergic neurons was observed in NOX2*/* mice 10 months after treat-
ment with LPS in SNpc. In addition, it was observed an upregulated expression of Iba-1
mRNA, a characteristic morphology of activated microglia, and a progressive increase
in the number of activated microglia in LPS-treated NOX2* /* mice after 10 months. It
was seen that the mice of the control group treated with saline only showed an increase
in activated microglia 2, 7, and 10 months later, demonstrating that microglia activation
could depend on both aging and exposure to toxic compounds. Besides, LPS-treatment in
C57BL/6] (NOX2* /*) mice promoted both mRNA NOX2 expression and release of ROS
in a time-dependent manner. Consequently, the authors have investigated the cause of
NOX2 induction. For this reason, they used anti-gp91"HOX, anti-Iba, anti-TH (a marker
of the dopaminergic neuron), and anti-GFAP (a marker of astrocyte) antibodies in the
brain tissue of hydroethidine-treated mice (10 mg/kg, i.p.) 10 months after a single dose of
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LPS-injection. The results highlighted that NOX2 and ROS were prevalently co-localized
in both microglia and dopaminergic neurons. To confirm the implication of NOX2 in
neurodegeneration, DPI (3 mg/kg, ip), was administered to mice that have reduced both
ROS and inflammatory cytokines such as TNF«, the monocyte protein chemoattractant-1
(MCP-1), and LPS-induced IL-1f3. Hence, NOX2 activation was responsible for microglia
activation and, subsequently, for the release of inflammatory factors, thus promoting neu-
rodegeneration [74]. Gao et al. performed an investigation based on the anti-inflammatory
proprieties of IL-10 to discover the mechanism for preventing neuroinflammation and
neurodegeneration. The investigation focused on the activation mechanism of NLR family
pyrin domain containing 3 (NLRP3) and its influence on both pro-caspase-1 and pro-IL-13
cleavage. As observed, pretreatment of IL-10 in both WT and IL10~ /~ microglia culture
reduced NLRP3, IL-1§3, and caspase-1 mRINA expression. The same results were obtained
also in vivo, demonstrating the ability of IL-10 to modulate NLRP3 activation. Recent
investigations have shown that ROS were able to induce NLRP3 inflammasome activation.
To demonstrate the involvement of ROS in this process, both WT and IL10~ /~ microglia
culture LPS-treated were compared. It was examined whether NOX2 could be a possible
source of ROS. The translocation of p47PHOX which is reflected in NOX2 activation was
observed in the culture of IL10~ /~ microglia treated with LPS. The neuro-degenerative
effects of LPS treatment were attenuated through the administration of NOX2 inhibitors
such as DPI or apocynin, which had reduced the cleavage of pro-caspase-1 and pro-IL-1f3
in LPS-induced IL10~ /~ mice. Therefore, it was possible to deduce that NOX2 activa-
tion and the consequent ROS increase were responsible for the activation of the NLPR3
inflammasome. The current study allowed us to highlight that IL-10 was able to suppress
LPS-induced ROS-NOX2 and to block the activation of NLPR3, preventing neuroinflam-
mation. Given the above, it was possible to demonstrate that IL-10 exerts neuroprotective
and anti-inflammatory actions [75]. Recently, the possible connection between NOX2 and
Nucleotide-binding oligomerization domain-containing protein (NOD2) has been investi-
gated aimed to observe their role in the pathogenesis of PD. In this context, male C57BL/6]
and NOD2 knockout (NOD2™ /™) mice were treated with 6-hydroxydopamine (6-OHDA)
(2 pL) to reproduce the PD model. It was observed a progressive reduction of tyrosine
hydroxylase (TH) was observed in both striatum and SN which is reflected in a loss of DA
after treatment. Furthermore, the results also showed NOD2 upregulation in WT mice,
especially in microglia. Cheng et al. investigated that NOD2 was related to the apoptotic
process. Indeed, an increase in both the number of apoptotic cells and apoptotic proteins
such as BAX, Bcl-2, caspase-3, and cytochrome C were observed after 6-OHDA or muramyl
dipeptide (MDP) treatment in WT. In line with these results, it was observed that activation
of both microglia and astroglia were more represented in WT compared to NOD2~ /~ mice,
thus explaining neuroinflammation. Likewise, it emerged from the increase in monocyte
chemoattractant protein-1 (MCP-1), IL-6, TNF-«, and IL-12p70 in WT mice. In this context,
gp91PHOX expression was observed in NOX2 and ROS production in SN after 6-OHDA
injection in a time-dependent manner. In vitro, the results showed an increased NOX2
and ROS levels in BV2 microglial cells in a time-dependent manner. In the same way,
an increase of inflammatory compounds such as NOX2, NOD2, inducible nitric oxidase
synthase (iNOS) was observed in 6-OHDA induced microglia. To explain the role of NOX2
in NOD2 mediated-neurotoxicity, a viability assay was performed, in which SH-SY5Y and
BV2 microglia cells were co-incubated and subsequently treated with 6-OHDA or MDP.
This treatment demonstrated that microglial activation induced neurotoxicity. Furthermore,
the neuroprotective effects of apocynin have been demonstrated since the latter increased
the viability of dopaminergic neurons after 6-OHDA or MDP treatment. Interestingly, this
study suggested that both NOX2 and NOD2 promoted neurodegeneration, especially in
the PD model [76]. In compliance with the previous study, also Hernandes et al. wanted to
examine the effects of 6-OHDA treatment in mice (C57BL/6) and gp91PHOX — /7 useful
for reproducing the PD model. The first evaluation was made on NOX mRNA expression
after the 6-OHDA treatment, in which an upregulated NOX2 expression was found both
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in SN and striatum. Although no translocation of NOX2 subunits was observed, it was
detected Ras-related C3 botulinum toxin substrate 1(Racl), an important protein involved
in NOX activation. Instead, it was interesting to observe that 6-OHDA treatment in the
striatum of gp91PHOX= /= mice significantly reduced the number of dopaminergic neurons,
emphasizing NOX2-mediated neurotoxicity. To assess microglia-promoted neurotoxicity,
6-OHDA-induced mice were co-treated with minocycline, a microglial inhibitor with both
anti-inflammatory and antimicrobial proprieties. Treatment with minocycline increased the
viability of dopaminergic neurons in WT while it was able to promote neurodegeneration
in gp91PHOX+/* mice. On other hand, more pro-inflammatory cytokines and chemokines
were found in WT mice treated with 6-OHDA but were not increased after co-treatment
with minocycline. Furthermore, neurotoxic treatment promoted a significant inflamma-
tory response through a major re-lease of TNF-o in WT compared to gp91"HOX= /= mice,
further supporting NOX2 involvement [77].

Experimental studies have shown that iron deposits have been observed in the SN of
patients with PD. Indeed, Fe** would have the ability to induce neurotoxicity, so Zhang
et al. wanted to investigate the implications of that in the pathogenesis of PD. The authors
examined the mechanism of microglia activation in rat primary midbrain neuron-microglia—
astroglia cultures after Fe?*-treatment (5, 25, and 100) uM. In this experiment, exposure to
Fe?* was responsible for the loss of dopaminergic neurons and has induced morphological
changes in the midbrain neurons as they exhibited smaller cellular bodies. Likewise, Fe?*-
treatment in rat primary microglia cultures produced an increase in superoxide anion
supported by morphologic changes in microglia. Therefore, it was interesting to verify that
the same results were observed in primary microglia culture obtained from NOX2* /* and
NOX2~/~ mice treated with Fe?*. Indeed, an increase in both superoxide levels and the
number of activated microglia in NOX2* /* was shown after Fe2+ exposure. Nevertheless,
Fe2*-treated NOX2~ /~ mice showed less dopaminergic neuron loss demonstrating their
resistance to treatment. Consequently, to confirm the activation of NOX2, this culture was
pre-treated with DPI showing a reduction in both the activated microglia and the loss
of dopaminergic neurons. Furthermore, the evidence showed that Fe?* had significantly
increased both p47PHOX and gp91PHOX expression (NOX2 subunits) and their increased
expressions suggested that Fe?*-induced NOX2 activation. Finally, it was observed an
increase in mRNA expression and protein levels of p38, ERK 1/2, and JNK supporting
that Fe?* exposure could promote neuroinflammation. Therefore, iron has been shown to
induce neurotoxicity by causing both the loss of dopaminergic neurons and the activation
of microglia [78].

The substance P (SP) is widely studied for its implication in the pathophysiology of PD.
Wang et al., examined the role of SP in both in vivo and in vitro, demonstrating its correla-
tion in neurodegeneration. For this reason, male WT (C57BL/6]), SP-deficient (TAC1~/7),
and SP receptor-deficient (NK1R™/7) mice were treated with LPS or MPTP to induce neu-
rotoxicity. Immunostaining was performed 10 months after treatment with LPS or MPTP
in WT and TAC1~ /™ mice. This treatment highlighted a progressive loss of dopaminergic
neurons in WT compared to TAC1~ /™ mice. Furthermore, an increase of TNF-«, iNOS,
and MCP-1 expressions were observed in WT mice. To uncover microglia activation in SN
after LPS-treatment, Iba-1 and CD11b were found downregulated in the transgenic mouse,
suggesting that SP stimulated the neuroinflammation process in WT mice. Instead, the role
of NOX2 in enhancing the effects of combined treatment of subpicomolar SP with LPS or
MPTP in WT or NOX2-deficient (gp917HOX ~ /) glia-neuron cultures obtained from mice
was demonstrated. In WT culture treated with SP + LPS or SP + MPP* was observed a
significant loss of dopaminergic neurons compared to gp91HOX = /= culture; thus it was
inferred that NOX2 may play a role in promoting neurotoxicity. Moreover, the treatment
with LPS + SP was able to promote p47"HOX and p67°HOX translocation. In addition, it was
also observed that gp91PHOX was identified as a target of SP further demonstrating NOX2
activation. Obviously, NOX2 activation had generated ROS, which in turn stimulated the
activation of MAPK and NF-Kb pathways. As evidence, subpicomolar SP was found to
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have the ability to promote MAPK and NF-Kb activation in microglia in a NOX2-dependent
manner. Pretreatment with DPI reduced ROS production and, subsequently demonstrated
that MAPK and NF-Kb pathways were activated following NOX2 activation in microglia
after treatment. Therefore, it was possible to define that both SP and NOX2 modulate neu-
roinflammation, thus playing a role in the viability of dopaminergic neurons [79]. Recently,
preclinical observations have focused on the study of glucose metabolism in PD patients.
Metabolic dysfunction is caused by alterations in the pentose phosphate pathway, the main
pathway used by neuronal cells to metabolize glucose. Several studies have shown an
increase in glucose-6-phosphatase-dehydrogenase (G6PD) levels in PD models. For this
reason, Tu et al. conducted both in vivo and in vitro experiments to investigate the involve-
ment of G6PD in neurodegeneration. It was performed in an in vivo experiment using
both C57BL/6 ] mice and A53T mutant «x-synuclein transgenic mice. C57BL/6 ] mice were
administered with a single i.p. or intranigral injection of LPS (5 mg/kg) or subcutaneous
injection of MPTP (15 mg/kg) for 6 days. The treatment has shown increased levels in
both gp91"HOX and G6PD were observed in LPS-induced mice resulting in a reduction
in both TH and Iba-1 levels. Moreover, upregulation of G6PD was observed mainly in
microglia after treatment with LPS or MPTP. Instead, it was found in the midbrain of
A53T mutant a-synuclein transgenic mice increased in both gp91™HOX and G6PD levels
compared to WT mice. Subsequently, the enzymatic activity of G6PD and the levels of
NADPH in neuron-glia culture treated with saline or LPS were evaluated to demonstrate
a possible implication of NOX2 activation. Indeed, neuron-glia culture treated with LPS
demonstrated an increase of NADPH levels and G6PD activity after LPS-treatment, so it
could be the promoter of NOX2 activation that induces neuroinflammation. To observe
that G6PD could affect NOX2 activation, G6PD was inhibited. Indeed, pre-treatment with
the G6PD inhibitor reduced ROS increases as well as oxidative stress. Likewise, a reduction
in activation of the NF-Kb pathway demonstrating that G6PD inhibition could prevent
neuroinflammation. Substantially, the increase of both G6PD and NOX2 in microglia imple-
mented the oxidative stress, the NF-Kb translocation, and subsequent neurodegeneration.
Therefore, the inhibition of G6PD limited both oxidative stress and inflammation in the
microglia [63].

Exposure to environmental factors such as 6-OHDA, HD, MPTP, or genetic factors
such as «-syn, A29-V40 induced the loss of dopaminergic neurons and the reduction of
DA uptake, hallmarks of PD. In these experimental models, the studies focused mainly
on the activation of microglia which activated NOX2 by promoting neuroinflammation
through the release of ROS and pro-inflammatory cytokines (Table 1). To demonstrate the
involvement of NOX2, pretreatments with apocynin, DPI were carried out demonstrating
that their inhibitory action towards NOX2 would attenuate the release of ROS and reduce
the translocation of NOX2 subunits such as p47°HOX and p67HOX,

Furthermore, clozapine, IL-10, taurine reduced the inflammatory state promoted
following exposure to neurotoxic compounds and by-products of oxidizing and inflam-
matory compounds released by NOX2 activation. Although further investigations are
needed, these studies demonstrate that NOX2 in microglia is involved in the signaling path-
ways underlying the inflammatory response. NOX2 would be involved in the toxicity of
dopaminergic neurons therefore its inhibition in microglia could provide neuroprotection
in the context of PD.
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Table 1. Role of NOX2 in Parkinson’s disease.

Models Treatments Results Ref
In Vitro and Vivo Experimental Models
: PHOX :
Primary microglial cells obtained from whole «-Syn (50, 100, and 200) nM; The ’ganslloce}tlon‘of p‘i7 S into ;he rr(;erg{)éane. andlgonsesquepthy, R?iS
brains of wild type (WT) or CD11b~/~ mice; pre-treatment with anti-CD11b antibody production in microglia x-Syn-induced. microglia a-Syn-induce [67]
microglia BV2 cell line (2.5 ug/mL) for 30 min. were pre-treated with anti-CD11b antibody to block CD11b activation
for demonstrating its implication in NOX2 activation.
Increased levels of both ROS and p47"HOX Jevels were observed in
Adult male SD rats (9 weeks old); Intraperitoneal injection of HD HD—tfeateﬁ BVv2 mlcrotgha,t d(jemgtrflstratmg Noééiczhﬁfré Insft eatdh,
Primary mesencephalic neuron-glia, (400 mg/kg/die) five times in 1 week for microglia cells were pre-treated with apocynin (NOX2 inhibitor), further
microglia-depleted, and mixed-glia cultures; Consecutive 5 weeks in rats: suggesting that NOX2 was responsible for inducing ROS production. [68]
BV2 microglial cell line; HD (1,4, 8, and 16) mM ’ Furthermore, integrin aMfp2 (also known as CD11b) has been shown to
’ T ’ be involved in NOX2 activation. Indeed, its inhibition would reduce
ROS and p47PHOX translocation.
The co-treatment induced an increase in ROS levels and p477HOX
translocation, evidencing NOX2 activation. Furthermore, the
BV2 microglial cells Combination of poags)iilll\e/i[t and maneb (10 + inactiv?tion of the C3 re({eptor (il’lt?)glg;ls) decreased the Production of [69]
. . superoxide and translocation of p47 , supporting the involvement of
integrins in the activation of NOX2. The inactivation of integrins
impacted the Src-ERK pathway.
Intraperitoneal injection of paraquat + maneb Exposure to paraquat + maneb induced both an increase in NOX2
N _ . . subunits (p477HOX and gp91PHOX), as well as a-Syn expression levels
Male C57BL/6] (N(I)n)%e /" and NOX2™/7) (10 +30) mg/‘l;ge eZ;;rirffI:irégne week for 6 which demonstrate neurodegeneration. Moreover, NOX2 could induce [70]
Pre-treat t with Taurine (150 Kk microglial polarization. Instead, pretreatment with taurine counteracted
re-treatment with Taurine (150 mg/kg) neurodegeneration and reduced translocation of NOX2 subunits.
o o Iniecti £ AD9-VAD (05 d PMA and A29-V40 treatment-induced translocation of 1047PHOX and
Male C57BL/6] (N(?nXiie./ and NOX27/7) g edgil% /kg) -for 21 %-irzl rrlr)li}casptl € P67PHOX and could bind gp91PHOX subunit in mice. The co-treatment
neuron-glia culture cells obtained from mouse Treatment with PMA (100 Nim) olr LPS W}th apocynin restored the Vlab.ﬂlty qf dopaminergic neurons and thel.r [71]
or rat embryos; (150 EU/mL); ability to DA uptake. Instead, microglia culture pre-treated with HyO, in
HAPI cells Pre-treatment with apocynin (0.25 mM) gp91HOX = /= microglia promoted the phosphorylation of p47"HOX and
Erk1/2 demonstrating that several factors could affect NOX2 activation.
Pri idbrai lia cul ROS levels, p47PHOX and gp91PHOX were increased after LPS + syn
rlmla;[‘y‘ mld fram 11; eqron-fgslgcu th.lres Cultures were treated with LPS (0.5 ng/mL) treatment. Interestingly, a decrease in both dopaminergic levels and DA
obtained trom brains ot SL rats, and/or Syn (20 nmol/L) for 8 days uptake was found in NOX2* /* mice. Conversely, both the number of
primary glia cultures obtained from y Y P Y
LPS (0.2 ug/uL) + syn (0.0125 ug/uL) microglia and the ROS levels increased. The same results were found in [72]

NOX2* /T and NOX2~ /™ mice;
Male C57BL/6] (NOX.2+ /+ and NOX27 /™)
mice;

treatment was administered in mice.
Pre-treatment with DPI (0.01 and 0.1) uM

rat primary midbrain neuron-glia cultures obtained from NOX2*/* and
NOX2~ /™ mice. Instead, DPI improved the viability of dopaminergic
neurons and reduced ROS.
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Table 1. Cont.

Models Treatments Results Ref
In Vitro and Vivo Experimental Models
o LPS (15 ng/mL) or MPP* (0.25 pM) treatment LPS-treatment in NOX2* /* mice promoted both mRNA NOX2
neuron-glia mixed culture cells of MPTP injections (20 mg/kg, s.c.) for 6 days. expression and release of ROS in a time-dependent manner.
Time-pregnant Fisher F344 rats One day prior to MPTP injection, clozapine or Co-treatment with CNO or NDC showed how NOX2 activation [73]
Wild-type C57BL/6] (gp917"%* /*) and CNO (1 mg/kg, s.c.) was administered twice influenced DA uptake and release of pro-inflammatory compounds.
NOX2-deficient (gp91r’hox ~/7) mice daily for 21 consecutive days and DPI-Pre-treatment reduced both ROS and inflammatory cytokines such
pre-treatment with DPI (3 mg/kg, i.p) as TNFa, MCP-1, and LPS-induced IL-1(3
LPS-treatment in C57BL/6] mice promoted both mRNA NOX2
expression and release of ROS in a time-dependent manner. Instead,
B6.129S6—Cybbtmw in (NOX27/7)and . . pre-treatment with DPI reduced both ROS and inflammatory cytokines
C57BL/6] 000,664 (NOX2*/*) mice Intraperitoneal injection of LPS (5 mg/kg). such as TNFo,, MCP-1and IL-13 demonstrating that NOX2 promoting [74]
microglia activation, subsequently the release of
inflammatory cytokines.
Mixed-glia cultures of
_17 -10tm1Cgn _
B10.129112([i6) Hf 10 /.] (IL-10 knockJro u+t NOX2 activation and the consequent increase in ROS were responsible
or H:j_c}r(l)t N ({1 n)qir(rjléc(ec?;%ﬁ}}elg]y\];%gﬁgg / Intranigral injection of LPS (3 ug) for the activation of NLPR3 inflammasome. The increased levels of IL-10 [75]
omiFly ’ anigral mjection o HE were able to suppress ROS-NOX2 induced and to block the NLPR3
B6N.12952-Caspl /J (caspase-1 knockout activation, preventing neuroinflammation.
or CASP-17/7) mice and their WT
(CASP-1* /™) control mice.
Microglial cultures of male C57BL/6] and L Treatment with MDP or 6-OHDA induced a reduction in DA and an
NOD2 knockout (NOD2~ /~) mice. Ini Ir;].ectlo?l\c/}%?;Oi-IDé (i “.L) th increase in both apoptotic proteins and inflammatory cytokines. Instead, 76
BV2 microglial cells Tyection of ht st ( tug ML) in the increased NOX2, NOD2, and iNOS promoting neuroinflammation was 76
SH-SY5Y cells right stniatum observed in 6-OHDA-induced microglia.
; : ; PHOX— /— s
Ten week-old male C57BL/6 (gp91PHOX= /=) 6-OHDA (10 pg/pL) was unilaterally injected Treatment W.lth 6_.OHDA in the striatum of gp91 . /- mice re({lu'ced
: - . . the dopaminergic neurons, explaining NOX2-mediated neurotoxicity.
and WT mice into the right striatum Furth treat t with mi li ted th [77]
Microglial cultures C57BL/6) and Minocycline (40 mg/kg) was injected(i.p) 7 urthermore, co-treatment with mmnocycne promotect the
91PHOX~ /~ mice days before PD induction neurodegeneration and release of TNFa in gp91PHOX+ /+ mice,
&P supporting NOX2 activation.
Treatment with Fe?* significantly increases both p47PHOX and gp91PHOX
. . 4+ expression, suggesting Fe2*-induced NOX2 activation. Moreover, an
Microglial cultures of C57 BL/6] (NOX2"/ Fe?*-treatment (5, 25, and 100) uM increase in mMRNA expression and protein levels of p38, ERK 1/2, and [78]

and NOX2~ /7)) mice.

JNK was observed, therefore FeZ* exposure could
promote neuroinflammation.
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Table 1. Cont.

Models

Treatments

Results

Ref

In Vitro and Vivo Experimental Models

Mesencephalic neuron-glia,
microglia-depleted, and microglia-enriched
cultures of C57BL/ 6], SP-deficient (TAC1~ /™),
and SP receptor-deficient (NK1IR™ /™ )mice

Treatment with LPS (15 x 106 EU/kg) or
MPTP (15 mg/kg) for 6 days

Significant loss of dopaminergic neurons was observed in WT mice
treated with SP + LPS or SP + MPP + compared to gp917HOX~ /~
culture, thus it was inferred that NOX2 may play a role in promoting
neurotoxicity. Moreover, it was observed an increase in the translocation
of p47PHOX and p67PHOX as well as of several inflammatory factors such
as TNFo, iNOS, and MCP-1, suggesting activation of NOX2.
Furthermore, MAPK and NF-Kb pathways were activated by NOX2 in
microglia after toxicity-induced.

[79]

Mesencephalic neuron-glia cultures from the
ventral mesencephalon of embryonic Fischer
334 rats and also on A53T mutant o-synuclein
transgenic mice.

The intranigral and intraperitoneal injection of
LPS (5 mg/kg) and subcutaneous injection
MPTP (15mg/kg)

Increased levels in both gp91PHOX and G6PD were observed after LPS or
MPTP treatment in mice. Neuron-glia culture treated with LPS
demonstrated an increase of NADPH levels and G6PD activity, so it
could be the promoter of NOX2 activation that induces
neuroinflammation. Moreover, an increase of both G6PD and NOX2 in
microglia are responsible to implement oxidative stress, the NF-Kb
translocation, and subsequent neurodegeneration.

[63]

WT: wild type; CD11b: cluster of differentiation molecule 11b; x-Syn: «-Synuclein; ROS: reactive oxygen species; NOX2: NADPH oxidase 2; SD: Sprague Dawley; HD: 2,5-hexanedione; Src: Proto-oncogene
tyrosine-protein kinase; ERK: extracellular signal-regulated kinase; DA: dopamine; HAPI: highly aggressively proliferating immortalized; PMA: phorbol 12-myristate 13-acetate; LPS: lipopolysaccharide; H,O,:
hydrogen peroxide; DPI: diphenyleneiodonium; MPP*: 1-methyl-4-phenylpyridinium; MPTP: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; CNO: clozapine N-oxide; NDC: N-Desmethylclozapine; TNF«:
tumor necrosis factor-«; MCP-1: monocyte chemoattractant protein-1; IL-13: interleukin-1beta; IL-10: interleukin-10; KO: knockdown; casp-1: caspase-1; NLRP3: NLR family pyrin domain containing 3; 6-OHDA:
6-hyroxydopamine; MDP: muramyl dipeptide; NOD2: Nucleotide-binding oligomerization domain-containing protein; Fe?*: iron (II); p38: p38 mitogen-activated protein kinase; JNK: c-Jun N-terminal kinase; SP:
substance P; iNOS: inducible nitric oxidase synthase; MAPK: mitogen-activated protein kinase; NF-Kb: nuclear factor-Kb; G6PD: glucose-6-phosphatase-dehydrogenase.
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6.2. NOX2 in Alzheimer’s Disease

AD is a neurological disease characterized by cognitive impairment, progressive loss
of memory, and brain function that can lead to death [80]. The hallmarks of AD are the
extracellular aggregates of beta-amyloid (A{) peptides leading to the formation of amyloid
plaques and intracellular accumulation of hyperphosphorylated tau protein, which in turn
leads to the formation of neurofibrillary tangles (NFTs). A peptides originate by the
enzyme proteolysis of the amyloid precursor protein (APP), this latter is cleaved by 3 and
y-secretase to generate a peptide of 40 amino acids and a peptide of 42, known as, Af31-49
and Af314 [81,82].

NDs such as AD are characterized by neuroinflammation and oxidative stress which
can promote disease progression. Consequently, the protein aggregation and neuronal
damage can lead to microglial activation that induces ROS formation and neuroinflamma-
tion [83].

It has been demonstrated that TGF-f3 in the hippocampus regulates the microglial
activity, it also plays an important role in neuroinflammation by controlling the change
of microglia from a protective to harmful state [84-86]. Moreover, with aging, it has been
shown a further increase of TGF-f3 levels as well as the activation of pathways related to
inflammation, including ERK)/MAPK, p38 MAPK, c-Jun N-terminal kinase (JNK), and
PI3K [87], that a decay of mitochondrial and lysosomal activity, as well as an increase of
ROS that induces an exacerbation of neuroinflammation [88,89]. Consequently, changes in
the CNS related to aging can lead to inflammation, an increase of BBB permeability, and
ROS production thus neuronal degeneration such as AD [90]. Noteworthy as microglia
have been found in AD patients, both in amyloid plaques and neurofibrillary tangles, where
once activated they produce neurotoxic factors including superoxide, nitric oxide, and
TNF« [91,92]. The important role of Af3 in plaque formation was explained by the amyloid
hypothesis, which reported that microglia-mediated neurotoxicity is a key mechanism
in disease progression [92,93]. Based on this, it was demonstrated that A recruits and
activates microglia [94]. Indeed, microglia can be activated by fibrillar Af through the
receptor complex formed both by TLR2, TLR4, and also CD14 co-receptor, to activate
intracellular signaling as well as ROS production and phagocytosis [95], by increasing
oxidative stress in the brain of AD patients [96]. Furthermore, it has been hypothesized that
SARS-CoV-2 infection may stimulate interferons, which also play a role in the development
of AD. In fact, the latter would stimulate the microglia by activating a storm of cytokines
that would lead to the degeneration of the synapses. [40]. We hypothesize persistent
systemic inflammation caused by SARS-CoV-2 may trigger microglial activation, mediated
by the massive release of pro-inflammatory cytokines secreted in response to this viral
infection, aggravating the neurodegeneration leading to AD.

Geng et al. demonstrated both in vitro and in vivo the role of NOX2 in ROS produc-
tion, as well as the signaling involved in the regulation of the microglial activation. BV2
microglial cells treated with AB4; (0.1-10 uM) for 24 h showed a significant increase of
NOX2 and ROS. Moreover, activation of oxidative stress and related pathways including
ERK1/2 and p38MAPK was evaluated by Western Blot and immunofluorescence analysis.
Consequently, a significant increase in IL-1f3 and neuroinflammation has also been reported.
While, treatment with NOX2 inhibitors including apocynin (20 pM) or NOX2tat (10 uM)
significantly reduced ROS production, as well as confirming the important role of NOX2 in
oxidative stress.

Additionally, ROS production was completely abolished using Tiron (a ROS scav-
enger) and also confirming that TNF-« induces microglial proliferation through its action
on microglial NOX. To evaluate both the role of NOX2 and ROS in A 3-induced microglio-
sis and the effects of inflammation in aging, the same authors performed the study on
mesencephalic sections of both WT C57BL/6 and NOX2-Knockout (KO) mice, respectively
of young age (3—4 months) and elderly (20-22 months). In vivo results showed a greater
Ap aggregation, as well as high levels of ROS produced by NOX2, and also an increase in
microgliosis and IL-1( in elderly WT mice (20-22 months) compared to young WT mice
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(34 months). In the same way, the results of the study were also confirmed in post-mortem
mesencephalic samples of young (25-38 years) and elderly (61-85 years) humans without
NDs. Indeed, it has been shown that in elderly human brains, in addition to the increase
in ROS, also an increase in microglia and expression of microglial NOX2, as well as an
increase of IL-1p and activation of ERK1/2 signaling. Therefore, the study performed in
all the different models has evaluated and confirmed the important role played by NOX2
in AB-mediated microglial activation, as well as the effects of ROS produced by NOX2
activation in aging. Similarly, inhibition or KO of NOX2, as well as the inhibition of ROS
production NOX2-induced, has been shown to protect the brain from aging related to
oxidative damage, inflammation, and microglial alterations [7].

Therefore, studying and realizing compounds capable of both avoiding the assembly
of NOX2 and stabilizing free radicals, could be a useful strategy to counteract the oxidative
stress as well as the neurodegeneration that characterizes the AD. Indeed, it has been
shown that apocynin, a NOX2 inhibitor it was capable to prevent the translocation of the
p47PHOX and p67PHOX subunits, as well as reducing the damage produced by oxidative
stress. In addition, it was reported that apocynin can also inhibit enzymes such as ROCK,
which is involved in the adhesion, morphology, and motility of cells [97].

ROCK is associated with NOX; indeed, it has been shown that the phosphorylation
of ROCK-I through Rac, induces the assembly of NOX2. As they are involved in the
growth and retraction of neurites, both the ROCK-I and NOX2 pathways are interesting for
investigating neurological diseases including AD. Indeed, it has been shown that the over-
expression of NOX2 and ROCK-I in microglia can contribute to the progression of neuronal
damage, as well as to the development of the disease. Therefore, both inhibition of ROCK-I
and NOX2 pathways may be a useful strategy for counteracting the neuroinflammation in
neurological diseases [98].

Alokam et al. evaluated the biological activity of 18 new molecules potentially capable
of inhibiting ROCK-I and NOX2. The authors with computational methods combined be-
tween molecular docking and pharmacophore have realized ROCK-I and NOX2 inhibitors
through information obtained by ligand-bound protein. The pharmacophore model for
ROCK-I was performed using fasudil at a dose approximately of (1uM) which, thanks to its
crystalline structure, proves to be a potent inhibitor of ROCK in human neuroblastoma cells.
The results of the study demonstrated that in human neuroblastoma cells the compound 3
was the most active compared to fasudil, indeed it has reduced the inflammation measured
by the decrease of pro-inflammatory mediators including IL-6, IL-133, and TNF«. Therefore,
the study showed that the realizing of ROCK-I and NOX2 inhibitory compounds could be
useful for the treatment of neurological diseases such as AD [99].

The importance of NOX2, as well as the confirmation of its role in oxidative stress, has
also been demonstrated by Wilkinson et al., in B6-R1.40 transgenic mice and human THP-1
monocytes. The authors showed that chronic treatment for 9 months of ~5 g/day/animal
of rodent food enriched with ibuprofen in a final dosage of 62.5 mg/kg/day has reduced
Ap aggregation in the brain in mice, evaluated by thioflavin S positivity. Moreover, the
chronic administration of ibuprofen has led to reducing both microglial activation and
oxidative stress measured by the decrease of 4-hydroxynonenal levels. Although there are
several sources of microglial ROS including NOX, cyclooxygenase (COX), xanthine oxidase,
and lipoxygenase, the primary source of ROS has been shown to be attributable to Af-
induced NOX2 activation in the brains of AD patients. To evaluate the effects of ibuprofen
on NOX2, the authors demonstrated that the pretreatment with racemic ibuprofen for
1 h before fibrillar treatment A7y 35 (60 pM) in primary murine microglia reduced the
intracellular production of superoxide Ap-induced. Furthermore, Wilkinson et al., also
performed the study on human THP-1 monocytes where they observed the same response
obtained in primary microglia. As both function and assembly of NOX2 depend on Vav
phosphorylation induced by A aggregates, ibuprofen could inhibit Vav phosphorylation
and hence NOX2, as demonstrated by ibuprofen pretreatment in human THP-1 monocytes.
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Therefore, these results suggest that ibuprofen could inhibit NOX activation and ROS
production, thus leading to the reduction of damage oxidative stress-induced [100].

The cytotoxicity of A} aggregates, as well as the increase in the ROS production and
the mechanism related to NOX2 activation, was evaluated by Carrano et al., in endothelial
cells of the brain. The authors performed the study on brain samples from patients
with capillary cerebral amyloid angiopathy, a disease that occurs in most AD patients
characterized by A3 aggregates in the cerebral arteries and capillaries. As for how the
cerebral amyloid angiopathy is related to AD not yet fully known, the authors hypothesized
that A3 aggregation in capillaries may involve the integrity and functionality of BBB,
dysfunction of which may represent a pathological event associated with NDs. Indeed,
it has been suggested that ROS, especially those produced by NOX2 in response to Af3
aggregation, can modulate the integrity of BBB through the interruption of tight junctions.
In this regard, the presence of A3 aggregation in the capillaries was related both to an
increase in the microglial NOX-2 activity and ROS production which in turn led to the
loss of occludins and claudins, as well as to the loss of cellular adhesion. Carrano et al.,
performed an in vitro study using a human cerebral microvascular endothelial cell line
(hCMEC/D3) which was administered synthetic Af31_4; at different concentrations. Indeed,
it was shown that the treatment with AR (10 uM) for 24 h induced cell death. While the
treatment with AP1_4p (1 uM) for 24 h led to a reduction in mitochondrial activity as well
as an increase in HyO; in a dose-dependent manner. Consequently, the presence of H,O,
led the authors to investigate the involvement of NOX2 and xanthine oxidase in the ROS
production A{3-mediated. Indeed, before treatment with A{31_4p, the hCMEC /D3 cells were
pretreated at concentrations (10 nM and 100 nM) for 24 h with different NOX2 inhibitors
including DPI and allopurinol. The results of the study showed that all antioxidants
were able to preserve hCMEC/D3 cells from cytotoxicity Af1_4p-induced. Moreover, the
allopurinol pretreatment 2 h before of inducing model restored both occludin and claudin
expression levels, as well as confirming that ROS production A{3-mediated is also involved
in the alterations of tight junctions. Further confirmations of the cytotoxic effects of Af3 in
capillaries were shown by upregulation of Receptor for advanced glycation end products
(RAGE), which can transport A3 across BBB. Additionally, to carrying A into the brain,
RAGE through NOX-2 activation can induce ROS production. Moreover, it was shown
that RAGE blockade by anti-RAGE blocking antibody has prevented the reduction of cell
viability AB-induced. Therefore, the study results demonstrated that NOX2 inhibitors,
exogenous antioxidants, and RAGE inhibitors could be useful to reduce the cytotoxicity
Ap-induced and neuronal damage related to its [101].

Moreover, increased levels of C-X-C motif chemokine ligand 1 (CXCL1), the latter
widely expressed in the CNS and activated when it binds to the CXCR2 receptor have
also been demonstrated in AD patients. CXCL1 once bound to its receptor can activate
PI3K/Akt and ERK/MAPK signaling, thus contributing to inflammatory responses and
cell cycle. Shang et al., both in vivo and in vitro investigated the effects of CXCL1 on
neural stem cells in the subventricular area. The authors showed elevated CXCL1 levels in
CSF APP/PS1 mice of 4,8,12 months compared to the WT control mice of the same-aged.
Likewise, a greater increase of CXCL1 levels was reported in 12-month-old APP/PS1 mice
compared to 4-month-old APP/PS1 mice and also compared to wild-type mice. Therefore,
the results obtained suggested that CXCL1 levels in CSF could be disease markers in
these animals. CXCL1 is expressed in microglia, macrophages, oligodendrocytes, and
neurons. To simulate and investigate the activation of macrophages and microglia during
the neuroinflammation, the authors used respectively RAW264.7 and BV2 cells treated
with LPS or Adenosine triphosphate (ATP) (1 mM or 5 mM) alone or combined. Indeed,
it has been shown that in RAW264.7 cells the LPS + ATP treatment led to a significant
increase in CXCL1 compared to RAW264.7 cells treated with LPS alone. Moreover, it was
also observed that treatment with LPS and ATP (1 mM or 5 mM) in BV2 microglial cells had
no significant effect on CXCL1 synthesis and secretion. Therefore, these results suggested
that macrophages may be a major source of CXCL1 in APP/PS1 mice. Additionally, CXCL1
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has also been reported to promote both proliferation and differentiation of neural stem
cells. Indeed, it has been shown that infusion of CXCL1 (200 ng per mouse) into the lateral
ventricle led to a significant increase in the cell proliferation assessed by nestin positivity.
The same results were also confirmed in vitro, in neural stem cells treated with CXCL1
(100 ng/mL) for 24 h. Moreover, CXCL1 treatment has also been shown to inhibit the
differentiation of neural stem cells into astrocytes, but not their differentiation into neurons.
To understand how CXCL1 exerts these effects, Shang et al., demonstrated that CXCL1
promotes the proliferation of neuronal stem cells through the production of ROS as well as
by the activation of PI3K/ Akt signaling. Furthermore, it was shown that treatment with
CXCL1 (100 ng/mL) for 24 h led to an increase in both ROS and NOX2. Confirmation
of NOX2 involvement was performed in vivo, indeed treatment with apocynin (30 nmol
per mouse) before the CXCL1 (200 ng per mouse) administration has inhibited CXCL1 in
promoting the proliferation of neural stem cells. In conclusion, the study showed that in
APP/PS1 mice CXCL1 originating from macrophages can favor the proliferation of neural
stem cells in the subventricular area through the generation of ROS [102].

In vitro and in vivo studies have shown that Af3 peptides can promote NOX2 activa-
tion, therefore a direct correlation with the deposition of Af3, dependent on both aging
and NOX2 activity (Table 2). Preclinical studies demonstrated that exposure of microglial
cultures with A3 peptides resulted in NOX2 activation with a consequent increase in ROS,
ERK 1/2, and p38 MAPK thus promoting oxidative stress and neuroinflammation. Further-
more, also ROCK-1 would be involved in NOX2 activation, therefore it could contribute to
the progression of neuronal damage, as well as to the development of AD. In experimental
AD models, the accumulation of Af activated RAGE, stimulating the NOX2 activation,
hence the production of ROS. RAGE would facilitate both the transport of A through
the BBB and the pathological accumulation of Af in the brain parenchyma. Therefore, the
activation of RAGE would induce alterations in BBB permeability and functionality as well
as neurodegeneration and cognitive decline. Therefore, treatment with new molecules such
as NOX2 and RAGE inhibitors could serve as a basis for the development of promising
therapies for pathological conditions associated with NOX2 activation including dementia.

6.3. NOX2 in Amyotrophic Lateral Sclerosis

ALS is an adult-onset ND that primarily affects motoneurons. The hallmark of ALS
is a progressive degeneration of motoneurons that cause muscle weakness, atrophy, and
can also impair both speech and breathing [103]. The progression of ALS is very quick and
causes death from respiratory failure within 5 years from the beginning of the illness [104].
The etiology is still unknown, and therefore it is considered a multifactorial disease [105].
Most cases of ALS have sporadic etiology. Nevertheless, 5-10% of ALS is familial, and
more than 20 gene mutations have been identified, such as Cu/Zn superoxide dismutase 1
gene (SOD1), TAR DNA-binding protein 43 (TDP43), fused in sarcoma (FUS)/translocated
in sarcoma and ubiquitin 2. In ALS patients were found virus particles in several organs
and also in CSF. The analyses post-mortem performed have allowed for the detection of
viral particles in serum and brain tissue of ALS patients. Therefore, it suggests that viral in-
fections could be implicated in ALS pathology [106]. Certainly, inflammation and oxidative
stress play a determinant role in its progression. Indeed, microglia activation induces the
release of pro-inflammatory cytokines and ROS, which promote neurodegeneration [105].
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Table 2. Role of NOX2 in Alzheimer’s disease.

Models Treatments Results Ref.
In Vitro and Vivo Experimental Models
In vitro, treatment with apocynin or NOX2tat has

BV-2 mouse microglial cells, significantly reduced ROS production. While a reduction of

mesencephalic samples of WT C57BL/6 mice, Api-42 (0.1-10 uM), apocynin (20 pM) or ROS and IL-1p and inhibition of ERK1/2 signaling was 7]
NOX2-KO mice, and post-mortem NOX2tat (10 uM) observed in NOX2-KO mice compared to both
mesencephalic human samples mesencephalic samples of mice in elderly WT mice and
mesencephalic samples of elderly humans.

Human neuroblast Compound 3 reduced inflammation as demonstrated by the

oma cells Fasudil (1 pM) approximately reduction of pro-inflammatory mediators including IL-6, [99]
IL-13, and TNFa.
The treatment reduced A aggregation. Moreover, in

animal food ibuprofen enriched in a final primary murine microglia, the pretreatment with ibuprofen
R1.40 transgenic mice, 4 P 62.5 me /K reduced the superoxide production Ap-induced. In the same 100
human THP-1 monocytes ozage (62. 66n gM 8) way, in ibuprofen-treated human THP-1 monocytes, by (1001

Bas-35 (60 M) blocking Vav phosphorylation A p-induced, inhibited NOX2

and ROS production.
The pretreatment with allopurinol and DPI before inducing
A1 (1 M) hCI\/tIEC é ]chS» vlvithlA[Sfled {0 ctlhe re((iiucltioglof 1;/{05 levels t%nd
! restored the levels of occludin and claudin. Moreover, the

hCMEC/D3 cells 1 DPI.(IOIH%I anMd 10(9 ?(I)\(/)I)/M blocking of RAGE and NOX2 by anti-RAGE blocking [101]

allopurinol (10 nM an M) antibody prevented the cytotoxicity induced by Af and thus

its transport through the BBB in the brain
LPS or ATP (1 mM or Treatment with CXCL1 led to an increase in both ROS and

RAW264.7 mouse macrophage cell line and 5 mM) and apocynin NOX2. Moreover, apocynin pre-treatment inhibited both [102]

the BV2 mouse microglial cells (30 nmol). 4 NOX2 and CXCL1, involved in promoting the proliferation

of neural cells in the presence of ROS.

WT: wild type; KO: knockdown; A1_4. beta-amyloid;_42; NOX2: NADPH oxidase2; ROS: reactive oxygen species; IL-1f3: interleukin-1beta; ERK: extracellular signal-regulated kinase; IL-6: interleukin-6;
TNF«: tumor necrosis factor-o; Af2s_35: beta-amyloidys_ss; DPI: diphenyleneiodonium; RAGE: Receptor for advanced glycation end products; BBB: blood brain barrier; LPS: lipopolysaccharide; ATP: denosine
5'-triphosphate; CXCL1: C-X-C motif chemokine ligand 1.
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The microglial activation and ROS production mediated by NOX2 upregulation it has
been identified as an of the main cause of the disease. It was also demonstrated that in ALS
the activation of NOX2 is also a transcriptional target of NF-«B in microglia that could be
useful for modulating the interaction between oxidative stress and neuroinflammation. In
this regard, Zhang et al. showed that in transgenic rats hSOD1-G93A induced i.p. with
diphenyl diselenide (50 umol/kg), a compound known mainly for its antioxidant and
anti-inflammatory properties, delayed the progression of the disease and favored the motor
neuron survival. Similarly, the authors reported that in primary microglia, the pretreatment
with diphenyl diselenide (400 nM) prior to LPS stimulation has downregulated NF-«B
signaling involved in the release of inflammatory cytokine and ROS production. Since in
microglia NOX2 is the main source of ROS, the pretreatment with diphenyl diselenide has
been shown to significantly reduce the expression of Gp91P"°% subunit of NOX2 and also
the intracellular ROS. Moreover, again in microglia, it was shown that diphenyl diselenide
pretreatment did not involve the Nfr2 antioxidant pathway (activated following stimulation
with LPS) and also confirmed that the reduction of ROS was mediated by NOX2. Addi-
tionally, it was shown that diphenyl diselenide blocked the activation of the inflammasome
leading also to a reduction of caspase-1 and IL-1f activity [107].

The neuroprotective effects and the reduction of neuroinflammation were shown by
Boucherie et al. in hSOD1-G93A rats administered intrathecally in the CSF with a single
injection of mesenchymal cells 2 x 10° labeled with bromodeoxyuridine. The authors
demonstrated that infiltration of mesenchymal cells, as well as their differentiation into
astrocytes in the injury site, has reduced the degeneration of motor neurons in the spinal
cord, and also prolonged the survival and motor functions of these animals. Moreover,
following the mesenchymal cell transplantation, it has been demonstrated a decrease of
the inflammation and microglial proliferation, as well as the reduction of NOX2 and COX2.
Likewise, it has also been reported that the progression of ALS is related to microglial
activation, thus ROS production as well as the NOX2 activation. Therefore, the study results
highlighted once again how one reduces excessive inflammation through inhibition of
NOX2 and COX2 could be a useful strategy for counteracting the progression of the NDs. In
the same way, the measure of changes in the expression of NOX2 could be used as a marker
to evaluate the oxidative stress that occurs following microglial activation [108].

The passage of microglia from a neuroprotective phenotype M2 to a neurotoxic M1
was shown by Liao et al., in mSOD1-G93A mice. The authors demonstrated that in the
mSOD1 microglia of mice in the early stages of ALS an increase in the expression of M2
markers including Ym1, CD163, and Brain-derived neurotrophic factor (BDNF) as well as
a lower expression of NOX2 an M1 marker. Conversely, an increase of NOX2 and ROS
was demonstrated in the late stages of the disease. Taken together, these results suggested
that the disease progression may be characterized by a change of mSOD1 microglia from a
neuroprotective to a neurotoxic phenotype. Consequently, NOX2 and its expression levels
could be a useful marker for identifying the microglial activation in the different stages of
the disease [109]. Both microglial activation and lymphocyte infiltration are processes widely
involved in ALS. Zhao et al. showed the interaction between microglia and lymphocytes in
mSOD1-G93A mice. Primary microglial cells isolated from the spinal cord of mSOD1 mice
(1 x 10* cells/well) were treated with regulatory CD4 + CD25"8" T lymphocytes (Tregs) or
cytotoxic CD4 + CD25— T lymphocytes (Teffs) obtained from spleen and lymph nodes. The
authors showed that Tregs (1 x 10* cells/well) co-cultured with mSOD1 microglia of mice,
inhibited NOX2 and iNOS through a mechanism mediated by IL-4. The involvement of IL-4
in the modulation of cytotoxicity following microglial activation was demonstrated using
the IL-4 blocking antibody, which favored the increase of NOX2 and iNOS levels, as well as
the cytotoxicity in the primary microglial cells. Therefore, the expression levels of NOX2 and
iNOS following the use of IL-4 blocking antibody were like those shown in the Teffs cells
(1 x 10* cells/well) cultured together with the primary microglia SOD1 cells. In the same way,
Teffs cells (1 x 10* cells/well) co-cultured with primary microglia SOD1 cells demonstrated
that cytotoxicity was suppressed by IL-4, IL-10, and TGF-$3. Therefore, this data suggests
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how Tregs can inhibit Nox-2 and iNOS and thus, cytotoxicity induced following microglial
activation [110]. In addition to the involvement of microglial activation, the inflammatory
responses that characterize ALS in the different stages of the disease were also shown by Beers
et al. in mSOD1 G93A mice. To explain the onset of motor weakness first in the hind limbs
and then in the anterior limbs, the authors sacrificed the animals and observed whether T-cell
infiltration into the cervical and lumbar spinal cords was related to temporal and functional
differences in the inflammatory responses. The results of the study showed a differential
response between the protective and inflammatory responses within the cervical and lumbar
spinal cords. Indeed, it was shown that the presence of CD4 + T lymphocytes in the lumbar
spinal cord region of mSOD1-G93A mice through the increase of anti-inflammatory cytokines
such as IL-4 and trophic factors including BDNE, Glial cell line-derived neurotrophic factor
(GDNFE), reduced the progression of the disease and favored the motor neuron survival. In
the same way, the endogenous neuroprotective response of T lymphocytes in the cervical
region attenuated the neurotoxic responses of the microglia activation induced by TNF-«,
IL-1p, and NOX2. Although there were no differences in the NOX2, TNF-«, and IL-1f3 levels
between the cervical and lumbar spinal cords, the earlier onset of disease symptoms in the
hind limbs were attributable to neurotoxic inflammatory responses, thus to Th2 response in
the cervical spinal cord and Th1 in the lumbar spinal cord [111].

To clarify the role of T cells in ALS, Beers et al., demonstrated in mSOD1-G93A mice the
effects of bone marrow (3 x 107 cells per mouse) administered via i.p. Since T lymphocytes
and in particular CD4 +, play a neuroprotective role, the authors reported how the loss
of the CCR2 receptor involved in the recruitment of T lymphocytes favored the motor
neuron degeneration as well as the disease progression. This latter also confirmed by the
increase of NOX2 activity, as well as by the reduction of BDNF, GDNF, and glial glutamate
transporters. On the contrary, bone marrow transplantation was shown to stimulate the
production of T lymphocytes which in turn have suppressed the cytotoxicity and also
modulated the microglial activity NOX2 dependent. Therefore, the glial/T-cell interactions
could be provided a novel therapeutic target for NDs such as ALS [112].

In ALS mice it was reported that the ROS increase NOX2-mediated following microglial
activation can leading to motor neuron death. To investigate how mutant forms of SOD1 can
lead to an increase of microglial ROS dependent on NOX2 and thus to neuronal death, Li
et al., used Glial MO59]J cells or neuronal cells NSC-34 expressing SOD1-G93A. The results
of the study performed both in MO59] and NSC-34 expressing SOD1-G93A showed the
hyperactivation in the ROS production dependent by Racl and NOX2, as well as an increase
of toxicity and inflammation, the latter evaluated by the TNFx and NF«kB levels. As the
mutant forms of SOD1 have a higher affinity for Rac1-GTP, it has been shown that alsin in the
presence of SOD1-G93A in glial cells, attenuated the neurotoxicity by reducing Racl activation
and thus the signaling mediated by NOX2. Therefore, the results obtained suggested how the
inflammation and neurotoxicity that characterize ALS involved NOX2 [113].

TDP-43 protein represents a major component of neuronal inclusions in ALS patients.
It was found in CSF of ALS patients. To evaluate the effects of TDP-43 in this pathological
disease, the latter was administered in the microglia of mice. The first evaluation showed an
upregulation of NOX2 mRNA expression and an increase in both TNF-« and IL-1f3 levels,
aimed to examine whether microglia were activated. Instead, co-treatment with PMBS, an
LPS inhibitor, provided further confirmation that microglia activation was induced by TDP-43
treatment. This co-treatment did not show significant changes in NOX2 expression and
inflammatory cytokines, confirming that microglia activation was not affected by possible
LPS contamination during the experiment. Moreover, NLRP3 inflammasome was observed
in TDP-43-treated microglia, so it may be responsible for promoting IL-1f3 transcription as
well as caspase-1 activation. In this context, it has been shown the role of CD14 microglia in
the activation of the inflammatory process but did not affect the NOX2 expression. Likewise,
the TDP-43-treatment in microglia was able to promote the MAPK and NF-kB pathway,
triggering the inflammatory process. Interestingly, inflammation could also be affected by
AP-1 activation. As evidence AP-1 inhibition induced a decrease in inflammatory factors in
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microglia TDP-43-treated. For this reason, it was inferred that TDP-43 was able to promote the
microglia activation and inflammation causing the motoneurons degeneration over time [114].

Experimental studies have been demonstrated that some compounds such as pro-
inflammatory cytokines, ROS, or extracellular ATP could induce neurotoxicity. Indeed,
extracellular ATP could stimulate the ionotropic purinergic P2 X 7 receptors promoting
an inflammatory response. For this reason, Apolloni et al., conducted an investigation
to observe the P2X7 receptor-mediated NOX2 pathway in SOD1-G93A microglia. In this
culture, an increase of p67"HOX translocation was observed after treatment with 2/-3'-
O-(benzoyl-benzoyl) ATP (BzATP) (10-100 uM), a P2X7 receptor agonist suggesting the
role of this receptor in inducing activation of the NOX2 pathway. To determine whether
P2X7 /NOX2 recruited Racl into the microglia, the authors infected the G93A microglia with
lentivirus or adenovirus showing an increase of CD68 expression, a marker of microglia
activated. Furthermore, the translocation of p677HOX was explored through infection with
Racl mutant. As evidence, the control was treated with a P2X7 inhibitor demonstrating that
NOX?2 activation was dependent on the P2X7 receptor. Instead, the p67 PHOX translocation
may depend on Racl recruitment. In these cultures, after BZATP treatment, the apocynin
was administrated to inhibit NOX2, demonstrating a remarkable decrease in ROS. Hence,
the NOX2-P2X7 receptor was involved in the release of oxidized compounds in BzZATP-
induced microglia. It was observed that stimulation of the P2X7 receptor was able to induce
p38 activation. Moreover, ERK 1/2 phosphorylation was more represented in SOD1-G93A.
However, ERK1/2 phosphorylation could also be induced by NOX2 activation. Although
ROS production was increased by NOX2 activation, it was seen that ERK1/2 activation
could participate in their production. Ultimately, it was possible to define a correlation
between the P2X7 receptor and ERK1/2 and NOX2 in SOD1-G93A microglia [105].

Instead, Seredenina et al. evaluated the involvement of NOX in the progression of ALS.
Therefore, they conducted an experiment in which the expression levels of NOX isoforms
in the spinal cord of WT and SOD1-G93A mice were observed at the beginning (90 days)
and terminal stage (120 days) of the disease. This observation allowed us to observe an
increase of NOX expression levels, especially NOX2 and its subunit (such as p22PHOX,
p67PHOX p47PHOX) related to the progression of ALS. In agreement with this result, the
author performed immunostaining in the spinal cord of ALS patients in which NOX2 was
more represented. Furthermore, to confirm the involvement of NOX2 in ALS disease, rat
RA2 microglia were pretreated with LPS to induce their activation. The findings confirmed
an increase in both NOX2 expression and ROS levels. For this reason, treatment with
perphenazine or thioridazine showed promising results as inhibitions of the production of
NOX2-derived oxidizing compounds in microglia. The same results were found in in vivo
experiment in which thioridazine administration can decrease ROS levels in SOD1-G93A
mice. Regardless, treatment with perphenazine or thioridazine in SOD1 G93A mice did not
increase their survival. Moreover, thioridazine treatment significantly reduced both NOX2
and microglial marker expressions such as Ibal and CD68. Although thioridazine did not
improve disease progression, it had a considerable impact on NOX2 activity [115].

It is widely known that SOD1 mutations represent the cause of neurological diseases
such as ALS. In several experimental ALS models, it was observed that mutations in the SOD1
gene are responsible for the overproduction of oxidized compounds (Table 3). Therefore, it
has been related that mutated SOD1 can activate Racl, which consequently activates NOX2
causing the production of harmful ROS. Furthermore, SOD1 mutation in microglial cells
would promote neuroinflammation, so affect motor neuron viability. Reduction of ROS release
by NOX2 inhibition has already proven to be an effective treatment. Indeed, in microglial
cells, apocynin inhibited the translocation of p47"HOX and p67PHOX while perphenazine or
thioridazine reduced ROS levels. For this reason, the experimental studies have also targeted
the treatment with T lymphocytes showing a progressive increase of anti-inflammatory
cytokines such as IL-4 and trophic factors including BDNE, GDNE, slowing the progression of
the disease and increasing the survival of the motor neurons. Therefore, further investigations
focusing on the inhibition of NOX2 in microglia are needed to slow the course of the disease.
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Table 3. Role of NOX2 in Amyotrophic Lateral Sclerosis.
Models Treatments Results Ref
In Vitro and Vivo
Experimental Models
In vivo, diphenyl diselenide reduced the progression of the disease and favored motor
hSOD1-G93A rats diphenyl diselenide (50 pmol/kg) ~ neuron survival. While the same treatment in microglia has reduced the expression of the
~and . via intraperitoneal 91PHOX syubunit of NOX2 and also the production of ROS. Moreover, diphenyl [107]
primary microglia diphenyl diselenide (400 nM) diselenide blocked the activation of the inflammasome and reduced the levels of caspase-1
and IL-1p.
a single injection of mesenchymal The infiltration and differentiation of mesenchymal cells in the injury site reduced the
B 6 L. neurodegeneration of motor neurons in the spinal cord. Moreover, the transplantation of
hSODI-G93A rats cells 2 x 10° labeled via intrathecal mesenchymal cells reduced inflammation and microglial activation as well as NOX2 and [108]
in the CSF
COX2 levels.
. . The study has demonstrated changes in mSOD1 microglia of the mouse from a
mSOD1 microglia mCSOO_Ellltr;licIfo% &g?gi;ﬁgjﬁ ;::;H) neuroprotective to a neurotoxic phenotype, as well as increased in the expression of NOX2, [109]
& ROS, and markers including Ym1, CD163, and BDNF.
mSOD1 microglia (1 x 10* The study has shown the interaction between microglial activation and T lymphocytes,
mSOD1-GI3A mice cells/well) co-cultured with through a mechanism that involved IL-4 in the modulation of cytotoxicity. Indeed, Tregs [110]
Tregs (1 x 10* cells/well) or through IL-4 reduced NOX2 and iNOS levels in primary microglial cells. Similarly, IL-4
Teffs cells (1 x 10* cells/well) inhibition promoted the increase of NOX2 and iNOS.
CD4 * infiltration in the lumbar spinal cord increased IL-4, BDNF, and GDNF levels, as
) . . . . well as promoted motor neuron survival. Similarly, it was shown in the cervical spinal
mSODI1-G3A mice analysis of spinal cord sections cord both a reduction of the microglial activation and also a reduction in TNF-«, IL-1f3, [111]
and NOX2.
The bone marrow transplantation has led to the recruitment of CD4" lymphocytes which
mSOD1-G93A mice bone marrow (3 x 107 cells per have preserved motor neurons from the neurodegeneration. Consequently, it was [112]
mouse) via intraperitoneal demonstrated the reduction of NOX2 levels and also the increase of BDNF, GDNF, and
glutamate transporters.
. Both MOb59] glial cells and NSC-34 neuronal cells SOD1G93A-expressing have
6
MO59] glial cells and NSC-34 neuronal Glial MO59] cells6(1..0 x 10°) ) demonstrated an increase in Racl, NOX2, ROS, TNF«, and NF-«B levels. Similarly, alsin [113]
cells and SOD1-G93A mice and NSC-34 (0.5 x 10°) infected with  pa5 shown a higher affinity for Rac1-GTP in MO59J cells, thus reducing Racl activation
adenoviruses (1000 particles per cell) and therefore NOX2 activity.
. TDP-43 induced an increase in NOX2 expression and TNF-« and IL-1§3 levels as well as
Microglial cells and primary TDP—4C¥irCefotrrl1;n;co(r5gOdr;gémL) m activation of NLRP3 inflammasome. Similarly, TDP-43 treatment in microglia was able to
motoneuron of spinal cords obtained LPS (40 ng /mL) and IZI\I/IBS promote the MAPK and NF-«B pathway. Instead, PMBS co-treatment confirmed that [114]
from C57BL/6 mice ( f ug/mL) microglia activation depended on TDP-43 and showed no significant changes in NOX2

expression and inflammatory cytokines.
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Table 3. Cont.

Models Treatments

Results Ref

In Vitro and Vivo
Experimental Models

) S microglia SOD1-G93A treated with
SOD1-G93A transgenic mice BZATP (10-100 uM)

BzATP improved the NOX2 activity and consequently ROS production through a
mechanism mediated by translocation of p67°HOX, Moreover, the administration of
apocyanine in microglia treated with BzATP has inhibited NOX2 and reduced ROS. [105]
Similarly, a relationship between NOX2 and ERK1/2 phosphorylation mediated by P2 x 7
receptors was demonstrated.

Ra2 microglia (10,000 cells/well)
LPS-treated (5 ug/mL),
SOD1-G93A mice and Ra2 microglia perphenazine (3 mg/kg) or
thioridazine (10 mg/kg)
intraperitoneal administration

In vivo, it was shown an increase in the expression levels of pZZPHOX, p67PHOX, and
p47PHOX (NOX2 subunits). Moreover, thioridazine reduced NOX2 and ROS levels, as well
as the expression levels of microglial markers Ibal and CD68. Besides, either treatment [115]
with perphenazine or thioridazine in SOD1 G93A mice did not increase motor neuron
survival, while in microglia inhibited ROS production and NOX2 activity.

NOX2: NADPH oxidase2; ROS: reactive oxygen species; IL-1f3: interleukin-1beta; CSF: cerebrospinal fluid; SOD1: Superoxide dismutase; COX2: cyclooxygenase2; CD163: Cluster of Differentiation 163; BDNEF:
Brain-derived neurotrophic factor; IL-4: interleukin-4; iNOS: inducible nitric oxidase synthase; GDNF: Glial cell-derived neurotrophic factor; TNF«: tumor necrosis factor-«; Racl: Ras-related C3 botulinum toxin
substrate 1; NF-kB: nuclear factor kappa-light-chain-enhancer of activated B cells; GTP: Guanosine-5'-triphosphate; TDP-43: TAR DNA-binding protein 43; NLRP3: NLR family pyrin domain containing 3; LPS:
lipopolysaccharide; PMBS: polymyxin B sulfate; MAPK: mitogen-activated protein kinase; BZATP:2'-3/-O-(benzoyl-benzoyl) ATP; ERK: extracellular signal-regulated kinase; Ibal: ionized calcium-binding

adapter molecule 1; CD68: Cluster of Differentiation 68.



Medicina 2021, 57, 604 25 of 30

7. Conclusions

This manuscript focused on the role of microglial NOX2 involved in neuroinflam-
mation. Indeed, the purpose of this review is to provide a hypothesis on the possible
mode of NOX2 activation in microglia triggered following SARS-CoV-2 infection and
any neurological repercussions. It is already known that NOX2 activation in microglia
amplifies the inflammatory process through the release of oxidized compounds and pro-
inflammatory cytokines. To date, there is no clinical treatment capable of counteracting
the NOX2 mechanism, however, further inhibition could limit the production of ROS in
microglia to attenuate the toxicity in neuronal cells. In this way, it could preventively
contribute to counteracting the pathophysiological mechanisms following the SARS-CoV-2
infection. Furthermore, we highlighted the role of NOX2 in both promoting oxidative
stress and neuroinflammation with particular relevance for NDs, providing a new insight
into the pathophysiology of COVID-19. However, our study has limitations as there are
not enough studies that can support the hypothesis of a correlation between COVID-19
and neurodegeneration. Ultimately, it would be interesting to investigate NOX2 activation
in microglia following viral infection. Furthermore, NOX2 could be a new useful target for
the therapeutic treatment of neurodegenerative NDs such as PD, AD, and ALS.
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