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Small molecule inhibitors of reactive oxygen species

production
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Denmark, Kemitorvet 207, 2800 Kgs. Lyngby, Denmark.
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ABSTRACT: Reactive oxygen species (ROS) are involved in physiological cellular processes
including differentiation, proliferation, and apoptosis by acting as signaling molecules or
regulators of transcription factors. The maintenance of appropriate cellular ROS levels is termed
redox homeostasis, a balance between their production and neutralization. High concentrations of
ROS may contribute to severe pathological events including cancer, neurodegenerative and
cardiovascular diseases. In recent years, approaches to target the sources of ROS production
directly in order to develop tool compounds or potential therapeutics have been explored. Herein,
we briefly outline the major sources of cellular ROS production and comprehensively review the
targeting of these by small molecule inhibitors. We critically assess the value of ROS inhibitors

with different mechanisms-of-action, including their potency, mode-of-action, known off-target



effects and their clinical or preclinical status, while suggesting future avenues of research in the

field.

1. INTRODUCTION

Reactive oxygen species (ROS) are chemical species derived from the partial reduction of O»
that can be either free radicals, including superoxide (Oz*"), hydroxyl (OH¢) and hydroperoxyl
(HOQ#) radicals, which are characterized by having an unpaired electron, or non-radical species
with a high oxidation potential, such as hydrogen peroxide (H20,).!> ROS produce different

cellular effects according to their concentration and site of production in the cell (Figure 1).
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Figure 1. Concentration-dependent physiological and pathological conditions correlated to

intracellular ROS levels.

At physiological concentrations, ROS play essential regulatory roles in maintaining intracellular
homeostasis through signaling functions, regulation of transcription factors and protein

phosphorylation. They are involved in different cellular processes including differentiation,



proliferation, growth and apoptosis.® Pathological responses related to ROS occur either in their
absence,’ as in the case of chronic granulomatous disease,* or in the case of their overproduction
due to a disruption in the reduction-oxidation (redox) balance within a cell.> Abnormally low ROS
levels impact signaling pathways and host defense and are therefore connected to specific types of
autoimmune disorders or decreased defenses against bacterial pathogens.* In contrast, excessive
ROS concentrations can create cytotoxic events due to protein, lipid and DNA damage through
so-called oxidative stress, and have been reported to be involved in aging and general
inflammation® as well as in several pathologies. For this reason, molecules that target the
mechanisms behind ROS production, with the ability to restore physiological ROS levels, have
considerable therapeutic potential and their development has attracted increasing attention in
recent years. In this review, we discuss approaches to reduce ROS production using small
molecules. We compile a comprehensive list of small molecule ROS inhibitors in various stages
of (pre)clinical development and provide a detailed discussion of their modes-of-action and
limitations.

1.1 ROS types. ROS are products of normal anaerobic metabolism® and are created either by
excitation or by reduction of atmospheric oxygen (O2, or dioxygen).” O, can be the source of
radical derivatives such as superoxide (O2z¢"), hydroxyl (HO¢), hydroperoxyl (HOz¢), carbonate
(COs3¢*Y), and carbon dioxide radicals (CO2*"), as well as non-radical ROS including singlet oxygen
(!02), hydrogen peroxide (H20,), hypobromous acid (HOBr) and hypochlorous acid (HOCI)!

(Figure 2).
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Figure 2. Lewis structures of ROS divided by free radical ROS (left) and non-radical ROS (right).

Partially adapted from references 1 and 8.

The definition of a free radical is a chemical species which has one or more unpaired electrons.'
Superoxide, O»*, is a radical anion which is stable for a short time, and is generated when O»
undergoes a one electron reduction.” Subsequently, after a further reduction of superoxide to the
peroxide anion (02>, hydrogen peroxide is formed by protonation. Hydrogen peroxide, through a
Fenton reaction with Fe?", creates a hydroxyl radical, the most reactive oxygen radical. On the
other hand, excitation of O can lead to the formation of the highly reactive, non-radical, singlet
oxygen.” The interconversion of the different ROS types can take place in the cell through non-
enzymatic or enzyme-mediated mechanisms. An example is the dismutation of Oz to Oz and
H,0,, which can progress in a spontaneous manner or catalyzed by superoxide dismutase (SOD).!°

In addition to oxygen derivatives, the broader category of reactive species also includes reactive
chlorine, bromine and nitrogen species. Reactive nitrogen species (RNS) are an important class of
signaling molecules in living organisms. This class includes nitric oxide (NO") and peroxynitrite
(ONOO), which is formed by the reaction of NO" with O,¢"."> Whilst important, the discussion of
RNS and related reactive species will only be addressed briefly in this review. Readers are directed
to a comprehensive book chapter on the subject for further information.!!

1.2 Main sites of ROS production and diffusion across membranes. The major cellular

source of ROS are mitochondria'? (Figure 3a). The mitochondrial electron transport chain (ETC)



in the inner mitochondrial membrane is where most mitochondrial ROS are produced, through
oxidative phosphorylation (OXPHOS) generating adenosine triphosphate (ATP).!* The process
begins with electrons that are abstracted from FADH; (complex II) or NADH (complex 1),
produced in the tricarboxylic acid cycle, and transferred by the ETC to complex IV which, under
normal conditions, produces water via the reduction of O,. However, ROS are produced when the
reduction does not proceed all the way to the formation of water but ends prior to the formation of
superoxide. The mitochondrial membrane potential (Aym) enables the generation of ATP by the
action of the ATP synthase in complex V with re-direction of the protons back in the matrix. The
formation of superoxide from the reduction of oxygen is generated by the existence of an electron

leakage in the ETC process. '
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Figure 3. Overview of the main sites of endogenous ROS production. Bilayer: NADPH oxidases
(NOX); Within the mitochondria: electron transport chain (ETC) — complex I to V, Monoamine
oxidases (MAO); within peroxisomes: nitric oxide synthase (NOS), urate oxidase (UO), xanthine
oxidases (X0O), acyl-CoA (ACO), D-aspartate (DDO), and D-amino acid (DAAO) oxidases; within
the endoplasmic reticulum (ER): ER oxidoreductin 1 (Erol), protein disulfide isomerase family
(PDI). The inlays describe the structure and ROS forming processes of: a) mitochondrial ETC (Q
= ubiquinone, C = cytochrome c), adapted from reference 13, b) NADPH oxidase 2 (NOX2) with

all associated subunits (B = cytochrome b), adapted from references 14 and 15.

In addition to mitochondria, several other ROS sources have been reported.! NADPH oxidases
(NOX) are the only known enzymes to be exclusively dedicated to producing ROS." NOX are a
family of seven transmembrane proteins: NOX 1-5 and dual oxidases (DUOX) 1-2 possess
different activation methods (vide infra) and tissue distribution. Before NOX was characterized in
other tissues,'> ROS production was thought to be limited to phagocytic cells.!®> The activation of
NOX2, represented in Figure 3a as an example NOX family member, is characterized by the
transient association between constitutively bound subunits p22/gp91 and cytoplasmic subunits
p40, p47, p67, and rac. A conformational change occurs in response to the phosphorylation of p47,
bringing p47 itself in contact with p22 and enabling the interaction of p67 with gp91, now in close
proximity to p40. The last step consists of the interaction of rac with gp91 followed by p67
interaction'* (Fig. 3b). In this context, the production of ROS by NOX is performed in two steps.
The first consists of the transfer of electrons from nicotinamide adenine dinucleotide phosphate
(NADPH) to flavin adenine dinucleotide (FAD) and is followed by a second step involving the
transfer of electrons to the heme group of the cytochrome b, which reduces molecular oxygen

resulting in the production of Oz+.!*Another important class of ROS producing enzymes are



monoamine oxidases (MAQO), which are specific flavoenzymes present in the outer mitochondrial
membrane. Two MAO isoforms exist, MAO-A and MAO-B,!” and their main biological role is
the deamination of neurotransmitters and dietary amines.'®* MAOs are able to produce hydrogen
peroxide through oxidative deamination, starting from monoamines and employing FAD as co-
factor, forming aldehydes as by-products.!’

Xanthine oxidoreductase (XOR) is a dimeric molybdenum-containing flavoprotein which,
starting from hypoxanthine, forms xanthine and uric acid while catalyzing oxidation steps. In
mammals, the dehydrogenase enzymatic form (XDH) can generate the xanthine oxidase form
(XO). The latter is of critical importance for the formation of ROS, since it can deliver the electrons
needed for the reduction of molecular oxygen and use them as an acceptor to form uric acid and
superoxide/hydrogen peroxide from xanthine. XOR can also form reactive nitrogen species such
as peroxynitrite via a similar mechanism. "

A source of reactive nitrogen species is nitric oxide synthase (NOS), the enzyme responsible for
the biosynthesis of nitric oxide and RNS derivatives.” NOS exists in three isoforms, two
constitutively expressed and regulated by Ca®>" and calmodulin (nNOS, neuronal nitric oxide
synthase, and eNOS, endothelial nitric oxide synthase), and an inducible form, iNOS (inducible
nitric oxide synthase). The isoforms have different cellular functions correlated to their different
tissue localization. nNOS, or type I NOS, is the neuronal NOS and it serves as regulator of the
synaptic transmission. The endothelial localization of eNOS (type III NOS), makes it responsible
for the control of blood pressure, while type II NOS, known as iNOS, is induced in response to
infection and inflammation in specific locations such as macrophages, monocytes, the
endothelium, and smooth muscle tissue.?! The synthesis of nitric oxide is carried out by all

isoforms using molecular oxygen, NADPH and L-arginine as substrates. Electrons are transferred



from NADPH to heme in the N-terminal oxygenase domain, passing though FAD and flavin
mononucleotide (FMN), also involving the cofactor (6R)-5,6,7,8-tetrahydro-L-biopterin (BH4).
The result of this complex reaction is the formation of NO® and L-citrulline from oxidation of L-
arginine.?

Further sites of ROS production in the cell include peroxisomes and the endoplasmic reticulum
(ER). Peroxisomes are organelles which have roles in several cellular pathways including fatty
acid oxidation, glyoxylate metabolism, biosynthesis of ether-phospholipids and the pentose
phosphate pathway.> During ordinary metabolism, peroxisomes are the sites of production of H>0>
due to the action of several flavoproteins, including acyl-CoA (ACO), D-aspartate (DDO), urate
(UO) and D-amino acid (DAAQ) oxidases, in addition to the presence of xanthine oxidases and
NOS which produce superoxide and nitric oxide, respectively.’ Inside the ER, redox signals and
ROS, in particular H>O», are essential for oxidative folding and the generation of post-translational
modifications. The production of hydrogen peroxide occurs through a catalytic process, involving
Erol, an oxidoreductase, starting from molecular oxygen. The process ends with the formation of
disulfide bonds in proteins with the action of a member of the protein disulfide isomerase family
(PDI).22

Finally, a number of other cellular enzymes are known to be involved in the production of ROS,
including aldehyde oxidase, cyclooxygenases, cytochrome P450 monooxygenase, dihydroorotate
dehydrogenase and tryptophan dioxygenase.?

In addition to their site and mode of production, the half-life and ability to diffuse of ROS must
also be considered. O>" is characterized by instability due to its spontaneous dismutation to H>O»
and its high reactivity towards iron—sulfur clusters. On the contrary, H>O> is quite stable, with a

half-life of about 1 ms, and with a limited oxidant activity; in fact, H>O, toxicity is perhaps



ascribable to its reduction to OHe. The latter is reported to react indiscriminately and not be able
to diffuse far, given its half-life of 107 5.2

In the past, it has been assumed that ROS are able to cross biological membranes freely in order
to enter cells or to reach their target. However, membrane proteins have more recently been shown
to facilitate ROS diffusion and permeation.?’” For example, aquaporins (AQP) are transmembrane
proteins that enhance the bilayer diffusion of several molecules including nitric oxide?® and
H,0,.% Knockout of AQPS has been reported to impair the release of H>O; from the mitochondria
in hepatocytes, with subsequent accumulation of ROS and mitochondrial depolarization.*
Extracellular O;", which can be produced by NOX2 and dismutates to H>O», not permeable

through the membrane, can use aquaporins to cross, or chloride channels (CIC) as reported for

CIC3 in endothelial cells.?!
2. OVERVIEW OF THE (PATHO)PHYSIOLOGICAL ROLES OF ROS

An extensive discussion of the (patho)physiological roles of ROS is beyond the scope of this
review, and they are thus only introduced briefly here. We refer readers to excellent and extensive
reviews in the field for further information (references 31 and 32). Additional reviews pertaining
to specific disease indications are mentioned in the following sections, where appropriate.

2.1 Physiological roles of ROS. In order for ROS to carry out their function as signaling
molecules, the redox homeostasis, defined as the balance between ROS production and the
antioxidant response, must be finely regulated.? Superoxide dismutases (SODs) are among the
enzymatic antioxidants that the cell employs to reduce ROS. The role of SODs in different cellular
compartments is to enhance a rapid dismutation of superoxide to hydrogen peroxide.** Hydrogen
peroxide can be converted to water by the action of catalase, a tetrameric heme-contain enzyme,

and glutathione peroxidase (GPX), which uses the reduced tripeptide glutathione (GSH) as a co-
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factor to catalyze the reaction.!*> GPX is one of the major classes of selenoproteins present in the
human body.**3> The active site is characterized by the presence of glutamine, tryptophan and
selenocysteine.*=¢ Selenoproteins are known to regulate the production of thyroid hormones,
growth, and the immune response and have an important role in the antioxidant response.*
Selenoproteins, and their roles in health and disease have been comprehensively reviewed, and we
therefore refer the reader to an excellent review on this class of proteins.>*

Other examples of endogenous antioxidant enzymes are peroxiredoxin, thioredoxin, NAD(P)H
dehydrogenase (quinone) 1, and glutathione S-transferase (GST).’” The expression of these
antioxidant enzyme genes is regulated by the interaction between specific transcription factors,
including the nuclear factor erythroid 2-related factor 2 (Nrf2), and antioxidant response element
(ARE) promoter regions.*” One of the primary roles that ROS play inside a cell is the regulation
of cell survival. Within the physiological concentration range, ROS are involved in signaling as
secondary messengers in several vital processes, through the oxidation of target cysteine thiols.
For example, ROS signaling mediates survival factors such as nuclear factor kappa B (NF-kB), an
anti-apoptotic and pro-proliferation transcription factor. ROS also have an important role in
cellular adaptation to hypoxic conditions. This occurs when cells need to adapt to a low oxygen
environment to survive during pathological events including cancer or ischemia. Conversely, high
ROS levels indicate the existence of a pathological situation that will lead to cell death by
apoptosis, necrosis or autophagy.>®

Autophagy is a catabolic pathway conserved across species.>® Here, the autophagosome, a
double membrane vesicle, functions to degrade misfolded or non-essential proteins and even entire
organelles after fusion with the acidic lysosome that contains proteolytic enzymes. The activation

of autophagy comes in response to general stress conditions like infection, starvation and
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ischemia,*® while the modulation of autophagy is regulated by redox-sensitive proteins, such as 5'
adenosine monophosphate-activated protein kinase (AMPK), which undergoes S-
glutathionylation of two cysteine residues. A second ROS-related regulatory mechanism involves
the oxidation of a cysteine residue of autophagy-related gene 4 (ATG4), a key autophagy protease,
which cleaves a precursor form of microtubule-associated protein 1A/1B light chain 3 (pro-LC3)
to LC3-I, which is responsible for autophagosome formation after downstream processing. A last
example of the ROS-autophagy cross-talk is related to the creation of an impaired thiol redox state
due to the release of reduced GSH in the extracellular environment.*’

ROS also influence cellular proliferation through the regulation of several growth factors
including the platelet-derived growth factor (PDGF), the epidermal growth factor (EGF) and the
fibroblast growth factor (FGF). These require ROS for activation and phosphorylation of a tyrosine
residue in their receptor tyrosine kinase domain.*! Once activated, the growth factors promote
cellular proliferation as well as cell survival via different signal transduction pathways.
Furthermore, ROS are interconnected with vascular formation by stimulating angiogenic factors
such as the specific growth factor, the vascular and endothelial growth factor VEGF, and
angiopoietin.*?

ROS are involved in several aspects of the immune response. In fact, ROS can protect the body
against pathogens either in a direct way or through phagocytosis.** The pathogenic invasion of
bacteria and fungi is followed by a burst of ROS production inside phagocytes, such as neutrophils,
which together with proteases, destroy the pathogen.** The specific localization of NOX2 in
phagocytes is of particular relevance, as it can produce ROS and NO® to directly cause an anti-
pathogen response by oxidation of proteins and DNA inside the phagosome. ROS are also involved

indirectly in stimulating the release of proteins capable of proteolytic degradation, such as elastase
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or cathepsin G, due to the increase of K' concentration in the phagosomal lumen in response to
NOX2 activity.*® Physiological concentrations of ROS are also necessary for the activation of T-
cells. It has been found that ROS are involved in T-cell receptor (TCR) signaling pathways at
several levels. For example the release of Ca?" in response to the activation of cluster of
differentiation 3 (CD3) is in turn responsible for ROS production, while mitochondrial ROS has
been found to activate T-cell regulation through oxidation of interleukins 2 and 4 (IL-2 and IL-
4).% ROS are also involved in the response to viral pathogens. The activation of ROS production
by NOX2 in endosomes is stimulated by the presence of viral RNA or DNA. It has therefore long
been speculated that ROS may be employed in response to viral infections.*® In the context of
COVID-19 infection, excess ROS has been identified as one of the potential trigger factors for the
development of a more severe disease, especially in patients with a pre-existing alteration in the
redox balance. The lower expression of SOD together with activation of ROS production by
neutrophils seems to lead to alveolar damage, thrombosis and dysfunction of red blood cells.*’

Furthermore, ROS have been shown to have significant effects in the fields of both synaptic
plasticity and neurotransmission in several areas of the brain, such as the amygdala and the spinal
cord. The amygdala regulates the emotional aspects of pain and neurotransmission and excitability
of its central nucleus (CeA) are increased by pain neuroplasticity controlled by ROS.*

2.2 Pathophysiological effects correlated to high ROS levels. Several pathologies have been
connected to increased ROS levels. It has been demonstrated that ROS signaling is implicated in
the proliferation and cell survival of many types of cancer.*” A characteristic of cancer is an
increased production of intracellular ROS to promote tumorigenesis and differentiation.® On the
other hand, tumor cells develop an increased resistance to high ROS levels by increasing the

capacity of their antioxidant machinery.’! This results in an altered redox homeostasis, which in
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turn could be exploited as a potential target for treatment.>® The activation of certain growth factors
stimulates the release of ROS, which act as secondary messengers and modulate important
signaling cascades through oxidative inactivation of phosphatases.*’ Genomic instability due to
unrepaired DNA damage is a key feature of oncogenic transformation. One source of this damage
is the oxidation of DNA due to high ROS levels in the tumor microenvironment.>? The high energy
level present in cancer cells is maintained thanks to a shift to anaerobic glycolysis, the so-called
Warburg effect, and results in glucose consumption and subsequent lactic acid fermentation.>! This
change in cellular metabolism is required for cancer cells to adapt to hypoxic conditions. The
increased expression of the gene encoding for the hypoxia-inducible transcription factor (HIF-1a)
is found in this type of pathology and may lead to several oncogenic events including metastasis
and angiogenesis, in addition to a more general cell proliferation/growth, as mentioned before. >
Metastasis is a process that is redox-regulated, as ROS are involved in two crucial steps, the loss
of cell adhesion and cell migration, which both depend on the binding between integrins and the
extracellular matrix. 153350

Neurodegenerative diseases (NDs), known as progressive and incurable diseases with mostly
unknown etiology, are characterized by progressive loss of cognitive function and neuronal
structure of specific neurons, resulting in the accumulation of protein aggregates and neuronal
death.® The most common NDs are Alzheimer’s (AD), Parkinson’s (PD) and Huntington’s
diseases. The link between ROS and neurodegeneration has been widely demonstrated, however
it is important to highlight that oxidative stress may not be a root cause of the diseases.
Nonetheless, it is considered important in disease progression.>® In general, the fact that the

neuronal cells are particularly susceptible to ROS is due to their high consumption of oxygen, a
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relatively weak antioxidant defense and the abundance in the cell membrane of poly-unsaturated
fatty acids, which are susceptible to peroxidation.®3

Another important disease which progression have been correlated with ROS is cardiovascular
disease (CVD),>* which includes atherosclerosis and myocardial infarction among others, one of
the major causes of death worldwide.>® Increased ROS concentrations have been correlated to
CVD through the activation of several signaling cascades in the coronary endothelium, a vascular
tissue, during pathogenic cardiovascular events.

In the event of a stroke, the pathological role of ROS takes place during the reperfusion stage,
which follows the acute event. During a stroke the blood flow in certain areas of the brain is
blocked.®® Consequently, the supply of oxygen and glucose is impaired and damage to the
mitochondria may occur.®” Even though the reperfusion is required in order to prevent the brain
from further damage, this, at the same time, increases oxidative stress due to an accumulation of
ROS,>"*8 resulting in cell death.>® Several enzymes and organelles are known to be responsible for
ROS overproduction during reperfusion, including NADPH,°° X0,5! as well as mitochondria at
the succinate-driven reverse electron transport level.®2

Furthermore, ROS has been recognized to be involved in diabetes-correlated pathology.®® It has
been reported that increased insulin resistance may be caused by ROS produced under diabetic
conditions through glucose oxidation, lipid peroxidation and protein glycation.®* The progression
of diabetes may cause significant complications such as cardiovascular diseases, retinopathy and
nephropathy.®

Control of free iron is another promising target in controlling ROS, as this controls the site and
extent of generation of the highly aggressive hydroxyl radical. In this context ferroptosis, a recently

discovered form of cell death, is worth highlighting. This iron-dependent process, which is distinct
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from necrosis, apoptosis or autophagy, was first discovered in 2012. It has been identified and
described by employing erastin, a RAS-selective lethal compound that triggers ROS accumulation
driven cell death, inhibiting the cysteine-dependent glutathione synthesis, and therefore the
antioxidant defense, by blocking the cysteine/glutamate antiporter (system x.").%® In addition to the
involvement of iron and the accumulation of ROS, other key features of ferroptosis are the
accumulation of lipid hydroperoxides and the inhibition of the enzyme glutathione peroxidase 4
(GPX4).5” The modulation of ferroptosis has already been linked to several disease states and will
undoubtedly be the subject of future research.®® In this context, inhibitors of ferroptosis have been
reported to be efficacious in animal models of tissues damage connected to ischemia and
reperfusion,” while activators of ferroptosis are suggested to hold promise as anti-cancer

agents.“’m

3. SMALL MOLECULE INHIBITORS OF ROS PRODUCTION

Due to their wide-ranging roles in cellular (patho)physiology, inhibiting the production of ROS
has become an important therapeutic strategy for combatting a range of diseases. The purpose of
this section is to critically evaluate the most important inhibitors of ROS production that have been
reported and assess their suitability as tool compounds and/or drug leads. Due to the breadth of
this topic we have chosen to focus on small molecule inhibitors.”! Therefore peptide-derived
inhibitors such as NOXA1lds and NOXAZ2ds-tat will not be considered here, but have been
reviewed elsewhere.”” In addition to inhibiting ROS production directly, stimulating the cellular
antioxidant system in another strategy to reduce ROS levels. This can be achieved by inhibiting
the interaction between Nrf2 and Kelch-like ECH-Associated Protein 1 (Keapl), which in
conditions of low oxidative stress targets Nrf2 for ubiquitination, thus preventing the induction of

the antioxidant gene expression by this transcription factor.’” This strategy will not be discussed
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in this perspective, and interested viewers are referred to a recent comprehensive review on Nrf2-
Keapl inhibitors.>’

3.1 Non-selective scavengers.

3.1.1 Endogenous scavengers with a direct mode-of-action. The main endogenous intracellular
ROS scavenger is glutathione (GSH, 1 in Figure 4),”* a cysteine-containing tripeptide present in
all cell types.”* The majority of GSH is localized in the cytosol, however around 10% is present in
the mitochondrial compartment, where it protects from oxidative stress during electron transport
and oxidative phosphorylation.’® It has been reported that depletion of GSH leads to a permeability
change of the mitochondrial membrane that results in membrane potential loss and consequent
increase of ROS production.”® In the presence of H,02, GSH is oxidized by GSH peroxidase,

forming glutathione disulfide (GSSG) and explaining its ROS scavenging activity.’’
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Figure 4. Small molecule scavengers of ROS.

A second ROS scavenger is vitamin E, in particular a-tocopherol, (2 in Figure 4). Vitamin E is

an essential component of membranes and an effective antioxidant.”

The oxidation reaction of a-
tocopherol with unsaturated lipids results in the formation of non-radical dimers, trimers and

tocopherol-quinone (Figure 5).”
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ROOH=lipid hydroperoxide; Ri = 4,8,12-trimethyltridecyl; LOOH = lipid-peroxyl radical.

Adapted from reference *°

Nitrones are a class of antioxidant compounds with reported neuroprotective effects and
potential as therapeutic agents, for example in neurodegenerative diseases,®! ischemic stroke®>%3
and traumatic injuries.®*%> Some nitrones, including the cyclic 5,5-dimethyl-1-pyrroline N-oxide
(DMPO, 3 in Figure 4), are in use as spin-trapping reagents to detect transient radical species in
electron spin resonance techniques thanks to their characteristic reaction with ROS.3¢87 Radical
addition to the nitrones traps the ROS (Figure 6) and subsequent decomposition proceeds with
formation of NO.¥? NXY-059 (disodium 2,4-disulfophenyl-N-tert-butylnitrone, 4 in Figure 4), part
of the phenyl-N-tert-butyl nitrones (PBN),%* has been studied in a phase III clinical trial as a

potential treatment for acute ischemic stroke.®® Unfortunately, the compound failed due to lack of
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activity.®? Other nitrones including thiadiazole 4a (5, Figure 4) and TBN (6, Figure 4), which
show potential in both neurodegenerative diseases and ischemic stroke have been reported.’!883
Recently, quinolylnitrones such as QN23 (7, Figure 4) have emerged as alternative nitrone
containing scavengers. QN23 was found to be a neuroprotective agent in vivo in cerebral ischemia
models and to effectively trap hydroxyl radicals.®® Analogue synthesis and SAR analysis resulted
in the discovery of QN6 (8, Figure 4) as a promising starting point for future optimization of new
molecules for the treatment of stroke. QN6 demonstrated neuroprotective effect in an oxygen and

glucose deprivation cell culture model, good lipophilicity, and potent activity as a hydroxyl radical

scavenger.
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Figure 6. Mechanism of action of nitrone ROS scavengers.

Finally, a variety of natural products have been reported as putative antioxidants, the majority
of which are polyphenols. The chemical biology of this compound family has been reviewed
extensively”® and will not be covered here. It is important to note that caution is warranted when
working with such compounds, which have been reported as redox cyclers (i.e. pro- or anti-
oxidants, depending on the environment) as well as non-specific protein precipitants.’!

3.1.2 Scavengers with both direct and indirect modes-of-action. Nicotinamide (9 in Figure 4),
also known as vitamin B3, is an endogenous metabolite that can be converted to nicotinamide
adenine dinucleotide (NAD).%? It has been found that nicotinamide may influence the activity of
particular proteins, SIRT1 among others, which can modulate autophagy and apoptosis as a
function of cell survival.”” The direct ROS scavenging action of nicotinamide and its metabolites

has also been reported.”® Nicotinamide is able to decrease the intracellular ROS levels by reducing
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the ETC together with the downregulation of the formation of mitochondrial permeability
transition pore. The latter leads to the increase of the membrane potential.®*

An important member of the carotenoids and the principal pro-vitamin A is B-carotene (10 in
Figure 4). p-carotene is also be able to modulate ROS levels by acting as an antioxidant®® by
directly quenching singlet oxygen or by reaction with, and inhibition of, lipid peroxidation.’® The
reactions between singlet oxygen and B-carotene can lead to the formation of f-carotene 5,8-
endoperoxide and B-carotene 5,6-epoxide during methyl linolate chlorophyll-sensitized photo-
oxidation, or the formation of cyclic monoendoperoxides and diendoperoxides in
bacteriopheophytin-sensitized systems.” In addition to its scavenging action, pro-oxidant effects
have been reported for high concentrations of B-carotene.”®

The glycolysis product pyruvate (11 in Figure 4) is reported to act as an antioxidant of hydrogen
peroxide.”” A direct scavenging action of hydrogen peroxide has been reported by a non-enzymatic
decarboxylation of pyruvate to acetate which, at the same time, reduces hydrogen peroxide to
water.”® Furthermore, an indirect scavenging action involves pyruvate metabolism, which results
in the reduction of GSH by the involvement of NADPH.*

Edaravone (12 in Figure 4) is an approved drug for the treatment of acute brain infarction.
Edaravone is also a scavenger of free radicals and a lipid peroxidation inhibitor that has a low
molecular weight, is lipophilic and can cross the blood-brain barrier.!°’ The mechanism of action
of edaravone is illustrated in Figure 7. It has also been reported that in animal models of retinal

diseases, edaravone prevents oxidative retinal damage to lipids and cell death resulting from

oxidative stress.'?!
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Figure 7. Hypothetical mode of action of edaravone. RO’ = radical species; RO™= anion. Partially

adapted from references '*? and '%.

N-Acetyl cysteine (NAC, 13 in Figure 4) is a cysteine prodrug, which has been broadly
employed in cellular, animal and clinical studies as an antioxidant'®* and is often considered an
acetylated precursor of GSH.!® In addition to exerting its scavenging activity by directly

interacting with ROS through its thiol,'®

another scavenging mechanism-of-action for NAC has
been proposed to stem from its conversion to potent ROS scavenging sulfane species, by 3-
mercaptopyruvate sulfurtransferase and sulfide-quinone oxidoreductase.'® In addition to its
antioxidant properties, NAC can display other biological effects that raise questions about its

utility as a tool compound. For instance it has been observed that NAC has detrimental effects on

cell viability by specifically modulating the redox state of certain kinases, which results in the
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activation of a cell-cycle dependent kinase inhibitor, suggesting that it is not simply a ROS
scavenger. '

Melatonin (N-acetyl-5-methoxytryptamine, 14 in Figure 8) is a tryptophan-derived endogenous
hormone released from the pineal gland. It is involved in several biological processes such as
immunity, sleep regulation, and cardiac functions. '°” Melatonin is considered a suicidal (or
terminal) antioxidant, which reduces electrophilic radicals due to the electron-rich indole
functioning as an electron donor.!%!% It has also been reported that its ring-opened metabolites,
AMK (NI-acetyl-5-methoxykynuramine, 15 in Figure 8) and AFMK (N/-acetyl-N2-formyl-5-
methoxykynuramine, 16 in Figure 8), also have ROS scavenging activity. ' Melatonin has an
additional, indirect antioxidant function by stimulating the antioxidant defense system, including
SOD and GPx.!'! Several in vivo studies have been carried out to study the role of melatonin in
protecting the brain from ischemic injuries, by initially inhibiting its release from the pineal
gland."!? It is reported that the neurological injuries caused by the ischemic event were partially

recovered when melatonin was re-introduced.!'*!!3

Melatonin (14)
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Figure 8. Melatonin and its ring-opened oxidation products.
3.2 Site-specific ROS inhibitors.
Contrary to scavengers, site-specific inhibitors block ROS production by a specific mode-of-

action, without the disadvantage of wide-spread ROS depletion that could also affect

physiologically beneficial ROS functions.
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3.2.1 NOX inhibitors. NOX have been shown to be involved in several pathologies and to be
isoform-tissue specific. In order to perform detailed, targeted studies of the different roles of single

NOX isoforms, more specific tool compounds are required.”?
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Figure 9. Structures of NOX inhibitors.

One of the compounds most widely used as a NOX inhibitor is diphenyl iodonium (DPI) (17,

Figure 9 and Table 1).'"* This compound is a potent inhibitor of all NOX isoforms'!® as well as a
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generic flavoprotein inhibitor, reported to be active against XO,!'® cytochrome P450,!'7 NOS
enzymes'!® and to interfere with the mitochondrial respiratory chain.'!® In the context of NOX
inhibition, DPI reacts with the heme cofactors and FAD in the reduced state.!'® The multitude of
off-target activities make DPI unsuitable for therapeutic use and as a tool for studying NOX
activity.

During the last decade, a set of new, reportedly isoform-specific NOX inhibitors have been
developed, even though not all have been demonstrated to be selective for a single isoform or even
to be pan-NOX inhibitors. GKT136901''* and GKT137831'!° (respectively 18 and 19, Figure 7
and Table 1) show preferential inhibition of NOX isoforms 1 and 4, with ICso values in the
nanomolar range.!'*!"” GKT136901 is also reported to interfere with DUOX-1 and 2''* while
activity against NOX2 has also been reported for GKT137831, however with lower potency
compared to NOX1 and NOX4.'!® Both compounds were shown to be inactive against xanthine
oxidase and several unrelated targets, including Ca**, K* and CI" channels, kinases, and G-protein

114,120

coupled receptors.!!*!'® Both compounds are orally bioavailable, and have been reported to

),120 reduce

be effective in the prevention of hypertensive cardiac remodeling in mice (GKT137831
oxidative stress and albuminuria in type I (GKT137831) and II diabetes mouse models
(GKT136901)."?! GKT137831 may be a promising therapeutic and is currently being tested for

diabetic nephropathy in phase 2 clinical trials to reduce albuminuria (ClinicalTrials.gov reference

number NCT02010242), however it has also been shown to be a potent scavenger of

122 and hydrogen peroxide.!* This is not surprising, given the fact that GKT137831

peroxynitrite
and GKT136901 both contain a dihydropyrazolone scaffold, also seen in the ROS scavenger

edavarone (Figure 7), which is specifically required for its scavenging activity. Recently described

issues concerning the interaction of GKT136901 with peroxidase-dependent (e.g. horseradish
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peroxidase (HRP)/Amplex Red) assays have raised doubts about the correct interpretation of
reported data for this compound and concerns regarding the actual mode-of-action and potency.!"”
GKT771 (20, Table 1, structure not disclosed) has been developed as a specific NOX1 inhibitor,?*
which does not inhibit other NOX isoforms, XO, or glucose oxidases with the same potency and
does not act as a ROS scavenger. GKT771 suppressed tumor growth of colon carcinoma in mice
by increasing immune cell recruitment and suppression of angiogenesis. It has been reported that
the compound may act as a tumor suppressor if the immune system is intact.!**

VAS2870 (21 in Figure 9 and Table 1) has been defined as a pan-NOX inhibitor, because of its
reported action not only against NOX2, for which VAS2870 is reported to be selective, but also
against NOX1, NOX4 and NOXS5.'% Activity as a ROS scavenger has not been reported for
VAS2870 and it only weakly targets XO compared to NOX.!?* VAS2870 may be potentially useful

127 and

for several pathologies including neurodegeneration,'?* cardiovascular diseases,'? tumors,
thrombosis.'?* However, off-target effects have been reported and are related to the thioalkylation
of cysteine residues in the ryanodine receptor Ca’*" channel (RyR1) by VAS2870 in skeletal
muscle, which also leads to the abolishment of the nitrogen oxide regulatory activity over RyR1.!%8
An analog, VAS3947 (22, Figure 9 and Table 1), displays the same NOX inhibition activity and
inactivity against XO and eNOS but with increased solubility compared to VAS2870.'%° To
summarize, VAS compounds appear to be good tools to investigate general NOX inhibition, but
less useful if isoform selectivity is required.

A similar assessment can be made with regards to APX-115 (23, Figure 9 and Table 1), which
is reported to be a promising compound for the treatment of type 2 diabetes.!** APX-115, also

known as Ewha-18278, has shown activity against three NOX isoforms (NOX1, NOX2 and

NOX4),1%% without acting as a ROS scavenger or as an inhibitor of xanthine and glucose
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oxidases.!*! This orally available compound displays good pharmacokinetics'*> and has been
found in mouse studies to have a comparable efficacy to losartan, a drug used in diabetic patients
for kidney protection preventing kidney injury and protecting mitochondrial and peroxisomal
functions from lipid peroxidation damage!*. It is also reported to be efficient in the protection of
renal injury induced by type 2 diabetes'*° and in streptozotocin-induced type 1 diabetes!** and has
been found to be potentially useful in the treatment of osteoporosis. !

NOS31 (24, Figure 9 and Table 1), a NOX1-selective inhibitor produced from Streptomyces
sp.,'3* was found to inhibit tumor growth of several types of cancer cell lines associated with up-
regulated NOX1 expression, including stomach and colon cancer cell lines. It was shown to
interfere only with cancer cell lines where NOX1 is overexpressed, and to not inhibit XO or act as
a H,O2 scavenger. Inhibition of NOX2, NOX3, NOX4 and NOXS is reported to be at least 14 times
weaker compared to NOX1.!** NOS31 may therefore be of interest as a tool compound, though
further selectivity profiling is warranted before widespread adoption.

GSK2795039 (25, Figure 9 and Table 1), is a competitive inhibitor with NOX2 selectivity over
other NOXs, XO and eNOS.!'>!35 The activity against XO is reported to be 100-fold lower
compared to NOX2. Moreover, eNOS is reported to only be 50% inhibited at 100 uM.!'*®
GSK2795039 inhibits the production of ROS, passes the blood-brain barrier and is orally
bioavailable.!** It has been used in several cell-based studies!*® and in in vivo studies'®’ as a NOX2
inhibitor. While GSK2795039 is a suitable tool to study NOX2, it is important to consider possible
side effects due to its weak activity against other flavoproteins and NOX isoforms.

In order to address NOX2 in a more specific way, selective NOX2 inhibitors, CPP11G and
CPP11H (respectively 26 and 27 in Figure 9 and Table 1) may be used. These two bridged

tetrahydroisoquinolines,138 which were found to be inactive against NOX1, NOX4, NOXS5, and
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XO, nor to directly interact with ROS, are reported to block the translocation of p47°"* from the
cytosol to the plasma membrane preventing the essential interactions between p47°"* and p22. It
has also been reported to prevent inflammation of the vascular endothelium in mice and vascular
dysfunction stimulated by tumor necrosis factor o (TNFa).!** Profiling of CPP11s is still limited
and their potency is somewhat low which limits their utility; however, their selectivity profile is
promising and warrants further investigation.

GLX351322 (28, Figure 9 and Table 1) is a reported NOX4 inhibitor with 8-fold selectivity in
vitro over NOX2. GLX351322 has no scavenging activity and is reported to prevent the death of
high-glucose-induced islet cells and release of high-glucose insulin in mice in a NOX4-dependent
manner.'** A follow-up compound, GLX7013114 (29, in Table Istructure not disclosed),'!® is
reported to target NOX4 specifically with increased potency, and with no reported activity against
NOX1,NOX2, NOX3 and NOXS5, XO, or glucose oxidase.!*! Contrary to the mechanism of action
proposed for VAS2870, here the isoform selectivity supposedly arises from targeting a non-
conserved subunit of NOX. In vitro studies report that GLX7013114 may protect against cell
death, enhanced by either a combination of high glucose and palmitate concentrations or the
presence of cytokines.'*! Furthermore it was shown to negatively interfere with transforming
growth factor B (TGFB)-induced epithelial to mesenchymal transition in mice.'** This compound
appears to be an excellent tool for NOX4-specific studies due to its high specificity and reported

absence of off-target activity.
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Table 1. Summary of NOX inhibitors, their specific target(s) and clinical indications.

NOX inhibitors

Name Target Other activities/specificity Clinical indications
DPI (17) NOX115 Inhibits all NOX isoforms, XO,16
cytochrome P450'%” and NOS
enzymes,!8 ETC115
GKT136901 (18) NOX1 (and Peroxynitrite scavenger;?? Orally bioavailable;**
NOX4)14 hydrogen peroxide scavenger;1 Kidney fibrosis and
Selective for NOX1 and NOX4;14 | albuminuriat?
Activity for DUOX;%5
interference with luminol and
HRP/Amplex Red assays*®
GKT137831 (19) NOX1 (NOX2 Selective for NOX1 over NOX4; Phase 2 clinical trials for
and NOX4)11° low activity for NOX21%° diabetic nephropathy
(Setanaxib); orally
bioavailable;'?° Kidney
fibrosis and albuminuria?®
GKT771 (20) NOX114 Cancer (tumor growth
suppressor and inhibition of
angiogenesis)*?*
VAS2870 (21) NOX1, NOX2, Slightly higher selectivity for Several therapeutic
NOX4 and NOX2 over the other isoforms;!?® | applications, including
NOX5!23 cysteine residues thioalkylation neurodegeneration,?
(RyR1)!?8 cancer*?” and thrombosis*?®
VAS3947 (22) NOX1, NOX2, Higher solubility compare
NOX4 and with VAS28701%°
NOX51%
APX-115 (23) NOX1, NOX2 Orally bioavailable;? type 2

and NOX4130

diabetes; 3 type 1
diabetes; '3 osteoporosis®3!

NOS31 (24) NOX1134 Active in NOX2, NOX3, NOX4 Cancer (NOX1
and NOX5 (marginal activity)3* overexpression)3*
GSK2795039 (25) NOX2115.135 Active in NOX1, NOX3, NOX4 Crosses blood-brain barrier;
and NOX5 in a range between 61 orally bioavailable!®
and 68% (activity for NOX2 98%);
active in XO (100 folds lower
compare to NOX2);.active in
eNOS (50%inhibition at
100pM)135
CPP11H (26) and CPP11G (27) NOX2138 Inflammation; vascular
dysfunctions®3®
GLX351322 (28) NOX4 (and NOX4 with 8-fold selectivity over | Diabetes'4
NOX2)10 NOX2140
GLX7013114 (29) NOX4 141

3.2.2 Mitochondrial ROS inhibitors. In this section, both mitochondria-targeted ROS

scavengers, and specific inhibitors of ROS produced by the mitochondrial respiratory chain are

discussed. MitoQ (30, Figure 10 and Table 2) is a ubiquinone-derived compound with

demonstrated mitochondria-selective scavenging activity, which is also able to prevent lipid
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peroxidation and peroxide-induced apoptosis.'**!** Ubiquinone is an inner membrane component
of the mitochondrial respiratory chain, which accepts two electrons from complex I and complex
I1, leading to its reduction to ubiquinol. The latter is an antioxidant that donates a hydrogen atom
to a lipid peroxyl radical, decreasing mitochondrial lipid peroxidation.!** MitoQ consists of a
ubiquinone moiety attached via a 10-carbon alkyl chain to a lipophilic tetraphenylphosphonium
cation (TPP), which enables mitochondrial bilayer permeation due to the mitochondrial potential,
allowing MitoQ to accumulate within the mitochondria.!**!%> It has been reported that MitoQ
blocks the activation of the NOD-like receptor family pyrin domain containing 3 (NLRP3)
inflammasome by the reduction of mitochondrial ROS.'** Recently, side-effects unrelated to the
antioxidant activity of MitoQ have been reported, including mitochondrial swelling and
depolarization in proximal tubules of renal cells.'*> Applying the same principle of an antioxidant
coupled to a TPP group, Murphy and collaborators developed MitoTEMPO (31, Figure 10 and
Table 2).146 TEMPOL (4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxy) and TEMPO (2,2,6,6-
tetramethylpiperidine-1-oxy) are both piperidine nitroxides, which are efficient antioxidants able
to mimic the effect of superoxide dismutase, by oxidizing nitroxide to oxoammonium, which can
itself be reduced by a molecule of superoxide to regenerate nitroxide.'*” The addition of TPP to

147 such as

one of the piperidine nitroxides creates specific mitochondrial antioxidants,
MitoTEMPO, by increasing the accumulation of these molecules inside the mitochondria by a
factor of one hundred.'*® MitoTEMPO has been recognized to be an effective antioxidant in
models of several pathologies like colitis, hypertension, toxicity-induced liver injury and related-
kidney injuries.!*® MitoTEMPO may be reported as a promising therapeutic candidate,'*® however

its mechanism of action as a general mitochondrial ROS scavenger makes it less valuable as a tool

compound.
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MitoQ (30) MitoTEMPO (31)

Figure 10. Structures of inhibitors of mitochondrial ROS production.

Contrary to the mitochondrial scavengers, small molecules that inhibit the specific production
of ROS by the ETC have recently been reported. These compounds were identified in high-
throughput screening campaigns and have been named accordingly to their specific target site:
S1QELs and S3QELs (example structures respectively 32 and 33 in Figure 10 and Table 2).
S3QELs are a set of molecules that inhibits the electron leak of complex III of the mitochondrial
ETC, specifically in the Illqo site, while SIQELs suppress the electron leak from the Iq site of
complex [.14814%:150.151 Thege compounds have been shown to inhibit the production of either
superoxide or hydrogen peroxide with the main advantages of being selective for the electron leak,
not possessing other known targets, and not suppressing normal electron flow or oxidative
phosphorylation. S3QELs!*® were shown to modulate ROS-mediated signaling in response to
hypoxia, by inhibiting the accumulation of HIF-1c.'>!' SIQELs may be further divided in two
scaffold types: SIQELI is characterized by the presence of a thiazole core while STQEL?2 contains
a piperazine.'*® The precise mechanism of action is still unknown,'**!%° but it has been proposed
that the site where SIQELSs interfere with the ROS production may be Iqr, without influencing any

other components.'* S1IQELSs are reported to have promising therapeutic potential, by decreasing

31



stem cell hyperplasia in Drosophila and by protecting mice against ischemia/reperfusion (I/R)

injury.!'#®

Table 2. Summary of mitochondrial ROS inhibitors, their specific target(s) and clinical

indications.
Mitochondrial inhibitors
Name Target Other activities/specificities Clinical indications
MitoQ (30) Mitochondrial Scavenger; not target-specific Side effects: mitochondrial
ROS143.144 swelling and depolarization
in proximal tubules of renal
cells'*®
MitoTEMPO (31) Mitochondrial Scavenger; not target-specific Colitis, hypertension,
ROS¥ toxicity-induced liver injury
and related-kidney injuries!46
S3QELs (32) ETC complex IlI Hypoxia®!
(Il1go site)*48
S1QELs (33) ETC complex | Hyperplasia; I/R®
(lgr site)t™

3.2.3 MAO inhibitors. MAO inhibitors (Figure 11) have been extensively used as
antidepressants, and the first drug employed for this purpose was iproniazid (34 in Figure 11 and
Table 3), previously used as an anti-tuberculosis agent.'>? Several side effects were observed for
this and similar MAO inhibiting compounds, including the so called “cheese effect”, caused by
inhibitory activity against MAO-A. This particular adverse reaction occurs through the build-up
of dietary tyramine, often found in cheese, which in large quantities can give rise to a noradrenaline
release and increased blood pressure.!>® Currently, inhibitors of monoamine oxidase are used in
neurodegenerative diseases. Both isoforms MAO-A and MAO-B are implicated in the degradation
of neurotransmitters, such as dopamine and serotonin and due to the products (hydrogen peroxide

or ammonia) of MAOs’ oxidative deamination in the presence of biogenic amines.!*? Here we
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highlight only the most important MAO inhibitors and refer the reader to a recent and

comprehensive review for further details. '*2
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Figure 11. Inhibitors of monoamine oxidases.

The beneficial effect of several MAO-B inhibitors in slowing down the progression of PD has
been reported, '** and among all, Selegiline is one of the most promising.!>* Selegiline (or

deprenyl, (35 in Figure 11 and Table 3), a selective MAO-B inhibitor, has been found to increase

) 156
b

life expectancy of patients affected by PD in combination with L-DOPA (levodopa and now

is used as a treatment for PD'*’. In addition to PD, selegiline has been studied in other diseases
including AD,'*® cancer,!> and its effects correlated with vascular function in diabetes.'®

61

Following the results of selegiline, another irreversible MAO-B inhibitor,'®' rasagiline (also
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named TVP-1012, 36 in Figure 11 and Table 3)!*’, has been approved for the treatment of PD in
2005 in the EU.'? This compound has shown selectivity for MAO-B over MAO-A, with an
inhibitory potency more than 100-fold higher for the former compared to the latter, and it is
reported to bind covalently to the FAD moiety of MAO-B.!’

Moclobemide (37 in Figure 11 and Table 3) is a selective MAO-A inhibitor with a reversible
mode of action, developed as an antidepressant since it has been shown to improve vigilance and
memory in older patients. The main advantage of this compound is that it does not display the side
effects previously described including the cheese reaction, typical of nonspecific or irreversible
MAO-A inhibitors.!>* Moclobemide was reported to be clinically effective against PD, particularly
in combination with L-DOPA.'®* Moreover it was shown to also be active in the reduction of
vascular inflammation.'®*

It is worth highlighting the MAO-A and MAO-B inhibitor ladostigil (TV3326, 38 in Figure 11
and Table 3). This propargylamine derivative has proven to be effective in neuroprotection and
therefore employed in the treatment of PD and AD.'®® Intriguingly, the beneficial effect may be
due to its polypharmacology, which includes acetylcholinesterase and butyrylcholinesterase
inhibition.!®® Another multi-targeted drug with promising preclinical activity is contilisant (39 in
Figure 11 and Table 3). Contilisant is also described as a cell permeable antioxidant compound,
which, in addition to inhibition of MAO and acetylcholinesterase, also antagonizes the histamine
receptor subtype 3 (H3R)!'®” and acts as a sigma 1 receptor (S1R) agonist.'®® In vivo studies have
confirmed the potential of this compound for the treatment of AD and it is reported to be effective
in restoring the cognitive deficit in mouse models of dementia.'®3

Recently the MAO-B inhibitor safinamide (40 in Figure 11 and Table 3) has been approved for

the treatment of mid- to late-stage PD patients in combination with L-DOPA or other treatments.
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Safinamide is an a-aminoamide that has shown both dopaminergic and glutamatergic activity.
While the glutamatergic action is involved in the inhibition of the glutamate release by modulation
of (N-type) calcium channels and blockage of voltage-dependent sodium channels, the
dopaminergic effect is correlated to the inhibition of MAO-B in the brain.!®® It has been shown to
be highly selective for MAO-B over MAO-A (>700-fold)!”® and to have no thiamine correlated
side effect.!”! It is a reversible MAO-B inhibitor, unlike selegiline and rasagiline.'®® The available
co-crystal of safinamide in human recombinant MAO-B (PDB 2V5Z, Figure 12) shows that the
molecule binds in two pockets, the substrate and the entrance pockets, which together form the
protein active site. The aromatic ring of safinamide is oriented in the direction of the substrate
cavity where the FAD binds.!” Two water molecules present in the crystal structure are thought

to be involved in the binding interactions.

Figure 12. Safinamide in the active site of MAO-B, co-crystal structure PDB 2V5Z. The alpha-
sheet and beta-barrel of the protein are shown in cyan; active site residues are in gray; H-bonds

are the orange dotted line; safinamide is represented in yellow and water molecules as red spheres.

Although MAOs have been explored as drug targets for decades, more recent advances have
focused on new scaffolds (41 in Figure 11 and Table 3; 42 in Figure 11 and Table 3) with increased

potency and selectivity for MAO-B,!">!1717* a5 well as non blood-brain-barrier permeable

35



inhibitors (43 in Figure 11 and Table 3) with applications in non-CNS related inflammatory disease

models.!”

Table 3. Summary of MAO inhibitors, their specific target(s) and clinical indications.

MAO inhibitors

channels; blocks voltage-
dependent sodium channels;*6°
active in MAO-A (700 fold less
potent than against MAQO-B)*"°

Name Target Other activities/specificities Clinical indications
Iproniazid (34) MAO-A and Depression, tuberculosis;*5?
MAOQO-B15? side effects: “cheese
effect”153
Selegiline (35) MAO-B15¢ In use for PD (in
combination with L-
DOPA);1%7 studied in AD,58
cancer,® vascular function
in diabetes'®®
Rasagiline (36) MAO-B*7 Active in MAO-A (100-fold less Approved for PD16?
potent than against MAO-B)*’
Moclobemide (37) MAO-A3 Depression,> PD (in
combination with L-
DOPA),* inflammation'®*
Ladostigil (38) MAO-A and Inhibits acetylcholinesterase and PD, AD165
MAOQO-B165 butyrylcholinesterase!6®
Contilisant (39) MAO-A and Inhibits acetylcholinesterase, AD168
MAO-B!?67 antagonizes H3R7; S1R
agonist'68
Safinamide (40) MAO-B16° Modulates N-type calcium Approved for PD (in

combination with L-
DOPA)16?

(41) MAO-BI2173
(42) MAO-B
(43) MAOQO-B'" Non-CNS related

inflammatory disease!’

3.2.4 XO inhibitors. In addition to inhibiting ROS production, XO inhibitors were originally

developed and approved as therapeutics for gout, acting through reduction of uric acid levels.!”

Since XO appears to play a role in inflammatory, vascular and heart-related conditions, XO

inhibitors have been touted as potential treatments for these pathologies.!”’

Allopurinol (44)

Topiroxostat (46)
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Figure 13. Structures of XO inhibitors.
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The purine-like allopurinol (44 in Figure 13 and Table 4)!”8 was approved as treatment for gout
and hyperuricemia-related conditions. Allopurinol, the hydroxypyrazolopyrimidine analogue of
hypoxanthine, and its active metabolite, oxypurinol, are both XO inhibitors. Oxypurinol is formed
via oxidation of allopurinol by XO, and is an analog of xanthine.!”” The fact that allopurinol
efficiently lowers plasma levels of uric acid in vivo is counterbalanced by clinical side-effects such
as necrosis, liver impairment, allergies, and rash, which are more probable in patients with
impaired renal function,!” as the drug is mostly excreted by the kidney.'®® Moreover, allopurinol
has been shown to inhibit enzymes that are part of pyrimidine biosynthesis, including orotidylate
decarboxylase!8! and orotate phosphoribosyltransferase.'®?

Febuxostat (45 in Figure 13 and Table 4),'** also named TMX-67 and 6720, is a non-purine
like inhibitor of both the reduced and oxidized form of XO.!3* Febuxostat is characterized by oral
bioavailability and a safe profile, and is found in clinical studies to lower urate in serum in a more
efficient way and with a longer effect compared to allopurinol.'®® In contrast to allopurinol, no
significant effects of febuxostat are reported against several purine or pyrimidine metabolic
enzymes, making it a more suitable tool for exploring the roles of XO in disease.!®* Another
approved non-purine XO inhibitor is topiroxostat (46 in Figure 13 and Table 4), which is in use
in Japan to treat hyperuricemia in both patients with and without gout.!”® Topiroxostat, or FYX-
051'7 is reported to act by covalently binding to the molybdenum co-factor of the enzyme.'3* This
compound reduces the level of albumin in the urine and the level of urate in the serum.!” It is
orally bioavailable and has a safe profile, due primarily to the fact that it is excreted as triazole N1-
glucuronides and N2-glucuronides in urine.'® In addition, it is reported to be only a weak inhibitor
of cytochrome P450 3A4.!36 The binding mode of topiroxostat with bovine XOR is illustrated by

an available crystal structure (Figure 14). The molecule binds in the xanthine hydroxylation active

37



site forming, via its metabolite trihydroxy-topiroxostat, an interaction with the molybdenum

cofactor. 1%’

Figure 14. Co-crystal structure of topiroxostat in the active site of XO (PDB 3AM9). The a-sheet

and B-barrel of the protein are shown in cyan; active site residues are in gray; H-bonds are

displayed as orange dotted lines; topiroxostat is represented in yellow. Water molecules are

represented as red spheres and molybdenum cofactor as green spheres.

As a general guideline regarding the use of XO inhibitors in research, non-purine like

compounds may be preferable to purine-like inhibitors, in order to avoid side effects related to the

metabolism of other purines or pyridines.

Table 4. Summary of XO inhibitors, their specific target(s) and clinical indications.

XO inhibitors

Name

Target

Other activities/specificities

Clinical indications

Allopurinol (44)

Xol77

Inhibits pyridine biosynthesis
enzymes!82181

Approved drug for gout and
hyperuricemia, reduces uric
acid;*" clinical side-effects
(as necrosis, liver
impairment, allergies and
rash)7

Febuxostat (45)

X0184

Approved drug for gout,
reduces uric acid; orally
bioavailable; longer effect in
reducing uric acid than
allopurinol'8°

Topiroxostat (46)

Xol79

Weak inhibitor of cytochrome
P450 3A4186

Approved drug for
hyperuricemia, reduces uric
acid;'™ orally bioavailable!®®
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3.2.5 NOS inhibitors. The primary focus of this review are inhibitors of reactive oxygen species,
and as such, molecules targeting NOS and thus inhibitors of reactive nitrogen species will only be
discussed briefly. We have chosen to focus on molecules that in our opinion constitute the most
promising tools for studying NOS activity and function and that also show therapeutic potential.
The reader is referred to references 20 and '%%, for a more comprehensive coverage of NOS

inhibitors.

1400W (47) L-NIL (48)
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N
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Figure 15. Structures of NOS inhibitors.

The production of nitric oxide by iNOS is reportedly correlated to neurodegenerative disorders
and to a wide range of inflammatory pathologies including rheumatoid arthritis, osteoarthritis and
asthma. Consequently, iNOS has become a promising drug target. However, NOS isoform
selectivity is a highly desirable characteristic of iNOS-targeting to avoid side-effects from nNOS

or eNOS activity, such as hypertension.'®1°° 1400W (47 in Figure 15 and Table 5) is a selective
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human iNOS inhibitor that shows approximately 500 times lower activity in eNOS and more than
200 times selectivity over nNOS.'”! 1400W has been found to penetrate tissues?’ but unfortunately
displays toxic effects in rats at high concentrations.'"!

L-NIL, or L-N°-(I-iminoethyl)lysine,'*? (48 in Figure 15 and Table 5), is a compound that
effectively reduces kidney dysfunctions associated with I/R in rats.'”® It is reportedly an
irreversible inhibitor of iNOS with moderate selectivity for iNOS over other isoforms.'> On the
other hand, another arginine analog, GW274150 (49 in Figure 15 and Table 5), has demonstrated
higher selectivity for human iNOS over the other two isoforms eNOS and nNOS, with 248 and 81
fold-times higher potency, respectively.'®® As with 1400W, the inhibition of iNOS requires the
presence of NADPH and proceeds slowly, in contrast with the fast and reversible inhibition of
eNOS and nNOS. "1 GW274150 has shown promise in experimental pathological conditions of
collagen-induced arthritis, !> I/R-related renal dysfunction'®*!¢ and as a neuroprotective agent in
rodent PD-models.'®” The selectivity for one isoform over the others, together with the reported

bioavailability and the absence of toxic effects,'

make this compound not only suitable as
research tool but also promising as a therapeutic agent.

2-Aminopyridines have also been reported as NOS inhibitors. They interact in the conserved
heme-binding pocket,'”® and have been the subject of several studies aimed at obtaining isoform-
specific compounds.'®?% As a result of these efforts, pyrrolidinomethyl-2-aminopyridines
emerged as promising leads.?”! Two compounds (50 and 51 in Figure 15 and Table 5)**? have been
reported as particularly interesting, due to their isoform selectivity for nNOS of 2000- and 2676-
fold over eNOS and 293/807-fold over iNOS, but unfortunately, neither was able to pass the blood-

brain barrier.?’! Another compound (52 in Figure 15 and Table 5)*®* showed in vivo efficacy in

rats and cellular permeability. However, it only demonstrated a slight selectivity for iNOS over
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nNOS (5 fold), while retaining a good selectivity over eNOS (1000 fold). Thanks to further lead-
optimization studies, two new compounds with preference for nNOS over the other isoforms have
been reported: compound 53 (selectivity: eNOS=573, iINOS=119) and 54 (selectivity: eNOS=200,
iNOS=33) (Figure 15 and Table 5). Notably, both compounds were found to be permeable in
Caco-2 cell lines but, data pertaining to blood-brain barrier permeability was not reported.
Furthermore, minor off-target activity against cytochrome P450 3A4 was reported. Compound 54
is 1296-fold selective for nNOS over P450, while for compound 53 this was only 17-fold.?!
Further studies focused on increasing the blood-brain barrier permeability of these compounds are
still required. As can be deduced from the co-crystal structure PDB 4V3U, compound 50 appears

to interact with a histidine residue in the hydrophilic pocket of the human form one nNOS by the

)201

nitrogen of the pyridine ring (Figure 16

Figure 16. Co-crystal structure of 54 in the active site of nNOS (PDB 4V3U). The a-sheet and [3-
barrel of the protein are shown in cyan; active site residues are in gray; H-bonds are displayed as

orange dotted lines; compound 54 is represented in yellow.
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Table 5. Summary of NOS inhibitors, their specific target(s) and clinical indications.

NOS inhibitors

than nNOS) and in iNOS (33 times
lower than nNOS); activity in
cytochrome P450 3A4 (17 times
lower than nNOS)?%*

Name Target Other activities/specificities Clinical indications
1400W (47) iNOS!%t Activity in eNOS (500 times lower | Toxic819
than iNOS) and in nNOS (200
times lower than iNOS)!%!
N-NIL (48) iNOS™? Activity in eNOS and in lower I/R-associated kidney
than iNOS1%? dysfunctions?®
GW274150 (49) iNOS!8 Activity in eNOS (248 times lower | Orally bioavailable;®°
than iNOS) and in nNOS (81 times | collagen-induced arthritis;'%
lower than iINOS)*8 I/R-related renal
dysfunction;°41% pp1e7
(50) nNOS20t Activity in eNOS (2000 times
lower than nNOS) and in iINOS
(293 times lower than nNOS)?0!
(51) nNOS20! Activity in eNOS (2676 times
lower than nNOS) and in iINOS
(807 times lower than nNOS)?°!
(52) iNOS (and Activity in nNOS (5 times lower in vivo efficacy and cellular
nNOS)1 than iNOS) and in eNOS (1000 permeability?0!
times lower than iNOS)%!
(53) nNOS20! Activity in eNOS (573 times lower
than nNOS) and in iINOS(119
times lower than nNOS); activity
in cytochrome P450 3A4 (1296
times lower than nNOS)?*
(54) nNOSt Activity in eNOS (200 times lower | Cellular permeability 2°

3.3 Inhibitors of ferroptosis.

Inhibitors of ferroptosis are reported to act through several modes-of-action. The most common

are radical trapping antioxidants (RTAs). These directly block a radical chain reaction, resulting

in the inhibition of lipid peroxidation. RTAs, such as hindered secondary amines, react with

peroxyl radicals through a fast hydrogen transfer due to weak hydrogen bonds (Figure 17a). The

resulting radicals react further with other peroxyl radicals to end as a non-radical species.?**

Indirect inhibitors may interfere by depleting iron or by inhibiting acyl-CoA synthetase long-chain

family member 4 (ACSL4), the ligase responsible for the synthesis of esterified polyunsaturated

fatty acids.t%204
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Ferrostatin-1 (55 in Figure 17b and Table 6) has been reported as a ferroptosis inhibitor when
the cellular process was first described as a distinctive cell death mechanism by Dixon et al.%
Ferrostatin-1 is a scavenger of the alkoxy radicals that are created in the reaction between ferrous
iron and lipid hydroperoxides.?®> A recently published paper reports a series of ferrostatin-1
analogs with improved solubility, improved ADME (absorption, distribution, metabolism, and
excretion) properties and increased metabolic stability compared to ferrostatin-1 itself. The best
compounds of the series, including UAMC-3203 (56 in Figure 17b and Table 6), also showed a
significant increase in potency in mice with iron poisoning injuries.?®® Another important
ferroptosis inhibitor, which was identified in a high-throughput screening campaign is
liproxstatin-1 (57 in Figure 17b and Table 6).2°7 This compound is a derivative of
spiroquinoxalinamine and act similarly to ferrostatin-1, as an RTAs inhibitor. Liproxstatin-1 was
also found to be an anti-ferroptosis agent active in Gpx4 knockout cells and pre-clinical models of

hepatic tissue damage by ischemia/reperfusion.*®
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Figure 17. Mechanism and structures of radical trapping antioxidants. (a) Scavenging of peroxyl
radicals by hindered secondary amines; (b) structures of ferroptosis inhibitors that act as RTAs.
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A recent study reported phenoxazines as a new scaffold with improved properties compared to
previously described RTAs (eg. Ferrostatin-1). Phenoxazines (58 in Figure 18a and Table 6)
showed increased potency as RTAs, both in solution and in a liposomal formulation, together with
a comparable cell-toxicity profile and potency in inhibiting ferroptosis.?’” Moreover phenoxazine-
derived nitroxides, (PHOXNO, 59 in Figure 18a and Table 6), appear to be particularly potent
RTAs with a mode of action that involves the transfer of an electron from a superoxide radical to
form oxygen and an oxoammonium ion, which is then protonated to form a hydroxylamine (Figure
18b). The nitroxide can be reformed through hydrogen transfer to a peroxyl radical, or further
reactions with superoxide radicals can lead to the formation of a phenoxazine, which is itself a
potent RTA .21 This “cross-dismutation” activity is at the core of its potent biological activity. Due
to the relatively recent discovery of ferroptosis and its relevance in several pathologies, we predict
that the search for improved RTAs, their clinical application, and agents that target specific protein

regulators of ferroptosis will continue in the near future.
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Figure 18. Structure and activity of phenoxazine derived ferroptosis inhibitors. (a) Structure of
phenoxazine 12 and phenoxazine derived nitroxide; (b) suggested mechanism of superoxide and

peroxyl radical quenching by PHOXNO.

44



Table 6. Summary of ferroptosis inhibitors, their mode-of-action and clinical indications.

Ferroptosis inhibitors
Name Mode-of-action Clinical indications
Ferrostatin-1 (55) Scavenger (RTA)?%
UAMC-3203 (56) Scavenger (RTA)%% Iron poisoning injuries?%
Liproxstatin-1 (57) Scavenger (RTA)?” Ischemia/reperfusion®®
Phenoxazines (58) Scavenger (RTA)?%°
PHOXNO (59) Scavenger (RTA)?10

3.4 Inhibitors with other mechanisms of action.

In this section, we describe compounds that have been found to interfere with ROS neither by
chemically scavenging ROS directly nor by interacting with one of the ROS production systems
described in the sections above. Many, though not all, of these compounds possess unclear modes-

of-action and, where relevant, we discourage the readers from using them as tool compounds.
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Figure 19. Structures of ROS inhibitors with other mode of action.

A well-reported and still widely used compound as NOX inhibitor is apocynin (60 in Figure 19

and Table 7). The methoxy-substituted catechol (also known as acetovanillone) originates from

45



the roots of Picrorrhiza kurroain.*'! It has been reported as a NOX inhibitor that impairs the
assembly of p47°"* and p67°"** required for NOX in phagocytes.?'? More recently, this compound
has been reported to act as antioxidant scavenger in the vascular smooth muscle and endothelial

213 as well as a ROS inducer in non-phagocytic cells.?!! Therefore, due to the contradictory

cells
nature of the data we do not recommend its use as a ROS scavenger or NOX inhibitor.

Shionogi 1 and 2 (respectively 61 and 62 in Figure 19 and Table 7) are reported NOX2 inhibitors
that do not interfere with the enzyme in a direct manner >'*. The actual mode-of-action of these
compounds is the inhibition of protein kinase CB II (PKCBII), which consequently becomes unable
to perform its task in p47°"* translocation®'*. The resulting isoform specificity for NOX2 makes
these compounds suitable for specific studies but it is important to remember that their mechanism
of action does not involve direct binding and inhibition of NOX2.

Another compound that indirectly inhibits NOX2 has recently been reported (63, in Figure 19
and Table 7). Compound 63 is described as a reversible inhibitor of the p47°"* and p22P"** protein-
protein interaction (PPI), required for the activation of NOX2. The compound has been developed
by linking two fragments that have been identified previously during a fragment screening effort
to be inhibitors of two different domains of p47P1°*, SH3A and SH3B respectively.?!> While this
interesting compound still requires further optimization, its mode-of-action provides one of the
first examples of a PPI inhibitor that may lower ROS levels, which is a welcome addition to the
catalytic site binders reported thus far.

Riboflavin (64 in Figure 19 and Table 7) or vitamin B2, is a water soluble compound composed
of a lumiflavin ring connected to a sugar side chain.?!® Its biological role consists in its conversion

to flavin mononucleotide (FMN) and FAD, both important cofactors for the function of several

oxidases such as NOX2, reductases and dehydrogenases.?!” A recent study demonstrated that
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vitamin B2 performs its antioxidant action by stimulating SOD as well as increasing the expression
of Nrf2 in a mouse model of AD.?!® Despite this, and its widespread use as a nutritional

supplement, its pleiotropic effects may make it unsuitable as a tool compound in basic research.

Table 7. Summary of ROS inhibitors with other mechanism of action, their specific target(s) and

clinical indications.

Other mechanisms of action
Name Target Other activities/specificities Clinical indications
Apocynin (60) Scavenger?3
Shionogi 1 (61) and Shionogi 2 (62) PKCBII
(NOX2)?4
(63) p47Phox and
p22°hox PP|
(NOX2)215
Riboflavin (64) Modulates reductases, AD?8
dehydrogenases, oxidases
(NOX2)2V7

4. CONCLUSION AND OUTLOOK

Pathologies driven or characterized by excessive ROS levels are numerous and include cancer,
neurodegenerative diseases, cardiovascular diseases, hypertension and diabetes. As a result, small
molecules that are able to reduce ROS levels have been investigated for several decades, leading
to a number of interesting findings and the identification of various inhibitors and ROS scavengers.
Non-specific scavengers have largely failed to deliver clinical benefits due to several drawbacks
including the induction of reductive stress.?!® This has led to a renewed search for compounds that
are able to inhibit the production of ROS specifically. In this context, we summarized the main
intracellular ROS production sites and critically evaluated small molecules developed to modulate

cellular ROS levels in pathological situations. The major sources of ROS covered include the
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mitochondria, which can produce ROS from the ETC, MAO, the NOX enzymes, XO, and nitric
oxide synthases (NOS).

Despite their lack of clinical efficacy, scavengers can still be used as tool compounds, but caution
must be exercised when interpreting data resulting from their use. More specific radical scavengers
aimed at inhibiting ferroptosis through the trapping of peroxyl radicals have been an active area of
recent research, though their clinical utility remains to be determined. One of the major challenges
in developing specific inhibitors of ROS production is isoform selectivity. Recent examples of
reportedly isoform selective NOX inhibitors are the NOXI inhibitor NOS31 (24) as well as
GKT771 (20). GSK2795039 (25) appears to target NOX2 with appreciable selectivity over other
isoforms and flavoenzymes. CPP11G (26) and CPP11H (28) also show good NOX2 selectivity
but poor potency, suggesting that their wider adoption as tools and leads is still a way off. The
most advanced NOX inhibitor in clinical trials currently is GKT137831 (19), which targets both
NOX2 and NOX4. The most interesting compounds that specifically reduce mitochondrial ROS
are the ETC complex I inhibitors SIQELs and the ETC complex III inhibitors S3QELs.
Mitochondria-targeted scavengers were initially viewed favorably, but have recently been brought
into question due to potential non-specific activity as redox cyclers as well as undesired side
effects. XO inhibitors are already used clinically against gout and hyperuricemia and have shown
good toxicity and safety profiles. Nevertheless, the non-purine like compounds, as febuxostat (45)
and topiroxostat (46), are preferred over the purine analogues to avoid off-target effects. Finally,
promising compounds have been developed for nNOS, including the pyrrolidinomethyl-2-
aminopyridine derivatives (50-54) and others, like GW274150 (49), are described as selective
iNOS inhibitors, but to the best of our knowledge, no selective eNOS inhibitors have been reported

to date.
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In summary, tool compounds and potential therapeutics against ROS-related pathologies exist,
however finding leads against ROS-producing enzymes has been challenging due to lack of
specificity, off-targets effects, toxicity or lack of blood-brain-barrier permeability. The latter is
particularly relevant in diseases such as NDs. A continued and sustained effort to develop better
tools and clinical candidates should eventually enable researchers in the field to determine whether

ROS modulation can be used effectively as a therapeutic strategy in selected diseases.
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ABBREVIATIONS
10,, Singlet oxygen; AFMK, Ni-acfetyl-N2-formyl-5-methoxykynuramine; ACO, Acyl-CoA;

ACSL4, Acyl-CoA synthetase long-chain family member 4; AD, Alzheimer’s disease; ADME,
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Absorption, distribution, metabolism, and excretion; AMK, N1-acetyl-5-methoxykynuramine;
AMPK, 5' adenosine monophosphate-activated protein kinase; AQP, Aquaporins; ARE,
Antioxidant response element; ATG4, Autophagy-related gene 4; ATP, Adenosine triphosphate;
BH4, 6R)-5,6,7,8-tetrahydro-L-biopterin; CeA, Central nucleus; CIC, Chloride channels; CO2e,
Carbon dioxide radicals; CO3e, Carbonate; COVID-19, Corona virus disease 19; CVD,
Cardiovascular disease; DDO, D-aspartate; DMPO, 5,5-dimethyl-1-pyrroline N-oxide; DPI,
Diphenyl iodonium; DUOX, Dual oxidase; DAAO, D-amino acid oxidases; EGF, Epidermal
growth factor; eNOS, Endothelial nitric oxide synthase; ER, Endoplasmic reticulum; Erol,
Endoplasmic reticulum oxidoreductin 1; ETC, Mitochondrial electron transport chain; FAD,
Flavin adenine dinucleotide; FGF, Fibroblast growth factor; FMN, Flavin mononucleotide; GPX,
Glutathione peroxidase; Gpx4, Glutathione peroxidase 4; GSH, Reduced tripeptide glutathione or
glutathione; GSSG, Glutathione disulfide; GST, Glutathione S-transferase; H.0O., Hydrogen
peroxide; H3R, Histamine receptor subtype 3; HIF-1a, Hypoxia-inducible transcription factor;
HO.+, Hydroperoxyl; HOBr, Hypobromous acid; HOCI, Hypochlorous acid; HRP, horseradish
peroxidase; I/R, Ischemia/reperfusion; IL, Interleukin; iNOS, Inducible nitric oxide synthase;
Keapl, Kelch-like ECH-Associated Protein 1; LC3, Microtubule-associated protein 1A/1B light
chain 3; L-DOPA, Levodopa; MAO, Monoamine oxidase; NAC, N-acetyl cysteine; NAD,
Nicotinamide adenine dinucleotide; NADPH, Nicotinamide adenine dinucleotide phosphate; NDs,
Neurodegenerative diseases; NF-Kb, Nuclear factor kappa B; NLRP3, NOD-like receptor family
pyrin domain containing 3; nNOS p8, Neuronal nitric oxide synthase; NOe, Nitric oxide; NOS,
Nitric oxide synthase; NOX, NADPH oxidases; Nrf2, Nuclear factor erythroid 2-related factor 2;
02+—, Superoxide; OHe, Hydroxyl; ONOO-, Peroxynitrite; OXPHQOS, Oxidative phosphorylation;

PBN, Phenyl-tert-N-butyl nitrones; PD, Parkinson’s disease; PDGF, Platelet-derived growth
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factor; PDI, Protein disulfide isomerase; PKCBII, Protein kinase CB II; PPI, Protein-protein
interaction; Redox, Reduction-oxidation; RNS, Reactive nitrogen species; ROS, Reactive oxygen
species; RTA, Radical trapping antioxidant; RyR1, Ryanodine receptor Ca?* channel; S1R, Sigma
1 receptor; SOD, Superoxide dismutase; TCR, T-cell receptor; TGFp, Transforming growth factor
B; TNFa, Tumor necrosis factor a; TPP, Tetraphenylphosphonium cationUO, Urate oxidase;
XDH, Xanthine dehydrogenase; XO, Xanthine oxidase; XOR, Xanthine oxidoreductase; Aym,

Mitochondrial membrane potential.
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