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ARTICLE INFO ABSTRACT

Keywords: Superoxide dismutase (SOD) is a common antioxidant enzyme found majorly in living cells. The main physio-
Superoxide anions logical role of SOD is detoxification and maintain the redox balance, acts as a first line of defence against
Reactive oxygen species Reactive nitrogen species (RNS), Reactive oxygen species (ROS), and other such potentially hazardous molecules.
;izi‘;z;;‘ljlzgs:;:‘; SOD catalyses the conversion of superoxide anion free radicals (O 7 ..) into molecular oxygen (O ») and hydrogen
Neurodegenerative diseases peroxide (H 20 5) in the cells. Superoxide dismutases (SODs) are expressed in neurons and glial cells throughout
And oxidative stress the CNS both intracellularly and extracellularly. Endogenous oxidative stress (OS) linked with enlarged pro-
duction of reactive oxygen metabolites (ROMs), inflammation, deregulation of redox balance, mitochondrial
dysfunction and bioenergetic crisis are found to be prerequisite for neuronal loss in neurological diseases.
Clinical and genetic studies indicate a direct correlation between mutations in SOD gene and neurodegenerative
diseases, like Amyotrophic Lateral Sclerosis (ALS), Huntington’s disease (HD), Parkinson’s Disease (PD) and
Alzheimer’s Disease (AD). Therefore, inhibitors of OS are considered as an optimistic approach to prevent
neuronal loss. SOD mimetics like Metalloporphyrin Mn (II)-cyclic polyamines, Nitroxides and Mn (III)- Salen
complexes are designed and used as therapeutic extensively in the treatment of neurological disorders. SODs and
SOD mimetics are promising future therapeutics in the field of various diseases with OS-mediated pathology.

1. Introduction enzymatic antioxidant against oxidative stress (OS) (Islam et al., 2022).
SOD catalyses the dismutation of potentially hazardous 2 molecules of

Superoxide dismutase (SOD) is an indigenous antioxidant enzyme, superoxide anion (O3) into less harmful oxygen molecules (O5) as well as
belongs to a class of oxidoreductase which has metal cofactor at their Hydrogen peroxide (H02), which needs a metal cofactor for its anti-
catalytic core (Ighodaro and Akinloye, 2018). SODs are found in the oxidant activity (van der Vliet, 2015). Manganese (Mn), Zinc (Zn), Iron
cellular components of almost all living cells, and acts as the first (Fe), and Copper (Cu) are the metal ions that normally bound to SOD in
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the active site. Based on the kind of metal ions required as a cofactor,
superoxide dismutase (SODs) are categorized into three different forms
(van der Vliet, 2015). They are (i) Fe-SOD - normally found in chloro-
plast of number of plants and prokaryotes. (ii) Mn-SOD - found in
mitochondria, peroxisome of eukaryotes and prokaryotes. (iii)
Cu/Zn-SOD- found in eukaryotes and mostly dispersed essentially in
cytosol, and also found in peroxisomes and chloroplasts (Gill and Tuteja,
2010; Karuppanapandian et al., 2011). These various forms of SODs
have distinct subcellular localizations. Mainly, intracellular SODs are
located in the cytosol, mitochondria, glycosome, and endoplasmic re-
ticulum to remove the toxic actions of superoxide anion radicals (0%)
and the SODs located in the extracellular matrix and fluids protect the
cells from superoxide released by pathogens, and thus SOD is often
marked as a strong free radical scavenger (Schatzman et al., 2020;
Tamayo et al., 2016). Cu/Zn-containing SOD (SOD1) predominantly
found in the cytosol, Mn-containing SOD (SOD2) mainly found in
mitochondria and Cu-Zn-containing SOD (SOD3) found in extracellular
tissues and fluids (Azadmanesh and Borgstahl, 2018).

1.1. Superoxide anions radical

Superoxide anions radical (O3) and its derivatives are generated as a
by-product of electron “leak” from respiratory transport chain in the
mitochondria (Hayyan et al., 2016; Maier and Chan, 2002). In addition,
superoxide radicals are also formed by mitochondrial enzymes, nico-
tinamide adenine dinucleotide phosphate oxidase, xanthine oxidase,
and lipoxygenase, nitric oxide (NO) synthase. During catalytic actions,
ribonucleotide reductase uses a free radical at its active site, while
activated phagocytes create O3 during bactericidal actions.
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Autooxidation of thiols (e.g., glutathione, cysteine), ascorbic acid, flavin
coenzymes, and adrenaline also generate superoxide radicals (Cheese-
man and Slater, 1993; Wong et al., 2017). In moderate levels, ROS
contribute to differentiation and proliferation of healthy neural stem
cells, the modulation of redox-sensitive proteins, and promote long-term
potentiation (Garbarino et al., 2015). Recently, two-photon imaging
techniques have shown the presence of endoplasmic reticulum specific
02* in the lives cells (Zuo et al., 2020).

Increased production of superoxide radicals indiscriminately induce
oxidative damage via several mechanisms such as initiation of lipid
peroxidation, inactivation of antioxidant enzymes, attacks phospho-
lipids, proteins and DNA, and damages protein sulfhydryl oxidation
leading to neuronal loss and reactive gliosis resulting in impairments in
neuronal function and cognition, even cell death (Peluffo et al., 2005;
Zhang et al., 2022).

1.2. Physiological role of SODs

SOD protects the cells from oxidative stress by neutralising the su-
peroxide radicals. It converts the O3 into H,O» and O (I, 1986; McCord
and Fridovich, 1988). Then, HyO2 gets converted to hydroxyl radical
(OH), or associated metal related reactive species, in the existence of
increased transition metal (Fe2+, Cu™)-Hy0, traverse cell membranes
easily and gets converted into H,O by catalase (CAT) (the inner mito-
chondrial membrane and peroxisomes possess CAT, which is a heme
protein) or by (selenium-containing) glutathione peroxidase (GPX;
belong to family of cytosolic selenoenzymes) (Benzi and Moretti, 1995).
Although, O3 is not extremely dangerous on its own, its reaction with
NO (formed during the translation of L-arginine to L-citrulline) produces
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Fig. 1. Generation of free radicals from an oxygen molecule. Oxygen molecule is converted into Superoxide anion radical by Superoxide Dismutase. This is followed
by conversion into hydrogen peroxide through reduction of Ferrous ion to Ferric ion. Simultaneously Nitric oxide is converted into peroxynitrite anion and then to
nitric oxide. Both Hydrogen peroxide and Nitric oxide are converted into hydroxy radical and results in formation of a water molecule aby means of hydrogen ion.
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the powerful oxidant, peroxynitrite (ONOO’), which contributes to
neuropathological changes by nitrating tyrosine (Peluffo et al., 2004).
Peroxynitrite prevents several important physiological functions of NO
such as neurotransmission, vasorelaxation, immune responses, regula-
tion of cell proliferation, gut peristalsis, penile erection and olfactory
memory (Groves and Wang, 2000; Huang, 1999; Springall, 1995). SODs
protect nitric oxide from oxidation by superoxide anion. In view of these
neutralising effects, SOD is considered as the front line of enzymatic
defence against toxic superoxide anion radicals by regulating O%’, HoOo,
and obtainable NO (Fig. 1). SODs also act as strong anti-inflammatory
agent and prevent the growth of cancerous cells (Yasui and Baba,
2006), thus considered as a potential therapeutic target. These reports
show that SODs are considered as key enzymes involved in the detoxi-
fication of superoxide radicals and act as an important antioxidant
defence against OS in the body..

2. Classification of SODs (Table 1)
2.1. SOD1 (Cu/Zn-SOD)

Cu/Zn-SOD, a key intracellular enzyme present as a 32 kDa homo-
dimer consisting of 153 amino acids, and 21q22.1 region of chromosome
21 of the human genome code for SOD1 gene (Levanon et al., 1985). It is
found throughout the cytoplasm, while relatively in traces in the mito-
chondrial intermembrane space (Crapo et al., 1992; Okado-Matsumoto
and Fridovich, 2001; Sturtz et al., 2001). Immunocytochemical anal-
ysis have revealed the presence of SOD1 in the nuclei, lysosomes, and
peroxisomes of mammalian cells (Chang et al., 1988). In contrast to
SOD2, SOD1 is comparatively resistant to cyanide. The enzymatic ac-
tivity of SOD1 is contributed by the metal ions such as Zn and Cu. Both
the placement and quantity of Zn and Cu ions are important for SOD1
activity, as Zn is responsible for the correct protein folding and stability,
while the antioxidant activity of SOD1 and remetallated derivatives of
SOD is directly relative to the quantity of Cu at its natural metal binding
site Cobalt and Cu may replace Zn, and is generally not required for
performing enzymatic activity at a lower pH, whereas Cu is irreplace-
able with any metals (Babu and Ramanathan, 2011a; JI et al., 1996;
Valentine et al., 1979). The actions of SOD1 are varied such as modi-
fying cellular respiration, scavenging excessive O%, posttranslational
modifications, and energy metabolism (Saccon et al., 2013).

2.2. SOD2 (Mn-SOD)

SOD2 is a Mn-containing isoenzyme consisting of 96 kDa homote-
tramer located in the mitochondrial matrix of prokaryotes and eukary-
otes. The continuous production of ROS by mitochondrial respiratory
chain justifies the presence of SOD2 in the mitochondria to efficiently
eliminate superoxide generated from molecular oxygen (van der Vliet,
2015; Weisiger and Fridovich, 1973). Active site of SOD2 is not similar
to SOD1, but shows homology to Fe-SOD, which is generally not present
in eukaryotes (Borgstahl et al., 1992). SOD2 present in CNS is found to
be altered under neuroinflammatory conditions. In active site of SOD2,
Mn acts to catalyse the disproportionation of O3 to oxygen and Hy0o,
which is found to be similar to SOD1 and SOD3 (Cu/Zn SODs) (JI et al.,
1996). SOD2 is formed in the cytoplasm and transferred to mitochondria
by a signal peptide, and then dismutates O3 produced by respiratory
chain enzymes.

2.3. SOD3 (extracellular Cu/Zn-SOD and ecSOD)

SOD3 an extracellular form of Cu/Zn-containing SOD found in eu-
karyotes. SOD3 is present chiefly in the extracellular matrix of tissues
(about 90-99%) and on cell surfaces with less amount in the extracel-
lular fluids and plasma. SOD3 is the main member of SOD family and
also known as secretory extracellular Cu/Zn-containing SOD (ecSOD). In
a large group of species, SOD3 is present as 135 kDa homotetramer

375

IBRO Neuroscience Reports 16 (2024) 373-394

containing two disulphide-linked dimers with a high affinity for heparin
(Marklund, 1984a, 1984b). Although the tissue distribution of SOD3
varies in different species, in general, it is produced in higher concen-
trations in tissues like lung, uterus, kidneys, blood vessels, and to a
smaller fraction, in the heart (Folz and Crapo, 1994; Stralin et al., 1995;
T et al., 1998). Comparable to SOD1, SOD3 enzyme is also sensitive to
cyanide. It is mainly produced by fibroblasts in the vascular tissue and
vascular smooth muscle cells. SOD3 is also found in atherosclerosis,
injured tissue and inflammatory cells (Fukai et al., 1998; Luoma et al.,
1998; Tan et al., 2006). SOD3 possess a heparin-binding domain and has
high affinity to heparin sulfate proteoglycan, fibulin-5 on the cell sur-
face, collagen, and binds to these molecules directed to the extracellular
matrix and endothelial cell surface (Fukai et al., 2002; Nguyen et al.,
2004; Petersen et al., 2004). SOD3 is a regulator of NO bioavailability
(Pineda et al., 2001), therefore play a crucial role in cerebral vascular
and vasomotor functions (Nakane et al., 2001).

2.4. Iron SOD (Fe SOD)

Fe SODs consist of ancient group of SOD, and they are present in both
prokaryotes and eukaryotes. It is a tetradentate protein that consists of 3
histidine and 1 aspartic acid donor groups stabilizing the iron ion that is
bound in the active site of the enzyme (Stephenie et al., 2020). Fe SOD
consist of two distinct groups, first is a homodimer formed with two
similar 20 kDa subunit protein containing 1-2 g atom of iron in active
site. Second group is present in plants and is a tetramer with four equal
subunits of 80-90kDA molecular weight and 2—-4 g atom of iron in active
centre (Alscher et al., 2002).

2.5. SOD -nanozyme

Nanozymes are nanomaterials that possess activity similar to en-
zymes, they are recently explored as they have many advantages in
comparison to natural enzymes (Zhang et al., 2020). Since SOD possess
several limitations, nanozymes that has SOD like activity has been
explored. The commonly available nanozymes having SOD like activity
are cerium oxide nanoparticles, fullerenes (carbon materials) etc. SOD
nanozymes has been used in disease as in possess anti-oxidant property
(Zhao et al., 2021). Instillation of both native SOD1 and its nanozyme
revealed that nanozyme showed more effective anti-inflammatory effect
than native SOD1 in an in-vivo rabbit model of immunogenic uveitis
(Kost et al., 2016).

Further, there are several other applications of SOD nanozymes and
still it has to be explored well. The conversion of superoxide anion (0%)
to Oz and HyO, is catalysed by SOD nanozymes thereby eliminating
reactive nitrogen species (RNS) and reactive oxygen species (ROS). Also,
they play a vital role in preventing oxidative stress and protects the cells,
inhibit inflammatory response and prevent aging (Yang et al., 2022). A
cerium doped zeolite-based nanomaterial (Ce/Zeo-NMs) was designed
by Huang et al. to protect against ischemic stroke by improving blood
brain barrier (BBB) integrity and inhibition of astrocytes and microglia
in a rat model of middle cerebral artery occlusion-reperfusion
(MCAO/R) (Huang et al., 2022). Boehmite amino nanozyme (BNP)
possess SOD- like activity, thereby it scavenges mitochondrial reactive
oxygen species (mito ROS) and Cu®" which disaggregates mutant HTT
deposit in the cells. This implies that boehmite nanozymes can be used
for treating Huntington disease (HD) (Martinez-Camarena et al., 2022).
Prussian blue nanozyme (PBzyme) improves motor function, reduces
mitochondrial membrane potential damage, and recovers dopaminergic
neurons. In an MPTP-induced Parkinson’s disease animal model, intra-
cerebroventricular injection of PBzyme decreases dopaminergic degra-
dation and inhibits neuroinflammation by downregulating the
activation of microglial nucleotide-binding domain and leucine-rich
repeat family pyrin domain containing 3 (NLRP3) inflammasomes and
caspase-1 by scavenging reactive oxygen species which ultimately leads
to microglia pyroptosis (Ma et al., 2022).
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Table 1
List of SODs and their location and functions.
Isoform Characteristics Metal Function Location Reference
cofactor
SOD1 (Cu/ 32 kDa, homodimer  Cu2 + Zn is responsible for the correct protein folding and stability Cytoplasm, (Chang et al.,
ZnSOD) (catalytic) mitochondrial IMS. 1988)
Zn2 + and others (nucleus,
(stability lysosomes,
peroxisomes)
SOD2 96 kDa, Mn3* At the active site of SOD2, Mn acts to catalyse the disproportionation of Mitochondria matrix
(MnSOD) homotetramer (catalytic) 02-to oxygen and hydrogen per oxide
SOD3 135 kDa, Cu2 + It binds to heparin sulfate proteoglycan (HSPGs), collagen, and fibulin-5  Extracellular matrix,
Extracellular homotetrameric (catalytic) eventually directed to the extracellular matrix and endothelial cell surface  cell surface,
SOD secretory Zn2 + extracellular fluids
(ecSOD) glycoprotein (stability)

These data suggest that nanozymes can be used as a potential ther-
apeutic strategy for neurodegenerative diseases as they regulate ROS
levels and thereby supressing misfolded protein aggregates (Zhang et al.,
2023).

3. SOD and central nervous system

Brain cells are more susceptible to oxidative insult due to their high
metabolic rate, increased oxygen consumption, and weak antioxidants
defence (Garbarino et al., 2015; Hulbert et al., 2007). Increased levels of
omega-3- polyunsaturated fatty acids in brain tissue is responsible for
the mass-specific metabolic rate (Pifferi et al., 2021). Moreover, pres-
ence of high levels of phospholipids as well as redox-active iron and
copper further enhances its susceptibility to peroxidation (Fig. 2). It is
very difficult to restore the terminally differentiated neurons and glial
cells present in the brain from oxidative damage (Hulbert et al., 2007).
In fact central nervous system (CNS) of both rodents and humans have
revealed the distribution of SODs in the neurons and reactive glial cells
such as astrocytes present in brain and spinal cord (Furuta et al., 1995;
Kim et al., 2000; Liu et al., 1994; Moreno et al., 1997; Pardo et al., 1995;
Peluffo et al., 2005; Thaete et al., 1986). Supportively, brain-specific
SODs are reported to play a chief part in regulating the redox balance
and protecting the brain from oxidative injury (Fukai and Ushio-Fukai,
2011).

3.1. Expression of SODs in neurons

In the adult CNS, SOD1 are found to be expressed in neurons of
substantia nigra, pyramidal neurons of hippocampal and cortical re-
gions, granule neurons of dentate gyrus, and at significantly higher
levels in motor neurons of spinal cord. In the immature CNS, SOD1
expression is found to be higher in neurons of the cortical layers II, III
and V, and in neurons of pyriform cortex, hippocampus, and hypothal-
amus. Following excitotoxic injury, SOD1 in neurons was found to be
down-regulated preceding neuronal degeneration, while SOD1 in as-
trocytes was found to be up-regulated (Peluffo et al., 2005). Instead,
SOD2 is detected principally in neurons present all over the brain and
spinal cord. SOD2 is observed in relatively lesser quantity in astrocytes
than in neurons, whilst following any insult or OS, SOD2 expression
increases in astrocytes (Maier and Chan, 2002). A transgenic murine
model of brain-specific SOD2-deficient mice (B-Sod2 /=) exhibited
perinatal death along with reduced body weight and smaller brain. Brain
slices of B-Sod2 ~/~ mice revealed spongiform encephalopathy with
increased astrocyte activation in distinct brain areas such as cerebral
cortex, brain stem, and hippocampus. In addition, selective loss of
mitochondrial complex II enzymatic activity with increased lipid per-
oxidation (marked by increased level of malondialdehyde) indicate the
accumulation of OS-mediated injury in the brain lysates of B-Sod2 ~/~
mice.

376

3.2. Expression of SODs in glial cells

Earlier studies have reported that the expression of SOD1 and SOD2
are relatively low in oligodendrocytes, endothelial cells, and microglial
cells under normal physiological conditions (Furuta et al., 1995; Lin-
denau et al., 2000; Moreno et al., 1997; Noack et al., 1998). Pardo et al.,
1995 reported that SOD1 is not found in the microglial cells and oligo-
dendrocytes. Furthermore, studies investigating expression of SOD1 in
astrocytes have produced controversial results. Some studies have
revealed the intense expression of SOD1 in astrocytes (Lindenau et al.,
2000; Noack et al., 1998), while others have failed to identify their
expression (Moreno et al., 1997; Thaete et al., 1986) and few studies
have partially identified it in the form of scattering in some astrocytes
(Furuta et al., 1995; Pardo et al., 1995). In case of brain injuries such as
kainate and quinolinic acid intoxication, transient cerebral ischemia, or
Alzheimer’s disease or Down’s Syndrome, the expression of Cu/Zn SOD
are found to be intense in reactive astrocytes (Furuta et al., 1995; Kim
et al., 2000; Liu et al., 1994; Noack et al., 1998). An in vitro study
(Ishihara et al., 2015) shows that LPS stimulation increased the mRNA
and protein levels of SOD2 in rat primary microglia, but not in the as-
trocytes, or primary neurons signifying the specific activation of
microglia under inflammatory conditions. Increased SOD2 conferred
high tolerance to OS on rat primary microglia, whilst SOD2 knockdown
promoted vulnerability to OS. Increased SOD2 scavenges ROS and re-
duces the expression of inflammatory cytokines (TNF-a and IL-1p) by
attenuating the NF-kB subsequently activating the termination of
microglial activation. These data indicate that SOD2 regulates the im-
mune system in the CNS by regulating microglial cells (Ishihara et al.,
2015).

4. SODs in neurological disorders

OS plays a crucial role in the pathogenesis of numerous neurological
disorders including neurodegenerative diseases, neuropsychiatric dis-
orders, and cerebrovascular disorders (Babu and Ramanathan, 2011b,
2011b; Maier and Chan, 2002). Neurons and glial cells are prone to
oxidative damage because of their moderate anti-oxidant defence sys-
tem, reduced level of antioxidants (especially enzymatic antioxidants),
along with increased membrane polyunsaturated fatty acids (PUFAs)
and release of iron easily from injured cells. For example, in neurode-
generative diseases like Alzheimer’s disease (AD), a positive correlation
between OS and neuronal damage, characterized by the reduced levels
of antioxidant enzymes such as CAT, glutathione peroxidase, and SOD in
the affected brain regions (Pappolla et al., 1992; Younus, 2018; Zemlan
et al., 1989). In mouse model of AD, experimental overexpression of
SOD2 prevented the memory deficits by reducing hippocampal super-
oxide (Massaad et al., 2009). In Parkinson’s disease (PD), oxidative
damage is associated predominantly in substantia nigra region (Kondo,
1996; Pall et al., 1987). Several research findings suggest that oxidative
damage resulting from disproportion between reactive oxygen metab-
olites (ROMs) production and antioxidant activity generates deleterious
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Fig. 2. Conversion of water from oxygen radical in a healthy mitochondrion. Outside the mitochondria and inside the lipid bilayer membrane, negative oxygen ion is
converted into a water molecule by means of Cu and Mn Superoxide dismutase and catalase. Outside the lipid bilayer, negatively charged oxygen ions are converted

into hydrogen peroxide by means of extracellular superoxide dismutase.

effects on signal transduction, mitochondrial complex (I-IV) activities,
structural plasticity, oxidation of proteins, and lipid peroxidation in
membranes and genes leading to neuronal death (Takuma et al., 2004).
Dysregulation of mitochondrial functions and immune response further
intensifies the ROS production and oxidative damage (Serrano and
Klann, 2004). Therefore, we have summarized the role of SODs in
different neurodegenerative diseases. We used major search engines
such as PubMed, SCOPUS, MDPI and Google Scholar to collect the sci-
entific literature.

4.1. SOD and Algheimer’s disease

AD is one of the major neurodegenerative diseases pathologically
characterized by accumulation of intracellular neurofibrillary tangles
and extracellular amyloid-f peptide (Ap) plaques in the brain leading to
atrophy and neurodegeneration (Dubois et al., 2007). The major clinical
symptoms include dementia, apathy, social withdrawal, mood swings,
depression, disturbed sleep, and delusions. These pathological aggre-
gates of insoluble protein primarily consist of hyper-phosphorylated tau
and misfolded amyloid-p isoforms in conjunction with metals, which
may result in vascular dysregulation (due to injury to the endothelial
lining of the vascular rings), and OS, which triggers the progression of
AD (Perry et al., 2002). Progression of AD marked by the loss of neurons
has been reported to be connected with reduced mitochondrial complex
IV activity and increased ROS production (Misrani et al., 2021; Wang
et al.,, 2020; Wong-Riley et al., 1997). Several transgenic AD mouse
models have clearly shown the link between SOD gene and manifesta-
tion of AD-like symptoms. For instance, deletion of one SOD allele in
transgenic mice over-expressing -APP accelerated the onset of behav-
ioural changes and Ap plaques in brain parenchyma, but increased the
development of cerebrovascular amyloidosis, gliosis, and neuritic dys-
trophy. Similarly, transgenic human APP mice also show altered
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behaviour such as reduced anxiety and disinhibition (Resende et al.,
2008). Inactivation of one SOD allele in transgenic (Tg2576) mouse
model of AD has shown to bolster the accumulation of Af plaques
(Murakami et al., 2011) while overexpression of SOD in mice has shown
to reduce the plaque formation and lower cognitive deficits (Massaad
et al., 2009). Supplementation with SOD has shown to reverse AD-like
pathological features and delayed the onset of cognitive decline by
encountering OS (Fleming et al., 2012; Niedzwiecki et al., 2013) in AD
mouse models. OS-mediated upregulation of BACE1 (a f-site APPP
cleavage enzyme 1) was significantly reduced by SOD treatment in
Tg19959 mice, which was reflected by lower brain levels of Ap (Hampel
et al., 2021). Moreover, post-mortem brain samples of AD patients have
revealed elevated markers of OS including protein and lipid peroxida-
tion (Butterfield and Lauderback, 2002; Sultana et al., 2006). AD pa-
tients have shown upregulation of antioxidant enzymes like SOD1,
SOD2 and CAT early in the disease progression (De Leo et al., 1998).
Other contributing factors to increased OS include “vicious loop” of
mitochondrial dysfunction leading to Ap plaque formation, which in-
tensifies mitochondrial aberrations (Wallace, 2010). Generally, chronic
treatment with SOD or SOD mimetics have evidently shown neuro-
protective effects in ageing mice such as reduction in lipid peroxidation,
nucleic oxidation and ROS concentrations, and improve age
related-cognitive decline, mainly by neutralizing the age-dependent OS
increase in hippocampus and amygdala (Clausen et al., 2010). Espe-
cially, supplementation with SOD/CAT mimetic (EUK-207) have shown
to inhibit the onset of amyloid tau pathology as well as cognitive decline
in an aggressive mouse model of AD (Clausen et al., 2012; Persichilli
et al., 2015). These results suggests that mutation of SOD gene leads to
Ap formation, and treatment with SOD /SOD mimetics decline the
pathological symptoms by regulating oxidative stress.
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4.2. SOD and Parkinson’s disease

PD is the second leading neurodegenerative disease characterized by
clinical symptoms such as bradykinesia, resting tremor, rigidity,
postural instability, and sleep disorders (Jankovic, 2008; Jankovic and
Tan, 2020). PD is associated with progressive degeneration of dopami-
nergic neurons in the substantial nigra pars compacta, reduced dopa-
mine secretion, loss of glutathione and appearance of Lewy bodies
(Helley et al., 2017; Jiang and Dickson, 2018)(Dickson, 2018). Specific
genetic mutations resulting in the Parkinsonian phenotype are found to
be associated with the loss of mitochondrial complex I activity within
the electron transport chain, which accounts for approximately 10% of
PD cases (i.e., familial type of PD) (Helley et al., 2017; Larsen et al.,
2018) The pathophysiology of PD includes selective degeneration of
midbrain dopaminergic neurons which leads to dopamine deficiency.
The molecular mechanisms underlying neuronal death include chronic
inflammatory response and OS (Gaki and Papavassiliou, 2014; Stoj-
kovska et al., 2015), which is characterised by the presence of microglial
cell activation, reactive astrogliosis (Marino et al., 2020). The produc-
tion of ROM:s is increased significantly in PD due to mitochondrial en-
ergy crisis, aging, neuroinflammation, high levels of iron or Ca?*, and
GSH depletion (Meiser et al., 2013). Other causes of neurodegeneration
include exogenous and endogenous neurotoxins, altered antioxidant
defence system and enhanced dopamine turnover (Kocatiirk et al., 2000;
Olanow and Arendash, 1994).

Transplantation of substantia nigra grafts from transgenic mice over-
expressing SOD into Parkinsonian model rats (induced by 6-hydroxydop-
amine toxin) enhanced their survival and functional recovery, by
regulating the expression of SOD and protecting tyrosine hydroxylase-
immunoreactive cells (Nakao et al., 1995). Another in vitro study
showed that dopaminergic neurons present in SOD1 transgenic mice
show better survival than those from non-transgenic littermates against
dopaminergic neurotoxin (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)), which is reflected by reduced dopamine depletion (Przedborski
et al., 1992). Microglial cells transfected with human SOD1 release SOD3
into the medium under proper stimulation, which in turn protects neurons
against 6-hydroxydopamine -induced cell damage (Polazzi et al., 2013). A
preclinical study demonstrates that Drosophila melanogaster treated with
M40403 compound showed decreased loss of endogenous SOD enzymes,
acting both at a cytosolic and mitochondrial level, and prevents oxidative
damage induced by paraquat (Filograna et al., 2016).

Clinical studies have shown enhanced levels of circulating inflam-
matory cytokine profiles (IL6, IL10, IL-2, and IL-1p and TNF-a,) and OS
markers (C-reactive protein (CRP)), and reduced levels of antioxidants
in PD patients, specifically in blood (Medeiros et al., 2016; Qin et al.,
2016; Yuan et al., 2016). Post-mortem brain samples of PD patients
show increased iron and decreased copper in substantia nigra (Ayton
etal., 2013) and basal ganglia (Dexter et al., 1989; Riederer et al., 1989).
A clinical study reports significant reduction in plasma levels of SOD,
cholesterol, high-density lipoprotein cholesterol, and low-density lipo-
protein cholesterol, and an increase in the plasma level of
high-sensitivity CRP in PD patients when compared to healthy controls
(Yang et al., 2020). In PD patients, plasma SOD level negatively corre-
lates with hs-CRP and positively with total cholesterol, HDL-C, and
LDL-C. Reduced plasma SOD level correlate with PD disease severity. In
organotypic midbrain-striatum co-cultures increase in midbrain SOD
activity increases the resistance of dopaminergic neurons to NO cyto-
toxicity via suppressing the formation of peroxynitrite (Katsuki et al.,
2001)(Tabrizi et al., 2020). These reports indicate that SOD plays a
crucial role in Parkinson’s disease, by preventing OS, and dopaminergic
neurotoxicity.

4.3. SOD and Huntington’s disease

HD is a genetic disorder linked with progressive degeneration of
striatal spiny neurons, and present as a triad of motor, cognitive, and
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psychiatric symptoms. Motor dysfunction include rigidity, writhing
movements, abnormal posture, involuntary and uncontrollable move-
ments called as chorea, cognitive decline can lead to dementia, and
neuropsychiatric symptoms involve anxiety, depression, aggression and
compulsive behaviour. HD is caused by an unstable expansion of
cytosine-adenine-guanine repeats within the exonl of the huntingtin
(HTT) gene resulting in a mutant HTT protein (McColgan and Tabrizi,
2018). Mutant HTT directly attacks the mitochondrial membrane and
alters calcium homeostasis (Suzuki et al., 2012), and induces mito-
chondrial dysfunction by damaging mitochondrial DNA (Yang et al.,
2008) mitochondrial fission/fusion mechanisms, and mitochondrial
energy metabolism (Song et al., 2011). Specifically, mutant HTT ag-
gregates in the striatal spiny neurons directly inhibit the activities of
mitochondrial complex II (succinate dehydrogenase) causing increased
production of ROS and decreased production of ATP (Bossy-Wetzel
et al., 2008), which further results in apoptosis and cell death. Other
studies have shown that direct suppression of PGC-1a (a transcriptional
co-regulator of mitochondrial biogenesis) transcription by mutant HTT
increase ROS production in HD (Chaturvedi et al., 2012; Johri et al.,
2013). Reduced PGC-1a activity in turn reduces the expression level of
mitochondrial uncoupling proteins as well as SOD1, SOD2, and GPX
(St-Pierre et al., 2006), which contributes to mitochondrial dysfunction
in HD pathology. Indeed, overexpression of PGC-la prevented
HD-induced neurodegeneration moderately by decreasing OS (Tsunemi
et al., 2012). Transgenic mutant mice with PGC-1la deletion showed
mitochondrial dysfunction, striatal degeneration, and HD symptoms
(Lin et al., 2004). Mutant HTT interacts with Drpl, a transcriptional
co-regulator of mitochondrial dynamics, and disrupts the mitochondrial
fission—fusion processes (Shirendeb et al., 2011, 2012; Song et al.,
2011). An in vitro study shows that mutant striatal cells expressing
mutant huntingtin with 111 glutamines (STHdh®'1/Q111) exhibit higher
mitochondrial ROS and reduced NADPH oxidase and xanthine oxidase
activities, indicating reduction in superoxide cytosolic generation as
well as increase in SODs and components of glutathione redox
cycle-H505 and staurosporine exposure increased the ROS production in
mutant cells and primarily enhanced xanthine oxidase activity. Staur-
osporine bolster the mitochondrial ROS production and caspase-3 acti-
vity-HpO2 and staurosporine increased SOD1 activity slightly and
reduced glutathione reductase (Ribeiro et al., 2013). These results
indicate that both dysfunctional mitochondrial and increased ROS act
synergistically to promote OS, resulting in neuronal loss in the striatum
and cortex (Gil-Mohapel et al., 2014; Zuccato et al., 2010). Injection of
mitochondrial toxin (3-nitropropionic acid (3-NP)) in transgenic mice
with partial deficiency of SOD2 (heterozygous SOD2-knockout) induced
significantly larger striatal lesions, proving the fact that SOD play an
imminent role in neurotoxicity studies of HD (Andreassen et al., 2001;
Chidambaram et al., 2017).

Mutant HTT proteins tend to aggregate throughout the brain of HD
patients and disrupt the protein quality control and transcription process
which causes aberrant motor and cognitive deficits. HD patients have
shown reduced oxygen consumption in the cortex and basal ganglia
along with increased lactate accumulation in the occipital cortex
(Bowling and Beal, 1995). Another study found increased levels of
antioxidant defence proteins such as peroxiredoxins 1, 2 and 6 and
GPX-1 and 6 in post mortem human brain samples of HD patients
(Sorolla et al., 2008). The level of SOD1 was found to be significantly
accelerated in HD patients compared to controls, representing a
compensatory response to increased oxidative levels in HD (Ciancarelli
et al., 2015). Therefore, these literatures suggest that SOD play’s role in
HD by increasing mitochondrial ROS and oxidative levels.

4.4. SOD and ischemic stroke
Ischemic stroke is a brain lesion caused by inadequate supply of

blood and oxygen to the affected region due to blockage of an artery,
resulting in neuronal death. The most common symptoms include
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muscular weakness, paralysis, and loss or abnormal sensation on one
side of the body, dizziness, trouble in speaking, vision loss or double
vision, confusion, and loss of balance or coordination (Hui et al., 2022).
Following focal and global ischemia, ROS including O3. and its reaction
product peroxynitrite have shown to play a prominent role in the
pathogenesis of cerebral infarction. Patients following an ischemic
stroke showed reduced capacity for antioxidant activity (Ciancarelli
et al.,, 2012; Ullegaddi et al., 2005). A clinical study reported signifi-
cantly elevated OS (marked by increased levels of CRP, malondialde-
hyde (MDA) and uric acid along with reduced activity of antioxidants
(marked by lower plasma levels of GSH, CAT and GPX along with lower
levels of SOD in plasma and red blood cells) in patients with acute
ischemic stroke, suggesting a possible therapeutic intervention with
antioxidant agents (Milanlioglu et al., 2016). A biochemical study re-
ported lower serum levels of vitamin E, vitamin C, total antioxidant
capacity (TAC) and SOD in ischemic stroke patients compared to those
of healthy controls, whilst serum uric acid levels was significantly higher
in ischemic stroke cases than controls (Srikrishna and Suresh, 2009).
Stroke patients with large vessel or cortical and subcortical infarcts
showed significantly reduced serum levels of vitamin E, vitamin C and
SOD, as well as significantly increased serum levels of uric acid than
those of stroke patients with small vessel or lacunar infarcts. TAC
showed a strong positive correlation with serum uric acid levels, but
negative correlation with vitamin C, vitamin E, and SOD. A case-control
study (Zheng et al., 2020) showed that patients with acute cerebral
infarction or cerebral haemorrhage had higher complement C3 level,
and lower complement C4, SOD and TAC levels than the healthy con-
trols. Additionally, severity of neurologic injury correlated directly with
increased complement C3 level, and reduced SOD and TAC levels.

To ameliorate ischemia-induced brain damage, the main approaches
used to delirious effects of ROS reduce include up-regulation of endoge-
nous ROS-scavenging mechanisms, administration of ROS-scavenging
drugs, and inhibition of leukocyte infiltration into affected brain tissue
(Nilupul Perera et al., 2006; Popa-Wagner et al., 2007). Transgenic mice
overexpressing SOD1 show reduced ischemic/reperfusion (I/R) injury
following focal cerebral ischemia (Yang et al., 1994). Mutant mice with
SOD2 deficiency (established via targeted deletion of SOD2) deteriorates
the outcome of both temporary and permanent middle cerebral artery
occlusions (Kim et al., 2002; Murakami et al., 1998). Inhibition of NADPH
oxidase by apocynin protected the brain by alleviating OS and reducing
the inflammation process following cerebral focal I/R injury in mice.
Cerebral I/R injury induced upregulation of the NADPH oxidase subunit
gp91P"°* expression, which was further enhance by genetic ablation of
SOD1, but reduced in SOD1-overexpressing mice, indicating that
post-ischemic gp9lph°X overexpression was regulated by endogenous
SOD1 level (Chen et al., 2009).

SOD mimetic removes the products of ROMs that aids in the pre-
vention of tissue damage and cellular energetic failure related with
ischemia and perfusion (Salvemini and Cuzzocrea, 2002). For example,
pre-treatment with a novel SOD2 mimic, MnTm4PyP, promoted the
survival of primary cultured cortical neurons by efficiently restoring the
redox balance following injury by HyO2 MnTm4PyP pre-treatment
significantly reduced the infarct size and neurological deficits by alle-
viating OS and neuronal apoptosis in mice subjected to acute ischemic
stroke (Huang et al., 2012). Several in vitro and in vivo therapeutic
studies have shown that SOD2 lipophilic mimic, Mn (III) meso-tetrakis
(N-n-hexylpyridinium-2-yl) porphyrin, (H20) MnTnHex-2-PyP5 +
(MnHex) can cross the BBB and accumulate in mitochondria than
cytosol (Leu D et al., 2017; Spasoievic I et al., 2011). An in vivo study
showed that MnHex reduce the infarct volume and neuroinflammation,
and improve the neurological functions in a rat ischemic stroke model
(induced by middle cerebral artery occlusion) (Sheng et al., 2011).
Another SOD2 mimic, Fe analog, (OH)FeTnHex-2-PyP4 + (FeHex), has
shown higher neuroprotective efficacy than MnHex in an SOD-deficient
E. coli model (JI132) of OS (Leu et al., 2017, p. 5; Li et al., 2020; Spa-
sojevic et al., 2011; Tovmasyan et al., 2013). Generally, clinical and
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basic studies in stroke patients show that reducing oxidative damage
may be important part in addition to restoring blood flow in order to
reduce inflammation, and promote the best outcome in the patient
(Nilupul Perera et al., 2006). Thus, reduction in oxidative stress, neu-
roinflammation, and alleviation of neurological functions can be ach-
ieved by administering SOD or SOD mimetics.

4.5. SOD and depression

Depression is the most common psychological disorder affecting more
than 300 million of lives every year (Santomauro et al., 2021). Depression
is characterised by long-lasting anhedonia, fatigue, negative thinking,
mood swings, lower self-esteem, insomnia or hypersomnia, memory
deficits, disturbed appetite, social isolation and crying spells for no
apparent reason. Suicidal thoughts are more frequent in patients with
severe depression (Cao et al., 2020). The fatality rate of depression ac-
counts for approximately 800,000 deaths per annum (Cheung et al.,
2019). The pathophysiology of major depressive disorder (MDD) includes
chronic inflammatory response, psychological stress, and autoimmune
tissue damage leading to increased OS. Lower levels of antioxidants along
with higher levels of MDA results in OS. Both adolescent and adult
depressive patients showed increased markers of OS (such as lipid hy-
droperoxides, 8-isoprostane and protein carbonyls) and reduced levels of
antioxidant enzymes (such as SOD1 and GPX) (Black et al., 2015; Siwek
et al., 2013) (Black et al., 2017). A meta-analysis by Liu and others (Liu
et al., 2015) showed that the serum TAC, antioxidant levels and para-
oxonase were significantly reduced, while the serum oxidative stress
markers such as malondialdehyde, nitrate/nitrite, 8-iso-PGF2a were
increased in depressed patients than healthy controls.

Proton magnetic resonance spectroscopy revealed lower GSH levels
in brains of adolescents with depressive disorders (Freed et al., 2017).
Young adults with the early stages of bipolar disorder had increased
protein carbonyl levels compared to the controls (Magalhaes et al.,
2012). Indeed, Scola et al. reported that the levels of lipoperoxides
correlate negatively with the severity of depression and positively with
the severity of manic symptoms (Scola et al., 2016). These results reveal
the pathophysiological relationships between OS and depression. A
cross-sectional study reported higher SOD activities and SOD/GPX
-+ CAT ratio in maniac and depressive patients compared to than both
euthymics and controls (Andreazza et al., 2007). A clinical study showed
increased serum concentrations of SOD and CAT and increased protein
carbonyl content in MDD patients than those of healthy subjects, which
may be an early adaptive phenomenon (Tsai and Huang, 2016). Another
clinical study shows increased MDA levels in MDD subjects when
compared to healthy controls (Bajpai et al., 2014). Serum levels of ni-
trites, ascorbic acid as well as SOD were found to be significantly low
than that of healthy controls. A recent study showed that the levels of
8-isoprostane, advanced oxidation protein products and nitrotyrosine
were elevated in paediatric and adolescent patients with depressive
disorder compared to healthy controls. A supplementation with omega-3
fatty acid, but not with omega-6 fatty acid, reduced 8-isoprostane,
advanced oxidation protein products and nitrotyrosine levels, and
enhanced Trolox equivalent antioxidant capacity and SOD activity
(Katrencikova et al., 2021). Another clinical study showed that MDD
patients had elevated levels of MDA, and reduced levels of SOD and
nuclear factor erythroid 2-related factor 2 compared to non-depressed
subjects (Hamed, 2020). These data indicate that SOD plays a promi-
nent role in depression pathology. Although in majority of the studies
the depressive subjects are observed to suffer with decreased
anti-oxidants levels; however, the contradictory reports may be specu-
lated to the difference in disease duration or severity.

4.6. SOD and schizophrenia

Schizophrenia is a serious debilitating neurodevelopmental disorder
characterized predominantly by hallucinations, delusions, disordered
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thinking and abnormal behaviour. Patients with schizophrenia exhibit
three types of symptoms such as positive symptoms (hallucinations,
delusions and active manifestation of anomalous behaviour), negative
symptoms (social withdrawal, anhedonia, and deficits in affect) and
disorganized symptoms (disordered speech, disorganized thinking,
extremely disorganized or abnormal motor behaviour (termed as tardive
dyskinesia), and cognitive impairments)(Jauhar et al., 2022). Brain
imaging studies of schizophrenic patients showed increased activity in
the substantia nigra and basal ganglia, but diminished activity in pre-
frontal cortex, and reduced functional connectivity between these re-
gions and prefrontal cortex (Yoon et al., 2013). Increased production of
free radicals attacks the cellular constituents, which raises the lipid
peroxidation in membranes, leading to reformed membrane structure
and function as well as increased levels of lipid peroxidation products in
red blood cells, cerebrospinal fluid, plasma and post-mortem brain tis-
sues of schizophrenic patients (Flatow et al., 2013; Wu et al., 2013).
Numerous clinical studies reported that SOD activity have been
consistently elevated in adult patients with chronic schizophrenia (Kunz
et al., 2008; Wu et al., 2012) and in schizophrenia patients treated with
haloperidol or clozapine (Gama et al., 2006). Another study had shown
significantly increased levels of OS in schizophrenic patients, which is
indicated by higher levels of pro-oxidants NO and MDA, and declined
levels of antioxidants GSH, SOD, GPX and neurotrophins (NT)— 4/5
(Dietrich-Muszalska and Kwiatkowska, 2014). Additionally, increased
ROS levels were found in the periphery of schizophrenia patients
(Miyaoka et al., 2015; Sarandol et al., 2015).

Schizophrenic patients also showed elevated levels of plasma thio-
barbituric acid reactive substances (TBARS) (Kunz et al., 2008; Ranjekar
et al., 2003), reduced levels of essential polyunsaturated fatty acids
(PUFASs), altered immune function and altered levels of phospholipids in
both brain and peripheral membranes (Yao et al., 2003, 1994), indicating
the link between OS-mediated neuronal damage, which is directly re-
flected as impaired social cognition and neurocognition. A post-mortem
study (Karry et al., 2004) have reported that both protein levels and
mRNA of 24-kDa and 51-kDa subunits in mitochondrial complex I were
substantially reduced in prefrontal cortex, whilst elevated in ventral
parietooccipital cortices of schizophrenia subjects associated with control
individuals, supporting the hypothesis of mitochondrial dysfunction
leading to impaired cerebral circuitry in schizophrenia. The plasma SOD2
activity was found to be decreased significantly in subjects with schizo-
phrenia compared to that of normal control subjects, and the association
between higher SOD2 activity and cognitive impairment in schizophrenia
is dependent on the Ala-9Val polymorphism of SOD2 gene (Zhang et al.,
2014). In parallel to previous reports in adult schizophrenia (Gonzale-
z-Liencres et al., 2014; Zhang et al., 2013). A recent study also revealed
that in patients with late-life schizophrenia, peripheric SOD levels were
independently linked with cognition, language, and general intellectual
functions (Huo et al., 2021). Furthermore, increased SOD activity corre-
lated positively with negative symptoms in schizophrenia patients as they
aged (Cohen et al., 2015). In chronic schizophrenia patients, SOD activity
correlated positively with both positive and negative symptoms, as well as
general psychopathology (Bai et al., 2018; Zhang et al., 2009). In contrast,
a study showed that SOD activity was associated inversely with positive
symptoms (Wu et al., 2012). Another study showed that SOD-associated
clinical symptoms vary between men and women, as increased SOD ac-
tivity correlated with negative symptoms in men, while increased SOD
activity correlated with positive symptoms in women. Further, the evi-
dences from this study reveal that SOD activity plays role in the pathology
of schizophrenia but it may vary among gender, age and lifestyle.

4.7. SOD and Down Syndrome

Down syndrome (DS) is a chromosomal disorder primarily triggered
by an extra copy of chromosome 21, therefore also known as trisomy 21,
and characterised by short stature, facial dysmorphology, larger tongue,
low muscle tone, and intellectual disability (Karmiloff-Smith et al.,
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2016). Triplication of chromosome 21, on which 21q22.1 gene encoding
for SOD-1 is localized, leads to an increased SOD protein expression, and
an imbalance in the ratio of SOD1 to CAT and GPX, which results the
accumulation of Hy07 and consequently damage to DS brain (Zana et al.,
2007). DS patients contain approximately 50% higher SOD1 levels in
various DS cells and tissues, including erythrocytes, brain, fibroblasts, B
and T lymphocytes, which leads to chronic OS and manifests as a wide
array of neurological symptoms (Turrens, 2001; Barone E et al., 2018).
Excessive glial proliferation in the DS brain is the main cause for
increased SOD1, as a response to OS (Gulesserian et al., 2001). Both DS
mouse models and DS patients have shown that several genes encoded
on chromosome 21 such as SOD1, APP, BACH1 (BTB Domain and CNC
Homolog 1), Et2 (ETS Protooncogene 2, Transcription Factor), and
S100B (S100 Calcium-Binding Protein, Beta) are associated with
increased OS (Barone et al., 2018; Perluigi and Butterfield, 2012).
Elevated expression of SOD1 and APP were found to be associated with
mitochondrial aberrations, increased oxidative damage on neurons, and
early onset of senile plaques accumulation (Fig. 3). Overexpression of
Ets-2, BACH1, and S100B were associated with increased neuronal
apoptosis, neurodegeneration and increased ROS production, respec-
tively. Higher SOD1 levels alters the activity and response of T cells
(Ferrari and Stagi, 2021). An increase in levels of total protein carbonyls,
TBARS and advanced glycation end products (AGEs) were observed in
the cortex of DS foetal brains compared with controls (Odetti et al.,
1998), while a marked accumulation of nitro tyrosine, 8-hydroxy-2--
deoxyguanosine, and oxidized proteins was reported in the cerebral
neuron cytoplasm in DS (Nunomura et al., 2000). Increased ROS pro-
duction, elevated levels of lipid peroxidation and mitochondrial
dysfunction are observed in cells of DS patients from their embryonic life
(Busciglio and Yankner, 1995) which subsequently leads to neuro-
degeneration. Cultures of astrocytes, neurons, and foetal fibroblasts
from DS patients have evidently shown several mitochondrial DNA
mutations; reduced mitochondrial membrane potential; altered cristae
morphology, and macroscopic alteration of mitochondrial morphology
(Helguera et al., 2013; Izzo et al., 2018; Piccoli et al., 2013).

Transgenic mice carrying SOD1 overexpression have shown to
develop increased lipid peroxidation and oxidative damage (Ceballo-
s-Picot et al., 1992). Further, using a transgenic mouse overexpressing
wild-type human SOD1, Shin et al. (2004) showed that abnormal
neuronal and mitochondrial proteins induce swelling, vacuolization,
and increased ROS levels intracellularly, and manifests as learning and
memory deficits (Shin et al., 2004, p. 1). Thus, these data suggest that in
Down syndrome there is increased expression of SOD which further
progress the disease by increased ROS that leads to damage of neurons,
cognitive decline etc.

4.8. SOD in Amyotrophic Lateral Sclerosis

ALS is a progressive neurodegenerative disease caused by the death
of huge motor neurons in motor cortex, brain stem and spinal cord, and
characterized by progressive loss of muscle control resulting in paralysis
(Taylor et al., 2016). The main pathological mechanisms of ALS include
peroxidation and excitotoxicity, ROS-mediated injury to vital cellular
proteins. A breakthrough study by Rosen and others (Rosen et al., 1993)
recognized that the SOD1 gene-associated mutations encode for the 2%
of ALS and 20% of familial amyotrophic lateral sclerosis (FALS) cases
(Gamez et al., 2006). More than 70 different types of SOD1 mutations
result in an autosomal dominant phenotype of ALS. Point mutations in
the SOD1 gene which are linked with loss of motor neurons have been
detected in patients with FALS (Choi et al., 2005; Cleveland and Roth-
stein, 2001).

Although the exact molecular mechanisms behind the death of motor
neurons are still under investigation, results of some studies have shown
the abnormal accumulation of SOD1 protein, increased nitrosylation of
essential proteins by mutant SOD1, increased affinity for toxic Cu in the
active site of mutant SOD1, enhanced disorganization of neurofilaments,



S.B. Chidambaram et al.

mitochondrial dysfunctions, dysregulation of intracellular calcium, and
glutamate-mediated excitotoxicity (Riva et al., 2016; Rowland and
Shneider, 2001). Mutant SOD1 may accumulate in the intermembrane
space (IMS), overriding the physiological retention controlled by the
copper chaperone for superoxide dismutase (CCS), and that misfolded
SOD1 may deposit on the outer mitochondrial membrane (OMM), pre-
venting the transport across mitochondrial membranes and inducing
mitochondrial-dependent cell apoptosis (Lee et al., 2016; Li et al., 2011).

Transgenic mice overexpressing human SOD1 with a glycine to
alanine mutation in position 93 (mutant-SOD1 mice) have shown to
develop selective motor neuron degeneration resembling FALS-like
phenotype, which is linked to SOD1 mutations in 15-25% of cases
(Gurney et al., 1994). The spinal cord, frontal cortex and striatum of
mutant-SOD1 mice and sporadic ALS patients showed increased levels of
8-hydroxy-2'-deoxyguanosine (an indicator of oxidative DNA damage),
which correlate positively with disease progression and severity
(Aguirre et al., 2005; Bogdanov et al., 2000; Fitzmaurice et al., 1996). In
contrast, SOD1 knockout mice do not develop ALS-like phenotype,
despite the presence of excess superoxide radicals (Shefner et al., 1999).
A recent Polish prospective study reported identification of 15 SOD1
mutations in 21.1% of FALS cases and 2.3% of sporadic ALS cases
(Berdynski et al., 2022). The most frequent SOD1 mutations among
Polish ALS patients were found to be L144S and K3E. ALS patients with
SOD1 mutations of conserved residues were found to have shorter life
span as well as shorter time between the disease onset and respiratory
failure. ALS patients carrying L144S and G41S mutation had the longest
and shortest overall survival, respectively. Substantial disturbance of
SOD1 structure were found to be associated with clinically relevant
endpoints such as loss of motor functions, bulbar involvement, respi-
ratory insufficiency and overall survival (Berdynski et al., 2022).
Therefore, these evidences reveal that mutation in SOD gene which
progress the disease.
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4.9. SOD in epilepsy

Epilepsy is a chronic neurological disorder caused by abnormal brain
activity resulting in recurrent unprovoked seizures (2 or more epileptic
seizure episodes occurring more than 24 h apart). The main symptom of
epilepsy is recurrent seizures. Accumulating evidence suggests that
neuronal hyperexcitability and oxidative injury play in the pathogenesis
and progression of epilepsy (Xiang and Jiang, 2014). Both the autopsy of
patients with temporal lobe epilepsy and experimental rodent models of
partial complex seizures have shown increased production of ROS/RNS
and proinflammatory cytokines (IL-6, IL-18, TNFa, and interferons),
neurodegeneration, axonal sprouting within excitatory pathways along
with reactive astrogliosis, death of inhibitory interneurons and micro-
gliosis, damage to BBB integrity, and abnormal neuronal cytoarchi-
tecture (Kalozoumi et al., 2018; Sharma et al., 2018). These changes
results in higher brain excitability which ultimately leads to enhanced
epileptiform spiking, neuronal hyper-synchronization and spontaneous
recurrent seizures (Waldbaum and Patel, 2010). Several studies have
confirmed defective oxidative status in epileptic patients reflected by
increased MDA levels and markedly decreased serum TAC (cevik, 2012;
Pandey et al., 2012; Yis et al., 2009). A prospective study showed
decreased SOD1 levels in epileptic patients when compared to healthy
controls (Al-Muhammadi et al., 2015). Another clinical study showed
increased lipid peroxidation in patients with epilepsy when compared to
controls. Serum MDA levels were significantly higher, while SOD in red
blood cells and serum vitamin E levels were significantly reduced in
epilepsy patient when compared with controls (Nemade, n.d.). A
case-control study showed that patients with genetic generalised epi-
lepsy had markedly high levels of serum NO, MDA and low levels of
plasma TAC compared to healthy controls, while erythrocyte SOD, CAT
and GPX activities were significantly lower in epileptic patients
compared to controls (Prasad et al., 2017). In addition, a significant
reduction in the activities of SOD, CAT and TAC, and increase in the
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Fig. 3. Role of reactive oxygen species in organ damage. A damaged mitochondria gives rise to reactive oxygen species leading to lipid/ protein oxidation as well as
mRNA damage followed by electron chain defects. These further increases the release of ROS. Another mechanism of ROS activity is by decreasing anti-oxidant levels

and resulting in protein accumulation and organelle damage.
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Fig. 4. . SOD mimeticsMechanism of action of SOD mimetic alleviated pro-inflammatory stimuli triggered productions of superoxide anions and cytokines followed
by the decrease in neutrophil infiltration and eventually protects the organ damage.

level of NO and MDA in patients treated with anti-epileptic drugs
compared to untreated patients suggest the induction of additional OS,
utilization of antioxidant enzymes and reduction of the antioxidant ca-
pacity, which implicate as seizure recurrence and drug unresponsive-
ness. In contrast, some studies have shown increased SOD levels or no
changes in epileptic patients (Hung-Ming et al., 2002). A recent
meta-analysis showed that lower levels of SOD and GPX in erythrocytes,
serum and plasma in patients with epilepsy compared to that of healthy
controls, indicating the oxidative damage in epilepsy.

Preclinical studies in rodents with pilocarpine- and kainate-induced
temporal lobe epilepsy showed high levels of ROS/RNS, lipid peroxi-
dation with consequent hippocampal apoptosis, damage of membranes
and organelles, protein synthesis in survived neurons and altered gene
expression, and GSH action was reduced extensively (Atanasova et al.,
2013; Pearson et al., 2015). These evidences reveal that there are
reduced levels of SOD in patients with epilepsy which produces
increased ROS and further damage of organelles etc.

5. SOD mimetics

There are many chemical synthetic compounds which are designed
conceivably to mimic the antioxidant actions of SOD enzyme. These
small molecular catalytic antioxidants exerts beneficial effects against
OS-mediated injuries (Mansuroglu et al., 2015; Younus, 2018). SOD
mimetics efficiently convert O3 into HpO», which is further converted
into water by CAT, and their design is based on the subsequent pro-
duction of Mn (II) and Fe (III) complexes (Salvemini et al., 2002a). The
stability, as well as high SOD value, has been determined by means of
computer-aided modelling and they have also paved the way for design
and development of newer categories of highly stable and active SOD
catalysts(Rosa et al., 2021; Singh et al., 2017). These synthesized SOD
mimetics are illustrated by the prototype complexes, M40401 and
M40403 resulting from the 15-membered macrocyclic ligand 1,4,7,10,
13-pentaazacyclopentadecane, consisting of bis (cyclohexyl pyridine)
functional groups (Salvemini et al., 1999). A vital feature of these SOD
mimetics is their ability to selectively remove superoxide anion (03) by
catalysation without reacting with other reactive species like hydrogen
peroxide, peroxynitrite, peroxyl radical, nitric oxide, hypochlorite or
molecular oxygen (De Lazzari et al., 2018; Salvemini et al., 2001, p.
40403) and supress cytokines production (Fig. 4). They also possess
catalytic activity as the original enzyme as well as benefit by being much
smaller in size. (e.g., MW483-M40403 vs. MW30000 for the mimetic
and native enzyme respectively). Different classes of SOD mimetics have
been identified and their specific antioxidant effects have also been
illustrated (Jan Olof G. Karlsson et al., 2012; Miriyala et al., 2012; Rosa
et al., 2021). The different classes of SOD mimetics include (Fig. 5A -
5D): Figs 6-8
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m Porphyrin-based SOD mimetics (Mn-metalloporphyrin’s)

= Mn (II)-cyclic polyamines-based SOD mimetics

= Salen-Mn complexes

= Mn-PLED derivatives

= Nitroxides

m Metal based compounds (E.g.
RM191A)

[Fe (HPCINOL)CI2]NOS3,

The major characteristic features of SODs mimics:

= Low molecular weight with longer half-life in blood

= Non-peptide, non-immunogenic, and non-antigenic

m Ability to penetrate cellular and subcellular membranes

m Shows catalytic activity that facilitate free radicals scavenging

m Selectively acts on superoxide

m Stability in in-vivo, promising integrity of the metal site under
biologic conditions

m Possess limitless possibilities of altering the porphyrin core
structure

m Possess protective actions in different models of shock, acute
and chronic inflammation, and also reperfusion injury.
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Fig. 5. Structures of SOD mimetics. Basic structure of poryphyrin based
SOD mimetics.



S.B. Chidambaram et al.

Fig. 6. : Structure of M40403 SOD mimetics.
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Fig. 7. : Structure of Salen Manganese complex- EUK 134.

OH

CH,

H,C CHj

Fig. 8. : Chemical structure of Nitric Oxide based - tempol.
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5.1. Therapeutic implications of SOD mimetics

SOD mimetics are found to be effective against OS-mediated injuries
in several experimental models and a few of them are already in the
market (Table2). In metabolic diseases, reduction of SOD2 activity is
associated with systemic OS and dysfunctional mitochondria. Hence, the
catalytic SOD2 mimetic alleviates liver steatosis and insulin sensitivity
as well as decreases inflammation related with obesity-induced type 2
diabetes (Coudriet et al., 2017). An in-vitro study demonstrates that
overexpression of SOD2 in transgenic mouse embryonic fibroblasts
devoid of functional Sirtuin 3 gene (a mitochondrial fidelity protein that
protects redox homeostasis) protected these cells from mitochondrial OS
and altered metabolism on exposure to 3,3’-dichlorobiphenyl metabo-
lite (3,3’-dichlorobiphenyl-4-ol) (Alam et al., 2018). In vivo studies have
proven the beneficial effects of SOD mimetics as protectors against
ischemia reperfusion injury, radiation injuries, diabetes, or and
enhancing anti-cancer effects (Coudriet et al., 2017; El-Mahdy et al.,
2020; Moreton et al., 2022). These findings reveal the potential thera-
peutic effects of SOD mimetics in the treatment and management of
OS-mediated injuries that underlie mitochondrial dysfunctional,
neurodegenerative, and inflammation.

5.1.1. Porphyrin-based SOD mimetics

Porphyrin-based mimetics comprise more than 50 effective water-
soluble molecules with lower toxicities and more catalytic property as
well as different physicochemical and functional properties (Salvemini
et al., 2001, p. 40403). Mn-centred porphyrins (MnPs) were found to be
O3 /ONOO™ scavengers and modulate the redox-sensitive cellular
transcriptional activity (Batinic-Haberle et al.,, 2010). MnPs
dose-dependently catalysed the oxidation of hydrogen sulfide (HsS) to
longer-chain polysulfides and hydrogen persulfide (H2S3) (Olson et al.,
2019). The Mn (III) meso-tetrakis (N-ethylpyridinium-2-yl) porphyrin,
Mn"'TE-2-PyP>" (AEOL-10113) has shown to be useful in treating
0OS-induced conditions such as radiation damage, CNS trauma, cancer,
and diabetes (Spasojevi¢ et al., 2007). The ability of Mn"'TE-2-PyP>" to
dismutate O3 parallels its capability to scavenge ONOO™ and CO3
(Ferrer-Sueta et al., 2003). AEOL-11114 is found to be an effective
Mn-centred porphyrin against MPTP mouse model of PD. AEOL-11114
increased absorption in gastrointestinal tract, longer plasma half-life,
blood brain barrier penetration and attainment of active concentration
in brain (Liang et al., 2017). Together, these results suggest that MnPs
are effective cytoprotectors by acting as sulfide oxidation catalysts
generating per/polysulfides.

5.1.2. Mn (ID-cyclic polyamines-based SOD mimetics

Mn (I)-cyclic polyamines-based SOD mimetics are newer class
which were found to be effective against inflammation as well as OS-
related conditions. The centre of these SOD mimetics contains a Mn
(I) which is responsible for its selectivity property. It undergoes
oxidation into Mn (III) by protonated superoxide which is reactive, but
when it reduces to its Mn form in cases of diffusion-controlled rates, the
complex is relatively inert against reducing agents. Oxidants containing

Table 2
Superoxide Dismutase mimetics: Chemical name and Commercial name.
Class Chemical name Product
Mn-based Mn"meso-tetrakis(N-n-butoxyethylpyridinium- ~ MnBuOE
porphyrin 2-yl) porphyrin
Mn cyclic N,N-bis{(1 R,2 R)-[2-(amino)] cyclohexyl}— M40403
polyamines 1,2-diaminoethanetetra hydrochloride
Mn-salen N,N'-bis(salicylidene) ethylenediamine chloride EUK-8
complex
Mn-PLED MnDPDP Mangafodipir
Nitroxide 4-hydroxy-2,2,6,6-tetramethylpiperidine-N- TEMPOL
oxyl
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Table 3

List of antioxidants used in neurological disorders clinical trials.

S. No

10

Study title Conditions
(Trial number)

Anti-Oxidant Treatment of Alzheimer’s Disease Alzheimer’s

(NCT00117403) Disease
Glutathione and Health with Post-Polio Depression
Syndrome

(NCT01402570)

Mitochondrial Dysfunction in the Depression
Pathophysiology and Treatment of Bipolar

Disorder

(NCT00327756)

Clinical Trial of High Dose CoQ10 in ALS Amyotrophic
(NCT00243932) Lateral Sclerosis

Expanded Controlled Study of Safety and
Efficacy of MCI-186 in Patients with
Amyotrophic Lateral Sclerosis (ALS)
(NCT00424463)

Phase IIb Study of Intranasal Glutathione in
Parkinson’s Disease

(NCT02424708)

Amyotrophic
Lateral Sclerosis

Parkinson’s
Disease

CNS Uptake of Intranasal Glutathione Parkinson’s

(NCT02324426) Disease

Role of antioxidants (Vitamin C and E) in the  Schizophrenia
Management of Schizophrenia

(NCT04078048)

Treatment of Schizophrenia with an Omega-3  Schizophrenia

Fatty Acid (EPA) and antioxidant
(NCT00419146)

Effects of EGCG (Epigallocatechin Gallate) in
Huntington’s disease (ETON-Study)
(NCT01357681)

Huntington’s
disease

Interventions

Drug: Vitamin E, Vitamin
C, and Alpha-lipoic Acid
Drug: Coenzyme Q
Drug: Placebo capsules
Drug: Placebo wafers

Glutathione

Drug: Coenzyme Q10

Drug: coenzyme Q10
Drug: Placebo

Drug: MCI-186
Drug: Placebo of MCI-
186

Drug: Reduced
Glutathione 100 mg
Drug: Reduced
Glutathione 200 mg
Drug: Placebo
Drug: Reduced
Glutathione

Dietary Supplement:
antioxidants (Vitamin C,
E)

Drug: Ethyl-
eicosapentaenoic acid
(EPA)

Drug: Vitamins E + C
Other: Etyl EPA
(placebo)

Other: Vitamins E + C
(placebo)

Drug: (2)-
epigallocatechin-3-
gallate (EGCG)

Drug: Placebo

Location Status Outcomes References
University of Arizona
Tucson, Arizona, United States
University of California- Irvine
Irvine, California, United States
University of California, San Diego
La Jolla, California, United States
University of Michigan Completed Glutathione intervention increased ability to (Kalpakjian, 2016)
Ann Arbor, Michigan, United carry out physical activities from self-care to
States complex activities. Increased sleep
efficiency, and decreased fatigue
Completed No results posted

Completed Anti-oxidant administration in AD subjected (National Institute on
decreased CSF biomarkers related to Aging (NIA), 2009)
oxidative damage, varied a beta42 and a
beta40 concentrations.

National Institutes of Health (National Institute of
Clinical Centre, 9000 Rockville Mental Health (NIMH),
pike 2011)

Bethesda, Maryland, United States

University of Arkansas for Medical Completed CoQ10 improved scores on ALS functional
Sciences, Department of rating scale, changes in forced vital capacity,

(Ferrante et al., 2005)

Neurology fatigue severity scale, and decreased
Little Rock, Arkansas, United 80H2Dg in ALS patients
States

California Pacific Medical Centre
San Francisco, California, United
States

University of California at San
Francisco

San Francisco, California, United
States

National Hospital Organization
Miyagi National Hospital
Watari-gun, Miyagi-ken, Japan

Completed MCI-186 improved ALSFRS score and (Abe et al., 2014)
changes in forced vital capacity in ALS

subjects

Completed Glutathione improved total and motor scores (Mischley et al., 2017)
in PD subjects

Bastyr University

Kenmore, Washington, United
States

University of Washington

Seattle, Washington, United State
University of Washington

Seattle, Washington, United States

Completed Intranasal administration of GSH elevated
the brain GSH levels in patients with
Parkinson’s disease.

Completed No results posted.

(Mischley, 2015)

SaimaKouse (Zahid, 2019)

Lahore, Punjab, Pakistan

(National Center for
Complementary and
Integrative Health (
NCCIH), 2006)

Aker University Hospital
Oslo, Norway

Completed No results posted

Department of Neuropsychiatry =~ Completed No results posted (Priller, 2015)
Berlin, Germany

NeurologischeKlinik der Ruhr-

Universitat Bochum

Bochum, Germany,

Universitatsklinikum Ulm,

(continued on next page)
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Table 3 (continued)

11

12

13

14

15

16

17

18

19

20

Natural anti-oxidants in the Treatment of
multiple sclerosis
(NCT00010842)

Defining the Anti-inflammatory Role of Lipoic
Acid in multiple sclerosis
(NCT00997438)

Cognitive Impact of Pomegranate Polyphenols
Following Ischemic Stroke
(NCT02442804)

Safety and Pharmacokinetics of MCI-186 in
Subjects with Acute Ischemic Stroke
(NCT00821821)

Study of Glutathione, Vitamin C and Cysteine in
Children with Autism and Severe Behaviour
Problems

Treating Oxidative Stress and the Metabolic
Pathology of Autism
(NCT00572741)

Vitamins and Minerals for Children with Down’s
Syndrome
(NCT00378456)

Normalization of dyrk1A and APP Function as an
Approach to Improve Cognitive Performance and
Decelerate AD Progression in DS Subjects:
Epigallocatechin Gallate as Therapeutic Tool
(NCT01699711)

Double-Blind, Placebo-Controlled Trial of
Vitamin E as Add-on Therapy for Children with
Epilepsy

(NCT00004637)

Turmeric as Treatment in Epilepsy
(NCT03254680)

Multiple
Sclerosis

Multiple
Sclerosis

Stroke

Acute Ischemic
Stroke (AIS)

Autism

Severe
Behaviour
Disorder

Autistic Disorder

Trisiomy 21
Down’s
Syndrome

Down’s
Syndrome

Epilepsy

Epilepsy

Drug: Ginkgo biloba

Drug: Alpha-lipoic acid

Drug: Vitamin E/
Selenium

Drug: Essential fatty
acids

Dietary Supplement:
Lipoic Acid

Dietary Supplement:
POMx
Other: Placebo

Drug: MCI-186
Drug: Placebo

Drug: placebo
Drug: glutathione

Drug: glutathione, vit C

and NAC

Dietary Supplement: B12

Dietary Supplement:
Placebo

Dietary Supplement:
folate

Drug: Anti-oxidants
(Vitamins A, C, E
Selenium and Zinc)
Drug: Folinic acid

Drug: Vitamins A, C, E
Selenium and Zinc and

Folinic acid.

Drug: Placebo
Dietary Supplement:
Epigallocatechin-3-
gallate (EGCG)

Drug: Vitamin E

Dietary Supplement:
Turmeric

KlinikfiirNeurologie
Ulm, Germany

Oregon Health Sciences University Completed No results posted

Portland, Oregon, United States

Oregon Health & Science
University

Portland, Oregon, United States
Portland VA Medical Center
Portland, Oregon, United States
Loma Linda University East
Campus Hospital

Loma Linda, California, United
States

Helsinki University Central
Hospital

Helsinki, Finland

Erasmus Medical Centre
Rotterdam, Netherlands
Newcastle upon Tyne Hospitals
NHS Foundation Trust
Newcastle, United Kingdom
KCPCRU

Louisville, Kentucky, United States

Arkansas Children’s Hospital
Research Institute

Little Rock, Arkansas, United
States

Institute of Child Health
Birmingham, United Kingdom
Peninsular Medical School
Exeter, United Kingdom

Institute of Child Health, London
London, United Kingdom

IMIM (Institut Hospital del Mar
d’InvestigacionsMediques)
Barcelona, Spain

The Children’s Hospital,
Neurology B155
Denver, Colorad o, United States

New York University School of
Medicine

New York, New York, United
States

Completed Lipoic acid supplementation stimulated
cAMP production reduced disease severity.
Decreased brain atrophy was also seen
among the MS patients

Completed POMs improved neuropsychological

functions, functional independence score and

decreased scores on Trial-making Test.
Completed MCI-186 was well tolerated at the tested

doses in AIS patients. Adverse events also
seen among 109 patients

Completed No results posted

Completed No results posted

Completed Anti-oxidant supplementation didn’t show
any improvement in children with Down’s
syndrome.

Completed EGCG and cognitive training for 12 months

was found to be effective than placebo

Completed Children received Vit-E has increased
vitamin-E levels

Completed No results posted.

(National Center for
Complementary and
Integrative Health (
NCCIH), 2006)

(Carr, 2016)

(Bellone, 2017)

(Mitsubishi Tanabe Pharma
Corporation, 2014)

(Arkansas Children’s
Hospital Research Institute,
2016)

(Blair et al., 2008)

(Torre, 2016)

(Gupta et al., 2004)

(NYU Langone Health,
2018)
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one electron have not shown oxidative properties against these associ-
ated complexes (including NO and oxygen) as they are relatively diffi-
cult to oxidize. M40403 and other components of this class of SOD
mimetics behave as selective probes by taking up the role of superoxide
anion present in the biological system, where other applicable biological
oxidants may be existing (Salvemini et al., 2002a).

5.1.2.1. M40403. M40403 is prototypical complex of the family, as it
contains aromatic rings synchronized with Mn centre. M40403 has less
molecular weight molecule, which is much smaller than natural SODs
and are more lipid soluble, thus it can pass through the cellular mem-
brane and BBB, (Salvemini et al., 1999) and were found to be more
stable than other mimetics (Baudry et al., 1993). M40403 exhibit
resistance to oxidative degradation and catalyse superoxide radicals and
other species such as NO, hypochlorite, hydrogen peroxide, and perox-
ynitrite. Both M40403 and M40401 complexes produce valuable effects
in models of ischemia, intestinal and acute inflammation (Cuzzocrea
et al.,, 2001b; Aston et al., 2001). Clinical studies have shown the
analgesic effects, for post-operative pain relief from dental operations
and bunionectomy when combining M40403 with other approaches
(Salvemini et al., 2002b). Hence, newer derivatives with greater sta-
bility are being designed and developed.

5.1.3. Salen-manganese complexes

Synthetic salen-Mn complexes represent a class of SOD and CAT
mimetics whose hydrogen peroxide scavenging and cellular protective
effects can be significantly manipulated. Derivatives of salen-Mn com-
plexes have low molecular weight, better catalytic activity, and higher
cell-permeability. Therefore, salen-Mn complexes are found to have
more therapeutic potential in several diseases linked to OS and nitro-
sative stress (Salvemini et al., 2002b; Watanabe et al., 2007). EUK
compounds (given via injection or infusion) are found to effective
against OS in epileptic rat model with seizure-induced hippocampal
injury, mouse model of ALS, rat stroke model and PD, and a human prion
disease mouse model (Brazier et al., 2008; Melov et al., 2001; Peng et al.,
2005). Salen-Mn complexes were found to extend survival and reduce
oxidative pathologies in mice with inactivated SOD2 (sod2 nullizygous
mice).

5.1.3.1. EUK-113. EUK-113, a demonstrative of the Mn-salen com-
plexes, shows two-fold SOD activity. SOD activity of EUK-113 is
observed in both Hepes and phosphate buffer (Friedel et al., 2012). The
corresponding manganese ion present in oxidation state in N,N’-bis
(salicylidene) ethylenediamine chloride (EUK-8) complex governs
whether Mn-salen complex acts as an SOD or catalase mimetic (Sharpe
et al., 2002).

5.1.3.2. EUK-8. EUK-8 is more active than other salen-Mn complex
derivatives and the most water-soluble derivative exhibiting both CAT
and SOD activities (Doctrow et al., 1997; Gonzalez et al., 1995a) indi-
cating that salen-Mn complexes can scavenge hydrogen peroxide in
addition to superoxide. In an in vitro study, EUK-8 has shown to protect
organotypic hippocampal cultures from Af toxicity (Bruce et al., 1996).
In vivo studies have demonstrated that repeated injection of EUK-8
inhibited the degeneration of dopaminergic neurons in murine model
(Doctrow et al., 1997) and also suppressed the progress of paralysis in
mouse experimental autoimmune encephalomyelitis (a human model
for multiple sclerosis) (Malfroy et al., 1997). Intravenously infusion of
EUK-8 ameliorated acute lung injury in a highly stringent porcine
endotoxin-induced model for the adult respiratory distress syndrome
(Gonzalez et al., 1995b).

5.1.3.3. EUK-134. EUK-134 is a 3,3- methoxy salen ring-disubstituted
EUK-8 analogue with a low molecular weight and equivalent SOD ac-
tivity, but increased CAT activity. EUK-134 is found to be potent
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neuroprotective than EUK-8 in a rat model of stroke (Baker et al., 1998).
EUK-134 prevented OS injury in hippocampal neurons and attenuated
numerous indicators of neuropathology in kainic acid-induced seizure
model in rats (Rong et al., 1999). A study has shown that EUK-8 and
EUK-134 reduced indicators of spinal cord OS and prolonged the sur-
vival in a mouse model of FALS (Jung et al., 2001). Previous reports
have shown that both EUK-134 and EUK-8 extend the lifetime of Cae-
norhabditis elegans, a nematode worm (Melov et al., 2000).

5.1.4. Mn-PLED derivatives

MnPLED-derivatives are another important group of complexes
showing SOD-activity. Mainly, Mangafodipir (Manganese dipyridoxyl
diphosphate (MnDPDP)) prevent the destruction of endothelium-
derived NO by superoxide in bovine mesenteric arteries (Asplund
et al., 1994). Both in-vitro and in-vivo studies confirmed the benefits of
MnPLED derivatives in cancer treatment, ischemia-reperfusion injury in
mouse models of liver toxicity and acute myocardial infarction (Asplund
et al., 1994; Jan Olof G. Karlsson et al., 2012). In an ex-vivo study,
MnDPDP improved contractile function and reduced the release of
lactate dehydrogenase in rat hearts exposed to hypoxia-reoxygenation
(Brurok et al., 1999). Animal experimental studies have shown that
MnDPDP protects against paracetamol intoxication (Bedda et al., 2003)
and paclitaxel myelosuppression (Alexandre et al., 2006). MnDPDP
treatment can be given to cancer patients with pre-existing oxaliplatin (a
chemotherapy drug)-associated peripheral sensory neurotoxicity
(Brurok et al., 1999). Replacement of 80% of Mn?" in mangafodipir with
Ca®* results in the formation of another MnPLED-derivative, calm-
angafodipir. Calmangafodipir binds readily with considerable amount of
plasma Zn?* resulting in significant retention of Mn?" by reducing its
release from the brain. At corresponding Mn?*t doses, calmangafodipir
was found to be substantially more efficient than MnDPDP to protect
BALB/c mice against myelosuppressive effects of oxaliplatin (Jan Olof G
Karlsson et al., 2012, p. 1).

5.1.5. Nitroxides

Nitroxides constitute a class of weaker SOD mimetics. Under in vivo
conditions, reduction of nitroxides to hydroxylamine functions as an
antioxidant (Trnka et al., 2009). TEMPOL (4-hydroxy-2,2,6,6-tetrame-
thylpiperidine-Noxyl) is an aqueous soluble as well as redox cycling
nitroxide SOD mimetic agent. It neutralises ROS and RNS, and due to its
less molecular weight passes through the biological membrane. Tempol
exhibits protective effects against metabolic syndrome, shock, and ra-
diation as well as kidney, heart and CNS protection (Bernardy et al.,
2017; Krishna et al., 1992). In-vitro models have proven the protective
effects of TEMPOL against hypoxanthine/xanthine oxidase or hydrogen
peroxide exposure (Samuni et al., 1991). In established model of mul-
tiple sclerosis, oral intake of TEMPOL modulates the immune response
and limits the autoimmune disease and damages in the CNS (Neil et al.,
2017). TEMPOL prevents thermal hyperalgesia, neuropathic pain
induced by chronic constriction injury, superoxide anion-induced
neuronal firing, chemotherapy in rats and oedema induced by carra-
geenan (Khattab, 2006; Kim et al., 2017; Zhao et al., 2016). TEMPOL
inhibits neutrophils recruitment in mice and TNF-induced mechanical
hyperalgesia (Abouzied et al., 2016). Treatment with TEMPOL also
removes free radicals and prevents lipid peroxidation in vitro and in vivo
(Abouzied et al., 2016; Ali et al., 2016).

5.2. Clinical trials

Since there is no sufficient documentation of clinical trials data of
SOD mimetics, the information generated in the form of a table depicts
the studied relating to anti-oxidants and neurological disorders and their
specific interventions (Table 3).
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6. Limitations of SOD mimetics

In clinical applications, the use of naive SODs has been limited due to
instability, immunogenicity, low half-life, and increased renal excretion.
These problems may be overcome by developing novel drug deliveries
using liposomes. Several conjugates of SOD are being developed to
overcome these limitations and many of these have shown promising
therapeutic effects in-vivo (Younus, 2018). Another general limitation of
these agents is they react with a wide variety of ROS and RNS, without
specificity. From a pharmacological perspective, SOD enzymes are ex-
pected to remove only superoxide anions without reacting with other
reactive species, but non-selectivity of SOD mimetics clouds the inter-
pretation of the results. Thus, great caution must be taken before using
SOD mimetics by clearly defining the class of mimetic and type of ROS
involved in the disease pathology, without making general assumptions
(Muscoli et al., 2003). For example, MnSOD mimetics conjugated with
lipophilic cations for mitochondria specificity might have cytotoxic ef-
fect as they interfere with adenosine triphosphate production (ATP) (Liu
et al., 2022).

6.1. Future implications of the strategy

SOD mimetics gains more attention in chronic illness such as cancer,
stroke, allergy, neurodegenerative diseases, and neuropsychiatric dis-
orders. They can be used in combination with conventional treatment,
thereby synergising the effectiveness of such treatments and attenuating
drug side-effects (Bonetta, 2018). Successful development of SOD mi-
metics with specific selectivity towards particular OS species will
enhance the safety of the therapeutic approaches. Extensive preclinical
and clinical research are needed to design selective SOD mimics
designed for the development of chronic neurological disorders.

7. Conclusion

Superoxide dismutase play crucial role in physiological and diseased
states. This review provides a comprehensive function of SOD in
neurological disorders such as Alzheimer’s disease, Parkinson’s disease,
stroke, epilepsy, and neuropsychiatric disorders. The pathophysiological
basis of these disorders indicates the overproduction of superoxide an-
ions, mitochondrial dysfunction, and altered signalling transduction
that with damages DNA, proteins, or lipids resulting in inflammation
and cell death. This provides a unique window to reduce OS-mediated
injuries by removing superoxide anions using antioxidants. Exogenous
application of SOD enzymes has been used as a pharmaceutical in OS-
related diseases, but imposes therapeutic challenges due to its high
molecular weight, reduced cellular permeability and stability, and
shorter half-life. Recent development of synthetic small molecular
conjugates of SOD with redox modulating properties have demonstrated
improved performance by overcoming the limitations of the naive SOD
enzymes. This review also highlights the beneficial effects of SOD mi-
metics and thus may probably be the future of OS targeted therapies in
neurological disorders. In summary, this review hints the use of SOD
mimetics in the treatment of neurological disorders, and they can be
considered as adjunct therapies, at least partly.
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