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Role of oxidative stress in neurodegenerative 
disorders: a review of reactive oxygen species 
and prevention by antioxidants

Annwyne Houldsworth

Neurological disorders include a variety of conditions, including Alzheimer’s disease, motor neuron disease and Parkinson’s disease, 
affecting longevity and quality of life, and their pathogenesis is associated with oxidative stress. Several of the chronic neurodegen
erative pathologies of the CNS share some common features, such as oxidative stress, inflammation, synapse dysfunctions, protein 
misfolding and defective autophagia. Neuroinflammation can involve the activation of mast cells, contributing to oxidative stress, 
in addition to other sources of reactive oxygen species. Antioxidants can powerfully neutralize reactive oxygen species and free radi
cals, decreasing oxidative damage. Antioxidant genes, like the manganese superoxide dismutase enzyme, can undergo epigenetic 
changes that reduce their expression, thus increasing oxidative stress in tissue. Alternatively, DNA can be altered by free radical dam
age. The epigenetic landscape of these genes can change antioxidant function and may result in neurodegenerative disease. This im
balance of free radical production and antioxidant function increases the reactive oxygen species that cause cell damage in neurons 
and is often observed as an age-related event. Increased antioxidant expression in mice is protective against reactive oxygen species in 
neurons as is the exogenous supplementation of antioxidants. Manganese superoxide dismutase requires manganese for its enzymic 
function. Antioxidant therapy is considered for age-related neurodegenerative diseases, and a new mimetic of a manganese superoxide 
dismutase, avasopasem manganese, is described and suggested as a putative treatment to reduce the oxidative stress that causes neu
rodegenerative disease. The aim of this narrative review is to explore the evidence that oxidative stress causes neurodegenerative dam
age and the role of antioxidant genes in inhibiting reactive oxygen species damage. Can the neuronal environment of oxidative stress, 
causing neuroinflammation and neurodegeneration, be reduced or reversed?
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Graphical Abstract

Introduction
Globally, neurological disorders are the second leading cause 
of death and a leading cause of disability.1 The UK has 
850 000 people living with incurable and difficult-to-treat 
forms of dementia, costing over 26 billion per year, predicted 
to double by 2040.2 Therefore, new approaches in the under
standing and novel treatments for neurodegenerative disease 
are of great importance.

This review aims to examine some intracellular antioxi
dant mechanisms that reduce reactive oxygen species 
(ROS) and the effects of oxidative stress (OS) in the CNS 
and explores deficiencies of these mechanisms as a cause of 
disease in neurodegenerative disorders (ND), focusing par
ticularly on Alzheimer’s disease, Parkinson’s disease and mo
tor neuron disease. Multiple sources of research literature 
were explored, and the information was synthesized to pro
vide an up-to-date overview of this topic.

The pathogenesis of the disease is largely caused by phy
siochemically altered proteins, because of the action of 
ROS. The focus of this review is to describe the action of anti
oxidant superoxide dismutase (SOD) in reducing OS. ND 
are characterized by neuronal damage due to OS, and 
some inflammatory processes and epigenetic factors that re
duce antioxidant function are also discussed in the paper.

Although several drugs are prescribed for these disorders, 
some are not able to cross the blood–brain barrier (BBB), and 
their efficacy in treated ND is limited.3

ROS, OS and 
neurodegenerative diseases
ROS are groups of atoms that have odd, unpaired number of 
electrons, causing OS, and play a vital role in the pathophysi
ology of ND. This can be exacerbated by mitochondrial dys
function or reduced antioxidant gene expression.4 There 
are several examples of free radicals (R•s) and these 
include superoxide, oxygen, hydroxyl, alkoxy and peroxyl 
radicals, as well as nitric oxide and nitrogen dioxide 
(Fig. 1).5 There are also non-radical ROS, such as hydrogen 
peroxide, hypochlorous acid and several nitrogen 
compounds. OS biomarker detection tools are available to 
investigate ND, such as immunofluorescence. Using nitro- 
tyrosine, 4-hydrononeal and 8-hydroxyguanine in hippo
campal slices is an example of a method of detection.7,8

Other biomarkers that may be useful as diagnostic tools 
could be protein carbonyls.8

The free radical theory of aging is a well-established the
ory proposing that oxidative damage caused by ROS is a pri
mary cause of aging.9 The effects of ROS, associated with 
ND, is well established in Alzheimer’s disease, Parkinson’s 
disease, Huntington’s disease, amyotrophic lateral sclerosis, 
multiple sclerosis, and Friedreich’s ataxia. Indeed, ROS have 
been shown to cause the methylation of genes altering the 
genetic epigenetic landscape. Many chronic diseases are trig
gered by environmental exposures, such as ROS, that can 
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give rise to aberrant changes in the epigenome and can re
model DNA methylation in chronic disease.9

Genotypes of APOE4 that have been strongly associated 
with OS in the brain have been recognized as susceptibility 
genes for Alzheimer’s disease phenotype and pathogenesis. 
ApoE4 is the least functional antioxidant of the ApoE family 
(ApoE1–4) in addressing OS, and its involvement in SOD2 
antioxidant function is discussed later.10

Although there are both exogenous and endogenous 
sources, the main source of very active endogenous biologic
al ROS is the mitochondria, where the superoxide anion 
radicals, hydrogen peroxide and hydroxyl radicals are gener
ated during mitochondrial electron transport of four electron 
reduction of O2 to H2O2 (Fig. 2).11,12 Endogenous ROS are 
also generated through immune cell activation, inflamma
tion, mental stress, excessive exercise, ischaemia, infection, 
cancer and aging,6 whereas exogenous sources include pollu
tion, alcohol, tobacco, smoke, heavy metals, transition 
metals, industrial solvents, pesticides, radiation and some 
drugs.8

Reactions of an enzymatic nature include those generated 
by phagocytosis and the mitochondrial respiratory chain, 
which differ from non-enzymatic processes, such as oxida
tive phosphorylation in aerobic respiration. However, other 
minor sources of ROS are peroxisomes and endoplasmic re
ticulum with various catabolic pathways.6,12

These potentially dangerous reactive oxidative intermedi
ates, as a by-product of normal metabolism, can play an im
portant role in the pathogenesis of several disorders, 
including neurodegeneration (NDG).13 Both neural and 

vascular dysfunctions can also be mediated by the pseudohy
poxia resulting from an increase in the cytosolic ratio of free 
NADH/NAD+, similarly to true hypoxia. An overproduction 
of ROS in the mitochondria can give rise to the oxidation of 
mitochondrial lipids, proteins and DNA. Further, it is 
known that OS has also been associated with the misfolding 
of proteins, as observed in Creutzfeldt–Jakob disease.4

However, modest increases in ROS can activate positive cel
lular responses, known as hormesis, and can counter normal 
aging processes compared to hyperactivation of signalling 
pathways that promote inflammation, cancer and cell death, 
as observed in the accelerated phenotype of aging.9 This is an 
example of where exposure to a low dose of a chemical agent 
or environmental factor is beneficial but damaging at higher 
doses.

Hormesis is an example of where exposure to a low dose 
of a chemical agent or environmental factor is beneficial 
but damaging at higher doses and where modest increases 
in ROS can activate positive cellular responses. Thus, al
though an imbalance of ROS can cause disease, these highly 
reactive species are also essential molecules with several 
physiological functions that sometimes act as second messen
gers in many tissues. Thus, ROS have a significant role as im
portant signalling molecules in the nervous system, when 
present in low levels, but if the levels are elevated to disrupt 
their homeostasis, they also play a role in the progression of 
inflammatory disorders. When polymorphonucleocytes gen
erate ROS at the site of inflammation during an immune re
sponse, it can result in tissue injury and the dysfunction of 
endothelia.14 There is evidence to suggest that ROS may 

Figure 1 ROS. Examples of ROS as by-products of normal oxygen metabolism including peroxide, superoxide anion, hydroxyl radical and 
hydroxyl ion. All these species have an unpaired electron (except for the hydroxyl ion) making them highly unstable resulting in OS that can cause 
damage to cell structures and DNA. However, some low levels of ROS can have roles in intracellular signalling. Figure based on information from 
Phaniendra et al.6
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influence multiple aspects of neural differentiation, where 
sub-lethal levels of R• species and hydrogen peroxide influ
enced intracellular signalling pathways. These mechanisms 
modulated the gene expression, cell differentiation and 
growth in several different neuronal and non-neuronal cells. 
One study suggests that normal ROS production regulates 
neuronal maturation in biochemistry, physiology and 
morphology and that some of these are processes are 
mediated by superoxide radicals, in particular.15 Microglia 
and astrocytes can be activated by these reactive species.16

It must also be noted that the generation of mitochondrial 
ROS is valuable bactericidal ammunition in the innate im
mune system during bacterial, viral and fungal infections.12

These highly ROS are indiscriminate in their targeting, 
thus causing damage to local tissue cells besides pathogens.13

This production of ROS during infection, as the immune re
sponse is triggered, can damage healthy cells and induce 
chronic inflammation, including neuroinflammation (NI) 
and degeneration.12,16

Inflammasome activation, due to OS, is associated with 
multiprotein complexes that accumulate in the cytosol and 
lead to inflammatory processes with dysfunctional cell 
clearance.17

Another source of OS in some areas of the brain that con
tain high amounts of iron can stimulate R• reactions, such 
as the superoxide anion and hydrogen peroxide. There is 
an age-related build-up of iron complexes and may be a 

potential biomarker tool for diagnosing ND.18 The accumu
lation of iron in the brain requires strict regulation to prevent 
it from generating ROS, which can affect DNA expression 
through epigenetic mechanisms.18,19

Antioxidants
Antioxidants, in general, are natural polyhydroxylated 
phenolic compounds, with low molecular weights. Some 
cellular enzymes are expressed within cellular compartments 
with powerful antioxidant properties that eliminate R•s.20

Many vegetables and fruits also contain dietary 
polyphenols with antioxidant properties, including 
flavonoids, phenolic acids, tannins, lignans, stilbenes, 
catechins and carotenoids.21-23 It is thus clear that antioxi
dants prevent the intracellular oxidation of molecules. 
Electrons or hydrogens are removed from a substance in 
this process, and thus, they can decrease the oxidative 
damage to a cell by reacting directly with R•s. It is considered 
that the location and number of hydroxyl groups on 
aromatic rings of these antioxidant substances may play 
important roles in antioxidant activity.20 Thus, 
antioxidants are R• scavengers that can decrease 
the oxidative damage caused by ROS. Neutralization of 
ROS by antioxidants can be endogenous or exogenous in 
origin.24,25

Figure 2 OS and NDG. ROS are generated by endogenous and exogenous sources. ROS cause OS that can cause DNA and tissue damage, 
resulting in disease processes. Antioxidant genes, such as SOD2, can reduce OS, enabling cell repair to occur and reduce pathogenesis of disease 
caused by OS. OS can damage the CNS and brain cells causing NDG-related diseases such as Alzheimer’s disease, Parkinson’s disease and motor 
neuron disease—these are indicated on the brain figures by the blue and purple areas of the brains, respectively. It is postulated that reducing OS 
may inhibit the pathogenesis of NDG. Figure based on information from Islam.4
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Superoxide dismutase
The ubiquitous family of SOD enzymes that catalyze the dis
mutation of superoxide anions can be associated with cop
per, manganese (Mn), zinc and iron, depending on their 
function, where copper/zinc-associated SOD1 is active in 
the cytosol and organelles. SOD3 is an extracellular enzyme, 
and SOD2 is active in mitochondria, with several structural 
differences (Fig. 3).26 The gene for SOD2 enzyme is found on 
Chromosome 6, and abnormalities of Chromosome 6 have 
been associated with Alzheimer’s disease, indeed with 120 
additional disorders.27 SOD2 has a metalloenzyme antioxi
dant activity and is dependent on the transition metal Mn, 
which is inserted into the complex when SOD2 is newly 
synthesized. SOD2 neutralizes superoxide radical and is con
verted into hydrogen peroxide,26 controlling dioxygen tox
icity in the mitochondria, an organelle of extreme 
oxidative load (Fig. 4).28,29 Mn is a highly studied transition 
metal, and significantly reduced levels of Mn have been mea
sured in patients with Alzheimer’s disease and associated 
with mild cognitive impairment.30 There are other key en
zymes than SOD2 dependent on Mn, such as glutamine 
synthetase, arginase and pyruvate carboxylase.31

Several pathological phenotypes are associated with a loss 
of SOD2 activity.32 There is early lethality in complete 
SOD2−/− knockout mice, but the effects of antioxidant dys
function have been shown in SOD2+/− mice experiments, 
where animals with low antioxidant capacity experienced 
direct damage to lipids, proteins and DNA, though OS also 
caused behavioural impairments as well as increased OS 

makers in the hypothalamus and cortex.33 Indeed, overex
pression of SOD2 in mice reduces hippocampal superoxide 
and prevents memory deficits.34 It is postulated that employ
ing Cre-Lox technology, thus enabling neurons to be tar
geted specifically to experimentally reduced SOD2 
expression in the nervous system, may be a way of further in
vestigating the direct effects of SOD2 deficiency.33

In humans, there is evidence of age-related reduction of 
antioxidant gene expression, observed in the reduced expres
sion of mRNAs coding for SOD1, SOD2 and catalase in the 
preovulatory follicles of women over the age of 38 years, in
dicating an age-related reduced defence against ROS.35

SOD2 expression can also be affected by genetic variation 
in the gene. Some polymorphisms of the SOD2 gene, such as 
V16A polymorphism (rs4880), have a reduced expression 
compared to the SOD2 wild type and are known as a suscep
tibility gene for various conditions emanating from OS. 
There is an association of the SOD2 C47T polymorphism 
with mild cognitive impairment associated with 
Alzheimer’s disease in carriers of the APOE4 allele.36

There are some inconsistencies in these findings when associ
ating SOD2 genotypes with Alzheimer’s disease, as some re
searchers consider that SOD2 (rs4880) does not have a 
determining role in Alzheimer’s disease in the same way 
that SOD1 has in Parkinson’s disease.37 However, the role 
of the SOD2 gene in reducing OS and neutralizing ROS re
mains important in the pathogenesis of oxidative damage 
and some diseases.

Another antioxidant that was shown to ameliorate OS 
and increases SOD2 expression is melatonin. When 

Figure 3 SOD genes. A comparison of the different SOD genes and the enzymes that they encode, showing the catalytic domains that bind Cu/ 
Zn in SOD1 and SOD3 and Mn in SOD2. Homology is shown between intracellular SOD1 and extracellular SOD3. There is no significant amino 
acid homology between SOD2 and SOD1 and SOD3. Figure adapted from Sah et al.11

Oxidative stress and neurodegeneration                                                                         BRAIN COMMUNICATIONS 2024: Page 5 of 12 | 5



administered to irradiated tissue, melatonin boosted SOD2 
activity in normal tissue but not cancer tissue.35 The hypo
thalamic–pituitary–adrenal gland axis has a stress-induced 
increase of cortisol levels that can cross the BBB, which can 
also induce ROS and OS and reduce the expression of mela
tonin, which may affect SOD2 activity. Loss of the circadian 
rhythm of cortisol, with a flatlining of high cortisol levels, 
particularly at night, can reduce melatonin activity.38

Melatonin is essential for sleep healthy patterns, and reduced 
sleep is associated with reduced memory retention.39 Could 
this further reduce SOD2 activity and further contribute to 
neurodegenerative damage? In addition to antioxidant re
placement, melatonin supplementation can have a positive 
effect on antioxidant activity.40

Cadmium has been found to inhibit antioxidant proper
ties of enzymes, such as SOD2, and catalase.41,42 It also 

causes mutations and chromosomal deletions while also en
hancing the production of ROS. A high source of exogenous 
cadmium in humans is from smoking cigarettes, and it is re
ported that 30% of smokers develop vascular dementia and 
40% develop Alzheimer’s disease.39,41

SOD2 as a pharmacological 
agent
Currently, there are few examples of SOD2 administration in 
clinical practice. In considering the concept of SOD2 therapy, 
the exogenous SOD2 supplementation by oral delivery may be 
complicated by the formation of anti-drug antibodies to the ex
ogenous protein or digestion of the protein before it is absorbed, 

Figure 4 Antioxidant mechanism of SOD2. Proposed mechanism for Mn SOD (SOD2) chemical reaction in neutralizing superoxide ROS. 
Figure adapted from Azadmanesh and Borgstahl28 and Azadmanesh et al.29

6 | BRAIN COMMUNICATIONS 2024: Page 6 of 12                                                                                                            A. Houldsworth



so new methods of delivery are under investigation. 
Intramuscular delivery of SOD2 is a possibility. In addition to 
supplementation of SOD2, demethylation of the silenced gene 
or enhanced transcription through associated transcription fac
tors has been suggested.43 One bovine source of SOD, called or
gotein, can be administered intramuscularly but can contain 
some contaminants that cause hypersensitivity.44 Recent devel
opments in pharmaceutical advancements have produced avaso
pasem Mn (GC4419), a SOD mimetic, that can selectively 
reduce superoxide anions to hydrogen peroxide molecules. 
The drug has been developed by Galeria. Trials have been carried 
out administering avasopasem Mn as a treatment for oral muco
sitis and esophagitis after radiation therapy, and the drug ap
pears to be well tolerated and found to protect normal tissues; 
the drug was administered by infusion in the clinical trials.45

Neurodegeneration
Age-related and progressive NDG involves ataxia and de
mentia, affecting the longevity and quality of those affected 
by these disorders. Neurons and glial cells are more suscep
tible to OS and have a higher metabolic demand. This, com
bined with the lower rate of regeneration compared to other 
cells in the body, with inadequate antioxidant potential 
makes the CNS vulnerable to oxidative damage.46 Thus, 
poor antioxidant status or an imbalance of oxidant and anti
oxidant equilibrium is implicated in the pathogenesis of 
ND.32 Brain tissue is highly metabolically active, depending 
on oxidative phosphorylation for its energy source,47 and 
has high levels of lipids, which also consume high levels of 
oxygen. Thus, OS can affect the function of neurons and 
their survival. A broad spectrum of ND is associated with 
this kind of antioxidant dysregulation.32

Mitochondrial proteostasis genes that regulate the chap
eroning, folding and maintenance of protein function are 
downregulated, and protein damage that is not reparable ac
cumulates with age.48,49 The acute imbalance between the 
accumulation of ROS and antioxidant defence mechanisms 
results in OS, as previously described, and this is thought 
to have a principal role in the pathogenesis of Alzheimer’s 
disease, where imbalance promotes the expression of mito
chondrial genes involved in metabolism and the ROS gener
ated causes gene mutations in mitochondrial DNA.48,50

NI is a cascade of reactions and immune events, resulting 
in NDG, and some evidence is developing that OS and NI 
both contribute to the pathophysiology, onset and progres
sion of NDG. OS can contribute to neurodysregulation 
and inflammation.46,50 As discussed in the following section, 
mast cell (MC) activation involves the degranulation of cyto
plasmic granules containing inflammatory mediators, some 
of which are ROS contributing to OS51 (Fig. 1).29

NDG can be characterized by a specific population of neu
rons becoming progressively dysfunctional due to aberrant 
conformations of microtubule-related protein tau where tau 
is a protein that stabilizes the internal skeleton of neurons. 
Tauopathies are associated with many neurodegenerative 

diseases where the most presented is Alzheimer’s disease. OS 
is a significant factor in the pathophysiology of neurodegen
erative tauopathies. Tau hyperphosphorylation is associated 
with the formation of insoluble aggregates of neurofibrillary 
tangles, synaptic dysfunction and neuronal death, and this 
can be induced by OS because it promotes the phosphorylation 
of the protein, thus decreasing the binding affinity of tau to
wards microtubules. Mitochondrial OS causes hyperpho
sphorylation of tau, and this can be reduced by antioxidants. 
SOD2-deficient mice experience a greater hyperphosphoryla
tion of tau than the wild type.52,53

Immunology of NDG
The CNS is a site of immune privilege, and peripheral im
mune cells are not able to cross the BBB, but unlike many 
other haematopoietic immune cells, MCs are present in the 
human brain and found in several structures that mediate 
sensory or neuroendocrine areas while interacting with the 
neuroimmune system.54

Whereas MCs are the first responders during a pathogen in
vasion, activated microglia cells and the presence of certain cy
tokines are reported to be key players in NI.50,54,55 MCs act as 
catalysts that initiate and amplify the immune and nervous re
sponse, recruiting other inflammatory factors.51 They are also 
present in the blood–CSF barrier and in the dural layer of the 
meninges.51 In the brain, they are effectors and sensors on the 
brain side of the BBB where they interact with microglia and as
trocytes. NI is one mechanism that leads to the progression of 
NDG, dysfunction and neuronal loss.

Corticotropin-releasing hormone is released during stress- 
related NDG, released by MCs contributing to the hypo
physial–pituitary–adrenal axis. Thus, MCs interact between 
the immune system and neurons. Releasing this hormone is 
also a response to stress and induces degranulation of 
MCs, which can disrupt the BBB and lead to ND.55

These inflammatory mechanisms in the brain can drive 
formation of amyloid and Aβ plaques that enhance the onset 
of dementia and Alzheimer’s disease; tau forms synaptotoxin 
aggregates that develop into neurofibrillary tangles.56

As first responders in the CNS, MCs degranulate inflam
matory mediators that form a chemotactic pathway for glial 
cells towards the pathogenic stimuli.57

Microglia are innate immune cells of the CNS and have an 
essential role to play in NI.58-60 Microglia are scavengers of 
neural dead cells and are believed to be involved in brain de
fence. They are an important part of the neural immune sys
tem and are largely involved in the clearance of amyloid-beta 
and the development of NI. This important role plays a part 
in the pathogenesis of Alzheimer’s disease. In addition to 
causing the neuronal damage that leads to the pathogenesis 
of Alzheimer’s disease, microglia are also suggested to 
form a protective barrier surrounding amyloid deposits, 
where amyloid fibrils are compacted, and microglia act as 
housekeeping phagocytes, thus maintaining homeostasis by 
Aβ facilitating removal.61 Microglia may also be activated 
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through an excessive generation of superoxide radicals.60

However, antioxidant status of the tissue must be adequate 
to address this increased OS.62

Although some researchers observe that microglia engulf pla
ques and decrease the pathology, it is also thought that they may 
be responsible for spreading the pathology, where activation of 
microglia can contribute to NI, releasing inflammatory 
mediators, including ROS. Two distinct forms of microglia 
are identified, homeostatic and disease-associated microglia 
phenotypes.63,64 Some new therapies involving the modulation 
of microglia phagocytosis have been suggested.65

Parkinson’s disease
In the case of Parkinson’s disease, the degeneration of dopa
minergic neurons involves OS. When physiologic mainten
ance of neuron redox potential is disrupted by biological 
processes, this can lead to cell death.66 Both oxidative and ni
trative damage have been recognized in Parkinson’s disease 
substantia nigra. Dopaminergic neurons in the substantia ni
gra are diminished in Parkinson’s disease. Dopamine is an 
unstable molecule that causes the generation of ROS and 
dopamine quinones, in this region of the brain, causing 
OS, through auto-oxidation.41 This OS and mitochondrial 
dysfunction are central elements in the NDG in 
Parkinson’s disease.67 Aging reduces the ability to maintain 
antioxidant mechanisms against OS, through reduced activ
ity and expression of antioxidant genes, such as SOD2, cata
lase and glutathione peroxidase.9,35

Dopamine itself undergoes auto-oxidation and is an un
stable molecule forming quinones and R•s.68,69 SOD2 en
zyme activity is modified by dopamine quinones and has 
implications for Parkinson’s disease.67

When the brain cells in the substantia nigra that express 
dopamine are lost, this causes Parkinson’s disease.68

Dopaminergic neurons in the midbrain posterior to the 
crus cerebri fibres of the cerebral peduncle, pars compacta 
part of the substantia nigra, are responsible for dopamine 
production. Basal ganglia nerve cells control movement, 
and when they die or are impaired, they reduce electrical sig
nals to the body.69

A SOD2 V16A polymorphism (rs4880) has been asso
ciated with increased susceptibility to Parkinson’s disease 
in a Chinese population.70 This V16A polymorphism has a 
lower expression of Mn SOD than the wild version of the 
gene and has been shown to be associated with other disease 
states, such as diabetic nephropathy.67

Administering functional SOD2 may be beneficial to 
Parkinson’s disease patients in reducing the OS immuno
pathology associated with the NG of these patients.

Motor neuron disease
There are two recognized forms of motor neuron disease in 
humans, one familial and one acquired. The familial version 

of the disease is associated with several genes but predomin
antly SOD1 mutations. SOD1 is an extracellular antioxidant 
that reduces the R• oxygen species to hydrogen peroxide. 
The familial form of the disease appears in about 12–20% in
herited gene defects and 1–2% are spontaneous mutations of 
the aberrant SOD1 protein and are sporadic in nature.71

Recent approaches to treatment are to neutralize the dys
functional amyotrophic lateral sclerosis gene product of 
SOD1 with a monoclonal antibody directed at the protein, 
called tofersen (BIIB067).

New therapies were trialled using m-RNA to block the ab
errant SOD1 protein from being functional, and remarkable 
improvement in the progress and severity of the disease has 
been observed. Clinical benefits of a Phase 3 trial (VALOR 
trial) for patients with the SOD1 mutation were reported 
on in 2021.72,73

As previously mentioned, the accumulation of iron in 
brain tissue generates ROS and requires strict regulation, 
which may be generated from dysfunctional SOD1 
enzymes.74

Different to SOD2, the bio-metallic enzyme, SOD1, relies 
on iron or copper to function as a molecule.26

The antioxidant function of these enzymes is essential in 
reducing the OS caused by ROS in the body, thus inhibiting 
the production of aberrant proteins that cause the damage to 
neurons. In SOD2-deficient mice, there are age-related motor 
neuron disease–associated signalling alterations.75 SOD2 
knockout mice have early lethality and NDG but Cre-Lox 
technology enables SOD2 to be reduced in neurons.33

Thus, could the expression of the non-functional or aber
rant form of SOD1 and SOD2 be corrected to reduce ROS 
and its associated pathology in some patients?, Or could 
the reinstatement with exogenous functional SOD1 further 
enhance current treatment for familial amyotrophic lateral 
sclerosis patients and the administration of SOD2 therapy 
may reduce OS in motor neuron disease generally?

Alzheimer’s disease
The pathogenesis of Alzheimer’s disease is considered to be 
the result of an excessive generation of ROS causing neuro
fibrillary tangles as aggregates of tau, in addition to amyloid 
plaque aggregation of Aβ. This can also give rise to higher 
metabolic demand and/or mitochondrial dysfunction.

As referred to earlier, the hallmarks of Alzheimer’s disease 
include tau and amyloid deposition and in one study tau in
crease of SOD1 expression, which in animal studies, the 
wild-type SOD1 gene expression was found to be protective 
against NDG.52 It is well understood that familial amyo
trophic lateral sclerosis is due to a mutation of SOD1 
(Cu/Zn).76 Indeed, several of the chronic neurodegenerative 
pathologies of the CNS share some common features, such as 
inflammation, OS, synapse dysfunctions, protein misfolding 
and defective autophagia.4,9

As previously explained, the brain produces large 
amounts of ROS, as it is a highly metabolically active organ, 
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usually protected by an elaborate network of antioxidants 
that maintain the delicate equilibrium; thus, OS is thought 
to contribute to Alzheimer’s disease pathogenesis.62

Also mentioned earlier, Mn status is reduced in some 
Alzheimer’s disease patients, and SOD2 antioxidant func
tion is dependent on this transition metal,30 thus may be sup
portive evidence that SOD2 function may be a significant 
factor in the pathogenesis of Alzheimer’s disease.

Epigenetic landscape and 
effects of aging on 
antioxidant mechanisms
Epigenetic changes alter the accessibility to genetic material 
and expression of proteins, by causing genes to be inappro
priately silenced through methylation of DNA. Histone can 
also undergo modification by non-coding RNA, otherwise 
described as junk RNA, and can be altered epigenetically.77

Methylomic changes have been noted in a few loci in post- 
mortem brain samples of Alzheimer’s disease patients with 
psychosis. Hypermethylation is observed with age and can 
be identified by biochemical tests as biomarkers for the epi
genetic clock, where geroscience is attempting to measure 
the phenotypic age of patients through these markers.78 As 
a result of these changes of the age-related epigenetic land
scape, where some are a result of reactive oxidative damage 
to DNA, the accumulation of OS can cause cognitive aging 
and NDG. SOD2 has been shown to be affected and modi
fied by such mechanisms, especially because of diabetes.67,76

Hypermethylation of CpG nucleotides within the SOD2 pro
moter has been associated with reduced SOD2 expression.79

APOE4, as previously mentioned, is a susceptibility gene for 
Alzheimer’s disease that has antioxidant activity. In an 

experiment demonstrating the actions of antioxidant function, 
APOE4-targeted replacement mice had a higher expression 
of antioxidant activity against OS.10 If the expression of other 
antioxidants, such as SOD2, is also silenced or their expression 
diminished due to age, epigenetic alterations could explain the 
increased OS associated with Alzheimer’s disease pathogen
esis.10 Further, although there is some discussion about the dir
ect association of rs4880-T allele of the SOD2 gene with 
Alzheimer’s disease, patients with mild cognitive impairment 
and Alzheimer’s disease are more prevalent in individuals 
with a combination of the associated APOEe4 allele and 
SOD2 polymorphism.30,36

Conclusion
It is clear from the research that an imbalance of ROS gener
ation can be a cause of OS in neural tissue, but also effective 
antioxidant function can reduce the resultant oxidative dam
age from ROS (Table 1).25,80 Antioxidant mechanisms clear
ly have the potential to reduce OS by eliminating ROS; 
however, antioxidant gene expression can be affected by 
age and epigenetic events as well as DNA damage mechan
isms, reducing their ability to reduce ROS. In addition, sleep 
deprivation may diminish the action of melatonin, an activa
tion factor for SOD2.

After presenting all this evidence, questions about chan
ging the microenvironment of the CNS must be considered, 
before irreversible damage occurs, regarding pathogenic 
levels of ROS and OS, and can any of this damage be re
versed.81 It is hoped that this review will contribute to the 
knowledge and understanding of preclinical research for 
the enhancement of clinical translational therapies for 
patients with diseases caused by OS-induced NDG.

Advancements in technology could improve strategies 
to address OS-induced disease, and the recent era of 

Table 1 ND, for example, of different pathogenesis of cell deregulation, aberrant proteins and genetic 
associations, highlighting the different areas of the brain that are affected in the disorders adapted from Bernaus 
et al.80 and Li et al.81

Neurodegenerative disorder

Alzheimer’s disease Parkinson’s disease Huntington’s disease

Motor neuron disease 
(amyotrophic lateral 

sclerosis)

Agent OS OS OS OS
Glial deregulation Phagocytic clearance, NI, autophagy, microgliosis, BBB dysregulation
Epigenetic factors DNA methylation, chromatin remodelling and histone post-translational modifications
Mode of action Activation of macromolecule, glial 

cell and tau phosphorylation
Lipid peroxidation and 

mutation in α-synuclein
Lipid peroxidation SOD1 activation, inflammation 

Familial form has SOD1 
mutation

Aberrant protein and 
cause of neuronal 
deregulation

Aβ plaques, tau neurofibril tangles α-Synuclein misfolding 
protein

Huntingtin (Htt) protein Multiple impaired protein 
homeostasis due to  
ER stress

Gene association ApoE4, amyloid precursor protein 
(APP), presenilin 1/2 (PSEN1/2)

SNCA, LRRK2 HTT (IT15) SOD1, TDP-43, FUS

Area of the brain affected Hippocampus Basal ganglia and 
substantia nigra

Caudate nucleus, putamen 
and globus pallidus

Lower and upper motor
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nanotechnology offers new frontiers of opportunity for ad
ministering drugs to cross the BBB, which mainly involves 
the opening of tight junctions and the inhibition of efflux 
pumps.3

As well as antioxidant mimetics, methods to increase the 
activity of antioxidant enzymes may reduce the oxidative 
damage to neural tissue, as observed in Alzheimer’s disease, 
Parkinson’s disease and motor neuron disease.

Increased expression of SOD2 and mimetic alternatives 
with similar function have been shown to reduce ROS and 
protect against OS in clinical trials for other causes of OS, 
such as post chemotherapy radiotherapy–induced oxidative 
damage in irradiated tissue. New mimetic drugs that mimic 
the activity of SOD2 have been successful in reducing dam
age from radiotherapy-induced OS and may also be able to 
reduce the progression of NDG. It is hoped that clinical trials 
to test this hypothesis, by enhancing antioxidant function, 
may be effective against some ND.

Early diagnosis of ND diseases is improving, especially 
with the discovery of susceptibility genes and different com
binations of gene expression observed in patients with 
Alzheimer’s disease, Parkinson’s disease and motor neuron 
disease. It is hopeful that a new era of early diagnosis and 
the reduction of OS may reduce the pathogenesis of some 
ND at an early stage of disease.

Some suggestions for increasing our understanding of this 
topic include establishing the antioxidative status of patients 
with Alzheimer’s disease, genotyping associated gene poly
morphisms, measuring antioxidant status in patients and 
testing patients for their Mn, Cu and Zn status as well as 
OS markers.

A clinical trial of SOD2 mimetics for some patients with 
ND would be an interesting step forward in assessing its ef
ficacy in patient at an early stage of their diagnosis.

Funding
None declared.

Competing interests
The authors report no competing interests.

Data availability
Data sharing is not applicable to this article as no new data 
were created or analysed in this study.

References
1. Feigin VL, Vos T, Nichols E, et al. The global burden of neurological 

disorders: Translating evidence into policy. Lancet Neurol. 2020; 
19(3):255-265.

2. Davenport F, Gallacher J, Kourtzi Z, et al. Neurodegenerative dis
ease of the brain: A survey of interdisciplinary approaches. J R 
Soc Interface. 2023;20(198):20220406.

3. Lamptey RNL, Chaulagain B, Trivedi R, Gothwal A, Layek B, Singh 
J. A review of the common neurodegenerative disorders: Current 
therapeutic approaches and the potential role of nanotherapeutics. 
Int J Mol Sci. 2022;23(3):1851.

4. Islam MT. Oxidative stress and mitochondrial dysfunction-linked 
neurodegenerative disorders. Neurol Res. 2017;39(1):73-82.

5. Lushchak VI. Free radicals, reactive oxygen species, oxidative stress 
and its classification. Chem Biol Interact. 2014;224:164-175.

6. Phaniendra A, Jestadi DB, Periyasamy L. Free radicals: Properties, 
sources, targets, and their implication in various diseases. Indian J 
Clin Biochem. 2015;30(1):11-26.

7. Kohen R, Nyska A. Oxidation of biological systems: Oxidative 
stress phenomena, antioxidants, redox reactions, and methods for 
their quantification. Toxicol Pathol. 2002;30(6):620-650.

8. Frijhoff J, Winyard PG, Zarkovic N, et al. Clinical relevance of bio
markers of oxidative stress. Antioxid Redox Signal. 2015;23(14): 
1144-1170.

9. Anik MI, Mahmud N, Masud AA, et al. Role of reactive oxygen spe
cies in aging and age-related diseases: A review. ACS Appl Bio 
Mater. 2022;5(9):4028-4054.

10. Butterfield DA, Mattson MP. Apolipoprotein E and oxidative stress 
in brain with relevance to Alzheimer’s disease. Neurobiol Dis. 2020; 
138:104795.

11. Sah SK, Agrahari G, Kim TY. Insights into superoxide dismutase 3 
in regulating biological and functional properties of mesenchymal 
stem cells. Cell Biosci. 2020;10:22.

12. Turrens JF. Mitochondrial formation of reactive oxygen species. 
J Physiol. 2003;552(Pt 2):335-344.

13. Chen X, Guo C, Kong J. Oxidative stress in neurodegenerative 
diseases. Neural Regen Res. 2012;7(5):376-385.

14. Mittal M, Siddiqui MR, Tran K, Reddy SP, Malik AB. Reactive oxy
gen species in inflammation and tissue injury. Antioxid Redox 
Signal. 2014;20(7):1126-1167.

15. Tsatmali M, Walcott EC, Makarenkova H, Crossin KL. Reactive 
oxygen species modulate the differentiation of neurons in clonal 
cortical cultures. Mol Cell Neurosci. 2006;33(4):345-357.

16. Fokam D, Hoskin D. Instrumental role for reactive oxygen species 
in the inflammatory response. Front Biosci (Landmark Ed). 2020; 
25(6):1110-1119.

17. Piippo N, Korhonen E, Hytti M, Kinnunen K, Kaarniranta K, 
Kauppinen A. Oxidative stress is the principal contributor to inflam
masome activation in retinal pigment epithelium cells with defunct 
proteasomes and autophagy. Cell Physiol Biochem. 2018;49(1): 
359-367.

18. Ward RJ, Zucca FA, Duyn JH, Crichton RR, Zecca L. The role of 
iron in brain ageing and neurodegenerative disorders. Lancet 
Neurol. 2014;13(10):1045-1060.

19. Dickson KB, Zhou J. Role of reactive oxygen species and iron in 
host defense against infection. Front Biosci (Landmark Ed). 2020; 
25(8):1600-1616.

20. Ali Al-Mamary M, Moussa Z. Antioxidant activity: The presence 
and impact of hydroxyl groups in small molecules of natural and 
synthetic origin. Antioxidants—Benefits, sources, mechanisms of 
action. 2021. doi:10.5772/intechopen.95616

21. Del Rio D, Rodriguez-Mateos A, Spencer JPE, Tognolini M, Borges 
G, Crozier A. Dietary (poly)phenolics in human health: Structures, 
bioavailability, and evidence of protective effects against chronic 
diseases. Antioxid Redox Signal. 2013;18(14):1818-1892.

22. Chen ZY, Chan PT, Ho KY, Fung KP, Wang J. Antioxidant 
activity of natural flavonoids is governed by number and location 
of their aromatic hydroxyl groups. Chem Phys Lipids. 1996; 
79(2):157-163.

23. Beetch M, Harandi-Zadeh S, Shen K, et al. Dietary antioxidants 
remodel DNA methylation patterns in chronic disease. Br 
J Pharmacol. 2020;177(6):1382-1408.

10 | BRAIN COMMUNICATIONS 2024: Page 10 of 12                                                                                                        A. Houldsworth

https://doi.org/10.5772/intechopen.95616


24. Willcox JK, Ash SL, Catignani GL. Antioxidants and prevention of 
chronic disease. Crit Rev Food Sci Nutr. 2004;44(4):275-295.

25. Singh A, Kukreti R, Saso L, Kukreti S. Oxidative stress: A key modu
lator in neurodegenerative diseases. Molecules. 2019;24(8):1583.

26. Zelko IN, Mariani TJ, Folz RJ. Superoxide dismutase multigene 
family: A comparison of the CuZn-SOD (SOD1), Mn-SOD 
(SOD2), and EC-SOD (SOD3) gene structures, evolution, and ex
pression. Free Radic Biol Med. 2002;33(3):337-349.

27. Borchers CH, Kast J, Foster LJ, et al. The human proteome organiza
tion chromosome 6 consortium: Integrating chromosome-centric and 
biology/disease driven strategies. J Proteomics. 2014;100:60-67.

28. Azadmanesh J, Borgstahl GEO. A review of the catalytic mechanism 
of human manganese superoxide dismutase. Antioxidants (Basel). 
2018;7(2):25.

29. Azadmanesh J, Lutz WE, Coates L, Weiss KL, Borgstahl GEO. 
Direct detection of coupled proton and electron transfers in human 
manganese superoxide dismutase. Nat Commun. 2021;12(1):2079.

30. Du K, Liu M, Pan Y, Zhong X, Wei M. Association of serum man
ganese levels with Alzheimer’s disease and mild cognitive impair
ment: A systematic review and meta-analysis. Nutrients. 2017; 
9(3):231.

31. Chen P, Bornhorst J, Aschner M. Manganese metabolism in hu
mans. Front Biosci (Landmark Ed). 2018;23:1655-1679.

32. Flynn JM, Melovn S. SOD2 in mitochondrial dysfunction and neu
rodegeneration. Free Radic Biol Med. 2013;62:4-12.

33. Oh SS, Sullivan KA, Wilkinson JE, et al. Neurodegeneration and 
early lethality in superoxide dismutase 2-deficient mice: A compre
hensive analysis of the central and peripheral nervous systems. 
Neuroscience. 2012;212:201-213.

34. Massaad CA, Washington TM, Pautler RG, Klann E. 
Overexpression of SOD-2 reduces hippocampal superoxide and 
prevents memory deficits in a mouse model of Alzheimer’s disease. 
Proc Natl Acad Sci U S A. 2009;106(32):13576-13581.

35. Tatone C, Carbone MC, Falone S, et al. Age-dependent changes in 
the expression of superoxide dismutases and catalase are associated 
with ultrastructural modifications in human granulosa cells. Mol 
Hum Reprod. 2006;12(11):655-660.

36. Gamarra D, Elcoroaristizabal X, Fernández-Martínez M, de 
Pancorbo MM. Association of the C47T polymorphism in SOD2 
with amnestic mild cognitive impairment and Alzheimer’s disease 
in carriers of the APOEϵ4 allele. Dis Markers. 2015;2015:746329.

37. Siokas V, Stamati P, Pateraki G, et al. Analysis of SOD2 rs4880 gen
etic variant in patients with Alzheimer’s disease. Curr Issues Mol 
Biol. 2022;44(10):4406-4414.

38. Boivin DB, Boudreau P, Kosmadopoulos A. Disturbance of the cir
cadian system in shift work and its health impact. J Biol Rhythms. 
2022;37(1):3-28.

39. Acosta MT. [Sleep, memory and learning]. Medicina (B Aires). 
2019;79 Suppl 3:29-32.

40. Morvaridzadeh M, Sadeghi E, Agah S, et al. Effect of melatonin sup
plementation on oxidative stress parameters: A systematic review 
and meta-analysis. Pharmacol Res. 2020;161:105210.

41. Peng Q, Bakulski KM, Nan B, Park SK. Cadmium and Alzheimer’s 
disease mortality in U.S. adults: Updated evidence with a urinary bio
marker and extended follow-up time. Environ Res. 2017;157:44-51.

42. Rani A, Kumar A, Lal A, Pant M. Cellular mechanisms of 
cadmium-induced toxicity: A review. Int J Environ Health Res. 
2014;24(4):378-399.

43. Rosa AC, Corsi D, Cavi N, Bruni N, Dosio F. Superoxide dismutase 
administration: A review of proposed human uses. Molecules. 2021; 
26(7):1844.

44. de Benito V, de Barrio M, de López-Sáez MP, et al. Anaphylactic 
shock caused by impurities in orgotein preparations. Allergol 
Immunopathol (Madr). 2001;29(6):272-275.

45. Sonis ST. Superoxide dismutase as an intervention for radiation 
therapy-associated toxicities: Review and profile of avasopasem 
manganese as a treatment option for radiation-induced mucositis. 
Drug Des Devel Ther. 2021;15:1021-1029.

46. Friedman J. Why is the nervous system vulnerable to oxidative 
Stress?. Oxidative Stress and Free Radical Damage in Neurology. 
2011. doi:10.1007/978-1-60327-514-9_2

47. Bélanger M, Allaman I, Magistretti PJ. Brain energy metabolism: 
Focus on astrocyte-neuron metabolic cooperation. Cell Metab. 
2011;14(6):724-738.

48. Jadiya P, Tomar D. Mitochondrial protein quality control mechan
isms. Genes (Basel). 2020;11(5):563.

49. Patil H, Yoon D, Bhowmick R, Cai Y, Cho KI, Ferreira PA. 
Impairments in age-dependent ubiquitin proteostasis and 
structural integrity of selective neurons by uncoupling Ran 
GTPase from the Ran-binding domain 3 of Ranbp2 and identifica
tion of novel mitochondrial isoforms of ubiquitin-conjugating en
zyme E2I (ubc9) and Ranbp2. Small GTPases. 2019;10(2):146-161.

50. Manoharan S, Guillemin GJ, Abiramasundari RS, Essa MM, Akbar 
M, Akbar MD. The role of reactive oxygen species in the pathogen
esis of Alzheimer’s disease, Parkinson’s disease, and Huntington’s 
disease: A mini review. Oxid Med Cell Longev. 2016;2016: 
8590578.

51. Dong H, Zhang X, Qian Y. Mast cells and neuroinflammation. Med 
Sci Monit Basic Res. 2014;20:200-206.

52. Bartolome F, Carro E, Alquezar C. Oxidative stress in tauopathies: 
From cause to therapy. Antioxidants (Basel). 2022;11(8):1421.

53. Haque MM, Murale DP, Kim YK, Lee JS. Crosstalk between oxida
tive stress and tauopathy. Int J Mol Sci. 2019;20(8):1959.

54. Hendriksen E, van Bergeijk D, Oosting RS, Redegeld FA. Mast cells 
in neuroinflammation and brain disorders. Neurosci Biobehav Rev. 
2017;79:119-133.

55. Bhuiyan P, Wang Y-W, Sha H-H, Dong H-Q, Qian Y-N. 
Neuroimmune connections between corticotropin-releasing hor
mone and mast cells: Novel strategies for the treatment of neurode
generative diseases. Neural Regen Res. 2021;16(11):2184.

56. d’Errico P, Meyer-Luehmann M. Mechanisms of pathogenic tau 
and Aβ protein spreading in Alzheimer’s disease. Front Aging 
Neurosci. 2020;12:265.

57. Sandhu JK, Kulka M. Decoding mast cell-microglia communication 
in neurodegenerative diseases. Int J Mol Sci. 2021;22(3):1093.

58. Muzio L, Viotti A, Martino G. Microglia in neuroinflammation and 
neurodegeneration: From understanding to therapy. Front 
Neurosci. 2021;15:742065.

59. Nakajima K, Kohsaka S. Microglia: Activation and their significance 
in the central nervous system. J Biochem. 2001;130(2):169-175.

60. Leng F, Edison P. Neuroinflammation and microglial activation in 
Alzheimer disease: Where do we go from here? Nat Rev Neurol. 
2021;17(3):157-172.

61. Hansen DV, Hanson JE, Sheng M. Microglia in Alzheimer’s disease. 
J Cell Biol. 2018;217(2):459-472.

62. Massaad CA. Neuronal and vascular oxidative stress in Alzheimer’s 
disease. Curr Neuropharmacol. 2011;9(4):662-673.

63. Gratuze M, Chen Y, Parhizkar S, et al. Activated microglia mitigate 
Aβ-associated tau seeding and spreading. J Exp Med. 2021;218(8): 
e20210542.

64. Wang M, Pan W, Xu Y, Zhang J, Wan J, Jiang H. 
Microglia-mediated neuroinflammation: A potential target for the 
treatment of cardiovascular diseases. J Inflamm Res. 2022;15: 
3083-3094.
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