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Abstract Why certain people relish healthy aging
throughout their life span while others suffer patholog-
ical consequences? In this review, we focus on some of
the dominant paradigms of pathological aging, such as
amyotrophic lateral sclerosis (ALS), Alzheimer’s dis-
ease (AD), and Parkinson’s disease (PD), and predict
that the antioxidant superoxide dismutase 1 (SOD1),
when post-translationally modified by aging-associated
oxidative stress, acts as a mechanism to accelerated
aging in these age-related neurodegenerative diseases.
Oxidative modifications of natively reduced SOD1 in-
duce pathological confirmations such as misfolding,
leading to a subsequent formation of monomeric, olig-
omeric, and multimeric aggregates. Misfolded SOD1
propagates like prions from cell to cell. These modified
conformations are detected in brain tissues in ALS, AD,

and PD, and are considered a contributing factor to their
initial pathogenesis. We have also elaborated on oxida-
tive stress-induced non-native modifications of SOD1
and offered a logistic argument on their global implica-
tion in accelerated or pathological aging in the context
of ALS, AD, and PD.
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Introduction

The primeval pursuit of immortality is reflected in the
extended life expectancy of the twenty-first century [1].
Unfortunately, the extra years of life are mostly bur-
dened with age-related diseases. For instance, a demo-
graphic transformation, where the old age population
outnumbers the children first ever in history, will be
striking the USA by 2030 [2]. The senior and geriatric
population will reach 2.1 billion by 2050. In recent
years, this alarming shift of population aging is meta-
phorically termed as silver tsunami or gray tsunami [3].
The catastrophic tide of age-related chronic diseases
threatens to overwhelm our health care system, finance,
and quality of life. As a result, endeavors targeting the
delayed onset of pathological aging have drawn signif-
icant attention in recent studies [1]. Pathological aging is
an accelerated aging marked by the symptomatic exis-
tence of one or more age-related diseases, which may
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occur secondarily to genetic predisposition, infections,
immunodeficiency, malnutrition, hormonal dysregula-
tion, enzymatic malfunction, physical and mental stress,
and trauma [4]. The functional deterioration in patients
is variable depending upon the disease pathology. Ex-
ternally, the onset of pathological aging is identified by
the appearance of disease-specific symptoms, whereas,
at the molecular level, the transition between healthy
aging and pathological aging could be subtle and indis-
tinguishable [4, 5]. However, a rational approach to
increase the healthspan is to delay the onset of patho-
logical aging by understanding global molecular chang-
es associated with aging that might alter the internal
homeostasis towards disease pathogenesis.

Whether aging is a disease or not is a long-run
debate. We consider biological aging as an entity that
includes both physiological and healthy aging. Healthy
aging is constant, slowly progressive, and regulated by
an active repair mechanism [6]. Contrary to this, patho-
logical aging is selective and accelerated that features
the incompetence of the intrinsic repair mechanisms and
pre-clinical or clinical existence of one or more age-
related diseases [7]. Comprehensively, in healthy aging,
there is a constant balance between the damage accu-
mulation and damage repair, known as a quasi-stable
equilibrium state [6]. When this equilibrium is lost, the
majority of cases end up suffering pathological aging.
The universal criteria of age-related diseases are aging
itself [8]. The commencement of pathological aging is
marked by the onset of these debilitative conditions that
potentially shortens our healthy lifespan. Hence, it is
crucial to identify mechanistic aggravators of patholog-
ical aging.

Super oxide dismutase 1 (SOD1) is an endogenous
protein that constitutes the earliest defense mechanism
against bio-reactive free radicals. The efficiency of
SOD1 in coping up with oxidative stress in the first
place could be a major determinant of further conse-
quences initiated by the free radicals [9]. In contrast to
its universal role as an antioxidant, post-translational
modifications (PTMs) associated with SOD1 such as
phosphorylation, acetylation, oxidation, carbonylation,
misfolding, aggregation, and its crosslinking with other
pathological agents are currently implicated in the glob-
al aging process [10, 11]. Despite a considerable amount
of study, the alleged toxic gain of function in SOD1
remains scattered and elusive [12]. The review aims to
concise the argument of SOD1 post-translational mod-
ification in pathological aging by prioritizing the

following crucial aspects: biological consequences of
toxic conformations of SOD1, particularly in the aging
population; toxic conformations of SOD1 as an aging
factor in the disease pathogenesis in amyotrophic lateral
sclerosis (ALS), and PTM SOD1 as a universal inducer
of pathological aging.

Aging-associated oxidative modification of SOD1

Aging-associated oxidative stress induces alterations in
SOD1 that are extensively studied and highly relevant to
accelerated aging in ALS patients [13]. An earlier study
has claimed that SOD1 can adopt more than 44 confor-
mations depending upon the variety and extent of post-
translational modifications, which exert physiological
and pathological implications [14]. It is uncertain
whether these modifications occur sequentially, one
after another, until they reach the final toxic forms.
Studies suggest that the pathogenicity of the intermedi-
ate conformations like misfolded or oligomeric SOD1 is
more detrimental compared to the initial oxidized ones
or themultimeric aggregates [15, 16]. Besides, oxidative
stress may not be the only stimulus to provoke patho-
logical modification. For example, irrespective of aging,
protein may directly misfold by mutation, translational
errors, or aberrant post-translational modifications and
then initiate the oligomeric and multimeric transforma-
tions [17]. In contrast, oxidative modification of SOD1
appears more relevant and substantial during patholog-
ical aging [18]. Oxidation is one of the predominant
non-enzymatic post-translational modifications associ-
ated with the aging process. It contributes to chemical
modification at the susceptible side chains that shift the
conformational stability towards the aggregation-prone
state [19]. Oxidized proteins are associated with a num-
ber of age-related conditions such as ALS, Alzheimer’s
disease, Parkinson’s disease, cataracts, rheumatoid ar-
thritis, respiratory distress syndrome, and progeria [20,
21]. The thiol groups in cysteine residue are particularly
susceptible to redox modification, and irreversible oxi-
dation of a free single cysteine residue can substantially
influence the native folding of a globular protein [22].
Cysteine residues in proteins can exist as different redox
forms, among which thiol (-SH), disulfide forms (-S-S-)
are the most common, but derivatives with a higher
oxidation state such as sulfenic (RSOH), sulfinic
(RSO2H), and sulfonic (RSO3H) acid are detected in a
growing number of proteins. Sulfonic acid is the most
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highly oxidized thiol species, and its formation is irre-
versible [23]. Being an essential antioxidant, SOD1 is
least expected to be damaged by oxidative stress, yet
oxidative stress-induced post-translational modifica-
tions of SOD1 are studied extensively, mostly because
of its structural conformation and close amalgamation
with free radical homeostasis [24, 25]. A mass spectro-
metric analysis confirmed the oxidation of WT hSOD1
when exposed to H2O2. Electron capture dissociation
(ECD) showed that the residue cysteine-111 in SOD1
was initially targeted for oxidative modification to form
irreversible sulfonic acid [13]. It corresponds to our lab
findings, where the pegylation reaction identified SOD1
oxidation in G93A transgenic mice [23]. Besides, point
mutation of the cysteine residues in SOD1 recognized
cysteine-111 as the primary target of PTM by oxidation.

Along with these, several other studies have ad-
dressed SOD1 oxidation at cysteine-111 residue as a
preliminary stress response occurring to both wild type
and mutant variants [26, 27]. It is understandable due to
its natively reduced thiol state (-SH) and surface local-
ization on the protein, offering more exposure to envi-
ronmental stress [23]. Cysteine exhibits an extreme
conservation pattern; for a strictly preserved cysteine
residue in a protein, the degree of conservation is around
90%, for instance, the stable disulfide bond between
cysteine 57 and cysteine 146. Whereas in a susceptible
location, conservation efficiency is less than 10%, such
as surface-exposed cysteine-111 in SOD1 [28].

Polarity-wise, cysteine is considered a hydrophobic
residue because it prefers to stay buried within the
protein, quite similar to the cysteine 6 residue in
SOD1. Studies argue that this is likely evolutionary to
avoid the existence of unpaired cysteine on the protein
surface [29]. Nevertheless, it helps explain why cyste-
ine-111 is not well tolerant of free radicals. Another
notable feature of cysteine is its inclination towards
cluster formation with other reduced cysteine residues
nearby, a criterion of redox sensitivity. The burial ten-
dency and the cluster forming nature imply that the
cysteine-111, which is exposed and isolated/unpaired
on the protein surface, is the minimally protected cyste-
ine in SOD1 and a delicate target for oxidative modifi-
cation [29].

Apart from cysteine-111, several other residues are
described to be modified post-translationally. For in-
stance, high molecular weight SOD1 aggregates that
increased up to 40-fold in aged yeast cells consisted of
oxidized cysteine 146, histone 120, and histone 71

residues as well [27]. Other forms of redox modification
such as carbonylation, glutathionylation, palmitoylation,
and nitration are detected at cysteine-111, cysteine 146,
cysteine 57, and W32 residues of SOD1 [24]. Overall,
oxidation of SOD1 is, so far, the most deliberate form of
post-translational modification with potential conse-
quences of misfolding and aggregate formation (Fig. 1).

Misfolding of SOD1

Protein misfolding refers to folding into an incorrect
three-dimensional configuration that is typically non-
functional and often resistant to breakdown [30]. Al-
though the intramolecular disulfide bridge facilitates
SOD1 stability, oxidative modifications could destabi-
lize the protein and lead to misfolding before aggregate
formation. These misfolded conformations are unusual-
ly stable, which is more often a feature of the natively
folded protein [31].

However, biophysically, the SOD1 proteins are
stuffed with beta-sheets, stabilized by H-bonds, linking

Fig. 1 Post-translational modifications of SOD1. Unwarranted
escalation of oxidative stress during aging could irreversibly oxi-
dize the SOD1 protein at its cysteine-111 residue, culminating in
protein misfolding and aggregate formation
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the NH and CO groups of two distinct polypeptides
pleated β strands [32]. While in α-helix, the H-bonds
are formed between the NH group of one amino acid
residue and the CO group of another amino acid residue
within the same strand. Overall, in β sheets, the bonds
are between 2 separate strands. Hence, the second strand
could belong to different domains of the same protein or
a separate molecule, giving rise to a stably crosslinked
oligomeric or multimeric β sheet structure. Thus, the
misfolded SOD1 self-associates or crosslinks with other
proteins to deposit in various cells or tissues [30].

The proteins identified so far to be involved in con-
formational diseases have no specific sequence or struc-
tural resemblance [30, 33]. Specific epitopes in SOD1
are identified to be exposed by misfolding, which are
utilized to raise conformation-specific antibodies [34].
Human SOD1 contains a masked Derlin-1 binding re-
gion (DBR) expanding over amino acid residues 6-16,
which upon exposure, captures the essential Derlin pro-
tein of the EARD complex to induce ER stress [35]. The
unveiled DBR region in misfolded SOD1 could be a
potential therapeutic target for selective removal of ab-
errant SOD1 conformations without interrupting the
native ones. Misfolded SOD1 may trigger detrimental
consequences such as metal loss, disulfide bond reduc-
tion, monomerization, and further protein aggregation
[36].

Aggregation and prion-like propagation of SOD1

Aggregates refer to insoluble pathological inclusions in
the brain tissues predominantly featured in the end stage
of neurodegenerative diseases [37]. Oxidatively modi-
fied SOD1 adopts a misfolded conformation that ex-
poses the protein’s hydrophobic sequences to interact
covalently with the exposed hydrophobic patches of
other misfolded SOD1 in its vicinity. Such oligomers
even offer covalent attachment to other native proteins
and construct highmolecular weight (HMW) aggregates
[38]. The oligomers could be considered more toxic
conformations as they resemble an active spreading
state. In contrast, a relevant study has claimed that the
hydrophobic residues tend to get concealed or dipped
within the large aggregates, thereby acting in a neuro-
protective manner by sequestering the toxic SOD1 spe-
cies [15].

The term “prion-like propagation” is implicated con-
spicuously because prion diseases are infectious

conditions, unlike neurodegenerative diseases such as
ALS [39]. However, post-translationally modified
SOD1 shares some of the mechanical properties of infec-
tious prion aggregates, such as self-seeding and cross
seeding with each other intracellularly and cell-to-cell
transmissions [40]. It is hypothesized that misfolded
SOD1 acts as a structural template that interacts with its
natural counterpart and induces misfolding of the cap-
tured protein in a template-directed reaction [40]. Elon-
gation of the misfolded SOD1 fibrils encounters sponta-
neous breakage that exposes new ends to allow prion-like
replication of more native proteins and the spreading of
the self-propagating core [38]. Also, the cell-to-cell trans-
mission is another prion-like feature shared by modified
SOD1 aggregates [35]. The dissemination into the extra-
cellular space might occur, followed by cell death or
exosome-mediated vesicular transport [41]. The large
aggregates stimulate micropinocytosis in neurons to ex-
pedite their propagation [35]. Overall, once the protein is
oxidatively modified to a critical limit, a chain reaction is
instigated through subsequent misfolding, aggregation,
and prion-like propagation, which may not precisely
comply with the corresponding order.

The protein misfolding and aggregation theory is
argued from different standpoints. Protein misfolding
is autonomous of aggregation, which means the latter
is an optional endpoint of conformational protein chang-
es. Again, an opposite theory predicts aggregation as the
primary inducer and stabilizer of the misfolded proteins
[42]. It is wildly speculated that various mutant SOD1
variants acquire a toxic property to induce motor neuron
death in ALS, although the gain of function is not yet
well defined. Aging-related post-translational modifica-
tions of SOD1 offer a plausible explanation for the toxic
gain of function. So far, the post-translational modifica-
tions stated above overlap each other and exhibit con-
formational plasticity, which means the potential to
adopt multiple stable tertiary folds [43]. Besides, the
molecular aging proceeds internally before the symp-
toms become evident [44]. In this regard, it is crucial to
determine the initial appearance of these non-native
conformations. It has been claimed that the aggregate
formation in ALS is mostly an end-stage phenomenon
[45], which indicates that oxidized or oligomeric SOD1
could be detected in a substantial amount at the pre-
symptomatic phase in attainable samples like CSF or
serum. Perhaps, the hypothesis might be tested initially
in populations with a genetic predisposition to patho-
logical aging.
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SOD1 modification as a mechanism of global aging

Protein aggregation pathologies have gained importance
concerning age-related neurodegenerative conditions
since their topological distribution pattern and progres-
sion correlate with the clinical phenotypes of the patient
[46]. Lately, aggregates composed of multiple patholog-
ical agents are being detected from patients phenotypi-
cally expressing one form of neurodegenerative diseases
[47]. It raises the possibility of a potential primary
inducer contributing to multiple neuropathological ag-
ing in diverse disease formats.

Amyotrophic lateral sclerosis and SOD1

Amyotrophic lateral sclerosis is an ideal example of
pathological aging, a severely progressive and globally
lethal age-related disease with underlying degeneration
of upper and lower motor neurons (UMN&LMN) [48].
About 90% of the ALS cases are sporadic, while the
remaining 10% are familial ALS linked to mutations in
various genes, mostly chromosome-9 open reading
frame 72 (C9ORF72), SOD1 (Superoxide dismutase
1), TAR DNA-binding protein (TARDBP), and fused
in sarcoma (FUS) [48]. The peak age of disease onset is
58 to 63 years for the sporadic form and 47 to 52 years
for familial cases. The average life expectancy with
ALS is only 2-5 years after the disease onset [49], death
occurring mostly due to the paralysis of respiratory
muscles. The disease progression in ALS is fatal, in-
volving neurons and glial cells, multiple organelles es-
pecially, ER andmitochondria, and initiates a cascade of
inflammatory responses in the internal milieu [50]. A
multifaceted disease pathology associated with ALS
jeopardizes the therapeutic interventions due to which
it is challenging to halt the disease progression. Instead,
delaying the pathological aging in ALS by targeting the
disease onset is a rational approach to increase the
healthy life span in these patients.

Approximately 25% of familial ALS (fALS) are
associated with genetic mutations in SOD1[10], where-
as 5% of sporadic ALS (sALS) have shown alliance
with the wild variety of SOD1. Transgenic mice over-
expressing mutant forms of hSOD1 mimic the pheno-
typic trajectory of the human condition in ALS [11].
Studies with the G93A mouse model have shown that
the onset of the disease is relative to the copy number of
the hSOD1 transgene. For instance, G93A mice

expressing 25, 18, 13, and 10 copies of human SOD1
have exhibited disease onset at around 90, 90-120, 200,
and 300 days accordingly, which reflect a negative
correlation between the levels of mutant SOD1 and the
onset of pathological aging in fALS [51]. However,
increasing evidence indicates that the toxic gain of func-
tion in SOD1 is the disease-causing mechanism in both
fALS and sALS, where genetic predisposition could be
considered an aggravating factor that accelerates the
pathological aging further. It is speculated that both
mutant or wild varieties of SOD1 form post-
translationally modified non-native conformations that
are adamant to breakdown by internal degradation ma-
chinery and exert their toxic effects like a cobweb man-
ner over the native molecules and functioning apparatus
of the cells [13].

Parkinson’s disease and SOD1

Histopathologically, Parkinson’s disease (PD) is char-
acterized by the degeneration of dopaminergic neurons
from the substantia nigra and the presence of
intranuclear inclusions known as Lewy bodies. The
Lewy bodies are misfolded, insoluble, fibrillated, and
immuno-reactive alpha-synuclein inclusions along with
ubiquitin deposition [52]. Alpha-synuclein is suscepti-
ble to PTM by phosphorylation in its serine 129 residues
and contributes to abnormal cluster formation [53] that
propagates toxic effects by synaptic vesicle impairment,
mitochondrial dysfunction, ER stress, oxidative stress,
autophagy, and lysosomal pathway dysfunction [54].
Compared to their widespread intra-neuronal and glial
distribution [55], the susceptible regions are quite selec-
tive in PD, indicating the possible involvement of other
influences in the disease pathology. Besides, therapies
targeting alpha-synuclein brought disappointing results
in clinical trials [56], supporting additional neurotoxic
mechanisms in PD. It could be explained by the pres-
ence of a substantial amount of SOD1 aggregates in the
vulnerable regions like substantia nigra (SN) and locus
coeruleus (LC) in PD affected brain [56]. Similar re-
gions in ALS affected brain also harbor these toxic
conformations, indicating the universal incompetence
of neurons in processing the aberrantly modified
SOD1 [47]. Although direct physical interaction be-
tween alpha-synuclein and SOD1 is evident from earlier
studies on PD, 50% of these SOD1 aggregates are
independent of alpha-synuclein; they co-aggregate with
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other typical elements like ubiquitin [56]. The SOD1
proteinopathy in PD is still mostly speculative. Copper
dysregulation and oxidative stress are potential catalysts
in PD [57]. In this context, metal deficient and stress-
induced modifications of SOD1 are likely relevant to
PD pathogenesis. Besides, misfolded and copper deficit
SOD1 appears in SN in the preliminary stage of the
disease pathogenesis, even before the onset of neuronal
loss [56], which substantiates the role of SOD1 as an
instigator of pathological aging in PD (Fig. 2).

Alzheimer’s disease and SOD1

Alzheimer’s disease, the most common form of demen-
tia in the elderly [58], is characterized by extracellular
beta-amyloid plaque (Aβ) and intracellular neurofibril-
lary tangles consisting of the microtubule-associated
protein tau [59]. According to the amyloid hypothesis,
the accumulation of Aβ is the pathogenesis associated
with the onset and progression of the disease [60]. In
contrast to Aβ, tau deposits correlate better with the
disease course or the degree of cognitive impairment
[58]. The primary prevention trials thus target the Aβ
pathology [60]. However, at the incipient stage of the
disease, the Aβ accumulates intracellularly. Hence, it is
described as “a sign of worse things to come” [61].
What triggers the initial Aβ accumulation to progress
into the advanced stages of extracellular plaque

formation could persuade the process of pathological
aging in Alzheimer’s disease (AD) [62]. Earlier, it was
reported that SOD1 has a specific Aβ binding region
with which it could interact with Aβ protein and initiate
further aggregation and cell death [63]. Unpublished
data from our lab shows that oxidized and misfolded
SOD1 promotes intracellular Aβ aggregation, both
in vivo, in vitro, and in the cell-free culture medium.
Double transgenic mice (APP+/G37R+) have much ag-
gressive expression of Aβ aggregates compared to
APP+ transgenic mice. Besides, phenotypically, up to
50–60% of all ALS patients exhibit cognitive defects
collectively known as the frontotemporal spectrum dis-
orders of ALS (ALS-FTSD) [64], suggesting oxidative-
ly modified SOD1 confirmations can induce Aβ aggre-
gation (Fig. 3).

Conclusion

SOD1 is an essential antioxidant and directly relevant to
aging-associated oxidative stress. The current review
emphasizes the conformational changes of SOD1 impli-
cated to accelerate the aging process, and is manifested
in various aging-related neurodegenerative diseases like
ALS, PD, and AD. It is imperative to investigate the
specific structural alterations in the pathological forms
of SOD1, which could further broaden our horizon to
understand how the modified SOD1 is interacting with
the other pathologically altered elements like alpha-

Fig. 2 Direct physical interaction between SOD1 and alpha-
synuclein promotes neuronal death in PD Fig. 3 Mutant SOD1 increases intracellular Aβ aggregation
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synuclein and Aβ peptide. All pathogenic SOD1 con-
formations expose a short DBR, which can specifically
bind to Derlin-1. Because DBR is a small and concealed
segment in natively folded SOD1, it is relevant to expect
any non-native conformation of SOD1 to expose the
DBR. That means altered pathogenic conformations
may share similar structural properties in SOD1. DBR
could be a substantial experimental and therapeutic tar-
get to precisely identify the misfolded SOD1 in the
context of pathological aging. In fact, meticulous knock-
down strategies are required to identify and remove such
aggregation-prone proteins. Therefore, more studies are
warranted in this area to combat the universal aging
process.
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