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Abstract Neuroprotection is a proactive approach to safeguarding the nervous system, including the

brain, spinal cord, and peripheral nerves, by preventing or limiting damage to nerve cells and other com-

ponents. It primarily defends the central nervous system against injury from acute and progressive neuro-

degenerative disorders. Oxidative stress, an imbalance between the body’s natural defense mechanisms

and the generation of reactive oxygen species, is crucial in developing neurological disorders. Due to

its high metabolic rate and oxygen consumption, the brain is particularly vulnerable to oxidative stress.

Excessive ROS damages the essential biomolecules, leading to cellular malfunction and neurodegenera-

tion. Several neurological disorders, including Alzheimer’s, Parkinson’s, Amyotrophic lateral sclerosis,
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multiple sclerosis, and ischemic stroke, are associated with oxidative stress. Understanding the impact of

oxidative stress in these conditions is crucial for developing new treatment methods. Researchers are

exploring using antioxidants and other molecules to mitigate oxidative stress, aiming to prevent or slow

down the progression of brain diseases. By understanding the intricate interplay between oxidative stress

and neurological disorders, scientists hope to pave the way for innovative therapeutic and preventive ap-

proaches, ultimately improving individuals’ living standards.

ª 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Neuroprotection refers to the body’s strategies to protect the
nervous system’s integrity and functionality, including the brain,
spinal cord, and peripheral nerves. This proactive strategy aims
to prevent or limit damage to nerve cells (neurons) and other
nervous system components, preserving cognitive, sensory, and
motor functions. Primarily, it defends the central nervous system
(CNS) against injury due to both acute (e.g., stroke or trauma)
and progressive neurodegenerative disorders (e.g., dementia,
Parkinson’s, Alzheimer’s, epilepsy, etc.)1,2. Herbal medicine and
nutraceuticals are crucial and valuable sources for neurological
problem prevention rather than treatment. Phytoconstituents have
purportedly been proven to have modulatory effects on the ner-
vous system in numerous experimental models of neurological
disorders3.

Although the pathophysiology of the nervous system is not
fully known, most studies on diverse neural disorder models that
replicate significant aspects of the disease have identified essential
elements such as oxidative stress, mitochondrial dysfunction,
neuro-inflammation etc. In neurological diseases and disorders,
oxidative stress is an important topic. It refers to an imbalance
between the body’s natural defense mechanisms’ ability to
counteract or repair the ensuing damage and the generation of
reactive oxygen species (ROS) (Fig. 1). This oxidative stress is
crucial in developing neurological disorders that affect the brain
and nervous system. Because of its high metabolic rate and oxy-
gen consumption, the brain is an organ that is particularly
vulnerable to oxidative stress. Excess ROS, which includes mol-
ecules such as superoxide radicals, hydroxyl radicals, and
hydrogen peroxide, can damage essential biomolecules such as
proteins, lipids, and DNA4 (Fig. 1). This triggers a chain of events
that leads to cellular malfunction and, eventually, leads to neu-
rodegeneration. A variety of neurological illnesses, including
Alzheimer’s disease (AD), Parkinson’s disease (PD), amyotrophic
lateral sclerosis (ALS), Huntington’s disease (HD), multiple
sclerosis (MS), and ischemic stroke, are linked to oxidative stress.
Understanding the impact of oxidative stress on these disorders is
critical to develop new treatment methods. Researchers are
looking at using antioxidants and other molecules that can help
protect against oxidative stress and prevent or reduce the pro-
gression of diseases in the brain5. Scientists hope to discover new
paths for therapy and prevention by better understanding the
complicated interplay between oxidative stress and neurological
disorders, thereby enhancing the quality of life for people affected
by these conditions. Understanding the impact of oxidative stress
in these disorders is critical to developing new treatment methods.
Researchers are looking at using antioxidants and other molecules
that can help protect against oxidative stress and prevent or reduce
the progression of diseases in the brain. Scientists hope to discover
new paths for therapy and prevention by better understanding the
complicated interplay between oxidative stress and neurological
disorders, thereby enhancing the quality of life for people affected
by these conditions6.

2. Oxidative stress mechanisms

2.1. Molecular and cellular response to oxidative stress

Whether internal or external, stress disrupts an organism’s internal
balance (homeostasis) and impacts cells at various levels,
including structure, function, stability, growth, and survival.
Stressors like ionizing radiation, oxygen level changes, chemo-
therapy drugs, and senescence trigger ROS responses at the
cellular level, activating antioxidant mechanisms and signaling
pathways7,8 (Fig. 1). Excessive stress can trigger this response into
a death signal, leading to apoptosis, necrosis (Fig. 2), or cancer
due to genomic instability9.

Cell responses to stress are specific to species and cell type and
affect critical functions such as cell cycle regulation, protein repair,
chromatin stability, damaged protein removal, and metabolism.
Understanding these responses is crucial for overall organism
health10,11. Eukaryotic cells respond diversely to oxygen fluctua-
tions, affecting growth and function. Normal oxygen levels (21%O2)
support optimal enzymatic processes and physiological balance.
Hypoxic (5%e10% O2) or hypertoxic (60%e95% O2 with 0.5%
CO2) conditions trigger complex mammalian responses, including
adjustments in breathing, cardiovascular (CV) functions, and specific
tissue reactions (angiogenesis, erythropoiesis, glycolysis)12,13

(Fig. 1). Hypoxia enhances anaerobic glycolysis, alters lipid meta-
bolism, and damages membranes, posing survival challenges.
Chronic hypoxia alters cellular metabolism and gene expression,
while severe hyperoxia induces cell death. Moderate hyperoxia (e.g.,
70% oxygen) inhibits cell growth, induces apoptosis, and alters gene
expression14. Oxygen-rich environments reduce cellularmetabolism,
whereas hypoxia activates HIF-1 tomaintain ATP levels by adjusting
utilization rates15. Both hypoxia and hyperoxia trigger signaling
events viamitochondrial-derived oxygen species (Fig. 1), disrupting
metabolic equilibrium. Despite challenges, they find application in
therapies for hemorrhagic shock, nerve regeneration, and ischemia-
reperfusion injury. Hypoxia shows promise in treating obesity by
suppressing appetite at high altitudes16. Understanding cellular re-
sponses to stress and oxygen fluctuations is critical for advancing
therapies and improving health outcomes across diverse conditions.

http://creativecommons.org/licenses/by/4.0/


Figure 1 The complex cellular and molecular pathways associated with oxidative stress in various disorders. Key elements include the

generation of ROS, cellular damage, and the initiation of signaling pathways that result in significant consequences for triggering the diseases.

Additionally, schematic pathways may be imperative for developing personalized therapeutic approaches in the treatment of stress-related

oxidative diseases.

Figure 2 The schematic representation illustrates the complexities of redox-regulated mitochondrial dysfunctions and their mechanisms in

neurodegenerative diseases. The figure also depicts the generation of ROS in diverse pathways, eventually resulting in the oxidation of proteins

within the nucleus and the reduction of proteins in the mitochondria.
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2.2. The vicious cycle of ROS, reactive nitrogen species (RNS),
and mitochondrial dysfunction in oxidative stress

Oxidative stress impacts cells through mitochondria, which generate
90% of cellular energy as ATP and regulate calcium metabolism and
thermogenesis. Dysfunctional mitochondria produce high levels of
ROS and RNS, leading to oxidative damage in DNA, proteins, and
lipids (Fig. 1). ATP production begins with the breakdown of glucose
into pyruvic acid, transforming into NADH and acetyl CoA and in-
volves three enzyme classes17. Mitochondria generates ROS,
including superoxide anion, hydrogen peroxide, and hydroxyl radi-
cals, managed by enzymes like Mn-SOD and Cu/Zn-SOD (Fig. 1).
Peroxisomes also contribute to ROS production and contain catalase
to decompose hydrogen peroxide. Oxidative stress arises from an
imbalance of ROS/RNS, leading to cellular damage and diseases like
diabetes, CVissues, and cancer. Antioxidant systems like glutathione
S transferase and thioredoxin (Trx) neutralize excessive ROS/RNS,
but persistent oxidative stress can contribute to aging and cancer18,19.
ROS also mediates physiological responses such as cell differentia-
tion, proliferation, and migration20.

Oxidative stress involves nitric oxide (NO) production, resulting
from an imbalance in ROS/RNS regulation. NO has diverse roles,
including neuronal signaling and blood pressure regulation, but
excessive NO can harm cells21, influence apoptosis, and trigger
inflammation. NO can induce cytochrome c release from mito-
chondria, activating the caspase-dependent apoptotic pathway and
binding to cytochrome c oxidase, leading to mitochondrial
dysfunction. NO synthesis by nitric oxide synthases (NOS) from
L-arginine involves NOS isoforms, including nNOS, eNOS, iNOS,
and mtNOS22. NO’s interaction with mitochondrial superoxide
generates peroxynitrite, contributing to diseases like stroke, heart
disease, diabetes, inflammation, cancer, neurodegenerative disorders,
and aging22.

2.3. Oxidative stressors and their impact on human health

2.3.1. Age and oxidative stress
Aging is the gradual decline in tissue and organ functionality over
time23. The oxidative stress theory of aging posits that this decline
results from accumulating oxidative damage to macromolecules like
lipids, DNA, and proteins caused by reactive oxygen and nitrogen
species (RONS)24 (Fig. 3). The precise molecular mechanisms un-
derlying oxidative stress-induced aging are not fully understood.
Still, heightened levels of RONS are thought to trigger cellular
senescence, a protective response that halts cellular proliferation in
the face of replication-associated damage. Senescent cells adopt an
irreversible senescence-associated secretory phenotype (SASP),
releasing soluble factors such as interleukins, chemokines, and
growth factors25,26. They also secrete degradative enzymes like ma-
trix metalloproteases (MMPs) and insoluble proteins/extracellular
matrix (ECM) components. The induction of cellular senescence by
RONS involves interaction with various elements of the SASP25,26,
which are implicated in age-related disorders and oxidative stress
through modulation of mammalian target of rapamycin (mTOR)
complex functions.

Interleukin-1 alpha (IL-1a) expression initiates a cascade leading
to a proinflammatory state that activates nuclear factor-kappa-B (NF-
kB) and promotes epithelialemesenchymal transition, thereby
facilitating tumor metastasis. Increased MMP expression, observed
in conditions like cancer, AD, atherosclerosis, osteoarthritis, and lung
emphysema, is linked to age-related and chronic disorders. FOXO
proteins, critical in the insulin/insulin-like growth factor-1 (IGF 1)
mediated defense against oxidative stress, are inhibited, contributing
to increased RONS levels. Reduced sarco/endoplasmic reticulum
Ca2þ ATPase activity plays a role in cardiac senescence onset. In-
hibition of sirtuins leads to elevated RONS levels due to decreased
superoxide dismutase (SOD) activity, promoting a pro-inflammatory
state that impairs sirtuin-mediated inhibition of tumor necrosis
factor-alpha (TNFa) and NF-kB. Sirtuin inhibition also prevents the
suppression of c-Jun and c-Myc, contributing to tumorigenesis. The
p16INK4a/pRB and p53/p21 signaling pathways tightly regulate
cellular senescence25.

Age-related disease due to oxidative stress: Oxidative stress, an
imbalance between ROS and antioxidant defenses, plays a crucial
role in various physiological and pathological processes. One such
process is cellular senescence, a state of irreversible growth arrest
that can be induced by oxidative stress. As a consequence of
cellular senescence, cells secrete various SASP factors. These
SASP factors have been implicated in the development and pro-
gression of several acute and chronic pathological conditions,
including cardiovascular diseases (CVDs), acute and chronic
kidney disease (CKD), neurodegenerative diseases (NDDs),
macular degeneration (MD), biliary diseases, and cancer. CV risk
factors, such as obesity, diabetes, hypertension, and atheroscle-
rosis, are linked to the activation of the inflammatory pathway,
which is mediated by the cytokines IL-1a, IL-6, and IL-87.

Additionally, an increase in cellular senescence has been
observed among these risk factors. Additionally, it should be noted
that vascular calcification is intricately associated with a process
known as SASP-driven osteoblastic transdifferentiation, which
involves transforming senescent smooth muscle cells into
osteoblast-like cells. In numerous neurodegenerative disorders,
such as AD, examinations of brain tissue biopsies reveal elevated
quantities of p16, MMP, and IL-68. Chronic obstructive pulmo-
nary disease, biliary cirrhosis, cholangitis, and osteoarthritis
exhibit overlapping detrimental SASP profiles, characterized by
the presence of interleukin-6 (IL-6), interleukin-8 (IL-8), and
matrix metalloproteinase (MMP). The initiation of epithelial to
mesenchymal transition (EMT) facilitated by RONS enhances the
process of cancer metastasis. A theoretical framework known as
the oxidation-inflammatory theory of ageing takes into account
the complex interactions between oxidative stress, inflammation,
and the ageing process. Aging is characterized by the gradual
deterioration of homeostasis, primarily attributed to the persistent
presence of oxidative stress. This oxidative stress predominantly
impacts the regulatory mechanisms, including the nervous,
endocrine, and immune systems. The subsequent initiation of the
immune system triggers an inflammatory response that establishes
a feedback loop wherein chronic oxidative stress and inflamma-
tion mutually reinforce one another, thereby leading to heightened
age-associated morbidity and mortality9,10.

2.3.2. Endogenous and exogenous stressors in ROS generation
Free radicals are produced due to exogenous stressors such as
pollution, cigarette smoke, or internal processes (endogenous)
when antioxidant defenses are overwhelmed. Environmental
triggers like cigarette smoke, UV radiation, heavy metal ions,
ozone, allergens, drugs, toxins, pollutants, pesticides, or in-
secticides can all elevate the production of ROS in cells11,12

(Fig. 1). Ionizing radiation converts radicals into organic hydro-
peroxides and hydrogen peroxide. Alpha particle exposure in-
tensifies oxygen levels and hastens peroxide production in
fibroblasts13,14. Ultraviolet radiation (UVA) induces oxidative re-
actions, generating 8-oxo-guanine and depleting intracellular



Figure 3 The correlation between aging, oxidative stress, and neurodegenerative diseases. It illustrates the involvement of RNS and ROS in

initiating cell death, concurrently contributing to aging-related diseases. Furthermore, the diagram also depicts the compensatory role of ther-

apeutic agents (minerals, vitamins, and antioxidants) in mitigating age-associated diseases by combating oxidative stress.
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glutathione (GSH)15. Heavy metals like iron, copper, cadmium,
nickel, arsenic, and lead induce free radicals through chemical
reactions, affecting cellular components and DNA. Ozone expo-
sure causes inflammation in the respiratory epithelium, impacting
lung function, even in healthy individuals. These factors collec-
tively contribute to cellular oxidative stress16,17.

The primary internal sources of cellular redox-reactive spe-
cies, encompassing ROS and RNS, include various cellular
components like the mitochondrial electron transport chain
(ETC), endoplasmic reticulum (ER), peroxisomes, membrane-
bound NADPH oxidase (NOX) isoforms 1e5, dual oxidases
(Duox) 1 and 2 complexes, and NO synthases isoforms 1e5
(NOS1e5). Mitochondrial ETC complexes I and III are signifi-
cant producers of superoxide anions. Dysregulated ROS
signaling can contribute to various diseases linked to oxidative
stress. Cells can also actively produce ROS at low levels for
signaling pathways that regulate cell survival, proliferation, and
defense mechanisms against invaders. Specific enzymatic sys-
tems like the NOX family are dedicated to physiological su-
peroxide radical production. ROS and RNS influence signaling
pathways, including nuclear factor-kappa B (NF-kB) activation
and translocation. Oxidized NF-kB has reduced DNA binding
potential but can be countered by factors like TR or redox factor
118,19. This interaction affects NF-kB dependent inflammatory
signals. Cyclopentenones, electrophilic anti-inflammatory pros-
taglandins, counter ROS-mediated NF-kB signaling by binding
to ROS-modified peptides and proteins. Additionally, endoge-
nous stress, shaped by cellular conditions and gene expression
patterns, leads to DNA damage, including double-stranded DNA
breaks, often observed in human tumors. Non-enzymatic re-
actions within the mitochondrial respiratory chain also
contribute to these processes20,21.

2.3.3. ROS linked chronic diseases
Endogenous ROS, generated during aerobic metabolism, typically
serves as secondary messengers in cell signaling, impacting pro-
cesses like proliferation, differentiation, and apoptosis. Elevated
ROS levels, mislocalized production, or faulty forms can
contribute to chronic degenerative diseases due to bio-
macromolecule damage. Oxidative stress, arising from an imbal-
ance between oxidative and antioxidative processes, is pivotal in
developing such conditions22,23. Hypertension and hypercholes-
terolemia, key CV risk factors, heighten ROS production, causing
oxidative stress. Of these factors, hypertension significantly con-
tributes to CV disease development. ROS plays a dual role: low
levels offer benefits like anti-atherosclerotic effects, while high
levels lead to cell damage, contributing to conditions like endo-
thelial dysfunction, atherosclerosis, and heart-related issues24e26.
Oxidative stress alters gene expression, affecting transcription
factors like NF-kB, AP-1, and PPAR, further impacting CVDs24.
Cancer cells experience constant oxidative stress due to mito-
chondrial dysfunction and metabolic alterations27,28. They evade
cell death by activating oncogenes, like NRF2, which safeguards
them from ROS and DNA damage. ROS plays a role in cancer
progression, promoting various cellular processes despite causing
mutagenesis. In cancer, ROS leads to protein and lipid oxidation,
toxic protein carbonyl formation, and the accumulation of cyto-
toxic products like 4-hydroxy-2-non-enal29,30.

Oxidative stresses are not equally sensitive for all brain neu-
rons. Neurons with longer axons and multiple synapses,
demanding more energy for functions, are vulnerable when
mitochondria are dysfunctional31,32. Dopaminergic neurons face
additional oxidative stress due to dopamine metabolism. Common
neurodegenerative disorders include AD, PD, HD, ALS, and
Friedreich’s ataxia, often associated with aging-related mito-
chondrial DNA (mtDNA) mutations, calcium dysregulation, and
ETC decline33e35. Oxidized DNA, proteins, and lipids in post-
mortem neurodegenerative brain tissue highlight oxidative
stress’s role. Defective metal use by mutant proteins due to
oxidative stress is another cause of neurodegeneration36. The “free
radical theory of aging” proposed over 60 years ago, suggested
that ROS causes cellular and tissue damage, leading to aging and
age-related diseases (Fig. 3). Aging can result from genetic and
external factors, like diet, exercise, drug use, inflammation,
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smoking, and alcohol. Today, oxidative stress remains a central
principle in aging theories, with mitochondria and NOX as key
systems generating excessive oxidative stress (Fig. 4). During
aging, cells accumulate high-molecular protein aggregates, pri-
marily composed of oxidized proteins and lipids18,37,38. Main-
taining protein homeostasis involves degrading these aggregates.
The popularity of antioxidant supplements emerged from the free
radical theory, but recent data suggest that they may not signifi-
cantly reduce age-related disease incidence.

2.4. Oxidative stress and neurodegeneration

Cognitive impairment and dementia significantly impact the
quality of life and life expectancy among elderly people with
neurodegenerative disorders like AD, PD, Huntington’s disease
(HD), ALS, and vascular dementia exerting profound effects,
marked by memory decline, motor impairments, and loss of
mobility. Oxidative stress plays a crucial role in the pathophysi-
ology of dementia, with studies demonstrating correlations be-
tween oxidative stress biomarkers like malondialdehyde (MDA),
glutathione peroxidase (GSH-Px), protein carbonyls (PC), and
cognitive decline, particularly in elderly individuals. Elevated
GSH-Px activity has been associated with slower cognitive
Figure 4 This figure depicts the key relationship between neurologica

emphasizing the subsequent cascade where oxidative stress becomes a piv
impairment progression. At the same time, increased GSH levels
may paradoxically hasten decline, possibly due to heightened
oxidative stress and impaired GSH-Px activity. Furthermore,
oxidative stress contributes to forming stress granules (SGs),
disrupting neuronal function by sequestering essential proteins
and transcripts. In NDDs, oxidative stress is complicatedly linked
with DNA damage, aberrant protein folding, and aggregation,
contributing to tissue damage and disease progression. The brain
is vulnerable to oxidative damage heightened by its high meta-
bolic activity and susceptibility to neuroinflammatory responses,
originated by activated microglia in response to oxidative damage.
Neuroinflammation further exacerbates tissue damage and con-
tributes to disease progression, highlighting oxidative stress as a
pivotal factor in NDDs like AD, PD, HD, and ALS diseases.

2.4.1. Role of oxidative stress in coma
Coma is a syndrome characterized by partial loss of consciousness
or prolonged profound sleep of the brain and body. Coma is
defined in medical science as a state in which the brain loses its
attentiveness, and the body ceases to respond to any internal or
external stimulation and ceases to experience necessities. If this
state persists for an extended period or until death, the patient is
said to be in a coma. Coma is a sickness that can affect anyone at
l diseases and oxidative stress. It delineates diseases linked to stress,

otal factor leading to neurodegradation.
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any time and in any place. It is becoming more common as a result
of high blood pressure caused by contemporary lifestyles, dia-
betes, brain tumors, nutritional deficiency, hormonal imbalance,
toxins, drug addiction, and continuous stress39,40.

The relation between coma and oxidative stress arises from the
complex interaction between the physiological condition of un-
consciousness and the biochemical consequences of oxidative
damage in the brain. Coma can result from various underlying
causes, some of which might generate oxidative stress as a sec-
ondary consequence. Factors such as traumatic brain traumas or
infections, for example, can increase the generation of ROS in the
brain, resulting in cellular damage and worsening the severity of
the coma. In addition, coma-related processes such as ischemia
and inflammation may trigger an environment conducive to
oxidative stress, as reduced blood circulation and inflammatory
reactions can promote the generation of ROS41. As a result,
medical solutions for coma care usually include oxidative stress
mitigation, such as the use of antioxidant medications and meth-
odologies to reduce oxidative damage. This is extremely important
in protecting neural cells and maintaining brain function, mainly
when the underlying disorder contains factors that can aggravate
oxidative stress41,42.

2.4.2. Role of oxidative stress in Friedreich ataxia (FA)
Friedreich ataxia (FA) is a progressive inherited autosomal
recessive genetic neurodegenerative disorder that affects both
children and adults. Typically, within a span of 10e20 years,
symptoms of ataxia become evident, and following their onset,
individuals often find themselves confined to a wheelchair. In the
advanced stages of the disease, some individuals may experience
complete disability. FA can significantly reduce life expectancy,
often due to heart-related complications. However, individuals
with milder forms of FA may survive into their 60s43. The con-
dition is characterized by symptoms such as ataxia, gait abnor-
malities, loss of sensory perception, and areflexia. In 96% of FA
cases, affected individuals are homozygous for a pathological
GAA trinucleotide repeat in intron one of the frataxin genes
(FXN ) located on chromosome 9. Frataxin (FXN) is a crucial
protein for the assembly of iron-sulfur cluster-containing enzymes
and the production of ATP within the mitochondria. FA results in
the degeneration of nerve fibers in the spinal cord and peripheral
nerves, causing them to become thinner and leading to compli-
cations in the heart, spine, and, in some cases, diabetes. Signifi-
cantly, FA does not impact an individual’s cognitive abilities.
While rare, FA represents the most prevalent form of hereditary
ataxia worldwide, affecting approximately 1 in every 50,000
people. It is inheritable in both male and female children44,45.

As discussed, FA is predominantly caused by a mutation in the
FXN gene, which results in reduced production of frataxin, a
mitochondrial protein required for iron regulation. This deficit
causes an accumulation of iron in the mitochondria, which sets off
a chain of events that increases oxidative stress. Mitochondria are
an important source of ROS and play an important role in energy
production. In FA, faulty iron control affects mitochondrial
function, producing excess ROS that destroys cellular components
such as DNA, proteins, and lipids. The accumulation of oxidative
stress is a significant factor in the progressive neurological
symptoms seen in FA, such as muscular weakness, ataxia, and
heart problems. Understanding the relationship between FA and
oxidative stress is critical for identifying prospective therapeutic
options that target the disease’s underlying biological pathways
and mitigate its impact46.
2.4.3. Role of oxidative stress in epilepsy
Epilepsy is a common neurological condition characterized by
two or more spontaneous seizures or convulsions. This disorder is
caused by the temporary generation of excessive electrical im-
pulses in the brain, resulting in tremors or seizures. Epilepsy is
generally classified into three types: a) idiopathic epilepsy, which
is thought to have a genetic basis and includes conditions like
primary generalized childhood-onset absence epilepsy; b) sec-
ondary or symptomatic epilepsy, which results from identifiable
CNS injuries or disorders like infections, strokes, traumatic brain
injuries, or cerebral dysgenesis; and c) cryptogenic epilepsy,
where the etiology is unknown. Idiopathic and cryptogenic epi-
lepsy account for roughly 70% of all occurrences, with the other
30% categorized as symptomatic (secondary)47,48.

Extensive research is currently underway to explore the link
between epilepsy and oxidative stress. Oxidative stress is char-
acterized by an imbalance in the production of ROS and the
body’s capacity to repair the damage. Numerous studies have
indicated a connection between epilepsy and oxidative stress.
Epileptic seizures can lead to an increased production of ROS in
the brain, giving rise to oxidative stress. Seizures elevate meta-
bolic activity and energy demands, potentially generating excess
ROS. These free radicals can harm cellular components such as
DNA, proteins, and lipids, thereby exacerbating neuronal
dysfunction in epilepsy.

Conversely, epilepsy can induce oxidative stress. According to
some studies, individuals with epilepsy may possess a compro-
mised antioxidant defense system, rendering them more suscep-
tible to the detrimental effects of ROS49. Chronic inflammation,
often associated with epilepsy, can also contribute to oxidative
stress. While our understanding of the relationship between epi-
lepsy and oxidative stress is advancing, the precise nature of this
association and its implications for the development and pro-
gression of epilepsy remain active subjects of research. It is
crucial to acknowledge that oxidative stress is just one facet of the
multifaceted mechanisms underlying epilepsy, necessitating
further investigation to reveal the full extent of this connection and
its potential therapeutic applications50.

2.4.4. Role of oxidative stress in brain hemorrhage
A brain hemorrhage is a severe and potentially fatal form of cere-
brovascular event that accounts for about 20% of stroke cases
caused by vascular anomalies. This condition involves bleeding
within the brain caused by a blood artery obstruction or rupture.
Many patients report sudden and deep unconsciousness within
minutes, which can be fatal if not treated promptly. The brain is
contained within the protective boundaries of the skull, and blood
leakage within the skull can cause compression and injury to brain
regions. Hemorrhagic strokes occur when bleeding in the brain
occurs as a result of a ruptured or leaky blood vessel. With a
considerable accumulation of blood, the brain’s constricted area
within the skull might obstruct the free passage of oxygen-rich
blood into brain tissue, potentially producing cerebral edema or
brain swelling. The pooled blood creates a mass known as a he-
matoma, and the increased pressure caused by decreased oxygen
supply can cause brain cell death. An intense headache, weakness,
or paralysis on one side of the face, arm, or leg, trouble swallowing
or seeing, coordination loss, speech impairment, changes in
awareness, and drowsiness or coma are common symptoms of a
brain hemorrhage51.

Oxidative stress is associated with various clinical conditions,
including brain hemorrhages. In the event of a brain hemorrhage,
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the damaged brain tissue experiences an increase in oxidative stress
levels. This rise in oxidative stress can be attributed to the delivery
of iron from the blood into an environment where it is not typically
found. When this iron reacts with hydrogen peroxide, a common
ROS, it generates highly reactive hydroxyl radicals. These free
radicals can cause oxidative damage to nearby brain cells.

Moreover, the inflammatory response triggered by blood in the
brain tissue can exacerbate oxidative stress. The release of in-
flammatory mediators and the infiltration of immune cells can
contribute to producing more ROS52. Managing oxidative stress
effectively in a brain hemorrhage is crucial, as excessive oxidative
damage can worsen the injury and impede the healing process.
Antioxidants and anti-inflammatory medications are frequently
used to mitigate oxidative stress and reduce future damage to the
brain due to bleeding. Individuals at risk of brain hemorrhages,
particularly those with conditions like high blood pressure or
vascular anomalies, should adopt a healthy lifestyle to minimize
oxidative stress. This includes maintaining a balanced diet,
engaging in regular exercise, and refraining from smoking and
excessive alcohol consumption. These lifestyle changes can help
reduce the risk of oxidative stress and its associated complica-
tions, such as brain hemorrhages53 (Fig. 4).

2.4.5. Role of oxidative stress in dystonia
Dystonia is a complex neurological movement disease character-
ized by uncontrollable and involuntary muscle spasms. Dystonia
can present in a variety of forms, affecting a single muscle (called
focal dystonia), a group of muscles (called segmental dystonia), or
the entire body (called general dystonia). Dystonia is caused by
improper functioning of the basal ganglia, the deep part of the
brain responsible for coordinating movements between the brain
and other body parts, including muscles, joints, and limbs. The
basal ganglion regulates the precise muscle contractions essential
for smooth body movements54. If this part of the brain is injured, it
can result in improper or superfluous muscle contractions during
movement. While some dystonia cases may be caused by brain
traumas that impair the basal ganglia, many cases have no clear
clarification, which makes them idiopathic. Dystonia is a disorder
that affects people of all ages and races, ranging from young
children to elderly people. Dystonia patients may experience
involuntary twisting and odd postures and positions. This illness
can affect any body part, including the arms, legs, trunk, face, and
vocal cords, yet it is not fatal55.

The potential for oxidative stress to contribute to the devel-
opment and evolution of this complex neurological condition is at
the root of the connection between oxidative stress and dystonia.
Dystonia, characterized by uncontrollable muscular contractions,
is thought to be caused by basal ganglia dysfunction, a deep brain
region that helps regulate movement coordination. Oxidative
stress, caused by an imbalance between the body’s ability to
combat ROS and antioxidants, can damage the basal ganglia and
disturb its regular functioning. Furthermore, oxidative stress is
frequently related to inflammation, which may play a role in the
development of dystonia. While further research is needed to
understand this relationship completely, it shows that oxidative
stress may play a role in the pathogenesis of dystonia and may
pave the way for future antioxidant-based treatment strategies56.

2.4.6. Role of oxidative stress in dementia and Alzheimer’s
disease
Dementia is not a specific ailment but rather a collective term
encompassing a range of disorders that impact a patient’s
cognitive functions, communication abilities (understanding and
expression of language), memory, and behavior. This includes
noticeable shifts in speech, conduct, and cognition, often
prompting inquiries into the root causes of these transformations.
Various theories have been posited to explain potential triggers for
dementia, such as thyroid and parathyroid disorders, diabetes,
exposure to toxic chemicals, and heavy metal toxicity. Moreover,
certain reversible conditions, like thyroid problems and vitamin
deficiencies, can manifest symptoms resembling dementia. Re-
searchers have identified numerous likely contributors to the onset
of dementia. AD and vascular dementia together make up the
majority, constituting over 80% of dementia cases. The remaining
20% can be attributed to conditions like Creutzfeldt-Jakob dis-
ease, Lewy body disease, subcortical leukoencephalopathy, and
HD. While a definitive cure remains elusive, early detection can
potentially reduce the progression of dementia57.

Oxidative stress is becoming increasingly considered a crucial
element in the development of dementia, particularly AD. This
type of cognitive impairment is characterized by abnormal protein
accumulation and brain cell degeneration. It raises the imbalance
of oxidative markers and triggers the overproduction of ROS.
Elevated ROS levels can disrupt brain cell structures and cause
inflammation, contributing to neurodegenerative disorders. Re-
searchers have discovered a relationship between oxidative stress
and the production of b-amyloid plaques and neurofibrillary tan-
gles, both of which are hallmarks of AD58. As a result, the link
between oxidative stress and dementia has received significant
research, indicating the importance of oxidative stress mitigation
measures in dementia prevention and therapy59.

Alzheimer’s disease (AD) is one of the most well-known and
prevalent NDDs, and it is characterized primarily by cognitive
decline, memory impairment, and neuronal damage60. The sub-
stantial body of evidence supports the hypothesis that neuronal
injury resulting from an aberrant equilibrium in oxidative stress is
likely a pivotal factor in the development and progression of
AD61e63. The previous studies point out a clear connection be-
tween oxidative stress and damage to various biomolecules,
including protein oxidation, DNA/RNA oxidation, and increased
levels of byproducts of lipid peroxidation61,64. However, increased
lipid peroxidation levels under oxidative stress are strongly asso-
ciated with neurotoxicity in AD, leading to an increase in amy-
loidogenesis through up-regulation of b-secretase expression63.
Since, oxidative stress is a central contributor to AD also impacts
mitochondrial function, amyloid-beta (Ab) production, and over-
all disease pathogenesis65. The mitochondrial cascade hypothesis
suggests that AD arises from the gradual buildup of oxidative
damage in mtDNA, RNA, lipids, and proteins due to compromised
ETC activity66. Therefore, mitochondrial dysfunction in AD in-
cludes malfunctioning complexes, particularly ATP synthase, a
critical player in oxidative phosphorylation, and damage to the
promoter region of the mitochondrial ATP synthase gene
responsible for ATP generation67. Oxidative species notably affect
ATP synthase, a significant source of endogenous free-radical
production within mitochondria66. Lipid peroxidation, a hall-
mark of AD-related oxidative stress, generates reactive aldehydes
like 4-hydroxynonenal (HNE), which modify proteins, including
ATP synthase68,69. In AD patients, excessive HNE modification of
ATP synthase subunit a occurs predominantly in the hippocampus
and inferior parietal lobule, leading to reduced enzymatic activ-
ity70. Dysfunctional mitochondria in AD generate 4-HNE, pro-
moting g-secretase complex upregulation and amyloid precursor
protein (APP) cleavage, leading to Ab accumulation, the major
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hallmark of AD71,72. Mutant APP cellular lines exhibit altered
mRNA and protein levels of mitochondrial fission and fusion
proteins71. However, mitochondrial dysfunction is independent of
intramitochondrial Ab.

Nevertheless, Ab deposition in the brain leads to neuro-
inflammation and oxidative stress by activating microglia, which
releases the superoxide radical (Fig. 3). Intracellular buildup of
Ab and phosphorylated tau leads to excessive mitochondrial
fragmentation and altered mitochondrial dynamics. Both Ab and
phosphorylated tau increase the GTPase activity of Dynamin-
related protein 1 (Drp1), leading to mitochondrial fragmentation.
However, Ab fosters calcium transfer from the endoplasmic re-
ticulum to mitochondria, while tau hinders calcium efflux. The
interaction of Ab with astrocytic calcium-sensing receptors
downregulates them, prompting Ab, NO, and peroxynitrite
secretion by neurons, further driving AD pathology. Elevated
calcium ions (Ca2þ) and ROS foster toxic p-tau aggregates73e75.
ROS activate stress kinases, notably the p-JNK pathway,
contributing to tau hyperphosphorylation and cell death76. This
early alteration in mitochondrial function reduces functionality
and increased ROS production and contributes to broader issues,
including altered lipid metabolism, lipid peroxidation (Fig. 1), and
bioenergetic defects. These factors collectively worsen mito-
chondrial dysfunction and impair effective ER-mitochondrial
interaction in AD. Furthermore, the research also highlights a
diminished presence of antioxidants in AD patients, encompassing
reduced levels of vitamins C and E and decreased concentrations
of uric acid and key antioxidant defense enzymes such as catalase
and SOD77. This insufficiency in antioxidants can significantly
intensify oxidative stress within AD.

2.4.7. Role of oxidative stress in Parkinson’s disease
Parkinson’s disease (PD) is indeed one of the most common
NDDs after AD, characterized by both motor and non-motor
symptoms. It is a chronic and progressive neurological disorder
characterized by the degeneration of dopaminergic neurons in the
substantia nigra region of the brain78. This degeneration leads to a
shortage of dopamine, a neurotransmitter crucial in motor control
and other brain functions79. Scientific findings indicate that ROS
and oxidative stress play crucial roles in the development of PD.
Although the precise mechanisms underlying PD remain unclear,
research suggests that individuals with PD, particularly in the
substantia nigra of the brain, have elevated levels of oxidized
proteins, DNA, and lipids, while experiencing reduced levels of
the antioxidant GSH.

Moreover, RNS, including high levels of NO generated by
NOS near dopaminergic neurons, contribute to nitrosative stress80.
Importantly, NO inhibits various enzymes within mitochondrial
ETC complexes I and IV, thereby increasing ROS levels81. Hence,
oxidative stress is a substantial contributor to PD. ROS are
generated from various sources, including the ETC, external fac-
tors, dopamine auto-oxidation, the metabolism of dopamine by
monoamine oxidase B, inflammatory reactions, and the presence
of heavy metals, all of which collectively contribute to the pro-
duction of ROS in the context of PD.

Moreover, the progressive buildup of neuromelanin in sub-
stantia nigra neurons as a function of age contributes to the gen-
eration of ROS and resultant oxidative stress82. Furthermore,
introducing pesticides and neurotoxins also triggers elevated ROS
production, a phenomenon prominently observed in the context of
PD83. Mitochondrial dysfunction and inflammation are also the
key factors contributing to the excessive accumulation of ROS in
PD, along with age, elevated iron and calcium levels, and dopa-
mine degradation (Fig. 1).

Moreover, mutations in proteins involved in mitochondrial
Complex I function have been linked to PD, resulting in increased
ROS production and susceptibility to oxidative stress84. This leads
to atypical mitochondrial shapes characterized by elongation
and fragmentation. Deficiencies in mitochondrial fusion, the
interplay between mutant Leucine-rich repeat kinase 2 (LRRK2)
and Drp1 that promotes mitochondrial fission, and the adherence
of a-synuclein to the outer mitochondrial membrane all foster
mitochondrial dysfunction in PD43,85. Since mitochondria are also
involved in immune and inflammatory responses, functioning as
signaling hubs, in PD, inflammatory occurrences are evident,
marked by activated microglia, inflammatory macrophages, and
elevated proinflammatory cytokine levels86,87.

Consequently, immune system dysregulation, including
changes in T cell profiles and heightened NLRP3 inflammasome
activation, is linked to PD and might impact disease progression88.
However, oxidative stress is intricately associated with the ag-
gregation of a-synuclein, a key feature of PD. The pathology of
disease revolves around the buildup and clustering of a-synuclein,
a neuronal protein located at presynaptic sites. Oxidative stress is
also linked to the creation of Lewy bodies, which consist of
aggregated a-synuclein and are characteristic protein aggregates
identified in the brains of PD patients89,90. Thus, in PD patients,
the increased ROS production is due to the substantia nigra
exhibiting heightened basal lipid peroxidation and disrupted GSH
metabolism, resulting in a deficiency of antioxidant systems78.

2.4.8. Role of oxidative stress in Huntington’s disease
Huntington’s disease (HD) is another neurodegenerative disorder
that stems from a mutation in the Huntingtin (HTT) gene, yet the
precise mechanisms and HD development remain elusive.
Nevertheless, mounting evidence points to heightened oxidative
stress in HD patients80,91,92. This review delves into the role of
oxidative stress in HD pathogenesis, exploring mediators and
potential mechanisms related to mutant HTT-triggered oxidative
stress and progression. Multiple pathways contribute to oxidative
stress in HD, including elevated NOX activity, oxidation of
mitochondrial enzymes, disturbance of active vitamin B6, and
activation of the antioxidant defense system93,94. However, mito-
chondrial dysfunction plays a crucial role in the pathogenesis of
HD94. mtDNA is crucial in regulating respiratory chain complex
activities and contributes to striatal degeneration in HD. HD brains
exhibit mitochondrial anomalies, including loss and altered
morphogenesis characterized by increased fission and decreased
fusion95. Notably, the reduction in mtDNA copy number and
mtDNA loss are also implicated in the neurodegenerative pro-
gression of HD, with specific mutations in the mitochondrial
displacement loop (D-loop) of mtDNA associated with an
increased HD risk96,97. Thus, elevated levels of oxidative stress are
observed in both HD patients and asymptomatic carriers of the HD
gene, underscoring its critical role in HD pathogenesis. An early
event in the progression of HD is dysfunction in mitochondrial
axonal transport, occurring even before the formation of mutant
HTT aggregates98.

Interestingly, a study investigating oxidized proteins in the
striatum of HD patients discovered significant carbonylation of the
ATP synthase subunit a compared to age-matched controls99,100.
Furthermore, mitochondrial fractions extracted from the striatum
of HD patients exhibited notably reduced ATP synthase catalytic
activity compared to controls101. While PD and HD share the
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common feature of oxidative stress, limited observations have
explored oxidative modifications targeting ATP synthase in these
disorders.

Additionally, cardiomyocytes derived from bacterial artificial
chromosome (BAC) mice expressing full-length mutant human
HTT (BACHD mice) displayed cellular electro-mechanical issues,
including extended action potentials, irregular contractions, and
relaxation disturbances102. These cellular rhythm abnormalities
were linked to heightened calcium waves and increased Ca2þ/
calmodulin-dependent protein kinase II (CaMKII) activity, indi-
cating disruptions in calcium balance103. Mitochondrial dysfunc-
tion can lead to the overproduction of ROS/RNS or the failure of
antioxidant defenses, resulting in an oxidative/nitrative stress
condition closely linked to HD104. This increased oxidative stress
was associated with the overexpression of mitochondrial super-
oxide dismutase 2 (SOD2) and the NEIL3 gene encoding DNA
glycosylase105. Thus, the imbalances in antioxidant defense en-
zymes, particularly SOD and GSH-Px activities, were identified in
HD, confirming the presence of oxidative stress. Earlier case
studies performed meta-analysis comprising 12 studies involving
375 HD patients and 447 healthy controls, the results showed
significant increases in blood lipid peroxidation products, 8-
hydroxyguanosine levels, and GSH-Px activity in HD patients
compared to controls106. Conversely, reduced GSH levels were
lower in HD patients than in controls. However, no significant
differences between HD cases and controls were observed in
blood SOD, cholesterol, high-density lipoproteins, and low-
density lipoproteins, and triglycerides105,106.

2.4.9. Role of oxidative stress in amyotrophic lateral sclerosis
(ALS)
Concisely, ALS is a debilitating disease characterized by intricate
mechanisms involving diverse cell types, neuroinflammation,
oxidative stress, and mitochondrial dysfunction107. Dysregulated
mitochondria, essential for energy production and cell survival,
are linked directly to ALS pathogenesis108. Furthermore, oxidative
stress, a prominent disease feature, results in lipid peroxidation,
protein damage, and RNA and DNA oxidation in ALS patients. In
a study involving 167 ALS patients and 62 age-matched healthy
controls, ALS patients exhibited notably elevated plasma lipid
peroxidation levels compared to the control group109. The previ-
ous case study also utilized ALS mouse models and suggested that
neurodegeneration is driven by oxidative stress, compromised
mitochondria, elevated intracellular calcium levels, inflammation,
and the loss of trophic support93,108.

Furthermore, changes in mitochondrial constituents, encom-
passing respiratory complexes I and III, signified mitochondrial
dysfunction, resulting in escalated production of free radicals110.
Thus, ROS disrupts calcium balance, induces mtDNA mutations,
modifies membrane permeability, and fosters lipid oxidation and
protein carbonylation. These processes collectively contribute to
the onset and progression of ALS. Consequently, the biomarkers
of oxidative stress, including MDA-modified proteins and lipid
peroxidation products, have been identified in urine, blood, ce-
rebrospinal fluid, and various tissues of ALS patients111. The
other biomarkers like plasma creatinine, showed significant
correlations with plasma uric acid, and urinary oxidative stress
biomarkers.

Moreover, indications of oxidative stress were detected in the
frontal cortex, implying its early implication in ALS pathology112.
The observed protein oxidative damage was strongly associated
with changes in fatty acid concentrations, particularly those of the
n-3 series like docosahexaenoic acid113. Earlier, the findings
revealed that an excessive generation of ROS in conjunction with
an ineffective antioxidant defense system represents a notable
pathological hallmark in ALS114. This is supported by the elevated
activity of erythrocyte Cu, Zn-superoxide dismutase (Cu, Zn-
SOD) observed in ALS patients, indicative of heightened oxida-
tive stress115. In addition to ALS pathology, it was also observed
that microglia become chronically activated, transforming a
resting to an inflammatory phenotype116. While microglia initially
respond to neuronal injury in an attempt to provide neuro-
protection, their chronic activation in ALS contributes to the
ongoing neuroinflammation and neurodegeneration observed in
the disease117 (Fig. 4). However, oxidative stress and microglial
activation are intricately linked in the pathogenesis of NDDs. A
deeper understanding of this interplay can provide valuable in-
sights into developing effective therapeutic strategies.
3. Mitochondrial dysfunction in neurodegenerative diseases
(NDDs)

Neurodegenerative disorders are complex conditions with
diverse symptoms and brain region-specific effects. Mitochon-
drial dysfunction is a standard feature, serving as a convergence
point for various pathological pathways118,119. Mitochondria are
essential organelles responsible for energy production, cell death
regulation, and different cellular processes. Dysfunctional
mitochondria contribute to neurodegeneration through increased
ROS production and oxidative damage. Both apoptosis and
excitotoxicity are major causes of neuronal cell death, with
mitochondria playing a pivotal role in both processes120,121

(Fig. 2). Elevated ROS levels can impact mitochondrial func-
tions, including ATP production, membrane potential, perme-
ability transition pore (MPTP) activation, and calcium
regulation, ultimately leading to neuronal damage118,122. Evi-
dence of mitochondrial involvement in NDDs emerged with the
discovery of complex I deficiency in PD patients’ substantia
nigra and platelet mitochondria. Subsequent research found de-
ficiencies in other ETC complexes in AD and HD (Fig. 4).
Biochemical analysis of postmortem AD brains revealed
impaired citric acid cycle enzyme function, correlated with
clinical status, and linked to reduced brain metabolism121.

In NDDs, mitochondrial dysfunction is a significant concern.
Ab disrupts the integrity of the cell membrane, leading to
impaired mitochondrial function. Ab inhibits the oxidative phos-
phorylation (OXPHOS) system, resulting in reduced ATP pro-
duction and increased formation of ROS (Fig. 2). This decline in
ATP production affects numerous cellular processes. Additionally,
the decrease in mitochondrial membrane potential (DJm) prompts
the opening of mitochondrial permeability transition pores
(MPTPs). Consequently, cytochrome c (cyt c) and other proapo-
ptotic factors are released from the intermembrane space, trig-
gering apoptosome formation and caspase activation, ultimately
leading to apoptosis123 (Fig. 2). Furthermore, cytochrome c plays
a role in initiating apoptosis by activating apoptotic protease
activating factor 1 (Apaf1). Apaf1 assembles into a structure
known as the apoptosome within the cytoplasm. The apoptosome,
in turn, activates procaspase-9, which is an initiator caspase that is
cleaved into its active form, caspase-9 (Fig. 2). Caspase-9 then
activates executioner caspases, such as caspase-3, which facilitate
the fragmentation of nuclear DNA and the breakdown of the
cytoskeleton and nuclear lamina. This process leads to the
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transformation of cells into a spherical apoptotic structure. Mito-
chondrial membranes contain Bcl-2 proteins that can either pro-
mote or inhibit cell death through interactions with other proteins.
Pro-apoptotic proteins like Bax and Bad, for example, facilitate
the opening of the mitochondrial permeability transition pore
(mPTP). In contrast, anti-apoptotic proteins such as Bcl-2 and Bcl-
xL prevent cell death by binding to and blocking the actions of
pro-apoptotic proteins. Another proapoptotic factor, apoptosis-
inducing factor (AIF), is released by mitochondria in the pres-
ence of Ab AIF translocates to the nucleus and induces apoptosis
independently of caspases124,125 (Fig. 2). Furthermore, phos-
phorylated tau protein (pTau) and126 Ab promote increased
nitrosylation of dynamin-related protein-1 (Drp1), impairing
mitochondrial dynamics, elevated mitochondrial fission, and
neurodegeneration127. Additionally, Ab disrupts protein import
into mitochondria and reduces the activity of mitochondrial pro-
teins like amyloid-beta binding alcohol dehydrogenase (ABAD),
a-ketoglutarate dehydrogenase complex (aKGDH), and cyclo-
philin D (Fig. 2). Ab and Ab precursor protein (APP) interfere
with mitochondrial calcium ion (Ca2þ) regulation, causing mito-
chondrial calcium overload. This, in turn, leads to reduced DJm,
MPTP opening, proapoptotic factor release, increased ROS pro-
duction, and decreased ATP production (Fig. 2).
4. Role of microglia in oxidative stress-induced damage in
neurodegenerative diseases (NDDs)

Among neuroglial cells, the two primary types of macroglia, i.e.,
oligodendrocytes and astrocytes are the most abundant in the
CNS. Oligodendrocytes primarily function to form the lipid-rich
myelin sheath, which insulates axons and facilitates rapid trans-
mission of electrical signals. In contrast, astrocytes, a diverse and
heterogeneous group, perform numerous critical roles in cerebral
development and homeostasis. These roles include maintaining
the bloodebrain barrier, and astrocytes are essential for both the
structural and functional integrity of the brain128.

Microglia, the primary immune cells in the CNS, play crucial
roles in maintaining CNS balance, responding to chronic stress,
and influencing synaptic plasticity, learning, and memory117.
Notably, microglial cells, the central nervous principal immu-
nocytes of the system, play a vital role in shielding neurons from
bacterial and toxic harm129. Microglia can either worsen chronic
stress and AD damage by dysregulated phagocytosis, releasing
inflammatory cytokines, and mediating oxidative stress, or they
can help restore neuronal balance. Microglia further plays a role
in AD by contributing to Ab accumulation, tau pathology, neu-
rodegeneration, and synaptic loss130. However, they also have
beneficial functions, like Ab clearance131. Apart from Ab
accumulation, microglia-induced oxidative stress can activate the
NOD-like receptor pyrin domain-containing 3 (NLRP3) inflam-
masome, leading to the release of mature interleukin-1 beta
(IL-1b) and interleukin-18 (IL-18)132. This process amplifies
neuroinflammation and oxidative damage in NDDs. In other
NDDs like HD, activated microglia and reactive astrocytes
worsen the HD condition by boosting pro-inflammatory genes,
leading to persistent inflammation133 (Fig. 4). Moreover, in the
HD brain, neuroinflammation is evident through reactive
morphological in these glial cells134. Recent discoveries also
highlight the potential of activated microglia and astrocytes to
perform essential functions that protect tissue and maintain
neuronal function in the HD brain135. Elevated oxidative stress in
microglia has been linked to a heightened risk of neuronal injury.
ROS-mediated stress has been shown to impact the immune
function of microglial cells in both inflammatory responses and
neurodegenerative disorders136. However, activated microglia
upregulate the inducible nitric oxide synthase (iNOS) and
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
enzymes, generating ROS and RNS137. These molecules cause
oxidative damage to biomolecules, including lipids, proteins, and
nucleic acids, within the nearby microenvironment. This review
explores the connection between oxidative stress and NDDs,
delves into microglial roles in these diseases, particularly their
response to oxidative stress, and highlights recently identified
neuroprotective microglial states.

Oligodendrocytes are vulnerable to oxidative stress, which
can lead to their death and subsequent demyelination, a hallmark
of various neurological diseases, including neurodegenerative
disorders. Promising research reveals that oligodendrocytes and
their progenitors are involved in the onset and progression of
NDDs. These cells are primarily involved in age-related NDDs,
starting with multiple system atrophy, which is characterized by
oligodendroglia pathology and is linked to AD and PD, tradi-
tionally considered neuron-centric. A deeper understanding of
oligodendrocyte functions and dysfunctions could pave the way
for new disease-modifying treatments for NDDs93,138. Likewise,
astrocytes are essential for CNS health and function, playing a
significant role in NDDs. They can promote remyelination or
exacerbate myelin disruption through inflammatory responses in
demyelinating diseases. Astrocytes’ dysfunction, including the
formation of intracellular aggregates, disrupts their normal
functions and harms neuronal health, contributing to diseases
such as, HD, PD, AD, and ALS 93,138.

4.1. Microglial activation and response to oxidative stress
impact disease progression

Microglia is pivotal in the intricate relationship between oxidative
stress and NDDs. While their activation can promote neuro-
inflammation and oxidative harm, recent findings suggest the ex-
istence of protective microglial states129. A better grasp of the
molecular mechanisms controlling microglial responses to
oxidative stress may unlock tailored therapeutic approaches for
neurodegenerative disorders. However, microglia activation in-
volves distinct cell surface receptor expression, polarization re-
sponses, and the release of inflammatory mediators. The activation
states are broadly categorized as M1-like (pro-inflammatory and
neurotoxic) or M2-like (anti-inflammatory and neuro-
protective)139. Under conditions of heightened oxidative stress,
microglia undergoes phenotypic shifts towards a pro-inflammatory
state140. This activated microglial state entails the secretion of pro-
inflammatory cytokines, notably TNF-a and IL-1b. M1-like
microglia are induced by IFNg and LPS, signaling through
various pathways like TLR4 and JAK/STAT139,141. Thus, activated
M1-like microglia upregulate pro-inflammatory cell surface
markers like MHCII and CD86142. Moreover, they stimulate the
production of various pro-inflammatory mediators, including cy-
tokines such as TNFa and interleukins (IL-1b, IL-6, IL-12, IL-17,
IL-18, IL-23), chemokines like CCL12 and CXCL10, as well as
other pro-inflammatory agents, including ROS and RNS, inducible
iNOS, and cyclooxygenase-2 (COX-2)143. While M1-like micro-
glia play a role in combating pathogens, chronic activation in
diseases contributes to neuroinflammation, oxidative stress, and
neurotoxicity. In Myelin Sheath, astrocytes and oligodendrocytes
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are damaged due to inflammatory lesions and aberrant immune
responses, highlighting crucial crosstalk between these cell types
in white matter disorders. New therapeutic approaches are
focusing on targeting reactive astrocytes in a range of CNS dis-
orders. Natural and synthetic inhibitors show promise for trau-
matic brain injury, while MAO-B inhibitors and A2A receptor
antagonists are potential treatments for AD. Innovative treatments,
such as synthetic nanoparticles for spinal cord injury, underscore
the potential of astrocyte-focused interventions144e146.

Moreover, activated microglia also discharge ROS and RNS,
thereby contributing to an augmented burden of oxidative injury
upon neighboring neuronal and glial cells136. Altering microglial
responses via metabolic reprogramming holds promise for treating
AD and other NDDs. Still, additional research is required to un-
derstand better the specific connections between metabolic
changes and microglial functions.

4.2. Signaling pathways involved in microglial activation

Both AD and HD involve the activation of the NF-kB signaling
pathway in microglia147. In AD, NF-kB is activated in response to
Ab aggregates and contributes to the production of pro-inflammatory
cytokines148. In HD, mutant huntingtin (mHTT) protein interacts
with the IkB kinase (IKK) complex, leading to NF-kB activation
and the expression of pro-inflammatory cytokines149. NF-kB acti-
vation is a central feature of microglial activation in both diseases.
Other vital pathways, like the kynurenine pathway, which metabo-
lizes L-tryptophan into neuroactive metabolites, are implicated
in microglial activation in AD and HD150. Dysregulation of
this pathway leads to neurotoxicmetabolites like quinolinic acid and
3-hydroxykynurenine151. Elevated levels of these metabolites have
been observed in both diseases, suggesting their role in neuro-
inflammation and neurotoxicity. However, dysregulation of the
complement system, including the classical complement pathway, is
implicated in microglial activation in AD and HD152. In AD, com-
plement activation is associated with Ab plaque clearance and
inflammation. In HD, complement components may also play a role
in neuroinflammation and phagocytosis of cellular debris. Particu-
larly in AD and PD, MAPK signaling pathways, including the
extracellular signal-regulated kinase (ERK), c-Jun N-terminal
kinase (JNK), and p38 MAPK pathways, are activated in
response to Ab and other inflammatory stimuli in microglia153,154.
These pathways regulate the expression of pro-inflammatory genes
and cytokines, contributing to neuroinflammation. Pathological
conditions in the CNS activate intracellular signaling pathways,
polarizing astrocytes into A1 or A2 phenotypes regulated by path-
ways like NF-kB, TLRs, MAPK, S1PR, JAK/STAT3, and PI3K/
AKT. The mechanisms behind these alterations are still unknown.
Astrocyte damage results in demyelination and oligodendrocyte
death in conditions such as Alexander disease and vanishing white
matter. In osmotic demyelination syndrome, astrocyte death pre-
cedes oligodendrocyte loss144,145.

Furthermore, the triggering receptor expressed on myeloid
cells 2 (TREM2) is a cell surface receptor expressed on microglia.
Mutations in TREM2 are associated with an increased risk of
ALS. TREM2 signaling is involved in microglial phagocytosis and
regulation of the immune response155. While these pathways show
commonalities in their involvement in microglial activation, it is
important to note that the specific triggers and downstream con-
sequences may differ between these NDDs due to the distinct
pathological features of each disease.
5. Cellular mechanism and antioxidant defense to overcome
the neurodegenerative disorder

Antioxidants exert their influence on the process of autoxidation
through the disruption of free radical propagation or the inhibition
of free radical formation, employing various mechanisms. These
compounds can scavenge the species responsible for initiating
peroxidation, disrupting the autoxidative chain reaction, extin-
guishing the O2

�� radicals, and impeding the generation of per-
oxides156. Antioxidants that can impede the free radical cascade
represent the most productive agents in combating oxidative
stress. Phenolic or aromatic rings are present within these com-
pounds, thereby enabling the antioxidants to facilitate the donation
of hydrogen radicals ($OH) to the free radicals that arise because
of oxidation. The stabilization of the radical intermediate occurs
through the resonance delocalization of the electron within the
aromatic ring157.

The pivotal function of antioxidants lies in their ability to
effectively halt oxidative chain reactions by eliminating free
radical intermediates, as elucidated by158. Numerous in-
vestigations have consistently demonstrated that the cellular redox
status holds paramount importance in the context of ROS-
mediated signaling and mitochondrial function159. The signifi-
cant reduction in intracellular GSH levels leads to a pronounced
increase in the generation of ROS within the mitochondria,
consequently initiating the depolarization of the mitochondrial
membrane160. As elucidated, the fundamental aspect of inducing
antioxidant defense enzymes and modulating intracellular GSH in
response to stress lies in the stimulation of the Nrf2/ARE
pathway161. The reversal of GSH depletion and restoration of
transcriptional activity associated with antioxidant response ele-
ments (AREs) to their basal levels can be achieved through the
administration of N-acetylcysteine, as demonstrated by Limón-
Pacheco et al.162 in 2007. Maintaining optimal intracellular ROS
levels is paramount in facilitating physiological redox signaling.
This process involves activating and regulating endogenous de-
fense mechanisms, safeguarding cells against the detrimental ef-
fects of nitrosative, oxidative, and electrophilic stress163.
Supplementation with exogenous antioxidants has diminished the
enhancements in insulin sensitivity and antioxidant gene expres-
sion typically observed following exercise164. This highlights the
significance of endogenous antioxidant enzymes induced by ROS
in restoring the body’s physiological redox balance.

Moreover, the upregulation of thioredoxin (Trx) has been
experimentally shown to impede the advancement of insulin
resistance in vivo, encompassing both type 1 and type 2 diabetes,
as reported by Yamamoto et al.165 in 2008. The latest discoveries
indicate that Nrf2 exhibits a safeguarding effect against oxidative
stress in aging, as de Oliveira et al.166 reported in 2018. The
diminishment of Nrf2 functionality has been ascertained to be a
contributing factor in the pathogenesis of age-related disorders
such as AD and PD167.

As elucidated by Tan et al.168, numerous investigations have
unveiled the potential of antioxidant-laden nutrient sources in
mitigating the harmful effects of oxidative stress and non-
communicable diseases (NCDs) linked to obesity. Undoubtedly,
an exceptional amalgamation of bioactive elements can bestow
safeguard against the pernicious effects of oxidative stress, a
known instigator of inflammatory responses. In substantiation of
this claim, a multitude of epidemiological investigations, such as
the European paradox study169, the WHO/MONICA study170, the
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NHS study171, and the Harvard HPSF, have demonstrated an in-
verse correlation between the presence of antioxidants and the
incidence of numerous NCDs, notably CV ailments. The attention
of scholars in academia and industry has been captivated by the
antioxidant capacity found in natural products to prevent age-
related diseases.

Mitochondria-targeted antioxidants have great potential against
the damage caused by ROS generation. Their ability to confer
more excellent protection against oxidative damage has been
attributed to their ability to cross the phospholipid bilayer of
mitochondria and thus eliminate ROS172. In principle, a broad
range of antioxidants could be targeted to mitochondria via tri-
phenylphosphonium (TPP) moiety conjugation. In particular,
ubiquinol (MitoQ) is the best-characterized antioxidant targeted to
mitochondria by conjugation to the TPP cation.
6. Precision medicine for neurodegenerative diseases

Neurodegenerative diseases (NDDs) are being studied for preci-
sion medicine, using genomics and data mining to categorize in-
dividuals into subgroups with varying susceptibility to conditions
like AD, PD, and ALS. Gene polymorphisms also influence stroke
and epilepsy. Modern tools like microarrays and Next generation
sequencing (NGS) offer new avenues for treatment, revealing
candidate genes and enabling simultaneous screening of genes
associated with neurological disorders. Advancements in
sequencing, Genome wide association study (GWAS) and NGS
provide insights into transcript structure, differential transcription,
and noncoding RNA involvement, highlighting potential causative
links between differentially methylated regions and neurological
disorders173.

6.1. Challenges, prevalence, and impact of neurological
disorders in society

Managing neurological disorders at present is a multifaceted
challenge due to the complex nature of the human brain, the
diverse spectrum of neurological conditions, and the limitations in
current treatments. The brain’s complexity complicates efforts to
understand the underlying mechanisms of these disorders, deep-
ened by complex neural networks and the presence of the
bloodebrain barrier174. Moreover, many neurological disorders
are chronic and progressive, imposing significant emotional,
physical, and financial burdens on individuals and society.
Enhanced understanding of their etiology is imperative for the
development of precise treatments, yet unclear symptoms and
social stigma often delay early diagnosis. Furthermore, healthcare
differences, limited personalized therapies, and cognitive impair-
ments worsen these conditions. Addressing these complexities
necessitates a comprehensive interdisciplinary approach encom-
passing improved diagnostics, ongoing research, innovative drug
delivery methods, increased investment in clinical trials, patient
education, integration of mental health services, and global health
initiatives. In essence, managing neurological disorders needs a
holistic approach to tackle their multifaceted challenges, recog-
nizing their substantial prevalence and impact on society. These
disorders encompass a wide range of conditions affecting the
nervous system, with conditions like migraines, epilepsy, Alz-
heimer’s, Parkinson’s, and multiple sclerosis affecting billions
worldwide across various age groups. They entail significant
healthcare expenses, including costs related to hospitalization,
outpatient care, and medications, while also impacting produc-
tivity and contributing to economic burdens. Additionally, these
disorders significantly affect the quality of life of those affected
and their families, often leading to cognitive decline, physical
limitations, and social discrimination. Nevertheless, ongoing
research, healthcare interventions, and public health initiatives
play a crucial role in addressing these challenges, aiming to
reduce the overall societal impact of neurological disorders and
improve the well-being of affected individuals175.
7. Translational medicine options for neurological disorders

The European Society for Translational Medicine (TM) empha-
sizes its dedication to preventing, diagnosing, and treating
worldwide clinical problems. Neurological disorders, impacting
around one billion people worldwide, raise major socioeconomic
and scientific concerns, particularly with an aging population.
Genomic investigations are important because they provide crucial
information about disease progression and biomarkers. Despite
increasing research into therapeutics for neurological disorders
(NDs), the continuance of treatment failures highlights the critical
importance of selecting viable targets. Precision medicine, spe-
cifically RNA interference therapy and gene therapy, is emerging
as a possible treatment option for genetic neuromuscular
disorders176.

Genomics investigates genes, activities, and genetic variants to
understand common disease pathways better. Collaborative ini-
tiatives within multinational consortia, such as the
PsychENCODE Consortium, improve our ability to anticipate
psychiatric symptoms and contribute to a molecular taxonomy for
NDs, drawing parallels with oncology breakthroughs177.

Technological advances like Comparative Genomic Hybridi-
zation array (aCGH) and Next-Generation Sequencing (NGS)
enable biomarker development and diagnostic applications.
Nonetheless, healthcare structures need to be revised to ensure
equitable access to NGS-based diagnosis. Because of the variety
of NDDs, which is influenced by genetic and nongenetic variables,
a Systems Biology (SB) approach is required. With its diagnostic
focus, genomics elucidates pathogenic pathways, aids in patient
classification, and discovers novel therapeutic targets, moving
Neurology toward more effective therapy148. Future challenges
include improving diagnostic efficacy, stratifying patients for gene
expression-based clinical trials, and finding new therapeutic tar-
gets for common disease pathways.
8. Neuroimaging modality in assessing oxidative stress in the
brain

Neuroimaging and oxidative stress are interconnected domains
that are crucial for understanding brain function, and they offer
crucial insights into the brain’s functioning and susceptibility to
various physiological and pathological processes. Neuroimaging
techniques like Magnetic resonance imaging (MRI) and computed
tomography (CT), produce detailed 3-dimensional images of the
inside of the body (PET), and Functional magnetic resonance
imaging (fMRI) provides detailed insights into brain structure,
blood flow, metabolism, and neural activity. This transformative
technology enhances our comprehension of healthy and diseased
brains, enabling researchers to detect abnormalities, monitor dis-
ease progression, and assess the effectiveness of treatments178.
Oxidative stress, caused by an imbalance between antioxidants
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and ROS, can lead to cellular damage and contribute to neuro-
degenerative disorders such as AD, PD, and MS. The interplay
between neuroimaging and oxidative stress is significant in
revealing structural and functional brain changes associated with
these disorders. For example, neuroimaging can detect hippo-
campal changes in AD where oxidative stress indicators are
elevated, suggesting a link between oxidative damage and neu-
rodegeneration. Research approaches include advanced neuro-
imaging techniques to assess oxidative stress in vivo and correlate
imaging data with clinical manifestations179.

8.1. Advanced neuroimaging techniques for assessing oxidative
stress in vivo

Oxidative stress is a key factor in many neurological disorders,
mainly affecting organs like the brain and mitochondria, which have
high oxygen demands.Mitochondrial oxidative respiration generates
the most ROS, making the brain highly susceptible to oxidative
stress. If untreated, oxidative stress can damage proteins, lipids, and
DNA, leading to cell death and contributing to various neurological
disorders. Advances in diagnostic techniques, including neuro-
imaging, have improved the accuracy of diagnosing NDDs and un-
derstanding their relationship with oxidative stress180. Neuroimaging
techniques can assess oxidative stress invivo, withROSdetection and
quantification possible through methods like electron paramagnetic
resonance (EPR/ESR) andmarker probes. Fluorescent probes such as
hydrocyanines and BODIPY 581/591 C11 are used to trace different
types of ROS and lipid peroxidation despite the challenges posed by
the short-lived and low steady-state levels of ROS181. Quantifying
changes in ROS can be done by measuring the fluorescence ratio
from red to green emissions.

8.2. Correlation of imaging data with clinical manifestations

Neuroimaging systems have advanced, enabling the diagnosis and
treatment of various NDDs by linking brain alterations to clinical
symptoms. For instance, in ALS, oxidative stress leads to motor
neuron degeneration. The exact cause of ALS is still under inves-
tigation, but ROS are implicated, as evidenced by ALS in SOD1
knockout mice182. ALS pathology includes motor neuron loss,
abnormal mitochondria, and glial activation. Early neuroimaging
techniques like SPECT and PET have been used to detect these
changes, using tracers to track cerebral metabolism and blood flow.

In AD, neuroimaging tracks amyloid plaques and tau tangles,
correlating their accumulation with cognitive decline and memory
loss. For psychiatric disorders like schizophrenia and depression,
neuroimaging identifies brain changes, aiding in treatment
development and efficacy assessment. However, establishing a
direct relationship between neuroimaging data and clinical man-
ifestations is challenging due to individual variability183e186.
Despite this, correlating imaging data with clinical symptoms can
enhance diagnostics and lead to personalized treatments for
neurological disorders.

9. Synthetic drug and personalized medicine approaches

To address the neurological disorders arising from oxidative
stress, researchers are exploring innovative methods like synthetic
drugs and personalized therapy. Synthetic medications aim to
target specific pathways involved in oxidative stress to mitigate its
adverse effects on the neurological system. These drugs may
incorporate antioxidants or modulators of enzymes related to
oxidative stress, offering a pharmacological approach to reba-
lance. Personalized medicine utilizes advancements in neuro-
imaging and molecular profiling to tailor interventions based on
an individual’s distinct genetic and biochemical characteristics.
This approach holds the promise of enhancing treatment outcomes
for neurological disorders by identifying specific oxidative stress
markers and understanding genetic susceptibilities. The following
strategies are primarily undertaken, including synthetic drugs for
neurological disorders, potential for personalized medicine in
treating NDDs, and individualized treatment strategies based on
oxidative stress profiles187.

10. Synthetic drug and personalized medicine approaches

10.1. Synthetic drug for neurological disorder

Synthetic drugs developed for neurological disorders comprise a
diverse array of medications aimed at alleviating symptoms or
modifying the course of conditions such as AD, PD, epilepsy, MS,
and others. These drugs are meticulously designed to address
specific disorders, and several categories exist for treating various
neurological conditions. Antiepileptic drugs (AEDs), including
valproic acid, carbamazepine, and lamotrigine, aim to control
seizures in epilepsy by managing neuronal activity188. Dopamine
agonists like levodopa, pramipexole, and ropinirole mimic dopa-
mine effects in PD to regulate motor symptoms. Cholinesterase
inhibitors such as donepezil, rivastigmine, and galantamine slow
the breakdown of acetylcholine, a crucial neurotransmitter for
memory and cognition in AD. Immunomodulators, exemplified by
interferons and glatiramer acetate, modify the immune response in
MS, reducing inflammation and slowing disease progression.
Muscle relaxants like baclofen and tizanidine are employed to
manage muscle spasms and spasticity in conditions such as MS or
spinal cord injuries189,190. Selective serotonin reuptake inhibitors
(SSRIs) such as fluoxetine, sertraline, and escitalopram, although
not specific to neurological disorders, are used in depression and
anxiety, conditions often associated with neurological manifesta-
tions. Each drug class operates uniquely, targeting particular as-
pects of neurological conditions to manage symptoms or slow
progression, emphasizing the personalized nature of treatment191.

10.2. Potential for personalized medicine in treating
neurodegenerative diseases (NDDs)

Personalized medicine offers a promising approach to NDDs like
AD, PD, ALS, and HD, which have complex and varied causes192.
This approach uses genetic testing to identify specific mutations,
facilitating early diagnosis, risk assessment, and individualized
treatment strategies. Personalized therapies target particular dis-
ease pathways based on a person’s genetic and molecular profile,
enhancing treatment precision and efficacy193. Biomarkers are
crucial in early detection, monitoring, and treatment response
assessment, allowing for timely adjustments. This approach also
guides drug development, focusing on precise molecular targets,
and improves clinical trials by stratifying participants based on
genetic and molecular profiles. Despite challenges such as cost,
accessibility, data privacy, and the complexity of neurological
disorders, advancements in genetics and technology continue to
advance personalized medicine, offering hope for more effective,
tailored treatments178.



Oxidative stress and inflammation in the pathogenesis of neurological disorders 29
10.2.1. Individualized treatment strategies based on oxidative
stress profiles
Oxidative stress significantly impacts NDDs like AD, PD, and
ALS, leading to personalized treatment strategies based on indi-
vidual oxidative stress profiles. Antioxidant therapy, involving
supplements or diets rich in antioxidants (e.g., vitamins C and E,
coenzyme Q10), is tailored to individuals with high oxidative
stress179. Personalized lifestyle recommendations, including diet,
exercise, and stress management, aim to reduce oxidative stress,
with exercise plans customized to individual capacities and stress
levels. Targeted therapies may involve medications that enhance
antioxidant defenses or inhibit excessive free radical production.
Regular monitoring of oxidative stress markers allows for
personalized therapy adjustments. Combination therapies based on
oxidative stress profiles could enhance overall treatment effi-
cacy179. However, challenges remain in accurately assessing
oxidative stress and translating these assessments into effective
treatments, highlighting the need for standardized clinical mea-
surement methods and integrated treatment plans.

11. Conclusions

In this review, we tried to explore the intricate roles of ROS in
prevalent neurodegenerative conditions, including AD, PD, HD,
ALS, and various other diseases. Over the past three decades,
intensive investigations have focused on identifying neuropatho-
logical, biochemical, and genetic biomarkers during the early
phases of these disorders. It is established that oxidative stress
undergoes impairment during aging, playing a significant role in
this physiological progression. However, uncertainty persists
regarding whether oxidative stress can be an early detection
marker for age-related dysfunction or a viable therapeutic target.

Elevated levels of ROS have been linked to diverse neurode-
generative conditions, with ROS formation implicated in various
disease development pathways, including mitochondrial
dysfunction. Despite limited evidence showcasing neuroprotective
effects, research studies have yielded positive outcomes. Further
investigation is warranted to elucidate specific ROS functions in
neurodegenerative disorders and explore novel antioxidant-based
treatments. ROS biomarkers hold the potential to be diagnostic
tools or therapeutic targets. Antioxidant therapy, incorporating
substances like phytochemicals containing dietary supplements
alongside moderate physical activity, may mitigate clinical dam-
age induced by oxidative stress.

In conclusion, conclusive evidence demonstrating the neuro-
protective potential of antioxidants in mitigating neurodegenera-
tive symptoms remains elusive. Ongoing clinical trials promise
favorable outcomes, particularly when antioxidants complement
other treatments. Additional research is crucial for delineating
ROS roles in various neurodegenerative disorders and formulating
antioxidant-based treatment approaches. A deeper understanding
of mitochondrial and oxidative stress pathways in aging and
neurodegeneration should inspire innovative strategies to enhance
the quality of life for the elderly and positively impact society.
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