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Abstract

Neurodegenerative diseases, including Alzheimer’s and Parkinson’s, are characterized by the progressive deterioration of
neuronal structure and function within the central and peripheral nervous systems. Among the multifactorial mechanisms
implicated in their pathogenesis, oxidative stress and chronic neuroinflammation have emerged as pivotal contributors. An
imbalance in redox homeostasis, marked by excessive generation of reactive oxygen species (ROS) and impaired antioxidant
defenses, leads to sustained activation of inflammatory pathways and exacerbation of neuronal injury. This intricate interplay,
known as the redox—neuroinflammatory nexus, constitutes a central axis in the onset and progression of neurodegeneration.
This review underscores the critical role of redox imbalance in neurodegenerative processes and provides a comprehensive
analysis of the oxidative stress and inflammation crosstalk in Alzheimer’s and Parkinson’s diseases, offering insights into

potential therapeutic targets.
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Introduction

Neurodegenerative diseases (NDDs) are a heterogeneous
group of age-associated disorders marked by the selective
and progressive loss of neuronal populations. Classification
is typically based on clinical features (e.g., dementia, motor
neuron disease), anatomical regions of degeneration (e.g.,
extrapyramidal systems, spinocerebellar degenerations),
or key molecular abnormalities. The most prevalent forms
include amyloidoses, tauopathies, a-synucleinopathies, and
transactivation response DNA-binding protein 43 (TDP-43)
proteinopathies (Dugger and Dickson 2017). With the global
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rise in the elderly population (Heemels 2016), the prevalence
of NDDs, particularly Alzheimer’s disease, Parkinson’s
disease, Huntington’s disease (HD), Amyotrophic lateral
sclerosis (ALS), and frontotemporal lobe dementia (FTD)
has increased significantly. Reports stated that these condi-
tions account for 3% of the total global burden of disease
(Vellingiri 2024). These disorders manifest in a spectrum
of neurological impairments ranging from cognitive decline,
motor dysfunction, speech deficits, and respiratory failure
(Abeliovich and Gitler 2016; Wyss-Coray 2016). Despite
etiological heterogeneity, a convergence of molecular mech-
anisms, such as pathological protein aggregation, calcium
buildup, mitochondrial dysfunction, oxidative stress, and
neuroinflammation, ultimately culminates in neuronal death
(Gan et al. 2018). While each of these diseases presents with
unique molecular signatures, they all converge on the hall-
mark feature of chronic inflammation (Mayne et al. 2020).
Among the myriad pathogenic mechanisms implicated
in ND, oxidative stress (OS), and neuroinflammation have
emerged as central and interconnected drivers of disease
progression. OS is recognized as a pivotal contributor in
dementia development, defined by aberrant protein buildup
and progressive neuronal degeneration. This causes an
imbalance in redox homeostasis, reflected by dysregulation
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Under physiological conditions, approximately 1-2% of
the total oxygen consumed escapes ETC and forms reac-
tive oxygen species (ROS), causing oxidative stress (Cade-
nas and Davies 2000). OS arises when ROS production
surpasses the intrinsic antioxidant defense systems, such
as superoxide dismutase (SOD), glutathione peroxidase,
and catalase, leading to widespread oxidative injury (Dura-
ckova 2010). Mitochondria by themselves are both sources
and targets of ROS, with at least eight distinct enzymatic
sites contributing to their generation, notably complexes
I, II, and III. Excessive ROS initiates lipid peroxidation,
protein carbonylation, and mitochondrial DNA (mtDNA)
damage, thereby compromising mitochondrial functional-
ity and further amplifying ROS output (Jurcau 2021). This
deleterious feedback loop disrupts cellular homeostasis
and accelerates synaptic dysfunction, ultimately contribut-
ing to the progressive neuronal degeneration characteristic
of NDDs (Phaniendra et al. 2015).

These ROS inflict oxidative damage on biomolecules,
including DNA, proteins, and lipids, resulting in genomic
instability, protein dysfunction, membrane disruption,
and ultimately neuronal apoptosis or necrosis (Chang
et al. 2011; Wang et al. 2004). Many of these triggers
converge on redox imbalance, creating a self-perpetuating
cycle wherein ROS inflict cellular damage and potentiate
inflammatory signaling. Oxidized proteins, such as per-
oxiredoxin-2 (PRDX2), function as redox-sensitive dan-
ger signals that activate innate immune pathways, thereby
forging a mechanistic link between oxidative injury and
neuroimmune activation (Berlett and Stadman 1997,
Salzanoa et al. 2014).

Within the cerebral parenchyma, ROS are predominantly
generated as byproducts of mitochondrial oxidative metab-
olism, primarily via complexes I (NADH dehydrogenase)
and III (ubiquinone cytochrome c reductase) of the ETC.
In addition, several mitochondrial enzymes, such as mono-
amine oxidase (MAOQ), glycerol phosphate dehydrogenase,
and a-ketoglutarate dehydrogenase, substantially contribute
to ROS production. The rate of ROS production is tightly
regulated by metabolic parameters, including the mito-
chondrial membrane potential (MMP) (AWm), the NADH/
NAD™ redox ratio, and mitochondrial calcium levels, all of
which modulate the electron flux and redox state within the
mitochondria. ROS also originates from NADPH oxidase
(NOX), and the MAO isoforms A or B. Additionally, per-
oxisomal enzymes, such as xanthine oxidase, D-aspartate
oxidase, acyl CoA oxidases, D-amino acid oxidase, urate
oxidase, or L-a-hydroxy oxidase, are implicated in the non-
mitochondrial generation of ROS (Jurcau et al. 2022). The
convergence of these diverse enzymatic pathways creates a
complex redox landscape in the brain, wherein dysregulation
of ROS homeostasis plays a pivotal role in the pathogenesis
of neurodegenerative diseases.

Redox-neuroinflammatory nexus in AD
and PD progression

Alzheimer’s disease

AD is a complex, multifactorial NDD predominantly
associated with age-related dementia and is characterized
by profound neuronal loss, especially in the hippocam-
pus, amygdala, entorhinal, and neocortex regions (Johns
2014; Chakrabarti et al. 2013). AD is categorized based
on onset in individuals, such as early onset AD (EOAD,
< 65 years) and late-onset AD (LOAD, > 65 years) (Dai
et al. 2017). Genetic analyses have identified mutations
in specific genes responsible for aberrant protein aggre-
gation, particularly in the early onset of AD (EOAD).
Notably, these mutations are in the APP on chromosome
21, and PSEN 1 and 2 genes on chromosomes 14 and 1,
respectively, all of which drive amyloidogenic process-
ing, leading to increased Ap peptides (Christen 2000; Dai
et al. 2017). All three genes encode essential components
of the y-secretase catalytic core, the enzyme complex
responsible for Af production (Mendez 2017). These A
peptides accumulate extracellularly to form plaques, while
hyperphosphorylated tau forms intracellular NFTs, lead-
ing to mortality typically within 3-9 years post-diagnosis.
Clinically, AD presents with insidious to rapidly advanc-
ing cognitive deficits, including memory loss, executive
dysfunction, language impairments, and eventual motor
and functional decline (Holtzman et al. 2011).

Beyond its classical pathological hallmarks, AD is now
widely recognized as a disease fundamentally driven by a
redox—neuroinflammatory nexus. Reports from diseased
brain models demonstrated that substantial damage due
to brain atrophy, chronic inflammation, oxidative stress,
and extracellular and intracellular deposition of Ap and
NFTs, respectively, leads to neurodegeneration (Ittner
and Gotz 2011). Substantial evidence from postmortem
analyses, in vivo imaging, and transgenic animal models
has established that oxidative damage and mitochondrial
dysfunction activate microglial cells, causing neuroin-
flammation, which constitutes a central axis of disease
progression. In the AD brain, an essential endogenous
antioxidant named glutathione, the decrease in its levels
alongside a higher ratio of polyunsaturated fatty acids in
neuronal membranes, renders neurons extremely vulner-
able to ROS-mediated injury (Packer and Prilipko 2012).
As this neuronal oxidative burden increases, the biological
macromolecules undergo oxidative modifications in the
brain and cerebrospinal fluid of AD patients, evidenced
by several markers. A few such markers are (1) lipid per-
oxidation markers-malondialdehyde, 4-hydroxynonenal,
F2-isoprostanes, (2) protein oxidation markers-protein
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Importantly, ROS generation in AD is multifacto-

rial, arising from mitochondrial dysfunction, transition
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«Fig.1 Role of inflammation and OS in Alzheimer’s disease pro-
gression- AD is critically driven by chronic inflammation and OS,
which mutually reinforce each other to accelerate neurodegenera-
tion. Metabolic factors such as obesity and insulin resistance promote
type 2 diabetes, impairing brain glucose metabolism and fostering a
pro-inflammatory, oxidative environment. Concurrently, peripheral
cytokines, microbial elements, ATP, and Ap42 oligomers activate
microglia and astrocytes via NOX2 upregulation, triggering neuro-
inflammation and ROS production. This cascade leads to elevated
levels of pro-inflammatory cytokines, neurotoxic mediators, and Af,
amplifying neuronal stress. Sustained OS disrupts redox balance,
alters signaling, dysregulates cell cycles, and impairs enzymatic
activity, culminating in Af 1-42 accumulation, tau pathology, mito-
chondrial dysfunction, ER stress, and synaptic loss. These events col-
lectively drive AD progression

oxidative stress to proteins. It breaks down the metabolism
process, proteostasis, and redox motion in the brain by
stimulating various stress-related protein kinases namely
JNK, mitogen-activated protein kinase (p. 38), and ERK1/2
or brings about oxidative modifications in redox-sensitive
transcription factors (Butterfield et al. 2014; Su et al. 2008).
NOX2, a critical isoform upregulated in response to Ap42,
serves as a major enzymatic source of superoxide produc-
tion. Once activated, microglia shift toward a pro-inflam-
matory state, releasing cytokines, such as IL-6, TNF-a, and
chemokines, which exacerbate neuronal injury and synaptic
dysfunction through sustained oxidative and inflammatory
signaling (Ganguly et al. 2021).

The TREM?2 gene, implicated in sporadic AD, encodes a
cell surface receptor expressed predominantly on microglia.
The knockdown of TREM?2 gene expression in senescence-
accelerated mouse prone-8 (SAMPS8) brain models results in
cognitive impairment followed by the elevated levels of pro-
inflammatory cytokines (IL-6 and TNF- a) and a concomi-
tant reduction in the anti-inflammatory cytokines namely
IL-10. TREM? interacts with its intracellular adaptor protein
DAPI12, which is essential microglial survival, proliferation,
chemotaxis, and phagocytosis (Zheng et al. 2017). Micro-
glia, the resident immune cells of the central nervous system
(CNS), play a critical role in maintaining CNS homeostasis
during stress, injury, and disease, as well as in the remod-
eling of neuronal circuits (Tian et al. 2017; Ransohoff and
El Khoury 2015; Tay et al. 2017]. Under physiological con-
ditions, microglia clear amyloid-f (Ap) via phagocytosis,
thereby exerting neuroprotective effects. However, impaired
TREM?2-DAPI12 signaling or dysfunctional microglia com-
promise this clearance mechanism, leading to excessive AP
accumulation, persistent inflammation, synaptic loss, and
neuronal degeneration (Perry and Homes 2014; ElAli and
Rivest 2016). Additionally, failure to eliminate Ap activates
pro-inflammatory pathways, exacerbating oxidative stress
and contributing to AD pathogenesis (Piirainen et al. 2017,
Lee and Landreth 2010). Figure 1 illustrates the role of oxi-
dative stress and inflammation in Alzheimer’s disease.

Parkinson’s disease

Parkinson’s disease (PD) is a progressive neurodegenera-
tive disorder marked by selective degeneration of pigmented
dopaminergic neurons in the substantia nigra pars compacta
and the accumulation of Lewy bodies, eosinophilic cytoplas-
mic inclusions comprising aggregates of a-synuclein. Clini-
cally, PD presents with a constellation of motor symptoms,
including akinesia (difficulty initiating voluntary actions),
bradykinesia (slowness of movement), and extrapyramidal
rigidity (muscle stiffness), as well as a spectrum of non-
motor features (Deumens et al. 2002). The multifactorial
etiology of PD includes environmental toxins, genetic fac-
tors, and oxidative stress. Oxidative damage is particularly
detrimental in dopaminergic neurons due to their inherently
high oxidative metabolism and vulnerability to ROS (Whit-
ton 2007). Mitochondrial dysfunction is a well-established
feature of PD; for instance, the neurotoxin 1-methyl-4-phe-
nyl-1,2,3,6-tetrahydropyridine (MPTP) induces Parkinso-
nian symptoms by inhibiting complex I of the ETC, thereby
disrupting ATP production and enhancing ROS generation.
Similarly, tetrahydrobiopterin, an endogenous compound,
has been shown to inhibit mitochondrial complexes I and IV,
causing mitochondrial malfunction and ROS accumulation
(Sherer et al. 2002).

Dopaminergic neurons are particularly susceptible to
OS-induced damage due to dopamine metabolism, which
generates reactive intermediates such as dopamine quinones
and hydrogen peroxide (H,0,). Through redox cycling in
the presence of iron or oxygen, these intermediates pro-
duce hydroxyl radicals (éOH), causing irreversible damage
to proteins, lipids, and DNA (Emamzadeh and Surguchiv
2018). Dopamine quinones covalently modify cysteine resi-
dues on proteins, depleting essential sulfhydryl groups and
impairing mitochondrial function, contributing to neuronal
degeneration (Gautam & Zeevalk 2011; Ma et al. 2015;
Farzan et al. 2020). Accumulated ROS further destabilize
the mitochondrial membrane potential, triggering apoptotic
pathways (Vatansever et al. 2013). Environmental toxins like
rotenone, a known mitochondrial complex I inhibitor, have
also been implicated in sporadic PD and recapitulate many
pathological hallmarks of the disease in animal models (Tan-
ner et al. 2011).

Neuroinflammation is another critical contributor to PD
pathology, predominantly mediated by activated micro-
glia—the resident immune cells of the central nervous sys-
tem. Activated microglia have been observed not only in
the substantia nigra but also in regions such as the basal
ganglia and brainstem (Filiano et al. 2015; Lecours et al.
2018; Subramaniam and Federoff 2017). These micro-
glia adopt polarized phenotypes that are of two extremes,
namely, M1 pro-inflammatory (classically activated) and
M2 anti-inflammatory (alternatively activated) phenotypes
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(McWhorter et al. 2015). M1 is morphologically altered
and discharges numerous inflammatory components [TNF-
a, IL-1, IL-6, and nitric oxide (NO)], leading to DA neu-
ronal loss in PD patients (Ho 2019). M2 synthesizes anti-
inflammatory cytokines (IL-4, IL-13, IL-10, and TGF) via
phagocytic effects that reduce inflammation and repair the
inflammatory response, thereby microglia-mediated neu-
roinflammation plays both a positive and negative role in
PD progression (Cherry et al. 2014; Angeloni et al. 2015).
Microglia-mediated oxidative stress operates via two key
mechanisms: activation of NADPH oxidase (NOX) leading
to extracellular ROS overproduction, and intracellular ROS
accumulation, both of which trigger transcription of pro-
inflammatory genes. Consequently, the synergistic interac-
tion between oxidative stress and neuroinflammation forms
a pathological feed-forward loop that amplifies DA neuron
loss and accelerates PD progression (Verdile et al. 2015).
Figure 2 depicts the role of oxidative stress and inflamma-
tion in Parkinson’s disease.

PD is driven by a feedback loop of oxidative stress (OS)
and neuroinflammation. DJ-1 mutations and proteasomal
dysfunction trigger OS by disrupting synaptic vesicle func-
tion and promoting Lewy body formation. Persistent ROS
exposure damages mtDNA and impairs mitochondria, acti-
vating the NLRP3 inflammasome and cytokine release. Key
signaling pathways—NF-xB, Nrf2, and STAT3—mediate
inflammatory responses: NF-kB and Nrf2 translocate to the
nucleus to upregulate inflammation-related genes, while
STAT3 enhances microglial activation. Microglia polarize
into M1 (pro-inflammatory) and M2 (anti-inflammatory)
phenotypes. M1 releases TNF-a, IL-6, and NO, promoting
neuronal loss, whereas M2 supports antioxidant defense via
GSH and Cu/Zn SOD. DIJ-1-overexpressing astrocytes shift
from the neurotoxic A1 to protective A2 phenotype, secret-
ing GDNF to support dopaminergic neurons. The interplay
of OS and inflammation accelerates PD pathogenesis.

Therapeutic approaches targeting oxidative stress
and inflammation in AD and PD

Conventional pharmacological treatments for Alzheimer’s
and Parkinson’s diseases primarily offer symptomatic relief
and are often associated with considerable side effects, lim-
ited efficacy in halting disease progression, and poor long-
term outcomes. These challenges have prompted a paradigm
shift toward identifying disease-modifying strategies, par-
ticularly those targeting the redox—inflammatory axis impli-
cated in neurodegeneration.

A growing body of research has focused on the neuro-
protective potential of phytochemicals in the context of
Parkinson’s disease and Alzheimer’s disease. Studies have
observed that dietary intake of phytochemical-rich sources,
such as tea, coffee, fruit, and vegetables, is associated with

a reduced risk of neurological impairment and the onset of
pathologically related conditions (Venkatesan et al. 2015).
Another study highlighted that various bioactive molecules
present in dietary sources, such as vanillin, ferulic acid,
thymoquinone, epigallocatechin-3-gallate, theaflavin, and
other antioxidant phytochemicals, exhibited significant
neuroprotective effects across diverse experimental mod-
els. These naturally derived molecules modulate oxidative
stress pathways, suppress pro-inflammatory mediators, and
attenuate neuronal damage, thereby offering a multifaceted
neuroprotective strategy (Limanaqi et al. 2020). Table 2
provides an overview of pharmacological agents currently
under clinical investigation for Alzheimer’s and Parkinson’s
diseases, specifically those targeting oxidative stress and
neuroinflammation, underscoring a growing emphasis on
disease-modifying therapeutics.

Conclusion

Oxidative stress and inflammation represent two fundamen-
tal and interlinked hallmarks of neurodegenerative diseases.
This review explores the intricate association between these
pathological processes and their synergistic role in driving
neuronal dysfunction and degeneration. Under sustained oxi-
dative stress, reactive oxygen species (ROS) act as critical
signaling mediators, perpetuating the activation of redox-
sensitive pathways. This persistent activation promotes the
expression of pro-inflammatory mediators and disrupts
the regulation of the immune response, leading to chronic
neuroinflammation. The crosstalk between ROS and pro-
inflammatory cytokines underscores a self-amplifying cycle
that accelerates cellular damage and neurodegeneration. By
examining this redox—inflammatory interplay, the review
highlights its central role in the pathophysiology of neuro-
degenerative disorders.
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