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The progression and advancement of neurodegenerative diseases, including Alzheimer’s disease (AD) and 
Parkinson’s disease (PD), are significantly influenced by neuroinflammaging, a chronic, low-grade neu-
roinflammatory state linked to brain aging. This review explores the mechanistic underpinnings of neu-
roinflammaging, focusing on sex-specific differences in glial cell behavior, cytokine signaling, epigenetic 
regulation, and blood–brain barrier integrity. Advances in biomarker discovery for early detection and 
monitoring of aging-related neuroinflammatory processes, highlighting molecules such as interleukin 
(IL)-1b, tumor necrosis factor-a (TNF-a), chitinase-3-like protein 1 (YKL-40), and neurofilament light, 
have also been discussed. This review integrates emerging technological and engineering-based strate-
gies from gene editing (clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-
associated protein 9 (Cas9)) and senolytics to microbiota-based therapeutics, organ-on-chip models,
and artificial intelligence-driven predictive tools for intervention and modelling of brain senescence. It
also highlights the potential of precision medicine in addressing sex-specific vulnerabilities and design-
ing personalized therapeutic strategies by fusing biological mechanisms with translational technologies.
Developing a scalable, system-level therapy that targets neuroinflammaging and promotes healthy brain
aging is the goal of this interdisciplinary synthesis.

© 2026 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and 
Higher Education Press Limited Company. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). 
1. Introductio n

Neuroinflammaging is a characteristic of aging in the healthy 
brain, a low-grade, continuous, and sterile inflammatory process. 
This condition primarily contributes to the pathophysiology of 
age-related neurodegenerative diseases (NDDs) through an upreg-
ulation of the inflammatory response at the brain level. Growing
evidence suggests that as people age, they experience neuroinflam-
maging, which is described as a reaction of inflammation in the
brain or spinal cord. The generation of reactive oxygen species
(ROS), chemokines, cytokines, and secondary messengers mediates
this inflammation [1]. Many NDDs, such as Alzheimer’s disease 
(AD) and Parkinson’s disease (PD), are primarily caused by aging. 
In the healthy brain, normal aging is linked to memory impair-
ments, brain shrinkage, and a steady rise in neuroinflammation 
coupled with a decline in the physiological function. Physical dete-
rioration brought on by aging increases the risk of illness and
death. Different species age at different rates, and inter-
individual differences exist in a species and an individual’s tissues
[2]. The effects of aging are seen in tissues like brain, primarily in
post-mitotic cells (Fig. 1)  [3].

Oxidative stress-induced mitochondrial dysfunction and ROS-
mediated cellular DNA damage are among the factors that cause aging. 
Aging-related loss of function is the cause of neurodegeneration in
ry and
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Fig. 1. Neuroinflammaging initiates after T-cell activation, abnormal cytokine 
secretion, and aberrant epigenetic factors, which further lead to neurodegenerative
diseases.
progressive multiple sclerosis (MS) [4]. Cognitive deterioration is 
strongly correlated with AD-related synaptic loss, which occ urs early
in the disease process [5]. Aging is a key factor in the pathophysiolog-
ical process of AD, as evidenced by the significant improvement in neu-
ropathological and memory impairments caused by amyloid b (Ab) 
and tau, whe n the pathological changes by brain aging are reduced
[6]. The progressive pathology of AD starts decades before symptoms 
appear, just like other chronic diseases of old age. Numerous studies 
in biological gerontology have identified fundamental processes that 
are vit al for understanding why the aging brain is susceptible to AD
[7]. Aging is considered the leading risk factor for sporadic AD. Age-
related changes that have been linked to AD include vascular issues, 
mitochondrial dysfunction, inflammation, impaired autophagy, epige-
netic modifications, and synaptic loss. Aging is related to the build-
up of plaques and tangles over several decades. The increase in amyloi-
dosis starts in the sixth decade o f life and rises linearly into old age,
although Ab can be found in early adulthood even in cognitively
healthy brains [8]. Despite showing promise in preclinical and early-
phase trials, therapeutic attempts to eliminate or reduce Ab production 
havemostly failed to change the course of AD in later-phase clinical tri-
als [9]. 

Since men and women have distinct risks, rates of progression, 
and clinical symptoms, for example, men are more likely to have 
PD and women are more likely to have AD, it is imperative to com-
prehend sex-specific mechanisms in NDDs. This review empha-
sizes how neuroinflammation has a detrimental effect on NDDs.
The pathophysiology of neuroinflammation and its role in age-
related NDDs is also covered with some latest biomarker discover-
ies and technological approaches as described in the roadmap pro-
vided below (Fig. 2).

2. Mechanisms of neuroinflammaging

Evidence has repeatedly demonstrated over the past few dec-
ades that neuroinflammation is a crucial underlying mechanism 
in a variety of central nervous system (CNS) diseases, such as
stroke, depression, sleep disorders, and NDDs. Thus, one of the
most crucial steps in treating these disorders is the prevention of
neuroinflammation [10]. On the other hand, neuroinflammaging, 
a vicious cycle that accelerates brain aging, is caused by impair-
ment of the autophagy process, which intensifies cellular senes-
cence and neuroinflammatory responses [11]. Disruption of the 
blood–brain barrier (BBB) and microglial activation are linked to 
systemic immune activation, while signaling through the organ–
brain axis and effects on autonomic nerves further accelerate neu-
roinflammatory mechanisms [12]. A growing body of evidence 
indicates that inflammation plays a significant role in the aetiology
of several prevalent neurological disorders. In particular, neuroin-
2

flammation, which is accompanied by a parallel systemic immune 
dysregulation, is the driving force behind the neurodegenerative
processes of AD, PD, MS, and vascular dementia [13]. 

2.1. Chronic low-grade inflammation

Several age-related diseases and normal aging tissue processes, 
such as those affecting the nervous and musculoskeletal systems,
are significantly influenced by chronic, low-grade inflammation
[14]. Age-related disorders, including cancer, diabetes, atheroscle-
rosis, and hypertension, are believed to be at risk due to chronic
inflammation (Fig. 3)  [12]. Age-associated chronic inflammation 
refers to unresolved and dysregulated inflammatory responses 
characterized by low-grade, chronic, and systemic activity that
accelerate aging and age-related chronic diseases [15]. Dysregula-
tion of the immune response, which results in a persistent sys-
temic inflammatory state, is one of the main aging-related 
disruptions. Cytokines and chemokines are two of the dysregulated
proinflammatory mediators that are primarily responsible for the
onset of chronic inflammation and the immunosenescence process
[16]. In pathological circumstances, immune regulation and abnor-
mal metabolism interact bilaterally, leading to chronic inflamma-
tion even without infection [17].

The immune system deteriorates with age. Older species are 
more susceptible to infections and inflammatory diseases due to
immunosenescence, which describes age-related changes in
immune functions [18]. Genetic predisposition, central obesity, 
elevated gut permeability, alterations in the composition of the 
microbiota, cellular senescence, activation of the nucleotide 
oligomerization domain (NOD)-like receptor protein 3 inflamma-
some (NLRP3), oxidative stress caused by malfunctioning mito-
chondria, immune cell dysregulation, and persistent infections
are some possible triggers of inflammation [19]. Numerous mor-
bidities linked to aging ultimately result in organ failure and death. 
Older people are more vulnerable to infections and cancers as their
protective immunity gradually declines [20]. 

Numerous disorders of the nervous system are typified by neu-
roinflammation, in which innate immune system components, par-
ticularly mast cells and microglia, both individually and in concert, 
generate inflammatory molecules crucial to the system’s inflam-
mation. The BBB and the blood-cerebrosp inal fluid barrier shield
the CNS from dangerous chemicals in the blood. Neuroinflamma-
tion, ischemia, and cellular metabolic stress are the three processes
that result from systemic inflammation’s impairment of the brain
parenchyma [10]. However, systemic inflammation is the normal 
biological reaction following an infection or a chronic inflamma-
tory disease [21]. 

2.2. Microglial activation and dysfunction

Microglia play a part in shielding synapses from dysfunction 
and synaptic loss. Recent developments in single-cell technologies 
have demonstrated the reactive microglia’s high temporal and spa-
tial heterogeneity. Microglia cells’ dual function frequently has 
detrimental effects and hinders the nervous system’s ability to heal 
from damage. Irreversible damage to the CNS can result from per-
sistent microglia activation. Chronic inflammation in the brain is 
thought to be a common ca use of tissue damage in NDDs, affects
neuronal plasticity, and impairs memory [22]. Microglia have dual 
functions in neurodegeneration, acting protectively by clearing 
pathological protein aggregates, but contributing to disease when 
aggregate overload compromises phagocytosis, thereby inducing 
chronic neuroinflammation [23]. One of the leading causes of the 
pathophysiology of several NDDs is microglial dysfunction. The 
activation of the nuclear factor jB (NF-jB) pathway, which stimu-
lates the production and release of pro-inflammatory cytokines
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Fig. 2. Roadmap linking the whole review article to give a new pathway paved off in the therapeutic potential of the disease. Nrf2: nuclear factor erythroid 2-related factor 2.

Fig. 3. Possible pathways of neuroinflammation involved in neuronal damage. The microglial activation enhances the release of cytokines and chemokines, leading to obesity
and blood–brain leakage. The blood–brain leakage initiates the neuronal death. TNF: tumor necrosis factor; NO: nitric oxide; IL: interleukin.
and chemokines by microglia, is a significant factor in the neuro-
toxicity of microglia linked to oxidative stress.

2.3. Astrocyte reactivity and crosstalk with microglia

Activated microglia and reactive astrocytes may interact to 
intensify neuroinflammatory responses, which could result in sec-
ondary brain damage. Neural circuits, which coordinate synaptic 
communicati on between neurons, are responsible for human-
defining functions like written language and brain functions like
breathing, motor behavior, and perception.

Astrocytes actively participate in neuroinflammation, and 
depending on the stimuli provided by the inflammatory environ-
ment, their reaction may be advantageous or harmful for tissue 
repair. The most prevalent cell type in the CNS is astrocytes, which
carry out intricate tasks in both health and illness. Distinct geno-
mic programs and functions are linked to various astrocyte subsets
or activation states, plastic phenotypes triggered by internal and
external stimuli [24]. The receptor for interleukin (IL)-17, a signif-
icant inflammatory cytokine secreted by effector T lymphocytes, is
3

upregulated by astrocytes during neuroinflammation. When IL-17 
binds to heteromeric transmembrane receptors, NF-jB activator 1 
is engaged, and a signaling complex is activated. That causes met-
alloproteinases, chemokines, and pro-inflammatory cytokines to
be generated [25]. 

2.4. Cytokine and c hemokine signaling

The developmental process, immune cell trafficking, inflamma-
tion, immunity, angiogenesis, cellular homeostasis, aging, neu-
rodegeneration, and carcinogenesis are all significantly impacted 
by chemokines and chemotactic cytokines. Proteins called cytoki-
nes and chemokines help coor dinate the body’s immune response
[26]. Neuroinflammation has a significant effect on the ageing pro-
cess in several organ systems. To delay and/or modulate the ageing 
process and prevent age-related diseases, it may be vital to com-
prehend the underlyin g mechanisms mediated by chemokines
[27]. A view of meaningful CNS–immune system interactions has 
replaced the traditional perspective in the field of neuroimmunol-
ogy that considered the CNS as an immune-privileged site because
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of the BBB [28]. Moreover, proteins that block signal transduction 
pathways, including transcriptional repressors, suppressors of 
cytokine signaling proteins, and anti-inflamm atory molecules that
aid in regulating excessive inflammation, counteract anti-
inflammatory responses [29]. 

2.5. Oxidative stress and mitochondrial dysfunction

Several NDDs have been linked to the pathophysiology of oxida-
tive stress and mitochondrial damage. Age-related NDDs, meta-
bolic syndrome, cancer, and aging are all significantly impacted 
by mitochondrial dysfunction and oxidative stress. Understanding 
the structure, function, and physiology of mitochondria in meta-
bolic syndromes like diabetes, obesity, stroke, hypertension, and
heart disease has advanced significantly over the past ten years
[30]. The oxidative stress state brings on neurodegeneration and 
neuroinflammation. ROS and reactive nitrogen species (RNS) levels 
are elevated in oxidative stress states; these free radicals can acti-
vate various signaling pathways that further trigger microglia and
astrocytes [31]. Lipid peroxidation is typically more significant 
than DNA oxidation in complex organisms. The relevance of pro-
tein oxidation is also becoming more widely acknowledged, partic-
ularly since oxidized proteins can acquire a toxic function by
aggregating into cytotoxic aggregates [32]. 

2.5.1. Mitochondrial dysfunction in aging neurons and glia
A balance between mitochondrial biogenesis and mitophagy, 

the process by which damaged or dysfunctional mitochondria (that 
may produce excessive ROS) are removed from the cell selectively,
ensures mitochondria’s health and proper function (Fig. 4). 

Autophagosomes are double-membrane structures that engulf 
targeted mitochondria before fusing with lysosomes to degrade 
them. The brain may become more vulnerable to damage and/or 
neurodegeneration due to oxidative stress and proteotoxic aggre-
gates that disrupt astrocyte-mediated release of pro-
inflammatory cytokines, which activate microglia and promote
microgliosis [33]. The astrocyte-mediated inflammation may be 
ruptured by increased oxidative stress and the buildup of pro-
teotoxic aggregates, which would activate microglia and promote
microgliosis [34]. Once thought to be harmful molecules, ROS/ 
RNS are now recognized as essential signaling factors influencing
CNS activity (Fig. 3). It is commonly known that local or systemic 
inflammation results from the activation of cytosolic protein com-
plexes known as inflammasomes, the well-characterized of which 
is the NLRP3. Furthermore, the early stages of AD have often been
linked to decreased mitochondrial membrane potential, adenosine
triphosphate (ATP) synthesis, complex I activity defects, and
impaired respiration, indicating that mitochondrial dysfunction
may be a key initiator of the disease [35]. 
Fig. 4. Role of mitochondrial dysfunction in neuronal d
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2.5.2. BBB integrity
BBB is essential for preserving brain homeostasis and keeping 

pathogens and undesirable toxins out of the brain. However, this 
barrier weakens as people age, and many age-related disorders 
are characterized by additional disruption. The potential of
metabolites derived from microorganisms to preserve and repair
BBB physiology has been investigated in light of the recent link
between the gut microbiota (GM) and the BBB [36]. In neuroin-
flammatory diseases, BBB is compromised. BBB preserves brain 
homeostasis and safeguards neurons. It comprises brain endothe-
lial cells joined by tight junctions [37]. BBB creates a special 
microenvironment necessary for proper brain function and home-
ostasis by acting as a highly selective structural and functional bar-
rier between the blood and the CNS. There is a growing evidence
that neuroinflammation-mediated neurodegeneration frequently
involves disruption of the BBB. Patients with NDDs, such as AD,
have been shown to have disruptions in the BBB (Fig. 3)  [38]. 

In preclinical models, BBB is compromised by systemic inflam-
mation. The cerebrospinal fluid (CSF)/serum albumin ratio (CSAR) 
was used to evaluate human BBB function. In the healthy brain, 
CSAR was unaffected by systemic inflammation. Following an
intravenous or intraperitoneal lipopolysaccharide (LPS) challenge
in mice, multiple studies have demonstrated that systemic inflam-
mation in vivo causes cerebral endothelial glycocalyx damage with
reduced thickness and coverage [39]. Tight junction alterations and 
enhanced vesicular transport are the primary mechanisms behind 
this phenomenon; however, fenestrae reinduction, endothelial cell 
damage, glycocalyx denudation, glia limitans degradation, and
astrocyte alterations contribute. However, it has been shown
in vitro that inflammatory challenges affect human BBB permeabil-
ity [40]. 

3. Neuroinflammaging and NDDs

This section elucidates the cellular and molecular mechanisms 
driving neuroinflammaging, emphasizing the dynamic interactions 
between immune dysregulation, mitochondrial impairment, 
oxidative stress, and sex-specific hormonal influences. Together, 
all these processes that are associated with each other contribute
to the neuronal vulnerability and cognitive decline that is linked
with ageing and NDDs.

Neuroinflammaging plays a role in NDDs in a variety of ways, 
including cytokine release, the generation of anti-inflammatory 
drugs, mitochondrial malfunction, glial cell activation, and many 
more. In the aging brain, oxidative stress is both a result and an 
aggravated form of mitochondrial failure since ROS production is 
closely related to mitochondrial damage. Biomarkers reflecting 
these alterations are vital for early diagnosis, disease monitoring,
and directing individualized therapy plans, while targeting
amage through the neuroinflammatory pathway.
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neuroinflammatory pathways presents intriguing therapeutic 
possibilities to reduce or stop disease development.

3.1. Alzheimer’s disease

The development and severity of AD are influenced by mis-
folded and aggregated proteins that attach to pattern recognition 
receptors on microglia and astrocytes and set off an innate immune
response that releases inflammatory mediators [41]. The patho-
physiology of AD is primarily characterized by elevated levels of 
inflammatory mediators, BBB breaches, and chronic neuroinflam-
mation. Additionally, by encouraging Ab and tau pathology, the 
complement’s interactio n with these two cell types and the devel-
opment of inflammasomes, especially the NLRP3 inflammasome,
helps to exacerbate neuroinflammation in the brain [42]. 

3.1.1. Ab and tau in neuroinflammation
AD is characterized by the deposition of Ab and tau in distinct 

histopathological brain lesions— senile plaques for Ab and neu-
rofibrillary tangles (NFTs) for tau (Fig. 5). Moreover, in addition 
to these insoluble aggregates, increased levels of soluble Ab and 
tau species are also observed in the brains of AD patients. Together,
evidence from preclinical and clinical studies has identified Ab
peptides and tau protein as key drivers of AD pathophysiology
[43]. The control of tau post-translational modification and propa-
gation may be linked to the neuroinflammation that exacerbates 
tau pathology. Despite promising preclinical results, most anti-
amyloid and anti-tau drugs have failed in late-stage trials.

3.1.2. Microglia and astrocytes
Infections, autoimmunity, and the emergence of neurodegenera-

tive and neurodevelopmental disorders are strongly related with 
microglia and astrocytes’ functional activation and the resulting neu-
roinflammation. In AD, neuroinflammation and the build-up of toxic 
tau and Ab are initiated by the brain’s microglia and astrocytes, 
which are typically in charge of preserving the homeostasis of synap-
tic transmission and remodeling it through pruning [44]. Glial cell 
polarization, excessive pro-inflammatory cytokine release, and 
microglia activation contribute to neuroinflammatory alterations 
and worsen the pathophysiology of AD [45]. Dysregulated immune 
activity within the CNS, particularly involving microglia and astro-
Fig. 5. Role of neuroinflammation
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cytes, drives neuroinflammation. Although neuroinflammation may 
play a part in the pathophysiology of AD, biochemical research has 
suggested that it is not the only contributing factor [46]. 

Though microglial activation is the primary immune response 
in the aging brain, astrocytes are also vital in sustaining chronic 
neuroinflammation and metabolic imbalance. Astrocytes normally 
maintain synaptic homeostasis and remodel synapses by pruning,
but in AD, their reactive metamorphosis results in neuroinflamma-
tion and the buildup of harmful tau and Ab species.

3.2. Parkinson’s disease

PD is a nervous system movement disorder that progressively 
gets worse. It is carried out by degeneration of nerve cells in the 
substantia nigra, a region of the brain. Although there are several
non-motor symptoms, bradykinesia, resting tremor, and rigidity
are the usual clinical features of this movement disorder, with pos-
tural instability developing later [47]. The concept of idiopathic PD 
as a single entity has been called into doubt with the identification 
of numerous clinical subgroups, pathogenic genes, and possible 
environmental factors. Patients with PD have improved prospects
for symptom management and long-term outcomes due to emerg-
ing therapeutic approaches, including novel surgical interventions,
innovative drug delivery systems, and new symptomatic treat-
ments [48]. 

3.2.1. Dopaminergic neuron loss
PD is characterized by the progressive loss of dopaminergic 

neurons in the substantia nigra pars compacta (SNpc) and the pres-
ence of Lewy bodies, which are intraneuronal inclusion bodies
made up of structural cytoplasmic proteins, ubiquitin, comple-
ment, and aggregated misfolded a-synuclein (a-syn) polymers
[49]. PD is often linked to chronic neuroinflammation, which most 
likely results from a persistent insult to the CNS. The progression of 
neurodegeneration in PD is believed to be caused by microglia’s
significant loss of their capacity to perform repair functions, which
results in an unchecked pro-inflammatory phenotype [49]. 

3.2.2. a-syn in inflammation
Numerous a-syn roles have been proposed, including vesicle 

transport in neurons, transcriptional regulation, immune cell mat-
 in (a) AD, (b) PD, and (c) MS.
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Table 1 
Therapeutic compounds targeting signaling pathways involved in
neuroinflammation.

Therapy Pathway 

Non-steroidal anti-inflammatory drugs Inhibit cyclooxygenase (COX)-1 
and COX-2 [34] 

Nanophytomedicines Inhibit ROS generation at 
oxidative stress [35] 

Resveratrol Lower Ab peptides toxicity [67] 
Inzomelid compounds Inhibit NLRP3 [68] 
Rapamycin Inhibit mechanistic target of 

rapamycin [69] 
Ethanol extract of Phyllanthus amarus Decrease Ab accumulation [70] 
Magnolol, stigmasterol, matrine, 

naringenin, naringin, and resveratrol
Inhibiting the pro-inflammatory 
receptors of microglia [71] 

Lecanemab and Aducanumab Removing abnormal Ab from the 
brain [72]
uration and response modulation, and antimicrobial peptide func-
tion. In several NDDs known as synucleinopathies, such as PD, mul-
tiple system atrophy, and Lewy body dementia, this protein forms
insoluble aggregates known as Lewy bodies. Aggregates are also
frequently observed in AD [50]. The ability of a-syn to propagate 
intracellular aggregation seeds via a prion-like mechanism will 
be examined in relation to the neuronal damage caused by its dif-
ferent conformers. Given that inflammation plays a significant role
in almost all NDDs, the activity of a-syn will also be demonstrated
in terms of its impact on glial reactivity [51]. 

3.3. Multiple sclerosis

Age is the most significant and closely related factor to the clin-
ical progression of MS. The aging of the CNS and immune system 
may cause poor response to existing disease-modifying treatments 
in patients with progressive MS. People with MS are getting older 
on average, according to large administrative databases. Approxi-
mately 14% of individuals with MS were 65 years of age or older
in 2010, and the prevalence of MS was at its highest in 2008 among
those aged 55–59 years. Late-onset MS is rare and atypical, and it is
more common after the age of 60 [52]. 

3.3.1. Chronic inflammation in progressive MS
In relapsing-remitting MS (RRMS) and progressive forms of MS, 

chronic CNS inflammation appears to be a key factor in the onset of 
the neurodegenerative process. Describing and tracking this
chronic inflammation in living patients is challenging because tra-
ditional clinical imaging is mainly insensitive to it [53]. Studies on 
brain or spinal cord tissue from patients with secondary progres-
sive MS (SPMS) provide most of the information that has been 
characterized as the neuropathology of MS. It has long been
believed that neuroinflammation and demyelination with relative
neuroaxonal sparing are part of the neuropathology of MS [54]. 

3.3.2. Remyelination and neuroprotection
Promoting neuroprotection by boosting myelin regeneration is 

one way to combat neurodegeneration. Remyelination, also known 
as myelin regeneration, is a treatment option that enhances nerve 
conduction velocity and metabolic support to the underlying axon; 
however, demyelination is pathognomonic in MS. In addition, a
decrease in astrocyte and microglial cell growth factor production,
myelin debris phagocytosis, and cholesterol recycling are linked to
the aging-related failure of remyelination [55]. According to vari-
ous studies, the disease progresses when a neuronal and axonal 
loss threshold is reached, and the CNS’s compensatory mechanisms
are insufficient to preserve neurologic function [56,57]. 

3.3.3. Microglial and astrocytic contributions
Both astrocytes and microglia have important, frequently intri-

cate roles in the development of MS. The brain’s occupier immune 
cells, known as microglia, release various chemicals related to 
inflammation and remyelination, which can have beneficial and
detrimental effects. The development of the disease is defined
mainly by reactive astrogliosis and microgliosis, which are brought
on by focal myelin damage [58]. An imbalance between demyeli-
nation and remyelination can lead to progressive degenerative pro-
cesses in human demyelinating diseases like MS. Microglia must 
phagocytose myelin debris from the demyelination to achieve suf-
ficient remyelination and slow the disease’s progression [59]. 

3.4. Amyotrophic lateral sclerosis (ALS)

Motor neurons, brain and spinal cord nerve cells that regulate 
voluntary muscle movement and breathing, are impacted by ALS,
formerly known as Lou Gehrig’s disease [60]. Muscles weaken,
6

begin to twitch (fasciculation), and atrophy due to motor neurons 
being degenerated, dying, and ceasing to communicate with the 
muscles. In ALS, the brain eventually loses the capacity to initiate
and regulate voluntary movements. ALS is progressive, and its
symptoms worsen with time [61]. 

3.4.1. Neuroinflammaging in ALS progression
A complex range of interrelated pathological processes, such as 

glutamate excitotoxicity, dysregulation of neurotrophic factors and 
axon guidance proteins, axonal transport defects, mitochondrial 
dysfunction, inadequate protein quality control, and aberrant
RNA processing, have been identified through investigation of the
molecular mechanisms of superoxide dismutase 1 (SOD1)-related
ALS [62]. Although it’s unclear if physical activity is a risk factor 
for ALS or just a sign of underlying athletic prowess, ALS has been
reported more frequently in groups of athletes than in the general
population [63]. 

3.4.2. Microglial and astrocytic contributions
Microglia and astrocytes have been shown to have both neuro-

protective and neurotoxic properties in ALS animal and cell mod-
els. Imaging investigations of ALS patients, human post-mortem 
samples, and rodent models of ALS all show evidence that harmful
microglia help maintain the inflammation in ALS. Disease-
associated microglia (DAM), a microglial condition that has drawn
special attention, have been found in various NDDs, such as MS, AD
[64], and ALS [65]. In the spinal cord of ALS patients, microglia 
upregulate the expression of cluster of differentiation 14 (CD14),
CD18, scavenger receptor A (SR-A), and CD68 [66]. 

4. Therapeutic approaches targeting neuroinflammaging

An increasing amount of data from clinical and laboratory 
research indicates that anti-inflammatory drugs can delay or stop 
NDDs from occurring. Multiple manifestations of neuroinflamma-
tion were found in both preclinical and clinical NDDs, as well as
in the recently discovered anti-inflammatory targets.

4.1. Anti-inflammatory drugs and biomolecular targets

Numerous formulations, such as statins, minocycline, and mela-
tonin, have been shown to exert anti-inflammatory effects in CNS
(Table 1 [34,35,67–72]). It has been demonstrated that melatonin, 
which is produced by the pineal gland, offers neuroprotection 
against brain and spinal cord damage. Hormones and excitatory 
amino acids are secreted by the hypothalamic–pituitary adrenal
(HPA) axis and autonomic nervous system, which also control
adaptation to acute stress [73]. An external force to the head
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causes trauma to the brain, which is known as traumatic brain 
injury (TBI). An estimated 52 000 of the 1.7 million TBI victims 
die as a result of their injuries, leaving a large number of people
with symptoms that may persist for a few days, a few years, or life-
long [74]. On the other hand, TREM2, which stands for triggering 
receptors expressed on myeloid cells 2, controls the brain’s inflam-
matory response and is essential for eliciting anti-inflammatory
reactions for neuroprotection. TREM2 has become a key focus for
studies pertaining to the development of neuroinflammation in
AD because of these features.

4.2. Non-steroidal anti-inflammatory drugs (NSAIDs), corticosteroids, 
and novel anti-inflammatory drugs

Experimental studies demonstrate that inhibition of specific 
cyclooxygenase (COX) isoforms and pre-treatment with NSAIDs 
attenuate acute neuroinflammation and tissue damage in models
of cerebral ischemia [75]. The effects of glucocorticoids on particu-
lar hippocampal neuronal populations vary depending on the cell 
type, concentration, and exposure duration. Stress-related neu-
roinflammation was also lessened by antidepressant drugs, such
as selective serotonin reuptake inhibitors (SSRI) [76]. Bis(thiosemi-
carbazone) copper(II) complexes (CuII(gtsm) and CuII(atsm)) exhi-
bit a wide range of therapeutic effects in preclinical models of 
neurodegen eration, with CuII(atsm) showing positive impact on
neuroinflammatory markers both in vitro and in vivo [77]. Using 
LPS-induced BV2 mouse microglia, nine novel organ selenium 
compounds based on the hybridization of the skeleton and organ 
selenium motif (–SeCN and –SeCF3) of non-steroidal NSAIDs were
synthesized and their possible anti-neuroinflammatory effects
assessed [78]. 

4.3. Nuclear factor erythroid 2-related factor 2 (Nrf2) activators and
senolytics

Modulators of Nrf2–heme oxygenase-1 (HO-1) may aid in AD 
therapeutics owing to their enhancement of mitochondrial func-
tion, suppression of microglia-mediated inflammation, and
increase in the expression of antioxidant genes [79]. The transcrip-
tion factor Nrf2, also known as nuclear factor-erythroid 2 p45-
related factor 2, operates at the intersection of intermediate meta-
bolism and cellular redox. Antioxidant enzymes and proteins 
involved in xenobiotic detoxification, inflammation, mitochondrial
bioenergetics, and the repair and elimination of damaged proteins
and organelles are encoded by Nrf2 target genes [80]. Nrf2’s role in 
AD, with a focus on the different pathways, namely, phosphoinosi-
tide 3-kinase (PI3K), glycogen synthase kinase-3 (GSK-3), NF-jB, 
and p38 mitogen-activated protein kinases (p38MAPK), that con-
tribute to both positive and negative modulation of Nrf2. There is
strong evidence that senescent cell depletion improves outcomes
in several contexts, especially ageing, neurodegeneration, and cog-
nition. There might be difficulties in treating AD with Nrf2 activa-
tors [79]. Although the role of senescence in disease is complex, 
using a senolytic to reduce microglia and macrophages signifi-
cantly improves the severity of experimental autoimmune 
encephalomyelitis (EAE) disease, as evidenced by reduced inflam-
mation, demyelination, and neurodegeneration. As a result, this
may be a novel approach to treating the progression of MS [81]. 

4.4. Immunomodulatory approaches

An inflammatory response in the brain or spinal cord character-
izes neuroinflammation. ROS, secondary messengers, cytokines, 
and chemokines are released to orchestrate this response. As many
potential targets to modify immunity as there are immune system
components, this opens up a variety of intervention options [82]. 
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4.4.1. Targeting microglial activation
In NDDs such as AD, PD, and ALS, microglia have proven to be a 

desirable therapeutic target. The idea that activated microglia 
should be suppressed in immune-privileged sites, like the brain,
because they are a hallmark of neuroinflammation, has led to mas-
sive clinical trials on immunosuppressive or anti-inflammatory
medications [83]. Numerous components of neuroinflammation, 
including cytokines, chemokines, growth factors, ROS, RNS, and 
prostaglandins (PGs), are released by activated microglia. Microglia 
are essential mediators of neuroinflammation in the diseased
brain, controlling a wide range of cellular reactions. Consequently,
controlling microglia activation to produce a neuroprotective effect
is a possible therapeutic target.

4.4.2. Cytokine inhibitors and monoclonal antibodies (mAbs)
A more accurate method of managing neuroinflammation is 

targeted therapy using small-molecule inhibitors or mAbs 
against particular cytokines, such as tumor necr osis factor-a
(TNF-a), IL-1b, and IL-6 [84]. It is becoming more widely 
acknowledged that cytokine-mediated inflammation is essential 
to the pathophysiology of neuroinflammation and various brain 
disorders. Cognitive deficits in neurological disorders are closely 
associated with cytokines. Notably, comm on cytokines con-
tributing to cognitive dysfunction in all disorders are TNF-a
and IL-6 [85]. 

TNF-a. A pleiotropic immune cytokine, TNF-a, is a member of 
the TNF superfamily of receptor ligands. Since neuroinflammation 
and excitotoxicity serve as key triggers and perpetuators of the
neurodegeneration process, elevated levels of TNF-a have been
associated with TBI, ischemia, AD, PD, MS, and ALS [86]. Previous 
studies suggested that the overproduction of TNF-a in supraspinal 
regions like the hippocampus and anterior cingulate cortex (ACC) 
contributes to the modulation of pain transduction and is crucial
in memory impairments linked to pain [87]. 

IL-6. The cytokine IL-6 was discovered to be a B-cell differenti-
ation factor that could cause B cells to mature into cells producing 
antibodies. IL-6, a pleiotropic cytokine, is known to have both pos-
itive and negative effects. They effectively promote anti-
inflammatory factors while suppressing pro-inflammatory cytoki-
nes, such as IL-6 [88]. Crucially, neurons react to IL-6 in different 
ways, depending on their surroundings and whether they are part 
of the central or peripheral nervous systems. Furthermore, by per-
mitting peripheral immune cells and inflammatory mediators to
enter the brain, dysregulated IL-6 erodes the BBB, aggravating neu-
roinflammation and neuronal damage [89]. 

Interferon-c (IFN-c). Many NDDs and neuroinflammatory dis-
eases express the pleiotropic cytokine IFN-c. IFN-c-dependent bio-
logical effects, effector protein translation, and inflammation might 
be influenced by IFN-c-mediated activation of the PI3K–protein
kinase B (Akt) axis. To completely explain the significance of the
identified pathway in IFN-c signaling, further investigation is nec-
essary [90]. Senescence, autophagy, and neuroinflammatory 
responses have been demonstrated to interact closely, highlighting 
their roles in aging brain. On the other hand, reduction in 
senescence-associated secretory phenotype (SASP) reduces neu-
roinflammation because autophagy removes accumulated toxic
and damaged cellular components saving the cells going through
senescence [91]. 

IL-1b. In several CNS disorders, including MS, NDDs, TBI, and 
diabetic retinopathy, the proinflammatory cytokine IL-1b has been 
linked to sustaining immune responses and escalating disease 
severity. Neuroinflammaging, or age-related inflammatory 
changes in the brain, is largely caused by the pro-inflammatory 
cytokine IL-1b. By stimulating astrocytes and microglia, it causes 
an excess of inflammatory mediators, which aids in the onset
and advancement of NDDs.
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4.5. Lifestyle and nutritional interventions

In this endeavor, lifestyle has emerged as a potential non-
pharmacological target. Globally, people are adopting a more bal-
anced lifestyle, and many physicians are recommending non-
pharmaceutical treatments for depression and promoting medita-
tion. Similarly, it is now known that diets rich in fat and sugar
affect cognition, including memory and learning. Indeed, in as little
as three days, a high-fat diet (HFD) can impair cognitive function in
aged rodents, but not in young adults [92,93]. Using selenium sup-
plements in dietary interventions (Se-Ps), neuroinflammation 
linked to NDDs may be prevented or treated by Se-Ps, which are
selenium supplements and good sources of peptides with anti-
inflammatory and antioxidant properties [94]. Activation of micro-
glia and astrocytes, coupled with the release of pro-inflammatory 
cytokines (TNF-a, IL-1b, or IL-6) and increased ROS production
resulting in oxidative stress, is a hallmark of neuroinflammation
[95]. Several studies have shown that fermented dairy products 
improve cognitive function thereby protecting against dementia, 
including AD. According to epidemiological research, eating more 
low-fat dairy products (even once a week) results in improved cog-
nitive function, thus implying that dairy products aids in maintain-
ing healthy brain with aging. Fermented dairy products are known
to be safe for human consumption, except for allergies and intoler-
ances [96]. 

4.5.1. Impact of caloric restriction and intermittent fasting (IF)
Metabolic, antioxidant, and immunomodulatory adaptations 

are among the health-promoting effects of dietary restriction 
(DR) that may impact the development, course, and outcome of
various neurological and neuroinflammatory conditions [97]. DR 
increases lifespan in multiple organisms and is one of the most
effective anti-aging interventions tested to date [98]. Previous 
studies suggested that down-regulation of lipocalin-2 and 
galectin-3 and IF, lowers neuroinflammation and cognitive impair-
ment in HFD-fed mice [99]. Intracerebral hemorrhage (ICH) has a 
poor prognosis, in part due to inflammatory responses. It has been
demonstrated that IF exerts anti-inflammatory effects in various
pathogenic processes [100]. 

4.5.2. Role of polyphenols and omega-3 polyunsaturated fatty acids
(omega-3)

Several nutrients, including carotenoids, polyphenols, and 
mega-3, have immunomodulatory qualities and are promising
options for preventing neuroinflammation-related impairments
[101]. Dietary measures containing omega-3 and plant extracts 
may help avoid neuroinflammation and, as a result, age-related 
cognitive decline. The effects of these supplements on chronic
inflammation in the context of aging need to be explored further
[102]. 

4.6. Gut–brain axis and microbiome-based therapies

Treatments targeting the microbiome–gut–immune brain axis 
have been developed in response to new evidence linking GM to 
neurological and psychiatric disorders. Evidence has shown that 
the GM and the CNS communicate in both directions, known as 
the microbiota–gut–brain axis. A new era of precision neuropsy-
chiatric clinical interventions for neurological, neurodevelopmen-
tal, and psychiatric disorders may be ushered in by utilizing a
better understanding of how these interactions govern immunity
[103]. 

4.6.1. Probiotics, prebiotics, and GM modulation
Probiotics may help reduce neuroinflammation by improving 

gut barrier function, changing the composition of the microbiota,
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and lowering systemic inflammation [104]. Probiotics may be 
one of the therapeutic strategies that could be used to treat GM. 
Furthermore, human GM and its metabolites have emerged as
promising therapeutic targets for the development of preventive
interventions against disease [105]. Substantial evidence has 
shown that GM plays a vital role in the pathophysiology of AD, 
which is partially mediated by altered brain microglial activity.
Consequently, GM modulation might be a viable treatment option
in AD therapeutics [106]. By increasing Bacteroidetes, prebiotics 
helped to restore the unbalanced GM. Both fructo-
oligosaccharides (FOSs) and galacto-oligosaccharides (GOSs) 
enhanced the gut barrier and decrease d intestinal inflammation.
Prebiotics enhanced neuroplasticity and decreased neuroinflam-
mation and indoleamine 2,3-dioxygenase (IDO) signaling [107]. 
Prebiotics offer a different approach to successfully changing the 
enteric ecosystem and, consequently, brain function, which are 
nondigestible nutrients such as fibers, carbohydrates, or different
saccharides that increase the number of naturally occurring,
advantageous gut bacteria [108]. Alterations in GM products, such 
as amyloid protein, may result from oral bacteriotherapy and cus-
tomized diets that modify GM. Animals, including humans, have a 
complex and constantly shifting bacterial community called the
gut microbiome. According to new research, the composition of
the GM has been linked to several human health outcomes, includ-
ing cognitive function [109]. The GM controls several neurochem-
ical pathways via the intricately linked gut–brain axis. According 
to recently discovered evidence, intestinal microbiota participates 
in two-way communication between the gut and the brain. 
Because of this, scientists have proposed that the microbiota in
the human gut might even function as the ‘‘second brain” and be
the cause of NDDs like AD [110]. 

4.6.2. Fecal microbiota transplantati on (FMT) potential
Several gut microbes and metabolites derived from microbes, 

including LPSs, short-chain fatty acids, and trimethylamine N-
oxide, regulate the gut–brain axis, which is the two-way commu-
nication between the gut and brain. Recent research has high-
lighted the importance of GM in TBI. Neuroactives, particularly 
neurotransmitters that alter local and central neuronal functions,
are produced by the GM. Although the beneficial effect and possi-
ble mechanisms of FMT against TBI are still unknown, FMT is an
effective way to regulate the microbiota–gut–brain axis [101]. 

4.7. Gene therapy and emerging technologies

Therapies based on genes and RNA are quickly becoming effec-
tive for specifically reducing neuroinflammation. In NDDs, gene 
therapy holds enormous promise for treating neuroinflammation. 
With little success in slowing or stopping the progression of NDDs, 
traditional treatment modalities have mainly concentrated on 
symptom relief. The complex nature of these disorders and the
restrictive characteristics of the BBB have hampered the develop-
ment of effective therapies. On the other hand, new developments
in gene therapy present encouraging approaches to treating neu-
roinflammation [111]. 

4.7.1. Clustered regularly interspaced short palindromic repeats
(CRISPR) and gene-editing approaches

It is anticipated that pathological and physiological alterations 
brought on by the onset of the disease will act as markers for tar-
geted delivery or targets for gene editing. Targeting the delivery of 
CRISPR/CRISPR-associated protein 9 (Cas9) technology in disease 
therapeutics still presents several potential difficulties. Addition-
ally, CRISPR has made it possible to identify new apoptotic path-
ways linked to NDDs in PD and to ga in a better understanding of
the interactions between different PD genes [112,113].
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Genome-wide sequence-specific regulation of gene expression 
is a crucial strategy for comprehending gene activities and devel-
oping genetic regulatory systems. Highly selective repression 
(knockdown) of gene expression is made possible by CRISPR inter-
ference (CRISPRi), which is the repurposing of the RNA-guided
endonuclease deactivated Cas9 (dCas9) as a programmable tran-
scriptional repressor. Recently, a study using pooled CRISPRi
screening successfully investigated the involvement of AD-
associated genes in microglia reacting to Ab [114]. Depending on 
the guide RNA sequence used, CRISPRi systems can frequently 
exhibit inconsistent results, performance variability among cell 
lines and gene targets, and partial knockdown. CRISPR activation/ 
interference (CRISPRa/i) are becoming increasingly recognized as 
potent instruments for accurate transcriptional control of endoge-
nous gene expression. These tools can be extended to analyze the 
precise impact of genes with putative roles in other NDDs, such
as C9orf72 in ALS/frontotemporal dementia (FTD) and leucine rich
repeat kinase 2 (LRRK2) in PD, as well as in the development of
therapies for such diseases, as our understanding of the mecha-
nism by which CRISPRa/i can be efficiently and specifically induced
enhanced [115]. 

Models based on CRISPR/CRISPRa can be used to determine the 
causes of changes in gene expression associated with NDDs. 
Induced GABAergic neurons were produced by CRISPRa activation
of the reprogramming factors ALN in striatal astrocytes [116]. 
Therefore, in neurological disorders, CRISPR-based methods may 
identify therapy targets and disease mechanisms. In an in vitro 
model of PD, a study effectively assessed the effects of CRISPRa-
mediated glial cell line-derived neurotrophic factor gene (gdnf)
overexpression [117]. And using a unique nanostructured delivery 
technology, the results showed that raising gdnf expression can 
alleviate some of the cellular symptoms linked to PD in an
in vitro model of the condition.

4.7.2. Stem cell therapy
As an experimental treatment for stroke, stem cell therapy has 

gained popularity, and mounting data suggest that stem cells can
effectively prevent inflammation caused by stroke [118,119]. Only 
a small percentage of patients can receive long-lasting pain relief 
from current pharmacological and non-pharmacological 
approaches, and there are no safe and efficient treatment alterna-
tives. By using stem cells’ capacity for regeneration to repair dam-
aged neural tissue and circuitry, stem cell-based therapies have
become a viable treatment option for several neurological condi-
tions [120]. Consequently, reducing inflammation could be a sound 
therapeutic strategy for neurological conditions.

4.8. Artificial intelligence (AI)-driven innovations in NDDs

To find new biomarkers and interactions in intricate datasets, 
machine learning (ML) and AI techniques have been developed. 
magnetic resonance imaging (MRI), Positron emission tomography 
(PET), and computed tomography (CT) scans are among the AI-
enhanced neuroimaging methods that allow for the accurate iden-
tification of AD biomarkers in early diagnosis [121]. While input 
data and algorithm learning style often categorize AI techniques, 
their application varies depending on the type of biomarker. AI 
has also helped cognitive and behavioral examinations, including
technologies that improve neuropsychological test accuracy and
examine speech and language patterns for early dementia indica-
tors [122]. From a regulatory perspective, the incorporation of AI 
creates significant issues even while it promises to increase effi-
ciency, lower costs, and improve patient health and medicines. In 
order to comprehend the potential of readily available, minimally
invasive transition biomarkers, researchers used data from the Alz-
heimer’s Disease Neuroimaging Initiative (ADNI) to compare
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genetic and imaging characteristics using four distinct ML tech-
niques [123]. AI improves the identification of AD biomarkers 
using genetic/proteomic data and neuroimaging. By anticipating 
individual reactions, AI expedites medication research and cus-
tomizes therapies. AI also uses deep learning to anticipate the 
course of diseases by integrating multi-modal data. Notwithstand-
ing these developments, there are still restrictions. Dependence on
historical or synthetic data can result in overfitting or a lack of gen-
eralizability, and AI models may be biased if trained on unrepre-
sentative datasets. The application of AI is further complicated by
ethical and legal concerns, such as data privacy [124]. 

5. Sex-dependent mechanisms of neuroinflam maging in NDDs

5.1. Hormonal regulation of neuroinflammation

Sex hormones exert critical regulatory effects on neuroinflam-
matory processes and play key roles in shaping sex-specific vulner-
ability to NDDs. In females, estrogens generally exhibit
neuroprotective properties by attenuating microglial activation,
enhancing antioxidant defenses, and downregulating pro-
inflammatory cytokine production ([125,126]). These mechanisms 
are particularly evident in experimental models of AD, where 
estrogen treatment mitigates neuroinflammation and Ab toxicity, 
and may contribute to delayed disease onset or slower progression
observed in some epidemiological studies [127]. In contrast, the 
neuroprotective effects of testosterone appear to be more context 
dependent. While physiological levels of testosterone can support 
neuronal survival, under conditions of oxidative stress or mito-
chondrial dysfunction, it may enhance neuroinflammation by pro-
moting NF-jB-dependent pro-inflammatory signaling, as
demonstrated in PD models [128]. Evidence in ALS remains limited 
and somewhat inconsistent. Collectively, these hormone-driven 
differences contribute to sex-specific trajectories of neuroinflam-
maging and differential susceptibility to NDDs.

5.2. Genetic and epigeneti c influences

Sex-dependent genetic and epigenetic mechanisms critically 
shape neuroinflammatory regulation and influence susceptibility 
to NDDs. In females, incomplete X-chromosome inactivation per-
mits certain immune-related genes, such as Toll-like receptor 7 
gene (TLR7), to escape silencing, resulting in enhanced microglial
reactivity and heightened immune responses. This phenomenon
contributes to the increased prevalence of neuroinflammatory con-
ditions such as AD and MS observed in women [129]. Further evi-
dence indicates that TLR8 and other X-linked immune genes 
exhibit partial escape from inactivation, reinforcing sex-specific
immune gene dosage effects in neurodegeneration [130]. Recent 
research also suggests that dysregulation of X-linked immune 
genes contributes to amplified inflammatory signaling and neu-
ronal vulnerability in neurodegenerative models [131]. 

Epigenetic factors, including DNA methylation, histone acety-
lation, and microRNA-mediated gene regulation, introduce 
another layer of sex-biased control over neuroinflammatory pro-
cesses. These mechanisms influence cytokine production and 
glial cell activation, thereby contributing to differences in dis-
ease onset and progression between males and females. In PD, 
sex-specific DNA methylation patterns have been linked to 
a ltered dopaminergic neuron survival and immune signaling
[132]. Similarly, in ALS, histone modifications and microRNA 
expression profiles differ between sexes, affecting neuroinflam-
matory gene expression and disease trajectory [133]. These 
molecular distinctions underscore the necessity of integrating 
sex as a biological variable in biomarker discovery and therapeu-
tic development for NDDs.
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Table 2 
Sex-Specific Mechanisms in Neuroinflammaging Across NDDs.

Disease Sex-specific mechanisms Reference 

AD • Estrogen reduces microglial hyperactivation and
enhances antioxidant defenses

[141] 

• Females carrying APOE4 have increased risk [142] 
• Higher tau/p-tau and NfL levels observed in women [143] 
• Stronger correlations between microglial activity and
tau pathology in females

[144] 

• NSAIDs show greater efficacy in males [145] 
• Senolytic therapies more beneficial in females [146] 

PD • Testosterone promotes pro-inflammatory signaling [128] 
• Males exhibit increased dopaminergic neuron loss [147] 
•a-syn-induced glial activation varies by sex [148] 
• Females display stronger antioxidant responses [128] 

MS • Females show elevated immune activation [149] 
• Estrogen facilitates remyelination and supports glial
neurotrophic activity

[150] 

• Age-related decline in protective mechanisms is
more pronounced in males

[151] 

• Female astrocytes exhibit stronger antioxidant
responses

ALS [152] 

• Males demonstrate enhanced microglial pro-
inflammatory activity

[153] 

• Sex hormones influence glutamate excitotoxicity and
axonal vulnerability

[154] 

APOE4: apolipoprotein E e4 all ele.
5.3. Glial cell function and sex differences

Astrocytes and microglia exhibit sex-dependent differences in 
their baseline phenotypes and responses to stress, which can influ-
ence neuroinflammation, aging, and the progression of NDDs. In 
experimental models, female astrocytes often display stronger 
Nrf2-mediated antioxidant responses and estrogen-dependent
anti-inflammatory signaling, whereas astrocytes derived from
males tend to be more susceptible to oxidative stress, contributing
to neuronal vulnerability in AD, PD, and MS [134,135]. Aging fur-
ther modulates these responses: female astrocytes may maintain 
anti-inflammatory signaling longer than male astrocytes, poten-
tially delaying the onset of reactive astrogliosis [136,137]. 

Microglia also exhibit sex-specific properties, with female 
microglia mounting stronger pro-inflammatory transcriptional 
programs in AD contexts, whereas prolonged or dysregulated
microglial activation in males is associated with greater neuronal
injury in PD and ALS [106,137,138]. Importantly, astrocyte–mi-
croglia crosstalk is also influenced by sex, affecting processes such 
as remyelination and neuronal survival. For instance, sex-biased 
glial signaling contributes to differences in remyelination effi-
ciency in MS and to variable glial modulation of neuronal degener-
ation in ALS [139]. 

5.4. Implications for biomarkers and therapeutics

Sex differences in neuroinflammatory mechanisms significantly 
influence biomarker profiles and treatment responses in AD. Women 
with AD often exhibit higher CSF tau and phosphorylated tau (p-tau) 
levels, accelerated amyloid-driven progression, and elevated neuro-
filament light (NfL) levels, indicating more pronounced neurodegen-
eration compared to men. These differences may be attributed to 
hormonal influences, genetic factors, and variations in immune sys-
tem responses between sexes. While some studies suggest that males 
may have a different response to nonsteroidal anti-inflammatory 
drugs (NSA IDs), the evidence is not consistent across all studies.
For instance, a study reported a reduced risk of dementia associated
with NSAID use, but the effect was not uniform across all individuals
[139]. Furthermore, senolytic therapies, such as the combination of 
dasatinib and quercetin, have demonstrated enhanced neuroprotec-
tive effects in female models, suggestin g a potential avenue for
sex-specific therapeutic strategies in AD [140]. These findings under-
score the importance of considering sex differences in the develop-
ment of diagnostic and therapeutic approaches for NDDs.

Table 2 [128,141–154] summarizes the sex-specific mecha-
nisms underlying major NDDs.

6. Challenges and future perspectives

The aged brain is particularly vulnerable to the damaging 
effects of internal and external factors such as illness, stress, infec-
tion, and toxins, especially when neuroinflammation is elevated. 
Microglia and astrocytes, the innate immune cells of the CNS, pri-
marily mediate these neuroinflammatory responses. The role of 
neuroinflammation and associated oxidative damage in the onset 
and progression of NDDs like AD, PD, and ALS is increasingly recog-
nized. While acute neuroinflammation facilitates tissue repair and 
pathogen clearance, chronic and dysregulated inflammation accel-
erates neurodegeneration. In diseases such as AD, microglia and
astrocytes initiate neuroinflammation and contribute to the accu-
mulation of toxic tau and Ab, which disrupt synaptic homeostasis
and remodeling. Despite available treatments targeting symptoms
such as non-competitive N-methyl-D-aspartate receptor antago-
nists and acetylcholinesterase inhibitors approved for dementia
stages, the therapeutic landscape for slowing or preventing
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neuroinflammation-driven neurodegeneration remains limited. 
Clinical trials of anti-inflammatory agents, including NSAIDs, have 
yet to demonstrate apparent efficacy notwithstanding a strong 
mechanistic rationale. Future research should prioritize multidisci-
plinary and integrated approaches to slow disease progression and 
reduce chronic neuroinflammation. Precision medicine, which 
leverages patient-specific genomic, transcriptomic, proteomic, 
and metabolomic data, offers a promising avenue to tailor preven-
tion and treatment strategies for neuropsychiatric disorders. How-
ever, challenges remain, including the complexity of genetic 
factors, data integration hurdles, and ethical considerations. Recent 
advances in biomedical engineering and computational technolo-
gies are revolutionizing brain aging research. AI-driven predictive 
models, BBB on-chip systems, and brain organoids provide novel 
insights into neuroimmune interactions and cellular senescence. 
Cutting-edge therapeutic strategies, including CRISPR/Cas9 gene 
editing, senolytics, and nanocarrier delivery systems, are emerging 
as potential modulators of neuroinflammaging. Integrating these 
platforms with high-throughput screening and omics datasets 
facilitates precision biomarker discovery and personalized treat-
ment design, bridging the gap between molecular understanding 
and clinical application. Clinically, attention must be given to the
side effects and drug interactions associated with therapies target-
ing neuroinflammation. Given the widespread use of neuronu-
traceutical supplements, healthcare professionals should
routinely inquire about patients’ supplement intake to optimize
care. Moreover, individuals affected by neuroinflammaging may
show increased sensitivity to postoperative stress and other med-
ical interventions. In summary, neuroinflammation is a double-
edged sword in the aging brain, essential for defense and repair
but detrimental when chronic and uncontrolled. Continued inter-
disciplinary research and innovative technologies are key to
unlocking effective interventions for NDDs, improving patient out-
comes, and advancing CNS therapeutics. Besides encouraging
developments, several barriers remain to accelerate the transfor-
mation of engineering-based findings into scalable, customized
treatments for neurodegenerative illnesses associated with aging.
More investigation and cooperation are necessary due to interindi-
vidual variability, the lack of cross-organ modelling, and ethical
issues with gene-based therapies.
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