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SUMMARY

Neuroinflammation is regarded as a central mechanism driving the progression of neurodegenerative diseases,
integrating age-associated inflammation, glial dysfunction, blood-brain barrier disruption, mitochondrial stress, and
systemic factors. Activation of microglia and astrocytes, involvement of the NLRP3 inflammasome, dysregulation
of TREM2 signaling, disturbances in iron and lipid metabolism, as well as the influence of the microbiota and meta-
bolic comorbidities together form a self-sustaining pathological network that exacerbates neuronal loss in Alzheim-
er's disease, Parkinson'’s disease, amyofrophic lateral sclerosis, and multiple sclerosis. Emerging therapeutic strate-
gies include modulation of microglia, inhibition of inflammasome-related cascades, epigenetfic approaches, and
nanofechnology-based delivery systems for anfi-inlammatory compounds; however, their clinical efficacy remains
limited. A deeper understanding of the architecture of neuroinflammation opens avenues for the development
of targeted and personalized interventions.
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HEVIPOBOCTIAJIEHUE KAK LUEHTPAJIbHOE 3BEHO INMATOlMEHE3A
HEWPOLErEHEPATUBHbIX 3A5OJIEBAHUN: MOJIEKYJIPHbIE MEXAHU3MbI,
KITMHUYECKUE KOPPEJIATBI 1 TEPATNEBTUYECKWE NEPCIIEKTUBbI

Ffacanosa C.M., CaHnaxuropsesa A.A., Mukamnaosa C.A., YioTHoBa A.B., CacouHa P.b.

PrAQY BO «Poccumckmmi HAUMOHAAbHbIM MICCAEAOBATEABCKMIA MEAMLIMHCKUMI YHUBEPCUTET
MM. HN. TIMporosay MUHUCTEPCTBA 3APABOOXPAHEHUS Poccumckon Peaepaumm, Mockea, Poccusa

PE3IOME

HeripoBocraAreHue pacCMATPUMBAETCS KAK LLEHTPAABHbBIM MEXQHM3M MPOMPECCHPOBAHUS HEMPOAErEeHEPATHB-
HbIX 30060AEBAHMMI, MHTEMPUPYIOLLIMI BO3PACT-ACCOLMMPOBAHHOE BOCIAAEHUE, TAMAABHYIO AMCCDYHKLMIO, HOPY-
LLIeHWe TeMATO3HLEMAAMHECKOTO 6apbepa, MUTOXOHAPUAAbHBIM CTPECC M CUMCTEMHbIE gOAKTOPbLI. AKTUBALIMS
MUKPOTAMM M QCTPOUMTOB, BOBAEYEHME NLRP3-MHGOAOMMACOMBbI, AMCperyaiums TREM2-CUrHaAMHIQ, HapYyLLUEeHMs
XKEAE3HOIo U AMMMAHOIO OBMEHQ, A TAKXKE BAMIHME MUKDOBMOTEI M METABOAMYECKMX KOMOPBUAHOCTEN CPOP-
MUPYIOT YCTOMYMBYIO MATOAOTMHECKYIO CETh, YCUAMBAIOLLLYIO HEUPDOHAABHYIO YTOATY Mpn BOAE3HM AAbLIrermepa,
bore3Hm MNapKMHCOHA, BOKOBOM AMUMOTPOOUYECKOM CKAEPO3E M PACCEIHHOM CKAepO3e. lossAasioLLmecCs Te-
PANEBTUYECKME CTPATEMM BKAIOYQIOT MOAYAILMIO MUKPOTAMM, MOACQBAEHME MHCDAOMMACOMHbIX KOCKQAOB, 3MM-
reHeTM4eCcKme MoAXOAbl M HAHOTEXHOAOMMHYECKME CHMCTEMbI AOCTABKM MPOTUBOBOCTIAAMTEABHbIX COEAMHEHUH,
OAHOKO MX KAMHMYECKAS 3GpQPEKTUMBHOCTb OCTAETCS OrPAHMYEHHOM. YIAYOAEHHOE MOHMMAHME CTPYKTYPbl HEM-
[POBOCMAAEHMS OTKPbLIBAET BO3MOXXHOCTH AAS PA3PAOOTKM TAPrETHbIX M MEPCOHAAMIMPOBAHHbLIX BMELLQTEALCTB.

KAKOYEBBIE CAOBA: HeMpPOBOCTAAEHME; MUKPOTAMS; NLRP3-MHdbAammacoma; TREM2; HeMpoaereHepaums; re-
MATOIHLLEDOAMYECKMI Bapbep.

KOH®PAUKT MUHTEPECOB. ABTOPbI 3ABASIOT OO OTCYTCTBMM KOHCDAMKTA MHTEPECOB.

Introduction 57 million people, and by 2050 it is projected to increase more

Neurodegenerative diseases (NDDs) represent one
of the most significant groups of chronic disorders, charac-
terized by progressive neuronal loss, impairment of synaptic
transmission, and a gradual decline in cognitive and motor
functions [1]. According to the Global Burden of Disease
(2019) analysis, the prevalence of dementia already exceeds

than two-and-a-half-fold, reaching 152.8 million patients [1].
Another large epidemiological report — GBD 2021 —
indicates that disorders of the nervous system have entered
the group of leading global causes of disease burden, mea-
sured in disability-adjusted life years (DALYs) [2]. With-
in the spectrum of NDDs, the major contribution is made
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by Alzheimer’s disease (AD), Parkinson’s disease (PD), amy-
otrophic lateral sclerosis (ALS), and mixed forms of demen-
tia, making neurodegeneration a key challenge for global
healthcare [3].

Despite differences in clinical phenotypes, most NDDs
share a set of fundamental pathological processes: accumu-
lation of misfolded proteins, mitochondrial dysfunction, dis-
turbed intercellular communication, and progressive chronic
inflammation within the central nervous system. For a long
time, the pathogenesis of these disorders was considered pri-
marily through the lens of protein aggregates — -amyloid,
hyperphosphorylated tau, and a-synuclein. However, contem-
porary research convincingly demonstrates that it is sustained
neuroinflammation that largely determines the rate of neuro-
degeneration and influences disease trajectories more sub-
stantially than the mere presence of pathological proteins [4].

The core component of this inflammatory response is gli-
al activation. Microglia and astrocytes, responding to protein
aggregates as danger-associated molecular patterns (DAMPs),
trigger innate immune signaling pathways, including nuclear
factor NF-kB and the NLRP3 inflammasome. These process-
es lead to the release of pro-inflammatory cytokines, disrup-
tion of blood-brain barrier (BBB) function, and the formation
of a self-sustaining pathological cycle of inflammation and
neuronal death [5, 6].

In recent years, the concept of a “neuroimmune con-
nectome” has emerged, reflecting the tight intercon-
nectedness of the central and peripheral immune sys-
tems. Numerous studies published in Science and Nature
show that neuroinflammation is not confined to local
processes within the brain but is closely linked to sys-
temic immune, metabolic, and microbiome-related in-
fluences. This substantially broadens our understand-
ing of NDD pathogenesis and underscores the need for
an integrative, interdisciplinary approach to their stu-
dy [7, 8].

The aim of this review is to provide a structured analysis
of current data on the cellular and molecular mechanisms
of neuroinflammation, its role in the progression of major
neurodegenerative diseases, and the therapeutic potential of
modulating these processes. Particular attention is paid to the
interactions between glial cells, inflammatory signaling path-
ways, systemic risk factors, and potential therapeutic targets,
allowing neuroinflammation to be considered as a central link
in the pathogenesis of NDDs and a promising therapeutic
direction for the future [4, 7].

Cellular and Molecular Mechanisms
of Neuroinflammation

Microglia are the key effector cells of innate immunity
in the central nervous system and form the first line of re-
sponse to structural and metabolic signs of damage. Under
physiological conditions, microglial cells maintain homeo-
stasis, perform phagocytosis, monitor synaptic integrity, and
participate in trophic regulation. However, under the influ-
ence of pathological proteins, mitochondrial stress, metabol-
ic disturbances, or systemic inflammatory signals, microglia
transition into activated states characterized by pronounced
immune and metabolic changes [9].

Modern models distinguish several functional programs
of microglial activation; among them, the conventional
M1 and M2 phenotypes are not absolute but remain useful
to describe a spectrum of pro-inflammatory and reparative
responses. An M1-like state is associated with the produc-
tion of pro-inflammatory mediators (TNF-a, IL-1p, reac-
tive oxygen species), whereas an M2-like profile is linked
to phagocytosis, restoration of the extracellular milieu, and
secretion of neurotrophic factors. In chronic neurodegener-
ative diseases, a persistent shift toward M1-like reactivity
is observed, which maintains a long-lasting inflammatory
cycle and reduces the compensatory potential of microg-
lia [10].

A central signaling node sustaining this pro-inflammato-
ry response is the NLRP3 inflammasome. Its activation re-
quires two sequential steps: a priming signal that upregulates
the expression of inflammasome components, and a subse-
quent activation signal triggered by cellular stress (disrupt-
ed ion homeostasis, mitochondrial ROS, damaged proteins).
As a result, caspase-1 is activated and mature IL-1f and
IL-18 are released — two key mediators that exacerbate
neuroinflammation and neuronal injury. Hyperactivation
of the NLRP3 inflammasome has been demonstrated in
many neurodegenerative conditions, including Alzheimer’s
disease, Parkinson’s disease, and amyotrophic lateral scle-
rosis [11].

Alongside microglia, astrocytes play an important role
in regulating inflammatory processes. These cells respond
to cytokines and damage signals by acquiring reactive pheno-
types accompanied by metabolic reprogramming, increased
secretion of pro-inflammatory mediators, and reduced neu-
rotrophic support. Reactive astrocytes can contribute to syn-
aptic dysfunction, alter neuronal inhibition, and exacerbate
brain tissue damage in chronic disease [12]. Under certain
conditions, they adopt toxic phenotypes associated with re-
duced plasticity, impaired glutamate clearance, and potentia-
tion of microglial activation [13].

Neuroinflammation is tightly linked to disruption
of the blood-brain barrier. Pro-inflammatory cytokines such
as [L-1B, TNF-a, and IL-6 can alter the expression of endo-
thelial tight junction proteins, increase vascular permeability,
and facilitate the infiltration of peripheral immune cells into
the brain. This creates a feedback loop: peripheral inflam-
mation exacerbates central inflammation, and central inflam-
mation amplifies systemic immune activation, forming a sta-
ble pathological circuit [14]. In addition, microglia directly
interact with BBB endothelial cells and pericytes, modulat-
ing barrier permeability and participating in the regulation
of blood-brain exchange [15].

Recent studies further refine classical concepts of neuroin-
flammation by incorporating epigenetic and metabolic regu-
lators. For example, m6A modifications of mRNA influence
the expression of immune-response genes in microglia and
astrocytes, controlling the intensity and duration of inflam-
matory cascades [16]. Another regulatory node is O-GlcNAc
glycosylation, which is sensitive to the energetic and meta-
bolic status of the cell. Alterations in O-GIlcNAc levels affect
the activity of transcription factors and signaling pathways
involved in immune responses and neuronal resilience [17].
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Together, these mechanisms form a multicomponent net-
work governing neuroinflammation, involving microglia,
astrocytes, BBB endothelium, cytokine signaling, and epi-
genetic modifications. Persistent dysregulation within this
network underlies the transition from a physiological pro-
tective response to a chronic inflammatory state that drives
the progression of neurodegenerative diseases.

Neuroinflammation in Specific Neurodegenerative
Diseases

In Alzheimer’s disease, neuroinflammation is considered
not a secondary consequence of neurodegeneration but one
of the key pathogenic components: f-amyloid and hyper-
phosphorylated tau trigger sustained microglial activation,
formation of specific “disease-associated” microglial pheno-
types around amyloid plaques, and maintenance of a chronic
pro-inflammatory milieu that promotes progressive synaptic
and neuronal loss [18].

Current data show that signaling through TREM2 (trig-
gering receptor expressed on myeloid cells 2) and the NLRP3
inflammasome in microglia constitutes critical nodes through
which amyloid aggregates and associated danger signals shift
microglia from a phagocytic, relatively neuroprotective state
into a chronically activated phenotype, leading to the release
of IL-1B, TNF-a, and other mediators that aggravate neuronal
damage and cognitive decline in AD [19].

In Parkinson’s disease, there is a tight interplay between
the accumulation of pathological a-synuclein, mitochondrial
dysfunction of dopaminergic neurons in the substantia nig-
ra, and microglial activation, which, via NF-kB and other
pro-inflammatory cascades, maintains chronic inflammation
and accelerates neuronal death [20].

In addition to protein aggregates, iron deposition in the
basal ganglia — especially the substantia nigra — plays
a major role in PD. Disrupted iron homeostasis, linked
to mitochondrial dysfunction and oxidative stress, promotes
the generation of highly reactive oxygen species, microglial
activation, and iron-dependent forms of cell death, which
correlate with more severe clinical course and motor com-
plications [21].

In amyotrophic lateral sclerosis, pathogenesis is clearly
non—cell-autonomous: reactive microglia and astrocytes form
complex “disease-associated” states that at early stages may
exert neuroprotective effects (trophic support and clearance
of damaged structures), but with chronicity shift into neuro-
toxic phenotypes characterized by dysregulation of glutamate
transport, enhanced oxidative stress, and activation of pro-in-
flammatory pathways that accelerate motor neuron death [22].

Comparative analyses of the pathogenesis of Alzhei-
mer’s disease, Parkinson’s disease, and multiple sclerosis
reveal that in all three disorders persistent involvement of
microglia and astrocytes, release of pro-inflammatory cyto-
kines (including IL-1p, IL-6, and TNF-a), and activation of
shared signaling pathways (NF-kB, MAPK) create a unified

“neuroinflammatory continuum” upon which disease-specific
mechanisms are superimposed [23].

In multiple sclerosis, traditionally considered a primar-
ily demyelinating disease, growing evidence indicates that
chronic inflammation with microglial activation in the cortex,

cortical demyelination, and progressive synaptic loss partial-
ly converge with mechanisms of neurodegeneration seen in
Alzheimer’s disease. This may explain clinical overlaps, cog-
nitive impairment, and the phenomenon of “mixed” dementia
forms in a subset of patients [24].

Interplay Between Systemic Inflammation
and Neuroinflammation

The gut-brain axis (microbiota—gut—brain axis, MGBA)
is considered a key channel linking peripheral inflammato-
ry signals and the immune response of the central nervous
system. Disruption of the intestinal microbiota (dysbiosis)
alters the production of short-chain fatty acids, microbi-
al metabolites, and endotoxins such as lipopolysaccharide
(LPS), leading to activation of innate immunity, shifts in
pro- and anti-inflammatory cytokine balance, and increased
blood—brain barrier permeability. In turn, this promotes mi-
croglial and astrocytic activation, exacerbates neuroinflam-
mation, and accelerates the progression of neurodegener-
ative diseases, including Alzheimer’s disease, Parkinson’s
disease, and multiple sclerosis. Clinical and experimental
data indicate that dysbiosis can arise long before the onset
of cognitive or motor symptoms, and changes in the mi-
crobiome are associated with distinct glial responses and
CNS cytokine profiles. In neurodegeneration models, trans-
plantation of “pathogenic” microbiota enhances microgli-
al activation, disrupts astrocyte maturation and function,
and increases the accumulation of pathological proteins,
whereas normalization of the microbiota partially corrects
the neuroinflammatory milieu and attenuates neurodege-
neration [25].

Metabolic comorbidities — obesity and type 2 diabetes —
generate chronic low-grade systemic inflammation via acti-
vation of adipocytes and adipose-tissue macrophages with
subsequent release of pro-inflammatory mediators (TNF-a,
IL-6, MCP-1, etc.). These signals, together with insulin re-
sistance and oxidative stress, promote glial dysfunction, im-
pair neuronal energy metabolism, drive vascular inflamma-
tion, and remodel cerebral microvessels, thereby creating
a substrate for cognitive decline and dementia. In experi-
mental models combining Alzheimer’s disease and diabe-
tes, astrocytic and microglial alterations have been shown
to precede amyloid pathology and exacerbate it, underscor-
ing the leading role of metabolically driven neuroinflamma-
tion [26, 27].

Systemic inflammation due to chronic infections, gas-
trointestinal disorders, and other inflammatory conditions
is also associated with more severe courses of neurodegen-
erative diseases. Meta-analyses and experimental studies
demonstrate that peripheral inflammatory stimuli, through
circulating cytokines, altered BBB permeability, and endo-
thelial activation, enhance microglial responses, acceler-
ate B-amyloid and pathological tau deposition, and worsen
cognitive outcomes. Moreover, several infectious agents
(e.g., Helicobacter pylori, herpes simplex virus) are con-
sidered modifiable risk factors that, via chronic systemic
inflammation and disruption of the gut-brain axis, may in-
tensify the neuroinflammatory component of Alzheimer’s
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These findings show that systemic inflammation —
whether metabolic, infectious, or driven by dysbiosis — is
not merely a background condition but is actively integrated
into the pathogenesis of neurodegeneration via the gut—brain
axis and glial-vascular mechanisms, making neuroinflamma-
tion a point of convergence for peripheral and central patho-
logical processes.

Mechanisms of Chronic Inflammation and Aging

Chronic low-grade inflammation accompanying aging
(inflammaging) is considered one of the key background
factors that render the brain vulnerable to neurodegenera-
tion. With age, a persistent dysregulation of innate immunity
develops, characterized by elevated levels of pro-inflamma-
tory cytokines, altered microglial and astrocytic phenotypes,
disturbed vascular homeostasis, and an increased risk of neu-
rodegenerative diseases. In this context, any additional trig-
gers — from protein aggregates to metabolic and vascular
insults — provoke a more pronounced and poorly controlled
neuroinflammatory response [4, 26, 27].

Aged microglia lose the capacity for rapid and revers-
ible activation and instead adopt a “primed” phenotype:
they maintain a heightened readiness for inflammatory re-
sponses, hyperreact to secondary stimuli, and remain in a
pro-inflammatory state for longer periods. Age-related mi-
croglial changes include accumulation of damaged mitochon-
dria, impaired autophagy, shifts in energy metabolism, and
enhanced production of reactive oxygen species (ROS), all
of which further reinforce pro-inflammatory programs and
lower the activation threshold of the NLRP3 inflammasome.
In the presence of amyloid, pathological tau, or a-synuclein,
this primed status makes neuroinflammation more persistent
and destructive [11, 18-20].

Disturbances in iron and lipid homeostasis become partic-
ularly important in the context of aging. In Parkinson’s dis-
ease, age-associated iron accumulation in the substantia nigra
and other basal ganglia structures correlates with increased
oxidative stress, microglial activation, and faster progression
of motor symptoms. Excess iron participates in Fenton reac-
tions, promoting ROS generation, iron-dependent cell death,
and heightened inflammatory responses in glial cells. Like-
wise, in metabolic comorbidities (obesity, type 2 diabetes),
chronic adipose-tissue inflammation and dyslipidemia create
a systemic background in which cerebral lipid disturbanc-
es (including alterations in neuronal and glial membranes)
further contribute to activation of neuroinflammatory casca-
des [26, 27].

Mitochondrial dysfunction and oxidative stress repre-
sent another shared link between aging, systemic inflam-
mation, and neurodegeneration. In neurons and glial cells,
age-related declines in mitochondrial efficiency, impaired
mitophagy, and increased ROS/RNS (reactive nitrogen spe-
cies) production lead to accumulation of damaged proteins,
lipids, and nucleic acids, which serve as DAMPs for mi-
croglia. This closes a vicious circle: mitochondrial stress
activates microglia and inflammasomes, while pro-inflam-
matory cytokines and oxidative stress further deteriorate mi-
tochondrial function, accelerating age-associated neuronal
loss [4, 9, 11, 27].

Thus, aging creates a background of chronic, diffi-
cult-to-resolve inflammation in which microglial priming,
glial dysfunction, iron and lipid dysmetabolism, and mito-
chondrial stress mutually reinforce one another. These pro-
cesses are not isolated from systemic metabolic and vascular
alterations, but form a unified field of chronic inflammation
within which disease-specific pathogenic mechanisms of in-
dividual neurodegenerative disorders unfold [4, 9-11, 21,
26-28].

Therapeutic Targets and Strategies

Growing recognition of the role of neuroinflammation
in NDD pathogenesis has shifted the focus from purely neu-
ron-centered concepts toward strategies targeting glia, im-
mune cascades, and their molecular regulators. Several class-
es of promising interventions are currently distinguished:
microglia- and inflammasome-targeting agents, antioxidant
and anti-inflammatory approaches (including nanotechnol-
ogy-based formulations and phytocompounds), epigene-
tic therapies, and biological agents, primarily anti-amyloid
monoclonal antibodies.

Microglial activity is considered one of the most straight-
forward points of intervention in neuroinflammation. Given
the established role of the NLRP3 inflammasome in chron-
ic microglial activation in Alzheimer’s disease, Parkinson’s
disease, and other NDDs, small-molecule NLRP3 inhibitors
are being explored as candidates to reduce IL-1f and IL-18
production and thereby mitigate neuronal damage in neu-
rodegeneration models. Parallel efforts focus on targeting
microglial receptors and “disease-associated” signaling
pathways — TREM2, CD33, progranulin (PGRN), TAM re-
ceptors, and others — which regulate phagocytosis, microg-
lial metabolism, and survival. The review by Noh et al. em-
phasizes that TREM2-agonist antibodies (e.g., AL002) and
other microglia-targeted interventions are already undergoing
clinical evaluation as potential disease-modifying therapies
for AD, PD, and ALS, although they remain at early stages of
development, with unresolved questions regarding long-term
safety and biomarker-based patient stratification [29].

Antioxidant and anti-inflammatory strategies aim to damp-
en oxidative and cytokine-mediated components of neuroin-
flammation, with drug delivery across the BBB being a major
challenge. In this regard, nanoparticles and nanocapsulated
formulations of antioxidants and phytochemicals (curcum-
in, resveratrol, quercetin, etc.) are being actively developed,
improving bioavailability, prolonging action, and potentially
enhancing effects on microglia and astrocytes. A systematic
review of nano-antioxidants shows that a variety of organic,
lipid, and inorganic nanocarriers reduce ROS production, de-
crease pro-inflammatory cytokine levels, and improve cogni-
tive and behavioral outcomes in preclinical models of Alzhei-
mer’s and Parkinson’s diseases. Yet almost all data are still
limited to in vitro and experimental in vivo studies, underscor-
ing that nanotechnology-based and phyto-neuroprotective ap-
proaches currently represent an extended preclinical pipeline
rather than ready-to-use clinical tools [30].

Epigenetic modulation of neuroinflammation is another
promising direction, particularly in light of the role of m6A
RNA modifications and O-GlcNAc glycosylation in regula-
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ting immune gene expression. Alterations in the m6A pro-
file in microglia and astrocytes affect the expression of cy-
tokines, innate immune receptors, and signaling molecules
involved in Alzheimer’s disease pathogenesis, while per-
turbations in the O-GIcNAc cycle can reshape transcrip-
tion factor activity and chromatin structure, shifting the
balance between pro- and anti-inflammatory programs.
Based on these findings, potential therapeutic approach-
es — inhibitors or activators of m6A-related enzymes
(METTL3/14, FTO, etc.) and modifiers of the O-GIcNAc
cycle — are being discussed as ways to “reprogram” gli-
al responses. However, as epigenetic reviews stress, any
interventions at this level carry a high risk of off-target
effects, and at present this field remains largely conceptual
and preclinical rather than a source of therapies ready for
clinical implementation [16, 17].

Biological agents, primarily anti-amyloid monoclo-
nal antibodies, constitute the first group of approved dis-
ease-modifying therapies for early Alzheimer’s disease,
demonstrating that interventions in pathological protein cas-
cades may indirectly influence neuroinflammation. As high-
lighted in the review by Koga-Batko et al., aducanumab
and donanemab reduce amyloid burden and in clinical tri-
als produce a statistically significant but modest slowing of
cognitive decline; their use is associated with amyloid-re-
lated imaging abnormalities (ARIA) and requires careful
monitoring. Given the close relationship between amyloid
pathology, microglial activation, and cytokine dysregula-
tion, these antibodies can be considered indirect modulators
of neuroinflammation; however, their effects remain limited,
and they do not address the fundamental mechanisms of
inflammaging, microglial senescence, and metabolic stress
described above [30].

Overall, the therapeutic landscape targeting neuroinflam-
mation currently represents a multilayered system: from di-
rect microglia-focused interventions and nanoparticle-based
delivery of antioxidants and phytochemicals to deeper epi-
genetic strategies and biological agents acting on the amy-
loid cascade [11, 16, 17, 19, 29, 30]. The key problem is that
most of these approaches show convincing benefits only in
preclinical models or yield relatively modest clinical effects
accompanied by significant risks, which emphasizes the need
for more precise patient stratification, rational combination
therapies, and integration of biomarkers to monitor neuroin-
flammation dynamics.

Conclusion

Neuroinflammation is a key integrative link in the patho-
genesis of neurodegenerative diseases, connecting genetic
predispositions, age-associated changes, immune dysregula-
tion, metabolic disturbances, and vascular factors. Chronic
activation of microglia and astrocytes, involvement of in-
flammasome cascades (primarily NLRP3), blood—brain bar-
rier dysfunction, and interactions with systemic inflammation
together form a self-sustaining pathological circuit that drives
progressive neuronal damage and synaptic dysfunction.

Despite substantial advances in our understanding of
cellular and molecular mechanisms, neuroinflammation
remains a complex, multilayered, and heterogeneous pro-

cess. Different neurodegenerative diseases utilize shared
signaling nodes (NF-xB, NLRP3, cytokine networks) but
embed them into specific pathogenic patterns — amyloid-
and tau-associated inflammation in Alzheimer’s disease,
a-synucleinopathy and iron-mediated mechanisms in Par-
kinson’s disease, non—cell-autonomous glial responses in
ALS, and chronic meningeal and cortical inflammation in
multiple sclerosis.

Current therapeutic developments — from microglia-tar-
geted strategies and inflammasome inhibitors to nanotechnol-
ogy-based platforms and epigenetic interventions — reflect
the growing emphasis on precise modulation of inflamma-
tory cascades. However, most of these approaches are still
at the preclinical or early clinical stage, demonstrating prom-
ising yet limited effects. Approved agents such as anti-amy-
loid antibodies influence neuroinflammation only indirectly
and do not eliminate the fundamental drivers of chronic in-
flammation.

Future progress will depend on integrating multi-omic
biomarkers, developing stratified treatment approaches, mod-
eling disease at the level of cellular networks and microglia—
astrocyte interactions, and accounting for systemic factors —
microbiota, metabolic disturbances, and chronic infections.
Constructing comprehensive models of neuroinflammation
will enable the design of more precise and personalized ther-
apeutic strategies capable of truly modifying the course of
neurodegenerative diseases.
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