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Abstract

The microglia, first identified by Pio del Rio-Hortega, are resident macrophages in the
CNS that aid in immune monitoring, synaptic remodeling, and tissue repair. Microglial
biology’s dual functions in maintaining homeostasis and contributing to neurodegeneration
are examined in this review, with a focus on neurodegenerative disease treatment targets.
Methods: We reviewed microglial research using single-cell transcriptomics, molecular
genetics, and neuroimmunology to analyze heterogeneity and activation states beyond the
M1/M2 paradigm. Results: Microglia maintains homeostasis through phagocytosis, trophic
factor production, and synaptic pruning. They acquire activated morphologies in patho-
logical conditions, releasing proinflammatory cytokines and reactive oxygen species via
NF-«B, MAPK, and NLRP3 signaling. Single-cell investigations show TREM2 and APOE-
expressing disease-associated microglia (DAM) in neurodegenerative lesions. Microglial
senescence, mitochondrial failure, and chronic inflammation result from Nrf2 /Keap1 redox
pathway malfunction in ageing. Microglial interactions with astrocytes via IL-1«, TNF-c,
and Clq result in neurotoxic or neuroprotective A2 astrocytes, demonstrating linked glial
responses. Microglial inflammatory or reparative responses are influenced by epigenetic
and metabolic reprogramming, such as regulation of PGC-1¢, SIRT1, and glycolytic flux.
Microglia are essential to neuroprotection and neurodegeneration. TREM2 agonists, NLRP3
inhibitors, and epigenetic modulators can treat chronic neuroinflammation and restore CNS
homeostasis in neurodegenerative illnesses by targeting microglial signaling pathways.

Keywords: microglia; neuroinflammation; neurodegeneration; synaptic pruning; disease-
associated microglia (DAM); TREM2; NLRP3; metabolic reprogramming; astrocytes;
neuroglia

1. Introduction

Microglia, initially characterized by Pio del Rio-Hortega in the early 20th century, are
one of the most significant discoveries in cellular neurobiology [1]. Previously regarded
solely as an immunological element of the central nervous system (CNS), microglia are in-
creasingly acknowledged as multifunctional regulators that integrate immune surveillance,
synaptic remodeling, and metabolic regulation. Originating from yolk sac progenitors of
mesodermal lineage, they penetrate the embryonic neuroepithelium early in development,
forming a self-renewing, long-lived population that endures throughout life [2,3]. In recent
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decades, advancements in single-cell transcriptomics, high-resolution imaging, and molec-
ular genetics have demonstrated that microglia are significantly more dynamic and diverse
than previously believed [4]. They perpetually monitor the CNS microenvironment, pre-
serving neuronal and synaptic homeostasis by phagocytosis, the production of neurotrophic
substances, and reciprocal communication with neurons, astrocytes, and oligodendrocytes.
In addition to immunological defense, microglia regulate processes like synaptic pruning,
neurogenesis, apoptosis modulation, and redox equilibrium, establishing their crucial role
in neural development and neurodegenerative disorders [5-8]. Under normal settings,
microglia display a highly branched architecture, allowing them to sense tiny biochemical
and electrical signals inside the brain parenchyma. In response to pathogenic or metabolic
stress, they experience morphological and functional activation, assuming amoeboid traits
and secreting cytokines, chemokines, and reactive oxygen species (ROS) [9]. This activation,
previously classified under the basic M1/M2 framework, is now recognized as comprising
a range of transcriptionally varied states, including the disease-associated microglia (DAM)
found in Alzheimer’s, Parkinson’s disease, and amyotrophic lateral sclerosis [10-12].

The adaptive capacity of microglia is significantly altered by metabolic reprogram-
ming and epigenetic modulation [13]. The shifts between oxidative phosphorylation and
glycolysis dictate their inflammatory or reparative characteristics, whilst chromatin remod-
eling, histone alterations, and DNA methylation shape their transcriptional identity in
reaction to environmental stimuli [14]. This adaptability underpins the phenomenon of mi-
croglial priming seen in ageing, marked by chronic low-grade inflammation, mitochondrial
dysfunction, and compromised antioxidant defenses, which heighten neuronal suscep-
tibility to secondary insults. Microglia function within an extensive neuroglial network,
maintaining ongoing communication with astrocytes and oligodendrocytes to regulate
synaptic activity, energy consumption, and immunological status [15]. This intercellular
communication, facilitated by contact-dependent chemicals, cytokines, and extracellular
vesicles, delineates the advancement or resolution of neuroinflammatory responses. The
identification of meningeal lymphatic vessels and their relationship with microglia has
redefined the central nervous system as an immunologically active organ, establishing
microglia as both metabolic sentinels and immune integrators [16]. Recent evidence indi-
cates that disruptions in microglial metabolic and epigenetic control serve as convergent
processes that connect oxidative stress, mitochondrial failure, and neuroinflammation
in neurodegenerative disorders. We posited that microglial dysfunction resulting from
disrupted redox balance, mitochondrial failure, and maladaptive metabolic or epigenetic
reprogramming forms a key pathogenic axis that propels neurodegeneration [17,18]. The
amalgamation of these molecular changes not only fosters chronic neuroinflammation but
also impedes neuroglial communication and neuronal viability, indicating that treatment
approaches aimed at microglial signaling and metabolism may reinstate CNS homeosta-
sis. The objective of this review is to present a comprehensive and current synthesis of
microglial biology, highlighting their morphological diversity, molecular signaling, and
metabolic adaptability in both healthy and pathological contexts. This study examines
the relationship between redox regulation, epigenetic control, and neuroglial interactions
to clarify how microglia maintain CNS homeostasis and to discover possible therapeutic
targets for neurodegenerative and neuroinflammatory diseases.

2. Microglia: “The Cells of Pio Del Rio-Hortega”

Microglia, initially characterised by Pio del Rio-Hortega in the early 20th century, are
a distinct glial lineage of mesodermal origin, originating from yolk sac erythromyeloid
progenitors that infiltrate the neuroepithelium during early embryonic development. In
contrast to astrocytes and oligodendrocytes, which originate from neuroectoderm, microglia
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constitute the resident immune population of the CNS, crucial for sustaining homeostasis,
facilitating synaptic remodelling, and providing neuroprotection [19,20]. These cells are
long-lived, self-renewing, and regionally heterogeneous across the CNS, reflecting local
environmental cues and transcriptional programs.

Under healthy settings, microglia display a highly branched morphology with delicate
motile processes that perpetually monitor the brain parenchyma. This continuous environ-
mental monitoring enables them to detect ionic fluctuations, ATP gradients, and cytokine
concentrations, preserving the intricate equilibrium between synaptic activity and immune
surveillance [21,22]. Their dynamic processes establish transient contacts with neuronal
somata, dendritic spines, and astrocytic endfeet, enabling microglia to function as sentries,
sculptors, and caretakers of the neural network. Microglia release neurotrophic factors
including BDNF, IGF-1, NGF, and TGF-{3, which facilitate. They also phagocytose apoptotic
neurones and eliminate superfluous or inactive synapses, especially during developmental
stages and key periods of plasticity [23-25]. Microglia facilitate learning, memory consol-
idation, and circuit maturation through synaptic refinement. They additionally engage
in apoptotic control by releasing signals such as phosphatidylserine-binding receptors
(MerTK, Axl) and complement system components (Clq, C3), facilitating the selective
removal of cellular debris without inducing inflammation (Figure 1).
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Figure 1. Central nervous system microglia origin, migration, and neurotrophic functions. Microglia,
first identified by Pio del Rio-Hortega, start as yolk sac erythro-myeloid progenitors that permeate the
neuroepithelium during early development, producing the CNS immune cell population. Microglia
become highly branched and constantly monitor the brain parenchyma via motile processes that
engage neurones, synapses, and astrocytic endfeet. Normal microglia maintain CNS homeostasis by
phagocytosing apoptotic neurones, eliminating inactive or redundant synapses to improve synaptic
plasticity, and promoting learning, memory consolidation, and neural circuit remodelling. The release
of neurotrophic and growth factors, such as BDNE, IGF-1, NGF, and TGF-, aids neuronal survival,
differentiation, and synaptic refinement. Microglia maintain the delicate balance between immune
monitoring and neuroplasticity as neural network sentinels, sculptors, and caretakers.

Table 1 shows the transcriptomic categorization of microglial subgroups in both health
and neurodegenerative disorders. This table delineates the principal microglial subtypes
found via single-cell RNA sequencing, emphasizing their essential molecular markers,
fundamental functions, and relevant clinical settings. The classification illustrates the
dynamic and context-sensitive characteristics of microglial activation, transcending the
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conventional M1/M2 framework to a more nuanced and functionally varied spectrum

pertinent to neurodegenerative diseases.

Table 1. Microglial Subtypes Identified by Single-Cell Transcriptomics.

Microglia Subtype Key Molecular Features Main Functions Associated Conditions  References
Synaptic .
Homeostatic Microglia Tmeml19, P2ry12, homeostasis, Healthy.bram, [26,27]
Cx3crl, Salll . . early aging
immune surveillance
Disease-Associated Apoe, Lpl, Cst7, Plhagocytosrs, debris Alzheimer’s,
Microglia Trem?2, Tyrobp clearance, response Parkinson’s, ALS [28]
’ to misfolded proteins ’
Interferon-Responsive Antiviral response, Alzheimer’s, viral
. . p Ifit2, Ifit3, Irf7, Isg15 interferon-driven infections, chronic [20]
Microglia . . . .
inflammation neuroinflammation
Pro-inflammator Cytokine production, Demyelinating diseases,
) ] Y I11b, TNE Ccl2, Nos2 amplification of acute injury, [29,30]
Microglia . . g
neuroinflammation neurotoxicity
Cellular stress
. . .. Gpnmb, Dap12, response, senescence- Aging, late-stage
Aging-Related Microglia Lgals3, Cd9 associated Alzheimer’s [26]
dysfunction
Proliferative Tissue repair. local Active
Region-Associated Mki67, Top2a, Cdkl pair, . neurodegeneration, [20]
! . clonal expansion on
Microglia traumatic injury
. . Intermediate state . ,
Transitional Microglia llz/élje{istnatulfsi between homeostatic Earlgf—ztagenArlzgegner S [31,32]
y12, Apoe, Lp and DAM eurodegeneratio
Myelin-Associated Myelin phagocytosis, Multiple sclerosis, toxic
Microglia Sppl, Itgax, Lpl axonal repair demyelination (201
Neuroprotective Neuronal survival Acute injury, early
Microglia Igfl, Apoe, Sppl promotion, trophic neurodegeneration [33]

support

3. Microglial Activation and Functional Polarization

Under pathological or stressful stimuli such as tissue injury, infection, trauma, or
metabolic imbalance microglia undergo profound morphological and functional trans-
formations, retracting their processes and acquiring an amoeboid shape characteristic
of phagocytic activation. This transition is accompanied by the upregulation of pattern-
recognition receptors (PRRs) such as TLR4, NOD2, and TREM2, which activate intracellular
signaling cascades including NF-«B, MAPK, and JAK/STAT, culminating in the release
of proinflammatory cytokines (IL-13, TNF-«, IL-6), chemokines, and reactive oxygen and
nitrogen species (ROS/RNS) [34—40]. Historically, microglial activation was simplified into
two phenotypes, M1 (proinflammatory, cytotoxic) and M2 (anti-inflammatory, reparative).
Single-cell transcriptomics has revolutionised our understanding of microglial diversity,
showing that these cells have a continuum of context-dependent transcriptional states in
health and disease [26]. Large-scale single-cell RN A-sequencing has identified multiple
microglial subsets, including homeostatic, disease-associated, interferon-responsive, and
proliferative or transitional phenotypes, each with distinct molecular signatures and func-
tional roles [31]. This improved classification has illuminated how microglia dynamically
respond to neurodegeneration, inflammation, and metabolic stress, providing a more pre-
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cise framework for understanding microglial activation across neurological illnesses [20].
Thus, this new perspective is essential for understanding microglial states” complicated
role in neurodegenerative disease pathogenesis [41].

However, advances in single-cell RNA sequencing have revealed a much more com-
plex transcriptional continuum, with diverse and context-dependent states that cannot
be captured by a binary model [12,42-44]. Among these, disease-associated microglia
(DAM) and neurodegeneration-associated microglia (NAM) have been characterized by the
expression of TREM2, APOE, CST7, LPL, and TYROBP, particularly within amyloid-rich or
degenerating brain regions such as those seen in Alzheimer’s disease, Parkinson’s disease,
and amyotrophic lateral sclerosis [12,31,45-47] (Figure 2).

proinflammatory
cytokines

anti-inflammatory

cytokines
-1 y‘lt'GF-B
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L6 1GF-1
ROS/RNS BDNF

activin-A

activated
microglia

Figure 2. Central Nervous System Microglial Polarisation and Activation. The figure shows
how intracellular signalling pathways polarise microglia into pro-inflammatory (M1) and anti-
inflammatory/reparative (M2) functional phenotypes. Classically activated microglia, the M1 Polar-
isation (Red Cell), activates the JAK-STAT and MAPK signalling pathways. Signalling by surface
receptors such Tyrobp increases pro-inflammatory gene transcription, causing neuroinflammation
and neurotoxicity. M2 Polarisation (Blue Cell) signals alternatively activated microglia that heal
tissue and reduce inflammation. This phenotype involves activation of the nuclear receptor PPAR-y,
which promotes anti-inflammatory and neuroprotective gene expression by nuclear translocation.
The yellow microglial cell with a crimson halo in the lower image shows morphological activity
in inflammation. The hypertrophic soma and retraction of ramified processes indicate activation
and migration to the injury site (partial labels “act” and “mi” suggest “activation” and “migration”
or “microenvironment”). The graphic shows how intracellular signalling pathways determine the
microglial phenotype, which is critical to neurodegenerative disease development and treatment.

4. Neuroimmune Integration and Microglial Modulation: Therapeutic
Strategies

Through targeted microglial activity modulation and tissue homeostasis restoration,
neuroimmune integration is crucial to understanding and treating neurodegenerative
disorders [41]. In models of Alzheimer’s, Parkinson’s, and amyotrophic lateral sclero-
sis, shifting microglia from the pro-inflammatory M1 phenotype to the reparative M2
state reduces chronic neuroinflammation and promotes neuroprotection [41]. Within this
therapeutic framework, growing attention has focused on bioactive natural substances,

https://doi.org/10.3390/neuroglia7010003


https://doi.org/10.3390/neuroglia7010003

Neuroglia 2026, 7, 3

6 of 19

nutraceuticals, and phytochemicals capable of inducing M2 polarization and modulating
key microglial metabolic pathways, including oxidative metabolism, mitochondrial bio-
genesis, and Nrf2-driven antioxidant signaling [48]. Curcumin, resveratrol, quercetin, and
omega-3 fatty acids inhibit pro-inflammatory cytokine production and alter microglial
metabolism to increase oxidative phosphorylation [49-52]. Effects of Resveratrol, Curcumin
and Quercetin Supplementation on Bone Metabolism and Curcumin and resveratrol admin-
istration in Alzheimer’s models results in reduced amyloid load, microglial activation, and
improved hippocampal-dependent learning and memory [53]. It suggests that substances
like epigallocatechin-3-gallate and polyphenols from Ginkgo biloba can reduce microglial
activation and boost dopaminergic neurone survival in Parkinson’s disease by inhibiting
NF-«B and activating AMPK [54,55]. Omega-3 fatty acids and alpha-lipoic acid reduce re-
active oxygen species, increase glutathione, and modulate microglial energy metabolism in
ALS models [56,57]. Even more that therapeutic modulation of the neuroimmune interface
using nutraceuticals and phytochemicals can improve microglial balance, neurorepair, and
slow the progression of neurodegenerative diseases with persistent inflammation [58].

5. Microglia Metabolic Modulation by Bioactive Natural Compounds

The increasing interest in natural immunomodulators as regulators of microglial phe-
notype has resulted in a burgeoning body of evidence indicating that bioactive substances,
nutraceuticals, and phytochemicals can efficiently induce microglial M2 polarization by
modulating cellular metabolism. Microglial phenotypic changes are meticulously regulated
by metabolic conditions, pro-inflammatory M1 activation primarily depends on glycolysis,
while the neuroprotective M2 phenotype relies on oxidative phosphorylation (OXPHOS)
and fatty acid oxidation (FAO). Numerous natural substances have demonstrated a direct
impact on these metabolic pathways. Curcumin induces an AMPK-dependent metabolic
shift that diminishes glycolytic activity while augmenting mitochondrial respiration, thus
promoting a change to an M2-like phenotype marked by elevated Argl and IL-10 ex-
pression [14,59]. Resveratrol has been documented to activate the SIRT1/PGC-1«x axis,
enhancing mitochondrial biogenesis and restoring redox equilibrium, which together miti-
gate LPS-induced M1 activation and promote an anti-inflammatory microglial state [60,61].
Flavonoids like quercetin and luteolin have synergistic effects by regulating essential
transcriptional pathways, specifically NF-«B and Nrf2; NF-«B inhibition reduces pro-
inflammatory gene expression, whereas Nrf2 activation boosts antioxidant defences and
facilitates the metabolic requirements of M2 polarization [62]. Recent studies emphasize the
significance of terpenoids and polyphenols in modulating microglial lipid metabolism, an
essential regulator of immune cell function. These chemicals enhance fatty acid oxidation
and lipid droplet mobilization, both crucial for sustaining the anabolic and reparative pro-
cesses linked to M2 microglia [63]. Collectively, our data indicates that natural substances
not only reduce inflammation but also directly influence microglial metabolic program-
ming, redirecting bioenergetic pathways to facilitate tissue repair, phagocytic clearance,
and neuroprotection. Integrating these findings into the study highlights the therapeutic
potential of natural immunomodulators as agents for metabolic reprogramming that can
promote advantageous microglial states in neurodegenerative disorders.

6. Aging, Metabolism, and Oxidative Vulnerability

Microglia have metabolic adaptability, oxidative phosphorylation (OXPHOS), facil-
itates homeostatic tasks, whereas a transition to glycolysis promotes proinflammatory
activity via HIF-1¢ stabilization and mTOR signaling activation. In contrast, the activa-
tion of PGC-1«, SIRT1, and AMPK enhances mitochondrial biogenesis and antioxidative
pathways, reinstating a reparative phenotype [18,64—-66]. With ageing, microglia collect
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lipofuscin, lysosomal debris, and iron, demonstrating less phagocytic efficacy and a persis-
tent proinflammatory state an altered situation referred to as microglial priming [67-70].
This persistent activation increases neuronal vulnerability to future damage and is linked to
mitochondrial dysfunction, disrupted Nrf2/Keap1 redox signaling, and modified metabolic
flexibility [71-75]. Senescent microglia exhibit reduced antioxidant capabilities, heightened
reactive oxygen species production, and impaired mitophagy, all contributing to oxidative

stress and synaptic injury [76,77] (Figure 3).
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Figure 3. Physiological, stress-related, and ageing microglial phenotypes. In response to cellular stress
and ageing, microglia adjust metabolically and functionally. Homeostatic microglia use oxidative
phosphorylation (OXPHOS) to stimulate neuronal activity, synaptic pruning, and neurotrophic and
anti-inflammatory release. Stress triggers a metabolic shift to glycolysis, involving HIF-1« stabili-
sation and mTOR activation, leading to cytokine release, phagocytic activity, and immunological
memory responses. Microglia accumulate lipofuscin, iron, and lysosomal debris as people age, caus-
ing mitochondrial dysfunction, antioxidant capacity loss, ROS production, and microglial priming.
This ageing phenotype causes neuroinflammation, oxidative stress, and neuronal vulnerability.

7. Epigenetic and Transcriptional Control of Microglial Identity

The transcriptional identity of microglia is meticulously governed by epigenetic mech-
anisms, encompassing DNA methylation, histone acetylation (H3K27ac), and chromatin
remodeling facilitated by enzymes such as TET2, HDACs, and SWI/SNF complexes [78,79].
These alterations enable microglia to retain recollections of previous inflammatory occur-
rences, a phenomenon known as trained immunity or innate immunological memory [18].
Epigenetic reprogramming facilitates the persistence of inflammatory markers evident
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in ageing, neurodegeneration, and metabolic diseases. Microglial diversity is also influ-
enced by region-specific transcription factors, including Salll, IRF8, PU.1, and Cx3crl,
which integrate developmental and environmental inputs to sustain the homeostatic phe-
notype. Interruption of these systems results in maladaptive activation and a decline in
neuroprotective capabilities [80,81] (Figure 4).

Intracellullar and extracellullar
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Figure 4. Microglial Genetic Differentiation Epigenetic Regulation. The figure shows the chemical
signalling cascade and epigenetic processes that regulate microglial gene differentiation and activity.
Essential transcription factors including PU1, IRF8, Cx3crl, and Salll are controlled by intracellular
and extracellular signalling. Initial Repression and Remodelling. These elements use a chromatin
remodelling complex, possibly the SWI/SNF complex, to condense chromatin. In restrictive envi-
ronments, nucleosomes undergo methylation (Mel) and acetylation (Ac). (b) Histone Deacetylation:
Hdac removes acetyl groups from histones, causing chromatin condensation and gene regulation.
(c) Histone Demethylation: TET2 (Ten-Eleven Translocation 2) demethylates DNA or histones, which
is necessary for state alteration along with chromatin remodelling. Chromatin remodelling, including
deacetylation and demethylation, helps microglia genetically differentiate, affecting DNA repair,
cell differentiation, innate immune response, transcription regulation, homeostasis, and disease
susceptibility. The magnified box illustrates the mechanism of epigenetic regulation in microglia
(a glial cell), where intracellular and extracellular signaling activates transcription factors (PU.1, IRFS,
Salll) that bind to DNA to initiate chromatin remodeling and histone modifications (acetylation and
methylation), a fundamental step that determines the genetic differentiation and functional state of
this central nervous system immune cell.

8. Microglia and Neuroglial Communication

Contemporary neuroscience has redefined the central nervous system as a neuroglial
network, in which microglia, astrocytes, and oligodendrocytes operate as coordinated regu-
lators of synaptic, metabolic, and immunological balance. Microglial-neuronal interactions
occur through contact-dependent molecules such CX3CL1-CX3CR1 and CD200-CD200R, as
well as soluble mediators like ATP, cytokines, nitric oxide, and extracellular vesicles [82-85].
These connections align brain activity with local immunological and metabolic states. Astro-
cytes, hitherto regarded just as supportive cells, undergo functional change in conjunction
with microglia. Activated microglia release IL-1a, TNF-o, and Clq, which promote the
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Oligodendrocyte

generation of Al neurotoxic astrocytes, whereas anti-inflammatory microglia support the
production of A2 neuroprotective astrocytes. This bidirectional communication determines
the termination of the inflammatory response or its progression towards chronic neurode-
generation [86-90]. Furthermore, microglia influence the maturation of oligodendrocyte
progenitors and the turnover of myelin through the secretion of factors such as IGF-1 and
PDGE, underscoring their significant role in maintaining white matter integrity [91-94]

(Figure 5).
neurotoxic
astrocyte
T inflammatory response
possible chonic
neurodegeneration
M1 A
IL-1a
IGF-1/PDGF TNF-a

+— "
Clq neuroprotective
M2 A2 astrocyte
linflammatory response
\\ neuroprotection
Cell maturation and differentiation .

Promotion of demyelinating/

remyelination process

Figure 5. Microglial or Neuronal Cell Morphological Progression Schematic. The image shows cell
morphological changes caused by central nervous system activation, differentiation, or stimulation. A
basal or resting cell with a spherical soma and delicate, homogenous dendritic processes or extensions
is the Initial Cell (Green). In microglia, this means ramified or surveillance morphology. Intermediate
Cell (Orange/Red) has a considerably bigger soma and thicker, retracted processes. This signifies cell
activity or reactive state, preparing for migration or phagocytosis. end Cells (Purple/Lilac): Show
two possible outcomes. The cells’ somas are larger and their operations are simpler. This could
mean: Amoeba morphology. Complete activation (dark purple) relates to phagocytosis and acute
inflammation (microglia). Senescent or Dystrophicmorphology: A modified state (lilac) with reduced
cellular reactivity and fragmented processes, often seen in ageing or chronic disorders. The image
shows cellular plasticity in response to microenvironmental changes, a key concept in neuroscience
and CNS immunology.

9. Microglia in Development, Synaptic Plasticity, and Apoptosis

In addition to participating in immune surveillance, microglia facilitate brain growth.
Amoeboid microglia regulate neuronal death, phagocytose apoptotic bodies, and produce
trophic factors that affect neural patterning during embryogenesis. Microglia are responsi-
ble for the refinement of synaptic connections in the postnatal brain. This is accomplished
through complement-mediated pruning and activity-dependent engulfment of fragile
synapses [95-98].
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Microglia are responsible for maintaining synaptic homeostasis in the mature brain.
They accomplish this by monitoring neuronal firing rates and adjusting neurotransmitter
availability. Microglia can selectively detect ATP generated by activated synapses via P2Y12
receptor signaling. This allows them to concentrate their efforts on areas of significant activ-
ity, therefore stabilising or reorganising the current connections. The dynamics of microglia
are linked to the mechanisms of learning and memory because of this ability [99-102], as
shown in Figure 6.
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Figure 6. Complex Cellular Network Structure and Interactions. Three panels demonstrate the design
and complexity of a cellular network, either neurones or heavily branching glial cells like microglia
or astrocytes in the central nervous system. The little yellow /orange structures along the cellular
processes may be synaptic connections or pathogenic deposits like plaques. (Left panel). This dense,
interwoven network has various yellow structures. The network’s red and blue squares may indicate
markers or sites of interest, e.g., inflammation, damage, or protein expression. The (Middle Panel)
has a similarly branched network with a constant yellow component distribution, suggesting greater
complexity or synaptic density than the left panel. In the (right panel), certain processes look thicker
or retracted, and branching may be reduced in some regions, indicating remodelling or response to a
stimulus. The panels compare multiple phases of cellular connection and morphological complexity
needed to understand brain neuronal plasticity, synaptic function, and neuroinflammatory reactions.

10. Microglia, Redox Homeostasis, and Mitochondrial Communication

Microglia are both producers and sensors of oxidative stress. Under inflammatory
conditions, excessive ROS/RNS generation through NADPH oxidase (NOX2), and in-
ducible nitric oxide synthase (iNOS), leads to mitochondrial impairment and bioenergetic
crisis [103-106]. Mitochondrial dysfunction, in turn, releases mitochondrial DNA and
cardiolipin, acting as damage-associated molecular patterns (DAMPs), that perpetuate
inflammation via NLRP3 inflammasome activation [107-111]. Conversely, microglia can
adopt an antioxidant phenotype by upregulating Nrf2-dependent transcription and enhanc-
ing glutathione (GSH) metabolism. The interplay between redox balance, mitochondrial
health, and inflammatory tone positions microglia as central hubs of CNS metabolic regula-
tion [41,112], as shown in Figure 7.
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Figure 7. Oxidative Stress, Mitochondrial Injury, and NLRP3 Inflammasome Activation. ROS genera-
tion activates defensive antioxidant responses and the pro-inflammatory NLRP3 inflammasome, as
seen in the graphic. The process starts with ROS generation from NADPH oxidase and exogenous
ROS influx. As signalling molecules, reactive oxygen species have two main impacts. ROS initially
activate NRF2. NRF2 translocates to the nucleus, interacts with DNA, and upregulates antioxidant
genes, increasing GSH and promoting an antioxidative phenotype. Second, excessive ROS gen-
eration damages mitochondria and releases DAMPs into the cytosol. DAMPs include cardiolipin
and mitochondrial DNA. These DAMPs activate the NLRP3 inflammasome complex, a key compo-
nent of the innate immune response, causing inflammation and cellular death as shown by cellular
constituent release. This figure shows the delicate balance between the NRF2-mediated protective
mechanism and the NLRP3-mediated inflammatory response to oxidative stress and mitochondrial
dysfunction. Intercellular signalling networks define the microglial phenotype, which is crucial to
neurodegenerative disease aetiology and treatment.

11. Neuroimmune Integration and Therapeutic Perspectives

The identification of meningeal lymphatic vessels and their relationship with microglia
has redefined the CNS as an immunologically active organ. This paradigm change has
introduced novel treatment techniques aimed at microglial signalling and metabolism.
The modulation of microglial activity with TREM2 agonists, NLRP3 inhibitors, CSFIR
blockers, or epigenetic modulators (HDAC and BET inhibitors), has potential to restore
homeostasis, mitigate chronic inflammation, and enhance neurorepair in conditions such
as Alzheimer’s, Parkinson’s, and ALS [113-116]. Microglia are now recognized not just as
immunological sentinels but also as integrative regulators that connect immune defense,
synaptic plasticity, metabolism, and tissue remodeling. The structural and functional
plasticity, as conceptualized by Rio-Hortega over a century ago, continues (Figure 8).
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Figure 8. Complex Functions of Microglia in Cerebral Homeostasis and Operation. Microglial
cells regulate many aspects of central nervous system (CNS) health and illness, as shown in this
brain cross-section. The inset highlights resting or scanning microglia’s ramified architecture, which
constantly monitors the brain. Brain cells perform crucial roles, as seen by the arrows. Microglia, the
main immune cells in the CNS, play a significant role in synaptic plasticity through synaptic pruning
and immunological defence. On the right, they help remove cellular trash and repair neural tissue
through metabolism and tissue remodelling. The graphic shows that microglial function goes beyond
immune surveillance to protect the brain’s function and structure.

12. Insights from Microglia Knockout Models in Neurodegeneration

Mouse models with microglia depletion have proven crucial for elucidating the pre-
cise role of microglial cells in the initiation and advancement of neurodegenerative disor-
ders, including amyotrophic lateral sclerosis/frontotemporal dementia (ALS/FTD) and
Alzheimer’s disease (AD). Research on ALS/FTD indicates that conditional microglial dele-
tion via Cx3crl-Cre-driven diphtheria toxin receptor (DTR) systems or CSF1R inhibitors
diminishes inflammatory signalling, alters disease progression, and partially enhances
motor neurone survival in models with C9orf72 repeat expansions or TREM2 mutations.
This suggests that microglia play an active role in shaping the neurodegenerative environ-
ment rather than simply reacting to neuronal damage [117,118]. Further investigations in
SOD1G93A ALS models revealed that inducible microglia depletion during symptomatic
stages results in decreased levels of TNF-«, IL-13, and oxidative stress markers, as well
as a slight increase in survival, underscoring the detrimental role of persistent microglial
activation in worsening mitochondrial dysfunction and excitotoxicity [119,120]. Notably,
the ablation of microglia during presymptomatic phases did not prevent the onset of illness,
suggesting that the role of microglia may be stage-dependent and interconnected with
first neuronal-autonomous processes [121,122]. In FTD models with GRN deficiency, the
selective ablation of microglia worsens synaptic loss and hastens neurodegeneration, rein-
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forcing the notion that microglia may have neuroprotective functions influenced by context,
genetic background, and timing [123]. Microglia-depletion models have been essential
in clarifying the dual involvement of microglia in amyloid and tau pathology within the
context of Alzheimer’s disease. Research utilising CSF1R inhibitors like PLX3397 or genetic
DTR-mediated ablation demonstrated that the elimination of microglia during the initial
amyloidogenic phases diminishes neuritic dystrophy and attenuates proinflammatory
cytokine production; however, it also compromises the microglial barrier typically estab-
lished around accumulating A plaques, consequently enhancing plaque dispersion and
cortical pathology [124-126]. In contrast, the depletion of microglia during advanced illness
stages intensifies tau dissemination and synaptic disconnection, indicating that microglia
serve as essential regulators of tau propagation, debris clearance, and the preservation
of synaptic homeostasis as the pathology advances [127,128]. Models featuring TREM2
knockout or loss-of-function variants underscore that compromised microglial responses
disrupt lipid metabolism, phagocytosis, and plaque compaction, resulting in more diffuse
amyloid deposits and expedited cognitive decline. This illustrates that microglial reactivity
is not uniformly harmful but is instead highly contingent upon the microglial phenotypic
state and disease phase [121,129,130]. Collectively, evidence from microglia-depletion
mouse models in ALS/FTD and Alzheimer’s disease robustly substantiates the concept
that microglia function as dynamic modulators of neuroinflammation, synaptic integrity,
metabolic homeostasis, and the propagation of pathogenic proteins. These models offer
essential mechanistic understanding of the timing and way in which microglia contribute
to neurodegeneration, highlighting the therapeutic significance of precisely manipulating
microglial activity [131,132].

13. Conclusions

Microglia, previously considered passive immune sentinels, have been recognized as
dynamic and multifunctional regulators of central nervous system (CNS) integrity. They
regulate synaptic pruning, metabolic coordination, and neuroimmune monitoring from
development to ageing through precisely controlled molecular networks. Their capacity
to transition between protective and harmful states relies on precisely regulated systems
related to redox homeostasis, mitochondrial integrity, and epigenetic modification. Disrup-
tions in these regulatory pathways, specifically mitochondrial malfunction, oxidative stress,
and abnormal inflammatory signalling, convert microglia from neuroprotective allies into
instigators of chronic neuroinflammation and neuronal degeneration. Integrating findings
from transcriptomics, metabolism, and neuroimmunology reveals that microglia function
as both sensors and effectors of CNS homeostasis, making them critical therapeutic targets
for the prevention and treatment of neurodegenerative disorders.

14. Perspectives

Future investigations should focus on elucidating the temporal and regional variabil-
ity of microglial phenotypes by integrative single-cell and spatial omics methodologies.
Comprehending the influence of metabolic reprogramming, mitochondrial communication,
and epigenetic memory on microglial responses is key for developing therapies that restore
physiological equilibrium while preserving vital immunological and trophic activities.
Therapeutic regulation of critical pathways such as TREM2, NLRP3, and Nrf2/Keapl is
a promising strategy to mitigate chronic neuroinflammation and facilitate regeneration.
Moreover, investigating the interactions between microglia and astrocytes, as well as be-
tween microglia and neurons, may uncover novel molecular checkpoints for regulating
neurotoxic cascades and improving synaptic resilience. Ultimately, integrating these discov-
eries into targeted therapeutics could transform our ability to maintain cognitive function
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and decelerate the advancement of neurodegenerative illnesses by reinstating the delicate
balance that Rio-Hortega initially conceptualized at the inception of microglial biology.
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