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Abstract: Alzheimer’s disease is a progressive neurodegenerative disorder marked by cognitive
deterioration, synaptic dysfunction, and neuronal loss. While amyloid-§ plaques and neurofibrillary
tangles have traditionally dominated the pathological paradigm, emerging evidence underscores the
pivotal role of microglial-mediated neuroinflammation in disease initiation and progression.
Microglia, the central nervous system’s resident immune cells, dynamically shift from a homeostatic
to a reactive state in response to pathological cues, contributing to chronic inflammation, impaired
clearance of pathological aggregates, and neurotoxicity. This review comprehensively examines the
dualistic nature of microglial responses across Alzheimer’s disease pathogenesis, highlighting recent
insights into their molecular signaling pathways, including TREM2, CD33, NLRP3 inflammasome,
and APOE. We further explore the regulatory influence of the gut-brain axis and immunometabolic
dysfunction on microglial behavior. Finally, we discuss current and emerging therapeutic strategies,
ranging from natural compounds and synthetic modulators to immunotherapy and microbiota-
targeted interventions, that aim to restore microglial homeostasis. By integrating mechanistic,
translational, and therapeutic perspectives, this review advocates for a paradigm shift toward
immunomodulatory approaches targeting microglia as promising disease-modifying strategies in
Alzheimer’s disease.
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1. Introduction

Alzheimer’s disease (AD) represents the most prevalent cause of dementia worldwide, affecting
more than 55 million individuals and contributing to significant healthcare and socioeconomic
burdens. As global life expectancy continues to rise, the incidence of AD is projected to triple by 2050,
underscoring an urgent need for effective disease-modifying therapies [1]. Clinically, AD manifests
as progressive cognitive decline, memory loss, and functional impairment. Histopathologically, it is
characterized by the accumulation of extracellular amyloid beta (Af) plaques and intracellular
neurofibrillary tangles composed of hyperphosphorylated tau protein, hallmarks that have
dominated therapeutic development for decades [2].

Despite the centrality of the amyloid cascade hypothesis, the clinical outcomes of Ap-targeting
interventions have been largely disappointing. Monoclonal antibodies such as aducanumab and
lecanemab have demonstrated limited cognitive benefit, prompting a reassessment of the underlying
mechanisms that drive disease progression [3]. In this context, neuroinflammation, particularly that
mediated by microglia, emerged as a critical, yet previously underappreciated, component of AD
pathophysiology [4].

Microglia serve as the brain’s innate immune sentinels, maintaining homeostasis through debris
clearance, synaptic remodeling, and neurotrophic support. Under pathological conditions, however,
microglia undergo phenotypic transitions that may lead to maladaptive responses, including
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sustained cytokine release, oxidative stress, and impaired phagocytosis [5]. Advances in single-cell
transcriptomics have revealed a remarkable heterogeneity in microglial states, including disease-
associated microglia (DAM), interferon-responsive subsets, and senescent phenotypes. Many of these
reactive profiles are modulated by AD risk genes identified through genome-wide association studies
(GWAS), such as triggering receptor expressed on myeloid cells 2 (TREM2), cluster of differentiation
33 (CD33), and Apolipoprotein E (APOE) [6].

In addition to intrinsic genetic factors, microglial function is shaped by extrinsic influences,
including systemic inflammation, metabolic dysregulation, and gut microbiota composition. The
convergence of these signals governs the shift between neuroprotective and neurotoxic microglial
roles [7-9]. Understanding this complexity is critical to identifying therapeutic windows that allow
precise modulation of microglial states.

This review aims to integrate recent advances in microglial biology, focusing on their functional
plasticity, molecular regulators, immunometabolic networks, and therapeutic tractability. Unlike
prior reviews focused on individual pathways, it was aimed to provide a multidimensional synthesis
of microglial responses in AD, with emphasis on translational strategies that reposition microglia as
central targets in disease intervention.

2. Microglial Phenotypes in AD

Microglia display exceptional phenotypic plasticity, transitioning from a surveillant,
homeostatic state to various reactive subtypes in response to aging, injury, or neurodegeneration [10].
In the healthy brain, microglia continuously monitor the microenvironment, participate in synaptic
pruning, support neuronal viability, and contribute to immunological tolerance. However, under
AD-related stressors such as AP deposition, tau pathology, and systemic inflammation, microglia
undergo transcriptional and morphological reprogramming, adopting reactive profiles that may
either mitigate or exacerbate neuropathology [11].

Recent advances in single-cell RNA sequencing identified a continuum of microglial states in
the AD brain, each with distinct molecular signatures and functional consequences. These include
homeostatic microglia, DAM, pro-inflammatory subtypes, senescent microglia, and interferon-
responsive phenotypes. Understanding these distinct yet overlapping states provides critical insight
into the dual role of microglia as both protectors and propagators of neurodegeneration [12].

2.1. Homeostatic Microglia

In the healthy central nervous system, microglia maintain a quiescent yet responsive
surveillance role. This phenotype is defined by the expression of signature genes such as P2RY12,
TMEM119, CX3CR1, SALL1, and TGFBR1, which regulate synaptic pruning, neuroimmune
communication, and anti-inflammatory tone. Morphologically, these microglia exhibit a highly
ramified structure with motile processes that scan the brain parenchyma [13].

The maintenance of homeostatic microglia is critically dependent on TGF-§ signaling and
neuron-microglia interactions mediated by CX3CL1-CX3CR1. A decline in this phenotype often
precedes overt AD pathology and is considered an early event in disease progression [14]. Loss of
homeostatic markers, particularly P2RY12 and TMEM119, serves as an indicator of microglial
activation and may herald the transition toward disease-promoting states.

2.2. Disease-Associated Microglia

DAM represents a specialized reactive phenotype localized around A plaques. This phenotype
follows a biphasic activation trajectory. It begins with an initial phase that is independent of TREM2,
during which homeostatic genes are suppressed. This is followed by a TREM2-dependent phase,
characterized by the upregulation of genes associated with phagocytosis, lipid metabolism, and
immune signaling. These genes include APOE, LPL, CST7, and TREM2 itself [15].
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DAM exhibits enhanced metabolic activity and increased expression of lysosomal genes,
facilitating the clearance of amyloid deposits and apoptotic debris. However, their sustained
activation is also associated with increased inflammatory gene expression and antigen presentation,
potentially contributing to chronic neuroinflammation. Although DAMs are initially
neuroprotective, prolonged activity may inadvertently promote synaptic loss and glial scarring,
reflecting their complex role in AD [16].

2.3. Pro-Inflammatory and Interferon-Responsive Microglia

Reactive microglia in AD often exhibit a pro-inflammatory phenotype resembling the classical
“M1-like” macrophage profile. These cells secrete pro-inflammatory cytokines such as IL-13, TNF-a,
and IL-6, and are marked by elevated expression of iNOS, reactive oxygen species (ROS), and
inflammasome components such as pyrin domain-containing protein 3 (NLRP3) [17]. Activation of
the nuclear factor kappa-light-chain-enhancer of activated B (NF-xB) and JAK/STAT signaling
pathways sustains this inflammatory state, which contributes to neuronal dysfunction, blood-brain
barrier disruption, and impaired neurogenesis.

A distinct but overlapping subset of interferon-responsive microglia is enriched in aging and
AD-afflicted brains. These cells display elevated expression of interferon-inducible genes, including
IFITM3, IRF7, and STAT1, and contribute to maladaptive antigen presentation and T-cell recruitment
[18]. The sustained activation of interferon signaling may exacerbate synaptic loss and cognitive
decline, particularly in late-stage disease.

2.4. Senescent and Aged Microglia

Microglial senescence is characterized by dystrophic morphology, impaired motility, and
accumulation of intracellular waste products such as lipofuscin. These aged microglia exhibit
downregulation of homeostatic genes, reduced phagocytic competence, and a persistent low-grade
inflammatory profile termed “inflammaging.” Molecularly, they show increased expression of
senescence-associated genes such as CDKN2A and GLB1, along with chronic activation of the NLRP3
inflammasome [19].

Senescent microglia fail to respond effectively to environmental cues and may contribute to the
persistence of toxic aggregates and a hostile neuroinflammatory environment. Their accumulation in
the aging brain poses a significant barrier to immune resolution and may accelerate disease
progression [20]. Table 1 summarizes distinct microglial phenotypes in AD.

Table 1. Distinct microglial phenotypes in AD and their characteristics.

Microglial Subtype Key Markers Functional Role Disease Relevance

Homeostatic P2RY12, TMEM119 Surv?lllance, synaptic = Downregulated early in
pruning AD

Disease-Associated TREM2, APOE, LPL ApB clear'ance, lipid Pual role: protective and

(DAM) metabolism inflammatory

. . Cytokine release, Drives chronic

Pro-inflammatory IL-1B, TNF-a, iNOS .. . .

oxidative stress neuroinflammation

Anti ion. T- A . ith aci
Interferon-responsive  IFITM3, STATI, IRF7 ntigen presentation, ssociated with aging

cell recruitment and late AD
Senescent CDKN2A, GLB1 ¥mpa1red n}otlhty, Accumllllates in aged
inflammaging AD brains

3. Genetic and Molecular Regulators of Microglial Function in AD

The phenotypic diversity and functional plasticity of microglia in AD are governed by an
intricate network of genetic variants, receptor-ligand interactions, transcriptional regulators, and
intracellular signaling pathways. GWAS identified several AD risk genes, including TREM2, CD33,
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and APOE, that are preferentially or exclusively expressed in microglia [21]. These genes play critical
roles in modulating microglial survival, lipid sensing, immune activation, and phagocytic clearance
of pathological aggregates. Their dysregulation can tip the balance from neuroprotection to
neurotoxicity, positioning them as both biomarkers of disease progression and promising therapeutic
targets [22].

3.1. The Role of TREM?2 in Microglia

TREM2 is a membrane-bound receptor of the immunoglobulin superfamily, selectively
expressed by microglia. TREM2 recognizes a broad range of lipid ligands and damage-associated
molecular patterns (DAMPs), including phospholipids, apoptotic bodies, and APOE-containing
lipoprotein complexes. Upon ligand binding, TREM2 engages the adaptor protein DAP12 (TYROBP),
initiating phosphorylation cascades involving spleen tyrosine kinase (SYK), PI3K-AKT, and ERK
signaling. These downstream pathways regulate microglial survival, actin remodeling, lysosomal
biogenesis, and metabolic reprogramming [23].

TREM?2 signaling is essential for the transition from homeostatic microglia to DAM. This
transition occurs in two sequential phases, including an initial TREM2-independent phase involving
downregulation of homeostatic genes, and a subsequent TREM2-dependent phase characterized by
induction of genes involved in phagocytosis and lipid metabolism, such as APOE, CST7, and LPL.
Loss-of-function variants in TREM2, most notably the R47H mutation, are associated with a two- to
four-fold increase in late-onset AD risk. These mutations impair ligand binding, hinder DAM
differentiation, and reduce microglial capacity to contain amyloid pathology, thereby facilitating
disease progression [24].

3.2. The Role of CD33 in Microglia

CD33, a sialic acid-binding immunoglobulin-like lectin (Siglec-3), functions as an inhibitory
immune checkpoint in microglia. It harbors immunoreceptor tyrosine-based inhibitory motifs
(ITIMs) in its cytoplasmic domain that recruit SHP-1 and SHP-2 phosphatases. These phosphatases
attenuate downstream signaling by dephosphorylating kinases critical for phagocytosis and
inflammatory gene expression. In the AD brain, CD33 expression is upregulated and inversely
correlates with amyloid clearance and cognitive function [25].

Splice isoforms of CD33 further influence AD susceptibility. The risk allele (rs3865444"C")
enhances the expression of the full-length isoform containing both ligand-binding and ITIM domains,
which actively suppresses microglial activation. In contrast, the protective allele (rs3865444"A")
favors a truncated isoform lacking the sialic acid-binding domain, which permits greater microglial
responsiveness [26]. Functional studies in AD mouse models investigated that CD33 deletion
enhances microglial Af uptake and improves cognition. This spurred the development of therapeutic
agents, including monoclonal antibodies and antisense oligonucleotides, aimed at modulating CD33
expression or altering its splicing pattern to rejuvenate microglial clearance mechanisms [27].

3.3. The Role of APOE in Microglia

APOE is a multifunctional glycoprotein involved in cholesterol transport, neuronal repair, and
lipid homeostasis in the central nervous system. Of the three common human isoforms, APOE2,
APOE3, and APOE4 confer the highest genetic risk for sporadic AD. While astrocytes are the primary
source of APOE under physiological conditions, microglia upregulate APOE expression in response
to stress and during the DAM transition [28].

Microglia expressing APOE4 exhibit impaired cholesterol efflux, intracellular lipid droplet
accumulation, and heightened oxidative stress. These changes disrupt phagocytosis and promote a
shift toward a pro-inflammatory phenotype marked by NF-kB activation and cytokine release.
APOE4 also destabilizes TREM2-mediated lipid sensing and interferes with receptor interactions
involving low-density lipoprotein receptor (LDLR) and sortilin-related receptor 1 (SORL1) [29]. In
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contrast, the APOE2 isoform is neuroprotective and may enhance anti-inflammatory microglial
programs. The bidirectional interaction between TREM2 and APOE reinforces their cooperative role
in microglial adaptation to neurodegeneration, and APOE-targeted therapeutics, including antisense
therapies and small molecules, are being explored to modulate isoform-specific functions [30].

3.4. Transcriptional Control of Microglial Identity and Plasticity

Transcription factors play a pivotal role in defining microglial identity and their capacity to
respond to environmental changes. Purine-rich box 1 (PU.1), encoded by the SPI1 gene, is a master
regulator of microglial lineage and homeostasis. Risk variants near SPI1 affect PU.1 expression levels
and influence susceptibility to AD. Reduction in PU.1 expression diminishes phagocytic capacity and
impairs microglial resilience, whereas overexpression may lead to hyperactivation and inflammatory
responses [31].

Interferon regulatory factor 8 (IRF8) is upregulated in reactive microglia and drives expression
of interferon-stimulated genes and pro-inflammatory chemokines. It is particularly elevated in AD-
affected regions with heavy plaque burden. Conversely, myocyte enhancer factor 2C (MEF2C)
suppresses excessive inflammatory responses by recruiting histone deacetylases to pro-inflammatory
loci [32]. MEF2C-deficient microglia display increased synaptic pruning and behavioral
abnormalities, highlighting its role as a homeostatic regulator.

3.5. Epigenetic and Non-Coding RNA Regulation

Epigenetic modifications and post-transcriptional regulators provide additional layers of
microglial control. In response to neurodegenerative stimuli, disease-associated microglia show
altered histone modifications such as increased H3K27 acetylation and reduced H3K9 trimethylation,
which remodel chromatin to favor the expression of inflammatory and metabolic genes [33]. These
epigenetic changes often precede overt phenotypic shifts, suggesting a primed state that may persist
across disease stages [34].

Non-coding RNAs, including long non-coding RNAs (IncRNAs) and microRNAs (miRNAs),
modulate gene expression post-transcriptionally. For example, the IncRNA MEGS3 is downregulated
in AD and was implicated in suppressing inflammatory gene expression via interaction with p53 and
chromatin remodeling complexes [35]. Among miRNAs, miR-155 promotes a pro-inflammatory
microglial phenotype by targeting suppressors of cytokine signaling, while miR-124 exerts anti-
inflammatory effects and supports synaptic integrity. These findings prompted interest in RNA-
based therapeutics, including antagomiRs and miRNA mimics, for precise reprogramming of
microglial phenotypes [36].

4. Neuroinflammatory Signaling Pathways in Microglia

Microglia orchestrate a broad spectrum of immune responses in the central nervous system
through intricate signaling networks that detect, amplify, and resolve neuroinflammatory cues. In
AD, chronic activation of these pathways contributes to neuronal injury, synaptic loss, and disease
progression [37]. The inflammatory cascade in microglia is governed by pattern recognition receptors
(PRRs), inflammasomes, and downstream transcriptional regulators that integrate signals from
damaged neurons, amyloid plaques, and systemic insults. Understanding these molecular pathways
is essential for identifying therapeutic targets that can interrupt the maladaptive cycle of
neuroinflammation in AD [38].

4.1. Toll-Like Receptors and Pattern Recognition Signaling

Toll-like receptors (TLRs) are sentinel PRRs that recognize pathogen-associated molecular
patterns (PAMPs) and DAMPs, triggering innate immune responses. Among the TLR family, TLR2
and TLR4 are prominently expressed in microglia and are upregulated in AD brains. These receptors
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detect misfolded proteins such as AP and heat shock proteins, initiating intracellular signaling
cascades that converge on NF-kB cells [39].

Upon ligand binding, TLRs recruit adaptor proteins such as myeloid differentiation primary
response 88 (MyD88) and TIR-domain-containing adapter-inducing interferon-f3 (TRIF), leading to
the activation of interleukin-1 receptor-associated kinases (IRAK) and TNF receptor-associated factor
6 (TRAF6). This cascade culminates in the nuclear translocation of NF-kB and the transcription of
pro-inflammatory cytokines, including TNF-«, IL-1{3, and IL-6. While transient activation of TLR
signaling may aid in A clearance, chronic stimulation leads to persistent cytokine release, microglial
priming, and neuronal dysfunction. Inhibition of TLR4 signaling has been shown to reduce plaque
burden and improve cognitive outcomes in AD mouse models, highlighting its therapeutic potential
[40].

4.2. NLRP3 Inflammasome Activation and IL-1p Maturation

The nucleotide-binding domain, leucine-rich repeat, and NLRP3 inflammasome are a
multiprotein complex that mediates caspase-1 activation and the maturation of interleukin-1 family
cytokines. In microglia, NLRP3 is activated by a range of AD-related stimuli, including A oligomers,
lysosomal rupture, mitochondrial dysfunction, and potassium efflux [41]. Once assembled, the
inflammasome cleaves pro-caspase-1 into its active form, which in turn processes pro-IL-18 and pro-
IL-18 into their mature, bioactive forms.

Persistent activation of the NLRP3 inflammasome exacerbates neuroinflammation and neuronal
injury. In AD models, pharmacological or genetic inhibition of NLRP3 has been shown to attenuate
microgliosis, reduce AP deposition, and preserve cognitive function. The regulatory interplay
between TREM2 and NLRP3 also suggests a convergence of immune-sensing and inflammatory
effector pathways in DAM, where TREM2 signaling may temper inflammasome activation under
physiological conditions [42]. Targeting NLRP3 thus represents a promising strategy to modulate
maladaptive inflammation in AD.

4.3. NF-xB and MAPK Signaling Cascades

NF-«B is a central transcription factor that regulates the expression of pro-inflammatory genes
in microglia. In its inactive form, NF-kB is sequestered in the cytoplasm by IkB inhibitors. Upon
activation by TLRs, cytokines, or oxidative stress, IxB is phosphorylated and degraded, allowing NF-
kB to translocate to the nucleus and initiate transcription [43]. In AD brains, NF-kB is persistently
activated in microglia and correlates with increased cytokine production, impaired A{ clearance, and
neurotoxicity.

In parallel, mitogen-activated protein kinase (MAPK) pathways, including the extracellular
signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38 MAPK branches, mediate
microglial responses to extracellular stimuli. These kinases regulate gene expression, cytoskeletal
remodeling, and cytokine secretion [44]. Chronic MAPK activation promotes microglial proliferation,
reactive gliosis, and the secretion of matrix metalloproteinases that degrade the extracellular matrix
and compromise synaptic integrity. Crosstalk between NF-kB and MAPK pathways amplifies the
inflammatory milieu in AD, and dual inhibition of these pathways has shown additive effects in
attenuating neuroinflammation in preclinical models [45].

4.4. JAK/STAT Pathway and Interferon Signaling

The Janus kinase/signal transducer and activator of transcription (JAK/STAT) pathway mediates
responses to interferons, interleukins, and colony-stimulating factors. In microglia, this pathway is
activated by type I and II interferons and regulates genes involved in antigen presentation,
chemotaxis, and oxidative stress. In AD, a subset of microglia exhibits an interferon-responsive
phenotype characterized by elevated expression of STAT1, IRF7, IFITM3, and other interferon-
stimulated genes [46].
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Chronic interferon signaling disrupts microglial homeostasis, enhances synapse elimination,
and promotes immune cell infiltration into the brain parenchyma. JAK1/2 inhibitors, already
approved for inflammatory disorders, have demonstrated the capacity to dampen microglial
activation and improve memory performance in AD mouse models, suggesting a potential avenue
for drug repurposing [47].

4.5. Complement Cascade and Synaptic Tagging

The complement system plays a critical role in synaptic pruning during development and is
aberrantly reactivated in neurodegeneration. In AD, microglia overexpress complement components
such as Clq, C3, and CR3 in response to AP and tau pathology. These proteins opsonize synapses,
marking them for elimination by phagocytic microglia [48]. While this mechanism may initially serve
to remove dysfunctional synapses, its chronic activation results in widespread synaptic loss and
cognitive impairment [49].

Clq and C3 deposition are observed in early stages of AD, and their expression correlates with
microglial activation and dendritic spine loss. Genetic deletion of C1q or C3 mitigates synaptic loss
and rescues memory deficits in AD mouse models [50]. Pharmacological inhibition of complement
receptors on microglia is currently under investigation as a neuroprotective strategy to preserve
synaptic connectivity in AD.

5. Immunometabolism and Microglial Bioenergetics in AD

Microglial function is intimately linked to cellular metabolism, with distinct metabolic programs
guiding phenotypic transitions between homeostasis, activation, and immune resolution. In the
context of AD, metabolic dysregulation serves not only as a consequence of chronic inflammation but
also as a driving force behind microglial dysfunction [51]. Emerging evidence indicates that impaired
bioenergetics, mitochondrial dysfunction, and aberrant lipid handling contribute to the persistent
inflammatory phenotype observed in AD microglia. Understanding these immunometabolic shifts
provides critical insight into disease mechanisms and offers therapeutic opportunities to reprogram
dysfunctional microglia toward homeostatic states [52].

In the healthy brain, homeostatic microglia rely predominantly on oxidative phosphorylation
(OXPHOS) to sustain their surveillance and neuroprotective roles. This metabolic profile is supported
by a well-organized mitochondrial network and regulated expression of genes involved in the
tricarboxylic acid (TCA) cycle and electron transport chain [53]. When activated by pathological
stimuli such as A, microglia undergo a metabolic shift characterized by increased glycolysis and
reduced mitochondrial respiration, similar to the Warburg effect seen in cancer cells. This glycolytic
shift supports rapid energy production, ROS generation, and biosynthesis of pro-inflammatory
mediators, facilitating the transition to an inflammatory phenotype [54].

However, sustained reliance on glycolysis impairs long-term microglial fitness and promotes a
senescent, pro-inflammatory state. In AD, microglia accumulate lipid droplets and exhibit defective
autophagy and mitophagy pathways, leading to the buildup of damaged mitochondria and impaired
metabolic flexibility [55]. Single-cell transcriptomic analyses of AD brains revealed downregulation
of genes associated with mitochondrial function and fatty acid oxidation in DAM, while genes
involved in cholesterol metabolism and lipid uptake, such as APOE, LPL, and CD36, are markedly
upregulated. This suggests an altered lipid-handling program that may exacerbate inflammation and
hinder A clearance [56].

Lipid metabolism, particularly cholesterol and phospholipid turnover, plays a crucial role in
shaping microglial immune responses. The APOE4 isoform, a major genetic risk factor for sporadic
AD, was associated with impaired cholesterol efflux, accumulation of intracellular lipid droplets, and
heightened susceptibility to oxidative stress. APOE4-expressing microglia exhibit dysfunctional
lysosomal activity and reduced expression of lipid transporters such as ABCAl and ABCGI,
contributing to intracellular lipid overload and compromised phagocytic capacity. Moreover, APOE4
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disrupts lipid-sensing interactions with TREM2, further amplifying metabolic stress and
inflammatory signaling [57].

Mitochondrial dysfunction is another hallmark of microglial impairment in AD. Aging and
chronic neuroinflammation lead to reduced mitochondrial membrane potential, decreased ATP
production, and elevated ROS levels. These changes activate the NLRP3 inflammasome and induce
oxidative damage to proteins, lipids, and nucleic acids, perpetuating a feedforward cycle of
inflammation and bioenergetic collapse [58]. Mitochondrial DNA released from damaged organelles
acts as a DAMP, further exacerbating microglial activation through the TLR9 pathway.

Targeting microglial metabolism has emerged as a promising therapeutic strategy.
Pharmacological agents that promote mitochondrial biogenesis, enhance fatty acid oxidation, or
restore autophagic flux have shown beneficial effects in preclinical models. For instance, peroxisome
proliferator-activated receptor gamma (PPARY) agonists were reported to modulate glucose and
lipid metabolism while reducing pro-inflammatory gene expression. Similarly, AMP-activated
protein kinase (AMPK) activators improve mitochondrial function and reduce cytokine secretion in
reactive microglia. Dietary interventions such as ketogenic diets and calorie restriction were also
proposed to modulate brain immunometabolism, although translational evidence remains limited
[59].

In summary, microglial metabolic reprogramming is a key driver of neuroinflammation in AD.
Disruption of mitochondrial dynamics, lipid homeostasis, and energy sensing pathways fuels a
chronic inflammatory phenotype that undermines microglial protective functions. Therapeutic
strategies aimed at restoring metabolic balance may offer a viable means of attenuating microglial-
mediated pathology and slowing AD progression [60].

6. The Gut-Brain—-Microglia Axis in AD

The central nervous system (CNS) and gastrointestinal tract are intricately connected through a
bidirectional communication network known as the gut-brain axis, which integrates neural,
endocrine, immune, and metabolic pathways. In recent years, this axis has garnered significant
attention in the context of AD, particularly regarding its influence on neuroinflammation and
microglial activation. Alterations in gut microbiota composition were associated with systemic
inflammation, disruption of the blood-brain barrier (BBB), and modulation of microglial function, all
of which contribute to the pathogenesis of AD [61].

The gut microbiota plays a fundamental role in shaping the peripheral immune system and
influencing CNS homeostasis. In healthy individuals, commensal bacteria produce short-chain fatty
acids (SCFAs), such as butyrate, propionate, and acetate, which exert anti-inflammatory effects,
maintain gut barrier integrity, and support microglial maturation via G-protein-coupled receptors
(e.g., GPR41, GPR43) [62]. SCFAs also promote the differentiation of regulatory T cells (Tregs), which
mitigate peripheral inflammation and modulate microglial priming. In contrast, dysbiosis reduces
SCFA availability, disrupts immune tolerance, and permits the translocation of lipopolysaccharides
(LPS) and bacterial metabolites into systemic circulation [63].

LPS is a potent activator of innate immunity and has been implicated in microglial activation
through TLR4 signaling. Chronic peripheral exposure to LPS leads to increased expression of pro-
inflammatory cytokines, enhanced NLRP3 inflammasome activation, and augmented production of
ROS within the CNS. These events contribute to microglial priming, a state of exaggerated
responsiveness to subsequent insults, and accelerate neurodegeneration [64]. Experimental models
have shown that germ-free or antibiotic-treated mice display altered microglial morphology and
transcriptional profiles, further supporting the notion that microbial-derived signals are essential for
maintaining microglial homeostasis [65].

Moreover, gut-derived metabolites such as trimethylamine N-oxide (TMAO), indoles, and bile
acids influence neuroimmune signaling. Elevated levels of TMAO, commonly observed in dysbiotic
states and aging, correlate with cognitive decline and microglial activation. TMAO contributes to
oxidative stress, endothelial dysfunction, and mitochondrial impairment, which are features that
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overlap with AD pathology [66]. Conversely, microbial metabolites such as indole-3-propionic acid
exert neuroprotective effects by scavenging free radicals and inhibiting pro-inflammatory pathways
in microglia.

The gut microbiota also impacts the permeability and integrity of the blood-brain barrier.
Dysbiosis-induced systemic inflammation compromises tight junction proteins such as claudins and
occludins, facilitating the entry of circulating cytokines, pathogens, and neurotoxic compounds into
the brain parenchyma [67]. This breach exacerbates microglial activation and amplifies
neuroinflammatory responses. Restoration of microbiota composition through probiotics, prebiotics,
or dietary interventions was shown to reverse BBB disruption and attenuate microgliosis in animal
models of AD [68].

Therapeutic modulation of the gut-brain axis represents a novel strategy for mitigating
microglial-driven inflammation. Probiotics such as Lactobacillus and Bifidobacterium strains
demonstrated the ability to reduce systemic and CNS inflammation, improve cognitive performance,
and normalize microglial phenotypes in transgenic AD mice. Fecal microbiota transplantation (FMT)
also emerged as a potential intervention, with early studies showing that transferring fecal material
from young or healthy donors improves cognitive function and reduces plaque burden in aged or
AD-prone mice. However, clinical translation of these approaches remains in its infancy, and further
research is needed to elucidate the mechanistic underpinnings and long-term safety of gut-targeted
therapies [69].

In summary, the gut microbiota exerts profound effects on microglial development, immune
activation, and neuroinflammatory cascades in AD. Dysbiosis disrupts this equilibrium, contributing
to chronic inflammation, BBB dysfunction, and neuronal damage. Targeting the gut-brain-microglia
axis offers a promising avenue for therapeutic intervention and represents an expanding frontier in
neurodegeneration research [70].

7. Pharmacological and Nutraceutical Modulation of Microglia in AD

Given the central role of microglia in AD pathogenesis, therapeutic strategies aimed at
modulating microglial activation states have gained considerable momentum. Unlike previous
approaches that primarily targeted A3 accumulation or tau pathology, emerging interventions seek
to rebalance microglial function, either by promoting protective phenotypes or dampening chronic
inflammatory responses [71]. Both pharmacological agents and naturally derived compounds have
shown promise in reprogramming microglial states and alleviating neuroinflammation in AD
models.

One of the most actively explored pharmacological targets is TREM2, which governs microglial
transition into disease-associated states and facilitates lipid sensing, phagocytosis, and Af
containment [72]. TREM2-activating antibodies, such as AL002 (produced by Alector), demonstrated
the ability to enhance plaque compaction and improve cognitive function in preclinical models.
Clinical trials of TREM2-targeting therapies are ongoing, aiming to harness the neuroprotective
potential of DAM without tipping the balance toward excessive inflammation. Similarly, antagonists
of CD33, a negative regulator of microglial clearance, are being developed to release the inhibitory
constraints on phagocytic function, restore amyloid clearance, and rejuvenate microglial homeostasis
[73].

In parallel, inhibitors of the NLRP3 inflammasome garnered attention for their capacity to
suppress IL-13 maturation and mitigate neuroinflammatory amplification. MCC950, a selective
NLRP3 inhibitor, was shown to reduce microglial activation, Ap load, and cognitive decline in
transgenic AD mouse models [74]. Other inflammasome modulators, including caspase-1 inhibitors
and IL-1 receptor antagonists, offer complementary approaches to interrupt the inflammatory
feedback loop perpetuated by microglia. Importantly, these therapies must be carefully timed and
dosed to preserve microglial capacity for surveillance and repair while preventing chronic activation
[75].
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Anti-inflammatory agents such as non-steroidal anti-inflammatory drugs (NSAIDs), although
initially promising in epidemiological studies, have yielded inconclusive results in clinical trials. This
may be due to their non-specific effects and the failure to target early disease stages when microglial
priming occurs [76]. More targeted immunomodulators, including PPARY agonists like pioglitazone
and rosiglitazone, have demonstrated the ability to promote anti-inflammatory phenotypes, enhance
mitochondrial function, and reduce oxidative stress in microglia. Although large-scale trials of
PPARY agonists in AD have not met primary endpoints, their pleiotropic effects on metabolism and
immunity warrant further investigation, particularly in combination therapies [77].

Natural products and dietary phytochemicals have also emerged as modulators of microglial
activation, offering favorable safety profiles and multi-targeted mechanisms. Flavonoids such as
quercetin, luteolin, and apigenin exhibit potent anti-inflammatory and antioxidant activities,
suppressing NF-kB signaling, inhibiting NLRP3 activation, and restoring redox balance in reactive
microglia [78]. Curcumin, derived from Curcuma longa, has demonstrated the ability to reduce pro-
inflammatory cytokine release, improve mitochondrial function, and enhance A clearance in vitro
and in vivo. Similarly, resveratrol, a polyphenol found in grapes and berries, exerts neuroprotective
effects by activating sirtuin 1 (SIRT1), enhancing autophagy, and mitigating microglial-mediated
neurotoxicity [79].

Melatonin, an endogenously produced indoleamine with known circadian and antioxidant
properties, was also shown to inhibit pro-inflammatory microglial polarization, suppress oxidative
stress, and attenuate AP- and tau-induced toxicity [80]. Through modulation of clock genes,
mitochondrial stabilization, and epigenetic regulation, melatonin exerts pleiotropic effects on
neuroimmune function and has demonstrated efficacy in delaying cognitive decline in preclinical
models. Its chronobiotic nature further positions it as a candidate for time-targeted interventions that
align with the circadian fluctuations of neuroinflammation [81].

Dietary approaches such as the Mediterranean diet, rich in polyphenols, omega-3 fatty acids,
and prebiotic fibers, were associated with reduced neuroinflammation and preservation of cognitive
function. Nutritional supplementation with docosahexaenoic acid (DHA), a major omega-3 fatty acid
in the brain, enhances anti-inflammatory signaling, promotes synaptic plasticity, and supports
microglial resolution states. While these nutraceuticals may not reverse established pathology, they
offer valuable adjunctive strategies for early intervention and disease prevention [82,83]. Table 2
summarizes various pharmacological and naturally derived compounds targeting microglial
pathways, highlighting their molecular targets, mechanisms of action, and current status in
preclinical or clinical development.

Table 2. Selected therapeutic agents targeting microglia in AD.

Agent/Compound Target/Pathway Mechanism of Action IS’::tcllllsmcal/Chmcal
Enhances phagocytosis
AL002 (TREM2 agonist) TREM2 and immune Phase II clinical trials
surveillance
Inhibits IL-1p
MCC950 NLRP3 inflammasome maturation, reduces Preclinical, AD models
inflammation
Promotes anti- Inconclusive clinical
Pioglitazone PPARy inflammatory
results
phenotype

Reduces cytokines, .
. . . . . Preclinical and
Curcumin NF-«B, oxidative stress supports mitochondrial .

. nutraceutical use
function
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Antioxidant, anti-
’ Safe, tested in AD
Melatonin SIRT1, ROS, clock genes inflammatory, afe, tested in
.. models
chronobiotic

8. Nanomedicine and Targeted Drug Delivery for Microglial Modulation in AD

The BBB represents a formidable challenge in the development of central nervous system
therapeutics, particularly for modulating microglial function in AD. Conventional drug delivery
systems often fail to achieve sufficient CNS penetration or exhibit off-target effects that compromise
efficacy and safety [84]. In this context, nanotechnology-based delivery platforms emerged as
promising tools for enhancing drug bioavailability, targeting specificity, and therapeutic precision in
neuroinflammatory conditions [85].

Nanocarriers—including liposomes, polymeric nanoparticles, solid lipid nanoparticles,
dendrimers, and micelles can be engineered to cross the BBB via receptor-mediated transcytosis,
adsorptive-mediated transport, or modulation of tight junctions. Their physicochemical properties,
such as size, charge, and surface functionalization, can be precisely tailored to optimize circulation
time, CNS uptake, and release kinetics [86]. In AD, nanoparticle-based systems were designed to
deliver anti-inflammatory agents, antioxidants, and gene modulators directly to microglia, to
reprogram their phenotypic states and mitigate neurodegeneration [87].

Targeting moieties such as antibodies, peptides, and aptamers can be conjugated to nanoparticle
surfaces to enhance microglial specificity. For example, nanoparticles functionalized with antibodies
against TREM2 or CD11b demonstrated selective uptake by activated microglia, enabling localized
delivery of immunomodulators or nucleic acid-based therapies. This approach minimizes systemic
toxicity and allows for the sustained modulation of microglial responses within neuroinflammatory
niches [88]. Similarly, nanocarriers encapsulating small interfering RNA (siRNA) or microRNA
mimics were employed to silence pro-inflammatory genes such as NLRP3, TNF-a, or IL-1f,
providing a mechanistically targeted approach to dampen microglial activation [89].

Liposomes remain among the most widely used nanocarriers due to their biocompatibility,
ability to encapsulate both hydrophilic and lipophilic agents, and adaptability for surface
modification. Curcumin-loaded liposomes, for instance, were shown to reduce microglial activation
and AP burden in AD models more effectively than free curcumin [90]. Similarly, resveratrol or
melatonin-loaded nanoparticles demonstrated enhanced antioxidant and anti-inflammatory efficacy
compared to their unencapsulated forms. These formulations not only improve pharmacokinetic
profiles but also enable chronotherapeutic delivery strategies aligned with circadian fluctuations in
neuroinflammatory activity [91].

Dendrimers, highly branched, monodisperse macromolecules, offer another promising platform
for brain-targeted delivery. Their multivalent surface allows for simultaneous conjugation of drugs,
targeting ligands, and imaging agents. Polyamidoamine (PAMAM) dendrimers loaded with anti-
inflammatory agents were used to modulate microglial activation and reduce pro-inflammatory
cytokine production in models of neurodegeneration. Importantly, dendrimers can be designed to
release their cargo in response to microenvironmental stimuli, such as pH changes or oxidative stress,
enabling site-specific drug release in regions of active neuroinflammation [92].

Solid lipid nanoparticles (SLNs) and nanostructured lipid carriers (NLCs) offer the advantage
of higher stability, controlled release, and lower cytotoxicity compared to traditional formulations.
These carriers were explored for the delivery of bioactive lipids, omega-3 fatty acids, and anti-
inflammatory phytochemicals with demonstrated benefits in attenuating microgliosis and improving
cognitive outcomes. Moreover, their lipid-based composition closely mimics cellular membranes,
facilitating endocytosis and intracellular trafficking within microglial cells [93].

Despite their promise, several challenges remain in the clinical translation of nanotherapeutics
for AD. These include concerns about long-term toxicity, immunogenicity, scalability of production,
and variability in BBB permeability across disease stages and patient populations. Regulatory hurdles
also persist, given the complexity of nanocarrier systems and the need for robust safety and efficacy
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data. Nonetheless, advances in nanomedicine and microglial biology are converging to offer
precision-targeted interventions that may overcome the limitations of current AD therapies [94].

In summary, nanotechnology-based delivery systems represent a transformative approach to
modulating microglial activity in AD. By enabling targeted, controlled, and efficient delivery of
therapeutic agents across the blood-brain barrier, these platforms hold substantial potential to
enhance treatment specificity and efficacy [95]. Continued interdisciplinary efforts are needed to
refine nanoparticle design, ensure biocompatibility, and validate therapeutic outcomes in
translational models and clinical trials.

9. Clinical Translation and Future Perspectives

The recognition of microglia as central players in AD pathogenesis prompted a shift in
therapeutic paradigms from targeting amyloid-f and tau aggregates exclusively to modulating
neuroimmune dynamics [96]. Despite encouraging results from preclinical studies, the clinical
translation of microglia-targeted therapies remains in its early stages. Several challenges, including
patient heterogeneity, stage-specific microglial phenotypes, and the complexity of central immune
signaling, impeded the success of immunomodulatory interventions in AD. Nonetheless, emerging
clinical trials, innovative technologies, and biomarker strategies are paving the way toward more
personalized and effective treatments [97].

Several clinical-stage therapeutics are now exploring direct or indirect modulation of microglial
activity. For example, AL002, a humanized monoclonal antibody targeting TREM2, entered Phase II
trials in patients with early-stage AD. This antibody is designed to promote TREM2-dependent
microglial activation, enhance phagocytosis, and restore immune surveillance. Early data suggest
favorable safety and biomarker profiles, but long-term cognitive outcomes remain to be established
[98]. Similarly, CD33-targeting agents are being developed to suppress inhibitory signaling and
rejuvenate microglial AP clearance capabilities. These agents underscore the clinical feasibility of
modulating microglial checkpoints to rebalance immune homeostasis.

Anti-inflammatory therapies, including NLRP3 inflammasome inhibitors and selective cytokine
blockers, are also undergoing evaluation for their capacity to attenuate chronic neuroinflammation.
While broad-spectrum agents such as NSAIDs failed to show benefit in late-stage AD, more selective
immunomodulators may offer better efficacy when administered during the prodromal or early
symptomatic phases [99]. Ongoing studies are also exploring the use of immune tolerance-inducing
strategies, including regulatory T cell-based therapies, to counteract excessive microglial activation
without impairing host defense.

One of the major bottlenecks in clinical translation is the lack of robust, non-invasive biomarkers
that reflect microglial activity in vivo. Advances in positron emission tomography (PET) imaging
enabled the use of translocator protein (TSPO) ligands as proxies for microglial activation, though
their specificity and reliability are limited. Novel radiotracers targeting TREM2, P2RY12, and other
microglial surface markers are currently under development to improve imaging accuracy. In
parallel, cerebrospinal fluid (CSF) and blood-based biomarkers, including soluble TREM2, YKL-40,
and inflammatory cytokines, are being investigated as tools to stratify patients, monitor disease
progression, and assess treatment response [100].

The advent of single-cell omics and spatial transcriptomics has revealed profound heterogeneity
in microglial states across brain regions, disease stages, and patient genotypes. This complexity
demands precision medicine approaches that consider individual immune signatures when
designing interventions. For example, patients carrying the APOE4 allele may exhibit distinct
microglial metabolic and inflammatory responses compared to non-carriers, necessitating tailored
therapeutic strategies [101]. Integrating genomics, transcriptomics, and clinical phenotyping will be
essential to identify responder subpopulations and optimize treatment timing.

Looking ahead, combinatorial therapies that target multiple aspects of microglial dysfunction
may hold the greatest promise. Such approaches could include dual modulation of immune
checkpoints, metabolic reprogramming to restore mitochondrial and lipid balance, and delivery of
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anti-inflammatory agents via nanocarriers. Moreover, coupling these strategies with lifestyle
interventions, such as diet, circadian regulation, and microbiota modulation, may enhance
therapeutic efficacy and prevent disease progression in at-risk populations [102].

Finally, ethical and regulatory considerations must keep pace with scientific advances. As
microglial-targeted therapies move toward clinical application, long-term safety, off-target effects,
and immune tolerance must be rigorously evaluated. Regulatory frameworks will need to adapt to
the complexities of immunomodulation in the CNS, particularly for advanced delivery platforms and
gene-editing technologies [103].

10. Conclusions

Microglial cells are central to the immune landscape of the brain and play a dualistic role in AD,
acting as both defenders and drivers of neurodegeneration. Recent advances in transcriptomics,
immunogenetics, and neuroimaging have reshaped our understanding of microglial biology,
revealing a spectrum of activation states governed by genetic, metabolic, and environmental cues.
Dysregulation of these finely tuned responses contributes to chronic inflammation, impaired
clearance of pathological aggregates, and progressive neuronal damage.

Key molecular regulators such as TREM2, CD33, APOE, and the NLRP3 inflammasome
highlight the therapeutic potential of targeting microglial signaling pathways. Likewise, disruptions
in immunometabolism, gut-brain communication, and circadian homeostasis emerge as modifiable
contributors to microglial dysfunction in AD. Pharmacological agents, nutraceuticals, and
nanocarrier-based interventions offer multiple avenues to reprogram microglial phenotypes toward
neuroprotective functions. However, the complexity of microglial responses, combined with patient
heterogeneity and the challenges of CNS drug delivery, necessitates a precision medicine approach
for successful clinical translation.

Future research should prioritize the development of reliable microglia-specific biomarkers,
disease-stage—tailored interventions, and combinatorial strategies that integrate immune modulation
with lifestyle and environmental factors. As our understanding of microglial heterogeneity deepens,
targeting microglia may no longer be a peripheral strategy but rather a central pillar in the search for
disease-modifying therapies in AD.
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Abbreviations

The following abbreviations are used in this manuscript:

AD Alzheimer’s disease

ApB Amyloid beta

APOE Apolipoprotein E

BBB Blood-brain barrier

CD33 Cluster of Differentiation 33
CNS Central nervous system

CX3CR1  Chemokine (C-X3-C motif) receptor 1
CX3CL1  Chemokine (C-X3-C motif) ligand 1

DAM Disease-associated microglia

DAMPs  Damage-associated molecular patterns
ERK Extracellular signal-regulated kinase
GWAS Genome-wide association studies
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IFITM3 Interferon-induced transmembrane protein 3
IL-1B Interleukin-1 beta

IL-6 Interleukin-6

IRAK Interleukin-1 receptor-associated kinase

IRF7 Interferon regulatory factor 7

JAK Janus kinase

JNK c-Jun N-terminal kinase

LDLR Low-density lipoprotein receptor

IncRNA  Long non-coding RNA

LPL Lipoprotein lipase

MAPK Mitogen-activated protein kinase

MEF2C  Myocyte enhancer factor 2C

miRNA  MicroRNA

MyD88  Myeloid differentiation primary response 88
NF-«xB Nuclear factor kappa-light-chain-enhancer of activated B cells
NLRP3 NOD-, LRR- and pyrin domain-containing protein 3
NSAIDs  Non-steroidal anti-inflammatory drugs
OXPHOS Oxidative phosphorylation

PET Positron emission tomography

PPARy Peroxisome proliferator-activated receptor gamma
PRRs Pattern recognition receptors

PU.1 Purine-rich box 1

ROS Reactive oxygen species

SCFAs Short-chain fatty acids

SH2 Src homology 2 domain

Siglec Sialic acid-binding immunoglobulin-type lectin
SIRT1 Sirtuin 1

SNP Single-nucleotide polymorphism

SORL1 Sortilin-related receptor 1

STAT Signal transducer and activator of transcription
SYK Spleen tyrosine kinase

TCA Tricarboxylic acid

TLRs Toll-like receptors

TMEM119 Transmembrane protein 119

TMAO Trimethylamine N-oxide

TRAF6 TNF receptor-associated factor 6

TRIF TIR-domain-containing adapter-inducing interferon-3
TREM2  Triggering receptor expressed on myeloid cells 2
TSPO Translocator protein

Tregs Regulatory T cells

TYROBP  TYRO protein tyrosine kinase-binding protein
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