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Abstract

Despite remarkable advances in glial biology, the development of effective glia-targeted
therapeutics has lagged behind. Accumulating evidence has established glial cells as
dynamic regulators of neuroimmune communication, synaptic function, metabolic home-
ostasis, tissue repair, and disease progression. Advances in single-cell and spatial tran-
scriptomics, molecular profiling, functional imaging, and human-relevant experimental
models have revealed remarkable diversity among central and peripheral glial popu-
lations, highlighting context-dependent functional states and complex communication
networks involving neurons, vascular cells, immune cells, and other glia. These discoveries
have expanded therapeutic opportunities while challenging conventional pharmacological
strategies that broadly target individual glial cell types or isolated inflammatory pathways.
Although numerous pharmacological interventions intentionally or unintentionally modu-
late glial function, clinical translation has remained limited, highlighting the need for a more
integrated therapeutic framework. In this perspective, we critically examine the current
landscape of glia-targeted therapeutics through the concept of glial pharmacology, pre-
sented as a conceptual framework for understanding how pharmacological interventions
modulate glial cells, their functional states, and multicellular communication networks to
influence nervous system homeostasis and disease. Rather than providing an exhaustive
review, we synthesize the lessons learned from existing therapeutic strategies, discuss the
major biological and translational challenges limiting clinical success, and propose guiding
principles for the rational development of next-generation glia-targeted therapeutics. We
argue that future progress will depend on moving beyond broad cell-specific modulation
toward context-dependent therapeutic strategies informed by glial biology, multicellular
communication networks, biomarker-guided target engagement, and disease context.

Keywords: glia-targeted therapeutics; glial pharmacology; glial heterogeneity; neuroim-
mune crosstalk; microglia; astrocytes; neuropharmacology; biomarker-guided therapeutics;
precision medicine; translational neuroscience; neuroimmune signaling
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1. Introduction
Despite remarkable advances in glia science in recent decades, the translation of these

discoveries into effective therapeutics has lagged behind [1–3]. Pharmacological strategies
targeting glial cells have expanded considerably, driven by growing recognition of their
central roles in neuroimmune crosstalk, synaptic regulation, metabolic homeostasis, tissue
repair, and disease progression across a broad spectrum of neurological disorders [4–7].
However, despite encouraging experimental findings and increasing therapeutic interest,
relatively few glia-targeted interventions have demonstrated consistent clinical benefit [8,9].
This translational gap reflects not only the inherent complexity of nervous system disor-
ders but also a rapidly evolving understanding of glia that has challenged many of the
assumptions underlying traditional pharmacological approaches.

Technological advances, including single-cell and spatial transcriptomics, high-
dimensional molecular profiling, advanced imaging, and human-relevant experimen-
tal models, have substantially expanded our understanding of glial function [10–13].
Rather than representing relatively homogeneous cell populations, microglia, astrocytes,
oligodendrocytes, and peripheral glial cells exhibit remarkable molecular, functional,
and regional diversity that continuously adapts to developmental stage, aging, envi-
ronmental exposures, and disease [4,13,14]. Glial responses are now recognized as dy-
namic and context-dependent, operating within complex multicellular communication
networks involving neurons, vascular cells, peripheral immune cells, and other glial popu-
lations [12,15,16]. These discoveries challenge therapeutic strategies that broadly suppress
or activate glial cell types without considering their functional states, biological context, or
network interactions.

At the same time, accumulating evidence indicates that many established therapeu-
tics influence glial function through mechanisms that were either intentionally targeted
or only recognized after clinical or experimental use [17–20]. Conversely, several highly
promising glia-directed interventions have produced disappointing or inconsistent out-
comes despite compelling preclinical evidence [6,8,21]. Collectively, these observations
suggest that successful therapeutic modulation of glia depends on more than identifying
individual molecular targets; it requires understanding when, where, and how pharmaco-
logical interventions interact with dynamic glial systems. This shift moves the focus from
targeting glial cells as isolated entities toward understanding pharmacological modulation
of integrated neuroimmune networks that determine nervous system function in health
and disease [22,23].

Although discussion of glia-targeted therapeutics has largely focused on central glial
populations, a comprehensive pharmacological framework should also encompass periph-
eral glia, including satellite glial cells (SGCs) and Schwann cells, which are increasingly
recognized as active regulators of neuronal excitability, inflammatory signaling, neuroim-
mune communication, and pain-related plasticity [13,24–26]. Considering peripheral glia
broadens the translational scope of glia-targeted therapeutics beyond the central ner-
vous system while revealing common pharmacological principles across glial populations.
At the same time, glial responses can be modulated by numerous non-pharmacological
approaches, including exercise, diet, sleep, microbiome-derived signals, and other envi-
ronmental interventions [27–30]. Although these complementary strategies represent an
important and rapidly evolving area of investigation, we focus specifically on pharmaco-
logical modulation because of its central role in therapeutic development, drug discovery,
and clinical translation.

In this perspective, we propose glial pharmacology as a conceptual framework in-
formed by principles of systems and network pharmacology [31,32] for understanding
how pharmacological interventions intentionally or unintentionally modulate glial cells,
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their functional states, and their communication networks to influence nervous system
homeostasis and disease. Although the term glial pharmacology has previously been
used to broadly describe pharmacological research involving glia and glia-directed thera-
peutics [17], the present framework extends this concept from the pharmacological study
or targeting of glial cells toward an integrated approach to therapeutic discovery and
translation. Its incremental contribution lies not in identifying glia as pharmacological
targets per se, but in organizing contemporary understanding of glial biology around five
interrelated principles: targeting dynamic functional states rather than cell identity alone;
considering multicellular communication networks as therapeutic substrates; incorporat-
ing biological context as a determinant of therapeutic efficacy; preserving physiological
glial functions while correcting maladaptive responses; and integrating biomarkers and
precision approaches into therapeutic development.

Within this framework, glia-targeted therapeutics extend beyond drugs specifically
designed to act on glial cells. They also encompass pharmacological interventions whose
therapeutic efficacy, adverse effects, or disease-modifying properties are mediated, wholly
or in part, through glial mechanisms. Rather than providing an exhaustive review of
glia or individual molecular targets, we critically examine the current landscape of glia-
targeted therapeutics, discuss the major biological and translational challenges limiting
clinical success, and propose guiding principles to support the rational development of
next-generation glia-targeted therapeutics.

2. The Current Landscape of Glia-Targeted Therapeutics
The expanding landscape of glia-targeted therapeutics reflects a fundamental shift

in pharmacological thinking about nervous system disorders. For decades, therapeutic
development in neurology was largely centered on neuronal receptors, neurotransmit-
ters, and ion channels, with glial cells considered primarily as passive support elements
or secondary responders to neuronal dysfunction [8,33]. Accumulating evidence now
demonstrates that many pharmacological agents exert clinically relevant effects on glial
biology, either intentionally or as previously unrecognized contributors to their therapeutic
efficacy, disease-modifying actions, or adverse effects [6,34–37]. Concurrently, advances
in glial biology have stimulated the development of interventions specifically designed to
target glial signaling pathways, neuroimmune communication, metabolic homeostasis, and
tissue repair [6,35,38]. Together, these developments have expanded therapeutic strategies
beyond traditional neuron-centric pharmacology and established glial biology as a central
determinant of pharmacological response.

Importantly, glia-targeted therapeutics do not represent a single class of drugs. Rather,
they encompass a continuum of pharmacological strategies that have evolved alongside
advances in glial biology, molecular technologies, and translational neuroscience. This evo-
lution can be conceptualized as progressing from incidental glial modulation, in which glial
effects were recognized only after therapeutic development, toward mechanism-informed
glial targeting, and more recently toward precision glial pharmacology, where therapeutic
interventions are designed to account for the heterogeneity, functional states, and multicel-
lular communication networks of glia (Figure 1). This transition is further facilitated by
emerging computational approaches that are transforming modern drug discovery and
development [39]. Artificial intelligence (AI), machine learning, systems pharmacology, net-
work pharmacology, and computational modeling increasingly complement experimental
neuroscience by integrating multidimensional biological data to identify novel therapeutic
targets, predict drug–target interactions, prioritize drug repurposing opportunities, and
support biomarker-guided patient stratification [40]. As these approaches continue to ma-
ture, they are expected to accelerate the rational development of glia-targeted therapeutics
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by enabling more precise and context-aware pharmacological strategies that account for
the complexity of glial biology and multicellular neuroimmune interactions.

Figure 1. Conceptual evolution of glia-targeted therapeutics from incidental glial modulation to pre-
cision glial pharmacology. The framework illustrates the progression from retrospective recognition
of glial effects of existing drugs, through mechanism-informed targeting of specific glial pathways,
toward context- and patient-informed precision glial pharmacology. Computational approaches
increasingly support this evolution by integrating multidimensional biological data, predicting
drug–target interactions and therapeutic responses, identifying novel targets and drug-repurposing
opportunities, and enabling biomarker-guided patient stratification. These tools therefore act as
cross-cutting enablers across the drug-development continuum rather than representing a separate
stage of glia-targeted therapeutic development.

2.1. Incidental Glial Modulation

Recognition of the therapeutic relevance of glial modulation emerged initially through
observations that numerous pharmacological agents developed for unrelated indications
unexpectedly influenced glial biology [8,41,42]. In many instances, these effects were iden-
tified only after extensive experimental or clinical use, revealing previously unrecognized
contributions of glial cells to therapeutic efficacy, disease modification, or adverse effects,
including those associated with minocycline, fingolimod, and ceftriaxone [43–48]. Such
observations helped to broaden pharmacological thinking beyond purely neuronal mecha-
nisms and demonstrated that glial modulation has long been an integral, albeit frequently
overlooked, component of pharmacotherapy.

Importantly, these discoveries established a fundamental principle that continues
to shape therapeutic development today: pharmacological modulation of glial biology
often preceded mechanistic understanding of glial function itself [49–51]. Rather than
being deliberately designed to target glia, many successful therapeutic agents were later
found to influence neuroimmune signaling, inflammatory responses, glutamate homeosta-
sis, or myelin biology through glial mechanisms. Recognition of these unintended yet
biologically relevant actions provided the first evidence that glial cells represent therapeuti-
cally meaningful regulators of nervous system function rather than passive participants in
disease [52–54].

2.2. Mechanism-Informed Glial Targeting

As understanding of glial biology expanded, therapeutic development progressively
shifted from serendipitous observations toward mechanism-informed pharmacological
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strategies. Rather than viewing glia as passive responders to neuronal pathology, emerg-
ing interventions increasingly target molecular pathways regulating microglial activation,
astrocytic glutamate transport, purinergic signaling, neuroimmune communication, oligo-
dendrocyte differentiation, remyelination, and metabolic homeostasis. Representative
examples include P2X7, CSF1R, TREM2 [55], GLT-1, and connexins [56–62]. These advances
have substantially broadened the pharmacological repertoire and generated encouraging
experimental and early clinical findings across neurological disorders.

Nevertheless, translation into clinical practice has remained inconsistent. Therapeutic
responses frequently vary according to anatomical region, disease stage, biological sex,
aging, systemic inflammatory and metabolic status, and the local tissue microenviron-
ment, reflecting the remarkable heterogeneity and context-dependent behavior of glial
cells [3,4,63]. Furthermore, interventions that successfully suppress maladaptive inflam-
matory responses may simultaneously compromise physiological functions essential for
synaptic regulation, immune surveillance, metabolic support, vascular homeostasis, or
tissue repair. These observations indicate that successful glia-targeted therapeutics require
selective modulation of pathological processes while preserving beneficial glial functions.

2.3. Precision Glial Pharmacology: An Emerging Therapeutic Paradigm

Rather than targeting individual glial populations or isolated signaling pathways,
emerging therapeutic strategies increasingly aim to modulate dynamic glial functional
states within complex multicellular communication networks involving neurons, vas-
cular cells, peripheral immune cells, and other glial populations. This paradigm has
been enabled by advances in single-cell and spatial transcriptomics, high-dimensional
molecular profiling, and systems pharmacology, which have revealed previously unrec-
ognized glial heterogeneity, disease-associated cellular states, and intercellular signaling
networks [4,10,11,64,65]. These approaches, together with molecular biomarkers and
patient-specific biological characteristics, provide opportunities to develop more precise
pharmacological interventions that account for disease stage, multicellular communica-
tion, and biological context while preserving physiological homeostasis. Selective delivery
across the blood–brain barrier and preferential targeting of specific glial populations remain
major pharmacological challenges that must be addressed to maximize therapeutic efficacy
while minimizing off-target effects.

Importantly, this evolving paradigm extends beyond identifying novel molecular
targets. It recognizes that therapeutic efficacy depends on understanding which glial popu-
lations should be modulated, when intervention should occur, where within the nervous
system modulation is required, and how pharmacological interventions reshape integrated
neuroimmune systems. This perspective also encompasses peripheral glial populations,
including SGCs and Schwann cells, whose emerging roles in neuronal excitability, inflam-
matory signaling, neuroimmune communication, and pain-related plasticity broaden the
translational landscape of glia-targeted therapeutics [13,24,66,67].

Collectively, the evolution of glia-targeted therapeutics demonstrates that progress has
been driven not only by the discovery of new molecular targets but also by a progressive
shift in pharmacological thinking, from broad modulation of glial activity toward selective
modulation of context-dependent glial biology. Representative pharmacological strategies
currently investigated or applied across neurological disorders are summarized in Table 1.
Importantly, these examples include both therapies intentionally developed to modulate
glial biology and pharmacological agents whose glial mechanisms were recognized only
after therapeutic development. Viewed together, they highlight both the expanding thera-
peutic opportunities and the persistent translational challenges that motivate the broader
conceptual framework of glial pharmacology proposed in the following section.
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Table 1. Representative pharmacological strategies illustrating the evolution of glia-targeted therapeutics and their implications for glial pharmacology.

Pharmacological
Strategy

Representative
Example(s)

Primary Molecular
Target

Predominant Glial
Cell(s)

Principal Glial
Mechanism

Major Neurological
Application(s) Pharmacological Insight

Broad anti-inflammatory
modulation Minocycline Multiple inflammatory

pathways Microglia

Suppresses
pro-inflammatory
activation and cytokine
production

Neuropathic pain, stroke,
neurodegenerative
disorders

Broad microglial
inhibition alone does not
consistently translate
into clinical benefit,
emphasizing the
importance of biological
context.

Multi-target glial
modulation Ibudilast PDE4, MIF Microglia, astrocytes

Modulates
neuroinflammation and
glial activation

Chronic pain, multiple
sclerosis, ALS

Simultaneous
modulation of multiple
glial pathways may
provide greater
therapeutic benefit than
single-target approaches.

Antioxidant and
immunometabolic
modulation

Dimethyl fumarate Nrf2 pathway Astrocytes, microglia
Enhances antioxidant
defenses and
immunomodulation

Multiple sclerosis

Restoring glial
homeostasis may be as
important as
suppressing
inflammation.

Sphingosine-1-
phosphate receptor
modulation

Fingolimod S1P receptors
Astrocytes,
oligodendrocytes,
microglia

Regulates neuroimmune
signaling and supports
remyelination

Multiple sclerosis

Therapeutic efficacy
extends beyond
peripheral immune
modulation to include
direct actions on glial
biology.

Purinergic signaling
modulation

P2X7 receptor
antagonists P2X7 receptor Microglia

Inhibits ATP-dependent
inflammasome
activation

Neuropathic pain,
neurodegeneration

Therapeutic efficacy
depends strongly on
disease stage, target
engagement, and
biological context.

https://doi.org/10.3390/neuroglia7030028

https://doi.org/10.3390/neuroglia7030028


Neuroglia 2026, 7, 28 7 of 22

Table 1. Cont.

Pharmacological
Strategy

Representative
Example(s)

Primary Molecular
Target

Predominant Glial
Cell(s)

Principal Glial
Mechanism

Major Neurological
Application(s) Pharmacological Insight

Microglial state
modulation

CSF1R inhibitors;
TREM2
modulators

CSF1R; TREM2 Microglia

Regulates microglial
survival, phagocytosis,
metabolism, and
disease-associated
functional states

Neurodegenerative
disorders, brain injury

Functional state may
represent a more
meaningful therapeutic
target than glial cell
identity alone.

Astrocytic glutamate
homeostasis Ceftriaxone EAAT2/GLT-1 Astrocytes

Restores glutamate
uptake and excitatory
homeostasis

ALS, epilepsy,
neuropathic pain

Preserving physiological
astrocyte function
represents a valuable
therapeutic strategy.

Glial network
modulation Connexin-43 modulators Connexin-43 Astrocytes

Modulates gap-junction
communication and
intercellular signaling

Pain, ischemia

Intercellular glial
communication
represents a
pharmacological target
in its own right.

Remyelination-
promoting therapies

Clemastine;
anti-LINGO-1 strategies Multiple pathways Oligodendrocyte lineage

cells

Promotes
oligodendrocyte
differentiation and
myelin repair

Multiple sclerosis and
demyelinating disorders

Repair and regeneration
should complement
immunomodulation in
glia-targeted
therapeutics.

Gene-, RNA-, and
cell-based therapies

Gene editing, RNA
therapeutics, stem cell
approaches

Multiple molecular
targets

Multiple glial
populations

State-specific
modulation, gene
correction, and
regenerative approaches

Multiple neurological
disorders

Future therapeutics may
increasingly rely on
selective modulation of
glial functional states
rather than broad
suppression or
activation.
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Table 1. Cont.

Pharmacological
Strategy

Representative
Example(s)

Primary Molecular
Target

Predominant Glial
Cell(s)

Principal Glial
Mechanism

Major Neurological
Application(s) Pharmacological Insight

Peripheral glia-targeted
strategies

Purinergic modulators;
connexin modulators;
extracellular
vesicle-based approaches

Multiple signaling
pathways

Satellite glial cells,
Schwann cells

Modulates neuron–glia
communication,
inflammatory signaling,
and peripheral
neuroimmune
interactions

Neuropathic pain,
craniofacial pain,
peripheral nerve
disorders

Peripheral glia broaden
the scope of glial
pharmacology beyond
the CNS and represent
an emerging frontier for
therapeutic
development.

Abbreviations: ALS, amyotrophic lateral sclerosis; CSF1R, colony-stimulating factor 1 receptor; EAAT2/GLT-1, excitatory amino acid transporter 2/glutamate
transporter 1; MIF, macrophage migration inhibitory factor; Nrf2, nuclear factor erythroid 2-related factor 2; PDE4, phosphodiesterase-4; S1P, sphingosine-1-
phosphate; TREM2, triggering receptor expressed on myeloid cells 2. Note: Representative examples are provided for illustrative purposes and do not constitute an
exhaustive list of pharmacological agents or therapeutic indications.
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3. From Glia-Targeted Therapeutics to Glial Pharmacology
The evolution of glia-targeted therapeutics outlined in the previous section demon-

strates that identifying glial molecular targets alone is insufficient for successful therapeutic
development. As our understanding of glial biology has expanded, so too has the realiza-
tion that pharmacological interventions influence complex, dynamic, and highly intercon-
nected neuroimmune systems rather than isolated cell populations. Consequently, effective
therapeutic modulation requires consideration not only of molecular target engagement
but also of glial functional states, multicellular communication networks, biological context,
and preservation of physiological homeostasis.

This conceptual shift raises a fundamental pharmacological question: how should
glial biology be incorporated into the rational discovery, evaluation, and translation of ther-
apeutics? We propose that this question is best addressed through the framework of glial
pharmacology. Rather than redefining neuropharmacology, glial pharmacology expands its
perspective by recognizing that therapeutic efficacy frequently emerges from coordinated
modulation of integrated neuroimmune systems rather than from isolated molecular targets
alone. This framework provides a biologically informed foundation for understanding
why some glia-targeted therapies succeed, why others fail, and how future therapeutic
development may become more precise, context-dependent, and translationally relevant.

3.1. Defining Glial Pharmacology

Although the term glial pharmacology has previously appeared in the literature to
broadly describe pharmacological research involving glial biology and glia-directed thera-
peutics [17], it has not been explicitly defined as an integrated framework for therapeutic
discovery and translation.

In this perspective, we propose glial pharmacology as a framework that integrates
contemporary knowledge of glial biology with pharmacological principles to guide the
rational discovery, evaluation, optimization, and clinical translation of glia-targeted ther-
apeutics. Rather than focusing exclusively on molecular targets or individual glial cell
types, this framework considers how pharmacological interventions modulate glial biology
across multiple levels of biological organization, from intracellular signaling pathways to
multicellular communication networks and system-level regulation [32,68].

Within this framework, a glia-targeted therapeutic is not defined solely by its primary
molecular target but by whether modulation of glial biology meaningfully contributes to
its therapeutic efficacy, disease-modifying actions, or adverse effects. Accordingly, glial
pharmacology encompasses both pharmacological agents intentionally designed to target
glial mechanisms and drugs whose clinically relevant actions are mediated, wholly or in
part, through glial modulation. This broader definition recognizes that many established
therapeutics influence glial biology despite having originally been developed to target
neuronal, vascular, or immune pathways, whereas newer therapeutic strategies increasingly
exploit glial-specific mechanisms to restore nervous system function (e.g., minocycline;
fingolimod; dimethyl fumarate; GLT-1; P2X7; CSF1R; TREM2).

A defining feature of glial pharmacology is the recognition that glial cells function
as dynamic participants within integrated neuroimmune systems rather than isolated
pharmacological targets. Therapeutic interventions therefore influence not only intracellu-
lar signaling but also reciprocal interactions among glial populations, neurons, vascular
cells, peripheral immune cells, and the extracellular microenvironment. These interactions
occur within well-recognized biological structures and communication networks, includ-
ing the tripartite synapse, the gliovascular unit, the neurovascular unit, and peripheral
sensory ganglia, where satellite glial cells and Schwann cells actively regulate neuronal
excitability, inflammatory signaling, and tissue homeostasis and repair [13,69,70]. Con-
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sequently, therapeutic efficacy and safety emerge from coordinated biological responses
across interconnected cellular systems rather than from the modulation of single receptors
or individual cell populations alone.

This systems-oriented perspective also acknowledges that identical pharmacological
interventions may produce markedly different biological and clinical outcomes depending
on glial functional state, anatomical location, disease stage, biological sex, aging, genetic
background, systemic inflammatory and metabolic status, and local tissue microenviron-
ment [4,10,11,63,71]. Successful therapeutic modulation therefore depends not only on
identifying appropriate molecular targets but also on determining which glial populations
should be modulated, when intervention should occur, where within the nervous sys-
tem modulation is required, and how pharmacological interventions reshape integrated
neuroimmune systems while preserving essential physiological functions. The proposed
framework also intersects with established concepts in systems and network pharmacology,
which emphasize multiscale interactions and interconnected biological targets, and with
precision neurology, which seeks to account for interindividual biological variability in
disease characterization and therapeutic decision-making [31,32,68,72]. Glial pharmacology
builds on these perspectives but places the distinctive pharmacological properties of glial
biology—including dynamic functional states, context-dependent responses, and recip-
rocal interactions within multicellular networks—at the center of therapeutic discovery
and translation.

Glial pharmacology should therefore be viewed as a complementary framework
within neuropharmacology rather than as a separate or competing discipline. Traditional
neuropharmacology has historically emphasized pharmacological modulation of neu-
ronal receptors, neurotransmitter systems, ion channels, and defined molecular pathways.
Glial pharmacology shifts the analytical focus toward how pharmacological interventions
influence dynamic glial functional states and their interactions within multicellular net-
works. Accordingly, therapeutic effects are considered not only in terms of molecular target
engagement but also in relation to biological context, network-level consequences, and
preservation of physiological glial functions. These distinctions provide the conceptual
basis for the five principles outlined below and are summarized comparatively in Table 2.

Table 2. Comparison of conventional target-based pharmacology and the proposed framework of
glial pharmacology.

Core Principle Conventional Target-Based
Perspective

Glial Pharmacology
Perspective

Implication for Therapeutic
Development

1. Therapeutic targets are
functional states rather than
cell identity

Therapeutic strategies are
commonly organized around
defined molecular targets,
pathways, or cell populations.

Emphasizes dynamic glial
functional states and state
transitions rather than glial
cell identity alone.

Identify and selectively
modulate disease-associated
states while preserving
physiological glial functions.

2. Glial communication
networks represent
therapeutic substrates

Drug effects are often
evaluated primarily through
target- or pathway-specific
mechanisms.

Considers glia–neuron,
glia–glia, glia–vascular, and
glia–immune interactions as
therapeutically relevant
networks.

Evaluate how interventions
reshape multicellular
communication and
system-level responses, rather
than only individual
pathways.

3. Biological context
determines therapeutic
efficacy

Biological context may be
considered during preclinical
or clinical translation but is
not necessarily intrinsic to
target definition.

Disease stage, anatomical
location, biological sex, aging,
systemic state, and the local
microenvironment are integral
determinants of
pharmacological response.

Incorporate biological context
into target validation,
experimental design, patient
stratification, and therapeutic
timing.
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Table 2. Cont.

Core Principle Conventional Target-Based
Perspective

Glial Pharmacology
Perspective

Implication for Therapeutic
Development

4. Homeostasis should be
preserved while pathology is
corrected

Therapeutic strategies
frequently emphasize
inhibition or activation of
disease-associated targets or
pathways.

Seeks selective correction of
maladaptive glial states while
preserving homeostatic,
protective, and reparative
functions.

Design state-selective
interventions and assess
preservation of physiological
glial functions alongside
therapeutic efficacy.

5. Translation requires
biomarkers and precision
pharmacology

Translation commonly
emphasizes target
engagement, dose–response
relationships, safety, and
clinical efficacy.

Integrates glial-state
biomarkers, target
engagement, biological
context, and patient-specific
characteristics into therapeutic
development.

Use multimodal biomarkers
and computational
approaches for patient
stratification, response
monitoring, and precision
therapeutic adaptation.

3.2. Core Principles of Glial Pharmacology

The framework proposed here is founded on five interrelated principles that distin-
guish glial pharmacology from conventional target-based approaches (Figure 2; Table 2).
Together, these principles provide a biologically informed framework for the rational
discovery, evaluation, and translation of next-generation glia-targeted therapeutics.

Figure 2. Integration of the five core principles of glial pharmacology across the therapeutic-response
pathway. The five principles are linked to a therapeutic continuum extending from pharmacological
intervention and molecular target engagement to glial functional-state modulation, multicellular
network regulation, biomarker response, and clinically meaningful outcomes. Integrated glia–glia,
glia–neuron, glia–vascular, and glia–immune communication networks represent key therapeutic
substrates. Contextual determinants—including disease stage, anatomical location, biological factors,
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systemic environment, and therapeutic modality—modify responses across the pathway rather than
representing sequential stages. Biomarkers and precision pharmacology support patient stratification,
assessment of target engagement and biological response, response monitoring, and therapeutic
adaptation, thereby enabling continuous feedback across the therapeutic pathway. Arrows and
connections indicate functional and reciprocal relationships within the framework rather than a
strictly unidirectional biological sequence.

Principle 1. Therapeutic targets are functional states rather than cell identity.

Glial populations cannot be adequately classified as uniformly beneficial or detrimen-
tal. Microglia, astrocytes, oligodendrocyte lineage cells, SGCs, and Schwann cells exhibit
remarkable phenotypic plasticity that varies across development, aging, and disease stages;
anatomical regions; and local tissue microenvironments [42]. Consequently, pharmacologi-
cal interventions should aim to selectively modulate pathological functional states while
preserving or restoring physiological functions, rather than indiscriminately suppressing
or activating entire glial populations. This shift from targeting cell identity to targeting
cellular state represents one of the most important conceptual advances in contemporary
glial biology and provides a foundation for precision glia-targeted therapeutics.

Principle 2. Glial communication networks represent therapeutic substrates.

Glial cells operate within highly interconnected communication networks involving
neurons, vascular cells, peripheral immune cells, extracellular matrix components, and
other glial populations [73]. These interactions underpin key biological interfaces such
as the tripartite synapse, the neurovascular unit, and peripheral sensory ganglia, where
SGCs and Schwann cells actively regulate neuronal excitability, inflammatory signaling,
tissue repair, and neuroimmune communication [7]. Therapeutic responses, therefore,
emerge from the coordinated regulation of multicellular communication rather than from
the modulation of isolated molecular pathways. Pharmacological interventions should
consequently be evaluated according to their influence on glia–neuron, glia–glia, glia–
vascular, and glia–immune interactions, recognizing that restoration of communication
network homeostasis may ultimately be more therapeutically meaningful than modifying
individual signaling molecules.

Principle 3. Biological context determines therapeutic efficacy.

The pharmacological consequences of glial modulation are inherently context-
dependent. Disease stage, anatomical location, biological sex, aging, genetic background,
systemic inflammatory and metabolic status, environmental exposures, and local tissue
microenvironment all influence glial functional states and their responses to pharmaco-
logical intervention [74,75]. Consequently, therapeutic strategies that are beneficial in one
disease, disease stage, or patient population may prove ineffective, or even detrimental, in
another. Context-dependent pharmacology should therefore become an integral component
of therapeutic discovery and clinical development rather than a secondary consideration
during late-stage translation.

Principle 4. Homeostasis should be preserved while pathology is corrected.

Unlike many conventional pharmacological targets, glial cells cannot simply be in-
hibited without risking disruption of essential physiological functions [76]. They regulate
synaptic activity, metabolic support, neurotransmitter homeostasis, myelin maintenance,
immune surveillance, vascular integrity, and tissue repair and regeneration [50]. Therapeu-
tic interventions should therefore avoid indiscriminate suppression of glial activity and
instead seek to selectively restore physiological homeostasis while limiting maladaptive
responses. Preserving beneficial glial functions is likely to be as important as reducing
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pathological processes, emphasizing that successful therapy should rebalance rather than
simply inhibit glial biology.

Achieving such selectivity will require therapeutic strategies capable of distinguishing
maladaptive glial states from physiological glial functions. Potential approaches include
targeting receptors, signaling pathways, or molecular signatures that are preferentially
expressed or functionally altered in disease-associated glial states; exploiting spatial or tem-
poral differences in target availability; and developing delivery systems that increase drug
exposure within relevant glial populations or pathological microenvironments. Advances
in single-cell and spatial profiling may facilitate identification of molecular signatures that
distinguish disease-associated from homeostatic glial states and thereby support more
selective pharmacological intervention [10,11,65]. Importantly, such strategies should aim
to modulate pathological state-associated signaling rather than eliminate entire glial popu-
lations, with preservation of immune surveillance, metabolic support, and tissue-repair
functions incorporated as explicit measures of therapeutic selectivity.

TREM2-directed approaches provide an illustrative example of this principle: rather
than broadly suppressing microglial activity, modulation of TREM2-associated signaling
may offer opportunities to influence disease-associated microglial functions while seeking
to preserve essential homeostatic and immune-surveillance activities [55,60]. However, the
extent to which TREM2-directed interventions can achieve such state-selective modulation
in humans remains to be established.

Principle 5. Translation requires biomarkers and precision pharmacology.

Successful translation of glia-targeted therapeutics requires reliable approaches for
identifying appropriate patients, monitoring target engagement, and evaluating biolog-
ical responses. Molecular biomarkers, functional neuroimaging, extracellular vesicles,
fluid biomarkers, spatial transcriptomics, physiological monitoring, and multimodal com-
putational approaches provide increasingly powerful opportunities to characterize glial
biology in vivo [77–79]. In parallel, AI, systems pharmacology, network pharmacology,
and computational modeling are beginning to transform drug discovery by integrating
multidimensional biological datasets, identifying novel therapeutic targets, predicting
drug responses, supporting drug repurposing, and enabling biomarker-guided patient
stratification [80,81]. Integrating these technologies with pharmacological development
will facilitate precision glial therapeutics tailored to disease stage, biological context, and
individual patient characteristics. Future digital twin frameworks may further integrate
multimodal biomarkers, longitudinal clinical data, and pharmacological responses to
enable individualized prediction of glial dynamics and therapeutic outcomes.

Collectively, these principles establish the conceptual foundation of glial pharmacol-
ogy and shift the emphasis from isolated molecular target engagement toward biolog-
ically integrated therapeutic regulation. Ultimately, the success of glial pharmacology
should be judged not simply by target engagement, but by its capacity to restore adaptive
glial function and improve clinically meaningful outcomes. Their integration across the
therapeutic-response pathway is illustrated in Figure 2.

3.3. Applying the Framework: Fingolimod as an Illustrative Example

The practical application of the five principles can be illustrated retrospectively us-
ing fingolimod. Fingolimod was not developed according to the framework proposed
here; nevertheless, its pharmacology illustrates how an established therapeutic can be
reconsidered through a glial pharmacology perspective. First, its actions extend beyond
a single glial cell identity, as sphingosine-1-phosphate receptor signaling can influence
multiple glial populations and their functional responses [47]. Second, these effects occur
within broader neuroimmune communication networks rather than through an isolated
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glial pathway. Third, the consequences of such modulation depend on biological context,
including cellular state, anatomical compartment, and the surrounding inflammatory envi-
ronment. Fourth, potential therapeutic benefits must be considered alongside preservation
of physiological immune and glial functions. Finally, biomarkers capable of characteriz-
ing relevant biological states and monitoring target engagement and response would be
required to translate such mechanistic complexity toward more precise therapeutic use.
Viewed retrospectively, fingolimod therefore illustrates how the five principles can provide
a structured approach for interrogating a glia-relevant therapeutic beyond a conventional
target–drug relationship.

4. Translating Glial Pharmacology into Therapeutic Innovation
The framework of glial pharmacology extends beyond redefining how glial biology is

interpreted; it also provides practical guidance for the discovery, development, evaluation,
and clinical translation of next-generation therapeutics. As summarized in Figure 3, success-
ful implementation will require coordinated advances across drug discovery, experimental
modeling, biomarker development, precision pharmacology, and emerging computational
technologies. Together, these advances provide a translational roadmap for developing
glia-targeted therapeutics that account for glial heterogeneity, dynamic functional states,
multicellular communication, and patient-specific biological context.

Figure 3. Translational roadmap for implementing glial pharmacology in therapeutic development.
The framework illustrates the progression from advances in glial biology to precision glia-targeted
therapeutics, integrating biological discovery, identification of context-dependent glial targets, thera-
peutic development, biomarker-guided translation, and precision clinical implementation.

4.1. Rethinking Drug Discovery for Glia-Targeted Therapeutics

Traditional drug discovery has largely focused on identifying single molecular targets
whose modulation produces predictable therapeutic effects [82]. However, the complex-
ity of glial biology challenges this reductionist paradigm. Glial cells integrate multiple
signaling pathways simultaneously while continuously adapting to changes in their local
microenvironment, making therapeutic responses highly context-dependent [6]. Future
therapeutic discovery should therefore prioritize modulation of biological networks and
functional states rather than isolated receptors or signaling molecules.
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An important opportunity within this framework is drug repurposing [83]. Many es-
tablished therapeutics, including minocycline, fingolimod, ceftriaxone, dimethyl fumarate,
and ibudilast, were initially developed for mechanisms unrelated to glial biology but
were subsequently shown to exert clinically relevant glial-modulating effects [8,84–87].
Systematic identification of previously unrecognized glial mechanisms among existing
therapeutics may therefore accelerate clinical translation while reducing the time and cost
associated with conventional drug development.

Emerging computational approaches are expected to further accelerate this process.
AI, machine learning, systems pharmacology, and network pharmacology increasingly
integrate multidimensional biological datasets to identify novel therapeutic targets, predict
drug–target interactions, optimize drug repurposing, and prioritize candidate compounds
for experimental validation [88,89]. Rather than replacing experimental neuroscience, these
approaches complement mechanistic investigation by improving hypothesis generation
and supporting rational therapeutic design.

4.2. Human-Relevant Experimental Models

One of the major obstacles to successful translation has been the limited ability of
conventional experimental models to capture the complexity and diversity of human glial
biology. Species differences, simplified cellular environments, and inadequate representa-
tion of disease progression contribute to the frequent discrepancy between encouraging
preclinical findings and disappointing clinical outcomes.

Recent advances in induced pluripotent stem cell (iPSC) technology, brain organoids,
assembloids, organ-on-chip platforms, and spatial transcriptomics provide increasingly
sophisticated opportunities to investigate human glial biology under physiologically rele-
vant conditions [90–92]. These platforms enable investigation of multicellular interactions,
disease-specific phenotypes, and patient-derived biological variability while facilitating
more predictive evaluation of candidate therapeutics [93].

Despite these advances, human-derived models remain imperfect representations of
dynamic glial disease biology. iPSC-derived cultures, brain organoids, assembloids, and
related platforms can reproduce selected cellular, molecular, and multicellular features of
human nervous system disorders, but they do not necessarily capture the temporal transi-
tions of glial functional states that occur during disease initiation, progression, treatment,
and recovery. Limitations in cellular maturation, vascularization, immune-system inte-
gration, systemic influences, and long-term microenvironmental interactions may further
constrain their ability to reproduce context-dependent glial responses [91–93]. Conse-
quently, human-relevant models for glial pharmacology should be evaluated not only
according to their cellular composition or human origin, but also according to their capacity
to reproduce disease-relevant glial state transitions and pharmacological responses over
time. Combining these models with longitudinal molecular profiling, functional analy-
ses, and controlled perturbations may therefore provide more informative platforms for
evaluating state-selective glia-targeted therapeutics.

4.3. Biomarkers and Target Engagement

Successful translation of glia-targeted therapeutics requires reliable methods to iden-
tify appropriate patients, demonstrate pharmacological target engagement, and monitor
biological response. One of the major challenges in glial drug development is distinguishing
failure to adequately modulate the intended biological target from failure of the under-
lying therapeutic hypothesis [8,94,95]. Biomarkers should therefore support diagnosis,
patient stratification, pharmacodynamic target engagement, and longitudinal therapeutic
monitoring [96,97].
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Candidate biomarkers include molecular signatures, cerebrospinal fluid and blood
biomarkers, extracellular vesicles, functional neuroimaging, spatial molecular profiling,
and physiological monitoring. Integration of multimodal biomarkers may enable more
accurate assessment of glial functional states, disease progression, therapeutic response,
and patient stratification [98–100].

Ultimately, biomarker-guided pharmacology has the potential to transform glia-
targeted therapeutics from empirically selected interventions into mechanism-informed
precision treatments.

4.4. Precision Glial Therapeutics

Recognition of glial heterogeneity [101] naturally aligns with the principles of precision
medicine. Rather than assuming that individual neurological disorders share uniform glial
pathology, therapeutic strategies should increasingly account for disease stage, anatomical
localization, biological sex, aging, genetic background, systemic physiology, and environ-
mental exposures.

Future clinical trials may therefore benefit from biomarker-guided patient selection,
adaptive trial designs, and longitudinal assessment of glial functional states [102]. Such
approaches may improve therapeutic efficacy while reducing unnecessary exposure to
ineffective treatments.

4.5. Emerging Technologies and Future Perspectives

Several emerging technologies are expected to substantially influence the future of
glial pharmacology. RNA-based therapeutics [103], gene editing, targeted nanomedicine,
regenerative medicine, extracellular vesicle engineering, and advanced drug-delivery sys-
tems offer new opportunities [104,105] to selectively modulate glial biology with increasing
precision. Overcoming challenges associated with selective delivery across the blood–brain
barrier and preferential targeting of specific glial populations will remain essential for
maximizing therapeutic efficacy while minimizing off-target effects.

AI, multimodal computational modeling, and digital health technologies are likely
to further transform therapeutic development by integrating molecular, imaging, physio-
logical, and clinical datasets across multiple biological scales [106,107]. These approaches
may facilitate the identification of novel therapeutic targets, the optimization of drug dis-
covery pipelines, the prediction of treatment response, and the design of adaptive clinical
trials [108].

AI may also support therapeutic discovery through molecular docking, prediction
of absorption, distribution, metabolism, excretion, and toxicity (ADMET), and generative
approaches for candidate identification and optimization [109].

Looking further ahead, digital twin frameworks [110] may provide individualized
computational representations of glial biology by integrating multimodal biomarkers, dis-
ease trajectories, environmental exposures, and therapeutic responses into continuously
evolving disease models. Although these technologies remain at an early stage, they illus-
trate how glial pharmacology may ultimately evolve from population-based therapeutic
strategies toward continuously adaptive, personalized pharmacological interventions.

Collectively, these developments indicate that the future of glial pharmacology will
depend not only on identifying new therapeutic targets but also on integrating advances in
molecular neuroscience, computational biology, biomarker science, and precision medicine
into a unified translational framework.
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5. Conclusions
The expanding recognition of glial cells as active regulators of neuroimmune com-

munication, synaptic function, metabolism, tissue repair, and disease progression has
fundamentally reshaped contemporary neuroscience. At the same time, advances in molec-
ular profiling, human-relevant experimental models, biomarker science, and computational
biology have revealed that glial biology is considerably more dynamic, heterogeneous,
and context-dependent than previously appreciated. These discoveries have created un-
precedented opportunities for therapeutic innovation while simultaneously exposing the
limitations of pharmacological strategies that broadly target individual glial populations or
isolated signaling pathways.

In this perspective, we propose glial pharmacology as a conceptual and translational
framework that builds on established developments in neuropharmacology, precision
neurology, systems pharmacology, and network pharmacology. These approaches have
established the importance of patient heterogeneity, biological networks, and multiscale
interactions in therapeutic response and provide an important foundation for the present
framework. Glial pharmacology does not seek to duplicate or replace these approaches. Its
incremental value lies in integrating their principles around pharmacological challenges
that are particularly relevant to glial biology: dynamic and context-dependent functional
states, reciprocal interactions among glia, neurons, vascular and immune cells, and the need
to correct maladaptive responses while preserving essential homeostatic, protective, and
reparative functions. By linking these features with biomarker-guided target engagement
and therapeutic development, the framework provides a glia-centered structure connecting
contemporary glial biology with pharmacological discovery and translation.

Importantly, this framework is intended to complement rather than replace established
principles of neuropharmacology. Its purpose is to provide a common conceptual language
that connects advances in glial biology with therapeutic development across the central
and peripheral nervous systems. Several limitations of the proposed framework should
nevertheless be acknowledged. Its implementation depends on capabilities that remain
incompletely developed, particularly the ability to identify, monitor, and selectively mod-
ulate dynamic glial functional states in humans. Current molecular, imaging, fluid, and
computational biomarkers provide incomplete and often indirect representations of glial
activity, making longitudinal assessment of state transitions and treatment responses chal-
lenging. Therapeutic delivery represents an additional constraint, particularly for central
nervous system targets, where blood–brain barrier permeability, regional distribution, and
cell-specific drug exposure may limit effective modulation. Moreover, the heterogeneity
and context dependence that motivate the framework also complicate its experimental
validation and clinical implementation. Glial pharmacology should therefore currently be
regarded as a conceptual and translational framework whose utility will require prospec-
tive validation alongside advances in human-relevant models, drug-delivery technologies,
dynamic biomarkers, and longitudinal monitoring approaches.

The future development of glia-targeted therapeutics will therefore depend not simply
on identifying additional molecular targets, but on determining how, when, and in whom
glial biology can be modulated to produce meaningful therapeutic benefit. Advances in
human-relevant models, dynamic biomarkers, computational approaches, and precision
pharmacology will be essential for testing and refining the framework proposed here. By
organizing these developments around the distinctive biology of glial cells, glial pharmacol-
ogy provides a foundation for moving from increasingly detailed descriptions of glial com-
plexity toward more rational, selective, and clinically translatable therapeutic strategies.
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