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Abstract

Astrocytes are increasingly recognized as central players in the pathogenesis of Alzheimer’s disease (AD), exhibiting both neuroprotective
and neurotoxic functions, which complicates their role in disease progression. Under physiological conditions, astrocytes support neu-
ronal homeostasis, facilitate synaptic function, and promote the clearance of Amyloid-β (Aβ), thereby contributing to neuroprotection. In
the context of AD, however, reactive astrocytes can adopt detrimental phenotypes, releasing pro-inflammatory cytokines, generating ox-
idative stress, and disrupting neuronal networks, thereby exacerbating neurodegeneration. Consequently, the shift from a protective to a
neurotoxic phenotype may not only drive neuronal loss but also accelerate AD progression. The dual roles of astrocytes and the dynamic
changes in their functions—protecting neurons under normal conditions while promoting pathology when dysregulated—underscore
their complex contribution to AD pathophysiology. Elucidating the mechanisms underlying astrocyte-mediated neuroprotection and
neurotoxicity is essential for developing targeted therapeutic strategies aimed at modulating astrocyte activity to slow or prevent disease
progression. This review aims to present and critically discuss recent advances and ongoing controversies concerning the involvement
of astrocytes in AD.
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1. Introduction
Alzheimer’s disease (AD) is the most common form

of dementia, accounting for at least two-thirds of cases in
individuals over the age of 65. It is a slowly progressive
neurodegenerative disorder that affects memory, cognition,
and behavior, and is characterized by confusion, communi-
cation difficulties, and personality changes. Although the
symptoms of AD have been extensively studied, there is
currently no cure to halt or reverse its progression. How-
ever, certain medications are available that may help slow
the course of the disease [1].

AD is a multifactorial neurodegenerative condition re-
sulting from a combination of factors, including protein ag-
gregation, chronic neuroinflammation, and neuronal loss.
Although our understanding of AD pathogenesis remains
incomplete, several hallmark pathological features have
been identified—namely, extracellular neuritic plaques and
intracellular neurofibrillary tangles. These are composed
of accumulated Amyloid-β (Aβ) and hyperphosphorylated
tau protein, respectively [2]. Amyloid plaques accumu-
late in the extracellular space between neurons, disrupting
synaptic communication, whereas neurofibrillary tangles
form within neurons and contribute to their degeneration.
Together, these pathological processes lead to progressive
neuronal loss and cognitive decline. In addition, activation
of inflammatory pathways and immune responses is com-
monly observed in the brains of individuals with AD [3].

In recent years, increasing attention has been directed
toward the role of glial cells in both normal brain function
and neurodegenerative diseases [4–6]. In this context, the
present review focuses on the contribution of astrocytes to
AD pathogenesis and progression, summarizing recent ad-
vances and outlining key priorities for future research.

2. Basic Characteristics of Astrocytes
Astrocytes are the most abundant glial cells in the

adult human brain, with numbers estimated between 40 and
130 billion, resulting in a glia-to-neuron ratio of approxi-
mately 1:1 [7]. They play essential roles in neuronal devel-
opment, activity, and homeostasis, emphasizing the impor-
tance of glia–neuron interactions [8]. First named for their
star-like shape byMihály Lenhossék in 1895 [9], astrocytes
are structurally and functionally diverse, supporting central
nervous system (CNS) function throughout life. They regu-
late synapses, neurotransmitters, ion and water balance, and
maintain the extracellular matrix, while also contributing to
metabolic support, synapse formation, and synaptic pruning
[6,10]. Additionally, astrocytes are critical for the blood–
brain barrier (BBB), neuroprotection, waste clearance, and
neurogenesis, acting alongside microglia as a frontline de-
fense [11].

Under CNS injury or disease, astrocytes become reac-
tive, undergoing morphological, transcriptional, and func-
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tional changes in a process called astrogliosis. Reactive as-
trocytes can adopt distinct phenotypes, including A1 pro-
inflammatory, potentially neurotoxic cells, and A2 neuro-
protective cells that support repair. The role of astrocytes
varies across pathological contexts, and morphology alone
does not always indicate function [12–14]. According to
current perspectives, reactive astrocytes should not be clas-
sified solely within simplified frameworks such as neuro-
toxic versus neuroprotective or A1 versus A2 states. In-
stead, a more comprehensive approach that integrates mul-
tiple molecular and functional parameters, along with their
impact on pathological hallmarks in relevant models, is pre-
ferred [12]. The goal is to move beyond rigid categorization
and to identify the key variables that drive distinct reactive
astrocyte states, phenotypes, and functions within specific
pathological contexts. Achieving this requires the use of
multidimensional datasets and co-clustering approaches to
accurately define the diversity and distinctiveness of astro-
cyte phenotypes. Consequently, future classification sys-
tems should incorporate a range of criteria, including tran-
scriptomic and proteomic profiles, morphological charac-
teristics, and specific cellular functions.

3. Astrocytes in Pathological Brain
Conditions

Astrocytes play a fundamental role in maintain-
ing CNS homeostasis by supporting key physiological
processes, including neurotransmitter clearance, energy
metabolism, ion buffering, and immunomodulation. Dis-
ruption of these functions is thought to occur progressively
during aging and disease progression, thereby amplifying
other pathological mechanisms in the brain. Under adverse
conditions, astrocytes can adopt pathological phenotypes
characterized by distinct morphological and molecular al-
terations. Neurodegenerative processes are commonly as-
sociated with dysregulated astrocyte reactivity, astroglio-
sis, functional impairment, and, in some cases, the induc-
tion of cellular senescence or cell death. One of the earli-
est astrocyte-driven mechanisms contributing to neurode-
generation involves changes in the astrocytic secretome.
Astrocytes release a wide range of cytokines, chemokines,
and interleukins that can amplify inflammatory signaling
through multiple pathways, including autocrine activation,
stimulation of microglia, and recruitment of peripheral im-
mune cells [11]. Persistent activation of these pathways
promotes a chronic inflammatory environment that ulti-
mately leads to neuronal dysfunction, neurotoxicity, and
cell death. Under pathological conditions, astrocytes not
only lose their supportive roles but may actively contribute
to disease progression through the secretion of toxic media-
tors, including pro-inflammatory cytokines and neurotoxic
lipids [15]. Although altered astrocyte reactivity, functional
impairment, and cytotoxicity often occur concurrently, the
precise mechanistic relationships among these processes re-
main incompletely understood.

Accumulating evidence indicates that several essen-
tial astrocytic functions are compromised during both acute
inflammation and chronic neurodegeneration. For instance,
astrocytes promote synapse formation during development
by secreting synaptogenic factors such as SPARC-like pro-
tein 1 (SPARCL1), thrombospondins (TSP1 and TSP2), and
glypicans (GPC4 and GPC6) [16–18]. However, the ex-
pression of these molecules is markedly reduced in neu-
rotoxic reactive astrocytes in both rodent models and hu-
man tissue, resulting in a diminished capacity to sup-
port synaptogenesis in neuron–astrocyte co-culture systems
[19]. These findings underscore how the loss of astrocyte-
mediated support directly contributes to synaptic dysfunc-
tion in neurodegenerative diseases.

Importantly, astrocyte dysfunction does not occur in
isolation but is closely intertwined with neuroinflammatory
processes that characterize many CNS disorders. A com-
prehensive understanding of astrocyte involvement in neu-
rodegeneration therefore requires detailed investigation of
their role in inflammatory signaling networks.

3.1 Neuroinflammation and Astrogliosis

Neuroinflammation is a defining feature of many neu-
rodegenerative disorders, includingAD, and astrocytes play
a central role in this process. Inflammation is typically initi-
ated as a protective response to infection or injury, but in the
CNS it can also be triggered by endogenous molecules as-
sociated with neurodegenerative pathology, including Aβ,
tau, α-synuclein, and mutant huntingtin. Within the CNS,
the inflammatory response is primarily mediated by mi-
croglia [15] together with infiltrating peripheral immune
cells such as T lymphocytes [20]. However, astrocytes act
as key downstream effectors that amplify and sustain in-
flammatory signaling within neural tissue [15,21]. In re-
sponse to injury or disease, astrocytes undergo a process
known as astrogliosis, which involves a transformation into
a reactive cellular state.

Astrogliosis represents a complex and highly context-
dependent response characterized by several defining fea-
tures: (1) it encompasses a broad range of molecular, cellu-
lar, and functional changes occurring in response to nearly
all types of CNS insults; (2) these changes occur along a
graded continuum depending on the severity of injury; (3)
reactive responses are shaped by diverse signaling path-
ways and intercellular interactions; and (4) astrocyte reac-
tivity can result in both gain- and loss-of-function effects
[22].

The contribution of neuroinflammation and astroglio-
sis to neurodegeneration remains an area of active debate.
While some evidence suggests that these processes arise as
secondary responses to protein aggregation, other studies
indicate that immune signaling may actively drive disease
progression. For example, variants in the TREM2 gene—
which encodes an innate immune receptor highly expressed
inmicroglia—can increase the risk of late-onset ADby two-
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to four-fold, comparable to the risk associated with a sin-
gle apolipoprotein E (APOE) ε4 allele [23]. These find-
ings support the idea that innate immune responses partic-
ipate directly in AD pathogenesis. Astrocytes themselves
undergo extensive molecular remodeling during neuroin-
flammation. In AD, reactive astrocytes show increased ex-
pression of glial fibrillary acidic protein (GFAP) and com-
plement component C3, which are widely used markers of
astrocyte reactivity associated with a neurotoxic phenotype
[19]. These protein changes reflect broader transcriptomic
and proteomic alterations, including the downregulation of
homeostatic functions such as ion regulation, cholesterol
metabolism, glutamate uptake, and synaptic maintenance.
At the same time, inflammatory pathways—including JAK-
STAT3, NFAT, and NF-κB signaling—become strongly up-
regulated, promoting the acquisition of toxic astrocyte func-
tions [24].

Astrocyte reactivity is often influenced by microglial
activation states. Microglia themselves can be modulated
by signals from other CNS cells as well as by systemic
factors such as gut microbiome–derived metabolites that
activate the aryl hydrocarbon receptor [25]. This high-
lights the complex, multicellular nature of neuroinflamma-
tory signaling networks. Another important factor shap-
ing astrocyte responses is cellular heterogeneity. Advances
in single-cell and single-nucleus sequencing have revealed
numerous astrocyte subpopulations that differ in morphol-
ogy, gene expression, and functional properties. These
subtypes can change dynamically during development, ag-
ing, and disease, thereby altering the overall composition
of the astrocyte population [26]. In AD, pronounced tran-
scriptomic changes in astrocytes occur along the spatiotem-
poral progression of the disease, reflecting shifts between
homeostatic and reactive astrocyte states [27]. Impor-
tantly, individual astrocytes may display both protective
and detrimental properties depending on environmental sig-
nals and the stage of the disease [19]. Recent spatial tran-
scriptomics data mapping glial states and molecular events
within plaque–glial niches in human AD brain tissue pro-
vide new insights into the cellular and molecular hetero-
geneity underlying neurodegenerative pathology [28]. Cur-
rent single-cell sequencing techniques also enable the corre-
lation of transcriptional changes in astrocytes from AD pa-
tients with specific clinical indicators [29]. While astroglio-
sis and inflammatory signaling represent major components
of astrocyte pathology, they are accompanied by additional
cellular changes that affect astrocyte physiology and sur-
vival.

3.2 Astrocyte Functional Impairment, Senescence, and
Death

Beyond inflammatory activation, astrocytes in neu-
rodegenerative conditions frequently exhibit profound
functional impairments that further compromise neuronal
homeostasis. In both AD patients and experimental models,
astrocytes show disturbances in key processes such as cal-

cium signaling and glutamate buffering. For instance, as-
trocytes in AD models display abnormal intracellular Ca2+
dynamics characterized by hyperactive signaling patterns
that parallel neuronal hyperexcitability observed during dis-
ease progression [30]. Elevated astrocytic expression of the
Ca2+/calmodulin-dependent phosphatase calcineurin has
also been detected in early-stage AD and may contribute
to the induction of inflammation-related genes [31]. Ad-
ditionally, decreased levels of inositol 1,4,5-trisphosphate
receptor type 2 have been reported [32,33]. Such remod-
eling of calcium signaling can impair astrocyte reactivity
and disrupt homeostatic support mechanisms [34]. Alter-
ations in glutamate metabolism represent another important
pathological feature. Reduced expression of the glutamate
transporter EAAT2 and diminished glutamate uptake activ-
ity have been reported in the frontal cortex of AD patients
[35]. Impaired glutamate transport has also been associ-
ated with increased Aβ accumulation [36]. Furthermore,
decreased expression of glutamine synthetase in astrocytes
during AD progression disrupts the glutamate–glutamine
cycle, potentially contributing to synaptic dysfunction and
cognitive deficits [37]. These changes may promote exci-
totoxicity, which is widely recognized as a contributor to
neurodegeneration [38].

In addition to functional impairment, astrocytes may
undergo cellular senescence, particularly during aging and
chronic stress. Senescent astrocytes enter permanent cell-
cycle arrest but remain metabolically active and develop
a senescence-associated secretory phenotype (SASP). This
phenotype promotes chronic inflammation and can nega-
tively influence surrounding neural cells [39]. Accumula-
tion of senescent astrocytes has been increasingly linked to
neurodegenerative disease progression [40,41]. Metaboli-
cally, senescent astrocytes undergo a shift from glycolytic
metabolism to increased oxidative phosphorylation, which
reduces lactate supply to neurons [42,43]. This shift is asso-
ciated with enhanced inflammatory signaling and a transi-
tion from neurotrophic to neurotoxic phenotypes. In paral-
lel, several essential astrocytic functions—including gluta-
mate uptake, cholesterol synthesis, and ATP production—
are significantly reduced [44–46]. These deficits may
contribute to BBB dysfunction, synaptic impairment, de-
creased Aβ clearance, and neuronal loss. Additionally,
senescent astrocytes have been found to contribute to neu-
rotoxicity [47]. A recent study based on single-cell and bulk
RNA sequencing suggests that senescence of different cell
types in brain, including astrocytes, may contribute to the
initiation and development of AD [48]. Importantly, given
the role of senescence in protein pathology and disease pro-
gression, specifically targeting senescent cells has emerged
as a promising therapeutic approach in AD [49].

Astrocytes may undergo cell death under pathologi-
cal conditions. Both apoptotic and non-apoptotic mecha-
nisms have been reported, including ferroptosis, an iron-
dependent form of cell death associated with lipid perox-
idation [50,51]. Although astrocyte death can trigger im-
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Fig. 1. Schematic overview of characteristic features of normal and pathological astrocyte phenotypes potentially involved in
AD pathology. Normal, healthy astrocytes play a crucial role in maintaining CNS homeostasis, including regulation of pH and ion
balance (Na+, K+, Ca2+), production of trophic factors (BDNF, GDNF, CNTF, NGF), neurotransmitter recycling, modulation of neu-
ronal plasticity, formation and maintenance of the neurovascular unit and the BBB, support of glymphatic function, and clearance of Aβ
and tau proteins. Under adverse conditions, distinct pathological astrocyte phenotypes can emerge and contribute to AD pathogenesis.
Accumulation of Aβ, oxidative stress, and inflammatory cytokines—depending on their intensity and duration—can alter astrocyte re-
activity, promote astrogliosis, impair astrocytic function, or induce cellular senescence and cell death. Pathological astrocyte phenotypes
exhibit morphological and molecular alterations, including disrupted Ca2+ signaling and intracellular signaling pathways. These changes
may contribute to AD progression by impairing Aβ clearance, promoting tau hyperphosphorylation, disrupting glucose metabolism, and
inducing neuronal dysfunction. Aβ, amyloid-β; AD, Alzheimer’s disease; CNS, central nervous system; BDNF, brain-derived neu-
rotrophic factor; GDNF, glial cell line-derived neurotrophic factor; CNTF, ciliary neurotrophic factor; NGF, nerve growth factor; BBB,
blood–brain barrier.

mune responses that promote the clearance of aggregated
proteins, chronic cell loss and sustained inflammation may
exacerbate neurodegenerative processes [52]. Astrocytic
death phenotypes have been observed in the brains of AD
patients [50,53].

Taken together, these findings highlight the multi-
faceted ways in which astrocyte dysfunction contributes to
brain pathology. These mechanisms are particularly evi-
dent in AD, where astrocytic alterations influence multiple
aspects of disease progression. The key features of normal
and pathological astrocyte phenotypes potentially involved
in AD development are schematically illustrated in Fig. 1.

4. Astrocyte Involvement in Alzheimer’s
Disease

Astrocytes play a central role in the pathophysiology
of AD, exerting both protective and detrimental effects de-
pending on disease stage and pathological context. Un-
der physiological conditions, they maintain neuronal home-
ostasis by regulating metabolic pathways, neurotransmitter
cycling, ion balance, and the clearance of toxic metabo-
lites. However, chronic exposure to pathological stimuli
such as Aβ, oxidative stress, and inflammatory cytokines
can drive astrocytes toward maladaptive reactive states that
contribute to neurodegeneration [54,55].

Increased amounts of both A1 and A2 astrocytes iden-
tified in post-mortem brain tissue from patients with AD
suggest the roles for both these phenotypes in the disease

4

https://www.imrpress.com


pathogenesis [56]. In the early stages of AD, astrocyte acti-
vation may serve protective functions. Reactive astrocytes
can enhance Aβ clearance and support neuronal survival
[1,57]. With disease progression, however, persistent stim-
ulation promotes the development of chronic inflammatory
phenotypes that disrupt neuronal networks and exacerbate
neurodegeneration [58,59]. As a result, neuroprotective
and neurotoxic astrocyte subtypes may coexist within the
same brain regions at similar stages of the disease [60].
Interestingly, astrocytes exhibit diverse morphological re-
sponses, including hypertrophy and atrophy depending on
disease stage and proximity to amyloid plaques [61]. Nev-
ertheless, the functional implications of these morphologi-
cal changes remain incompletely understood, although re-
cent findings suggest that morphological features of iPSC-
derived astrocytes from AD patients correlate with donor-
specific pathophysiological phenotypes [62]. Astrocyte re-
activity in AD is strongly influenced by interactions with
other glial cells. Microglia-derived signals modulate as-
trocyte activation, and Aβ-associated astrocyte reactivity
across cortical regions appears to depend on the presence
of microglial activation [63].

Several molecular mechanisms underlie astrocyte-
mediated contributions to AD pathology. Reactive or
senescent astrocytes often exhibit altered cytokine secretion
and impaired glutamate uptake, increasing the risk of exci-
totoxic neuronal injury [64,65]. They may also promote tau
hyperphosphorylation and impair Aβ clearance, thereby ac-
celerating neurofibrillary tangle formation [66,67]. Astro-
cytes are key regulators of the glymphatic system, which
facilitates the clearance of metabolic waste via aquaporin-
4 (AQP4) channels localized in astrocytic endfeet. Dis-
ruption of this system impairs the removal of toxic pro-
teins and metabolites, thereby promoting AD pathology
[68,69]. Indeed, impaired glymphatic function has been
associated with astrocyte activation and synaptic loss in
AD [70,71]. In this context, the astrocyte–vascular axis
has emerged as an important component of disease pro-
gression. Molecules such as vascular endothelial growth
factor-C and angiotensin-converting enzyme show stage-
specific expression patterns associated with cognitive out-
comes, suggesting that astrocytes may act as intermediaries
linking AD pathology with vascular dysfunction [72].

Metabolic dysregulation represents another key as-
pect of astrocyte involvement in AD. Astrocytes play
a central role in brain energy metabolism through the
astrocyte–neuron lactate shuttle, which supplies neurons
with metabolic substrates. Disturbances in cerebral
glucose metabolism—commonly observed in AD—may
partly result from impaired astrocytic glucose uptake and
metabolism [73,74]. Disruption of astrocyte-derived lac-
tate production can compromise neuronal energy supply
and synaptic transmission [75,76]. These metabolic deficits
likely arise from a combination of astrocytic dysfunc-
tion, vascular abnormalities, and impaired glucose trans-
port across the BBB. In addition, growing evidence indi-

cates that astrocytes play a key role in the regulation of
fatty acid and cholesterol metabolism, which is disrupted
in astrocytes in AD [77]. Alterations in astrocytic lipid
metabolism may directly affect neuronal health by disturb-
ing cholesterol homeostasis, promoting neuroinflammation
through lipid peroxidation byproducts, and impairing en-
ergy metabolism. Furthermore, these metabolic changes
may contribute to AD pathophysiology by compromising
the astrocyte-mediated clearance of Aβ.

Genetic evidence further supports the involvement of
astrocytes in AD.Apolipoprotein E4 (ApoE4), the strongest
genetic risk factor for sporadic AD, is predominantly pro-
duced by astrocytes in the healthy brain. While astrocyte-
derived ApoE regulates Aβ metabolism, ApoE4 can com-
pete with Aβ for binding to lipoprotein receptor-related
protein 1 (LRP1), a key mediator of Aβ clearance across
the BBB. This competition may impair Aβ removal and
promote plaque accumulation [78]. Other AD-associated
genes expressed in astrocytes include clusterin (CLU),
which plays a role in regulating Aβ metabolism and modu-
lating neuronal function [79].

Despite these pathological mechanisms, astrocytes
retain important neuroprotective capacities. They con-
tribute to Aβ elimination through multiple pathways, in-
cluding the secretion of Aβ-degrading enzymes such as
insulin-degrading enzyme, neprilysin, and matrix metallo-
proteinases [80,81]. Experimental evidence supports this
protective role: suppression of astrocyte reactivity in the
APPswe/PS1∆E9 mouse model increases Aβ plaque de-
position, indicating that reactive astrocytes help limit Aβ
pathology [82]. Additionally, increased secretion of CLU
from astrocytes was shown to rescue synaptic deficits and
improve Aβ neuropathology in the 5xFAD AD mouse
model [83]. Astrocytes also regulate neuronal excitability
and neurotransmitter balance. Under pathological condi-
tions, reactive astrocytes may release γ-aminobutyric acid
(GABA), which is synthesized by monoamine oxidase-B,
thereby reducing neuronal hyperexcitability and inflamma-
tory signaling [9]. Given that GABAergic transmission
is reduced in AD, astrocyte-derived GABA may represent
a compensatory mechanism that stabilizes neuronal net-
works. Conversely, astrocytic dysfunction can impair neu-
rotransmitter homeostasis; reduced expression of the glu-
tamate transporter GLT-1 disrupts glutamate clearance and
promotes excitotoxicity, contributing to cognitive decline
[84].

Emerging evidence suggests that in AD the initial pro-
inflammatory stimulus may arise from stressed or damaged
neurons. This primary insult can then initiate a secondary
inflammatory cascade mediated by complex intercellular
interactions between astrocytes and microglia, ultimately
driving disease progression [60,85]. Astrocyte reactivity
may gradually shift toward neurotoxic phenotypes charac-
terized by a transcriptional profile that impairs synaptic sup-
port and promotes neuronal death [19]. A central driver
of astrocyte subtype switching during AD progression is
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Aβ pathology, which acts as an early and sustained trig-
ger of glial activation. Accumulating Aβ aggregates stim-
ulate astrocytes through pattern recognition receptors, in-
cluding Toll-like receptors and receptor for advanced gly-
cation end products (RAGE), initiating intracellular signal-
ing cascades such as NF-κB and Janus kinase/signal trans-
ducer and activator of transcription (JAK/STAT3). These
pathways promote transcriptional reprogramming toward
reactive states characterized by altered cytokine produc-
tion, impaired synaptic support, and complement activa-
tion [60,86]. Another major determinant is oxidative and
metabolic stress, which increases with disease progression.
Mitochondrial dysfunction and elevated ROS production
impair astrocytic energy metabolism and redox balance
[87]. This metabolic shift reduces the capacity of astrocytes
to sustain neuronal support while enhancing inflammatory
signaling and susceptibility to neurotoxic conversion [88].
Concurrently, impaired lactate shuttle and glutamate clear-
ance exacerbate neuronal vulnerability and synaptic fail-
ure. Aging may also act as a permissive and priming fac-
tor for astrocyte subtype transitions as aging astrocytes ex-
hibit baseline upregulation of inflammatory pathways, re-
duced proteostasis, and diminished stress resilience. This
primed state lowers the threshold for conversion into reac-
tive phenotypes upon exposure to Aβ, cytokines, or vas-
cular damage, thereby accelerating AD-related astrocytic
dysfunction [12,89]. Reactive astrocytes can also acquire
features of cellular senescence, releasing SASP factors that
promote Aβ accumulation and tau hyperphosphorylation
[90,91]. Reactive astrocytes apparently represent a hetero-
geneous population with both neuroprotective and neuro-
toxic properties [54,55]. In this context, network-based in-
tegration of RNA-seq and ATAC-seq datasets offers signif-
icant potential to elucidate the functional specialization of
astrocyte subtypes in AD pathogenesis [92].

Overall, astrocytes exhibit complex and context-
dependent roles in AD.While they can protect neuronal net-
works by maintaining metabolic and synaptic homeostasis
and facilitating protein clearance, persistent activation and
dysfunction may transform them into contributors to neu-
rodegeneration. This duality is particularly evident in AD,
where astrocytes transition from initially protective to pro-
gressively detrimental states in response to sustained patho-
logical stress. Understanding the molecular pathways that
regulate astrocyte subtype transitions is essential for devel-
oping therapeutic strategies targeting their function in AD.
In particular, signaling mechanisms such as astrocytic cal-
cium dynamics and the JAK/STAT, PI3K/Akt, NF-κB, and
nuclear factor erythroid 2–related factor 2 (Nrf2) pathways
have emerged as key regulators of astrocyte behavior under
pathological conditions (Fig. 2).

4.1 The Role of Calcium Dyshomeostasis

Calcium dyshomeostasis is a common feature of many
neurodegenerative diseases, including AD [93]. Dysreg-

ulated calcium signaling often arises early in disease pro-
gression and contributes to pathological alterations in neu-
ronal synaptic activity [94,95]. In particular, oligomeric
Aβ peptides can induce astrocytic calcium hyperactiv-
ity during the early stages of AD, promoting glutamater-
gic hyperexcitability in neighboring neurons [96]. These
findings suggest that abnormal astrocytic calcium signal-
ing represents an early event linking astrocyte dysfunc-
tion to neuronal injury. Under physiological conditions,
astrocytes exhibit dynamic intracellular calcium signaling
that regulates neurotransmitter uptake, gliotransmitter re-
lease, neural circuit activity, and neurovascular coupling
[6,97]. Astrocytic Ca2+ is primarily stored in the endo-
plasmic reticulum (ER) and released through inositol 1,4,5-
trisphosphate receptors (IP3Rs), particularly IP3R2, which
mediates calcium-dependent gliotransmission [98]. In ad-
dition, calcium can enter astrocytes through plasma mem-
brane channels, including AMPA and NMDA receptors,
transient receptor potential (TRP) channels, and voltage-
gated calcium channels. These tightly regulated calcium
transients enable astrocytes to respond to diverse extracellu-
lar signals, including neurotransmitters, inflammatory me-
diators, and metabolic cues [98,99].

Although the mechanisms underlying astrocytic dys-
function in AD are not fully understood, disruption of Ca2+
signaling is considered a key contributing factor. Aβ inter-
feres with gliotransmission by exacerbating astrocytic cal-
cium signaling, leading to sustained intracellular Ca2+ ele-
vations and abnormal oscillatory activity following chronic
exposure to Aβ peptides and inflammatory cytokines [93,
96]. Aβ-induced Ca2+ dysregulation is therefore regarded
as a central mechanism of astrocyte activation. Chronic cal-
cium dysregulation has several downstream consequences.
Sustained Ca2+ elevations impair mitochondrial function
and increase oxidative stress through excessive produc-
tion of ROS, ultimately contributing to neuronal dysfunc-
tion and neurodegeneration [100,101]. Moreover, elevated
Ca2+ signaling promotes the production of Aβ and hyper-
phosphorylated tau, thereby amplifying pathological pro-
cesses [102]. Astrocytic Ca2+ signals also regulate the
release of gliotransmitters such as glutamate, GABA, D-
serine, and ATP, which modulate synaptic activity and plas-
ticity [98]. In AD models, however, these processes be-
come dysregulated. For example, aberrant purinergic sig-
naling mediated by metabotropic P2Y1 receptors can drive
persistent astrocytic self-activation and calcium hyperactiv-
ity [24]. Excessive Ca2+-dependent release of glutamate
and D-serine enhances neuronal excitability, while ATP re-
leased from astrocytes activates microglial P2Y receptors,
promoting neuroinflammation through cytokine production
[103,104]. Additional astrocyte-derived mediators, includ-
ing tumor necrosis factor-α (TNF-α) and prostaglandins,
may further amplify these calcium-dependent signaling cas-
cades [105].

Disrupted astrocytic calcium signaling also affects
neurovascular regulation and neuronal network activity.
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Fig. 2. A simplified schematic illustrating the dual roles of reactive astrocytes in AD and the regulation of their phenotypic
states. Astrocyte polarization is governed by a balance of intracellular signaling pathways, in which JAK/STAT3 and NF-κB drive
detrimental A1-like states, whereas PI3K/Akt and Nrf2 promote protective A2-like phenotypes; aberrant intracellular Ca2+ signaling
represents a common hallmark of astrocyte reactivity. Beyond the classical A1 and A2 phenotypes, multiple distinct astrocyte subtypes
have been identified based on transcriptomic profiling of the AD brain, although their functional characterization remains incomplete.
JAK/STAT3, Janus kinase/signal transducer and activator of transcription 3; NF-κB, nuclear factor-kappa-B; PI3K/Akt, phosphoinositide
3-kinase/Akt; Nrf2, nuclear factor erythroid 2–related factor 2.

Under normal conditions, astrocytic Ca2+ transients trig-
ger the release of vasoactive molecules that regulate local
cerebral blood flow [106]. Impairment of this mechanism
contributes to neurovascular dysfunction in AD. Indeed, as-
trovascular decoupling observed in AD mouse models has
been associated with altered astrocytic calcium signaling
and reduced astrocyte functional connectivity [107]. Re-
active astrocytes in amyloid models also exhibit abnor-
mal Ca2+ dynamics that disrupt communication between
astrocytic endfeet and cerebral arterioles, potentially con-
tributing to the cerebral hypometabolism characteristic of
AD [108]. Importantly, normalization of astrocytic cal-
cium signaling has been shown to reduce neuronal net-
work hyperactivity and improve cognitive performance in
β-amyloidopathy models [33,109].

Calcium dysregulation further contributes to neuronal
excitotoxicity by disrupting glutamate homeostasis. Under
physiological conditions, astrocytes remove synaptic glu-
tamate through excitatory amino acid transporters and con-
vert it to glutamine via glutamine synthase. The Wnt/β-

catenin pathway promotes the expression of these pro-
teins; however, reduced β-catenin signaling in AD impairs
glutamate uptake, leading to synaptic glutamate accumu-
lation, calcium overload, mitochondrial dysfunction, and
neuronal death [110]. Similarly, astrocytic metabotropic
glutamate receptor 5 (mGluR5) signaling influences AD
progression. Increased receptor activity accelerates Aβ
pathology, whereas its downregulation alleviates Aβ ac-
cumulation and cognitive deficits in AD mouse models
[111]. Notably, brain-derived neurotrophic factor (BDNF)
has recently been shown to prevent Aβ-induced upregu-
lation of astrocytic mGluR5, thereby limiting pathological
Ca2+ transients [112].

4.2 The JAK/STAT Pathway

Another critical signaling mechanism implicated in
AD is the Janus kinase/signal transducer and activator
of transcription (JAK/STAT) pathway, particularly the
JAK2/STAT3 axis, which plays a central role in regulating
neuroinflammation and astrocyte reactivity. Activation of
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JAK2/STAT3 signaling promotes astrocyte and microglial
activation and stimulates the release of pro-inflammatory
cytokines, thereby contributing to the inflammatory envi-
ronment characteristic of AD [113]. Increased STAT3 ac-
tivity has been associated with Aβ accumulation, synaptic
dysfunction, and cognitive decline, whereas inhibition of
this pathway can attenuate cognitive deficits and slow dis-
ease progression [109,114].

The JAK/STAT pathway is a keymediator of astrocyte
reactivity in several neurodegenerative disorders, including
AD, Huntington’s disease, and Parkinson’s disease [115].
Activation of STAT3 regulates multiple aspects of astro-
cyte behavior, including morphological remodeling, migra-
tion, proliferation, and the expression of reactive markers
such as GFAP, as well as the secretion of inflammatory cy-
tokines. Through these mechanisms, STAT3 acts as a mas-
ter regulator that drives the formation of distinct reactive
astrocyte phenotypes. Experimental studies further demon-
strate that activation of the JAK2/STAT3 axis induces re-
active astrocyte formation in AD models, whereas SOCS3,
an endogenous inhibitor of JAK/STAT signaling, functions
as a negative regulator that restrains astrocyte reactivity
[86]. Manipulation of this pathway has revealed impor-
tant functional consequences in experimental models. In
the APP/PS1∆E9 mouse model of β-amyloidopathy, se-
lective inhibition of JAK2/STAT3 signaling reduced astro-
cyte reactivity and improved amyloid plaque burden, spa-
tial memory, and electrophysiological performance [114].
However, similar interventions in the 3 × Tg AD model
failed to significantly affect plaque load or cognitive im-
pairment [116]. These findings highlight the complexity of
STAT3-mediated signaling and suggest that the therapeu-
tic effects of targeting this pathway may depend on disease
stage, model system, and the specific astrocyte subpopula-
tions involved.

Although STAT3 regulates many reactive astrocyte
states following inflammatory insults [117], recent single-
cell and single-nucleus RNA sequencing studies have iden-
tified astrocyte subpopulations that appear to be indepen-
dent of STAT3 signaling [118,119]. Alternative regula-
tors of astrocyte reactivity include the chromatin remodeler
SMARCA4 [120] and microRNAs such as miR-146a, miR-
145, and miR-125b [121]. While these microRNAs may
not directly initiate the transcription of reactive genes, they
likely stabilize reactive transcriptional programs and con-
tribute to the sustained transition from physiological to re-
active astrocyte states [122]. These observations suggest
that neuroprotective and neurotoxic astrocyte phenotypes
may coexist within the same cellular populations, reflect-
ing the complex regulatory networks that govern astrocyte
responses during neurodegeneration.

4.3 PI3K/Akt, NF-κB and Nrf2 Signaling Pathways

The PI3K/Akt pathway, which is upstream of NF-
κB and Nrf2, also plays an important role in astrocyte-

mediated processes in AD. Positive effects associated
with reduced astrocyte activation have been observed in
APP/PS1 Alzheimer’s model mice following PI3K/Akt sig-
naling activation [123]. Activation of this pathway has also
been reported to promote autophagy, thereby attenuating
glial cell activation-induced inflammatory responses in this
model [124]. In primary rat astrocytes, PI3K/Akt activation
has been shown to inhibit Aβ aggregation [125]. Further-
more, activation of this pathway counteracted A1/A2 astro-
cytic alterations induced by microglia-conditioned medium
and reversed the transition to the neurotoxic A1 phenotype
in primary mouse astrocytes [126]. However, other stud-
ies suggest that overactivation of astrocytes and microglia
through the PI3K/Akt/mTOR pathway can promote patho-
logical neuroinflammatory responses, and that inhibition of
this pathway may therefore exert beneficial effects [127].
Similarly, activation of the PI3K/Akt/GSK-3β pathway has
been reported to promote amyloid accumulation and tau
phosphorylation [128]. Aβ itself can activate PI3K/Akt sig-
naling in astrocytes, contributing to the development of re-
active astrocytes [129]. Likewise, activation of PI3K/Akt
by extracellular filamentous tau has been shown to facili-
tate the secretion of complement component C3 and pro-
mote pro-inflammatory astrogliosis [130]. Taken together,
these findings suggest that the role of PI3K/Akt signaling in
AD is context-dependent and requires further investigation.

The NF-κB signaling pathway is another major regu-
lator of astrocyte-mediated inflammation. Overactivation
of NF-κB has been observed in both animal models and
human AD brains and is associated with increased Aβ pro-
duction and inflammatory responses [131]. Aβ oligomers
can induce NF-κB activation in astrocytes through upreg-
ulation of TNF-α and COX-2, leading to astrogliosis and
inflammatory signaling. Importantly, ApoE4—the major
genetic risk factor for late-onset sporadic AD—has been
shown to drive inflammatory responses in human astrocytes
via NF-κB activation [132]. Although inhibition of NF-
κB signaling has been reported to attenuate disease pro-
gression in several animal models of neuroinflammation,
its precise role in astrocyte reactivity remains controver-
sial. For example, it has been demonstrated in an APP23
ADmodel that NF-κB activation resulted in pronounced as-
trogliosis and neuroinflammation [133]. Surprisingly, this
response also promoted microglia-mediated Aβ clearance
and reduced the size and number of amyloid plaques. In
contrast, another study using rat hippocampal astrocytes
treated with Aβ1−42 peptides reported detrimental effects
of NF-κB-driven neuroinflammation [134]. Interestingly,
miRNA-146a-5p has been shown to activate NF-κB signal-
ing without increasing pro-inflammatory cytokine produc-
tion, suggesting an anti-inflammatory role through a nega-
tive feedback loop within the NF-κB pathway [134]. These
conflicting findings highlight the complexity of NF-κB sig-
naling and indicate that further research is needed to clarify
the downstream mechanisms linking astrocytic NF-κB ac-
tivity, Aβ deposition, and cognitive impairment.
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Several studies have demonstrated that Nrf2 plays a
key role in regulating redox homeostasis and exerts anti-
inflammatory effects in various neurodegenerative disor-
ders [135]. The importance of astrocytes in this context
is underscored by findings showing that astrocyte-specific
activation of Nrf2 is sufficient to attenuate disease progres-
sion in multiple experimental models, including AD [136].
Consistently, Nrf2 deficiency promotes the activation of re-
active astrocytes in brain tissue from 5xFADmice, whereas
Nrf2 upregulation suppresses the induction of reactive as-
trocyte gene expression by inhibiting the recruitment of the
NF-κB subunit p65 [137]. Overall, enhanced Nrf2 signal-
ing appears to drive astrocytes toward a neuroprotective
phenotype [138].

4.4 Some Unanswered Questions, Model Limitations, and
Translational Gaps

To better understand the functional changes in astro-
cytes that may contribute to the initiation and progression
of inflammatory responses and neurodegenerative diseases,
several important questions still need to be addressed. Dif-
ferent neurodegenerative conditions appear to affect dis-
tinct anatomical regions of the brain. In AD, pathology
initially targets the hippocampus and entorhinal cortex, be-
fore later spreading to the neocortex [139]. This suggests
that certain brain regions may be inherently more vulnera-
ble to internal pathological changes, external toxic insults,
or natural processes such as those occurring during ag-
ing [140]. Aging—one of the major risk factors for neu-
rodegenerative diseases—has been shown to influence as-
trocytic immune responses and other key functions [141].
However, further research is needed to determine whether
astrocyte heterogeneity and region-specific dysregulation
actively contribute to the neurodegenerative process. It is
therefore essential to investigate whether astrocytic changes
vary depending on brain region or proximity to patholog-
ical features. For instance, it would be of interest to de-
termine whether the reduction in glutamate transporter cur-
rents and other neurosuppressive functions observed in the
AD brain occurs predominantly in astrocytes located near
Aβ plaques.

It is also important to examine the role of astrocytes
in disrupting the signaling pathways between neurons, as-
trocytes, and blood vessels that underlie neurovascular cou-
pling. Furthermore, identifying which astrocytic alterations
have the greatest impact on cognitive performance is essen-
tial for pinpointing the astrocyte phenotypes that should be
targeted by future therapies. However, these questions may
be overly simplistic, as multiple functional disturbances can
contribute to circuit dysfunction, synapse loss, or neuronal
death. In addition, the stage of the disease may critically
determine whether a given therapeutic intervention will be
effective.

Astrocyte functional heterogeneity under different
pathological conditions is closely linked to dysregulated in-
tracellular signaling pathways, including Ca2+ dynamics,

JAK/STAT, PI3K/Akt, NF-κB, and Nrf2 signaling, which
collectively regulate inflammation, metabolism, and cellu-
lar stress responses. In AD, astrocytic signaling is char-
acterized by a shift from PI3K/Akt- and Nrf2-supported
protective states toward JAK/STAT- and NF-κB-driven in-
flammatory reactivity, accompanied by disrupted Ca2+ sig-
naling. From a translational perspective, the most promis-
ing therapeutic strategy is not single-pathway inhibition
but rather coordinated reprogramming of astrocyte states,
aimed at enhancing metabolic and antioxidant support
while limiting chronic inflammatory activation.

Translational gaps and limitations between rodent
models and human studies should also be considered. Ro-
dent astrocytes differ from their human counterparts in mor-
phology, gene expression, and functional complexity; hu-
man astrocytes are larger and exhibit greater structural and
transcriptional diversity [142,143]. Another limitation is
the incomplete representation of AD pathology in exper-
imental models. Most transgenic mouse models rely on
amyloid precursor protein overexpression and primarily re-
produce Aβ plaque deposition, while failing to capture the
full spectrum of tau pathology, neuronal loss, and age-
related processes characteristic of human disease [144]. As-
trocyte reactivity observed in these systems—often sim-
plified into binary “neurotoxic” versus “neuroprotective”
states—does not adequately reflect the diversity of astro-
cyte states identified in human brains [60]. Consequently,
therapeutic targets identified in animal models often fail to
translate into clinical efficacy.

Astrocyte heterogeneity itself represents a critical
translational barrier. Single-cell and single-nucleus tran-
scriptomic studies have identified multiple astrocyte sub-
populations with distinct molecular signatures that vary
across brain regions and disease stages [145]. As discussed
above, inAD, disease-associated astrocytes exhibit context-
dependent phenotypes that may exert both protective and
detrimental effects. This functional duality complicates
therapeutic strategies, as indiscriminate modulation of as-
trocytes could disrupt essential homeostatic functions, in-
cluding neurotransmitter recycling and ion balance. Tem-
poral dynamics further complicate translation. Astrocytes
may initially contribute to amyloid clearance and synaptic
support but later acquire pro-inflammatory and neurotoxic
properties as disease progresses [12].

The lack of robust and specific biomarkers of astro-
cyte function in living patients represents another major
gap. While GFAP levels in cerebrospinal fluid and plasma
show promise as indicators of astrocyte reactivity, they lack
specificity for distinct functional states and do not capture
the full complexity of astrocyte responses [146]. This lim-
itation hampers patient stratification and the assessment of
target engagement in clinical trials. Astrocytes also op-
erate within a tightly interconnected cellular network in-
volving neurons, microglia, and vascular cells. For exam-
ple, microglia-derived cytokines can induce specific reac-
tive astrocyte phenotypes, underscoring the importance of
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intercellular signaling in disease progression [19]. Con-
sequently, targeting astrocytes in isolation may be insuf-
ficient, and combinatorial or systems-level therapeutic ap-
proaches may be required. An additional complication
arises from the difficulty of identifying the optimal thera-
peutic window in human patients, due to the long preclinical
phase of AD and the limited tools available for monitoring
astrocyte activity in vivo.

5. Conclusion and Future Directions
Astrocytes are critical regulators of CNS homeosta-

sis, far beyond their traditional role as support cells. They
maintain neuronal function through metabolic regulation,
ion signaling, synaptic modulation, clearance of toxic
molecules, and contributions to the blood–brain barrier. In
response to physiological stress or pathological insults, as-
trocytes undergo functional andmorphological changes that
enable them to modulate immune signaling, preserve tissue
integrity, and limit neuronal damage.

A hallmark of AD is astrogliosis, characterized by
structural remodeling and altered gene expression. While
initially protective, excessive or prolonged astrocyte reac-
tivity can become detrimental, amplifying neuroinflamma-
tion, promoting neuronal apoptosis, and facilitating Aβ ac-
cumulation. These observations suggest a tipping point
at which astrocyte-mediated neuroprotection shifts toward
neurotoxicity. Importantly, astrocyte reactivity is highly
heterogeneous, varying with the type of insult and CNS
region. Transcriptomic and single-cell analyses reveal di-
verse reactive states, some neuroprotective and others neu-
rotoxic. However, functional characterization of many
subpopulations remains incomplete, leaving open ques-
tions about how astrocyte responses are conserved or differ
across disease contexts. Moreover, astrocytes interact ex-
tensively with other glial cells, particularly microglia and
oligodendrocytes, within disease-associated microenviron-
ments, influencing both inflammatory signaling and disease
progression.

The heterogeneity and intercellular crosstalk of astro-
cytes position them as promising therapeutic targets in AD.
Effective strategies are likely to be combinatorial, enhanc-
ing neuronal resilience while modulating astrocyte reactiv-
ity. Interventions could prevent the emergence of harmful
reactive phenotypes, promote clearance of toxic proteins,
restore glutamate homeostasis, support glymphatic func-
tion, and optimize astrocytic metabolic capacity. Emerging
technologies—spatial transcriptomics, single-cell sequenc-
ing, and chromatin accessibility profiling—are beginning to
reveal the transcriptional and epigenetic programs underly-
ing astrocyte heterogeneity and plasticity. When integrated
with physiologically relevant models, including organoids,
organotypic slices, and in vivo imaging, these insights of-
fer the potential to translate mechanistic understanding into
targeted interventions. Ultimately, mapping astrocyte state
transitions and intercellular interactions will be essential for

developing precision therapies that harness their full thera-
peutic potential in AD.

Importantly, it cannot be ruled out that neurotoxic and
neuroprotective functional changes, driven by distinct tran-
scription factors, may occur simultaneouslywithin the same
astrocyte. From a therapeutic standpoint, strategies aimed
at enhancing adaptive and protective astrocytic responses
while concurrently inhibiting pathways that promote neu-
rodegeneration or functional neglect could shift the balance
of astrocyte sub-states. Such an approach may result in re-
active astrocytes exerting a net disease-modifying and po-
tentially neuroprotective effect. This implies the necessity
of developing strategies that selectively modulate specific
astrocyte functions in a stage-dependent manner, as certain
astrocytic activities may be beneficial during early disease
stages but become detrimental as pathology progresses. For
instance, during the early inflammatory phase of AD—
when neuronal stress pathways are first activated—the tem-
porary removal of compromised neurons from active cir-
cuits might help preserve overall network stability and pro-
vide time for neuronal recovery. In this context, transient
suppression of astrocytic synaptic maintenance functions
could be advantageous. Conversely, in later stages of AD,
when synapse density is already severely compromised due
to excessive microglial pruning, the preservation and sup-
port of remaining synapses by astrocytes becomes critically
important. These complex and dynamic shifts suggest that
broadly targeting astrocyte reactivity may not yield thera-
peutic benefit. Instead, focusing on defined astrocyte sub-
states or isolating specific functional pathways may offer
more precise and effective therapeutic opportunities.
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