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Abstract

Astrocytes have traditionally been cast as supportive glia, but they are 
increasingly recognized as metabolic hubs that regulate cholesterol 
synthesis, fatty acid detoxification, lipid droplet dynamics and redox 
homeostasis in the CNS. Neurons have a limited intrinsic capacity 
for lipid storage and detoxification and rely heavily on astrocytes to 
maintain a safe lipid environment. Emerging evidence indicates that 
dysregulation of astrocytic lipid homeostasis precedes overt neuronal 
degeneration in a range of neurodegenerative diseases, including 
Alzheimer disease, Parkinson disease, amyotrophic lateral sclerosis, 
frontotemporal dementia and Huntington disease. Perturbations 
in astrocytic lipid handling can drive maladaptive reactive states, 
promote oxidative stress, impair lysosomal and mitochondrial 
function and disrupt neuron–glia lipid exchange, collectively creating 
an environment that leads to neurodegeneration. Therefore, lipid 
dysregulation within astrocytes could trigger or amplify neuronal 
vulnerability. In this Review, we assess evidence that astrocytic lipid 
metabolism is not solely protective or pathological but has instructive 
physiological roles and that astrocytic lipid dysregulation is an early 
driver of neurodegeneration. We critically evaluate disease-specific 
evidence, distinguishing correlative observations from causal 
mechanisms. We propose that targeting of astrocytic lipid homeostasis 
represents a promising strategy for preventing or minimizing 
neurodegeneration and opens new avenues for early detection and 
biomarker development.
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regions show consistent dysregulation of genes linked to choles-
terol biosynthesis, fatty acid metabolism, lysosomal function and 
autophagy, as well as lipid droplet-associated proteins, before or coin-
cident with the appearance of the earliest neuronal stress markers10–14. 
Similar patterns are observed in microglia, but astrocytes often display 
these lipid pathway changes earlier and more broadly10,15, indicating 
a primary role in the lipid dysregulation that underlies neurodegen-
eration. Moreover, advances in lipidomics and human genetics have 
identified astrocytic lipid pathways as early points of disruption in 
several neurodegenerative diseases10. Converging data suggest a uni-
fying hypothesis whereby astrocytic lipid dysregulation is not merely 
a reactive consequence of neuronal damage but acts as an initiating 
driver of neurodegeneration15–17.

In this Review, we investigate this hypothesis, drawing on the 
latest advances in understanding astrocytic lipid biology, mecha-
nisms of dysregulation and disease-specific manifestations, and 
evidence linking early lipid perturbations to neuronal vulnerability. 
We outline the central role of astrocytes in brain lipid homeostasis 
and review evidence that astrocytic lipid dysregulation arises early 
across multiple neurodegenerative diseases, including Alzheimer 
disease (AD), Parkinson disease (PD), amyotrophic lateral sclerosis 
(ALS), frontotemporal dementia (FTD) and Huntington disease 
(HD). We dissect the mechanistic pathways by which astrocytic 
lipid failure renders neurons vulnerable, integrating cholesterol 
trafficking defects, lipid droplet dysregulation, ferroptosis, neuro-
inflammation and organelle dysfunction. We conclude by proposing 
an integrative model of astrocyte-initiated neurodegeneration and 
discussing potential therapeutic approaches to target astrocytic 
lipid metabolism.

Astrocytes are master regulators of CNS  
lipid homeostasis
Astrocytes are proposed to act as master regulators of neuronal lipid 
homeostasis by supplying essential lipids, detoxifying harmful lipid 
species and maintaining the metabolic balance that is required for 
optimal neuronal function (Box 1).

Cholesterol synthesis and trafficking in the CNS
The brain contains a disproportionate share of the body’s cholesterol, 
yet peripheral cholesterol contributes minimally to this pool owing to 
the blood–brain barrier18. Astrocytes are the principal cells responsible 
for de novo cholesterol synthesis in the adult CNS. They express high 
levels of enzymes in the mevalonate pathway and export cholesterol in 
the form of APOE-containing lipoprotein particles19. These lipoproteins 
are lipidated by ATP-binding cassette transporters such as ABCA1 and 
ABCG120. The degree of APOE lipidation determines the efficiency of 
cholesterol delivery to neurons and to other glia.

Neurons rely on astrocyte-derived cholesterol for synaptogenesis, 
dendritic spine maintenance, axonal growth and membrane repair21. 
Cholesterol also regulates lipid raft integrity, thereby influencing 
receptor localization and signalling, as well as the processing of amy-
loid precursor protein (APP)22. Even subtle impairments in astrocytic 
cholesterol export can destabilize synaptic membranes, shift APP 
processing towards amyloidogenic pathways and sensitize neurons to 
excitotoxic and metabolic stress23. Compared with APOE2 and APOE3, 
APOE4, which is encoded by the AD risk allele APOE ε4, is less efficiently 
lipidated, is more aggregation-prone and forms structurally distinct 
lipoprotein particles, all of which impair cholesterol trafficking and 
downstream neuronal function24,25.

Key points

	• Astrocytes are key regulators of CNS lipid metabolism, providing 
essential structural, metabolic and trophic support to neurons.

	• Astrocytic lipid dysregulation precedes neuronal degeneration 
across multiple neurodegenerative diseases.

	• Neurons rely on astrocytes for cholesterol synthesis, fatty acid 
detoxification, lipid droplet management and redox balance.

	• Impaired astrocytic lipid handling triggers reactive states, oxidative 
stress, organelle dysfunction and disrupted neuron–glia lipid 
exchange.

	• Targeting of astrocytic lipid homeostasis offers promising 
therapeutic, diagnostic and biomarker opportunities in the context of 
neurodegenerative disease.

Introduction
Astrocytes are the most abundant glial cells in the CNS and are crucial 
mediators of neuronal support, synaptic regulation and metabolic 
homeostasis. A defining feature of astrocytes is their capacity to syn-
thesize, store and redistribute lipids, which are essential for membrane 
remodelling, synaptic maintenance, myelination and energy homeo-
stasis. Astrocytes produce and secrete cholesterol as apolipoprotein E 
(APOE)-containing lipoproteins, regulate the fatty acid composition of 
neuronal membranes and participate in phospholipid and sphingolipid 
turnover. Lipids not only serve structural and energetic functions but 
also act as bioactive signalling molecules, modulating inflammatory 
and stress responses1,2. Increasing evidence indicates that perturbations 
in astrocytic lipid homeostasis precede neuronal dysfunction and con-
tribute to neurodegenerative cascades. Altered lipid metabolism can 
promote maladaptive reactive astrocyte phenotypes, generate oxida-
tive stress and impair organellar function, establishing a feedforward 
cycle that compromises neuronal survival. These processes manifest 
early in disease progression, often before overt synaptic loss or neuronal 
death, raising the question of whether astrocytic lipid dysregulation is 
causative, contributory or reactive to neurodegeneration.

Many major genetic risk factors for neurodegenerative disease are 
expressed predominantly in astrocytes rather than neurons, pathol-
ogy often emerges in astrocytic compartments at early disease stages, 
and regional vulnerability cannot be fully explained by intrinsic neu-
ronal properties alone3,4. These observations have prompted a shift 
towards viewing neurodegeneration as a systems-level failure of cellu-
lar networks in which astrocytes have important roles. Astrocytes are 
distinctively poised to influence neuronal survival, as they maintain 
extracellular ion balance, clear neurotransmitters, regulate cerebral 
blood flow and provide metabolic support to neurons5,6. They are also 
the main source of de novo cholesterol synthesis in the adult brain and 
crucial managers of fatty acid handling, lipid droplet dynamics and 
redox homeostasis7. By contrast, neurons possess limited capacity for 
lipid storage and detoxification, rendering them highly dependent on 
astrocytic lipid homeostasis for long-term survival.

Single-cell RNA sequencing and spatial transcriptomics have 
revealed astrocytic changes in the early stages of CNS disease8,9. Across 
multiple models and human datasets, astrocyte clusters in vulnerable 
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Fatty acid uptake, detoxification and storage
Neurons are exceptionally vulnerable to reactive oxygen species (ROS) 
and oxidative damage because of their high metabolic rate, their heavy 
reliance on oxidative phosphorylation, and the abundance of polyun-
saturated fatty acids (PUFAs), which are highly susceptible to peroxi-
dation, within their membranes. ROS-driven peroxidation of PUFAs 
generates reactive lipid aldehydes and other by-products that can 
damage proteins, nucleic acids and lipid bilayers, further amplifying 
oxidative injury and destabilizing neuronal function26.

Neurons also have limited intrinsic capacity to detoxify lipid per-
oxides or safely sequester damaged lipids, in part because they pos-
sess low levels of antioxidant and lipid-handling machinery compared 
with astrocytes27. As a result, neurons export excess fatty acids and 
peroxidized lipids to surrounding astrocytes for processing — a mecha-
nism that becomes especially important during periods of heightened 
neuronal activity, when ROS and lipid peroxidation sharply increase28. 
Astrocytes express an array of fatty acid transporters, lipid-binding 
proteins and apolipoprotein-containing lipoprotein particles that facili-
tate the uptake of both free and lipoprotein-associated lipids released 
from neurons.

Once inside the astrocyte, toxic fatty acids can be esterified 
into neutral lipids and stored safely within lipid droplets, oxidized 
through mitochondrial β-oxidation or repackaged into lipopro-
teins for redistribution27. Each of these pathways contributes to 
detoxification and metabolic stabilization of the neuron–glia unit. 
Astrocytic lipid droplets, in particular, act as a buffering system that 
prevents reactive lipids from propagating damaging peroxidation 
chains, and coordinated transcriptional responses in astrocytes 
enhance the ability of these cells to metabolize, oxidize and sequester 
harmful lipid species27. This astrocyte-mediated lipid buffering is 

essential for safeguarding neurons against lipid toxicity, maintaining 
redox homeostasis and ensuring resilience during periods of high 
excitatory demand. When this protective coupling is compromised, 
whether through impaired lipid uptake, defective lipid droplet for-
mation or mitochondrial dysfunction, neurons become increasingly 
exposed to accumulating lipid peroxides. Such unchecked build-up 
of oxidized lipids primes neurons for ferroptosis — a regulated, 
iron-dependent form of cell death driven by membrane lipid per-
oxidation29. Thus, disruptions in neuron–astrocyte lipid handling 
pathways represent a crucial early vulnerability in neurodegenera-
tive conditions characterized by oxidative stress and lipid metabolic 
imbalance.

Lipid droplet biogenesis and turnover
Lipid droplets are intracellular organelles that store neutral lipids, 
including triacylglycerols and cholesteryl esters. Long considered to 
be inert storage depots, lipid droplets are increasingly recognized as 
dynamic hubs that participate in membrane remodelling, signalling and 
stress responses30. In astrocytes, lipid droplets have emerged as central 
players in the handling of peroxidized and excess lipids27. Neuronal 
hyperactivity, mitochondrial dysfunction, inflammation and oxidative 
stress all promote the transfer of lipids from neurons to astrocytes, 
where they are incorporated into lipid droplets31. Lipid droplet turno-
ver in astrocytes occurs through lipolysis and lipophagy — a form of 
selective autophagy in which the droplets are engulfed and delivered 
to lysosomes for degradation32. Efficient lipophagy prevents exces-
sive lipid droplet accumulation and ensures that neutralized lipids are 
either recycled or safely metabolized. When lipid droplet biogenesis 
is insufficient, peroxidized lipids remain in membranes, where they 
promote further damage. Conversely, when lipophagy is impaired, 

Box 1 | Physiological neuron-supporting functions of astrocytes
 

Astrocytes are central regulators of lipid homeostasis in the CNS, 
providing essential metabolic support to neurons. The processes 
outlined below place astrocytes as key integrators of lipid 
metabolism, sustaining neuronal function and resilience under 
physiological conditions.

Cholesterol synthesis and trafficking
Astrocytes are the primary source of cholesterol in the adult 
brain. They synthesize cholesterol and export it in the form of 
apolipoprotein E-containing lipoproteins, supporting synaptic 
membrane integrity, vesicle formation and receptor function.

Fatty acid uptake, detoxification and storage
Neurons offload excess fatty acids to astrocytes to prevent 
lipotoxicity. Astrocytes take up these lipids and either metabolize 
them or store them safely, thereby protecting neurons from oxidative 
damage.

Lipid droplet biogenesis and turnover
Astrocytes form lipid droplets to sequester excess and 
peroxidation-prone lipids. Efficient lipophagy and turnover of 
these droplets are essential to maintain lipid balance and prevent 
accumulation of toxic species.

Redox homeostasis
Astrocytes maintain antioxidant defences, including glutathione 
production, and regulate reactive oxygen species (ROS). Importantly, 
they balance damaging oxidative stress with physiological redox 
signalling that is required for cellular function.

Fatty acid oxidation signalling
Astrocytic fatty acid oxidation supports mitochondrial organization 
and generates signalling ROS that contribute to metabolic regulation 
and cognitive processes, highlighting a role beyond lipid disposal.

Astrocyte–neuron metabolic coupling
Astrocytes coordinate lipid and energy exchange with neurons, 
including lactate and lipid transfer, thereby ensuring neuronal energy 
supply and membrane maintenance during activity.

Crosstalk with microglia and oligodendrocytes
Astrocytes interact with other glial cells through lipid-mediated 
signalling. They modulate microglial activation and phagocytosis and 
support oligodendrocyte function and myelin maintenance, thereby 
integrating lipid metabolism across the neural network.
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lipid droplets accumulate and can themselves become reservoirs of 
peroxidized lipids and inflammatory signals33.

Astrocytic lipid metabolism as a signalling hub
Astrocytic lipid metabolism has traditionally been viewed as a sup-
port system that detoxifies fatty acids and supplies neurons with 
cholesterol27. However, recent work has fundamentally revised this 
view, demonstrating that astrocytic lipid pathways are integral to cellu-
lar signalling and brain function. Fatty acid oxidation (FAO) in astro-
cytes is a key example. In mouse models, conditional disruption of 
carnitine palmitoyltransferase 1A (CPT1A)-dependent FAO in adult 
astrocytes leads to impaired cognition, altered mitochondrial respira-
tory chain organization and disrupted redox signalling, indicating that 
FAO is not merely a catabolic pathway but is a regulator of neuronal 
function34. These findings establish astrocytic lipid metabolism as an 
active participant in brain physiology.

ROS, generated in part through lipid metabolism, similarly have 
dual roles. Excessive ROS drive lipid peroxidation and ferroptosis35, but 
ROS at physiological levels act as signalling molecules that regulate 
transcriptional programmes and metabolic adaptation36. Distinguish-
ing between these roles is crucial for interpreting disease-associated 
changes. This broader framework is supported by integrative models 
proposing that astrocytic lipid metabolism functions as a hub that 
links FAO, cholesterol transport, peroxisomal β-oxidation and redox 
signalling to neuron–glia communication28.

Astrocyte–neuron metabolic coupling
Astrocytes and neurons engage in a complex and highly coordinated 
metabolic partnership in lipid handling. Astrocytes are central regu-
lators of cerebral energy metabolism: they take up glucose, perform 
glycolysis and export lactate, which neurons can use as an oxidative 
fuel through the well-established astrocyte–neuron lactate shuttle37. 
This shuttle is a defining component of the neuron–astrocyte meta-
bolic unit, enabling neurons to sustain high firing rates despite their 
relatively limited glycolytic capacity38. Beyond carbohydrate metabo-
lism, astrocytes also provide neurons with essential lipids, including 
cholesterol and phospholipids, which are required for membrane bio-
genesis, synapse formation and receptor trafficking. Indeed, astrocytes 
are the primary cholesterol-producing cells in the brain, supplying 
neurons with lipids via apolipoprotein-containing particles. At the 
same time, neurons export potentially toxic fatty acids and lipid per-
oxides generated during periods of heightened activity and oxidative 
stress. These peroxidated lipids are taken up by astrocytes, stored in 
lipid droplets or detoxified through mitochondrial β-oxidation27. This 
bidirectional lipid exchange protects neurons from lipotoxicity and 
preserves neuronal integrity10.

This reciprocal metabolic coupling ensures that neurons can sus-
tain high levels of activity without incurring cumulative damage from 
metabolic by-products. However, when astrocytes become metaboli-
cally compromised, whether through lipid overload, mitochondrial 
dysfunction or oxidative stress, their capacity to buffer toxic lipids 
and supply essential metabolites diminishes39. Such dysfunction has 
been shown to impair astrocytic β-oxidation, lipid droplet dynamics 
and antioxidant capacity, thereby weakening their neuroprotective 
role. Under these conditions, neurons face a dual metabolic threat: 
the loss of trophic lipid support from astrocytes and the accumulation 
of toxic lipid species that they can no longer offload effectively. This 
breakdown of metabolic cooperation increases neuronal susceptibility 
to oxidative stress, lipid peroxidation and, ultimately, degeneration.

Crosstalk with microglia and oligodendrocytes
Astrocytic lipid metabolism is embedded within a broader glial 
network. Microglia, the resident immune cells of the CNS, depend 
on efficient lipid handling to maintain phagocytic and surveillance 
functions40. During phagocytosis of myelin debris, apoptotic cells or 
protein aggregates, microglia generate lipid-rich cargo that must be 
processed. Under conditions in which astrocytes are unable to assist 
in lipid clearance or provide appropriate cues, microglia can become 
lipid-laden, pro-inflammatory and functionally impaired41.

Oligodendrocytes require large amounts of cholesterol and other 
lipids to maintain myelin sheaths. Astrocytes supply cholesterol to 
oligodendrocytes and regulate the extracellular environment in which 
myelination occurs. Defects in astrocytic cholesterol export or lipid 
signalling can, therefore, destabilize myelin and contribute to white 
matter pathology, which is increasingly recognized in diseases tradi-
tionally considered to be grey matter neurodegenerations42. For exam-
ple, in AD, white matter degeneration, myelin loss, oligodendrocyte 
dysfunction and reduced white matter integrity are detectable at an 
early stage, sometimes preceding overt cortical atrophy42,43.

Astrocytes as integrators of CNS lipid homeostasis
Astrocytes have a central role in coordinating lipid homeostasis in the 
CNS, acting at the interface of neuronal metabolism, lipid transport 
and glial communication. They regulate cholesterol synthesis and 
export through APOE-containing lipoproteins, which are essential for 
synaptic maintenance and membrane turnover44. Disruption of astro-
cytic cholesterol transport impairs synaptic function, alters membrane 
composition and compromises neuronal viability21.

Astrocytes also mediate neuron-to-astrocyte lipid transfer — a pro-
tective pathway in which neurons export excess fatty acids that are sub-
sequently taken up and stored in astrocytic lipid droplets27. These lipid 
droplets buffer toxic lipid species, in particular, peroxidation-prone 
PUFAs; however, under conditions of sustained stress or impaired 
lipophagy, accumulation of the droplets becomes maladaptive and 
contributes to lipid toxicity45.

Importantly, astrocytes do not operate in isolation but are embed-
ded within a dynamic lipid-processing network that includes microglia. 
Microglia are highly responsive to lipid signals and have key roles 
in lipid sensing, uptake and degradation. TREM2-dependent path-
ways are central to this process, regulating microglial phagocyto-
sis, lipid metabolism and inflammatory responses in the context of 
neurodegeneration46. In parallel, astrocyte-derived lipids, including 
APOE-containing lipoproteins and lipid-rich extracellular vesicles, 
modulate microglial activation states, linking astrocytic lipid handling 
to immune responses in the brain41.

Evidence suggests that microglial lipid metabolism can also be reg-
ulated independently of astrocytes. For example, human induced pluri-
potent stem cell (iPSC)-derived microglia-like cells expressing APOE4 
exhibited intrinsic alterations in lipid handling, inflammatory signal-
ling and metabolic state and responded directly to neuron-derived 
soluble factors even in the absence of astrocytes47. These findings 
indicate that the APOE genotype exerts cell-autonomous effects across 
multiple glial populations and that neuron–microglia communication 
can shape lipid metabolism independently of astrocytic intermediates. 
However, astrocytes influence the extracellular lipid milieu, thereby 
indirectly regulating microglial function and creating a bidirectional 
network of lipid exchange and signalling.

Together, the data indicate that astrocyte–microglia interac-
tions form interconnected feedback loops in which lipid metabolism, 
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inflammatory signalling and phagocytic activity are tightly coupled. 
Dysregulation within this network can amplify disease processes, as 
impaired astrocytic lipid handling alters microglial responses, and 
dysfunctional microglia further exacerbate lipid imbalance and neu-
roinflammation. Understanding this coordinated glial lipid axis is 
crucial for interpreting disease mechanisms and developing targeted 
therapeutic strategies.

Ageing and astrocytic lipid remodelling
Ageing is associated with profound and multifaceted changes in astro-
cytic lipid metabolism that reshape both cellular homeostasis and 
intercellular communication. Aged astrocytes exhibit increased 
accumulation of lipid droplets, reflecting an imbalance between lipid 
uptake, synthesis and degradation41,48,49. These lipid droplets are not 
inert stores but often show enrichment of PUFAs and oxidized lipid 
species, indicating a shift towards a more pro-oxidative lipid environ-
ment that might predispose cells to lipid peroxidation and ferroptotic 
stress35,41. At the same time, age-related alterations in sphingolipid and 
phospholipid composition, including increased ceramide levels and 
changes in membrane phosphatidylcholine and phosphatidylethan-
olamine species, affect membrane fluidity, signalling platforms and 
vesicular trafficking49. Mitochondrial function also declines with age, 
leading to reduced FAO capacity and impaired metabolic flexibility in 
astrocytes25. This decline limits the ability of astrocytes to efficiently 
process excess fatty acids, thereby promoting their storage in lipid 
droplets and increasing susceptibility to oxidative damage. Impor-
tantly, reduced FAO might also disrupt physiological redox signal-
ling pathways that are necessary for maintaining neuronal support 
functions34,36.

Peroxisomal β-oxidation, another key pathway for lipid detoxifi-
cation, is similarly compromised with ageing, further contributing to 
the accumulation of very-long-chain and oxidized fatty acids. These 

metabolic changes are closely linked to the emergence of astrocyte 
senescence and a chronic low-grade inflammatory state. Senescent 
astrocytes exhibit a senescence-associated secretory phenotype, 
characterized by the release of pro-inflammatory cytokines, lipid 
mediators and ROS48. Lipid dysregulation contributes directly to this 
phenotype, as oxidized lipids and ceramide accumulation can activate 
inflammatory signalling pathways, including nuclear factor κB (NFκB) 
and inflammasome activation. Moreover, altered lipid metabolism 
influences astrocyte–microglia crosstalk, promoting microglial 
activation and reinforcing neuroinflammatory circuits41.

Ageing also affects astrocyte–neuron lipid coupling. Neurons rely 
on astrocytes for the clearance and processing of excess fatty acids, 
particularly under conditions of high synaptic activity27. With age, 
this protective lipid transfer pathway becomes less efficient, leading 
to increased lipid burden in both neurons and astrocytes. This decline 
in metabolic coupling might contribute to synaptic vulnerability and 
reduced resilience to stress.

Collectively, these changes suggest that ageing primes astrocytes 
for maladaptive lipid responses, lowering the threshold for transition 
from physiological lipid signalling to pathological lipid stress. In this 
context, astrocytic lipid remodelling represents a key intersection 
between ageing and neurodegeneration, whereby pre-existing meta-
bolic vulnerabilities can be exacerbated by disease-specific insults, 
ultimately contributing to neuronal dysfunction and degeneration.

Early astrocytic lipid dysregulation in 
neurodegenerative disease
Early astrocytic lipid dysregulation has emerged as a unifying patho-
logical feature across multiple neurodegenerative diseases, setting the 
stage for neuronal vulnerability and progressive decline (Fig. 1). Astro-
cytic lipid dysregulation can be conceptualized across three overlap-
ping roles in neurodegeneration. First, it could act as a primary driver, 

Triggering factors
• Ageing
• Genetic risk variants
• Systemic metabolic changes
• Chronic inflammation

Astrocytic lipid dysfunction
• Ine�icient cholesterol tra�icking
• Increased fatty acid uptake
• Increased lipid droplet formation
• Increased mitochondrial ROS

Astrocytic metabolic collapse
• Mitochondrial dysfunction
• Ferroptotic susceptibility
• Redox failure

Failure of compensatory mechanisms
• Lipophagy impaired
• Lysosomes overloaded
• Lipid droplets accumulate peroxidized lipids
• Antioxidant defences exhausted

Inflammation and network amplification
• Astrocyte-derived cytokines, complement 

factors and oxidized lipids activate microglia
• Pathology propagates across glial networks
• Loss of fatty acid oxidation signalling

Neuronal exposure and decoupling
• Neurons lose access to cholesterol 

and other trophic lipids
• Exposure to toxic lipid species
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Fig. 1 | Proposed model of astrocytic lipid dysregulation driving 
neurodegeneration. Ageing, genetic risk factors, metabolic stress and 
inflammation drive astrocytic lipid dysregulation, leading to impaired 
cholesterol trafficking, oxidative stress and lipid droplet accumulation. 

As compensatory mechanisms fail, astrocytes undergo metabolic collapse, 
exposing neurons to lipid toxicity and trophic deprivation, which amplifies 
neuroinflammation and ultimately culminates in neurodegeneration. PUFA, 
polyunsaturated fatty acid; ROS, reactive oxygen species.
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as supported by evidence that astrocyte-specific perturbations cause 
neuronal dysfunction. Second, it could function as an amplifier, exacer-
bating protein aggregation, inflammation and/or oxidative stress. Last, 
it could represent a reactive or compensatory response to neuronal 
injury. Across neurodegenerative diseases, the strongest evidence 
supports a role for astrocytic lipid dysregulation as a disease ampli-
fier. However, some evidence suggests that, under certain conditions, 
astrocytic lipid pathways can contribute directly to disease initiation50,51.

Alzheimer disease
AD provides one of the most compelling contexts in which astrocytic 
lipid dysregulation is thought to contribute to early disease patho-
genesis, although its precise causal role remains context-dependent. 
APOE is predominantly expressed in astrocytes and microglia and has 
a central role in cholesterol transport and neutral lipid homeostasis52. 
Converging evidence from human, cellular and animal studies indicates 
that the APOE4 isoform, which is associated with an increased risk 
of late-onset AD, reshapes astrocytic lipid metabolism before overt 
neurodegeneration occurs. Human iPSC-derived astrocytes expressing 
APOE4 exhibit reduced APOE lipidation, impaired cholesterol efflux 
and accumulation of intracellular cholesteryl esters and neutral lipid 
species, in particular, PUFA-enriched lipids. These lipidomic altera-
tions are accompanied by increased susceptibility to lipid peroxidation 
and ferroptosis, suggesting a shift towards a metabolically vulnerable 
astrocytic state53–55. Of note, these abnormalities arise in the absence 
of neuronal pathology, supporting the idea that APOE4 establishes a 
pre-symptomatic astrocytic phenotype that predisposes neural circuits 
to subsequent degeneration.

Consistent with these findings, evidence from human post-mortem 
tissue and animal models indicates that astrocytic cholesterol handling 
is disrupted at early stages of AD10,14,16. Multiple studies have shown 
reduced ABCA1-mediated lipidation of APOE in astrocytes, resulting 
in poorly lipidated APOE particles with diminished capacity to export 
cholesterol and support neuronal and synaptic integrity56. This defect is 
detectable in vulnerable brain regions before overt neurodegeneration 
and is exacerbated in the presence of APOE4, which further impairs cho-
lesterol trafficking and APOE lipidation10. Concomitantly, cholesterol 
efflux from astrocytes is reduced, leading to intracellular accumulation 
of cholesterol that is frequently sequestered within late endosomal and 
lysosomal compartments, thereby disrupting membrane trafficking 
and metabolic homeostasis. As a consequence, the normal directional 
transfer of cholesterol from astrocytes to neurons is altered, producing 
abnormal intercellular cholesterol distribution and early neuronal vul-
nerability, including synaptic dysfunction and increased susceptibility 
to amyloid-β (Aβ) and tau pathology14,16. Together, these data support 
a model in which impaired astrocytic cholesterol handling represents 
an early, active contributor to AD pathogenesis rather than a secondary 
response to neuronal injury.

These changes have important downstream consequences, as 
cholesterol-rich membrane microdomains regulate the localization 
and activity of secretases involved in APP processing. Perturbations 
in astrocyte-derived cholesterol can, therefore, influence Aβ produc-
tion and aggregation22. Alterations in astrocytic lipid storage provide 
further support for early metabolic dysregulation. Lipid droplet accu-
mulation is observed in astrocytes at early Braak stages and in models of 
Aβ overexpression before widespread neuronal loss57,58. These droplets 
show enrichment of cholesteryl esters and peroxidized lipids, consist-
ent with a protective role in buffering oxidative lipid stress. However, 
in the presence of APOE4, the lipid droplets are larger, contain higher 

levels of peroxidation-prone PUFAs and exhibit impaired turnover, all 
of which increase susceptibility to ferroptotic cell death24,55,57.

Importantly, astrocyte-specific expression of APOE4 in a mouse 
model recapitulates key features of AD pathology, including synaptic 
deficits and increased amyloid deposition59, providing evidence that 
astrocytic lipid dysregulation can exert causal effects under defined 
conditions. In addition, lipid perturbations interact bidirectionally 
with classic AD pathologies: altered cholesterol metabolism influences 
APP processing and amyloidogenesis, and accumulating Aβ and tau 
pathologies further disrupt astrocytic lipid homeostasis60. Together, 
these findings suggest that astrocytic lipid dysregulation in AD is not 
solely a downstream consequence of neuronal injury but represents an 
early and mechanistically relevant process. However, rather than acting 
as a universal primary driver, lipid dysregulation is more accurately 
conceptualized as a context-dependent factor that can function both 
as an initiating influence, particularly in APOE4-associated disease, and 
as a potent amplifier of amyloid, tau and synaptic pathology.

Parkinson disease
PD is classically defined as a synucleinopathy characterized by degen-
eration of dopaminergic neurons in the substantia nigra. However, 
accumulating evidence indicates that astrocytes are actively engaged in 
disease-relevant processes, including early metabolic reprogramming, 
inflammatory activation and lipid dysregulation, although the relative 
contributions of these changes to initiation versus amplification of 
pathology remain open to debate61. Astrocytes can internalize and 
accumulate extracellular α-synuclein released from neurons, placing 
them as both responders to and modulators of α-synuclein pathology.

A key feature that links lipid biology to PD is the strong dependence 
of α-synuclein protein on membrane lipid composition. α-Synuclein 
preferentially binds to negatively charged phospholipids and highly 
curved membranes, and its conformation and aggregation kinetics 
are influenced by lipid species, including phosphatidylserine, PUFAs 
and sphingolipids62,63. In astrocytes, uptake of misfolded or aggre-
gated α-synuclein disrupts mitochondrial function, increases ROS 
production and alters FAO, indicating that protein aggregation and 
lipid metabolism are mechanistically intertwined64. These metabolic 
perturbations trigger the formation of lipid droplets, which serve as 
transient protective organelles that sequester excess and peroxidized 
lipids generated under conditions of oxidative stress65. However, this 
protective response seems to be limited in duration and capacity. 
Chronic exposure to α-synuclein, as occurs in progressive disease, leads 
to impaired lipophagy and inefficient lipid droplet turnover, result-
ing in accumulation of droplets within astrocytes32. These droplets 
show enrichment of oxidized lipids and neutral lipid species, includ-
ing cholesteryl esters and PUFA-containing triglycerides, which are 
particularly susceptible to peroxidation. This shift is accompanied by 
increased secretion of pro-inflammatory mediators, reduced metabolic 
support for neurons and disruption of astrocyte–neuron coupling, all 
of which contribute to neuronal vulnerability.

Genetic evidence further supports a link between lipid metabo-
lism, lysosomal function and PD risk. Mutations in the glucocerebrosi-
dase gene (GBA1) reduces the activity of this lysosomal enzyme, leading 
to accumulation of glycosphingolipids such as glucosylceramide, 
which promote α-synuclein misfolding and aggregation66. Although 
much of the work on this topic has focused on neurons, astrocytes also 
exhibit altered sphingolipid metabolism in GBA1-associated PD, sug-
gesting that impaired lipid degradation pathways extend across cell 
types67. Mutations in the leucine-rich repeat kinase 2 gene (LRRK2) 
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also disrupt vesicular trafficking, autophagy and lipid metabolism. 
Although the effects of LRRK2 mutations are particularly prominent in 
microglia, emerging evidence indicates that astrocytic endolysosomal 
function and lipid handling are also affected, further linking glial lipid 
dysregulation to disease-relevant pathways68.

Importantly, the relationship between lipid metabolism and 
α-synuclein is bidirectional. Lipid composition influences α-synuclein 
aggregation and membrane binding and, in turn, aggregated 
α-synuclein perturbs lipid homeostasis by disrupting vesicular traf-
ficking, mitochondrial function and lysosomal degradation69. These 
processes create a self-reinforcing cycle in which lipid dysregulation 
and protein aggregation amplify each other over time. Despite these 
mechanistic links, however, the current evidence does not strongly 
support astrocytic lipid dysregulation as a primary initiating event 
in most forms of PD. Instead, astrocytic lipid changes are more con-
sistently observed downstream of — or in parallel with — neuronal 
pathology and are best understood as modulators that exacerbate 
disease progression. By influencing oxidative stress, inflammatory 
signalling and metabolic support, astrocytes contribute to a permissive 
environment for neuronal degeneration. Thus, in PD, astrocytic lipid 
dysregulation is most accurately conceptualized as a disease amplifier, 
although it might assume a more prominent or earlier role in specific 
genetic contexts involving lysosomal and lipid metabolic dysfunction.

Amyotrophic lateral sclerosis
ALS is characterized by progressive degeneration of upper and lower 
motor neurons but is now widely recognized as a non-cell-autonomous 
disorder in which astrocytes and other glial cells have central roles in 
disease initiation and progression3. Among the various neurodegen-
erative disorders, ALS provides some of the strongest functional evi-
dence that astrocytes can directly induce neuronal toxicity, positioning 
astrocytic lipid dysregulation as a potential contributor to both disease 
onset and propagation.

Co-culture experiments have demonstrated that astrocytes 
derived from patients with ALS can induce motor neuron death 
even when the neurons themselves are genetically normal70,71. This 
astrocyte-mediated toxicity is associated with profound metabolic 
reprogramming. Transcriptomic and metabolomic analyses reveal early 
shifts towards glycolysis, impaired mitochondrial oxidative metabo-
lism and reduced FAO capacity in ALS astrocytes72,73. Concomitantly, 
genes involved in FAO, peroxisomal β-oxidation and lipid detoxification 
pathways are downregulated, whereas markers of oxidative stress, 
inflammation and lipid peroxidation are upregulated74,75. These changes 
collectively indicate a failure of astrocytes to appropriately process and 
neutralize excess lipids, leading to a state of unresolved lipid stress.

A consistent feature across ALS models and patient tissue is the 
accumulation of lipid droplets within astrocytes76. These droplets show 
enrichment of peroxidized fatty acids and cholesteryl esters, suggest-
ing that they initially function as protective sinks for toxic lipid species. 
However, in the context of impaired FAO and defective lipophagy, lipid 
droplet turnover becomes inefficient, leading to their persistence and 
expansion. This transition from adaptive to maladaptive lipid storage 
mirrors observations in other neurodegenerative diseases but seems 
to be particularly pronounced in ALS, in which metabolic dysfunction 
is a defining feature. Importantly, astrocytic lipid dysregulation in ALS 
is not confined to the intracellular compartment but extends to the 
extracellular environment. ALS astrocytes release lipid-rich extracel-
lular vesicles and lipoprotein particles that are directly toxic to motor 
neurons, inducing mitochondrial dysfunction, oxidative stress and cell 

death77. These secreted lipids are detectable before overt motor neu-
ron loss, suggesting that astrocytic lipid abnormalities could actively 
contribute to early disease processes rather than merely reflecting 
downstream degeneration.

Genetic forms of ALS further reinforce the link between lipid 
metabolism and disease pathogenesis. Mutations in genes such as 
C9orf72 and superoxide dismutase 1 (SOD1) are associated with meta-
bolic dysfunction, including altered lipid handling, mitochondrial 
impairment and disrupted autophagic pathways78. Loss of C9orf72 
function, in particular, impairs endolysosomal trafficking and lipid 
degradation, whereas mutant SOD1 promotes oxidative stress and 
lipid peroxidation, thereby exacerbating lipid imbalance. In addition, 
TAR DNA-binding protein 43 (TDP43), aggregation of which is a major 
pathological hallmark of ALS, directly influences lipid metabolism. 
Nuclear depletion and cytoplasmic aggregation of TDP43 in astrocytes 
alter the expression of genes involved in lipid biosynthesis, lipid droplet 
dynamics and membrane composition, thereby further destabilizing 
lipid homeostasis79.

Together, these findings support a model in which astrocytic lipid 
dysregulation is both an early and functionally important component 
of ALS pathogenesis. Unlike in some other neurodegenerative diseases, 
in which lipid changes are more clearly secondary or amplificatory, 
the combination of astrocyte-autonomous toxicity, early metabolic 
reprogramming and secretion of neurotoxic lipid species suggests 
that astrocytes can act as active drivers of neuronal degeneration in 
ALS. However, this role is likely to be context-dependent and to interact 
with neuron-intrinsic vulnerabilities, genetic background and systemic 
metabolic factors. Astrocytic lipid dysregulation in ALS is, therefore, 
best understood as a mechanism that can operate across the spec-
trum of causality, functioning as a driver in certain settings while also 
amplifying ongoing neurodegenerative processes.

Frontotemporal dementia
FTD has increasingly been linked to disruptions in lipid metabolism, 
with astrocytic lipid homeostasis emerging as a potentially important —  
though context-dependent — contributor to disease pathogenesis. 
Astrocytes have a central role in maintaining neuronal lipid supply, 
including cholesterol, fatty acids and complex membrane lipids, 
which are required for synaptic integrity, neurotransmission and 
energy metabolism. Converging evidence from lipidomics, genetics 
and cellular models indicates that these processes are perturbed in FTD, 
although the extent to which astrocytic lipid dysregulation acts as a 
primary driver versus an amplifier of pathology remains unresolved.

Lipidomic analyses of brain tissue and peripheral biofluids from 
people with FTD reveal widespread alterations in sphingolipids, glyc-
erophospholipids and neutral lipid species, indicating both brain and 
systemic metabolic disturbances80,81. These changes include shifts 
in ceramide and sphingomyelin species, as well as remodelling of 
phosphatidylcholine and phosphatidylethanolamine pools, which 
are crucial for membrane structure and signalling. Such alterations 
are consistent with defects in lipid processing and trafficking — pro-
cesses in which astrocytes have a dominant role. Importantly, similar 
lipid abnormalities are observed in TDP43 proteinopathies, the most 
common pathological substrate of FTD, suggesting a mechanistic link 
between protein aggregation and lipid metabolism82,83.

Genetic evidence further implicates lipid-related pathways in 
FTD. Mutations in the progranulin and transmembrane protein 106B 
(TMEM106B) genes disrupt lysosomal function, which is essential for 
lipid degradation and recycling84. Progranulin deficiency leads to 
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lysosomal dysfunction and accumulation of lipid substrates, including 
sphingolipids, whereas TMEM106B variants alter endolysosomal traf-
ficking and lipid turnover. Although these pathways are active across 
multiple cell types, astrocytes are particularly sensitive to lysosomal 
impairment owing to their central role in lipid handling, suggesting 
that astrocytic dysfunction could contribute disproportionately to 
lipid imbalance in FTD.

At the cellular level, astrocytes in FTD models exhibit impaired 
lipid processing, altered lipid droplet dynamics and metabolic repro-
gramming. Experimental models of TDP43 pathology demonstrate 
disrupted regulation of lipid droplets, including impaired formation 
or turnover, reflecting defects in lipid storage and detoxification 
capacity79. These observations contrast with the adaptive lipid drop-
let accumulation that has been observed in other neurodegenerative 
contexts and suggests that astrocytes in FTD have a reduced capacity 
to buffer lipid stress effectively. In parallel, astrocytic mitochondrial 
dysfunction, characterized by altered dynamics, reduced glycolytic 
flexibility and increased production of ROS, drives a shift towards a 
pro-inflammatory phenotype85. These astrocytes release elevated 
levels of cytokines and other neurotoxic mediators, linking lipid 
metabolic failure to inflammatory signalling and neuronal injury.

From a mechanistic perspective, TDP43 pathology might directly 
exacerbate astrocytic lipid dysregulation. Nuclear depletion and cyto-
plasmic aggregation of TDP43 alter the expression of genes involved 
in lipid biosynthesis, membrane composition and lipid droplet regu-
lation, thereby reinforcing metabolic imbalance79. In this context, 
lipid dysregulation and protein aggregation form a bidirectional 
relationship, in which each process amplifies the other.

Despite these converging lines of evidence, direct demonstration 
that astrocytic lipid dysregulation acts as a primary initiating driver of 
neurodegeneration in FTD remains limited. Most data support a model 
in which lipid metabolic failure contributes to disease progression by 
amplifying TDP43 pathology, promoting oxidative stress and enhanc-
ing neuroinflammatory responses. Thus, astrocytic lipid dysregula-
tion in FTD is best conceptualized as a key modulatory mechanism 
that exacerbates neuronal vulnerability within a broader network of 
pathogenic processes rather than as a universal primary cause.

Huntington disease
HD is caused by a CAG repeat expansion in the huntingtin (HTT) gene 
and has traditionally been viewed as a neuron-autonomous disorder 
driven by intrinsic vulnerability of striatal neurons. However, a growing 
body of evidence indicates that astrocytes make important contribu-
tions to HD pathogenesis, including through disruption of lipid metabo-
lism. In experimental models, expression of mutant huntingtin (mHTT) 
specifically in astrocytes is sufficient to induce neuronal dysfunction 
and behavioural abnormalities, suggesting that astrocyte-mediated 
mechanisms can actively shape disease progression86,87. Astrocytes 
expressing mHTT exhibit profound metabolic impairment, charac-
terized by reduced mitochondrial respiration, decreased β-oxidation 
of fatty acids and increased production of ROS88,89. These alterations 
compromise the capacity of astrocytes to process and detoxify lipids, 
leading to accumulation of fatty acids and enhanced lipid peroxidation. 
As observed in other neurodegenerative diseases, this metabolic imbal-
ance promotes the formation of lipid droplets, which initially function 
as protective reservoirs for excess and oxidized lipids but can become 
maladaptive when turnover is impaired. The resulting accumulation of 
peroxidized lipid species contributes to oxidative stress and disrupts 
astrocyte–neuron metabolic coupling.

A key mechanism that links mHTT to lipid dysregulation involves 
transcriptional control of cholesterol biosynthesis. The mutant protein 
interferes with sterol regulatory element-binding protein-mediated 
transcription, leading to reduced expression of genes that are required 
for cholesterol synthesis90,91. Given that astrocytes are the primary 
source of cholesterol for neurons in the adult brain, this deficit has 
important functional consequences. Reduced astrocytic cholesterol 
supply impairs synaptic membrane maintenance, synaptic vesicle 
formation and neurotransmission, thereby increasing neuronal vulner-
ability. These effects are particularly relevant in the striatum, where 
neurons are highly dependent on astrocyte-derived metabolic sup-
port. In addition to cholesterol deficits, broader disruption of lipid 
metabolic pathways is observed in HD astrocytes, including altered 
phospholipid composition and impaired lipid trafficking92. However, 
these lipid abnormalities are closely intertwined with more global 
transcriptional and metabolic dysfunction induced by mHTT, such 
as mitochondrial impairment, altered energy metabolism and dys-
regulated stress responses. As a result, lipid-specific effects are often 
difficult to disentangle from broader cellular pathology.

Together, the current evidence supports a contributory role for 
astrocytic lipid dysregulation in HD, primarily through its effects on 
neuronal support functions and redox balance. Unlike in some contexts, 
such as AD or ALS, there is limited evidence that astrocytic lipid dysfunc-
tion alone initiates neurodegeneration in HD. Instead, lipid metabolic 
defects seem to act in concert with the neuron-intrinsic toxicity of 
mHTT, thereby amplifying cellular stress and accelerating disease pro-
gression. Astrocytic lipid dysregulation in HD is, therefore, best under-
stood as part of a broader network of metabolic and transcriptional 
disturbances that collectively shape neuronal vulnerability.

Shared astrocytic lipid abnormalities across diseases
Despite aetiological differences, AD, PD, ALS, FTD and HD share sev-
eral early astrocytic lipid abnormalities that converge on common 
pathogenic pathways (Fig. 2). Lipid droplet accumulation is consist-
ently observed in astrocytes during presymptomatic or early sympto-
matic stages, reflecting impaired lipid handling and metabolic stress76. 
Defects in lipophagy and lysosomal stress further compromise lipid 
clearance, particularly in models with GBA1 or LRRK2 mutations93. 
Altered cholesterol trafficking and APOE lipidation are prominent in 
AD, promoting amyloidogenic APP processing and increasing vulner-
ability to ferroptosis55. Across diseases, astrocytes exhibit increased 
lipid peroxidation and ferroptotic susceptibility, driven by PUFA-rich 
lipid droplets and mitochondrial dysfunction57,79. Parallel metabolic 
reprogramming towards glycolysis with reduced oxidative capacity, 
thereby undermining neuronal support, has been documented in ALS 
and HD astrocytes88. In addition, astrocytic lipid stress activates inflam-
matory pathways, promoting neurotoxic phenotypes that exacerbate 
neuronal degeneration64. Together, these shared signatures underscore 
astrocytic lipid dysregulation as a common upstream axis in diverse 
neurodegenerative diseases, placing astrocytic lipid metabolism as a 
promising therapeutic target.

Linking astrocytic lipid failure to  
neuronal vulnerability
Astrocytic lipid dysregulation propagates through several intercon-
nected mechanistic pathways that directly compromise neuronal sur-
vival. The evidence points towards an integrative model across diseases, 
with a common temporal sequence showing astrocytic lipid dysreg-
ulation leading to neurodegeneration. Many of the earliest steps —  

http://www.nature.com/nrneurol


Nature Reviews Neurology

Review article

in particular, astrocytic lipid stress and failure of compensatory 
mechanisms — occur before overt neuronal pathology is detectable.

Pathway 1: cholesterol trafficking failure and  
synaptic destabilization
Impaired astrocytic cholesterol export reduces the availability of cho-
lesterol for neuronal synaptic membranes21. Loss of cholesterol alters 
membrane fluidity, disrupts lipid rafts and affects the distribution and 
function of synaptic receptors and transporters22. Synapses become 
structurally and functionally unstable, rendering them susceptible 
to activity-dependent stress and microglial pruning. Cholesterol 
deficiency also influences APP processing, favouring β-secretase and 
γ-secretase activity in cholesterol-poor domains and thereby increas-
ing Aβ production22. Together, these effects link astrocytic cholesterol 
trafficking defects to early synaptic dysfunction and Aβ pathology.

Pathway 2: lipid droplet dysfunction and toxic lipid spillover
When astrocytic lipid droplets form properly and are efficiently cleared, 
they protect both astrocytes and neurons from lipid peroxidation41. 
However, in the context of disease, lipid droplet formation is inadequate 
to handle lipid influx, or lipophagy is impaired32. In either case, peroxi-
dized lipids accumulate and astrocytes release lipid-rich vesicles or 
lipoproteins containing toxic species94. Neurons exposed to these lipids 

undergo membrane damage, mitochondrial dysfunction and activation 
of stress pathways. This toxic lipid spillover transforms a protective 
astrocytic buffering system into a source of neuronal damage.

Pathway 3: astrocytic ferroptosis and propagation of lipid 
oxidative stress
Ferroptosis is an iron-dependent, lipid peroxidation-driven form of 
regulated cell death26. APOE4-expressing astrocytes show enrichment 
of polyunsaturated neutral lipids within lipid droplets and exhibit 
compromised antioxidant defences, including reduced glutathione 
peroxidase activity. In the presence of iron and ROS, these lipids 
undergo peroxidation, thereby triggering ferroptosis. Astrocytic 
ferroptosis depletes metabolic support for neurons and releases 
damage-associated molecules and oxidized lipids into the extracellular 
space, which further increases neuronal stress95–98.

Pathway 4: lipid peroxidation-driven redox collapse and 
membrane injury
Chronic oxidative stress in astrocytes leads to glutathione depletion 
and overwhelms the capacity of antioxidant systems to detoxify lipid 
peroxides99. Peroxidized lipids disrupt membrane integrity, impair 
transporter function and further amplify ROS production, creating a 
feedforward loop of redox collapse. Lipid peroxidation products can 
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Fig. 2 | Convergent astrocytic lipid pathology across major 
neurodegenerative diseases. Astrocytic lipid dysregulation emerges early 
across Alzheimer disease, Parkinson disease, amyotrophic lateral sclerosis, 
frontotemporal dementia and Huntington disease, converging on shared 
pathogenic pathways (red arrows). Common features include lipid droplet build-
up indicating impaired lipid handling, defective lipophagy and lysosomal stress; 

disrupted cholesterol trafficking and apolipoprotein E (APOE) lipidation, which 
heighten ferroptotic vulnerability; and increased lipid peroxidation driven by 
polyunsaturated fatty acid (PUFA)-rich droplets and mitochondrial dysfunction. 
Metabolic shifts towards glycolysis weaken neuronal support, whereas lipid-
induced inflammatory signalling promotes neurotoxic astrocyte states. APP, 
amyloid precursor protein; ROS, reactive oxygen species.

http://www.nature.com/nrneurol


Nature Reviews Neurology

Review article

diffuse to neurons or be transported in vesicles, thereby damaging 
neuronal membranes and organelles.

Pathway 5: lipid-induced neuroinflammation and 
complement-mediated synaptic loss
Lipid dysregulation in astrocytes activates inflammatory signalling 
pathways, including NFκB and inflammasome components, leading 
to the release of cytokines (such as IL-1β and tumour necrosis factor), 
chemokines and complement proteins91. Lipid species themselves can 
act as ligands for pattern recognition receptors. This inflammatory 
milieu promotes the transition of astrocytes towards a neurotoxic 
phenotype and activates microglia, which in turn secrete factors that 
further drive astrocytic reactivity91. Complement components such as 
C1q and C3, which are produced by astrocytes, tag synapses for elimi-
nation by microglia100. In the context of lipid-driven inflammation, 
this complement-mediated synaptic pruning becomes excessive and 
contributes to early synaptic loss.

Pathway 6: lysosomal and mitochondrial dysfunction and 
metabolic failure
Lipid overload strains astrocytic lysosomes, leading to defective 
autophagic flux and accumulation of undegraded material32. Lysoso-
mal dysfunction impairs lipophagy, further exacerbating lipid droplet 
accumulation and promoting a vicious cycle. When exposed to excess 
fatty acids and peroxidized lipids, mitochondria exhibit depolarization, 
reduced oxidative phosphorylation and increased ROS production101,102. 
Disrupted crosstalk between lysosomes and mitochondria compro-
mises astrocytic energy production and resilience. As astrocytic orga-
nelles fail, the capacity to sustain neuronal metabolism and detoxify 
harmful lipids diminishes, pushing the neurons towards energy crisis 
and degeneration.

Future research directions and  
therapeutic development
The central role of astrocytes in lipid homeostasis and their relative 
resilience compared with neurons make them attractive therapeutic 
targets. Interventions aimed at restoring or modulating astrocytic lipid 
metabolism could have broad applicability across neurodegenerative 
diseases.

Strategies to improve astrocytic cholesterol export include phar-
macological activation of liver X receptors, which upregulate ABCA1 
and ABCG1, and small molecules that enhance APOE lipidation103,104. 
APOE mimetic peptides that reproduce the beneficial functions of 
APOE2 or APOE3, and gene-targeted approaches that convert APOE4 
to a less pathogenic isoform, are being explored. Targeting of choles-
terol trafficking might stabilize synapses and reduce amyloidogenic 
processing. Enhancement of lipophagy in astrocytes could prevent the 
harmful accumulation of peroxidized lipids within lipid droplets, and 
mechanistic target of rapamycin inhibitors and transcription factor EB 
activators, which promote autophagy and lysosomal biogenesis, are 
candidate approaches32. Carefully titrated activation of these path-
ways might restore lipid droplet turnover without causing excessive 
autophagic stress.

Given the vulnerability of APOE4 astrocytes and stressed neurons 
to ferroptosis, targeting of lipid peroxidation remains a promising 
but complex therapeutic strategy. Inhibitors of lipid peroxidation, 
such as liproxstatin-like compounds, show robust protective effects 
in preclinical models of ferroptosis105–107, and enhancement of anti-
oxidant defences, in particular, glutathione synthesis or glutathione 

peroxidase 4 activity in astrocytes, can confer resistance to oxidative 
lipid damage108,109. Clinical evidence for the efficacy of iron chelation is 
mixed: although early studies suggested potential benefit110,111, defer-
iprone treatment produced adverse cognitive outcomes in people with 
AD112. These findings indicate that modulation of iron-dependent lipid 
peroxidation pathways will require careful consideration of disease 
stage, dosing and patient stratification rather than indiscriminate 
application.

Emerging evidence suggests that astrocytic FAO is not simply 
a detoxification pathway but is a crucial regulator of mitochondrial 
organization, redox signalling and cognitive function. Disruption of 
CPT1A-dependent FAO impairs mitochondrial integrity and physi-
ological ROS signalling, leading to cognitive deficits34, which high-
lights its role in maintaining homeostatic redox balance rather than 
driving oxidative damage36. As FAO represents a central hub linking 
lipid metabolism to neuron–glia communication28, future therapeutic 
strategies should prioritize restoring FAO-dependent signalling and 
metabolic balance rather than broadly suppressing lipid oxidation, 
which might compromise essential astrocytic functions.

Future research should move beyond the oversimplified A1 
(neurotoxic) versus A2 (neuroprotective) astrocyte classification 
and instead consider astrocyte reactivity as a continuum of dynamic, 
context-dependent states. Single-cell and spatial transcriptomic stud-
ies reveal diverse astrocyte populations with distinct lipid metabolic 
profiles, including differences in cholesterol handling, fatty acid oxida-
tion and lipid droplet dynamics49,113,114. Importantly, lipid metabolism 
might not merely reflect these states but could actively shape them, 
interacting with inflammatory signalling and astrocyte–microglia 
crosstalk14,28. Recognition of astrocyte reactivity as a spectrum has 
important implications for understanding neurodegeneration. Rather 
than attributing lipid dysregulation to a single ‘neurotoxic’ astrocyte 
subtype, a more accurate approach is to consider how distinct meta-
bolic states emerge, coexist and evolve over time. This approach also 
highlights the need for therapeutic strategies that selectively restore 
beneficial astrocytic functions — such as efficient lipid processing and 
metabolic support — while limiting maladaptive responses, rather than 
broadly targeting astrocyte activation.

Gene therapies targeted at lipid-related risk factors are under 
active investigation and offer a route to restore upstream regula-
tors of astrocytic lipid homeostasis. APOE4-selective silencing or 
editing strategies aim to correct impaired lipoprotein lipidation and 
cholesterol trafficking, whereas increasing expression or activity of 
ATP-binding cassette transporters such as ABCA1 and ABCA7 might 
enhance lipid efflux and normalize intracellular lipid balance93,115,116. In 
particular, ABCA7 has emerged as an important genetic risk factor for 
AD, with loss-of-function mutations being associated with increased 
disease susceptibility. ABCA7 is highly expressed in both astrocytes and 
microglia117 and has roles in phospholipid and cholesterol transport, 
as well as in phagocytic clearance pathways115. Experimental studies 
suggest that ABCA7 deficiency leads to impaired lipid efflux, accu-
mulation of intracellular lipid species and disruption of membrane 
composition, all of which can influence APP processing and promote 
Aβ accumulation118. In addition, ABCA7 has been linked to regulation of 
endolysosomal trafficking and autophagy — pathways that are crucial 
for both lipid turnover and protein aggregate clearance. Thus, reduced 
ABCA7 function might exacerbate both lipid dysregulation and proteo-
static stress. From a therapeutic perspective, upregulation of ABCA7 
could enhance lipid clearance, improve membrane lipid composition 
and support phagocytic and autophagic capacity in glial cells. Given 
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its dual roles in lipid metabolism and protein clearance, targeting of 
ABCA7 might be particularly advantageous in diseases such as AD in 
which lipid dysregulation and protein aggregation are tightly coupled.

Beyond AD, gene-targeted approaches including GBA1 correction 
in PD and mHTT lowering in HD aim to restore lysosomal and metabolic 
function, thereby indirectly improving lipid handling. Importantly, 
these genetic strategies are likely to be most effective when combined 
with metabolic interventions that enhance lipid processing, reduce 
lipid peroxidation and preserve physiological lipid signalling. Such 
combinatorial approaches could synergistically alleviate lipid stress 
and improve cellular resilience across neurodegenerative conditions. 
Diet, exercise and vascular health shape lipid profiles, insulin sensitiv-
ity and inflammatory tone, which in turn affect astrocytic function99. 
Interventions that improve systemic metabolic health, such as exercise, 
caloric moderation or targeted dietary modifications, might enhance 
astrocytic resilience and reduce lipid peroxidation.

Astrocytic lipid dysregulation generates potentially acces-
sible biomarkers. Oxidized lipid species, APOE lipidation profiles, 
astrocyte-derived extracellular vesicles and lipid droplet-associated 
proteins in cerebrospinal fluid or plasma could provide readouts 
of early glial lipid stress119,120. Advanced imaging and spectroscopy 
approaches, including magnetic resonance spectroscopy and PET 
ligands targeting lipid metabolism, could provide in vivo windows into 
astrocytic lipid status. Such biomarkers would be invaluable for early 
diagnosis, patient stratification and monitoring of astrocyte-targeted 
therapies.

Conclusions
Astrocytic lipid dysregulation is increasingly recognized as a central 
feature of neurodegenerative diseases, although its role is best under-
stood as context-dependent rather than uniformly causal. Instead of 
acting solely as passive responders to neuronal injury, astrocytes can 
become active contributors to pathology when lipid homeostasis is 
disrupted. Impairments in cholesterol transport, fatty acid processing 
and detoxification, lipid droplet dynamics, and redox balance, together 
with increased susceptibility to ferroptotic stress and pro-inflammatory 
activation, create conditions that compromise neuronal function and 
viability. In this framework, astrocytic lipid dysregulation can, in certain 
settings, contribute to early pathogenic processes while acting more 
broadly to amplify protein aggregation, inflammation and metabolic 
stress.

Viewing neurodegeneration through the lens of astrocytic lipid 
biology shifts attention from terminal neuronal loss to earlier, poten-
tially reversible disturbances in glial metabolism. It also highlights 
astrocytic lipid regulation as a point of convergence for genetic risk 
factors, ageing-related changes and environmental influences. How-
ever, the current evidence does not support a universal model in which 
astrocytic lipid dysregulation is the primary initiating driver across all 
disorders. Instead, lipid dysregulation is more appropriately concep-
tualized as a dynamic modulator of disease vulnerability that interacts 
with other core pathogenic processes.

Advances in lipidomics, single-cell and spatial transcriptomics, 
and high-resolution imaging are rapidly refining our understand-
ing of astrocyte heterogeneity and lipid metabolism, enabling a 
transition from descriptive associations to mechanistic insight. 
These developments provide a foundation for therapeutic strate-
gies aimed at restoring astrocytic metabolic balance. In particular, 
approaches that preserve physiological lipid functions, including 
cholesterol trafficking, lipid storage and turnover, and fatty acid 

oxidation-dependent signalling, while limiting pathological lipid 
peroxidation and inflammation, might offer disease-modifying 
potential. The key challenge ahead will be to translate this evolv-
ing framework into targeted interventions that maintain astrocytic 
metabolic integrity and, in doing so, enhance neuronal resilience to 
neurodegenerative stress (Box 2).
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