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The pathogenesis of Alzheimer’s Disease remains elusive, representing one of the
most pressing challenges in modern neuroscience. Recent, researches have increasingly
highlighted lipids in AD pathology, suggesting novel pathways for AD pathogenesis and
therapeutics. Apolipoprotein E (APOE) as lipid transporters, are widely recognized as the
gene risk factor of AD, with the APOE4 allele conferring earlier onset and more severe
phenotypes. Beyond lipid transportation, APOE can also bind to amyloid-beta and other
proteins and lipids, thereby modulating pathological processes. In brain tissues from AD
patients, microglia frequently accumulate abnormal lipid droplets in association with
amyloid-B and other aggregates. In astrocytes, lipoparticles enriched in saturated fatty acid
have been shown to exert the neurotoxic effect. To detect the type of these abnormally
accumulated lipids in glia and neurons, lipidomic analyses were made and they showed the
content of glycerophospholipid decreased and the content of sphingolipid and long-chain
sphingomyelin increased. Many of the abnormal lipids accumulations above are caused by
organelle impairment, mitochondrial dysfunction can lead to the reactive oxygen species
(ROS) mediated abnormal lipid metabolism. While lysosomal impairment, especially
mutations in the PLD gene family, leads to defective lipid degradation and pathological lipid
accumulation. Overall, these findings emphasize the importance of lipid metabolism in AD
and provide mechanistic insights into the disease progression.
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Alzheimer’s Disease as one of the leading global challenges, with the age-associated morbidity and
pathology, has received more and more focus from researchers around the world. Usually, it can
cause a progressive decline of thinking, memory and language function in the brain [1].
Pathologically, AD is defined by the deposition of amyloid-f (AP) plaques in the brain and the
cerebral vasculature, tau protein neurofibrillary tangles, and neuronal death [2]. Based on these
characteristics, researchers proposed several hypotheses like amyloid-f hypothesis and tau protein
hypothesis to justify the pathogenesis behind Alzheimer’s disease. However, its pathogenesis still
isn’t fully understood because no research show whether these pathological characteristics are causal
or secondary. In clinical practice, no curative treatment exists and drugs provide only symptomatic
relief.

© 2025 The Authors. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(https://creativecommons.org/licenses/by/4.0/).
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In recent years, more and more researchers have shifted their focus from the role of proteins to
the role of lipids in the progression of Alzheimer’s disease as they found the potential relationship
between the abnormal accumulation of lipids in brain tissues and the pathological development of
Alzheimer’s Disease [3]. Lipids are not merely structural components of membranes but also
regulators of energy metabolism, cell signaling and inflammatory processes [4]. Dysregulated lipid
homeostasis may therefore act as a driving force in AD pathology, either independently or with Af
and tau pathology. Also, lipid-related genes like Apolipoprotein E (APOE) have been found to be
relevant with AD morbidity and severity according to their alleles and expression levels. Notably,
cerebrospinal fluid lipidomic has revealed distinct difference between AD patients and control
groups [5]. These lipid level changes in CNS demonstrate the regulation of lipids in human brain
cells could be prospective for the control of AD progression.

2. APOE and Alzheimer’s disease

In human body, Apolipoprotein E (APOE) can directly affect the lipid redistribution as it primarily
serves as a lipid transporter [6]. Two domains including N terminal domain and C terminal domain
have been found in APOE molecular structure. With N terminal domain mainly responsible for the
low-density lipoprotein receptor (LDLR) binding and C terminal domain mainly responsible for the
binding of lipids and amyloid beta peptides [7]. This unique structure and binding characteristic may
explain why APOE gene is always found to have correlation with lipids and AD pathology in the
relevant research.

APOE gene is the most significant and extensively studied genetic risk factor for AD. It has three
main allele variants which is €2, €3 and €4, with an increase of AD risk. Specifically, for the APOE4
and APOE2 genotype as the former can lead to earlier onset of AD and the latter reveals reducing
risk of AD [8]. In recent study, researchers also explored the effect of APOE loss-of-function (APOE
LoF) on AD morbidity and pathology. It was confirmed that APOE LoF variant carriers (¢4/—) have
the characteristic of longevity and lacking of severe hypercholesterolemia. They have a later onset
even if they get AD compared to those patients with €4/e4 homozygotes or €3/e4 heterozygotes [9].
This provides the possible therapy of AD to partially knock out APOE gene or inhibit its function.

3. Effect of dysfunctional glial lipid metabolism on AD patients

In central nervous system (CNS), glial cells take the function of protection, nutrition and immunity.
The abnormal lipid accumulation in these glial cells can damage the homeostasis of neuronal cells
and even the whole CNS. That’s why researches on dysfunctional glial lipid metabolism are
important for the exploration of AD pathogenesis.

3.1. Abnormal lipid metabolism in microglia correlates with the progression of AD

In human brain tissues, microglia is a kind of glia responsible for regulating synaptic plasticity,
clearing cellular debris, mediating neuroinflammation and other significant function in central
nervous system (CNS) [10]. In aging brains, more lipid droplets accumulate in microglia than that of
young individuals’ and these abnormal microglia are identified as lipid-droplet-accumulating
microglia (LDAM) [11]. This age-associated change of microglia can also be found on AD
pathology progression. So, researchers further explored the relationship between LDAM and AD,
trying to find the potential pathogenesis of AD. The single-cell RNA sequencing of LDAM from
brain tissues of AD patients indicates the upregulation of ACSLI1, which is a key enzyme gene in
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lipid droplet biogenesis. Immunohistochemical studies further showed that most lipid droplets
preferentially located near amyloid-f (AB) plaques and the number of lipid droplets had a positive
correlation with AP plaques amount and tau pathology levels, which are the two criteria to evaluate
the AD severity [3]. This relationship between lipid droplets accumulation in microglia and AD
progression broadened the neurodegenerative mechanism of AD and found a new direction in AD
therapeutical and pharmaceutical research by targeting on abnormal microglia.

3.2. Abnormal lipid metabolism in astrocyte causes neurotoxic effect and neurodegeneration

Astrocytes are the most abundant glial cells in the brain. Normally they provide metabolic and
trophic support to neurons. However, they can be transformed into reactive state by the stimulation
of inflammatory cytokines like interleukin-1 alpha (IL-la), tumor necrosis factor (TNF), and
complement component 1q (C1q). These reactive astrocytes can secret lipoparticles rich in long-
chain saturated free fatty acids (FFAs) and phosphatidylcholines with very-long-chain fatty acid acyl
chains (VLCPCs), mediated through APOE/APOJ complexes. Interestingly, researchers found the
APOE/APQOJ itself can’t lead to neuronal death, instead, FFAs and VLCPCs are the crucial
neurotoxic component in lipoparticles. They activate the endoplasmic reticulum stress-related PERK
(Protein Kinase R-like ER Kinase) pathway, leading to the dephosphorylation of FOXO3a,
subsequent up-regulation of PUMA (p53 upregulated modulator of apoptosis) and ultimately the
activation of caspase-3 to trigger apoptosis. Cells with knockout of PUMA are resistant to toxic
lipids, confirming the key role of this pathway. The expression of ELOVLI, a kind of enzyme
responsible for the synthesis of long-chain, fully-saturated lipids, is found to have significance effect
on the production of neurotoxic lipids [12]. This indicates that lipids instead of proteins, including
lipoprotein, AP of tau protein, may play the decisive role in the neurotoxic effect and
neurodegeneration of AD patients.

3.3. Lipid composition of extracellular vesicles from AD patients

Brain-derived extracellular vesicles (BDEVs) serve as vehicles for intercellular communication in
CNS and they carry several disease-specific lipid biomarkers. They are not regarded as glial cells
but the lipid types and content inside BDEVs can reflect the lipid metabolism condition in glial
cells. The lipid composition of BDEVs from frontal cortex tissue of AD patients appear to be
different from the healthy control ones. Specifically, glycerophospholipid (GP) content decreased
while sphingolipid (SP) content increased in BDEVs from AD patients. More importantly, the
content of docosahexaenoic acid, which is a kind of anti-inflammatory poly unsaturated fatty acid,
also decreased in BDEVs from AD patients. This change can potentially exacerbate
neuroinflammation and AP plaques. Also, the content of long-chain sphingomyelin (SM) is
increased in BDEVs from AD patients [13]. This increase of SM is confirmed to be relevant with tau
pathological level and suggests that abnormal sphingolipid metabolism may be involved in synaptic
dysfunction in AD [14].

These compositional changes may promote neuroinflammation and accelerate synaptic
dysfunction. Importantly, BDEVs offer a minimally invasive source of biomarker accessible from
peripheral fluids, positioning them as promising tools for early AD diagnosis and disease
monitoring. Their lipid profiles also provide insights into dysregulated metabolic networks within
the CNSS.
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4. Cause of abnormal lipid metabolism in organelle level

Mitochondria and lysosome are the main organelles responsible for the metabolism of lipids inside
cells. Their impairment in CNS cells can directly cause the lipid accumulation in glial cells and
neurons, which provide a direct cause of lipid-mediated AD pathology.

4.1. Mitochondrial dysfunction causes ROS mediated abnormal lipid metabolism

Reactive oxygen species (ROS) is a kind of by-product of aerobic respiratory, which is found to be
toxic to DNA and proteins. Before, researchers found it has effect on the behavior of cancer cells
[15]. Now, new research found abnormal release of ROS also causes abnormal lipid metabolism in
central nervous system. When mitochondrial dysfunction leads to elevated ROS, glial cells can
secret lactate to increase the lipid synthesis in neurons. These lipids are then transported to glial cells
through fatty acid transport proteins (FATPs) and apolipoproteins, where they are stored as lipid
droplets. The principle behind this mechanism is that lipid droplets can reduce neuronal damage by
isolating peroxidized lipids and conversely, the inhibition of lipid droplet can exacerbate the ROS-
mediated neuronal death [16]. This finding suggests that mitochondrial dysfunction can lead to the
lipid droplet accumulation in glial cells and it can potentially cause neuronal death. In the same time,
controlling lactate transport between neurons and glial cells may provide a potential strategy for AD
intervention and treatment.

4.2. Lysosomal dysfunction cause PLLD3/4 mediated abnormal lipid metabolism

Bis(monoacylglycero)phosphate (BMP) is a kind of lysosomal phospholipid that is responsible for
the degradation of numerous lipids. Phospholipases D3(PLD3) and PLD4 can catalyze the synthesis
of BMP. PLD3 and PLD4 deficiency in human cells can lead to the decrease of BMP levels and
ganglioside accumulation. In relation with Alzheimer’s Disease, PLD3 V232M and PLD3 L308P
can reduce the BMP synthesis thus leads to the lipid accumulation in neurons [17]. This finding
directly links the phenomenon of lipid accumulation to the lipid metabolism organelle lysosome. For
further study, maybe we can overexpress PLD3/4 cells in 5XFAD transgenic mice to find whether
they can relieve the lipid accumulation and AD pathology.

5. Conclusion and perspective

Lipids play an important role in the pathogenesis of Alzheimer’s Disease. The abnormal lipid
metabolism in central nervous system affects both glial and neuronal populations, driving
neuroinflammation, apoptosis and synaptic dysfunction. Inflammatory cytokines, gene types, ageing
and a lot of other factors can cause the abnormal lipid metabolism in CNS. Researchers successfully
characterized the lipid types and find some of the upregulated gene in the brain tissues from AD
patients. But the mechanism of signaling cascades behind these pathological characteristics still
remain unknown. Moreover, the causal versus secondary nature of lipid dysregulation in AD
remains to be clarified. Addressing these gaps requires integrative approaches combining lipidomic,
genomics and advanced neuroimaging techniques.

In the future, more efforts may be put onto the in vivo investigations of lipid metabolism. It is
crucial to find the source to cause these abnormalities and the internal relationship between different
abnormal neuronal and glial cells, including microglia, astrocyte, neurons and so on. Further on, we
may get the chance to reverse the abnormal lipid metabolism and delay the progression of
Alzheimer’s Disease. Also, with the advancement of biochemical techniques, we are able to observe
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the pathological changes from cellular, organelle or even molecular levels. These monitoring and
imaging techniques should also be appropriately used to explore more evidences and findings about
the pathogenesis of Alzheimer’s Disease.
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