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Alzheimer’s disease (AD) is a progressive neurodegenerative disorder which
becomes one of the most costly, fatal, and burdening diseases in this century. Lipid droplets
(LDs), once considered passive storage organelles, are now recognized as dynamic
structures involved in multiple biological process, with accumulating evidence suggesting
the association between LDs and AD. This review systematically synthesizes findings from
more than forty core studies published over the past decade, summarizing current knowledge
on LD biogenesis and function, their accumulation in various brain cell types, and their dual
role in either mitigating lipotoxicity or exacerbating neurodegeneration in AD. We propose
bidirectional lipid trafficking between neurons and glial cells as a critical future research
direction, postulating its important yet uncharacterized contribution to AD pathogenesis.
Understanding LD dynamics and their cross-talk among brain cells may reveal innovative
strategies for AD therapy.

Lipid droplets, Alzheimer’ s disease, Lipid trafficking

Alzheimer’s disease (AD) is swiftly converting into one of the most costly and fatal diseases in this
century, which will triple the prevalence of dementia worldwide by 2050 [1]. AD is a progressive
neurodegenerative disease distinguished by amyloid-beta (APB) deposition, tau pathology,
dysfunctional synaptic transmission and neuronal loss. Lipid droplets (LDs), though identified by
Alois Alzheimer in 1907, have not gained much attention since then. Recently, growing evidence
have shown the convincible associations between AD and LDs accumulation, with increasing genes
participated in lipid metabolism such as APOE (apolipoprotein E), ABCA7 (ATP-binding cassette,
sub-family A, member 7), SORL1 (sortilin-related receptor 1) and CLU (clusterin) [2] considered as
risky factors of AD. These results strongly indicate that dysregulated lipid metabolism plays an
important, yet not fully understood, role in the AD pathogenesis.

LDs gather neutral lipids such as triglycerides (TGs) and cholesterol esters (CEs) in a wide range
of cells. This dynamic organelle is not only essential for the punctual release of fatty acids (FAs)
needed for lipids biosynthesis, energy production and cell signaling, but also protects cells from the
accumulating lipotoxicity [3]. Contributing to 50% dry weight of the brain, lipids maintain its
anatomic as well as functional hemostasis, while LDs are observed in both neurons and glial cells.
Given this high lipid content, proper lipid storage and metabolism are essential for maintaining
neuronal function. LDs were initially considered simple fat storage depots but are now recognized as
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multifunctional organelles involved in different biological processes [4]. Considering LDs may play
an important role in brain cells and the little attention they gain in AD study, there is no doubt that
LDs will be a future research direction and potential therapeutic target for neurodegeneration. This
review explores the biogenesis and function of LDs, their physiological and AD- related
pathological functions in different brain cells, and lipid trafficking between these cells in AD
pathology. Our work delineates the current mechanistic understanding by which LDs drive AD
pathogenesis and identifies the existing uncertainties, which may point the way for future direction.

2. Function and biogenesis of lipid droplets
2.1. Biogenesis and regulation

The most empirically supported model for LDs biogenesis includes the lipid synthesis, LDs
nucleation and cytoplasmic growth of neutral lipids from the endoplasmic reticulum (ER) [5], with
several key enzymes and proteins regulating it. Basically, ER is the foundation of LDs biogenesis,
accumulating neutral lipids in its membrane leaflets and forming lens-like structure which ultimately
bud off into nascent LDs.

2.1.1. Lipid synthesis

As the most abundant neutral lipids in eukaryotes, TGs and CEs serve as mediators and modulators
of numerous cellular processes, synthesized by esterified diacylglycerol catalyzed by diacylglycerol
acyltransferases (DGAT) and acyl-CoA cholesterol O-acyltransferases (ACAT) separately. Crucially,
genetic deletion of DGAT1 and DGAT2 in mice ablates the cytoplasmic LDs content, while
exogenous expression of DGAT1 is sufficient for the restoration of LDs formation [5]. The results
suggest the fundamental role of lipids synthesis in LDs biogenesis.

2.1.2. LDs nucleation

Nucleation represents the initiation of phase separation within a blend, such as mixtures of gases,
liquids or solids. This phenomenon occurs when a reduction in the contact between dissimilar
molecules within the mixture becomes energetically favorable. When these dissimilar molecules
reach critical nucleation concentration (CNC), Neutral lipids within the ER bilayer can condense
into a lens, which is critical for LDs formation [6]. Beyond the CNC, few TG clusters can outstrip
the energy barrier that needed for nucleation and transfer to nascent LDs or blisters. Many proteins
and lipids are involved in this whole process such as the Seipin, lipid droplet assembly factor 1
(LDAF1) and PLIN3 [7]. Further research is needed to explore the precise molecular interaction and
regulation mechanism of lens formation.

2.1.3. Cytoplasmic growth of neutral lipids

After nucleation, the ER neutral lipids will bud into spherical LDs through overcoming the energy
obstacle of their membrane leaflets deformation and transfer in the form of LDs [7]. To achieve this
energy obstacle, several proteins and lipids are involved in the promotion of LDs budding through
reducing the cytosolic surface tension [8]. Budded LDs may then develop via a process called
Ostwald ripening in order to reach its full storage potential, facilitating the transit of neutral lipids
from smaller, naiver LDs to larger, maturer and functionally complete LDs [9]. Besides,
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phospholipids could be transferred from the ER to LDs through ORPS5 proteins and promote
cytoplasmic LDs growth [10], interpreting another modulator of LDs’ growth.

The procedure mentioned below is the biogenesis of cytoplasmic LDs, which has been the most
well characterized form of LDs so far. With the development of cell biology, we also recognized
nuclear LDs and luminal LDs, but we haven’t seen much correlation between the two types of LDs
and AD. Recent studies have shown that LDs biogenesis is tightly linked to cellular stress responses
[11]. For example, oxidative stress and ER stress can trigger LDs biogenesis as a protective
mechanism against lipotoxicity.

LDs are not merely passive lipid storage site but functional organelles that participate in multiple
process such as ablating oxidate stress, preserving membrane hemostasis and degrading misfolded-
proteins. For example, Evidence in human cancer cell shows that LDs formation is functioned as a
protective mechanism to lower the ROS levels instead of enhancing it. Knockdown of endogenous
expression of FABP3 and FABP7 (2 genes involved in uptake of fatty acids) significantly reduce the
LDs formation and cancer cell proliferation during hypoxia, while genetic deletion of PLIN2 (LD
formation associated gene) shows similar result. These cellular experiments suggest that lacking
storage of fatty acids in LDs impairs the protection mechanism of ROS toxicity in cancer cells
during hypoxia [12]. Current studies based on yeast model also purpose the interesting possibility
that LDs can participate in protein maturation and modulate the folding condition of proteins by
releasing a sterol-derived molecule that somehow functions as a chemical chaperone which play a
role in promoting the refolding of misfolded proteins or in aiding their degradation pathways [13].
In many cell types, the major lipids stored in the droplet center correspond to TGs and CEs with a
series of different FA side chains. These are important for supplying phospholipid precursors and
cholesterol to cell membranes, which maintains the hemostasis of ER and serve as a constant supply
for cell membrane [14].

Given these diverse roles, LDs may act as a potential crossing between proteins and lipids
metabolism homeostasis. Abnormal changes happened in each step may lead to the consequence of
breaking the Cellular material metabolism homeostasis. As a result, dysregulation of LDs dynamics
can have profound implications for health and disease.

Currently, AD is characterized by senile plaques consist of deposited AP proteins and neurofibrillary
tangles consist of hyperphosphorylated tau, but growing evidence shows that LDs accumulation is
highly involved in the AD pathogenesis. LDs accumulation is found earlier than neurofibrillary
tangles as well as senile plaques in both AD mouse models and the AD postmortem brains. More
pathologic AP plaques deposition and neurofibrillary tangles formation are found in the LDs
accumulating AD animal models [4], suggesting that AD pathogenesis could be exacerbated by
dysfunctional lipid metabolism. Another study finds plasma of aged type 2 diabetes patients’ cells
lead to inhibited lipophagy and lipids accumulation in cultured microglia, with suppression of this
pathway improve the cognitive function in mouse [15], interpreting LDs accumulation may
contribute to cognitive impairment, which is also the major symptom of AD. However, LDs
formation is not always a bad thing, the loss of functional tau proteins in glial cells could make them
more sensitive to neuronal oxidate stress for disrupting normal LDs formation [16]. Recent study
also shows protective alleles of AD upregulate neuronal CLU expression and promote neuron
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excitability through facilitating lipid transport from neuron to glia, inducing LDs formation in
astrocytes [17]. These changes then weaken the astrocytic function of glutamate uptake thereby
affecting neuron excitability, showing a possible protective effect of the LDs in the AD.

The APOE gene mediate the lipid homeostasis and lipid transportation in brain, with the APOE4
variant as the riskiest genetic factor. Recent study revealed an unusual pathway that astrocytic
APOEH4 can traffic to LDs via ER-LD contacting membrane bridges instead of translocating into ER
[18], modulating droplet size and leading to LDs accumulation in astrocytes, which then aggravate
the AD pathology. Study on microglia also find transcriptomic changes in APOE4 microglia,
showing genes involved in oxidative phosphorylation process are downregulated dramatically,
which could contribute to dysfunctional FA oxidation and lead to lipids metabolism dysregulation.
More LDs accumulation is observed in the APOE4 microglia compared to the APOE3 or APOE-
Knockout microglia, causing more phosphorylated Tau (pTau) proteins and apoptosis in the neurons
[19], which contribute to the memory loss and cognitive impairment in AD patients. These results
indicate the necessity of LDs formation in AD pathogenesis.

4. Ad-related physiological and pathological function of lipid droplets in different types of
brain cells

4.1. Neurons

Physiologically, neurons exhibit low TG concentrations, with limited in vivo evidence
demonstrating LDs accumulation in it [20]. Under normal conditions, neurons have relatively few
LDs, as they preferentially oxidize FAs for energy and reconstruct cellular membranes by turning
over TGs constantly to synthesis phospholipids. However, neuronal LDs accumulation could be
enhanced by cellular stress, aging and treatment of high fatty acid in vitro. Neurons are relatively
vulnerable to neutral lipids accumulation because of lacking antioxidant protecting system contrast
to other glial cells in the brain [4]. Pathologic neutral lipids accumulation can potentially contribute
to neurodegeneration due to the increasing reactive oxygen species (ROS) generation induced by
dysregulated fatty acid catabolism. The AD protective genes involved in lipid synthesis pathway
reduce the neuronal LDs accumulation and increase the neuronal excitability through CLU
expression [17], which explores the protective mechanism of reducing neuronal LDs accumulation
in AD pathology.

LDs in neurons also participate in synaptic plasticity by supplying lipids for membrane
remodeling. For example, energetic storage capacity in neuronal lipid bilayer is enhanced in the
form of long-term potentiation (LTP) as a result of electrical stimulation, enabling neuronal learning
process and long-term memory formation [21]. LDs play an important role in this procedure as it
can supply phospholipids to reconstruct the neuronal membrane and keep its’ hemostasis, breaking
the balance of lipid metabolism may impair the LTP and memory storage in neurodegeneration
diseases.

4.2. Astrocytes

Astrocytes, the most abundant cell type in the CNS, also the main lipid supplier in the brain, store
fatty acids in LDs and release them via lipolysis for neuronal energy metabolism. Lipids play a
crucial role in astrocytic function, such as producing energy, membrane hemostasis and consisting
intercellular signal pathway. Since most of the lipoproteins can’t permeate the blood brain barrier
(BBB), the lipids synthesized in astrocyte are functional importantly to neurons and other glia.
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Excess FAs from neuron membranes may lead to the LDs accumulation in astrocytes via FAs
binding protein (FABP), while the dietary FAs cross the BBB may have a synergetic effect [22],
serving as buffer pools for either toxic or energy-producing FAs in CNS.

Additionally, there is growing evidence that astrocytic stored lipids in LDs have a significant
physiological and protective meaning in the CNS. The main purpose for astrocyte to form LDs is to
provide fuel for beta-oxidate, supplying alternative energy for the cells. Under cell stress, however,
the low glucose condition in astrocytes switch the main energy source from carbohydrate to lipids
[23], which promotes the LDs accumulation in astrocyte. LDs in astrocytes modulate inflammatory
responses by sequestering oxidized lipids that would otherwise activate pro-inflammatory pathways.
For example, it has been shown that conjugated linoleic acid could modify the secretion of TNF-a,
RANTES, and IL-1p in cell-cultured astrocytes [24].

Clinically, impaired lipid hemostasis in AD’ s early phase, especially LDs accumulation in brain
cells, has been confirmed by abundant experimental evidence. As the most important modulator of
lipid metabolism in brain, astrocytes demonstrate metabolic shift and LDs accumulation induced by
APOE4 during AD pathogenesis [25]. A recent study reveals that deficient oxidative
phosphorylation in astrocytes triggers lipid metabolic dysregulation and reactive astrogliosis, which
henceforth inhibits the biogenesis of lipids demanded for oligodendrocyte-mediated myelin
turnover, activating microglial neuroinflammation as well as aggravating cognitive impairment in
AD patients [26]. Since we discuss both the physiologically protective and pathologically
destructive roles of LDs accumulation in astrocytes. It is still mysterious how do the LDs
accumulating astrocytes switch from a protector in CNS to the main promoter in AD pathology,
which may shed light on the mechanism of starting the early stage of AD.

Functioning as the principal resident immune cells within the CNS, microglia express a diverse
array of receptors sensitive to fluctuations in lipidomic composition. The increased formation of
LDs in microglia indicate activated phagocytosis or pathological conditions, affecting their
physiological roles, containing capabilities of immune defense, phagocytosis, and polarization
adversely. For instance, lack of adipose triglyceride lipase (ATGL), resulting in decreased
intracellular free fatty acids (FFAs) concentrations and increased accumulation of LDs, weaken the
phagocytosis function and defense capabilities of microglia [27]. Microglia have several main
sources for LDs formation, comprising the phagocytosis of dead cells or pathogens, lipoprotein
particles and neuron-derived lipids [28]. When the lipids are overloaded in microglia, the
impairment of phagocytosis may serve as negative feedback to limit the excessive lipids
accumulation.

Microglial LDs are also linked to immune responses. LDs may function as the signaling platform
which modulate the immune response. Activation of toll receptors, one of the most important
receptors for innate immune pathogens, could induce LDs accumulation in microglia through
upregulation of lipid-synthesis enzymes, which may then exacerbate neuroinflammation [29].
Intriguningly, recent study has found that CRISPER-knockout (CRISPER-KO) of an AD risk gene-
S100A1, which is a downstream modulator of the lipopolysaccharide (LPS) and toll-like receptor 4
(TLR4) response in macrophages, could reduce the LDs in microglia [19]. These lipid-laden
microglia upregulate the pro-inflammation pathway as the response to the innate immune triggers,
such as virus or bacteria [30].

Accumulating evidence implicates dysregulated LDs accumulation within microglia as a
significant contributor to the AD pathogenesis. The AP proteins exposure is sufficient to induce the
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LDs accumulation in microglia [31], which impair phagocytosis function and aggravate the tau
pathology in AD patients. Increased microglial LDs accumulation has been observed in mouse
brains with serve pTau pathology, which can be exacerbated by neuronal AMP-activated protein
kinase (AMPK) depletion [32]. DGAT2, a key gene involved in lipid biosynthesis and LDs
formation, is upregulated in both the 5XFAD mice model and AD patients’ s brains, with enhanced
microglial uptake of AP as well as decreased plaque load observed in AD mouse models after
pharmacological treatment of DGAT?2 [31], suggesting reducing LDs formation could be a potential
therapeutic target of AD.

The main function of oligodendrocytes is to mediate the myelin wrapping around the axons, which
ensure rapid electrical conduction of neurons. Oligodendrocytes rely on LDs for myelin sheath
maintenance, as myelin is highly enriched in lipids. Seipin is one of the key proteins involved in
LDs formation. Recent study has found that deficient Seipin dysregulates physiologic differentiation
of the oligodendrocyte precursor cells, which subsequently decreases oligodendrocytes numbers,
producing less myelin proteins and diminishing thickness of myelin. Behavioral tests indicate
impaired motor coordination and spatial cognition in mice [33]. This suggests that disruption of LDs
homeostasis in oligodendrocytes can lead to myelin degeneration, a feature observed in early AD.
Higher LDs have also been reported in immature precursors contrasted with mature
oligodendrocytes [4], indicating that LDs in oligodendrocyte may contribute to the myelin
maturation in our central neuronal system. But the mechanism of how LDs affect the myelin
maturation still remains unknown, and more experiments are needed to confirm the correlation
between LDs in oligodendrocytes and AD.

In conclusion, AP deposition and neuron inflammation may induce LDs accumulation in
astrocytes during the early stage of AD, disrupting lipid homeostasis in CNS. As the disease
progresses, AP or other innate immune triggers could induce LDs accumulation in microglia,
causing transcriptomic changes and dysfunctional phagocytosis which exacerbate neuron
inflammation and A pathology. LDs-accumulating glial cells ultimately drive neuronal lipotoxicity
and tau pathology, aggravating AD-associated cognitive impairment or memory loss.
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Figure 1. AD-related pathological function of LDs in different brain cells
5. Bidirectional lipid trafficking between neurons and glial cells in AD

Bidirectional lipid trafficking between neurons and glial cells in AD are becoming more and more
important as the study develop. We discuss the lipid metabolic dysregulation among different types
of brain cells during AD pathology, and the deterioration of it leads to the abnormal lipid transport
between brain cells. Since the abnormal lipid transport can induce the lipid accumulation or LDs
formation from one cell to another, this makes it not only a crucial mechanism for disease
deterioration but also a potential treatment target for neurodegenerative disease. Here we will
introduce the lipid transport in neuron-astrocyte and neuron-microglia, which is also shown in
Figure2.

5.1. Neuron-astrocyte lipid trafficking

The lipid trafficking between astrocytes and neurons is a well-characterized process. With protein
mass spectrometry, researchers confirm the significant upregulation of APOE proteins in purified
reactive astrocytes media, suggesting concentrated APOE expression in pathology-induced astrocyte
and potentially crucial function of it [34]. APOE is necessary for the formation of lipoprotein
particles, which is the major mechanism for lipid trafficking [35], while high expression of APOE
suggest high secretion of lipoprotein particles. However, combinatorial exposure to a wide range of
extracellular factors, including growth factors, cytokines and hormones under multiple pathologic
conditions induce the astrocytes transfer into another transcriptional type-reactive astrocytes, which
could cause both destructive and protective effects on the CNS [36]. An interesting study finds that
the IL-1 induced reactive astrocyte could secret toxic lipoprotein particles and increase the cell death
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of oligodendrocytes or neurons in vitro, while the APOE-antibodies could reverse the astrocyte-
induced cell death [34], interpreting the possibility that lipid transport induces the neuron-toxicity
during pathologic conditions such as AD. Another research reveals that the specific expression of
APOE in astrocytes is adequate to reverse the pathological state of fibrillar amyloid - beta (fAB) and
trigger a reactive response in microglia [37]. These recent studies support the perspective that
astrocyte may play a central role in APOE mediated amyloid plaque pathology as well as lipid
dysfunction in AD pathology.

Besides, the discovery of lipids trafficking from neurons to glial cells has gained more and more
attention recently. Not only carbohydrate oxidation but also lipid metabolism is coupled in both the
glial cells and neurons [35]. Neurons produce extra toxic FFAs in response to oxidate stress. Since
neurons have a poor ability to form LDs and protect the cells from lipotoxicity, they need to transfer
these fatty acids into the glia cells around it, which is mostly astrocyte. While the knock-down of
APOE could reduce the lipids trafficking from neuron to glial cells, indicating the APOE also highly
involved in this procedure [4]. Decreased FA sequestering in LDs as well as diminished lipid
transport efficiency could explain the APOE-induced neuronal dysfunction, causing energy
metabolic impairment and neurite outgrowth in neurons [26]. Recent studies prove that neuron-to-
glia lipid transport pathway induced by ROS is highly regulated by several AD-associated genes
including VPS26 and ABCA1, while loss of these genes reduce the LDs formation in astrocyte,
which is neuroprotective [38]. An endolysosomal protein-TTYH]1 enriched in astrocyte facilitates
autophagic flux and LD degradation process, while the depletion of this gene leads to impaired
protective function in LDs and increasing neuro-derived lipotoxicity [39], suggesting a potential
pathologic pathway in AD brains. Correspondingly, the AD protective alleles reduce the neuronal
LDs accumulation but induce LDs formation in astrocyte through CLU expression [17], which
means enhancing neuron to astrocyte lipid transport might be the mechanism of AD protective
alleles. Further experiments will be needed to explore the exact molecular pathway of the lipid
transport between astrocyte and neuron, hoping to find some molecular target for the AD treatment.

LDs accumulation in microglia raises increasing attention nowadays. Termed as LD-accumulating
microglia (LDAM), the microglia of aged mouse accumulate LDs and exhibit transcriptional
changes, while the same type of microglia has also been seen in AD patients’ brain sections [19].
Intriguingly, in Haney’s study, they find co-culture of the microglia with LDs accumulation and
neurons may induce LDs in these neurons with the same type of lipids as the LDs in microglia.
Subsequent research reveals that activated microglia prompt neuronal LDs accumulation. Moreover,
it identifies lactic acid from microglia as a principal modulator of this mechanism [40]. These
findings indicate a potential unknown pathway that transfer the lipids from LDAM to neurons,
which can be neurotoxic. Further studies are essential to explore that pathway and confirm the
molecular mechanism of it.

Microglia can uptake the excessive FFAs or lipoprotein particles secreted by stressed neurons to
reduce the lipotoxicity. Nevertheless, the microglia in AD brains demonstrate impaired phagocytosis
as the amyloid-B proteins affect the microglia through APOE4-LILRB4 combination [41]. As a
result, these neurotoxic lipids accumulate with the disease develop, contributing to the memory loss
or cognitive impairment in AD patients. It is also reported that APOE4 induces a lipid-accumulated
state that renders microglial calcium activity as the response of neuronal electrical signals. They
successfully identified that APOE4 microglia disrupts the coordinated electrical physiology among
neurons and glial cells via decreasing phagocytosis of extracellular FAs and lipoproteins [42].
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TREM2, one of the star-molecular in macrophage studies, regulates crucial cellular metabolic
pathways such as lipid metabolism and oxidative phosphorylation, triggering the APOE subsequent
signal activation which could lead to LDs accumulation and pro-inflammation effect [28]. This
comes up with a potential pathway that the neurons or astrocytes could secret the APOE through
lipoprotein particles, which could then affect the clearance function and lipid homeostasis of
microglia by binding with the LILRB4 or TREM2 receptors. But still, many details have not been
confirmed in this speculation and more further experiments are needed to identify the mechanism of
the lipids’ crosstalk between neurons and glia cells.
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Figure 2. Lipid trafficking during physiologic and AD-pathologic conditions

6. Conclusion

In summary, LDs play a dual role in AD—protecting cells from lipotoxicity while potentially
exacerbating neurodegeneration and neuroinflammation. In this review article, we look back the
latest studies about the biogenesis process of LDs, the correlation of LDs and AD, the physiological
and pathological function of LDs in brain cells and the lipid trafficking between different brain cells.
This area has not gained much attention until now, and more details need to be further investigated.
Although accumulating evidence reveals the LDs might play a significant role in AD pathogenesis,
only a small number of clinical trials targeting LDs formation are currently underway. The further
study on LD dynamics and lipid transport among different brain cell types may provide novel
therapeutic strategies for AD.
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