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Abstract 

The importance of neuroglia in maintaining normal brain function under physiological and pathological conditions 
has been supported by growing evidence in recent years. The most important issues regarding glial metabolism and 
function include the cooperation between glial populations and neurons, morphological and functional changes in 
pathological states, and the role in the onset and progression of neurodegenerative diseases. Although lipid accu-
mulation and further lipid droplet production in neurodegenerative disease brain models have been observed for a 
long time, the dynamic development of brain lipid droplet research in recent years suggests its role in the develop-
ment and progression of neurodegenerative diseases was previously underestimated. First recognized as organelles 
of lipid storage, lipid droplets (LDs) have emerged as an important organelle in metabolic diseases, inflammation, and 
host defense. Dynamic changes in lipid metabolism within neurons and glial cells resulting in lipid accumulation and 
lipid droplet formation are present in brain models of various neurodegenerative diseases, yet their role in the brain 
remains largely unexplored. This paper first reviews the metabolism and accumulation of several major lipids in the 
brain and discusses the regulation of lipid accumulation in different types of brain cells. We explore the potential role 
of intracellular lipid accumulation in the pathogenesis of neurodegeneration, starting from lipid metabolism and LDs 
biogenesis in glial cells, and discuss several pathological factors that promote lipid droplet formation, mainly focusing 
on oxidative stress, energy metabolism and glial cell-neuron coupling, which are closely related to the etiology and 
progression of neurodegenerative diseases. Finally, the directions and challenges of intracellular lipid metabolism in 
glial cells in neurodegeneration are discussed.
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Introduction
The dynamic interactions between glial cells and neu-
rons maintain the normal functioning of the brain. Neu-
rodegenerative diseases are characterized by progressive 
neuronal dysfunction and death, and neuronal survival 
depends on the support of neuroglia, which is vulnerable 

to pathological factors such as neuroinflammation, oxi-
dative stress, and aging. As the second most lipid-rich 
organ, lipid metabolism in the brain is closely linked to 
brain energy homeostasis, oxidative stress, and neuro-
inflammation, and imbalances in neuroglial cell lipid 
metabolism affect normal neuronal activity.

The brain contains large amounts of sphingolipids 
and cholesterol, which are involved in synaptogenesis 
and neurogenesis, impulse transmission, and are inex-
tricably linked to the development and maintenance 
of the brain and the proper conduct of many other 
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cellular processes [1, 2]. However, lipid accumula-
tion production of lipotoxic metabolites induced by 
impaired lipid metabolism in the brain may further 
trigger central nervous system diseases and injuries. 
LDs are independent organelles associated with lipid 
storage, for example, excess free cholesterol (FC) is 
converted to cholesteryl esters (CE) and stored in LDs, 
and ceramides are separated into acyl ceramides for 
storage in LDs. For a long time, LD formation was con-
sidered to be primarily associated with lipid transport, 
serving as relatively simple storage particles for lipid. 
Newly emerged research is starting to shed light on the 
functions of LDs in pathophysiology.

The histological presence of LDs in human brain 
glial cells has been discovered over 100  years ago [1]. 
Synthesis and storage of neutral lipids is a fundamen-
tal property of eukaryotic cells, and most eukaryotic 
cell types store fat in cytoplasmic LDs, culminating in 
the compartmentalization of lipids. While the brain is 
under pathological conditions, the content of LDs in 
glial cells is increased, but to a lesser extent in neu-
rons. It has been controversial whether this lipid accu-
mulation under stress has a protective or detrimental 
role on the brain. Disruption of lipid metabolism and 
energy homeostasis are prevalent in neurodegen-
erative diseases such as amyotrophic lateral sclerosis 
(ALS) [3]. In addition, LDs are thought to be the initial 
sites of α-synuclein aggregation in patients with Alz-
heimer’s disease (AD) and Parkinson’s disease (PD) [2].

LDs are highly regulated organelles that contribute 
to many cellular processes and emerge as metabolic 
hubs with diverse roles in energy and signaling pre-
cursors storage, cell stress management, and protein 
handling [4, 5]. LDs accumulation became of interest 
in all brain cell types when LDs in glia were discovered 
to contribute to neurodegeneration. Almost all brain 
cells have been found to contain LDs, and LD accu-
mulation in microglia and astrocytes is the most stud-
ied. Interestingly, LD-rich microglia exhibit a different 
pathology-related functional phenotype, with genes 
regulating LD production overlapping with some 
genes that cause autosomal dominant neurodegen-
eration (SLC33A1, SNX17, VPS35, CLN3, NPC2, and 
GRN) [6]. Although a link between LDs and neurode-
generation has been demonstrated, the role of LDs in 
the brain is relatively unstudied.

In this review, we describe several important lipids 
in the brain, summarize the current pathological cor-
relates affecting neuroglial LD accumulation, the rel-
evance of several degenerative diseases to LDs, and 
focus on the potential impact of neuroglial cell lipid 
dynamics on the development of degenerative brain 
lesions.

Lipid synthesis and function in the brain
Cholesterol
Cholesterol is a major component of cell membranes and 
is important for the development and function of the 
brain, regulating membrane fluidity and synaptogenesis. 
Cholesterol in the brain is mainly distributed in myelin 
sheaths formed by oligodendrocytes and cell membranes 
of glial cells and neurons. The formation of synapses 
requires large amounts of cholesterol, and there is sub-
stantial evidence that cholesterol is widely distributed 
in pre- and postsynaptic regions to maintain and organ-
ize synaptic proteins, decreased synaptic transmission 
and impaired synaptic plasticity were observed in cho-
lesterol-deficient neuronal cells [4, 7]. The cholesterol 
requirement for neurite regrowth increases in a variety 
of neuronal types after nerve injury, the cholesterol-rich 
transporter lipoprotein Apo-E accumulates at regenerat-
ing axon sites [5], and efficient cholesterol transport also 
plays a critical role in nerve regeneration.

Cholesterol in the brain is mainly derived from de novo 
synthesis due to the presence of the blood–brain barrier 
(BBB). The rate of cholesterol synthesis peaks early in 
human and rodent brain development and during myelin 
formation, after which brain cholesterol synthesis and 
consumption remain at very low levels and its steady-
state concentration remains essentially constant [8]. 
Although differences in cholesterol biosynthesis among 
brain cells are controversial, several studies suggest that 
cholesterol production, transport, and internal environ-
mental stability in the brain are very different during dif-
ferent periods.

Developing neurons have an active de novo choles-
terol synthesis and produce significantly higher amounts 
of cholesterol than astrocytes [3]. By comparing the 
differences in cholesterol precursors in neurons and 
astrocytes, it was found that neurons contain mainly 
precursors of the Kandutsch-Russel pathway, including 
lanolin (LA), whereas astrocytes contain desmosterol, a 
precursor of the Bloch pathway, indicating that neurons 
and astrocytes use different routes for cholesterol syn-
thesis. Compared to astrocytes, adult neurons have very 
low levels of the squalene precursor converting enzymes 
lanosterol-converting enzymes-24-dehydrocholesterol 
reductase (DHCR24) and lanosterol 14-alpha demethyl-
ase (CYP51) [6], which struggle to efficiently convert LA 
and exhibit lower rates of cholesterol synthesis. A series 
of studies on rat retinal ganglion cells (RGCs) have shown 
that in the absence of glial cells, neurons form immature 
synapses with low numbers and inefficient transmission. 
This study also indicates that synaptogenesis is limited 
by glial-derived cholesterol availability, consistent with 
the fact that most synapses in the developing brain are 
formed after macroglia differentiation [9].
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Dysregulation of cholesterol metabolism is associated 
with a variety of neurodegenerative pathologies, and 
AD is the most studied. Excess FC is converted to CE 
by cholesterol acyltransferase (ACAT) and subsequently 
accumulated in intracellular LDs or effluxed to the extra-
cellular environment [10]. Increased cholesteryl-ester 
levels enhance the release of β-amyloid(Aβ) in cultured 
cells, while ACAT1 gene ablation allows the conversion 
of excess free brain cholesterol into 24(S)-hydroxycholes-
terol to cross the BBB and reach the periphery [11, 12]. 
In  vivo, ablation of the ACAT1 gene in 3XTg-AD mice 
leads to reduced hAPP and HMGR protein levels and 
ameliorates amyloid pathology [12]. Although the molec-
ular mechanism between cholesterol metabolism and the 
pathological process of AD is unclear, current evidence 
indicates that the balance between FC and CE is a key 
parameter in the control of amyloid production.

Sphingolipids
As with cholesterol, sphingolipids (SP) are the major 
lipids that compose the brain and the functional units of 
neuronal cell membranes and are highly enriched in the 
nervous system. Although the types of SP that may con-
tribute to neurological dysfunction are unknown, genetic 
defects in various sphingolipid metabolizing enzymes 
reveal the importance of sphingolipid metabolism in 
brain development and health [13]. SP are a class of lipids 
featured with a sphingosine backbone, this class of lipids 
exhibits great diversity and complexity, and SP shows dif-
ferent biological activities due to the variability of their 
functional groups. Major bioactive SP include ceramide, 
sphingomyelin, and Sph-1-phosphate (S1P), some of 
which function as bioactive molecules involved in the 
regulation of cell growth, differentiation, senescence, and 
apoptosis [14]. Sphingolipid metabolism is associated 
with a variety of neurological disorders, it is involved 
in myelin stability, and neuron-glial connections, and is 
related to neuronal differentiation and synaptic transmis-
sion [15].

Ceramide is a central point of biosynthesis and catabo-
lism, which can be produced via the salvage pathway and 
the de novo pathway, both controlled by the ceramide 
synthase (CerS). Attachment of various head groups at 
the C1 position of ceramide can form the basic struc-
tural unit of more complex SP, and degradation of com-
plex SP contributes to the formation of a ceramide pool 
that can be reused for complex sphingolipid synthesis or 
catabolism [16]. Ceramide is raised in the human brain 
during AD and is considered to be one of the predictive 
serum biomarkers [17, 18]. Recent studies have demon-
strated that the fatty acyl CoA synthase ACSL5 cooper-
ates with all CerS to isolate biologically active ceramide 
into acyl ceramide and store them in LDs. This pathway, 

catalyzed by diacylglycerol acyltransferase 2 (DGAT2) on 
LDs, leads to elevated acyl ceramide synthesis and stor-
age which may be a protective mechanism that attenuates 
ceramide-mediated apoptosis [19].

Sphingomyelin is hydrolyzed by neutral sphingomyeli-
nase-2 (nSMase) in the hippocampus to ceramide. Inhi-
bition of SMS2 promotes neuronal exosome secretion 
and may be involved in neurotoxic amyloid-β clearance 
by microglia [20]. Sphingomyelin can also be reconverted 
to ceramide by CerS or by dephosphorylation by sphin-
gosine kinase, resulting in S1P. S1P is the most studied 
bioactive sphingolipid, which can be secreted by cells as a 
signaling molecule and bind to G protein-coupled recep-
tors and can also act as a regulatory factor in regulating 
histone acetylation within cells [21]. In addition, S1P is 
a key mediator of immune function [22], but its func-
tion in the brain has not been elucidated. Recent studies 
have demonstrated that S1P accumulation in neuronal 
cells induces alterations in microglia. Kilunakaran et  al. 
observed S1P accumulation in astrocytes after knock-
down of S1P lytic enzyme SGPL1 in neuronal cells, fol-
lowed by microglia activation and increased expression 
of pro-inflammatory mediators TNF and IL-6 [23].

Free fatty acids (FFAs)
Fatty acids (FAs) are a component of cell membrane 
phospholipids and a fuel for oxidative phosphorylation. 
As we know, FAs can enter the brain and undergo oxi-
dative degradation, and in nutrient-deficient states, cel-
lular energy supply shifts from dependence on glucose 
metabolism to dependence on mitochondrial FA oxida-
tion [24], a recent study has shown that fatty acid oxida-
tion accounts for approximately 20% of the total energy 
consumption of the human brain [25]. FFAs trigger a 
variety of harmful activities in the cell, active neuronal 
cells produce excessive FAs without being able to utilize 
hydrogen-rich fatty acids to promote oxidative adeno-
sine triphosphate (ATP) synthesis, resulting in the accu-
mulation of toxic FAs in neurons, which are required to 
be stored in intracellular LDs as triglycerides to avoid 
neuronal damage. Excess FAs are transported by apoli-
poproteins into astrocytes, which are rich in LDs and 
less susceptible to harmful ROS activity than neurons 
and are thought to be the main sites of FAs storage and 
metabolism in the brain [25]. In terms of energy supply, 
LDs act as energy storage stations, transporting FAs to 
mitochondria during nutrient depletion and being con-
sumed as an alternative energy source. Thus, to protect 
neurons from FFA-related lipotoxicity and to meet the 
energy supply in specific situations, FA storage and oxi-
dation processes seem to depend on a close metabolic 
link between neurons and astrocytes [26] Lipid peroxi-
dation levels are elevated in brain and body fluids in a 
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variety of neurodegenerative disease models, particularly 
AD, PD, ALS, and Huntington’s disease (HD) [27–30]. 
Stimulation of neuronal excitotoxicity increases lipid and 
FA peroxidation, which are toxic and disrupt the integ-
rity of mitochondria, leading to mitochondrial dysfunc-
tion. If hyperactive neurons are incapable of consuming 
or removing these peroxidized FAs, they will undergo 
pathophysiology that will eventually lead to neurodegen-
eration [31].

Lipid metabolism and storage in the neuroglia
Lipid metabolism in astrocytes
Astrocytes are morphologically complex and preva-
lent neuroparenchymal cells in the nervous system. Due 
to the multiple roles of astrocytes in supporting neu-
ronal structure and survival, the imbalance of brain lipid 
homeostasis and impaired energy transduction caused by 
astrocytes has been the focus of research on the pathol-
ogy of various brain diseases. Cholesterol may play the 
most critical role in the structure of astrocytes among 
all the lipids present in astrocytes. Among the subtypes 
of glia, Oligodendrocytes produce cholesterol for myelin 
formation, which is involved in brain maturation and 
neurotransmission, while astrocytes are thought to be 
the main site of exogenous neuronal cholesterol synthe-
sis [32]. Neuroglia has been shown to secrete lipoproteins 
in vivo and to secrete lipoprotein particles as carriers in 
the form of cholesterol-Apo-E complexes outside the cell, 
providing large amounts of cholesterol for synaptogene-
sis [9]. Beyond this, there is growing evidence supporting 
a possible role of astrocytes in regulating myelin forma-
tion, and whether or to what extent astrocyte-derived 
cholesterol is involved in myelin formation remains to be 
investigated.

Astrocytes are the predominant cell type in the hip-
pocampus that expresses the sterol regulatory element-
binding protein (SREBP), and astrocyte-restricted 
inactivation of SCAP-SREBP-mediated lipid biogenesis 
in mice suggests that reduced SREBP activity in astro-
cytes leads to impaired presynaptic terminal develop-
ment and hippocampal function, presumably through a 
reduction of presynaptic protein SNAP-25 levels and the 
number of synaptic vesicles [33]. Moreover, inactivation 
of the major transcriptional regulator of the cholesterol 
synthesis gene SREBP2 in astrocytes results in reduced 
brain size in mice, particularly in astrocyte-rich regions 
[34]. ACAT1/SOAT1 is activated in astrocytes under 
conditions such as excessive cholesterol content or lack 
of Apolipoprotein E (ApoE) and exogenous, leading to 
enhanced lipid storage processes [35].

Ceramide in astrocytes may contribute to the patho-
genesis of several neurodegenerative diseases, mainly by 
promoting neuroinflammation and neuronal apoptosis 

[17, 36]. Using a combination of proteomic, metabo-
lomic, transcriptomic, and perturbation studies, Chao 
and colleagues found that sphingolipid metabolism in 
astrocytes triggers the interaction between the C2 struc-
tural domain in cytoplasmic phospholipase A2 (cPLA2) 
and the CARD structural domain in mitochondrial 
antiviral signaling protein (MAVS), thereby facilitat-
ing an NF-κB-driven transcriptional program that pro-
motes central nervous system (CNS) inflammation in 
experimental autoimmune encephalomyelitis (EAE) and 
multiple sclerosis [37]. In addition, S1P signaling is an 
important target associated with the control of infiltra-
tion of peripheral immune cells into the CNS, and S1P 
receptor expression is upregulated in astrocytes in demy-
elinating and chronic multiple sclerosis (MS) lesions. 
Selective knockdown of S1P signaling in astrocytes 
reduces the severity of EAE, demyelination, and axonal 
loss [38].

Lipid metabolism in microglia
To ensure the accurate and stable function of neurons, 
brain metabolism is tightly controlled. As guardians of 
the central nervous system, microglia express multiple 
receptors to perceive variations in interstitial lipid com-
position [39]. The expression of an essential phagocytic 
receptor CD36 on the surface of microglia mediates 
the uptake of myelin debris by microglia, and myelin 
internalization increases CD36 expression via NRF2, 
enhancing secondary uptake of myelin, thus establish-
ing an important and interesting positive feedback pro-
cess [40]. The triggering receptor expressed on myeloid 
cell 2 (TREM2) is another immune receptor expressed 
in microglia that functions by sensing lipids and medi-
ating myelin phagocytosis. TREM2-deficient microglia 
phagocytose myelin debris but are incapable of remov-
ing myelin cholesterol, resulting in the accumulation of 
pathogenic CE in microglia [41].

As the major phagocytic cells in the brain, micro-
glia are thought to play a role in the clearance of Aβ. Aβ 
binds to lipoproteins (ApoE and CLU) and this complex 
is internalized by microglia in a TREM2-dependent man-
ner, and recognition of these ligands by TREM2 variants 
is associated with AD risk is significantly reduced or even 
abolished [42]. After internalizing myelin by microglia 
via multiple surface receptors, for example, Low-density 
lipoprotein receptor-related protein 1(LRP1) [43], myelin 
degradation in lysosomes generates free FAs that can be 
used as components of membranes, stored in LDs, oxi-
dized and catabolized, or exported via the efflux system. 
Notably, lipid accumulation in microglia also triggers 
lipid response signaling pathways. The liver X receptors 
(LXRs) are a cholesterol sensor that controls intracel-
lular and systemic cholesterol homeostasis, and myelin 
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contains ligands that activate LXRβ, thereby increasing 
the expression of ABCA1 and ApoE, and further enhanc-
ing microglia clearance activity [44, 45]. In the regulation 
of intracellular lipid processing, cellular compartments 
interact through membrane contact sites (MCS), which 
interconnect mitochondria with multiple nodes of the 
endosomal system, and disturbances in any of these pro-
cesses promote alterations in microglia liposomes and 
functions that directly affect the maintenance of homeo-
stasis in the brain [46].

Microglia containing intracellular myelin remnants 
are one of the pathological hallmarks of MS, and mye-
lin overload within microglia may affect CNS repair 
and neuroinflammation by inducing abnormal immune 
responses and damaging tissue regeneration. Similar to 
astrocytes, dysfunction of transporter proteins also facili-
tates lipid deposition in microglia. Cholesterol transport 
defects in apolipoproteins accelerate the accumulation 
of CE in microglia during aging and demyelination [47]. 
Monounsaturated fatty acid production by Stearoyl-
CoA desaturase-1 (SCD1) impairs ABCA1 transporter-
mediated cholesterol efflux and sustained intracellular 
accumulation of myelin inhibits phagocytic repair, while 
conversely, depletion of SCD1 prevents myelin-induced 
phenotypic transformation and promotes myelin regen-
eration [48]. Although numerous in  vivo and in  vitro 
experiments have demonstrated that defects in myelin 
processing are associated with disease progression [49–
51], the causal relationship between lipid accumulation 
in microglia inflammatory phenotypic transition and 
myelin destruction remains controversial and clarifying 
the actual triggers of lipid accumulation in microglia is 
essential to elucidate demyelinating disease pathology.

Lipid droplet synthesis and decomposition
First recognized as organelles of lipid storage, LDs have 
emerged as an important organelle in metabolic diseases, 
inflammation, and host defense. The core of LDs con-
tains hundreds of species of neutral lipids, in most cell 
types, primarily comprising triacylglycerols (TG), CE, 
and sterol esters (SEs). The procedure of neutral lipid 
composition and storage in LDs protects cells from lipo-
toxicity caused by excessive lipid accumulation [52, 53]. 
Neutral lipid synthesis is a sophisticated process in which 
multiple related proteins cooperate. Despite the excit-
ing advances in LD generation in recent years, the exact 
mechanisms remain to be investigated.

LD assembly involves several discrete steps, beginning 
with the buildup of neutral lipids between ER bilayers. 
It uses glycerolphosphate and fatty acyl-CoA as its raw 
materials to synthesize glycerolipids, as in glycerophos-
pholipids or TGs [54]. This pathway is the main way of 
TG composition in most cells and is known as the de 

novo glycerolipid synthesis pathway. Each step of neu-
tral LD formation is catalyzed by a different enzyme, 
and DGAT catalyzes the last step of each TG formation 
pathway and is important in LD synthesis. DGAT1 and 
DGAT2 are two enzymes with non-overlapping func-
tions, and they jointly regulate LD biogenesis, while 
DGAT1 is specifically required for LD production under 
starvation [55]. Both DGAT1 and DGAT2 have func-
tions implicated in mitochondria, DGAT2 was found to 
co-localize with the attachment of LD surface and mito-
chondria, and it may play a role in facilitating the bind-
ing of LDs to mitochondria [56]. DGAT1 transports 
autophagy-liberated FAs to LDs that are close to mito-
chondria, avoiding impairment of mitochondrial func-
tion [57]. Whether LDs are in contact with mitochondria 
or not, the two are indeed inextricably linked in terms of 
metabolism and function, which we will discuss in detail 
in the later section. Lipid flows from the ER to LDs when 
sufficient neutral lipids accumulate within the ER bilayer. 
After budding from ER, LD growth and expansion, 
which through the transfer of TAG to LDs via membrane 
bridges between the lipid and ER or through the fusion of 
two LDs into one LD [58]. Although the initial budding of 
LDs is a biophysical process, which can be regulated by 
surfactants and may also be assisted by specific proteins 
such as FIT2 [59].

LDs are encircled by a polar lipid monolayer with sev-
eral decorating proteins, some of which are linked to 
lipid metabolism, known generically as perilipins (PLINs) 
in mammalian LDs [60, 61]. The perilipin family is the 
best-studied of the LD-associated proteins, Sztalryd and 
colleagues described PLINs aptly as “gatekeepers” of 
intracellular lipolysis [62]. There are PLIN1-5 in humans, 
they are thought to contribute to the formation of LDs 
by protecting them from lipase catabolism. PLIN-2 regu-
lates intracellular lipid metabolism through the PPARal-
pha/RXRA and CREB/CREBBP signaling pathways, and 
overexpression of PLIN-2 protects LDs from lipolysis in a 
variety of cells [63]. Similarly, as LDs scaffolding proteins, 
PLINs may also play a role in the interaction of LDs with 
mitochondria, for example, PLIN-5 expressing cells show 
decreased LD hydrolysis and control local FA flux to pro-
tect mitochondria.Degradation of LDs generally appears 
in the form of lipophagy or lipolysis, and this progress is 
highly regulated by the protein composition on the sur-
face of LDs. Underfed conditions, lipolysis is activated by 
LD-associated lipases, such as adipose triglyceride lipase 
(ATGL), hormone-sensitive lipase (HSL), and mono-
glyceride lipase (MGL), which promote the breakdown 
of TAG to FAs. ATGL is the rate-limiting enzyme for 
LD-associated triglyceride hydrolysis, and activation of 
ATGL is the first step of lipolytic hydrolysis, which then 
catalyzes the TAG hydrolysis to diacylglycerol (DAG) and 
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FA. DAG subsequently acts as the substrate for HSL, a 
multifunctional enzyme, which converts it to monoacyl-
glycerol (MAG) and FA. At the last of the process, MAGs 
are released into the cytosol and cleaved by MGL to glyc-
erol and FA.

Typically, autophagy is one of the major degradation 
pathways for many organelles that enables them to sur-
vive and renew under stress. TAG stored in LDs break-
down through an autophagic process termed lipophagy, 
a form of macroautophagy, which was discovered in 2009 
[64]. During lengthy fasting, this lysosomal–autophagic 
process plays an important role in lipid degradation. Initi-
ating by sequestering LDs in a double membrane vesicle, 
then LDs can be delivered to lysosomes for degradation 
via actions of lytic enzymes and mobilized to generate 
free FAs. In non-adipocytes such as neurons, mitochon-
dria or peroxisomes convert FA from the bloodstream to 
acetyl-CoA via β-oxidation, which can boost the citric 
acid cycle and produces ATP.

Pathological factors that promote neuroglial lipid 
storage
Under physiological conditions, cargo-specific clear-
ance of organelles by selective autophagy is important for 
maintaining the stability of the neuronal internal envi-
ronment. Lipids are the main components of cell mem-
branes, during periods of prolonged starvation, lipids 
released by macroautophagy/autophagy breakdown of 
membrane organelles are packaged and stored in new 
LDs [55]. Furthermore, LDs formation occurs in a vari-
ety of pathological processes and LDs may have different 
functional phenotypes in different situations or different 
cell types.

Neuroinflammation and oxidative stress
Inflammation is an important immune response of physi-
ological origin, glial cells act as innate immune cells in 
the central nervous system, and the joint action of mul-
tiple glial cells and peripheral immune cells triggers 
neuroinflammation. Chronic inflammation of the CNS 
is one of the contributing factors to a range of neurode-
generative disease pathological processes. Microglia are 
the most active group of cells in the central nervous sys-
tem, which are activated by inflammation, thereby per-
forming phagocytosis to counter inflammation. Recent 
studies have identified a new type of LD accumulating 
microglia (LDAM) in the hippocampus of aging mice. 
This novel identified microglial cell types have a reduced 
phagocytic capacity and even releases inflammatory 
mediators that promote age-related inflammation [65]. 
In this experiment by Marschallinger, lipopolysaccharide 
(LPS) was used to induce LDAM production, suggest-
ing that it may be aging-related neuroinflammation that 

leads to the accumulation of LDs in microglia. However, 
the causal relationship between inflammatory factors 
and lipid droplet production was not elucidated in this 
experiment.

Proteins with a well-defined role in the pathogenesis of 
inflammation have been demonstrated to compartmen-
talize within LDs in a variety of cell types [66]. LDs con-
tain enzymes involved in eicosanoid synthesis and serve 
as sites for the cellular synthesis of arachidonic acid dur-
ing inflammation [67]. Thus, LDs may be specific sites for 
transmitting intracellular inflammatory signals and also 
structural markers of inflammation. The previous stud-
ies suggest that LPS-induced inflammation promotes the 
formation of LDs in microglia, while LD-rich microglia 
secrete a greater amount of inflammatory mediators. 
However, whether LDs in glia are the hub of neuroin-
flammation remains to be further investigated.

ROS are potent oxidants in cells, it contributes to 
these LDs accumulation by triggering c-Jun-N-Terminal 
Kinase (JNK) and SREBP activity [68]. Mutations in sev-
eral mitochondrial genes involved in Complex I proteins 
composition, mitochondrial fusion, and protein transla-
tion caused increased levels of intracellular ROS, which 
affect the homeostasis of intracellular lipid metabolism, 
leading to the accumulation of neutral LDs. To exam-
ine the causal relationship between oxidative stress and 
LDs production further, Jin and colleagues added differ-
ent concentrations of hydrogen peroxide to the cell cul-
ture solution to mimic increased intracellular ROS levels. 
They found that LD accumulation was found in all exper-
imental groups, but there was no significant effect on the 
number of LDs with different concentrations of hydrogen 
peroxide [63]. Increased ROS generation is one of the 
main characteristics of aged microglia, and LDs of micro-
glia was significantly higher in aged than in young mice. 
By labeling ROS with CellROX fluorescent staining, a 
twofold enhancement of CellROX signal was observed in 
microglia with LD-high microglia compared to microglia 
with LD-low microglia and LDs formation inhibition sig-
nificantly reduced ROS levels [69]. These results indicate 
that ROS may both drive and is driven by LDs accumula-
tion in glia in a destructive cycle.

Aging
Increased age is the largest single risk factor for the eti-
ology of neurodegenerative diseases such as AD. Grow-
ing research shows that the accumulation of LDs in the 
brain may increase with age. Histological staining with 
BODIPY, a dye that specifically labels neutral lipids, 
showed that 20-month-old mice had more than four 
times the number of LDs within microglia in the hip-
pocampus compared to 3-month-old mice, and the 
size of LDs was significantly larger [69]. In addition, an 
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increase in LDs with age was also observed in the pia 
mater, cortex, and striatum of mice [70]. Similarly, within 
human tissues, lipid-rich microglia are more abundant 
in the brains of older individuals than in younger indi-
viduals [69]. Based on these findings, aging may be one 
of the facilitators of LD accumulation. An increase in 
LDs in the brain was observed by simulating the aging 
environment, but the underlying mechanism by which 
aging promotes LD accumulation is unclear, and it may 
be associated with age-related neuroinflammation as well 
as metabolism. Oil Red O-positive lipid-laden cells (LLC) 
were found to be widely distributed in the aging brain, 
Shimabukuro and colleagues detected the production of 
the pro-inflammatory cytokine TNF-alpha in LLC and it 
may participate in the age-associated neuroinflammatory 
processes [70]. Impaired autophagy, pro-inflammatory 
and senescent phenotypes are characteristic alterations 
of the aging brain, which could contribute to deficits in 
neurogenesis and synaptic plasticity. Besides that, a sub-
tle decline in brain energy metabolism during aging [71], 
these pathology-related changes occurring in the aging 
brain may act together to cause the formation of LDs.

Other factors
Low-density lipoprotein can cross the intima of arteries 
into the vessel wall, and a large amount of low-density 
lipoprotein cholesterol is phagocytosed by macrophages 
to form ‘foamy macrophages’, which were discovered to 
contribute to atherosclerotic lesions [72]. Upon lipid 
elevation, macrophages accumulate CE by binding modi-
fied lipoproteins in LDs after esterifying unesterified 
FC via ACAT1 [73]. The research of Lee’s group proved 
that lipolytic products of triglyceride-rich lipopro-
teins (TGRL) increased the BBB transfer coefficient and 
induced astrocyte lipid accumulation. These results dem-
onstrate that elevation of blood triglycerides affects the 
formation and accumulation of intracellular LDs either 
peripherally or central.

Damaged brain energy is associated with the cause and 
progression of neurodegenerative diseases, and nutri-
tional deficiencies and hypoxia are common stressors 
in many central nervous system diseases. Exposure of 
astrocytes to several sources of nutritional stress, namely 
partial/complete nutritional deficiency, excess FFA, and 
L-lactate, for 24  h resulted in a significant increase in 
the size and/or number of LDs [74]. Consistent with the 
results reported by Nguyen and colleagues [57], DGAT1 
and DGAT2 inhibitors reduced the accumulation of LDs 
in astrocytes in a nutrient-deprived state. In addition, 
the hypoxic environment and increased norepinephrine 
can also selectively promote the accumulation of LDs in 
astrocytes by upregulating glycogenolysis, aerobic glyco-
lysis, and lactate production in astrocytes [75]. Defective 

lipolysis also contributes to intracellular lipid aggrega-
tion, for example, lack of ATGL leads to increased fat 
mass, and studies have demonstrated that murine ATGL-
/- macrophages accumulate high amounts of TG-rich 
LDs [76].

Lipid transport and transformation
The glia‑neuron coupling
The brain is a highly energy-consuming organ that effi-
ciently utilizes a variety of energy substrates such as glu-
cose, ketone bodies, lactate, and glutamate [77]. Lactate 
has been a focus of investigation as a substrate for brain 
energy supply. In the brain, lactate is primarily formed 
in astrocytes. The Astrocyte Neuron Lactate Shuttle 
(ANLS) Hypothesis [78] proposes that lactate is trans-
ported from glial to neurons via monocarboxylate trans-
porters (MCTs) in Drosophila [79] and mice [80–82]. 
Metabolites of lactate provide the key substrate for FAs 
synthesis in vertebrate cells as well as in Drosophila.

During an energy crisis, FAs are stored in the LDs in 
the form of energy-rich TG, however, why cells store FAs 
under these conditions is unknown. Interestingly, there 
is a low content of LDs in neurons and a low capacity 
of neuronal mitochondria to use LDs for energy supply 
[83]. Contrary to neurons, astrocytes generate LDs and 
produce many antioxidants, and they exhibit intrinsic 
neuroprotective capacity by coupling metabolism with 
neurons [84]. To investigate whether MCTs are critical 
for glial LD accumulation, Liu and colleagues performed 
additional experiments based on the previous. By knock-
ing down the fly homologs of MCTs or MCTs accessory 
protein, the researchers observed a reduction of glial LDs 
accumulation caused by Sicily and mitochondrial-associ-
ated regulatory factor (Marf ) mutations, and the reduc-
tion of MCT levels delayed neurodegeneration [68].

ApoE is a lipid transport protein found in the periph-
eral and CNS, which transports and delivers cholesterol 
and other lipids by binding to ApoE receptors on the 
cell surface [85, 86]. ApoE was previously thought to be 
expressed mainly in astrocytes, however, a recent tran-
scriptome analysis of human brain cells showed that 
ApoE transcripts are also expressed in microglia [11, 
87], which links cholesterol metabolism in microglia to 
neurodegenerative diseases [88]. ApoE is upregulated in 
neurons only under oxidative stress to enhance their FA 
clearance, representing a possible role for apolipopro-
teins in regulating LD metabolism. Unlike neurons, ApoE 
is highly expressed in astrocytes and has three major 
isoforms in humans: ApoE2, ApoE3, and ApoE4. Differ-
ent from the protective effect of E2 and E3, the E4 allele 
increases the risk of AD. Considering that astrocytes are 
the primary site of β-oxidation of FAs in the brain, astro-
cytes expressing different apolipoproteins may exhibit 
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different capacities for FAs metabolism and LDs forma-
tion. Indeed, compared to E3 astrocytes, E4 carriers had 
increased expression of PLIN-2, reduced uptake and 
oxidation of exogenous FAs, increased oxidative oxygen 
consumption of endogenous FAs, and increased total vol-
ume but reduced size of LDs [89].

Magistretti’s group evokes hippocampal neurons 
hyperactivity with N-methyl-D-aspartate (NMDA) and 
observed a significant increase in FAs transfer from neu-
rons to astrocytes by ApoE-positive lipid particles [26]. 
Not only are astrocytes important in the transport of 
FAs, but they are also the main location for β-oxidation 
of FAs in the brain because of their relatively high mito-
chondrial concentration [90, 91]. Astrocytes can both 
transport FAs from hyperexcitable neurons and store 
them in LDs, and supply the brain with energy through 
β-oxidation of FAs in times of starvation and stress. The 
RNA sequencing analysis revealed that astrocytes were 
found to express higher levels of oxidative stress- and 
lipid metabolism-related genes than neurons, and nota-
bly, genes that neutralize oxidative species superoxide 
radicals and are responsible for protection from free-FA 
toxicity were significantly upregulated in astrocytes con-
taining LDs. Therefore, the metabolic coupling between 

astrocytes and neurons may be a key mechanism to alle-
viate neuronal excitotoxicity Fig. 1.

LDs and mitochondrial metabolism and function 
in the brain
Over 95% of the brain’s ATP supply is provided primar-
ily by glucose metabolism, but the glucose reserves 
within the brain can meet its ATP requirements for only 
a few minutes, so ketone bodies and lactate are used as 
major alternative fuel sources when the brain is facing an 
energy crisis. The liver converts FAs into ketone bodies 
and crosses the BBB to the brain for energy supply, thus, 
peripheral LDs may also indirectly affect brain energy 
metabolism. LXRs are pivotal regulators in mammalian 
lipid metabolism, controlling the expression of a range 
of genes related to cholesterol uptake, transport, efflux, 
and excretion in a tissue-dependent manner.  In recent 
studies, the nuclear receptor LXRs, which are widely 
distributed in the liver, is also expressed in the brain 
and have an important role in brain lipid homeostasis, 
whose absence leads to neurodegenerative pathologies 
[92]. These results confirm the close relationship between 
lipid metabolism and brain energy homeostasis. Next, we 

Fig. 1 Astrocyte-neuron coupling in lipid metabolism. A Exogenous lactate may enter astrocytes and neurons through lactate MCTs, moreover, 
the reduction of MCT levels delayed neurodegeneration. B Glia-derived lactate is decarboxylated in neuronal mitochondria and the resulting 
acetyl-CoA generates FAs that are shuttled back to the glial compartment, where they accumulate in LDs. C Due to the low capacity of neurons to 
utilize LDs, it translocates excess FAs into astrocytes via vesicles containing apolipoprotein E-like particles. D Neuron-derived FAs are delivered to 
astrocyte LDs that protect astrocytes from the lipotoxicity of FAs. E Astrocytes can use FFAs during β-oxidation and provide the energy generated 
during β-oxidation to mitochondria
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explored the potential mechanism of action between LDs 
and mitochondria.

Mitochondria are energy conversion centers of cells, 
and they are a key site for lipid oxidation and storage [93]. 
As the “powerhouse” of cells, mitochondria are essential 
for neuronal survival, alterations in mitochondrial func-
tion and metabolism promote neurodegenerative pathol-
ogies to some extent. Although neurons are primarily 
supplied by glucose, when glucose is limited, the brain 
utilizes FAs within LDs as fuel [77]. The glucose-centered 
view of energy metabolism in astrocytes has been chal-
lenged in recent years, fatty acid oxidation and oxidative-
metabolism-related genes are up-regulated in human 
cortical astrocytes [94]. As a result, Eraso-Picho’s group 
proposes that mitochondria within astrocytes may be 
specialized organelles.

In mammalian cells, especially in cardiac and skeletal 
muscle cells, LDs appears to interact closely with mito-
chondria. Do LDs accumulated in the brain also contact 
closely with mitochondria? Smolic’s group labeled intra-
cellular organelles in isolated rat brain astrocytes immu-
nocytochemically, confirming that LDs are localized in 
the vicinity of mitochondria and endoplasmic reticulum, 
and this decrease in LDs mobility is further inhibited 
by metabolic stress and pressure [74]. Under starvation 
conditions, LDs contact mitochondria to facilitate the 
transport of FAs to mitochondria, thus providing fuel 
for oxidative phosphorylation [95]. In addition to this, 
mitochondria are also involved in the triacylglyceride 
synthesis, a process that counteracts mitochondrial fat 
beta-oxidation. On the other hand, Marf is required to be 
in contact with LDs to store cholesterol.

The contact of LDs with mitochondria is not a ran-
dom event, it is regulated by several factors. MIGA2 is 
an outer mitochondrial membrane protein that can link 
mitochondria to LDs through a specific region of its C 
terminus [96]. Overexpression of PLIN5 was found to 
increase the accumulation of mitochondria with LDs, 
and its carboxy-terminal portion may be essential for 
this recruitment [97, 98], but whether specific proteins 
are involved in this process remains obscure. Similarly, 
DGAT2 can increase the contact between mitochondria 
and LDs [56].

Mitochondrial fusion and division, mitophagy, and 
transport are known as “mitochondrial dynamics”. Mito-
chondrial fusion and division are mediated by several 
related proteins, and the inactivation of fusion proteins 
and activation of division proteins facilitate the clearance 
of dysfunctional mitochondria [99]. In contrast, mito-
chondria anchored to LDs exhibit reduced motility and 
fission [97]. Lipolytic stimulation is known to promote 
mitochondrial-LDs contact [100], and the specific inter-
action between PLIN1 and MFN2(a fusion protein of 

the outer mitochondrial membrane) may promote mito-
chondria–LDs interaction by enhancing cellular respon-
siveness to lipolysis [101]. Consistent with this, the 
knockdown of MFN1 and OPA1 (a mitochondrial inner 
membrane fusion protein) resulted in the separation of 
mitochondria with LDs. Further studies revealed that the 
fused state of mitochondria ensures that FA is uniformly 
distributed throughout the mitochondria, thus achiev-
ing optimal β-oxidation within the mitochondria, while 
fusion-deficient mitochondria redirect FA back to LDs 
in response to excess non-metabolic FAs [93]. Whether 
the contact between LDs and mitochondria is a result 
of mitochondrial fusion/fission or the contact between 
these two affects mitochondrial dynamics, or both is still 
in question. The question of whether the accumulation 
of LDs in mitochondria alters mitochondrial dynamics 
and thus leads to mitochondrial dysfunction has not been 
studied.

Mitochondria contact LDs are termed PDM (peri-
droplet mitochondria), due to the lack of a credible 
approach to separating PDM selectively, the role has not 
been well elucidated. In a recent study, Benador and col-
leagues effectively separate PDM from LDs in brown 
adipose tissue by differential centrifugation. Compared 
to cytoplasmic mitochondria (CM), purified PDM exhib-
its decreased fat oxidation capacity, low fusion-fission 
dynamics, and a higher ATP synthesis capacity, which 
may use for promoting triglyceride synthesis. The contact 
between mitochondria and LDs is increased in a normo-
thermic environment, and PDM seems to be beneficial 
in promoting LDs storage rather than oxidation. Inter-
estingly, the separation of PDM from LDs when thermal 
production or β-oxidation is activated [97].

In starvation-induced autophagy, cells recover some 
of their energy by degrading non-essential organelles 
to survive the difficulty. Autophagosomes present orga-
nelle components to lysosomes and produce FAs, which 
are used for the production of ATP through β-oxidation 
in mitochondria, however, how LDs translocate FAs to 
mitochondria has not been well studied. FAs produced 
by the degradation of membrane organelles are stored 
in LDs to avoid damage to cells caused by their lipotox-
icity. Nguyen and his colleagues reported in their study 
that LDs serve as a "supply station" for mitochondrial 
β-oxidation on the one hand, and store FAs that are dam-
aging to the cell membrane, on the other hand, thus pro-
viding a protective effect on mitochondria. By inhibiting 
DGAT1, they found that mitochondria were damaged 
and dysfunctional, without significant changes in ROS 
levels during this period, suggesting that the mitochon-
drial dysfunction may result from blocking the synthesis 
of LDs with DGAT1 inhibitors [57]. Another study indi-
cated that mice lacking ATGL accumulate intracellular 



Page 10 of 16Yang et al. Cell & Bioscience          (2022) 12:106 

TG due to defective lipolysis, which activates the mito-
chondrial apoptotic pathway in macrophages, result-
ing in highly impaired mitochondrial function, leading 
to mitochondrial disruption, loss of membrane poten-
tial, reduced oxygen consumption, increased cytoplas-
mic Ca2 + levels and reactive oxygen species production 
[102]. Thus, it seems that LDs may only play a temporary 
role in buffering lipotoxic damage, and the mechanism of 
how lipid accumulation induces mitochondrial impair-
ment or apoptosis remains to be investigated.

It used to be thought that oxidation and production 
of lipids in mitochondria will not occur simultaneously 
in the majority of cells, the latest research proposes that 
these two processes can occur simultaneously in brown 
adipocytes and immune cells [103]. Whether the mito-
chondria-LDs contact is intended to promote β-oxidation 
or lipid storage remains unclear. Rambold and colleagues 
also observed amplification of LDs around mitochon-
dria, but they focused more on the effect of LDs’ contact 
with mitochondria on β-oxidation. Since the knockout 

of Mfn1 and Opa1 resulted in impaired fatty acid oxida-
tion, they proposed that facilitating the transport of FAs 
to mitochondria for β-oxidation may be one of the func-
tions of PDM [93]. This view seems to be corroborated by 
the Marschallinger group’s experiments that genes asso-
ciated with the ‘fatty acid β-oxidation’ pathway are signif-
icantly upregulated in LD-rich microglia Fig. 2.

Lipid accumulation in some common 
neurodegenerative diseases
AD
Alzheimer’s disease is the most common neurodegen-
erative disease worldwide, hyperphosphorylated tau and 
Aβ plaque are thought to be the two major pathological 
features of AD [104]. The presence of adipose inclusions 
in microglia was noted by Alois Alzheimer in 1907 when 
he first described the case of AD and documented it in 
his paper [105]. Most of the research on AD has been 
centered on Tau and A amyloid plaques, and the role of 
LD accumulation in the lesioned brain has only come to 

Fig. 2 Two possible antagonistic effects of Mitochondria contact LDs. A DGAT2 was found to co-localize with the attachment of lipid droplet 
surface and mitochondria, and it may play a role in facilitating the binding of LDs to mitochondria. B Perilipins are LD-scaffolding proteins, 
PLIN-5 recruits mitochondria to the LD surface through a C-terminal region, while down-regulation of PLIN-5 expression reduces the contact of 
mitochondria with LDs. C MIGA2 is an outer mitochondrial membrane protein that can link mitochondria to LDs through a specific region of its C 
terminus. D Mitochondria anchored to LDs exhibit reduced motility and fission, the specific interaction between PLIN1 and MFN2 may promote 
mitochondria–LDs interaction by enhancing cellular responsiveness to lipolysis. In addition to that, the knockdown of MFN1 and OPA1 resulted in 
the separation of mitochondria with LDs. E Marf is required to be in contact with LDs to store cholesterol, neuronal cholesterol reduction induces 
p-Tau degradation by enhancing proteasome levels and increasing total cellular proteasome activity. F Underfed conditions, lipolysis is activated 
by LD-associated lipases, such as ATGL, HSL, and MGL, which promote the breakdown of TAG to FAs. Then, FAs are transported to mitochondria for 
β-oxidation
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the forefront in recent years. CE is the storage product 
of excess cholesterol and can be integrated into the LD 
core during normal LDs biogenesis. The brain produces 
its cholesterol, current research suggests that excess 
brain cholesterol regulates Tau and Aβ deposition inde-
pendently, and neuronal cholesterol reduction induces 
pTau degradation by enhancing proteasome levels and 
increasing total cellular proteasome activity [106]. Intra-
cellular cholesterol accumulation disrupts autophagic 
flux and leads to reduced Aβ clearance from defective 
mitochondria [107]. Notably, many publications suggest 
that Aβ oligomers promote increased neuronal cytoplas-
mic Ca2 + concentrations [108, 109], and the calcium 
(Ca2 +) hypothesis of AD states that mishandling of 
calcium signals in neurons is a key event triggering syn-
aptic dysfunction and neurodegeneration. SP has been 
shown to contribute to the pathological process of AD, 
and ceramide promotes the production and accumula-
tion of Aβ by stabilizing beta-site amyloid precursor 
protein-cleaving enzyme 1 (BACE-1) [110]. Interestingly, 
the accumulation of Aβ stimulates sphingolipid hydroly-
sis [111], thereby increasing ceramide levels in AD. In 
addition, ceramide-rich exosomes are involved in plaque 
formation, and in vitro experiments show that astrocyte-
derived exosomes accelerate Aβ 42 accumulation and 
prevent its glial clearance [112].

Numerous studies have shown that the ApoE4 allele 
is a strong genetic factor in AD and regulates the patho-
logical progression of the disease through various path-
ways such as energy metabolism, lipid transport, and 
synaptic plasticity [113]. ApoE4 significantly enhances 
tau-mediated neurodegeneration, whereas ApoE4 dele-
tion is protective [114]. ApoE4 exhibits lower autophagic 
flux compared to ApoE3, the apoE4-Aβ complex is less 
stable than ApoE3-Aβ, and ApoE4 has a lower facilitation 
effect on Aβ clearance than apoE3 [115, 116], which may 
be one of the factors that promote the progression of AD. 
Similarly, in peripheral diseases such as atherosclerosis, 
the ineffective transport of lipids by ApoE4 may contrib-
ute to lipid accumulation and increased lipid peroxida-
tion [117, 118].

PD
PD is characterized by the progressive loss or degenera-
tion of the dopaminergic (DA) neurons in the substantia 
nigra and the accumulation of a-synuclein in DA neu-
rons. Lewy bodies are the intracerebral hallmark of PD 
patients, the misfolded a-synuclein enters it and aggre-
gates abnormally [119]. Lipids have been found in synu-
clein-containing Lewy bodies purified from human PD 
brains [120], Cole suggests that lipolysis of LDs may con-
tribute to PD, and the wild type of α-synuclein protein 
binds to LDs phospholipid surface for slowing lipolysis of 

LDs [121]. The PD mutant synucleins A30P showed no 
LD binding, and the A53T mutant, although it does not 
prevent LD binding, Cole and colleagues propose that 
it no longer slows down triglyceride hydrolysis as effec-
tively as wild type synuclein as the conformation of the 
protein has altered [121]. Fanning found that LDs are 
protective against a-synuclein toxicity in neurons. They 
also found that α-synuclein excess alters neutral lipid 
homeostasis in human neurons, these lipid alterations 
at least caused toxicity partially. Fanning and colleagues 
suppress the oleic acid generation to reduce a-synuclein 
toxicity by partially inhibiting SCD, providing a rational 
therapeutic approach to PD.

High levels of cholesterol and its oxidized cholesterol 
products (oxysterols) trigger several pathological path-
ways such as oxidation, inflammation, and cell death, 
promoting the accumulation of α-synuclein and contrib-
uting to the pathophysiology of PD [122]. Alterations in 
ceramide metabolism also occur in Parkinson’s disease. 
Mutations in CerS1, a major neuron-specific neuron that 
synthesizes 18-carbon fatty acyl (C18) ceramides, lead to 
elevated long-chain base (LCB) substrates and decreased 
C18 ceramides and their derivatives in the brain, result-
ing in neurodegeneration in mice and myoclonic epilepsy 
in human dementia [123]. A lipidomics study reported 
that analysis of PD brain samples detected elevated levels 
of several ceramide species, including monohexose cera-
mide, lactose ceramide, and sphingomyelin [124]. The 
glucocerebrosidase-1 (GBA1) gene encodes glucocer-
ebrosidase (GCase), which degrades the glycolipid glu-
cose ceramide (GlcCer) to glucose and ceramide, and loss 
of GCase activity due to GBA mutations may be one of 
the major genetic contributors to the development of PD 
[125]. In addition, insufficient GCase levels and reduced 
activity can also increase α-synuclein accumulation by 
affecting protein phosphate 2A (PP2A) activity [126].

ALS
ALS is the most common motor neuron disease, in addi-
tion to the imbalance of energy metabolism and cell 
stress, clearance of misfolded proteins plays an impor-
tant role in ALS. When misfolded proteins accumu-
late and cause endoplasmic reticulum stress, a specific 
mechanism is required to transport them to the ubiq-
uitin–proteasome system for degradation, and this pro-
teasome-mediated degradation is dependent on LDs. 
Mutations in the human VAMP-associated protein B 
(hVAPB)-induced neurotoxicity pathway regulators were 
mainly enriched for proteins related to LD dynamics 
[127] and controlled the degradation of misfolded pro-
teins via binding TTC39B [128]. Compared to the wild-
type of hVAPB, the ALS8 protein hVAPB bind TTC39B 
more weakly. Thus, LD biogenesis or deficiency in its 
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clearance of misfolded protein function plays an impor-
tant role in hVAPB-mediated ALS.

Conclusion and outlook
The impact of impaired lipid metabolism or pathological 
factors in the brain resulting in lipid accumulation and 
storage on neurodegenerative pathologies has received 
growing attention. Despite a growing number of stud-
ies describing the potential link between glial cell lipid 
metabolism and storage on brain development and neu-
rodegeneration, many fundamental questions remain 
unresolved. What are the critical values for lipid accu-
mulation and storage in different brain cell types? The 
formation of LDs in neuroglia is an active or passive pro-
cess? What are the initiating factors for lipid metabolism 
by glial coupled with neurons? Is the release of inflam-
matory factors an upstream mechanism or a downstream 
effect of lipid-rich microglia? In fact, we are only begin-
ning to dissect the role of neuroglial lipid metabolism in 
the control of brain physiology and pathology.

The accumulation of lipids in cells is often associated 
with energy metabolism, and other functions have been 
much less studied compared to the energy storage role 
of LDs. Although Alzheimer first documented the exist-
ence of LDs in the brain in his paper, researchers over 
the next several decades seem to have viewed them only 
as a lipid storage organelle. LD research is booming, in 
the periphery, LDs have been shown to play diverse and 
important roles in lipid metabolism and protein handling 
in addition to energy storage function. Lipid accumula-
tion in glial cells is now recognized in neurodegenerative 
diseases, which has been verified and proven to be Patho-
logically important. In the CNS, LDs are predominantly 
distributed within glial cells, and certain LD-containing 
glial cells appear to exhibit distinctive phenotypes associ-
ated with neurodegeneration such as reduced phagocy-
tosis, elevated ROS levels, and enhanced inflammatory 
factor secretion [69].

Lipid metabolism affects brain energy metabolism in 
direct and indirect ways. Impaired brain energy metabo-
lism drives neurodegeneration, and when glucose metab-
olism is restricted, ketone bodies produced by the liver 
and lactic acid produced by muscles become important 
replacement fuels for the brain [129]. Due to the presence 
of the BBB, LDs are unable to enter the brain directly, 
nevertheless, ketone bodies and lactate metabolism can 
act as products of LDs and substrate providers for FAs 
production in the brain respectively, which corroborates 
that peripheral LDs also have an indirect effect on brain 
energy metabolism. LDs within astrocytes exhibit poor 
mobility around mitochondria, and previous studies have 
demonstrated that PDM may have two opposing roles in 
lipid metabolism: promoting β-oxidation and facilitating 

lipid synthesis. Despite the opposing views presented 
by researchers on this topic, there is perhaps no conflict 
between these two roles between mitochondria and LDs. 
In a state of nutrient deprivation, LDs in astrocytes act 
as energy storage organelles supplying FAs to neurons to 
tide them over, and similarly, β-oxidation related genes 
are upregulated in the Grn-dementia mouse model. 
However, the study of Marschallinger ’s group focused 
on the unique phenotype of lipid-rich microglia, whether 
imbalances in energy metabolism occur in models of 
dementia has not been explored. On the other hand, 
neurons store excess FA in LDs, which may be a poten-
tial energy-protective mechanism besides avoiding lipo-
toxicity. The synthesis of lipids in mitochondria seems to 
be more of a protective mechanism. DGAT1-dependent 
LDs biogenesis shields mitochondria from FAs produced 
by autophagy [57]. Impaired mitochondrial fatty acid 
synthesis function also leads to abnormal mitochondrial 
morphology and decreased respiratory chain enzyme 
activity, ultimately leading to mitochondrial enoyl reduc-
tase protein-associated neurodegeneration [130]. Explor-
ing the role of mitochondria and LDs in different brain 
cells helps to better understand the role of LDs in cells. 
Meanwhile, it is essential to understand the modulators 
of the interaction between mitochondria and LDs for the 
therapy of neurodegenerative diseases.

Astrocytes are closely related to lipid metabolism, 
they provide a lipid buffering system to mitigate lipo-
toxic neuronal damage and exhibit intrinsic energy 
supply and neuroprotective capacity by coupling 
metabolism with neurons, while microglia sense satu-
rated FAs and orchestrate inflammation and neuronal 
stress in the mediobasal hypothalamus [131]. In the 
above article, it was mentioned that LD-rich micro-
glia have increased secretion of pro-inflammatory fac-
tors and upregulated ROS levels, while another study 
showed that LDs within glial cells act as antioxidant 
organelles to protect neural stem cells [132]. The role 
of LDs seems to depend greatly on the type of cell 
and the composition of the LD, docosahexaenoic acid 
(DHA), an omega-3 polyunsaturated fatty acid attenu-
ates microglial cell inflammatory response by remod-
eling LDs and altering their functional interplay with 
mitochondria and other associated organelles [133, 
134], which may provide a potential therapeutic target 
for neurodegenerative diseases. The composition and 
localization of LDs vary in different types of neurode-
generative diseases and thus may have a protective or 
damaging effect on the brain. How to maximize the 
protective effect of LDs while minimizing their dam-
aging effect is the key to mitigating the disease process 
and even curing it.
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In conclusion, the extent to which lipid metabolism is 
altered and cells generate LDs to control many key brain 
functions is remarkable. The balance of lipid metabo-
lism in the brain, including cholesterol and SP, is inex-
tricably linked to neuroglia. The LDs in neuroglia is not 
merely a simple lipid storage cell in the diseased brain, 
it plays an important role in the onset and develop-
ment of neurodegenerative diseases in terms of oxida-
tive stress, neuroinflammation, and energy metabolism. 
Further understanding of how lipid metabolic pathways 
are integrated into glial cells and the brain may provide 
new insights into the pathogenesis of some neurodegen-
erative diseases. Equally important, exploring the func-
tional phenotype of different fine different LD-containing 
neuroglia should be a cornerstone of trials attempting 
to delay the onset and progression of neurodegenerative 
diseases.
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