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which can identify complement fragments, immuno-
globulins, adhesion molecules, and others [3]. It reveals 
that microglia exhibit significant activity in physiologi-
cal states, overturning the traditional concept of “resting 
microglia”. Consequently, the cells in their normal physi-
ological states are now more appropriately termed “sur-
veilling microglia” [4].

Reactive microglia
Microglia have gained significant attention since the 
1990s, with mounting evidence demonstrating their 
involvement in most neurological disorders. Microg-
lia influence α-synuclein cell-to-cell transfer in a mouse 
model of Parkinson’s disease (PD) [5] and respond to 
malaria-induced extracellular vesicles in human [6]. 
Quantitative analyses of microglia reveal diverse mor-
phologic responses in the rat cortex after diffuse brain 
injury [7]. Progression of Alzheimer’s disease (AD), Mul-
tiple Sclerosis (MS), traumatic encephalopathy and sei-
zure are associated with microglial dysfunction and their 
mediated neuroinflammation [8–11]. These microglia 

Background
Microglia phenotypes
Surveilling microglia
Microglia, the central nervous system (CNS)-resident 
immune cells, tasked with the maintenance of homeo-
stasis in the neural microenvironment [1]. In 2005, the 
application of non-invasive two-photon in vivo imaging 
demonstrated that these cells exhibit very dynamic with-
out pathological challenges [2]. Characterized by a small 
soma with highly ramified branches (Fig. 1). This unique 
morphology allows single microglia to monitor large 
volumes of its surrounding via specialized receptors, 
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Abstract
Microglia are the resident immune cells of the central nervous system (CNS), where lipid metabolism is critical 
for maintaining homeostasis. In response to various external stimuli, they demonstrate a range of phenotypic 
expressions and lipid metabolic reprogramming. Lipid droplets (LDs) are dynamic organelles that function beyond 
energy storage, actively participating in neuropathological progress. Recent investigations have identified a subset 
of microglia characterized by the accumulation of LDs, referred to as “lipid-droplet-accumulating microglia” (LDAM). 
This review aims to investigate the processes involved in LD formation and degradation, the factors that modulate 
them, focusing particularly on the function of LDAM and their implications for CNS disorders. By synthesizing 
current evidence, we clarify the biological significance of LDs in these cells and their therapeutic targeting 
potential, providing new directions for future research.
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have hypertrophic somata and retracted processes. The 
cellular phenotypic transformation, characterized by 
rapid proliferation, and significant alterations in func-
tional properties, is designated as “reactive microglia ” 
(Fig.  1) [3]. Distinct surface markers differentiate these 
two states. Reactive microglia exhibit high expression of 
CD68, while surveilling microglia show high expression 
of P2RY12 and TMEM119 (Fig. 1) [3, 4, 12].

Recent advancements in single-cell transcriptomics 
have illuminated various subtypes and states of microg-
lia associated with pathologies [13]; “neurodegenerative 
microglia”, characterized by a dysfunctional phenotype 
[14]; “proliferative region-associated microglia” that 
emerge during development [15]; “lipid-droplet-accumu-
lating microglia” (LDAM), showing phagocytic impair-
ment, reactive oxygen species overproduction, and 
pro-inflammatory cytokine release [16]. A series of stud-
ies have demonstrated that microglia accumulate lipid 
droplets (LDs) in response to inflammation, high-fat diet 
(HFD), excitotoxicity in neurons, lead exposure, and neu-
rodegenerative diseases [17–24]. In stroke and MS, white 
matter damage generates myelin debris (with additional 
cellular debris in stroke cases). Microglial clearance of 
these debris disrupts lipid homeostasis, driving LD for-
mation. This LDAM phenotype initiates pro-inflamma-
tory responses, thereby exacerbating disease progression 
[21, 25].

The structure and functions of lds
LDs are dynamic lipid stores, comprising a monolayer 
phospholipid (PL) membrane interspersed with proteins 
enveloping triacylglycerols (TAG), cholesterol esters 
(CEs), and other lipids [26]. Beyond energy storage, LDs 
participate in several vital physiological processes includ-
ing cell signaling, metabolic regulation and the compo-
sition of cellular membranes. These organelles exhibit 
remarkable environmental adaptability, and are involved 
in the storage of vitamins, the provision of signaling lipid 
precursors, the alleviation of endoplasmic reticulum (ER) 
stress and lipotoxicity, the restoration of mitochondrial 
damage, as well as the maturation, storage, and turnover 
of proteins [27–31]. However, microglial LD overload 
triggers oxidative stress and pro-inflammatory states that 
propagate damage to neighboring neurons, astrocytes, 
and oligodendrocytes, ultimately leading to disease exac-
erbation [16, 19, 32].

Content of the review
This review describes LD biogenesis and degradation, 
alterations in microglia during LD accumulation, and 
their contributions to neurological disorders. By syn-
thesizing emerging evidence, we highlight therapeu-
tic opportunities through microglial lipid metabolic 
reprogramming and outline novel directions for future 
investigation.

Fig. 1 Schematic representation of microglial markers in two different states. P2RY12 and TMEM119 are strongly expressed in surveilling microglia but 
exhibit dramatic downregulation in reactive microglia. Conversely, CD68 shows minimal expression in surveilling state yet becomes significantly upregu-
lated in reactive state. IBA1, MerTK and CDl1b are expressed in both phenotypic states
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Synthesis of lds
LD formation is a complex biological process that 
encompasses lipid aggregation and membrane reorgani-
zation. It initiates with ER-mediated neutral lipid synthe-
sis, followed by nascent LD budding and fusion-mediated 
expansion. Newly synthesized neutral lipids phase-sepa-
rate from ER PLs, forming lens-shaped structures within 
ER bilayer leaflets. Progressive expansion drives them 
protrude into the cytoplasm from the ER membrane. A 
PL monolayer envelops the spherical lipid bodies, form-
ing LDs. It subsequently incorporates additional lipids to 
form these droplets through budding [33].

LD formation and stability require both CEs and TAG. 
CEs sequestration in LDs depends on enough TAG lev-
els to maintain structural integrity. A diminishment in 
TAG levels may alter LD biophysical properties, as dem-
onstrated by polarized light microscopy showing a tran-
sition from isotropy to anisotropy. The physical state 

of LDs is correlated with the hydrolysis of CEs and the 
reduced rate of cholesterol efflux, ultimately compromis-
ing LD stability [34].

Key enzymes related to LD formation
TAG synthesis in LDs occurs through two principal 
pathways. The de novo TAG synthesis pathway, operat-
ing in most cell types, involves four enzymatic steps: 
glycerol-3-phosphate acyltransferase (GPAT), acylglyc-
erol phosphate acyltransferase (AGPAT), phosphatidic 
acid phosphatase (PAP), and diacylglycerol acyltransfer-
ase (DGAT) sequentially catalyze these reactions (Fig. 2) 
[35]. The alternative pathway converts monoacylglycerol 
and fatty acids (FAs) into TAG by monoacylglycerol acyl-
transferase and DGAT. In addition, two other enzymes 
are also quite significant: fatty acid synthase (FASN) and 
acyl CoA long chain synthase (ACSL) (Fig.  2). FASN is 
involved in the synthesis of FAs, while ACSL primarily 

Fig. 2 The biogenesis and degradation of LDs in reactive microglia
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participates in the activation of long-chain FAs, furnish-
ing the essential substrates for TAG synthesis. CEs in 
LDs are synthesized from FAs and cholesterol by acyl-
CoA cholesterol acyl transferase (ACAT) [36].

GPAT
TAG biosynthesis initiates in the ER through GPAT3 or 
GPAT4-catalyzed rate-limiting reactions. These isoforms 
catalyze lysophosphatidic acid formation from glycerol-
3-phosphate and fatty acyl-CoA [37, 38]. GPAT3 is more 
easily induced by external stimuli and notably regulated 
by various factors such as the activation of peroxisome 
proliferator-activated receptor γ activation, genetic obe-
sity, and nutritional status, establishing it as the induc-
ible isoform. But GPAT4 remains relatively unaffected by 
these conditions and is regarded as a constitutive isoform 
[39]. Beyond lipid biosynthesis, GPAT3 repairs damaged 
biofilms in cerebrum nerves and restores normal physi-
ological functions [40]. Evidence suggests that within 
30  min of oleic acid supplementation, GPAT4 localizes 
in ER domains adjacent to sites of LD formation. By 3 h, 
GPAT4 is detected in domains that are continuous with 
yet distinct from the ER. Upon LD induction, a sub-
stantial proportion of GPAT4 is observed within the LD 
fraction. Furthermore, LDs devoid of GPAT4 maintain 
a consistent diameter, whereas those containing GPAT4 
continue to expand [41]. In macrophages that accumu-
late LDs, the knockout of GPAT3 and GPAT4 results in a 
diminished overall area of LDs and leads to the formation 
of multiple smaller droplets. Thus, these observations 
highlight the pivotal roles of GPAT3 and GPAT4 in the 
growth of LDs.

AGPAT
The second step in de novo TAG synthesis is catalyzed by 
AGPAT. This reaction generates phosphatidic acid — a 
key precursor for TAG and PL biosynthesis [42]. During 
rat development, AGPAT2 and AGPAT5 mRNA upregu-
lation correlates with elevated AGPAT activity, which 
is important for forming the skin permeability barrier. 
Barrier impairment triggers the expression of AGPAT1, 
AGPAT2, and AGPAT3, indicating that AGPATs may play 
a role in synthesizing PLs or TAG, which are necessary 
for the restoration of skin permeability [43]. AGPAT4, 
exhibiting the highest mRNA expression in the brain, is 
believed to be with high selectivity for polyunsaturated 
fatty acyl-CoA, especially DHA-CoA, and play an impor-
tant role in sustaining DHA within the nerve membranes 
[44].

PAP
The third step of TAG synthesis involves the dephos-
phorylation of phosphatidic acid, catalyzed by PAP, 
resulting in the production of DAG [42]. DAG serves as 

the direct precursor for TAG, phospholipids phospha-
tidylethanolamine and phosphatidylcholine [45]. DAG 
generation represents the first committed step in TAG 
biosynthesis, highlighting the critical role of PAP activity 
in the modulation of TAG or membrane PL biosynthesis 
[46]. This enzymatic activity is conferred by the lipin pro-
tein family [47]. Pah1 is the yeast PAP enzyme, when uti-
lized, can reduce DAG production, thereby diminishing 
LD formation and lipid storage. It alleviates α-synuclein-
mediated toxicity and leads to a decrease in the forma-
tion of α-synuclein inclusion bodies [48].

DGAT
The terminal critical step in TAG biosynthesis is facili-
tated by DGAT [49]. DGAT1 and DGAT2, both located 
within the ER, are responsible for the conversion of DAG 
into TAG, thereby playing an essential role in preventing 
lipotoxicity, protecting against mitochondrial dysfunc-
tion and ER stress during lipolysis [26, 50]. DGAT2 is also 
co-localized with mitochondria and LDs, where it facili-
tates the synthesis and storage of TAG within LDs [51]. 
Recent studies on targeted TAG metabolism reveal that 
LD accumulation can be inhibited by either suppressing 
DGAT1 activity or enhancing the expression of adipose 
triacylglycerol lipase (ATGL) [52, 53]. Mice deficient in 
the DGAT1 gene exhibit a lean phenotype and demon-
strate resistance to diet-induced obesity, diabetes, and 
hepatic steatosis [54, 55]. Conversely, mice devoid of the 
DGAT2 gene die shortly after birth, presumably due to 
lipid imbalances in the skin that impair its barrier func-
tion [56]. Furthermore, DGAT2 can esterify ceramide 
into acyl ceramide, which is subsequently stored in LDs 
[57]. It’s even more interesting that inhibiting DGAT 
allows FAs, initially used to create neutral lipids, to be 
redirected towards PL synthesis, thereby promoting 
axons regeneration in neurons following injury [58].

FASN
FASN primarily catalyzes the biosynthesis of FAs [59]. 
In mammals, FASN typically exists in a dimeric form 
and performs multiple catalytic functions, facilitating 
the conversion of acetyl-CoA and malonyl-CoA into 
both saturated and unsaturated FAs [60]. FASN activity 
is modulated by a variety of factors, including nutritional 
status, hormonal influences, and metabolic demands. 
Under nutrient-replete conditions, there is a marked 
elevation in both the expression and enzymatic activity of 
FASN, which in turn promotes the synthesis and storage 
of FAs, triggering LD biogenesis through excessive lipid 
accumulation [61, 62].

ACAT
ACAT comprises of two isoforms, ACAT1 and ACAT2, 
which are expressed in microglia [63, 64]. Their primary 
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function is to catalyze the conversion of cholesterol into 
CEs, which are subsequently either stored in LDs or inte-
grated into lipoproteins [65, 66]. Studies demonstrated 
elevated cholesterol concentrations in the brains of indi-
viduals diagnosed with AD and in familial AD transgenic 
mouse models [67–69]. ACAT inhibitor (e.g., avasimibe) 
or ACAT-knock out mice, has shown a reduction in AD-
like pathology and alterations in amyloid precursor pro-
tein processing within familial AD transgenic mice [70]. 
Additionally, tissue-specific ACAT2 inhibition in hepatic 
or intestinal systems reduces CEs accumulation, effec-
tively preventing hypercholesterolemia [71].

ACSL
The ACSL family is responsible for the conversion of 
long-chain FAs into acyl-CoA derivatives. Through sin-
gle-nucleus RNA sequencing of brain tissue, it is deter-
mined that ACSL1+ microglia are found to be most 
abundant in AD patients. In vitro experiments have dem-
onstrated that amyloid-beta (Aβ) induces the expression 
of ACSL1, the synthesis of TAG and the accumulation 
of LD in human induced pluripotent stem cell-derived 
microglia [72]. Notably, ACSL3 is identified as a protein 
associated with LDs that is essential for the formation, 
expansion, and maturation of LDs. In the initial stage 
of LD biogenesis, ACSL3 is translocated to LDs [73]. In 
vitro, lipopolysaccharides (LPS)-stimulated microglia 
upregulate ACSL4 expression, while ACSL4 knockdown 
attenuates proinflammatory cytokine production. In 
an acute 1-methyl,4-phenyl-1,2,3,6 tetrahydropyridine 
(MPTP) model, ACSL4 knockdown is found to mitigate 
neuroinflammation [74].

Degradation of LDs
Mechanism of LD mobilization and degradation
LD degradation is not merely a simple breakdown of lip-
ids, it involves intricate cellular regulatory mechanisms 
and enzymatic reactions. This process encompasses lipol-
ysis and autophagy. The mobilization of LDs is regulated 
by various signaling molecules and hormones, which 
modulate the degradation pathways by either activat-
ing or inhibiting specific enzymes [75]. LD degradation 
is related to specific enzymes, such as ATGL, hormone-
sensitive lipase (HSL), monoacylglycerol lipase (MAGL), 
cholesterol esterase (Fig. 2). Autophagy also plays a piv-
otal role in LD degradation, particularly under condi-
tions of cellular stress, by facilitating the breakdown of 
droplets to supply energy and metabolic substrates [76]. 
The interplay of these mechanisms allows cells to adjust 
to changes in energy demand and maintain metabolic 
homeostasis. The precise way cells determine the utili-
zation of lipolysis or autophagy for the turnover of LDs 
remains undetermined. However, it is plausible that 

significant intercommunication exists between these two 
pathways [77].

Key enzymes related to LD degradation
ATGL
ATGL belongs to the nine-member patatin-like phospho-
lipase domain-containing protein A family and is the only 
robust triglyceride hydrolase within the family. It specifi-
cally catalyzes the hydrolysis of the initial ester bond in 
TAG, resulting in the production of DAG [78, 79]. Fur-
thermore, research indicates that the autophagosome 
marker, microtubule-associated proteins 1 light chain 3 
(LC3), is mechanistically linked to ATGL-mediated lipol-
ysis, as ATGL contains LC3-interacting region motifs. 
Mutations in a single LC3-interacting region motif on 
ATGL can disrupt its interaction with LDs, thereby 
impairing lipolytic activity [80].

HSL
HSL is tasked with the hydrolysis of TAG and DAG, 
and its activity is regulated by hormones such as glu-
cagon and adrenaline. These hormones induce HSL 
phosphorylation by activating the signaling pathways of 
AMP-activated protein kinase and protein kinase [81]. 
Additionally, the expression and activity of HSL are influ-
enced by nutritional status, inflammatory responses, 
and a variety of metabolic factors, making HSL a crucial 
player in the balance of energy metabolism and fat stor-
age [82]. Investigations indicate that HSL activity affect 
the lipid metabolism of microglia, which may, in turn, 
impact neuroinflammation and neurodegenerative dis-
eases [83]. Consequently, the modulation of HSL activity 
can present new approaches for treating related neuro-
logical disorders.

MAGL
MAGL catalyzes monoacylglycerol into glycerol and free 
fatty acids (FFA). This is the final stage in lipid catabolism 
and critically regulates both lipid metabolism and endo-
cannabinoid homeostasis [84]. 2-arachidonoylglycerol 
is the most abundant endocannabinoid, while MAGL 
serves as the primary enzyme that degrades 2-arachidon-
oylglycerol in the brain. By inactivating MAGL, it exerts 
anti-inflammatory and neuroprotective effects in neuro-
degenerative diseases [85]. Studies have shown that the 
inactivation of MAGL leads to significant changes in the 
expression of immune- and inflammation-related genes 
in microglia and astrocytes. Notably, in mice with MAGL 
deficiency in astrocytes, the upregulation of chemokine 
expression is more pronounced in microglia [86].

Cholesterol esterase
Cholesterol esterase primarily functions to hydrolyze 
CEs to free cholesterol, a fundamental component of 
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membrane assembly. Consequently, its enzymatic activ-
ity has a direct influence on cellular functions. Research 
indicates that the expression and activity of cholesterol 
esterase are associated with various pathological states, 
such as atherosclerosis and metabolic syndrome [87, 88]. 
It may be regulated by various factors, including dietary 
components and hormone levels, highlighting its signifi-
cance in maintaining lipid homeostasis within the organ-
ism [89].

The relationship between autophagy and LD degradation
Research has identified a specific autophagic process, 
termed “lipophagy”, which selectively targets LDs. This 
process involves the formation of autophagosomes that 
encapsulate LDs, transporting them to lysosomes for 
degradation (Fig.  2). Autophagy is intricately linked to 
cellular energy requirements, nutritional status, and 
responses to stress [76]. Certain studies have indicated a 
synergistic relationship wherein lipolysis acts upon larger 
LDs, resulting in the production of smaller droplets that 
are either reduced in size or newly synthesized, thereby 
becoming susceptible to lipophagic uptake [90]. This 
indicates that lipophagy predominantly targets smaller 
LDs within the cell and is less effective on larger droplets 
[91].

The role of autophagosomes in LD degradation
Studies have found that autophagosomes engage with 
LDs via specific receptors, thereby facilitating their 
degradation. For instance, LC3 labels LDs, promot-
ing their encapsulation by autophagosomes for subse-
quent conveyance to lysosomes. Autophagosomes fuse 
with lysosomal vesicles, which encompass early and late 
endosomes as well as lysosomes, to form autolysosomes. 
Within the lysosomal environment, lysosomal acid lipase 
exhibits optimal functionality at a pH range of 4.5-5, 
showing the capacity to hydrolyze TAG, DAG and CEs, 
producing FAs, free cholesterol and glycerol [78, 91–94]. 
Moreover, the genesis and maturation of autophago-
somes are closely associated with dynamic alterations 
in LDs. Certain autophagy-related proteins, including 
ATG9A, ATG14, and ORP8, assist in transporting and 
degrading these droplets [95–97]. In conditions like met-
abolic syndrome, a decrease in autophagosome function 
can lead to LD accumulation, worsening lipid metabo-
lism disorders [98]. Consequently, enhancing autophago-
some function may also be a new treatment strategy.

The regulatory role of lds on autophagosomes
Beyond serving as substrates for degradation by autopha-
gosomes, LDs play an important role in regulating 
autophagosome functions. They influence the genesis and 
function of autophagosomes by releasing FAs and various 
signaling molecules. Studies have demonstrated that the 

presence of LDs promotes the synthesis of autophago-
somes and enhances autophagic activity by modulating 
autophagy-related gene expression [99]. Moreover, the 
interplay between LDs and autophagosomes can mark-
edly impact metabolic processes and energy status within 
the cell. For example, degradation products of LDs can 
provide energy for the formation of autophagosomes 
[100]. Hence, a comprehensive understanding of the 
regulatory mechanisms by which LDs modulate autopha-
gosome functions is crucial for elucidating the complex 
metabolic processes in cells.

The enzymes mentioned above play a crucial role in 
the synthesis and degradation of LDs. They also serve as 
potential targets for intervention across disease states. 
Additionally, these enzymes have received increasing 
attention in CNS cells, as delineated in Table 1. Surveil-
ling microglia do not form significant LDs. Under patho-
logical conditions, they undergo significant alterations in 
their lipid metabolism, leading to the formation of LDs 
(Fig. 2) [32, 33].

During the progression of neurological disorders, 
microglia transition from “surveilling microglia” to “reac-
tive microglia” while triggering receptor expressed on 
myeloid cells 2 (TREM2) or toll-like receptors (TLRs) 
are triggered. In the CNS, microglia are the only cell type 
that expresses TREM2, which is involved in regulating 
lipid metabolism in response to various stimuli, includ-
ing cell debris, myelin debris, APOE and peripheral 
lipoprotein particles [32, 113]. TLRs, localized to mem-
brane lipid rafts, are triggered by pathogen-associated 
molecules (expressed by microbial invaders, such as bac-
terial flagellin, lipoteichoic acid and LPS) and damage-
associated molecules (derived from tissue damage, such 
as α-synuclein, Aβ, and heat shock proteins) [114, 115]. 
Under pathological conditions, microglia may exhibit a 
metabolic shift characterized by enhanced glycolysis and 
disruption of the TCA cycle, resulting in the accumula-
tion of glucose-derived citrate. Excess citrate is trans-
ported to the cytosol and converted into acetyl-CoA, 
supplying the raw materials for FFA production. Glu-
cose-derived G-3-P is utilized for neutral lipid synthesis 
in the ER, initiating LD biogenesis. Newly formed small 
LDs rapidly coalesce into larger LDs. The lipolysis of LDs 
is mainly to FFAs by ATGL, HSL and MAGL. In addition, 
LC3, a protein closely related to the autophagy process, 
recognizes autophagy receptors on LDs, and promotes 
the attachment of ATGL to LDs to form autophagosomes 
by interacting with the structural domain of the LC3 
interacting region of ATGL. The autophagosomes subse-
quently fuse with the lysosomes to form autolysosomes, 
which further degrade LDs to FFAs and FCs.
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LD regulatory proteins
LD regulatory proteins are specifically involved in the 
regulation of the formation, maturation, and turnover of 
LDs [41, 116]. A variety of proteins are essential for these 
processes, and extensive research has been dedicated to 
proteins such as seipin, perilipin, FIT proteins, and ER 
shaping proteins, including atlastin, receptor expression-
enhancing protein 1, Pex30, and Nexins protein family. 
These ER shaping proteins not only sustain the structure 
of ER but are also implicated in the formation of special-
ized LD sites [117, 118] (see Table 2).

Main functional changes in LDAM
LD is an adaptable organelle essential for cellular signal-
ing, lipid metabolism, membrane transport, and the syn-
thesis and release of inflammatory mediators [144]. As 

the primary immune cells in the CNS, microglia possess 
a multitude of receptors that are sensitive to changes in 
lipid composition [145, 146]. The accumulation of LDs in 
microglia indicates pathological conditions and adversely 
impacts their functions, including polarization, phagocy-
tosis, and immune defense capabilities.

Pro-inflammatory
Under normal conditions, leukocytes, epithelial cells, 
hepatocytes and other non-adipocytic cells typically do 
not form LDs. However, in the presence of infectious, 
neoplastic, inflammatory responses, there is a dramatic 
expansion in both the size and number of LDs in those 
cells. Consequently, LDs are frequently regarded as indi-
cators of inflammation [144, 147]. Excessive lipid storage 
can lead to LD accumulation, which in turn may provoke 

Table 1 Relevant literature on enzymes involved in LD synthesis and lipolysis in the nervous system disorders. Includes studies using 
in vitro and/or in vivo models

Name Subtype In vitro and/or in vivo model Type of 
cell

Region of interest in 
vivo model

Refer-
ences

Key enzymes 
related to LD 
formation

GPAT GPAT1/GPAT4 hypothalamic neurons exposed to excess lipids neuron hypothalamus  [101]
GPAT4 HFD mouse model neuron hippocampus  [102]

AGPAT AGPAT1 transgenic Huntington’s disease rat N hypothalamus  [103]
AGPAT3 Familial intellectual disability and retinal dystrophy neuron cortex  [104]

DGAT DGAT1/DGAT2 astrocytes exposed to metabolic stress (nutrient 
deprivation, excess of extracellular FFAs and lactate) or 
hypoxic stress

astrocyte N/A  [53]

DGAT2 human AD and the 5x familial AD transgenic mouse 
model

microglia hippocampus  [105]

FASN FASN the cognitive enhancement and hippocampal neuro-
genesis induced by mice voluntary running

N subgranular zone of 
the dentate gyrus

 [106]

FASN spinal cord injury mouse model microglia spinal cord  [107]
ACAT ACAT1 AD neuron 

and 
microglia

N  [108]

ACAT1 LPS-induced cell and acute neuroinflammation 
mouse model

microglia hippocampus and 
cortex

 [64]

ACAT2 BV-2 murine microglial cell line microglia N/A  [63]
ACSL ACSL1 AD-APOE3/3 and AD-APOE4/4 postmortem human 

brain tissue
microglia frontal cortex  [72]

ACSL3 anxiety and depression in 3x AD transgenic mice neuron hippocampus and 
cortex

 [109]

ACSL4 ischemic stroke neuron 
and 
microglia

cortex  [110]

ACSL4 LPS- and MPTP-induced neuroinflammation model microglia substantia nigra  [74]
Key enzymes 
related to LD 
degradation

MAGL MAGL primary hippocampal neuron culture neuron hippocampus  [85]
MAGL cell type-specific MAGL knockout mice microg-

lia and 
astrocyte

hippocampus and 
cortex

 [86]

ATGL ATGL LPS-induced cell and the microglial ATGL KO mouse 
model

microglia hypothalamus, cortex 
and hippocampus

 [111]

ischemic stroke microglia infarct regions  [112]
LD Lipid droplet, GPAT glycerol-3-phosphate acyltransferase, HFD high-fat diet, AGPAT acyl-glycerol phosphate acyltransferase, DGAT diacylglycerol acyltransferase, 
FASN fatty acid synthase, ACAT acyl-CoA cholesterol acyl transferase, ACSL acyl CoA long chain synthetase, MAGL monoacylglycerol lipase, ATGL adipose 
triglyceride lipase, AD Alzheimer's disease, APOE apolipoprotein E, LPS lipopolysaccharides, MPTP 1-methyl, 4-phenyl-1,2,3,6 tetrahydropyridine, N/A not available, 
N no description
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inflammatory responses [148]. Ischemia/reperfusion 
injuries in the brain have been linked to LD accumulation 
in microglia, and subsequent neuroinflammation within 
the CNS. TGF-β overexpression attenuates LD accu-
mulation and lowers the levels of inflammatory factors 
[149]. Conversely, PLIN2 deficiency enhances lipolysis 
and lipid efflux, resulting in a phenotype associated with 
diminished inflammation [150]. These findings establish 
microglial LD overload as a driver of pro-inflammatory 
activation (Fig. 3).

Phagocytosis
Lipoprotein lipase mediates the hydrolysis of TAG and 
the uptake of lipoproteins by binding to their receptors 
[151]. These processes contribute to tissue repair and 
are closely associated with the PL balance and triggering 
receptor expressed on myeloid cells 2 (TREM2), which 
influences the phagocytic activity of microglia [152–
154]. The phagocytic capability of cells also depends on 
lipase-driven FA release from intracellular stores. ATGL 
deficiency blocks TAG hydrolysis, resulting in decreased 
intracellular FFA concentrations and an increased accu-
mulation of LDs. As a result, there is a reduction in 
intracellular ATP levels, which impairs phagocytic func-
tion [155, 156]. In a demyelination model, aged mice 
display phagocytic cells with an excessive accumulation 
of myelin debris, which subsequently lead to the forma-
tion of cholesterol crystals and rupture phagolysosomal 
membranes. In this context, cholesterol originating from 
myelin is converted into LDs [157]. Thus, LD formation 
reflects cellular lipid overload, overwhelming phagocytic 

thresholds. Aging microglia exhibit defective cholesterol 
clearance, resulting in an accumulation of cholesterol-
rich myelin debris. This accumulation promotes crystal 
formation, further impairing the phagocytic efficacy of 
microglia (Fig. 3), thereby exacerbating the advancement 
of aging and MS [25, 157, 158].

Signal transduction
LDs function as pivotal signaling platforms that modu-
late the metabolism and immune responses of phago-
cytic cells [159]. LDs consist of neutral lipids encased in 
a monolayer of PLs, which can be converted into ara-
chidonic acid [35]. Upon activation of phagocytes, the 
release of arachidonic acid initiates signaling cascades 
that provoke inflammatory responses, consequently lead-
ing to the generation of lipid mediators. Eicosanoids, 
which are synthesized from arachidonic acid, are pri-
marily produced in LDs [160]. These signaling lipids are 
important in both physiological and pathological condi-
tions, such as tissue homeostasis, host defense, and the 
inflammatory response. Lipid overload activates various 
lipid response pathways, such as the liver X receptor and 
peroxisome proliferator-activated receptor pathways, 
which aid in the remodeling of microglia, promoting 
the proliferation and their ability to clear debris [161, 
162]. Microglia recognize and internalize myelin debris 
through the coordinated action of multiple receptors on 
their surface, including Axl, TREM2, Gas6 and LRP1 
[163–166].

Table 2 Relevant literatures on LD regulatory proteins and their discovery involved in LD synthesis and degradation
Name location subtype Found and conclusion References
Seipin ER trans-

membrane 
proteins

N/A Seipin serves as a vital link between the ER and LDs that supports the standard growth of 
LDs. The deficiency of Seipin leads to irregular sized LDs, larger or smaller.

 [119–122]

PLIN LD surface 
proteins

PLIN 1/2 PLIN1 and PLIN2 are LD structural proteins. PLIN1 inhibits the activation of ATGL, prevent-
ing the lipolysis of TAG. PLIN2 is used as a marker for LDs and the overexpression of PLIN2 
protects LDs from autophagy.

 [123–125]

PLIN 3/4 PLIN3 and PLIN4 induce the formation of LDs. PLIN3 is a marker for small or newly formed 
LDs. It probably promotes LD formation by stabilizing the ER structural domain.
PLIN4 can promote LD formation in the brains of models of toxin-induced PD.

 [126–130]

PLIN5 PLIN5 is crucial for energy balance by regulating TAG storage and lipolysis.  [131]
FIT ER-localized 

protein
N/A FIT proteins are responsible for storing TAG in LDs and promote the budding of LDs from the 

ER by regulating DAG levels at their biogenesis sites.
 [132–134]

Atlastin ER-localized 
protein

N/A Atlastin is related to the morphology of the ER and can regulate the size of LDs.  [135]

REEPs ER-localized 
protein

N/A REEPs maintain the structure of the ER by stabilizing the high curvature.  [136, 137]

Pex30 ER-localized 
protein

N/A Pex30 helps maintain the structure of the ER and is concentrated in forming LD sites of ER.  [138–140]

Mdm1 ER-localized 
protein

N/A Mdm1 are proteins in the ER that combine with LDs, overexpression of which promotes LD 
formation. Mdm1 mutants display defects in ER structure and TAG accumulation, leading to 
increased susceptibility to lipotoxicity.

 [141–143]

ER endoplasmic reticulum, LD Lipid droplet, PLIN Perilipin, ATGL adipose triglyceride lipase, TAG triacylglycerol, FIT fat storage-inducing transmembrane, REEPs 
receptor expression-enhancing proteins, PD Parkinson’s disease, N/A not available
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LDAM in different periods
LDAM during developmental stage
Park et al. (2023) [167] reported the presence of PLIN2+ 
LDAM in the embryonic brains of both mice and 
humans. Subsequent studies, using induced pluripotent 
stem cell-derived microglia to emulate microglia dur-
ing brain development, reveal that these cells exhibit 
elevated lipid metabolism, notably in cholesterol, and 
contain abundant PLIN2+ LDs. These droplets export the 
cholesterol and its esters, which are taken up by neuro-
nal progenitor cells, contributing to neurogenesis. In the 
adult brain, astrocytes are the primary cells that produce 
cholesterol required for neuritogenesis and synaptogen-
esis. However, astrocytes are absent in the embryonic 
brain [168, 169]. Thus, during the nascent phases of brain 
development, microglia might play a crucial role in the 
production and exportation of requisite cholesterol to 
sustain neuronal cells.

LDAM during childhood and adolescence
HFD
HFD has emerged as a high-risk factor for various neu-
rodegenerative and debilitating mental disorders, such as 
depression and anxiety [170–172]. Adolescents preferen-
tially overconsume palatable HFD, exhibiting susceptible 
to mental health issues [173, 174]. A 2024 study revealed 
that in HFD-fed mice, microglia in the hippocampal 
region exhibited excessive activation and LD accumula-
tion. This indicates that the depression and anxiety-like 
behaviors observed in the mice, along with structural 
changes in hippocampal neurons and myelin, may be 
associated with microglial involvement in HFD. The 
study further demonstrated that suppression of microg-
lial overactivation through minocycline alleviated the 
abnormal behaviors and hippocampal structural changes 
in mice, although it did not reduce LD accumulation in 
hippocampal microglia. However, in vitro experiments 
demonstrated that reducing LD accumulation can inhibit 
the excessive microglial overactivation triggered by 
serum from mice with HFD [175]. These experimental 

Fig. 3 The accumulation of LDs in microglia
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results raise the question of whether the formation of 
LDAM induced by HFD occurs before and contributes to 
disease progression. If so, therapeutic strategies targeting 
the inhibition of LD synthesis or promotion of their deg-
radation could potentially ameliorate the pro-inflamma-
tory effects of microglia and alleviate disease symptoms.

Niemann-Pick type C (NPC) disease
Inborn errors in lipid metabolism can cause severe dam-
age to cells, especially neurons, driving rare but often 
fatal disorders. NPC exemplifies disrupted lipid homeo-
stasis, predominantly caused by NPC1 gene mutations. 
These mutations trigger abnormal endosomal/lysosomal 
lipid storage, ultimately leading to premature death due 
to progressive neurodegeneration [176]. A study in 2021 
revealed that the transport of lipids to lysosomes in 
Npc1−/− microglia was impaired, leading to significant LD 
accumulation, despite intact lysosomal degradation func-
tion [177]. This study suggests that NPC pathogenesis 
involves mutation-driven LD accumulation, generating 
neuroinflammatory milieus that exacerbate neurodegen-
eration. Consequently, promoting the breakdown of LDs 
may help in treating the disease. Despite the unimpaired 
lysosomal function, the observed LD accumulation indi-
cates impaired lipophagic degradation pathways. This 
raises critical questions about the targeting of lipolysis 
and the identification of specific LD-degrading enzymes 
could constitute potential therapeutic strategies.

LDAM during aging
Age-related changes in CNS microglia include hypertro-
phy of the cell body, reduced branching, and shortened 
processes, accompanied by elevated secretion of pro-
inflammatory cytokines (TNF-α, IL-1β, IL-6). These cells 
become overreaction and dysfunction during immune 
responses, promoting the formation of LDs (Fig. 3) [158, 
178, 179]. Ultrastructural analyses reveal that LDs are 
prevalent in 20-month-old mice but scarce in 3-month-
old ones. Histological staining of TMEM119+ microg-
lia with BODIPY shows preferential LD accumulation 
within microglia versus other neural cells [16]. Notably, 
this type of microglia, characterized by a compromised 
phagocytic capacity, represents a substantial indicator 
of aging [178, 180]. Studies show that in the hippocam-
pus of aging mice, LDAM exhibits an increased immune 
response involving the lysosomal-associated protein 
CD68. Three-dimensional imaging reconstructions dem-
onstrate that CD68+ signals are frequently clustered 
around LDs, suggesting a link to phagocytic dysfunction 
and a pro-inflammatory state [16]. Additionally, other 
studies propose that LDs co-localized with LC3 may be 
degraded through lipophagy [180]. Given the age-related 
decline in autophagy, diminished lipophagy could drive 
progressive LD accumulation during aging. Furthermore, 

microglia gradually become dysfunctional, their capa-
bilities declining, characterized by heightened oxidative 
stress, defective phagocytosis, and elevated pro-inflam-
matory signals (Fig. 3). All these alterations are linked to 
the accumulation of LDs in microglia [178].

Neurological disorders associated with LDAM
Microglial LD accumulation occurs in multiple CNS dis-
orders [20, 181, 182]. Depending on the mechanisms of 
LD formation and their influence on these diseases, the 
reversal of LDAM may represent viable therapeutic tar-
gets in these conditions (Fig. 3).

AD
AD is primarily characterized by the deposition of Aβ 
plaques and the formation of neurofibrillary tangles made 
up of hyperphosphorylated tau [183]. Disruptions in lipid 
metabolism are closely linked to AD pathogenesis. In the 
CNS, apolipoprotein (APOE) mediates the transport of 
cholesterol to neurons, supporting axonal development 
and synaptic plasticity essential for learning, memory 
formation, and neuronal repair [184, 185]. It has three 
main alleles: APOE2, APOE3 and APOE4. Research has 
found that APOE4 is significantly associated with an 
increased risk of developing AD [186]. AD pathogenesis 
extends beyond neurons, with astrocytes, microglia and 
oligodendrocytes actively contributing to disease pro-
gression [187–189]. Abnormal lipid metabolism induced 
by the APOE4 genotype in microglia has been found to 
lead to excessive accumulation of LDs, which not only 
affects the phagocytic and clearance abilities of microglia, 
but also influences their interaction with neurons, lead-
ing to disorders at the neuronal network level and neuro-
degenerative changes [190, 191]. Therefore, dysfunctional 
microglia may serve as a contributing factor to the patho-
logical accumulation of abnormal protein aggregates in 
the brain [192].

In animal models of AD, LDs emerge before amyloid 
plaque and neurofibrillary tangle formation, suggest-
ing lipid dysregulation drives AD progression [193]. 
Both human AD brains and 5xFAD mouse models show 
microglia LD formation upon Aβ exposure (Fig.  3), 
with droplet density increasing with proximity to amy-
loid plaques. Microglia with LD accumulation exhibit 
reduced Aβ phagocytic capacity [105]. The experimental 
results indicate a reciprocal promotion between microg-
lial LD accumulation and Aβ production. Regardless of 
the causal sequence, ACAT inhibitor treatment in AD 
mouse models, achieved 86% brain CE reduction with 
parallel 88–99% Aβ decrease [194]. ACAT knockout 
enhances the microglia’s ability to phagocytose Aβ and 
promotes its lysosomal degradation [195]. Studies dem-
onstrate an inverse relationship between microglial LD 
levels and phagocytic activity in AD models. Therefore, 
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the induced amyloid precursor protein-KI/Fit2i Delta 
M phi transgenic mouse model, specifically designed to 
reduce microglial LDs, demonstrates consistent enhance-
ment of phagocytic capacity and significant Aβ deposi-
tion reduction [196].

MS
MS, a neuroinflammatory disorder characterized by 
CNS demyelination and neurodegeneration [197]. Dur-
ing disease progression, both microglia and infiltrat-
ing macrophages exhibit enhanced phagocytic capacity 
[198]. Microglial phagocytic activity, which is vital for 
the clearance of cellular debris and apoptotic cells, is 
essential for myelin regeneration [199]. In LPS-induced 
demyelination models, LD accumulation not only com-
promises phagocytic function but triggers excessive pro-
duction of pro-inflammatory mediators (e.g., inducible 
nitric oxide synthase, NLR family pyrin domain contain-
ing 3, cluster of differentiation 16, nitric oxide synthase 
2, and interleukin 12), thereby impeding the effective 
clearance of myelin debris [200, 201]. Recent research has 
demonstrated that microglia, via TREM receptors, pro-
mote the phagocytosis of myelin debris and clearance of 
apoptotic cells, thus supporting tissue repair and regen-
eration processes. Nevertheless, overactivation or dys-
function of microglia, mediated by TREM receptors, may 
lead to the release of pro-inflammatory cytokines and 
neurotoxic factors, exacerbate MS neuropathology [25]. 
Myelin, which is rich in lipids, particularly cholesterol, 
poses a challenge in demyelinated areas where phago-
cytic cells are incapable of removing cholesterol-rich 
myelin remnants, leading to the formation of cholesterol 
crystals that contribute to the intracellular accumulation 
of LDs (Fig. 3) [202]. This LD-driven microglial dysfunc-
tion induces pro-inflammatory responses, further dam-
ages oligodendrocytes and exacerbating demyelination 
[157, 200, 201, 203, 204]. Studies have demonstrated 
that enhancing myelin-derived lipid efflux from LDAM 
restores microglial phagocytic capacity while provid-
ing oligodendrocytes with substrates for remyelination 
[203, 205]. Targeting lipid homeostasis thus emerges as 
a promising therapeutic strategy for enhancing remyelin-
ation capacity [200].

Stroke
Ischemic stroke, the most prevalent form of stroke, 
results from cerebral hypoperfusion. Glutamate-induced 
excitotoxicity serves as a well-established driver of cell 
death in ischemic stroke [206]. This neurotoxic cas-
cade involves calcium overload, increased production of 
reactive oxygen species, mitochondrial dysfunction, ER 
stress, and ferroptosis [207–211]. Most of these factors 
can induce LD accumulation [212]. In the oxygen and 
glucose deprivation model, microglia display enhanced 

levels of LD accumulation and elevated expression pat-
terns of PLIN2. In the middle cerebral artery occlu-
sion stroke model, the formation of LD in microglia is 
induced [213]. The occurrence of LDs after a stroke may 
be attributed to multiple mechanisms. These include the 
swift demise of cells within a relatively brief timeframe, 
resulting in microglia phagocytosing the deceased cells 
and subsequently forming LDs. An additional potential 
mechanism may be the disruption of the blood-brain 
barrier, allowing the penetration of peripheral lipopro-
tein particles (Fig.  3) [214, 215]. Several studies have 
shown that by minimizing LD accumulation, it is pos-
sible to suppress autophagy, enhance cerebral blood flow, 
reduce brain injury, and promote neurological recovery 
[216, 217].

PD
PD manifests through progressive degeneration of dopa-
minergic neurons in the substantia nigra, clinically pre-
senting with tremors, rigidity, and bradykinesia [218]. 
Its main pathological feature is the intracellular accumu-
lation of α-synuclein aggregates, leading to the forma-
tion of Lewy bodies [219, 220]. Numerous studies have 
demonstrated LD accumulation in the neurons of PD 
patients. The pathogenesis of PD has been associated 
with lysosomal dysfunction and abnormal lipid metabo-
lism in neurons, resulting in α-synuclein aggregation 
[219, 221, 222]. α-synuclein can bind to the monolayer of 
PLs on the surface of LDs, shielding them from lipolysis 
and thereby promoting their accumulation [223, 224]. 
The presence of LDs containing neutral lipids may func-
tion as an early indicator of neurodegeneration, coex-
isting with α-synuclein overexpression [225]. Whether 
LDs also present in the glial cells of PD-affected brain? A 
2020 study using a fluorescent probe (BODIPY) labeling 
LDs revealed substantial LD accumulation in dopami-
nergic neurons and microglia, but not astrocytes, in PD 
substantia nigra [226]. However, this study concentrated 
on neurons and did not delve into presence of LDs in 
microglia in PD or their connection to the disease’s path-
ological processes.

Neuropathic pain
As previously stated, LDs are emerging as key inflam-
matory mediators. Microglial-driven inflammation con-
stitutes a central pathogenic mechanism in neurological 
disorders [227]. This response is also crucial in the devel-
opment of chronic neuropathic pain [228, 229]. This 
raises a pivotal question: How LDs in microglia correlate 
with neuropathic pain and what specific roles they may 
fulfill in this context? In 2021, Navia-Pelaez JM et al. con-
ducted a study that demonstrated in a mouse model of 
chemotherapy-induced peripheral neuropathy, there was 
a notable alteration in the expression of lipid metabolism 
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genes and the accumulation of LDs in spinal cord microg-
lia. Moreover, an intrathecal injection of apoA-I binding 
protein, which promotes cholesterol depletion in spinal 
cord microglia, correspondingly reduced LD accumula-
tion and alleviated neuropathic pain [230]. These out-
comes underscore the potential therapeutic implications 
of targeting LDs in the management of neuropathic pain. 
However, it is not yet determined whether pain triggers 
the accumulation of LDs in spinal cord microglia or if the 
initial event is the appearance of LDAM, which releases 
inflammatory factors that induce neuropathic pain; the 
causal relationship and specific mechanisms remains 
enigmatic (Fig. 3).

Lipids in LDAM are derived from multiple sources dur-
ing various disease states, including cell debris, myelin 
debris, peripheral lipoprotein particles, Aβ, among oth-
ers. LDAM are characterized by increased oxidative 
stress, a pro-inflammatory state, and reduced phagocytic 
capacity.

Discussion
Summary
Recent experimental advancements have offered novel 
insights into the role of lipid metabolism in regulat-
ing microglial biology. While debates persist regarding 
microglial subtype classification, these cells exhibit stim-
ulus-dependent activation states [4]. Lipids in LDAM 
originate from several key sources, such as the uptake of 
apoptotic cells [14], myelin debris [153, 157], lipoprotein 
particles [231] and neuronal-derived lipids [190, 192].

Considering the multiplicity of lipid sources contrib-
uting to droplet formation, is there heterogeneity in 
LD composition among distinct pathological states? In 
aging, LD accumulation is predominantly characterized 
by increased levels of TAG [16]. In contrast, in AD and 
cisplatin-induced conditions, the primary accumulation 
of cholesteryl esters is observed within LDs. These dif-
ferences imply that microglia have distinct mechanisms 

for forming and accumulating LDs during different con-
ditions. Consequently, LDs play several important roles 
in cells. They serve as energy storage depots, inflamma-
tion markers, lipid signaling centers, and protective waste 
storage for overactive neurons, and they result from lyso-
somal dysfunction. In addition, LDAM is linked to vari-
ous neurological disorders [19].

Future perspectives and challenges
The researches on LDAM during development [167] 
highlight significant lipids functions in brain matura-
tion, particularly regulating myelination, neurite growth, 
and synaptogenesis. Lipids are known to influence the 
proliferation of neural progenitor cells and neurogenesis 
[232–235].Therapeutic strategies targeting LD dynamics 
(through formation inhibition or degradation accelera-
tion) may confer multiple benefits: attenuate pro-inflam-
matory responses and oxidative stress; restore phagocytic 
capacity to alleviate disease progression (Fig.  4). The 
liberation of lipids from LDs might also contribute to 
myelin/neurite repair. Notably, enhanced neural pro-
genitor cell proliferation in mature brains offer the pos-
sibility of replacing neurons lost in various pathological 
states. Current interventions demonstrate efficacy in 
normalizing lipid metabolism, reducing inflammation 
and slowing disease progression. For example, ACAT is 
the key enzyme for converting cholesterol into CE. In the 
AD animal model, inhibiting ACAT can reduce the level 
of CE in the brain, thereby reducing the accumulation of 
LDs in microglia, restoring the phagocytic ability, and 
facilitating the clearance of Aβ [194, 195]. Nonetheless, 
some challenges persist. This review summarizes the key 
synthetic enzymes, degradative enzymes, and regulatory 
proteins involved in the dynamics of LDs. While some 
of these have been investigated in studies, many remain 
uninvestigated and thus represent potential targets for 
future research and therapeutic development. However, 
as these enzymes are not microglia-specific, necessitating 

Fig. 4 Schematic representation illustrating the link between LDAM, the function and disease progression
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a careful assessment of potential adverse effects. Addi-
tionally, several critical questions remain unresolved: 
what are the specific triggering factors and lipid meta-
bolic processes underlying LD accumulation in microglia 
under different pathological conditions? While the stages 
and severity of specific diseases can be ascertained, the 
exact timing of LD formation in microglia and their evo-
lution across different disease stages remains indistinct. 
Consequently, determining the optimal timing for inter-
vention poses a significant challenge.

Addressing these challenges necessitates the imple-
mentation of advanced high-resolution technologies to 
investigate temporal and spatial alterations in microg-
lial lipid profiles. The enhanced resolution of confocal 
microscopy, coupled with the evolution of sophisticated 
analytical mapping tools, has facilitated comprehensive 
analysis of LDs, enabling detailed examination of their 
number, dimension, localization, and dynamic proper-
ties [26, 236]. The label-free coherent anti-stokes Raman 
scattering microscopy is a nonlinear imaging technique 
that detects the vibrational characteristics of specific 
chemical bonds, allowing for label-free visualization of 
molecular structures without phototoxicity [237]. This 
technique enables the acquisition of higher-resolution 
and high-throughput lipid structural data. For instance, 
it can be utilized to quantify the acyl chains constituting 
TAG within LDs [238, 239]. Mass spectrometry imag-
ing represents a physics-based surface analytical method 
that can be employed for single-cell resolution lipidomics 
and even proteomics on brain tissue Sects. [240, 241]. 
Advanced high-throughput mass spectrometry meth-
odologies further decode specific cell type and secreted 
lipid profiles, establishing an essential foundation for elu-
cidating lipid-mediated regulatory processes in microglia 
[242].

During the early 21st century, lipidomics emerged as a 
distinct research field, which allows for comprehensive 
qualitative and quantitative analysis of a diverse array of 
lipids within cells [243, 244]. Through systems biology, it 
becomes feasible to integrate lipidomics, metabolomics, 
and proteomics using mathematical approaches, enabling 
visualization and prediction of complex interactions and 
characteristics, such as metabolic pathways and net-
works, disease initiation and progression, as well as phar-
maceutical interventions [245]. Future researches ought 
to further leverage lipidomic and proteomic technologies 
to investigate subtle compositional changes in LDs across 
different pathological stages and spatial locations, as well 
as their corresponding functional variations.

Current understanding of lipid metabolism in microg-
lia is still at a nascent stage. Comprehensive studies 
focusing on LDs and their metabolic processes are essen-
tial for enhancing our understanding of CNS metabolism 
and the mechanisms underlying disease development.
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