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Abstract: Neuroinflammation is an adaptive immune response of the nervous system to tissue injury or microbial invasion. As innate
immune cells of the central nervous system, neuroglia cells—especially astrocytes and microglia—play a critical role in maintaining
neural homeostasis. Bioactive lipids, key molecules at the core of tissue immune homeostasis, regulate a variety of biological activities
with precision, participating in the management of neuroinflammation, a process often mediated by glial cells. The four major classes
of bioactive lipids, including classic eicosanoids, specialized pro-resolving mediators (SPMs), endocannabinoids (eCBs), and lysopho-
spholipids/sphingolipids (LPLs/SPs), influence the regulation of neuroinflammation in a context-dependent manner by affecting the
phenotypic changes and activation states of neuroglial cells, thus collectively contributing to the modulation of neuroinflammation.
A comprehensive review and summary of these regulatory mechanisms will provide potential directions for future research integrating
emerging single-cell lipidomics techniques and clinical trials of lipid-based therapeutics. In-depth exploration of this field holds great
promise for offering novel strategies for the early diagnosis and treatment of neurological disorders.
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Introduction

Neuroinflammation is an adaptive immune response of the nervous system to tissue damage or microbial invasion,
characterized by the release of inflammatory mediators by neuroglia cells and other immune cells to counter various
harmful stimuli." Although transient neuroinflammation plays a protective role, prolonged and chronic neuroinflamma-
tion becomes a critical trigger for many neurological diseases. For instance, neuroinflammatory-related disorders such as
Alzheimer’s disease, Parkinson’s disease, and migraines are among the most common, all of which are associated with
high disability rates and impose significant economic and healthcare burdens.> * Therefore, exploring effective early
intervention strategies to control the progression of neuroinflammation is crucial to preventing further damage.

As the innate immune cells of the central nervous system (CNS), neuroglia cells are the guardians of neural
homeostasis, and their importance in the management of neuroinflammation is well-recognized. Astrocytes and microglia
are the primary effector cells in neuroinflammation. They directly participate in and regulate the occurrence and
progression of neuroinflammation, making them key targets in neuroinflammation research. Traditionally, lipids have
been viewed as structural components of cell membranes and sources of efficient energy. However, bioactive lipids,
situated at the core of tissue immune homeostasis, actually form a complex molecular network fundamentally involved in
every key aspect of inflammation, including its initiation, coordination, and resolution.> Although existing research has
provided evidence linking bioactive lipids with neuroinflammatory diseases,*’ their specific roles in the progression of
inflammation from acute to chronic stages have not yet been fully elucidated.
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Interestingly, an increasing body of research evidence suggests that bioactive lipids, including classic eicosanoids,
specialized pro-resolving mediators (SPMs), endocannabinoids (eCBs) and lysophospholipids/sphingolipids (LPLs/SPs),
may participate in the management of neuroinflammation under the mediation of neuroglia cells.® These lipids modulate
neuroinflammation by influencing the phenotypic transformation and the activation or inhibition states of neuroglial cells.
With the rapid advancement of cutting-edge technologies such as single-cell multi-omics, the diversity of microglia and
astrocytes in neuroinflammation is gradually being unveiled. The transcriptional programs of microglia (eg, disease-
associated, interferon-responsive, lipid-droplet-enriched) and astrocytes (eg, reactive Al, neuroprotective A2) play
crucial roles at various stages of inflammation.”'® For instance, Trem2-deficient microglia exhibit characteristics of lipid-
droplet-enriched microglia (LDAM),'""'? and their altered lipid metabolism is closely linked to the progression of
neurodegenerative diseases. LDAM microglia modulate lipid metabolic pathways that not only intensify inflammatory
responses but also regulate interactions with astrocytes.'> Furthermore, the metabolism of long-chain polyunsaturated
fatty acids (PUFAs) in astrocytes plays a pivotal role in neuroinflammation, further confirming the close connection
between lipid metabolism and the functional states of glial cells."* These findings highlight the essential role of lipid
metabolism in the functional transitions of microglia and astrocytes, providing new perspectives for the treatment of
neuroinflammation and neurodegenerative diseases. In our team’s previous research, we have also observed a close
correlation between the accumulation of lipid droplets in microglia and the onset of neuroinflammation. These results
further support our hypothesis that bioactive lipids, under the regulation of neuroglial cells, particularly microglia and
astrocytes, may play a key role in various stages of neuroinflammation. This review aims to explore how bioactive lipids
interact with neuroglial cells and co-regulate the entire process from inflammation induction to chronic transformation.
This perspective not only deepens our understanding of the mechanisms underlying neuroinflammation but also provides
valuable insights for the early diagnosis and therapeutic intervention of neurodegenerative diseases.

The Complex Role of Microglia and Astrocytes in Neuroinflammation

The significance of astrocytes and microglia in neuroinflammation, along with the extensive research on these cells,
makes them the focal points of our review. Numerous studies have elucidated their specific mechanisms and roles in
neuroinflammation, providing a wealth of data and theoretical foundation. To ensure the depth and focus of this review,
we have chosen to concentrate on astrocytes and microglia.

Microglia, as the innate immune cells of the CNS, primarily serve roles in immune defense and maintaining internal
homeostasis. Under normal conditions, these cells remain in a resting state, but pathological stimuli can activate them,
marking the onset of neuroinflammation.'> Activated microglia exhibit different functional states, which play distinct
roles in the inflammatory response, including both pro-inflammatory and anti-inflammatory regulatory functions.'®
However, excessive or prolonged activation can lead to the continuous release of inflammatory mediators such as pro-
inflammatory cytokines and chemokines, thereby exacerbating inflammation and tissue damage.'” Therefore, regulating
the activation of microglia and their release of inflammatory mediators is crucial for controlling neuroinflammation and
the progression of related diseases.

Astrocytes are the most abundant cell type in the CNS, responsible for critical functions such as the synthesis and
recycling of neurotransmitters, regulation of neuronal metabolism, and defense against oxidative stress.'® There is a close
interaction between these cells and microglia, where the activation of microglia, through the secretion of IL-1a, TNFa,
and Clq, drives a neurotoxic astrocyte profile, characterized by upregulation of complement component C3. In contrast,
TGF-B and IL-10 promote the formation of a neuroprotective astrocyte phenotype. This interaction between microglia
and astrocytes plays a critical role in neuroinflammation and disease progression.'® ! For example, astrocytes induced
by activated microglia may exhibit various functional states, which could either exacerbate or alleviate the progression of
disease. Certain astrocytes may exhibit pro-inflammatory functions in response to neural injury, while others may provide
protective effects by expressing neurotrophic factors or anti-inflammatory genes.?* Therefore, a deeper understanding of
the physiological and anti-inflammatory mechanisms of astrocytes and exploring regulatory strategies targeted at these
cells represent an important research direction for controlling neuroinflammation.

Recent studies suggest that neuroinflammation may be caused by acute or chronic metabolic dysregulation and energy
depletion, where neuroglial cells play a central role in controlling neuroinflammation by regulating the metabolic
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processes of neural tissues.”> Additionally, the bioactive lipids produced by neuroglial cells not only coordinate the
normal physiological processes of the CNS but are also involved in various neuroinflammatory conditions and related

diseases, offering new perspectives for researching their roles in these disorders.?**>

The Multifaceted Roles of Bioactive Lipids Mediated by Neuroglial Cells in

Neuroinflammation

Endogenous lipids, also known as bioactive lipids, are divided into four main families based on their biochemical
functions: classic eicosanoids, SPMs, eCBs and LPLs/SPs. These lipids play a crucial role in various stages of
inflammation, serving different functions in the induction, resolution, and chronic transformation of inflammation.>¢
We will further explore how these lipid mediators cooperate with neuroglia cells to play these roles and participate in the

management of neuroinflammation (Figure 1).

Classical Eicosanoids: Key Trigger of Acute Neuroinflammatory Responses
Eicosanoids are well-known bioactive lipids that are rapidly produced in response to tissue damage or infection to
combat harmful stimuli. Due to their potent pro-inflammatory effects, they are considered critical triggers of acute
inflammation. Among them, omega-6 PUFAs, specifically arachidonic acid (AA), serve as a common precursor for many
molecules. Released from cell membrane phospholipids by phospholipase A2 (PLA2), AA is transformed by lipox-
ygenases (LOX) and cyclooxygenases (COX) into various bioactive molecules, examples include leukotrienes (LTs),
prostaglandins (PGs), and Hydroxyeicosatetraenoic acids (HETEs). These molecules not only play roles in regulating
vascular tone and pain perception but are also key in the initiation of inflammation. For instance, Prostaglandin E2
(PGE2) is one of the major metabolites of arachidonic acid through the COX pathway. Studies have demonstrated that it
amplifies the inflammatory response in the central nervous system by activating downstream signaling pathways, such as
EP2/NOX2/NF-kB.?” Similarly, TBs has been implicated in the regulation of blood-brain barrier permeability and the
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Figure | Summarizes the respective roles of bioactive lipids in resolving neuroinflammation. Classical eicosanoids act as key triggers of acute neuroinflammatory responses;
SPMs are responsible for promoting homeostasis recovery after neuroinflammation; eCBs are key maintainers of tissue homeostasis post-neuroinflammation; and LPLs/sps
play a crucial role in maintaining system balance during neuroinflammation.
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recruitment of immune cells during neuroinflammation.”® These findings provide substantial evidence supporting the
critical role of arachidonic acid-derived lipid mediators in modulating neuroinflammatory processes.

In the CNS, the metabolic products of PUFAs play a crucial role in the activation of neuroglia cells, particularly in the
onset of acute neuroinflammation.”” For instance, metabolites of AA, including PGE2 produced by COX, act as
immunomodulators that can either trigger or reduce inflammation by modulating the COX2/PGE2 signaling
pathway.***! Moreover, astrocytes and microglia are major sources of PGE2 and other prostaglandins within the CN'S.
Overexpression of PGE2 can lead to hyperactivation of microglia, exacerbating neuroinflammation.**** Reactive
microglia release chemokines and prostaglandins that further stimulate the production of more prostaglandins through
the activation of PLA2 and COX, creating a vicious cycle of inflammation.?*>*

However, acute inflammation is not a constant state. As the inflammation gradually resolves, the levels of classic
eicosanoids decrease and undergo a transformation in type. Taking lipoxins (LX) as an example, they typically have
anti-inflammatory effects and, as SPMs, help to facilitate the resolution of subsequent inflammation and tissue

repair.

SPM: Key Players in Promoting Homeostasis Recovery After

Neuroinflammation

During the resolution phase of inflammation, previously accumulated eicosanoids are transformed into newly discovered
SPMs. These SPMs play a pivotal role in resolving inflammation. They not only induce the cessation of white blood cell
infiltration and recruitment but also enhance the phagocytosis of apoptotic cells and debris by macrophage. Furthermore,
they suppress pro-inflammatory cytokines and stimulate the production of anti-inflammatory mediators, thereby facil-
itating tissue regeneration and healings.*> These SPMs are primarily produced from omega-6 AA and omega-3 fatty
acids such as eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), and docosapentaenoic acid (DPA). For
instance, lipoxins such as LXA4 and LXB4, derived from AA, were among the first SPMs identified. They effectively
mitigate inflammation and initiate tissue repair by inhibiting inflammatory responses and restoring tissue homeostasis.*®
EPA serves as a precursor for the E-series resolvins (such as RvE1-E4), which regulate inflammatory responses by
modulating key immune cells.’” Similarly, SPMs derived from DHA and DPA play crucial roles in removing cellular
debris and reducing the production of pro-inflammatory mediators while enhancing the production of anti-inflammatory
agents.>® Despite their diverse biosynthetic pathways and structures, these SPMs share the common feature of actively
promoting physiological homeostasis during inflammation.*”

Research indicates that astrocytes and microglia are the primary target cells for SPMs, whose ability to modulate
the activation of these neuroglia cells underscores their pivotal role in regulating neuroinflammation.*® Thus, SPMs
not only reduce the production of pro-inflammatory factors but also enhance neuroprotection and neuronal
survival.* Particularly, astrocytes, which express all the enzymes and receptors necessary for SPM biosynthesis,
such as the lipoxin receptor ALX/FPR2, play a crucial role in suppressing astrocyte activation and reducing the
production of pro-inflammatory factors.*'*** Combined treatments with RvE1 and LXA4 have been shown to reverse
neuroinflammation by modulating the activation of both microglia and astrocytes.*> Furthermore, the anti-
inflammatory and neuroprotective effects of omega-3 polyunsaturated fatty acids, such as DHA and EPA, have
been shown to inhibit the overactivation of microglia and astrocytes, while promoting their shift toward an anti-
inflammatory phenotype. This modulation of glial cell activity, along with the reduction of pro-inflammatory
cytokines in the brain, contributes to the alleviation of neuroinflammation.***® SPMs mediated by microglia,
such as RvD1 and MaR1, enhance the phagocytic activity of these cells, participating in the clearance of debris
and dead cells in the brain, thus maintaining cerebral homeostasis and aiding in repair.”> Therefore, neuroglia cell-
induced activity of SPMs is thought to be a key component in maintaining brain homeostasis and contributing to
repair in the context of neuroinflammation.*’

However, if the injurious stimuli persist or are not timely resolved by SPMs, the inflammation may evolve into
a chronic state, complicating the response to damage-induced changes involving two other families of bioactive lipids.
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eCBs: Key Maintainer of Tissue Homeostasis After Neuroinflammation
Under both acute and chronic pathological conditions, the differential expression of eCBs and cannabinoid receptors
across various tissues reveals their complex role in the inflammatory process. eCBs, including anandamide (AEA),
2-arachidonoylglycerol (2-AG), and palmitoylethanolamide (PEA), are bioactive lipids derived from AA metabolism.
Together with their associated enzymes and receptors, they form the eCB system, which plays a crucial role in
maintaining homeostasis under physiological and pathological conditions. Particularly following acute injurious stimuli,
levels of eCBs rapidly increase, activating anti-inflammatory and protective mechanisms. The functions of eCBs are
primarily carried out by its family members—AEA, 2-AG, and PEA—where AEA and PEA mainly exert anti-
inflammatory effects, while 2-AG has both pro-inflammatory and anti-inflammatory properties.” Under inflammatory
conditions, AEA and 2-AG are produced on demand and bind to and activate type 1 and type 2 cannabinoid receptors
(CB1 and CB2).***° This receptor activity can reduce the release of neurotransmitters and affect the transmission of
inflammatory signals in the CNS, thereby attempting to restore stability before disturbances occur.’®!

At the cellular level, neuroglial cells, particularly microglia and astrocytes, are important sources for the synthesis and
release of eCBs.>*> Under steady-state conditions, microglia synthesize 2-AG and AEA and express CB1 and CB2
receptors. When these cells are activated, the synthesis of eCBs increases, and the expression of CB2 receptors is
upregulated, promoting the production of neuroprotective factors and reducing the release of pro-inflammatory factors,
thus driving microglia towards a protective phenotype.”*>* Simultaneously, the CB1 receptor in astrocytes affects cell
function by modulating calcium ion mobilization, while the CB2 receptor plays a protective role by inhibiting the release
of inflammatory factors.”>® The 2-AG produced in astrocytes acts as a signaling mediator interacting with microglia,
also helping to terminate neuroglial-mediated inflammatory responses.>’

However, long-term inflammation can disrupt this physiological balance, leading to the overactivation of eCBs
receptors and potential interactions with other receptors, thus maintaining an inflammatory state in the body. The changes
under chronic inflammation are often considered a result of eCB signal degradation in neuroglial cells.’® Nevertheless,
the regulatory function of the eCB system is undoubtedly beneficial for maintaining homeostasis. It coordinates the
inflammatory response of nearby cells through complex interactions with multiple receptors or targets, thereby control-
ling the homeostasis after neuroinflammation. Moreover, the plasticity of this system makes the timely activation or
inhibition of eCBs an effective strategy for intervening and controlling neuroinflammation.

LPLs/SPs: Key to Maintaining Complex System Balance in

Neuroinflammation

This class of bioactive lipids, based on glycerol or sphingolipid structures and combined with molecules like ethanola-
mine, choline, and ceramide, displays a high degree of molecular diversity and complexity. Lysophospholipids, as key
signaling molecules, control the distribution, transport, and activation of immune cells, thus regulating adaptive immune
responses and influencing the progression and resolution of inflammation.> Additionally, sphingosine products such as
sphingosine 1-phosphate (S1P) and ceramide 1-phosphate (C1P), generated through phosphorylation by sphingosine
kinases (SphKs) and ceramide kinase (CerK), play significant pro-inflammatory roles and are primary active
sphingolipids.®*¢!

S1P is one of the most well-known bioactive lipids of the family, playing a central role in inflammation through its
interaction with five homologous receptors (SIPR1-5) on the SIP-SIPR axis.®*®* Moreover, SIP is a critical mediator
for the transport of lymphocytes between lymphoid and non-lymphoid tissues, especially crucial in the trafficking of
adaptive (T and B) cells.** Thus, if T and B cells are triggers for certain chronic inflammations, S1P indirectly promotes
the development of chronic inflammation by regulating their transport. During inflammation, SIP also alters the
morphology of microglia and astrocytes, promoting their proliferation and migration and increasing the synthesis of pro-
inflammatory factors, thereby exacerbating the inflammatory characteristics of neuroglia cells and perpetuating
inflammation.®> The complex functions of SIP are notably evident in its interaction with the SphK1 pathway. SphK1
enhances the secretion of anti-inflammatory bioactive lipids, such as SPMs, through the COX2 pathway, which is crucial
for maintaining the homeostasis of the nervous system. Elevated levels of SphK1 enhance COX2’s anti-inflammatory
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Table | Summary of Bioactive Lipids and Their Roles in Glial Cell Modulation

Lipid Class Biosynthetic Enzymes Primary Receptors Role in Disease Stage
Eicosanoids COX (Cyclooxygenase), LOX EPI, EP2, EP3, EP4 Involved in acute neuroinflammation, promoting inflammation

(Lipoxygenase) (Prostaglandin receptors) initiation and persistence.
Specialized Pro-Resolving LOX (Lipoxygenase) BLT1, BLT2 (Leukotriene Promote resolution of inflammation during the resolution
Mediators (SPMs) receptors) phase, facilitating tissue repair.
Endocannabinoids (eCBs) FAAH (Fatty Acid Amide Hydrolase), CBI, CB2 (Cannabinoid Modulate inflammation response and immune cell activity,

MAGL (Monoacylglycerol lipase) receptors) exerting anti-inflammatory and neuroprotective effects.
Lysophospholipids/ PLA2 (Phospholipase A2) SIPI, SIP2, SIP3 Exacerbate the inflammatory characteristics of glial cells and
Sphingolipids (LPLs/SPs) (Sphingosine-|-phosphate promote sustained inflammation.
receptors)

activity and promote the synthesis of SPMs, aiding in maintaining overall system balance. However, an imbalance
between S1P and SphK1 levels may activate neuroglia cells, leading to the initiation of neuroinflammatory responses.*’
Therefore, the dynamic balance between S1P and the SphK1 pathway plays a key role in controlling and maintaining the
internal homeostatic environment.

The role of CIP is similarly complex. On one hand, it directly enhances the activity of classical eicosanoids, promotes
the production of pro-inflammatory cytokines, and exacerbates both acute and chronic inflammatory responses. On the
other hand, CIP has also been shown to negatively regulate certain pro-inflammatory factors.®“®” In the context of
neuroinflammation, although an increase in ceramide levels can induce the expression of inflammatory molecules and
activate astrocytes and microglia,*® short-chain ceramides in microglia exhibit inhibitory effects on certain cytokines and
chemokines, highlighting its function dependent on acyl chain length and cell type.®’

Overall, lysophospholipids and sphingolipids play a crucial role in maintaining biological homeostasis. Although their
specific functions in neuroinflammation remain unclear, partly due to our incomplete understanding of their metabolic
mechanisms, several studies have reported that S1P significantly enhances the release of pro-inflammatory cytokines. In
contrast, pharmacological blockade of S1P receptors completely suppresses the release of inflammatory mediators such
as TNF-a and IL-6."° Moreover, the application of antagonists targeting lysophospholipid and sphingolipid-related
receptors has been shown to be an effective strategy for inhibiting the chronic progression of inflammation.”’
Therefore, while further research is required to fully elucidate the true role of these bioactive lipids in neuroinflammation,
existing studies have already identified them as key bioactive lipid mediators in diseases driven by chronic inflammation.

Conclusions

Over the past many years, lipids have often been simply viewed as components of cell membranes or substances for
energy storage. However, with the advancement of scientific research, modern science has revealed that lipid mediators
play an important and crucial role in autonomously coordinating a wide range of biological activities and maintaining
organismal homeostasis. Current research not only shows that specific lipid mediators are involved in regulating each
stage of inflammation but also that these bioactive lipid families coexist and collaborate at different stages of inflamma-
tion, with complex interactions between family members (Table 1).

Particularly noteworthy is the increasing amount of evidence that bioactive lipids play a vital role in signal
transduction mediated by neuroglia cell in neuroinflammation. These studies not only highlight the potential value of
treatments targeting these lipid mechanisms in addressing neuroinflammation caused by their disturbances but also
provide a theoretical basis for developing new treatment strategies. Taking SPMs as an example, studies have shown that
during the course of self-limited inflammation, extracellular vesicles (EVs) isolated from inflammatory exudates contain
detectable levels of SPM precursors such as 14-HDHA and 17-HDHA. These molecules increase during the early phase
of inflammation, decline at its peak, and accumulate again during the resolution phase.”® Based on these findings,
lipidomic profiling of brain-derived EVs from patients with neurological diseases may help identify specific defects in
resolution pathways. This knowledge could pave the way for the development of personalized nanomedicines, in which
SPMs—either extracted from EVs of healthy individuals or synthetically produced—are delivered to patients for targeted
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therapeutic intervention. Moreover, the plasticity of eCBs plays a pivotal role in orchestrating the resolution of
inflammation. Timely activation or inhibition of their signaling pathways represents a promising strategy for modulating
neuroinflammatory processes. Emerging evidence indicates that during chronic CNS inflammation, astrocytes exhibit not
only elevated levels of ceramides but also a marked increase in ceramide-derived glycosphingolipids, which collectively
contribute to the progression of neuroinflammation. These findings suggest that ceramides may serve as potential
therapeutic targets for mitigating persistent neuroinflammation. Furthermore, the detection of secreted ceramides holds
promise as a novel biomarker for assessing neuroinflammatory status and supporting the clinical diagnosis of various
neurological disorders. Recent studies have reported a specific elevation of certain ceramide species in the cerebrospinal
fluid of patients with multiple sclerosis, and ceramide profiling in plasma has also demonstrated potential for identifying
disease risk. The utility of ceramides as predictive biomarkers has thus been increasingly supported by accumulating
clinical evidence.®’

Using migraine as an example, which is the focus of our research team, neuroinflammation is a key mechanism in
migraine attacks, involving complex interactions between neurons, blood vessels, neuroglia cells, and immune cells.
Bioactive lipids play a bridging role in this process. For instance, PGE2 promotes pain signal transmission and
vasodilation through EP receptors, while endogenous cannabinoids inhibit pain and inflammation through CB1 and
CB2 receptors. Abnormal lipid metabolism may lead to a persistent state of neuroinflammation, and these abnormal lipid
metabolites may be key pathological factors in chronic migraine (CM) patients. An increasing number of clinical studies
have revealed a strong correlation between lipid metabolic profiles and the risk of migraine.”” Interventions targeting n-3
and n-6 fatty acids have been shown to modulate bioactive mediators associated with the pathogenesis of headaches,
resulting in a reduction in both the frequency and severity of migraine attacks.”> Moreover, bioactive lipids, such as
cannabinoids, have gained growing attention for their potential clinical value in migraine treatment.”* EPA and DHA are
also considered promising clinical therapeutic agents for migraine prevention.”” Additionally, based on the lipid
metabolic abnormalities and energy homeostasis disruptions observed in migraine patients, assessing lipid changes in
plasma and cerebrospinal fluid could emerge as a promising direction for precision diagnosis and treatment of migraine.”®
Analyzing the lipid metabolic profile of CM patients can not only elucidate the mechanisms of migraine chronification
but also help reveal related comorbidities. Using common comorbidities of CM as examples, such as cognitive
impairment and mood disorders, these conditions may be associated with persistent neuroinflammation, neuronal
damage, and abnormal neural circuit function. Research reports indicate that bioactive lipids, such as ECS, play
a crucial role in regulating cognitive function, suggesting that chronic migraine may interfere with bioactive lipids,
thus playing a key role in the management of cognitive function and mood.”””® In the future, combining advanced
techniques such as mass spectrometry and single-cell sequencing will enable more precise mapping of lipid metabolism
networks and their changes at different pathological stages, providing a theoretical basis for exploring new lipid
metabolic enzymes and receptors as therapeutic targets. This will effectively control migraine onset and its chronicity,
as well as advance research on migraine comorbidities. At the same time, with the development of cutting-edge
technologies such as imaging mass spectrometry (eg, lipid imaging mass spectrometry to visualize lipid distribution in
brain tissues in real-time), biosensor probes (eg, lipid probes based on nanotechnology for monitoring dynamic
interactions between lipids and receptors), and CRISPR-based lipid enzyme screening (eg, using CRISPR-Cas9 for high-
throughput screening of specific lipid metabolic enzymes), these methods are poised to bring revolutionary advancements
to the field of lipid metabolism and drive the next wave of research discoveries. Therefore, future research should not
only focus on the mechanisms of lipid metabolism but also actively utilize these innovative technologies to promote
precision treatment for migraines and other neurological disorders. Additionally, this review focuses on neuroglia cells,
key participants in the migraine process. Overactivation and persistent inflammatory responses of neuroglia cells may be
important factors leading to neuropathological changes and chronic pain in CM. Therefore, exploring the mechanisms of
specific bioactive lipids in neuroglia cells activation and signal transduction can help reveal whether their abnormal
metabolism is a core driver of persistent inflammation in CM. Studying the metabolic pathways and regulatory
mechanisms of these lipids in neuroglia cells will provide new insights for developing targeted therapeutic strategies.

Thus, by comprehensively discussing how bioactive lipids participate in the management of neuroinflammation
mediated by neuroglia cells, we aim to incorporate these lipids into research and treatment strategies for
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neuroinflammation. Future studies could focus on how these lipids spontaneously participate in inhibiting neuroinflam-
mation or regulating homeostasis, developing cutting-edge methods for early diagnosis and treatment of neurological
diseases. This not only brings new therapeutic options to the field of neuroscience but also provides more precise
strategies for disease management.’
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