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Abstract

therapeutic strategy for AD.

Alzheimer’s disease (AD) is a complex neurodegenerative disorder characterized by significant neuroinflammatory
responses. Microglia, the immune cells of the central nervous system, play a crucial role in the pathophysiology of
AD. Recent studies have indicated that microglial efferocytosis is an important mechanism for clearing apoptotic
cells and cellular debris, facilitating the resolution of neuroinflammation. This review summarizes the biological
characteristics of microglia and the mechanisms underlying microglial efferocytosis, including the factors and
signaling pathways that regulate efferocytosis, the interactions between microglia and other cells that influence
this process, and the role of neuroinflammation in AD. Furthermore, we explore the role of microglial efferocytosis
in AD from three perspectives: its impact on the clearance of amyloid plagues, its regulation of neuroinflammation,
and its effects on neuroprotection. Finally, we summarize the current research status on enhancing microglial
efferocytosis to alleviate neuroinflammation and improve AD, as well as the future challenges of this approach as a
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Introduction

Alzheimer’s disease (AD) is a progressive neurodegen-
erative disease that is a leading cause of dementia world-
wide and overwhelms global health care systems given its
high burden of care. Currently, it is estimated that around
44 million people worldwide have AD, and this number
is expected to rise, especially given the continuing trend
of an aging population. Projections show that by 2050,
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the number of people affected could nearly double [1].
AD is characterized by cognitive decline and memory
loss, accompanied by pathological features such as amy-
loid plaque buildup, neuronal apoptosis, and pronounced
neuroinflammation. Microglia are the main immune
cells of the central nervous system (CNS) and play a vital
role in maintaining homeostasis, especially in the con-
text of neuroinflammation associated with neurodegen-
erative diseases such as AD [2]. Soliman et al. revealed
that microglia can clear apoptotic cells (ACs) and cell
debris through efferocytosis, regulate neuroinflamma-
tion and promote recovery in the neural environment
[3]. Recent studies have highlighted the importance of
understanding the mechanisms by which microglia per-
form efferocytosis, particularly in the context of AD, as
this knowledge could inform the development of novel
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therapeutic strategies aimed at mitigating neuroinflam-
mation and its detrimental effects on cognitive function
[4].

Efferocytosis refers to the phagocytic clearance of ACs
by professional phagocytes, including microglia. This
mechanism is crucial for preventing secondary necrosis,
which can trigger the release of pro-inflammatory mol-
ecules and exacerbate neuroinflammation [5]. In AD,
microglia fail to effectively perform efferocytosis, lead-
ing to the accumulation of ACs and debris, which further
intensifies inflammatory responses and neuronal dam-
age. Research indicates that microglial efferocytosis is
influenced by various cytokines and signaling pathways,
including milk fat globule epidermal growth factor 8
(MFG-E8) and cathepsin B, which play roles in regulating
microglial activation and phagocytic activity [6]. Under-
standing the specific cytokines and pathways that regu-
late efferocytosis could provide potential interventions to
enhance microglial function and promote the resolution
of neuroinflammation.

Microglia play a crucial role in the CNS, not only by
clearing ACs but also by forming a complex network of
interactions with other cell types, such as neurons and
astrocytes. These interactions are essential for the effec-
tive process of efferocytosis. Specifically, while microglia
remove ACs, they also communicate with surrounding
cells by releasing anti-inflammatory cytokines, facilitat-
ing a phenotypic shift [7]. This shift allows microglia to
transition from a pro-inflammatory state to a more repar-
ative one, which is vital for tissue repair and regeneration
following neuroinflammatory damage. Under healthy
conditions, these intercellular interactions help maintain
immune balance within the CNS, ensuring that inflam-
matory responses remain appropriate and effective.
However, in neurodegenerative diseases like AD, this
delicate balance is severely disrupted. Microglia become
persistently activated in a pro-inflammatory state, lead-
ing to chronic inflammatory responses [8]. This sustained
inflammation not only impairs the efferocytosis function
of microglia but may also exacerbate neuronal damage
and death, creating a vicious cycle [9]. Therefore, it is
imperative to delve deeper into the interactions between
microglia and other cell types, such as neurons and astro-
cytes, and to understand how these interactions influence
the efferocytosis mechanisms of microglia. This research
is not only critical for elucidating the pathogenesis of AD
and similar conditions but also holds promise for identi-
fying new therapeutic targets aimed at restoring immune
balance in affected patients, ultimately promoting recov-
ery and regeneration within the nervous system.

In conclusion, microglial efferocytosis emerges as a
vital mechanism for the resolution of neuroinflammation
in AD. A deeper understanding of the molecular path-
ways and cellular interactions involved in this process
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could provide important directions for developing novel
targeted therapeutic strategies aimed at inhibiting the
progression of neurodegenerative diseases, promoting
neurological recovery, and improving cognitive outcomes
for patients. Future research should focus on identifying
specific therapeutic agents that can enhance microglial
efferocytosis and restore the balance of neuroinflamma-
tion in AD.

Biological characteristics of microglial cells

Origin and development of microglial cells

Microglial cells play a crucial role in the CNS as the resi-
dent immune cells, originating from yolk sac progenitors
during early embryonic development. This distinct lin-
eage not only sets them apart from other macrophages
but also underscores their unique functionality within
the CNS. The migration and colonization of microglial
cells are tightly regulated by various factors, including the
neurogenic state of the surrounding environment and the
presence of blood vessels. For instance, recent studies in
zebrafish have demonstrated that microglial precursors
utilize intraocular hyaloid blood vessels as pathways to
infiltrate the developing retina, emphasizing the critical
role of vascular structures in guiding microglial migration
[10]. In addition to their migratory pathways, microglial
cells exhibit dynamic changes throughout development.
Research has shown that these cells are involved in criti-
cal processes such as synaptic pruning, neuronal survival,
and the regulation of neuroinflammation [11]. Notably,
their migration patterns are influenced by interactions
with the extracellular matrix and signaling molecules
present in the microenvironment. For example, integrin
receptors on microglia mediate their interactions with
fibronectin, which has been found to facilitate or inhibit
their migration depending on the developmental stage
[12]. Furthermore, microglial cells are not merely passive
observers, they actively contribute to the maturation of
neuronal networks by modulating synaptic connections
and responding to developmental cues [13].

Activation state of microglia and efferocytosis

Microglia exhibits remarkable plasticity that enables
them to adapt to the diverse stimuli encountered within
the complex environment of the CNS. Under normal
homeostatic conditions, these multifunctional cells
maintain overall brain health and function by clearing
ACs and cellular debris, preventing unnecessary inflam-
mation, and preserving the integrity of surrounding
tissues, thus ensuring a stable and healthy neural envi-
ronment [14]. However, in pathological contexts such as
neurodegeneration or physical injury, microglia undergo
complex activation processes, displaying a continuum
of functional states rather than simplistic binary clas-
sifications (e.g., the traditional M1/M2 paradigm) [15].
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Recent studies emphasize that microglial activation states
are determined by specific stimuli (e.g., AP oligomers,
ATPD, pathogen-associated molecular patterns) and dis-
tinct genetic-proteomic response profiles. For example,
during acute neuroinflammation, microglia exposed to
IEN-y or LPS upregulate pro-inflammatory-related genes
(e.g., IL-1B, TNF-a, iNOS) and release reactive oxy-
gen species (ROS), exacerbating neuronal damage [16].
In tissue repair phases, microglia stimulated by IL-4 or
IL-13 highly express homeostatic regulatory genes (e.g.,
Argl, Yml, CD206), promoting synaptic remodeling
and myelin regeneration [17]. Single-cell RNA sequenc-
ing has identified novel subpopulations such as disease-
associated microglia (DAM), characterized by genes (e.g.,
ApoE, TREM2, LPL) linked to neurodegenerative disease
progression [18].

The phagocytic capacity of microglia is closely tied to
their activation state. During efferocytosis, microglia
may differentiate into a pro-resolving phenotype, secret-
ing anti-inflammatory mediators like TGF-p and IL-10
to suppress secondary inflammation and maintain tissue
homeostasis. Conversely, impaired efferocytosis (e.g., due
to defective TAM receptor signaling or reduced MerTK
expression) leads to the accumulation of cellular debris
and release of damage-associated molecular patterns
(DAMPs), driving microglia toward an inflaimmation-
dominant phenotype and resulting in chronic neuro-
inflammation and CNS dyshomeostasis. This dynamic
regulation involves synergistic interactions among mul-
tiple signaling pathways. Interleukin-33 activates the
MAPK/NEF-kB pathway via the ST2 receptor, enhancing
microglial phagocytic activity [19]. The NLRP3 inflam-
masome regulates inflammation-repair balance through

Caspase-1-mediated IL-1p maturation [20]. HDAC
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inhibitors induce the expression of pro-resolving genes,
reprogramming microglial function. Studies further
demonstrate that microglial activation states directly
influence synaptic plasticity and neuronal survival [21].
In peripheral nerve injury models, pro-resolving microg-
lia promote axonal sprouting via the release of brain-
derived neurotrophic factor (BDNF) [22].

Mechanisms of microglial efferocytosis

Molecular basis of efferocytosis

Efferocytosis primarily involves four stages: recruitment
of microglia (“Find-Me”), identification (“Eat-Me” and
“Don’t-Eat-Me”), phagocytosis, and digestion of ACs [23].

Recruitment of microglia

During the “Find-Me” phase, ACs release a variety of
soluble mediators, including nucleotides, proteins, lipids,
and various lipid products, to recruit microglia. These
“Find-Me” signals mainly consist of adenosine triphos-
phate (ATP), uridine triphosphate (UTP), sphingosine-
1-phosphate (S1P), CX3C motif chemokine ligand 1
(CX3CL1), and lysophosphatidylcholine (LPC) (Fig. 1).
Among these, ATP and UTP signals can be released
through pannexin channels, which are activated by the
cleavage of caspases 3/7 during apoptosis, and they bind
to purinergic P2Y receptors on the surface of microglia to
induce their migration [24, 25]. S1P, CX3CL1, and LPC
interact with their respective receptors—S1P receptor
subtypes 1-5, C-X3-C motif chemokine receptor 1, and
G protein-coupled receptor G2A—to recruit microg-
lia, upregulate anti-inflammatory/pro-resolving gene
expression, and regulate the cytoskeleton [26—28]. These
signals not only attract microglia but also prepare them
for “battle” by enhancing the expression of phagocytic
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Fig. 1 Recruitment of microglia by ACs. Abnormal activation of nuclear ACs recruit microglia by releasing a large number of “Find-Me” signals. “Find-Me"
signals mainly consist of adenosine triphosphate (ATP), uridine triphosphate (UTP), sphingosine-1-phosphate (S1P), CX3C motif chemokine ligand 1
(CX3CL1), and lysophosphatidylcholine (LPC). The receptors corresponding to the above “Find-Me”signals are P2YR, SIP1-5, CX3CR1 and G2A, respectively
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receptors and digestive mechanisms. When the integ-
rity of the lipid membrane of non-ACs is compromised,
inflammatory signals are directly released into the extra-
cellular space. Pathogen-infected cells release pathogen-
associated molecular patterns, which can bind to pattern
recognition receptors on microglia, influencing their
function and immune activation. Additionally, non-ACs
can release damage-associated molecular patterns, trig-
gering inflammatory responses and acting as chemotactic
factors for microglia. Moreover, nucleotides can modu-
late the immune mechanisms of microglia. For instance,
ATP or AMP released from ACs can be converted into
adenosine, which subsequently inhibits inflammation
through adenosine receptors, upregulating the expres-
sion of anti-inflammatory and pro-resolution genes,
including Nr4al and platelet-activating factor [29].

Identification of microglia

Although “Find-Me” signals enable microglia to reach
the vicinity of ACs, the specific recognition of ACs
among neighboring viable cells relies on the exposure
of “Eat-Me” signals. The “Eat-Me” signals are crucial for
identifying ACs and triggering efferocytosis through the
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activation of phagocytic receptors and subsequent sig-
naling cascades. These “Eat-Me” signals include phos-
phatidylserine (PS), calreticulin (CRT), and oxidized
low-density lipoproteins, with PS being the most effec-
tive and evolutionarily conserved signaling molecule. A
common feature of all forms of cell death is the loss of
phospholipid asymmetry in the plasma membrane, lead-
ing to the exposure of PS on the cell surface, which facili-
tates the engulfment of dying cells. During apoptosis,
PS, which is normally located on the inner leaflet of the
membrane, translocates to the outer surface in the early
stages [30].

PS can directly bind to phagocytic receptors on the
surface of microglia, such as T cell immunoglobulin and
mucin domain-containing protein 4 (TIM4), brain angio-
genesis inhibitor 1 (BAIl), receptor for advanced glyca-
tion end products (RAGE), and stabilin-2 (Stab2) [31]
(Fig. 2). It can also indirectly couple with TAM family
receptors through bridging molecules like growth arrest-
specific 6 (Gas6) and Protein S, activating the expression
of ELMO and DOCK proteins, which in turn activate
the GTPase RACI1, enhancing actin remodeling and
the formation of phagocytic cups [32]. The TAM family
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Fig. 2 Microglia recognize apoptotic cell processes. Microglia are recruited to the vicinity of ACs, where they recognize “Eat-Me” signals displayed on the
membranes of these cells, initiating phagocytosis through direct or indirect interactions. Following apoptosis, “Eat-Me” signals such as phosphatidylser-
ine (PS) and calreticulin (CRT) become exposed on the cell surface, interacting with receptors on microglia either directly or indirectly. Receptors that
interact directly with PS include T cell immunoglobulin and mucin domain-containing protein 4 (TIM4), brain angiogenesis inhibitor 1 (BAI1), receptor for
advanced glycation end products (RAGE), and stabilin-2 (Stab2). The TAM receptor tyrosine kinases, which include TYRO3, AXL, and Mer receptor tyrosine
kinase (MERTK), recognize PS through specific bridging ligands such as growth arrest-specific 6 (Gas6) and Protein S. Additionally, integrins av33 and av35
recognize ACs via the bridging molecule milk fat globule-epidermal growth factor 8 (MFGE8). Activated microglia also express low-density lipoprotein
receptor-related protein 1 (LRP1), which directly interacts with calreticulin on the surface of ACs. In contrast, healthy cells display “Don't-Eat-Me” signals,
such as CD47, on their surfaces. CD47 binds to the regulatory protein alpha (SIRPa) on microglia, leading to the tyrosine phosphorylation of the cytoplas-
mic domain of SIRPa and the recruitment of SHP1/2, which inhibits phagocytosis. TYRO3: TYRO3 protein tyrosine kinase. AXL: AXL protein tyrosine kinase.
MERTK: Mer receptor tyrosine kinase. Gasé: growth arrest-specific 6
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includes TYRO3 protein tyrosine kinase, AXL protein
tyrosine kinase (AXL), and Mer receptor tyrosine kinase
(MERTK). Additionally, MFG-E8 serves as another
bridging molecule that connects to avp3/avp5 integrins
on phagocytes [33]. Annexin I, an intracellular protein
under normal conditions, translocates to the outer mem-
brane surface of PS-containing cells during apoptosis,
functioning as a bridging molecule [34]. Upon binding
to PS, BAII1 initiates intracellular signaling through the
ELMO1-DOCK complex, inducing Racl-mediated actin
cytoskeletal rearrangements to prepare for the “eating”
of ACs [35]. CRT, a membrane-associated protein, exerts
its “Eat-Me” signaling role by binding to and activating
lipoprotein receptor-related protein 1 on phagocytes,
thereby ensuring the successful engulfment of ACs [36].
In contrast, healthy cells display “Don’t-Eat-Me” signals
on their surfaces, including CD47. CD47 binds to the sig-
nal regulatory protein o (SIRPa) on the surface of phago-
cytes, leading to the tyrosine phosphorylation of SIRPa’s
cytoplasmic domain. This event recruits SHP1/2, which
subsequently inhibits phagocytosis through non-muscle
myosin IIA [37, 38]. These signals enable healthy cells to
evade clearance by phagocytes.

Phagocytosis of microglia

Phagocytes upregulate corresponding surface receptors
and bridging molecules, facilitating direct or indirect
interactions between ACs and phagocytes. This interac-
tion occurs via the CRKII/DOCK180/ELMO pathway,
ultimately resulting in the activation of Racl, which pro-
motes cytoskeletal changes and the formation of phago-
cytic cups in phagocytes [39]. Members of the Rho/RAS
family of GTPases, which are small signaling proteins
within the Ras superfamily, play a crucial role in this pro-
cess by driving actin cytoskeletal rearrangements dur-
ing efferocytosis and facilitating the engulfment of ACs.
Notable members of this family include RhoA, Cdc42,
and Rac [40]. Research indicates that the activation of
Racl leads to changes in the actin cytoskeleton, further
promoting the engulfment of ACs, while the activation of
RhoA has the opposite effect [41].

Digestion of ACs

Once ACs are engulfed by macrophages, phagosome
formation occurs, leading to the release of a range of
hydrolytic and degradative enzymes. These enzymes
induce the fusion of the phagosome with lysosomes and
promote further acidification of the resulting phagolyso-
some. Concurrently, the expression of glucose trans-
porter protein type 1 and monocarboxylate transporter
1 from the solute carrier family is upregulated, facilitat-
ing the release of lactate and driving the intracellular pH
toward approximately 4. This acidic environment is cru-
cial for the degradation of the engulfed ACs, effectively
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completing the digestion process [42]. Additionally, the
aerobic glycolytic reactions that occur during digestion
further promote actin polymerization, sustaining the
phagocytic activity of macrophages as they continue to
clear ACs.

Cytokines and signaling pathways affecting efferocytosis
Efferocytosis is not merely a passive process; it is sig-
nificantly influenced by various cytokines and signal-
ing pathways that regulate the efficiency of apoptotic
cell clearance. Cytokines such as transforming growth
factor-p (TGF-B) have been shown to enhance effero-
cytosis by upregulating the expression of efferocytosis
receptors and promoting a pro-resolving macrophage
phenotype [43, 44]. In contrast, pro-inflammatory cyto-
kines like IL-17 A can activate the JAK/STAT signaling
pathway, leading to increased expression of recombinant
A disintegrin and metalloprotease 17 (ADAM17), a dis-
integrin and metalloproteinase that cleaves the MERTK
receptor, thereby inhibiting efferocytosis [45]. Addition-
ally, the presence of neutrophil extracellular traps under
inflammatory conditions has been associated with a
reduction in efferocytosis, as they can suppress the func-
tional capabilities of phagocytes [46].

Recent studies have highlighted the role of mitochon-
drial reactive oxygen species (mtROS) in maintaining
efferocytosis, particularly within macrophages [47]. Oxi-
dized low-density lipoprotein has been shown to disrupt
this process by excessively generating mtROS, thereby
impairing the effective clearance of ACs. This disrup-
tion is mediated through the CD36-PKM2 signaling
pathway, which affects the internalization mechanisms
related to efferocytosis [47]. TAM receptors (MERTK,
AXL, TYROS3) are critical for this recognition, as they
facilitate the clearance of ACs by promoting cytoskeletal
rearrangement and phagosome formation. The activation
of these receptors triggers downstream signaling path-
ways, including phosphoinositide 3-kinase (PI3K), Akt,
and mitogen-activated protein kinases (MAPKs), which
coordinate the phagocytic process [48]. Furthermore, the
roles of the aryl hydrocarbon receptor (AhR) and indole-
amine 2,3-dioxygenase (IDO1) in regulating macrophage
metabolism during efferocytosis have been identified,
indicating a complex relationship between metabolic
pathways and the efferocytosis response [49]. Gas6 has
been shown to promote microglial efferocytosis, thereby
improving neurological function following subarach-
noid hemorrhage [50]. Additionally, Sigma-1 receptors
have been found to be regulators of microglia efferocy-
tosis, enhancing the phagocytosis of microglia, thereby
preventing secondary neuronal damage during ischemic
stroke [51, 52]. This intricate balance of cytokine signal-
ing emphasizes the potential for therapeutic interven-
tions targeting these pathways to enhance efferocytosis
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and improve outcomes in chronic inflammatory diseases
characterized by impaired clearance of ACs.

Influence mechanism of interaction between microglia and
other cells on efferocytosis

The interactions of microglia with other cell types in the
CNS, such as neurons, astrocytes, and macrophages, are
crucial for maintaining neural homeostasis and function-
ality. These interactions influence the efferocytosis capac-
ity of microglia through various mechanisms. Firstly,
the communication between microglia and neurons is
primarily regulated by signaling molecules released by
neurons. When neurons undergo apoptosis or are dam-
aged, they release ATP, adenosine, and pro-inflammatory
cytokines, which activate microglia and promote their
migration to the site of injury. Microglia enhance their
phagocytic capabilities by sensing these signals through
the expression of specific receptors, such as P2Y recep-
tors [53]. Additionally, neurons can facilitate a pheno-
typic shift in microglia by releasing anti-inflammatory
cytokines, transitioning them from a pro-inflammatory
state to a reparative state [54]. This transformation is
essential for an effective efferocytosis process, as repar-
ative microglia are better equipped to clear ACs and
promote tissue repair. Macrophages also play a role in
modulating the efferocytosis capacity of microglia by
secreting cytokines and chemokines, thereby influenc-
ing the clearance of apoptotic neurons. Studies have
shown that signaling molecules released by macrophages,
such as MFG-E8, can enhance the phagocytic activity of
microglia and promote the clearance of ACs [55]. The
interactions between microglia and astrocytes are equally
significant. Astrocytes play a supportive role during neu-
roinflammation and injury; they can release pro-inflam-
matory factors that activate microglia while also secreting
anti-inflammatory factors to regulate their activity [56].
This bidirectional regulatory mechanism allows microg-
lia to exhibit different functions under varying environ-
mental conditions, ensuring the immune balance within
the nervous system.

At the mechanistic level, the efferocytosis of microg-
lia is regulated by multiple signaling pathways that play
crucial roles in the interactions between microglia and
other cell types, including neurons, astrocytes, and mac-
rophages. The TREM2/Racl pathway is a key signaling
route for microglia in recognizing and engulfing ACs.
TREM2, a receptor on the surface of microglia, when
activated, enhances their migratory and phagocytic
capabilities [57]. Research has shown that signaling mol-
ecules released by neurons can activate TREM2, thereby
improving microglial recognition and engulfment of ACs
[58]. Additionally, the transcription 6 (STAT6)/arginase-1
(Argl) pathway is significant for the reparative functions
of microglia. When astrocytes release anti-inflammatory
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factors such as IL-4 and IL-13, they can activate the
transcription factor STAT6 in microglia, promoting the
expression of Argl and further enhancing the repara-
tive functions of microglia [59]. The Axl/Racl pathway
also contributes to regulating the phagocytic activity of
microglia, as Axl, a receptor tyrosine kinase, when acti-
vated, facilitates the engulfment of ACs by microglia
[60]. Moreover, Annexin Al, as a regulatory factor, has
been shown to enhance microglial phagocytic capacity
during efferocytosis by influencing the PPARYy signaling
pathway [61]. EphA4, on the other hand, limits microg-
lial efferocytosis by inhibiting the activity of MERTK,
thereby affecting the resolution of inflammation [62].
Furthermore, after engulfing ACs, microglia release anti-
inflammatory cytokines, creating a feedback mechanism
that helps maintain immune balance within the nervous
system and promotes a reparative phenotype in microg-
lia. Through the interplay of these mechanisms, microglia
effectively clear ACs, facilitate tissue repair, and uphold
the health of the CNS. However, in neurodegenerative
diseases such as AD, dysregulation of these interactions
may lead to microglial dysfunction, exacerbating neuro-
inflammation and neuronal damage.

Neuroinflammation in AD

Neuroinflammation is a critical component in the patho-
genesis of AD, with various triggers contributing to its
onset and progression. The accumulation of amyloid-p
(AB) plaques and neurofibrillary tangles, hallmark fea-
tures of AD, is closely associated with neuroinflam-
matory responses. These pathological accumulations
activate microglia, the resident immune cells of the CNS,
leading to a pro-inflammatory environment character-
ized by the release of cytokines such as interleukin-1p
(IL-1p), interleukin-6 (IL-6), and tumor necrosis factor-
alpha (TNF-a) [63]. Genetic factors also play a significant
role; for instance, polymorphisms in immune-related
genes such as CD33 have been identified as risk factors
for AD, influencing microglial function and neuroinflam-
matory responses [64]. Additionally, environmental fac-
tors, including chronic stress and lifestyle factors such
as diet and exercise, can exacerbate neuroinflammation.
Chronic stress has been shown to elevate levels of glu-
cocorticoids, which can modulate the activity of neuro-
inflammatory pathways, further contributing to neuronal
damage [65]. The interplay of these triggers creates a
vicious cycle where neuroinflammation not only contrib-
utes to neuronal loss but also perpetuates the pathologi-
cal processes characteristic of AD.

Neuroinflammation significantly impacts the progres-
sion of AD, influencing both the severity of symptoms
and the rate of cognitive decline. Activated microg-
lia and astrocytes release a variety of pro-inflammatory
mediators that can lead to neuronal injury and synaptic
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dysfunction. This inflammatory response is not merely a
byproduct of neurodegeneration but a driving force that
exacerbates the disease process. Studies have shown that
sustained neuroinflammation correlates with increased
levels of AP and tau pathology, suggesting that inflam-
matory cytokines may facilitate the aggregation of these
proteins [66]. Furthermore, neuroinflammation has been
linked to the impairment of neurogenesis and synaptic
plasticity, crucial processes for maintaining cognitive
function [14]. The dual role of neuroinflammation—both
protective and detrimental—highlights its complexity;
while it serves to clear damaged cells and pathogens,
excessive or chronic activation can lead to further neuro-
nal damage and cognitive decline. Emerging therapeutic
strategies are focusing on modulating neuroinflammation
to slow the progression of AD, with the aim of restor-
ing homeostasis in the neuroimmune environment [67].
Targeting specific inflammatory pathways, such as the
JAK/STAT signaling pathway, has shown promise in pre-
clinical models, indicating that a better understanding of
neuroinflammatory mechanisms could lead to effective
interventions [68]. Thus, neuroinflammation is not only a
marker of AD but also a potential therapeutic target that
could alter the course of the disease.

Role of efferocytosis of microglia in AD

Impact of efferocytosis on amyloid plaque clearance
Amyloid plaques are one of the pathological hallmarks of
AD, primarily formed by the aggregation of A} peptides.
The accumulation of AP is considered a major driver of
neurotoxicity and neuroinflammation, leading to neu-
ronal damage and cognitive decline. Microglia, through
the process of efferocytosis, can recognize and clear
these harmful Ap aggregates, thereby reducing neuroin-
flammation and protecting neurons [69]. Research has
shown that the efferocytosis capability of microglia is
closely related to their role in clearing amyloid plaques
[70]. When microglia detect AP aggregates, they initi-
ate the phagocytic process by binding to specific recep-
tors such as MerTK and Axl. Once engulfed, AP is not
only degraded but also aids in the activation and func-
tional enhancement of microglia, promoting the release
of anti-inflammatory factors and further suppressing
neuroinflammation.

However, in AD patients, microglia often exhibit a
state of “chronic activation” due to prolonged exposure
to the pathological environment, resulting in a decline
in their efferocytosis capacity. This leads to reduced
clearance efficiency of AP and exacerbates neuroinflam-
mation, creating a vicious cycle [71]. This phenomenon
may be associated with the activation state of microglia,
changes in the microenvironment, and the influence of
inflammatory factors. Studies have found that the acti-
vation of TREM2 can enhance microglial phagocytosis
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of AP, improving their efficiency in clearing amyloid
plaques, which further suppresses neuroinflammation
and facilitates neuroprotection [72]. Additionally, the
activation of the TRPV2 ion channel is considered an
important regulatory mechanism that can affect calcium
ion influx in microglia and promote their phagocytosis of
Ap. Changes in calcium signaling not only influence the
functional state of the cells but may also modulate their
interactions with other immune cells in the microenvi-
ronment [73].

Regulation of neuroinflammation by efferocytosis
Microglial efferocytosis plays a crucial role in the regu-
lation of neuroinflammation. By clearing ACs and cellu-
lar debris, microglia can effectively suppress the release
of inflammatory factors. Studies have shown that effe-
rocytosis can reduce the release of pro-inflammatory
cytokines, such as TNF-a and IL-1B, by inhibiting the
activation of microglia and monocytes, thereby alle-
viating the extent of neuroinflammation [74]. In AD
models, the impaired phagocytic capacity of microglia
is associated with a persistent state of neuroinflamma-
tion, leading to further neuronal damage and functional
impairment [75]. Additionally, efferocytosis can enhance
the anti-inflammatory response of microglia by modulat-
ing intracellular signaling pathways, such as extracellular
signal-regulated kinase (ERK), promoting the mainte-
nance of tissue homeostasis [76].

Efferocytosis not only inhibits the release of pro-
inflammatory factors but also promotes the production
of anti-inflammatory cytokines. Research has found that
during the process of efferocytosis, microglia can sig-
nificantly increase the expression of anti-inflammatory
cytokines, such as IL-10 and TGF-p [77]. These anti-
inflammatory factors play a critical role following neural
injury, as they can suppress inflammatory responses and
promote neuroprotection. Furthermore, efferocytosis
enhances the anti-inflammatory response through the
regulation of relevant signaling pathways, such as PPARY,
facilitating the repair and regeneration of neural tissue
[78].

The nuclear factor kappa B (NF-kB) signaling path-
way is the core pathways regulating the efferocytosis of
microglia, playing a crucial role in maintaining neuroim-
mune homeostasis by balancing inflammatory responses
and the clearance of ACs. Studies have shown that
abnormal activation of NF-«xB can bidirectionally regu-
late microglial function: on one hand, it exacerbates the
inflammatory microenvironment by upregulating the
secretion of pro-inflammatory cytokines such as IL-6 and
TNEF-o; on the other hand, it directly weakens the phago-
cytic capacity of microglia by inhibiting the expression
of efferocytosis-related receptors like MerTK and AXL
[79]. During the pathological process of brain injury,



Chen et al. Journal of Neuroinflammation (2025) 22:96 Page 8 of 11

TRAT6 —> NF-xB L

/ - STING /

NF-xB ° o
°

b s \ Pro-inflammato
Mmicroglial LY ¥

Inflammat i TNF-a : .
efferocytosis \ e e — L Neuroinflammation
\
Y IL-1p
A}
Inflammatory
gene
® 0 ¢
® 0 o —,
e ©
Arg-1

Mmicroglial % P e,V A\ Y| o

STAT6 — PPARy — " “IL-10

. \
efferocytosis \\ \ / mediators
\
\ TGF-p

\
.

Anti-inflammatory

Neuroprotection
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scriptional expression of inflammatory factors upon nuclear translocation, leading to the release of pro-inflammatory cytokines such as tumor necrosis
factor-alpha (TNF-a) and interleukin-1 beta (IL-1(3). This dysregulation impairs the efferocytosis function of microglia, thereby exacerbating neuroinflam-
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the translocation of NF-kB and subsequently inducing the excessive production of pro-inflammatory mediators. Exogenous stimuli can promote the
sustained activation of the NF-kB pathway by activating TRAF6, further amplifying the neuroinflammatory cascade. However, the G protein-coupled
estrogen receptor (GPER) can increase the phosphorylation of extracellular signal-regulated kinase (ERK), thereby blocking the nuclear translocation of
NF-kB. Activation of the PI3K/Akt pathway reduces NF-kB activity, inhibiting neuroinflammation. Furthermore, ERK can activate signal transducer and
activator of transcription 6 (STAT6), leading to its phosphorylation and nuclear translocation, which increases the expression of PPARy. This, in turn, further
promotes the expression and release of anti-inflammatory mediators such as arginase-1 (Arg-1) and interleukin-10 (IL-10), thereby enhancing microglial

efferocytosis and facilitating neuroprotection

mitochondrial DNA (mtDNA) released into the cyto-
plasm of microglia can activate the STING-cGAS sig-
naling pathway, driving the nuclear translocation of the
NF-kB p65 subunit and inducing excessive production
of pro-inflammatory mediators such as IL-6 and TNE-
a, leading to microglial overactivation [80, 81]. Addi-
tionally, external stimuli (such as P-amyloid and LPS)
bind to TLR4, promoting the sustained activation of
the NF-kB pathway through TRAF6-dependent phos-
phorylation of the IKK complex, further amplifying the
neuroinflammatory cascade [82]. Notably, other sig-
naling pathways can cross-regulate NF-kB activity and
influence microglial function: the G protein-coupled
estrogen receptor (GPER) activates ERK1/2, inhibiting
the degradation of IkBa, thus blocking NF-kB nuclear
translocation [83]; the PI3K/Akt pathway phosphorylates
and inhibits IKKp, reducing the DNA binding activity of
NF-«B [84]. Inhibiting the NF-kB signaling pathway can
significantly enhance the phagocytic capacity of microg-
lia and improve the neuroinflammatory microenviron-
ment (Fig. 3). Therefore, modulating the NF-«B signaling

pathway could represent a potential strategy for the treat-
ment of neuroinflammatory-related diseases.

Impact of efferocytosis on neuroprotection

The influence of microglial efferocytosis on neuropro-
tection in AD is multifaceted. Microglia not only par-
ticipate in the clearance of ACs and debris but also help
prevent the release of potentially harmful intracellular
components that could trigger further inflammation and
neuronal damage. Additionally, the process of efferocy-
tosis is associated with the release of anti-inflammatory
cytokines, which can promote neuronal survival and
repair mechanisms. Specific signaling pathways, such as
those involving the S100A9 protein, have been shown
to enhance the efferocytosis activity of macrophages,
thereby improving functional recovery following cerebral
ischemia [85]. Therapeutic strategies aimed at enhancing
efferocytosis, such as the use of soluble proteins derived
from omega-3 fatty acids, have demonstrated promise
in promoting neuroprotective effects and facilitating the
resolution of inflammation [86]. Furthermore, microg-
lial efferocytosis is crucial for the remodeling of neural
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circuits during development and in response to injury,
indicating that these cells play a vital role in maintain-
ing homeostasis and facilitating recovery from neurode-
generative processes. However, excessive or dysregulated
phagocytosis can lead to detrimental effects. Studies
have observed the removal of healthy synapses in AD
patients, which may contribute to cognitive decline [87].
Thus, while microglial efferocytosis fundamentally serves
a protective role, its regulation is essential to ensure that
neuroprotection is achieved without inadvertently exac-
erbating neurodegenerative changes.

Conclusions and perspectives

In conclusion, the role of microglial efferocytosis in
resolving neuroinflammation in AD represents a criti-
cal area of exploration that bridges multiple research
perspectives. Microglia, as the resident immune cells
of the CNS, have demonstrated their significance in
clearing ACs and cellular debris. This function not only
mitigates neuroinflammation but also facilitates the res-
toration of the neural environment, highlighting the
dual role of microglia in both defense and repair mecha-
nisms. Microglial activity and the pathophysiology of AD
is complex and multifaceted. On one hand, enhanced
microglial clearance is associated with protective out-
comes that may delay the progression of neurodegenera-
tion. Conversely, dysregulated microglial activation can
exacerbate inflammatory responses, suggesting that the
state of microglial activity is a critical determinant of dis-
ease trajectory.

Despite the promising potential of targeting microg-
lial efferocytosis as a therapeutic approach, several chal-
lenges must be addressed to translate these strategies
into clinical practice. A major obstacle is the complexity
of microglial biology, including their heterogeneity and
dynamic responses to various stimuli. Understanding
the specific microglial phenotypes and their functional
states in different disease contexts is crucial for devel-
oping targeted therapies. Current imaging techniques,
such as positron emission tomography, provide insights
into microglial activation states but have limitations
regarding specificity and sensitivity. Therefore, develop-
ing more refined imaging tools and biomarkers to accu-
rately assess microglial activity in vivo is essential for
monitoring therapeutic efficacy. Additionally, translat-
ing findings from animal models to human conditions
poses another challenge, as many studies rely on rodent
models that may not fully replicate human microglial
responses. Establishing human-derived microglial mod-
els, such as those developed from induced pluripotent
stem cells, could enhance the relevance of preclinical
research. Overall, while targeting microglia offers a hope-
ful avenue for treating neuroinflammation and neuro-
degenerative diseases, overcoming these challenges will
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require interdisciplinary collaboration among neurosci-
ence, pharmacology, and imaging technologies. Future
research should focus on elucidating the precise roles of
microglia in various disease states, developing targeted
therapeutic strategies, and improving methods for assess-
ing microglial function in clinical settings. By address-
ing these challenges, we can unlock the full potential of
microglia as therapeutic targets in the quest for effective
treatments for CNS disorders.

Abbreviations

AD Alzheimer’s disease

CNS Central nervous system

ACs Apoptotic cells

STAT6 Transcription 6

Argl Arginase-1

ATP Adenosine triphosphate

uTtp Uridine triphosphate

S1P Sphingosine-1-phosphate
CX3CL1 CX3C motif chemokine ligand 1
LPC Lysophosphatidylcholine

PS Phosphatidylserine

BAI1 Brain angiogenesis inhibitor 1
Gas6 Growth arrest-specific 6

AXL AXL protein tyrosine kinase
MERTK Mer receptor tyrosine kinase

SIRPa Signal regulatory proteina
CRT Calreticulin

TGF-B Transforming growth factor-f

ADAM17  Metalloprotease 17

MFG-E8 Milk fat globule epidermal growth factor 8
TIM4 T cell immunoglobulin and mucin domain-containing protein 4
BAI1 Brain angiogenesis inhibitor 1

RAGE Receptor for advanced glycation end products
Stab2 Stabilin-2

mtROS Mitochondrial reactive oxygen species

PI3K Phosphoinositide 3-kinase

MAPKs Mitogen-activated protein kinases

AhR Aryl hydrocarbon receptor

IDO1 Indoleamine 2,3-dioxygenase

AR Amyloid-3

IL-1B Interleukin-10

IL-6 Interleukin-6

TNF-a Tumor necrosis factor-alpha

NF-kB Nuclear factor kappa B

ERK Extracellular signal-regulated kinase

mtDNA Mitochondrial DNA
DAM Disease-associated microglia
DAMPs Damage-associated molecular patterns

Author contributions

YPC drafted the manuscript and created the Figs. 1, 2 and 3, while YHK and
YN conducted the literature search and organized the data. HTY and CLX
contributed to the manuscript’s conceptualization, and HGF and HQL revised
the manuscript and conducted the final review.

Funding

This work was supported by the Natural Science Foundation of Shandong
Province (Grant Nos. ZR2024QC003), and the Modern Agricultural Technology
System Innovation Team of Shandong Province (SDAIT-09-05).

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.



Chen et al. Journal of Neuroinflammation

(2025) 22:96

Consent for publication
All authors approved the final version of the manuscript.

Competing interests
The authors declare no competing interests.

Received: 4 February 2025 / Accepted: 25 March 2025
Published online: 30 March 2025

References

1.

22.

23.

24.

25.

Dumurgier J, Sabia S. [Epidemiology of Alzheimer’s disease: latest trends]. Rev
Prat. 2020;70(2):149-51.

Wang C, et al. The effects of microglia-associated neuroinflammation on
Alzheimer's disease. Front Immunol. 2023;14:1117172.

Soliman E, et al. Efferocytosis is restricted by axon guidance molecule EphA4
via ERK/Stat6/MERTK signaling following brain injury. J Neuroinflammation.
2023;20(1):256.

Xiao Y, et al. The reduction of microglial efferocytosis is concomitant

with depressive-like behavior in CUMS-treated mice. J Affect Disord.
2024;352:76-86.

Taheri F, et al. The role of efferocytosis in neuro-degenerative diseases. Neurol
Sci. 2022;43(3):1593-603.

Zhang K, et al. Potentiating microglial efferocytosis by MFG-E8 improves
survival and neurological outcome after successful cardiopulmonary resusci-
tation in mice. Brain Pathol. 2024;e13327. https://doi.org/10.1111/bpa.13327
Darwish SF, et al. The dual face of microglia (M1/M2) as a potential target in
the protective effect of nutraceuticals against neurodegenerative diseases.
Front Aging. 2023;4:1231706.

Subhramanyam CS, et al. Microglia-mediated neuroinflammation in neurode-
generative diseases. Semin Cell Dev Biol. 2019;94:112-20.

Liao YS, et al. Electroacupuncture reduces inflammatory damage following
cerebral ischemia-reperfusion by enhancing ABCA1-mediated efferocytosis
in M2 microglia. Mol Brain. 2024;17(1):61.

Ranawat N, Masai |. Mechanisms underlying microglial colonization of devel-
oping neural retina in zebrafish. Elife. 2021;10:e70550. https://doi.org/10.7554
/eLife.70550

Mosser CA, et al. Microglia in CNS development: shaping the brain for the
future. Prog Neurobiol. 2017;149-150:1-20.

Smolders SM, et al. Age-specific function of alpha5betal integrin in microg-
lial migration during early colonization of the developing mouse cortex. Glia.
2017,65(7):1072-88.

Menassa DA, Gomez-Nicola D. Microglial dynamics during human brain
development. Front Immunol. 2018,9:1014.

Butovsky O, Weiner HL. Microglial signatures and their role in health and
disease. Nat Rev Neurosci. 2018;19(10):622-35.

Paolicelli R, et al. Microglia States and nomenclature: A field at its crossroads.
Neuron. 2022;110(21):3458-83.

Pan ML, et al. Response profiles of BV2 microglia to IFN-gamma and LPS Co-
Stimulation and priming. Biomedicines. 2023;11(10):2648.

Zhang J, et al. IL4-driven microglia modulate stress resilience through BDNF-
dependent neurogenesis. Sci Adv. 2021;7(12):eabb9888.

Li Q et al. Developmental heterogeneity of microglia and brain

myeloid cells revealed by deep Single-Cell RNA sequencing. Neuron.
2019;101(2):207-e22310.

He D, et al. Disruption of the IL-33-ST2-AKT signaling axis impairs neurode-
velopment by inhibiting microglial metabolic adaptation and phagocytic
function. Immunity. 2022;55(1):159-e1739.

Lau SF, Fu AKY, Ip NY. Cytokine signaling convergence regulates the microglial
state transition in Alzheimer's disease. Cell Mol Life Sci. 2021;78(10):4703-12.
Madinier A, et al. Microglial involvement in neuroplastic changes following
focal brain ischemia in rats. PLoS ONE. 2009;4(12):€8101.

Kim SJ, et al. Intermittent hypoxia-induced cardiorespiratory long-term
facilitation: A new role for microglia. Respir Physiol Neurobiol. 2016,226:30-8.
Morioka S, Maueroder C, Ravichandran KS. Living on the edge: effe-

rocytosis at the interface of homeostasis and pathology. Immunity.
2019,50(5):1149-62.

Idzko M, Ferrari D, Eltzschig HK. Nucleotide signalling during inflammation.
Nature. 2014;509(7500):310-7.

Chekeni FB, et al. Pannexin 1 channels mediate ‘find-me’signal release and
membrane permeability during apoptosis. Nature. 2010;467(7317):863-7.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Page 10 of 11

Wu Y, Tibrewal N, Birge RB. Phosphatidylserine recognition by phagocytes: a
view to a kill. Trends Cell Biol. 2006;16(4):189-97.

Boada-Romero E, et al. The clearance of dead cells by efferocytosis. Nat Rev
Mol Cell Biol. 2020,21(7):398-414.

Peter C, et al. Migration to apoptotic find-me signals is mediated via the
phagocyte receptor G2A. J Biol Chem. 2008;283(9):5296-305.

RotheT, et al. The nuclear receptor Nr4aT acts as a microglia rheostat and
serves as a therapeutic target in Autoimmune-Driven central nervous system
inflammation. J Immunol. 2017;198(10):3878-85.

Morioka S, et al. Chimeric efferocytic receptors improve apoptotic cell clear-
ance and alleviate inflammation. Cell. 2022;185(26):4887-e490317.

Suzuki J, et al. Xk-related protein 8 and CED-8 promote phosphatidylserine
exposure in apoptotic cells. Science. 2013;341(6144):403-6.

Zdzalik-Bielecka D et al. The GAS6-AXL signaling pathway triggers actin
remodeling that drives membrane ruffling, macropinocytosis, and cancer-cell
invasion. Proc Natl Acad Sci U S A, 2021;118(28).

Jonavice U et al. Extracellular vesicles from human teeth stem cells trigger
ATP release and promote migration of human microglia through P2X4
Receptor/MFG-E8-Dependent mechanisms. Int J Mol Sci, 2021;22(20).
Jansen F, et al. Endothelial microparticle uptake in target cells is Annexin i/
phosphatidylserine receptor dependent and prevents apoptosis. Arterioscler
Thromb Vasc Biol. 2012;32(8):1925-35.

Morikawa M, et al. The molecular motor KIF21B mediates synaptic

plasticity and fear extinction by terminating Rac1 activation. Cell Rep.
2018;23(13):3864-77.

Tajbakhsh A, et al. Efferocytosis in atherosclerotic lesions: malfunctioning reg-
ulatory pathways and control mechanisms. Pharmacol Ther. 2018;188:12-25.
Barclay AN, Van den Berg TK. The interaction between signal requlatory pro-
tein alpha (SIRPalpha) and CD47: structure, function, and therapeutic target.
Annu Rev Immunol. 2014;32:25-50.

Logtenberg MEW, Scheeren FA, Schumacher TN. The CD47-SIRPalpha
immune checkpoint. Immunity. 2020,52(5):742-52.

Singh N, et al. The Rac pathway prevents cell fragmentation in a nonprotru-
sively migrating leader cell during C. elegans gonad organogenesis. Curr Biol.
2024;34(11):2387-402. 5.

Kim K, Lee SA, Park D. Emerging roles of ephexins in physiology and disease.
Cells. 2019;8(2):87.

Bement WM, et al. Patterning of the cell cortex by Rho GTPases. Nat Rev Mol
Cell Biol. 2024;25(4):290-308.

Toda S, et al. Clearance of apoptotic cells and pyrenocytes. Curr Top Dev Biol.
2015;114:267-95.

Zhang J, et al. Mechanisms of efferocytosis in determining inflammation
resolution: therapeutic potential and the association with cardiovascular
disease. Br J Pharmacol. 2022;179(23):5151-71.

Wang L, et al. Potential mechanisms and effects of efferocytosis in atheroscle-
rosis. Front Endocrinol (Lausanne). 2020;11:585285.

Samarpita S, et al. IL-17A/IL-17RA interaction Blockade sensitizes synovial
macrophages to efferocytosis and PD-L1 signaling via rewiring STAT-3/
ADAM17/MERTK axis in rheumatoid arthritis animal model. Int Immunophar-
macol. 2024;136:112343.

Chen K, et al. Inhibition of efferocytosis by extracellular CIRP-Induced neutro-
phil extracellular traps. J Immunol. 2021,206(4):797-806.

Zhang J, et al. Oxidized LDL regulates efferocytosis through the CD36-PKM2-
mtROS pathway. BioRxiv. 2023;09(07):556574.

Zhan M, et al. Gas6/AXL alleviates hepatic ischemia/reperfusion injury

by inhibiting ferroptosis via the PI3K/AKT pathway. Transplantation.
2024;108(11):e357-69.

Sukka SR, et al. Efferocytosis drives a Tryptophan metabolism pathway in
macrophages to promote tissue resolution. Nat Metab. 2024;6(9):1736-55.
Tang J, et al. Gasé promotes microglia efferocytosis and suppresses inflam-
mation through activating Axl/Rac1 signaling in subarachnoid hemorrhage
mice. Transl| Stroke Res. 2023;14(6):955-69.

Zhang G, et al. Sigma-1 receptor-regulated efferocytosis by infiltrating Circu-
lating macrophages/microglial cells protects against neuronal impairments
and promotes functional recovery in cerebral ischemic stroke. Theranostics.
2023;13(2):543-59.

Nguyen LT, et al. Mertk-expressing microglia influence oligodendrogenesis
and Myelin modelling in the CNS. J Neuroinflammation. 2023;20(1):253.
Yang X, et al. GSDMD knockdown attenuates phagocytic activity of microglia
and exacerbates seizure susceptibility in TLE mice. J Neuroinflammation.
2023;20(1):193.


https://doi.org/10.1111/bpa.13327
https://doi.org/10.7554/eLife.70550
https://doi.org/10.7554/eLife.70550

Chen et al. Journal of Neuroinflammation

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

(2025) 22:96

Umpierre AD, Wu LJ. How microglia sense and regulate neuronal activity. Glia.
2021,69(7):1637-53.

Silva NJ, et al. Microglial cathepsin B promotes neuronal efferocytosis during
brain development. BioRxiv. 2024;12(03):626596.

Liu LR, et al. Interaction of microglia and astrocytes in the neurovascular unit.
Front Immunol. 2020;11:1024.

Wang S, et al. TREM2 drives microglia response to amyloid-beta via SYK-
dependent and -independent pathways. Cell. 2022;185(22):4153-e416919.
Tagliatti E, et al. Trem2 expression in microglia is required to main-

tain normal neuronal bioenergetics during development. Immunity.
2024;57(1):86-e1059.

Cai W, et al. STAT6/Arg1 promotes microglia/macrophage efferocytosis and
inflammation resolution in stroke mice. JCI Insight. 2019;4(20):e131355.
Gilchrist SE, Goudarzi S, Hafizi S. Gas6 inhibits Toll-Like Receptor-Mediated
inflammatory pathways in mouse microglia via AxI and Mer. Front Cell Neuro-
sci. 2020;14:576650.

da Rocha GHO, et al. Control of expression and activity of peroxisome
proliferated-activated receptor gamma by Annexin A1 on microglia during
efferocytosis. Cell Biochem Funct. 2019;37(7):560-8.

Zhang B, et al. Efferocytosis: the resolution of inflammation in cardiovascular
and cerebrovascular disease. Front Immunol. 2024;15:1485222.

Jo SL, Hong EJ. Progesterone receptor membrane component 1 regulates
cellular stress responses and inflammatory pathways in chronic neuroinflam-
matory conditions. Antioxid (Basel). 2024;13(2):230.

Griciuc A, Tanzi RE. The role of innate immune genes in Alzheimer’s disease.
Curr Opin Neurol. 2021;34(2):228-36.

Hou Y, et al. Contrasting effects of acute and long-term corticosterone treat-
ment on amyloid-beta, beta-secretase 1 expression, and nuclear factor kappa
B nuclear translocation. J Integr Neurosci. 2019;18(4):393-400.

SiZZ, et al. Targeting neuroinflammation in Alzheimer’s disease: from mecha-
nisms to clinical applications. Neural Regen Res. 2023;18(4):708-15.

Zhang Q, Yan Y. The role of natural flavonoids on neuroinflammation as a
therapeutic target for Alzheimer's disease: a narrative review. Neural Regen
Res. 2023;18(12):2582-91.

Rusek M, et al. The role of the JAK/STAT signaling pathway in the pathogen-
esis of Alzheimer’s disease: new potential treatment target. Int J Mol Sci.
2023;24(1):864.

Yang S, et al. Tyrosine phosphorylation and palmitoylation of TRPV2 ion
channel tune microglial beta-amyloid peptide phagocytosis. J Neuroinflam-
mation. 2024;21(1):218.

Andrews SJ, et al. The complex genetic architecture of Alzheimer’s disease:
novel insights and future directions. EBioMedicine. 2023,90:104511.
Tajbakhsh A, et al. Apoptotic neurons and amyloid-beta clearance by phago-
cytosis in Alzheimer's disease: pathological mechanisms and therapeutic
outlooks. Eur J Pharmacol. 2021;895:173873.

Wang S, et al. Anti-human TREM2 induces microglia proliferation

and reduces pathology in an Alzheimer’s disease model. J Exp Med.
2020,217(9):20200785.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Page 11 of 11

Zhang F, et al. Citrate synthase lysine K215 hypoacetylation contributes to
microglial citrate accumulation and pro-inflammatory functions after trau-
matic brain injury. CNS Neurosci Ther. 2024;30(2):e14567.

Duan N, et al. Therapeutic targeting of STING-TBK1-IRF3 signalling amelio-
rates chronic stress induced depression-like behaviours by modulating neu-
roinflammation and microglia phagocytosis. Neurobiol Dis. 2022;169:105739.
Fu R, et al. Phagocytosis of microglia in the central nervous system diseases.
Mol Neurobiol. 2014;49(3):1422-34.

Jang KB, et al. Persistent acidic environment induces impaired phagocytosis
via ERK'in microglia. Neurochem Res. 2022;47(5):1341-53.

Liu X, et al. STO0A9 deletion in microglia/macrophages ameliorates brain
injury through the STAT6/PPARgamma pathway in ischemic stroke. CNS
Neurosci Ther. 2024;30(8):e14881.

Hsu CH, et al. Ultrasound reduces inflammation by modulating M1/M2 polar-
ization of microglia through STAT1/STAT6/PPARgamma signaling pathways.
CNS Neurosci Ther. 2023;29(12):4113-23.

Li L, et al. Quercetin improves cerebral ischemia/reperfusion injury by
promoting microglia/macrophages M2 polarization via regulating PI3K/Akt/
NF-kappaB signaling pathway. Biomed Pharmacother. 2023;168:115653.
Kong L, et al. mtDNA-STING axis mediates microglial polarization via IRF3/
NF-kappaB signaling after ischemic stroke. Front Immunol. 2022;13:860977.
Shao J, et al. RU.521 mitigates subarachnoid hemorrhage-induced brain
injury via regulating microglial polarization and neuroinflammation
mediated by the cGAS/STING/NF-kappaB pathway. Cell Commun Signal.
2023;21(1):264.

Wang W, et al. Gastrodin regulates the TLR4/TRAF6/NF-kappaB pathway to
reduce neuroinflammation and microglial activation in an AD model. Phyto-
medicine. 2024;128:155518.

Yu Z, et al. Icaritin inhibits neuroinflammation in a rat cerebral ischemia
model by regulating microglial polarization through the GPER-ERK-NF-
kappaB signaling pathway. Mol Med. 2022;28(1):142.

Qian H, et al. Activation of the CD200/CD200R1 axis attenuates neuro-
inflammation and improves postoperative cognitive dysfunction via

the PI3K/Akt/NF-kappaB signaling pathway in aged mice. Inflamm Res.
2023;72(12):2127-44.

Chantarangkul V, et al. An artificial'haemophilic’ plasma for one-stage factor-
VIl assay. Br J Haematol. 1978;40(3):471-88.

Borsini A, et al. Omega-3 polyunsaturated fatty acids protect against inflam-
mation through production of LOX and CYP450 lipid mediators: relevance for
major depression and for human hippocampal neurogenesis. Mol Psychiatry.
2021;26(11):6773-88.

Grunewald B, et al. Targeted rescue of synaptic plasticity improves cognitive
decline in sepsis-associated encephalopathy. Mol Ther. 2024;32(7):2113-29.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Microglia efferocytosis: an emerging mechanism for the resolution of neuroinflammation in Alzheimer’s disease
	﻿Abstract
	﻿Introduction
	﻿Biological characteristics of microglial cells
	﻿Origin and development of microglial cells
	﻿Activation state of microglia and efferocytosis

	﻿Mechanisms of microglial efferocytosis
	﻿Molecular basis of efferocytosis
	﻿Recruitment of microglia
	﻿Identification of microglia
	﻿Phagocytosis of microglia
	﻿Digestion of ACs


	﻿Cytokines and signaling pathways affecting efferocytosis
	﻿Influence mechanism of interaction between microglia and other cells on efferocytosis
	﻿Neuroinflammation in AD
	﻿Role of efferocytosis of microglia in AD
	﻿Impact of efferocytosis on amyloid plaque clearance
	﻿Regulation of neuroinflammation by efferocytosis
	﻿Impact of efferocytosis on neuroprotection

	﻿Conclusions and perspectives
	﻿References


