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Efferocytosis refers to the process by which phagocytes specifically identify and 
eliminate apoptotic cells. This process is essential for both maintaining tissue 
homeostasis and suppressing inflammatory responses, as well as facilitating 
tissue repair. When phagocytes internalize apoptotic cells, which act as 
“nutrient packages,” they undergo significant metabolic reprogramming. This 
reprogramming not only supplies energy and biosynthetic precursors necessary 
for engulfment but also critically influences the functional phenotype of 
phagocytes through complex molecular networks. These networks ultimately 
determine whether phagocytes adopt an anti-inflammatory resolution or 
a pathological pro-inflammatory state. This article offers a comprehensive 
analysis of the molecular regulatory mechanisms that underpin metabolic 
reprogramming during efferocytosis, aiming to elucidate the intricate regulatory 
networks formed by the interaction of metabolites as signaling molecules and 
classical signaling pathways. We examine how the three primary metabolic 
pathways—glucose, lipid, and amino acid metabolisms—are regulated by 
signals from efferocytosis and, in turn, modulate phagocyte function. A 
deeper understanding of the interplay between metabolic reprogramming and 
efferocytosis will provide a theoretical foundation and novel targets for treating 
diseases associated with impaired clearance of apoptotic cells.

KEYWORDS
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 1 Introduction

In multicellular organisms, the daily elimination of billions of cells through programmed 
cell death, predominantly apoptosis, is crucial for maintaining tissue homeostasis, 
aiding tissue repair, and ensuring normal development. This process of the clearance 
of apoptotic cells is known as “efferocytosis” (derived from Greek, meaning “to carry 
away the corpse”) (Boada-Romero et al., 2020; Moon et al., 2023; Qian et al., 2024). 
Successful efferocytosis not only prevents the secondary necrosis of apoptotic cells 
and the subsequent release of intracellular contents that can incite inflammation, 
but it also prompts phagocytes to secrete anti-inflammatory factors, such as IL-10 
and TGF-β, along with growth factors that support tissue repair. This dual action 
aids in resolving inflammation and restoring tissue function (Yin and Heit, 2021; 
Rodríguez-Morales and Franklin, 2023). Therefore, impaired efferocytosis is closely 
linked to the onset and progression of various diseases, including atherosclerosis
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(Adkar and Leeper, 2024), systemic lupus erythematosus (SLE) 
(Li et al., 2024), chronic obstructive pulmonary disease (COPD) 
(Dutta et al., 2022), and neurodegenerative disorders (Zhang et al., 
2022). Efferocytosis is carried out by both professional phagocytes, 
such as macrophages and dendritic cells, and non-professional 
phagocytes, like epithelial cells. This process involves a series of 
well-coordinated steps: apoptotic cells release “find-me” signals, 
including ATP and LPC, to draw phagocytes to their location. 
They also display “eat-me” signals, such as phosphatidylserine 
(PS), on their surface, which are identified by specific receptors 
on phagocytes, such as the TAM family receptors MerTK and 
Axl, as well as Tim-4 and BAI1 (Xiao et al., 2024). Following 
receptor engagement, downstream GTPases, such as Rac1, and 
adaptor proteins, including ELMO1/DOCK180, are activated, 
leading to cytoskeletal rearrangement. This process culminates in 
the engulfment of the apoptotic cell by the phagocyte, where it is 
subsequently degraded and processed within phagosomes (Katoh 
and Negishi, 2003; Grimsley et al., 2004; Wang et al., 2014).

Phagocytes face a considerable metabolic challenge when 
engulfing apoptotic cells. This process involves significant 
cytoskeletal rearrangement, membrane extension, and phagosome 
maturation, all of which are energy-intensive activities. Apoptotic 
cells are rich in biological macromolecules, including proteins, 
lipids, and nucleic acids. Once engulfed, these macromolecules are 
broken down in the phagolysosome into smaller nutrient molecules 
such as amino acids, fatty acids, cholesterol, and nucleosides 
(Medina et al., 2020; Schilperoort et al., 2023b). The entry of these 
nutrients into the cytoplasm triggers a substantial reprogramming 
of the phagocyte’s metabolic network, a phenomenon known as 
“metabolic reprogramming.” Initially, this reprogramming was 
considered a passive reaction to the influx of nutrients. However, 
pioneering research over the last decade has revealed that metabolic 
reprogramming is a pivotal factor in regulating efferocytosis. 
Metabolites like acetyl-CoA and kynurenine are intricately 
connected with classical immune signaling pathways, collectively 
shaping the efficiency and immunological outcomes of efferocytosis 
(Nong et al., 2023; Liu et al., 2024). This article will delve into 
the molecular mechanisms underlying this regulatory network, 
highlighting the essential role of metabolism in efferocytosis. 

1.1 Efferocytosis

As an irreversible process, apoptosis is considered to be relatively 
conservative in evolution. Apoptosis cells recruit phagocytes through 
Find me signals such as signal molecules and chemokines, namely, 
nucleotides (ATP and UTP) (Elliott et al., 2009), membrane lipids 
such as phosphatidylserine (PS), sphingosine -1- phosphate (S1P) 
and lysophosphatidylcholine (LPC) (Peter et al., 2012). Phagocytes 
are recruited to the vicinity of apoptotic cells by Find me signal, and 
the apoptotic cells are accurately located by recognizing the Eat me 
signal released by apoptotic cells, and then specifically bind to the 
relevant receptors of phagocytes, so as to carry out phagocytosis. Eat me 
signals include Phosphatidylserine (PS) exposure (Zhang et al., 2012), 
changes in cell surface charges and glycosylation patterns (Khalaji et al., 
2023), cell adhesion molecule 3(ICAM-3) (Starling et al., 1995; 
Kristóf et al., 2013), oxidized low-density lipoprotein (Zhang et al., 
2017; Di and Maiseyeu, 2021) and endoplasmic reticulum. In addition, 

the expression of Don´t eat me signal serves as an additional regulatory 
mechanism to prevent improper clearance of living cells (Khalaji et al., 
2023). Phagocytes recognize and combine with apoptotic cells 
through phagocytic receptors, that is, Eat me signals are transmitted 
into phagocytes, which leads to actin polymerization, cytoskeleton 
rearrangement, and phagocytes extend pseudopodes along the surface 
of apoptotic cells, which gradually extend to wrap apoptotic cells, and 
finally fuse to form “phagocytes” (Zhou and Yu, 2008). There are two 
main signal pathways in this phagocytosis process, which are described 
as MEGF10/GULP1 and RKII/Dock180/ELMO1 pathways in mice 
(Park et al., 2007; Tosello-Trampont et al., 2007; Zheng et al., 2017). 
After being phagocytized by phagocytes, apoptotic cells are degraded 
in phagocytes, and the new phagocytes fuse with early endosomes 
and late endosomes in turn, and the latter combine with lysosomes to 
form phagolysosomes, that is, phagolysosomes mature (Shklover et al., 
2015; Hilu-Dadia et al., 2018). Rab GTPases proteins are needed 
for phagocyte maturation and subsequent acidification (Guo et al., 
2010). RAB5 is located on the surface of early endosomes and new 
phagocytes, while RAB7 is specifically located on late endosomes, 
lysosomes and phagocytes. Under the relay action of Rab5 and Rab7, 
the structure of phagocyte and lysosome fused to form phagolysosome 
(Kinchen and Ravichandran, 2008). When phagocytosis lysosomes 
are formed, various membrane proteins, such as lysosomal Lys/Arg 
transporter LAAT-1, LMP 1, type II DNAse (NUC-1) and cathepsin L 
(CPL-1), are recruited, thus destroying and degrading apoptotic cells 
(Liu et al., 2012; Xu et al., 2014). In this process, lipids, nucleic acids, 
amino acids and other metabolites will be produced. 

2 Lipid metabolism and efferocytosis

2.1 Lipid signaling molecules derived from 
apoptotic cells

Lysophosphatidic acid (LPA), lysophosphatidylcholine (LPC), 
and sphingosine-1-phosphate (S1P) function as “find me” signals, 
facilitating the migration of macrophages toward apoptotic cells 
(Peter et al., 2008; Park and Kim, 2017; Geraldo et al., 2021). LPC 
is synthesized by apoptotic cells via the PLA2 enzyme and interacts 
with the G2A receptor on macrophage surfaces, thereby enhancing 
their chemotactic response (Gheibi Hayat et al., 2019). S1P attracts 
macrophages by binding to its receptor S1PR1 (Syed et al., 2019). 
Furthermore, S1P can activate downstream signaling pathways of 
S1PR1 in macrophages, resulting in the production of erythropoietin 
(EPO). Through paracrine/autocrine mechanisms, EPO signaling 
subsequently activates and upregulates efferocytosis-related molecules 
via peroxisome proliferator-activated receptor gamma (PPARg) 
activation, including Mer tyrosine kinase (MerTK) and growth arrest-
specific 6 (Gas6), among others, thus priming the cells for efficient 
efferocytosis (Poon and Ravichandran, 2024). Phosphatidylserine 
(PS), a well-established “eat me” signal existing on the surface of 
apoptotic cells, is crucial for the recognition and phagocytosis of 
apoptotic cells by phagocytes, engaging with receptors on phagocytes 
and initiating the engulfment and internalization of apoptotic 
cells (Kay and Grinstein, 2013). Additionally, the activation of 
phospholipase A2 (PLA2) hydrolyzes esterified AA on the inner 
surface of cell membrane into free form (Wang et al., 2021). Then, 
arachidonic acid (AA) and its metabolites, such as prostaglandins and 
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FIGURE 1
Lipid mediators such as lysophosphatidic acid (LPA), lysophosphatidylcholine (LPC), and sphingosine-1-phosphate (S1P) function as “find me” signals, 
whereas phosphatidylserine (PS) serves as an “eat me” signal, facilitating signal communication pathways essential for the initiation and progression of 
efferocytosis. S1P is also capable of activating the erythropoietin (EPO) signaling pathway, thereby influencing the peroxisome proliferator-activated 
receptor gamma (PPARγ) to upregulate Mer tyrosine kinase (MerTK) and caspase-6 (Cas6), which are molecules associated with efferocytosis. 2. Fatty 
acid oxidation (FAO) mediated by carnitine palmitoyltransferase 1a (CPT1a) provides energy necessary for the formation of efferocytic phagosomes and 
cytoskeletal rearrangement, and is critical for the activation of interleukin-4 (IL-4)-mediated M2 macrophages. 3. Macrophages sustain effective 
localization of PS receptors by storing or exporting cholesterol or cholesteryl esters derived from apoptotic cells. Concurrently, cholesterol can 
activate nuclear cholesterol receptors liver X receptor alpha (LXRα), PPARγ, and PPAR delta (PPARδ) to upregulate the expression of anti-inflammatory 
factors interleukin-10 (IL-10) and transforming growth factor beta (TGFβ), as well as the phagocytic receptor MerTK, thereby maintaining the stability of 
efferocytosis. 4. Phagocytes can absorb lipids through their surface lipid sensor, triggering receptor expressed on myeloid cells 2 (Trem2), and influence 
efferocytosis by regulating lipid metabolism. 5. Efferocytosis can modulate the production of the anti-inflammatory factor IL-10 and, through activation 
of the MerTK receptor, stimulate 5-lipoxygenase (5-LOX). In conjunction with 12/15-lipoxygenase (12/15-LOX), this catalyzes the production of 
specialized pro-resolving mediators (SPMs), which in turn promote efferocytosis. This interaction ultimately facilitates the resolution of inflammation.

leukotrienes (Ortiz-Placín et al., 2023; Zhang et al., 2023), modulate 
the inflammatory response during efferocytosis. Free arachidonic 
acid (AA) produces prostaglandin E2(PGE2) under the action 
of cyclooxygenase (COX) (Burkett et al., 2023). It can attenuate 
inflammatory responses and promote the polarization of macrophages 
to the M2 phenotype (Wang et al., 2023a) (Figure 1). 

2.2 Fatty acid oxidation (FAO) provides 
energy support for efferocytosis and 
influences macrophage polarization

The process of efferocytosis requires significant lipid remodeling 
(Teplova et al., 2013). Phagocytes are attracted to apoptotic cells, 
migrate towards them, and upon identifying the “eat me” signals 
on their surfaces, undergo cytoskeletal changes to internalize 
and engulf these cells. This process demands substantial energy. 
While glucose metabolism is a traditional energy source, fatty acid 
oxidation (FAO) is also essential to fulfill these energy requirements. 
Research indicates that during the engulfment of apoptotic cells 
by macrophages, there is a notable increase in mitochondrial fatty 
acid β-oxidation, which generates ATP to support phagosome 

formation and cytoskeletal restructuring. Consequently, FAO is 
crucial for providing the energy necessary for efferocytosis, ensuring 
the effective clearance of apoptotic cells (Chi et al., 2020). The 
enzyme carnitine palmitoyltransferase 1a (CPT1a) is integral to 
FAO. CPT1a-mediated FAO serves as a critical energy source 
for sustained efferocytosis in macrophages (Wang et al., 2024). 
Inhibition of the FAO pathway, either through the use of the CPT1a 
inhibitor Etomoxir or genetic knockout of CPT1a, causes a shift 
in macrophage energy metabolism towards glycolysis, resulting 
in mitochondrial dysfunction and a significant reduction in their 
ability to engulf apoptotic cells (Wang et al., 2024). In summary, 
a large amount of ATP produced by fatty acid oxidation provides 
energy for the formation of phagocytes and cytoskeleton remodeling 
during burial. At the same time, fatty acid oxidation can also 
maintain the steady state of mitochondria through CPT1a-IL-10 axis 
to ensure the continuous supply of energy (Figure 1).

Additionally, metabolic reprogramming during efferocytosis 
affects macrophage phenotypes: pro-repair (M2) macrophages rely 
on FAO, whereas pro-inflammatory (M1) macrophages depend 
on glycolysis (Huang et al., 2014). Studies suggest that in 
macrophages stimulated by IL-4, enhanced FAO and the associated 
spare respiratory capacity (SRC) are dependent on the lysosomal 
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enzyme LAL, which mediates intracellular lipid degradation 
(Namgaladze and Brüne, 2016). The production of fatty acids 
to fuel FAO is consistent with the importance of FAO in M2 
activation. The expression of the lysosomal enzyme LAL is more 
pronounced in M2 than in M1 macrophages and is essential for 
the response and activation of IL-4-induced M2 macrophages 
(Huang et al., 2014) (Figure 1). 

2.3 Phagocytes maintain efferocytosis by 
preserving cholesterol homeostasis

Macrophages utilize various pathways to process and digest 
cargo from apoptotic cells, thereby protecting themselves from 
the stress associated with apoptotic cell load and ensuring the 
continuous process of efferocytosis, such as through metabolism 
or extrusion. Cholesterol, a major component of mammalian 
cell membranes, plays critical structural and functional roles. 
Excessive cholesterol accumulation is toxic to cells and forms the 
molecular basis of numerous diseases; thus, cellular cholesterol is 
tightly regulated to maintain homeostasis in the body (Song et al., 
2021). In phagocytes, cholesterol is maintained in a relatively 
stable state to ensure the smooth progression of efferocytosis. 
Research has indicated that cholesterol efflux is essential for the 
recognition of phosphatidylserine (PS) exposure. In phagocytes, 
acyl-CoA:cholesterol acyltransferase (ACAT) can esterify free 
cholesterol derived from apoptotic cells into cholesterol esters, 
which can then be stored or released by ATP-binding cassette 
transporter A1 (ABCA1) (Fond et al., 2015). Phagocytes export 
cholesterol via ABCA1/ABCG1 (ATP binding cassette subfamily G 
member 1) transporters to apolipoprotein A-I (apoA-I), maintaining 
cell membrane fluidity and promoting effective localization 
of PS receptors (Yu and Tang, 2022). Additionally, oxysterols 
(such as 27-hydroxycholesterol) released by apoptotic cells can 
activate liver X receptors (LXR), inducing the expression of anti-
inflammatory factors (such as IL-10) and phagocytic receptors 
(such as MerTK). Some studies suggest that after apoptotic cells 
are degraded in phagolysosomes, cholesterol is transported into 
the efferocytosis process. Once delivered, these cholesterols activate 
nuclear cholesterol receptors (such as liver X receptor-α [LXRα] and 
peroxisome proliferator-activated receptors [PPAR]γ and PPARδ). 
Upon activation of these receptors, anti-inflammatory cytokines 
such as IL-10 and TGFβ are produced, promoting the resolution of 
inflammation (Vafadar et al., 2024). Under pathological conditions, 
cholesterol homeostasis is disrupted, and the efferocytosis function 
of macrophages is similarly affected. For example, in atherosclerosis, 
when macrophage uptake of modified lipoproteins exceeds 
cholesterol efflux, cholesterol accumulates, leading to the formation 
of foam-like macrophages (Ye et al., 2019) (Figure 1). 

2.4 The lipid sensor Trem2 on the surface 
of phagocytes influences efferocytosis by 
regulating lipid metabolism

Triggering receptor expressed on myeloid cells 2 (Trem2) 
functions as a cell surface lipid sensor that plays a regulatory 
role in microglial activity (Damisah et al., 2020). Research 

has indicated that Trem2 is also significant in macrophages, 
contributing to lipid metabolism and the maintenance of tissue 
homeostasis. Lipid-associated macrophages (LAMs) are a type 
of phagocytic cell adept at managing lipids, with the lipid 
receptor Trem2 being a primary driver of the adipose tissue 
macrophage response during obesity. LAMs can uptake lipids 
in a TREM2-dependent manner, and their role in regulating 
lysosomal lipid metabolism is conserved across both humans and 
mice. Furthermore, the expression of Trem2 on macrophages can 
mitigate the progression of metabolic disorders by facilitating the 
formation of crown-like structures around lipid-rich and dying 
adipocytes (Jaitin et al., 2019). The accumulation of extracellular 
lipids and inflammation are prevalent characteristics of obesity, 
progressive neurodegeneration, and atherosclerosis. The Trem2 
signaling pathway modules may represent a conserved, general 
macrophage response employed to detect extracellular pathogenic 
lipids in various tissues. Consequently, Trem2 can function as a 
pattern recognition receptor indicating the disruption of tissue 
homeostasis (Jaitin et al., 2019). Some studies have suggested that 
Trem2 acts as a regulatory factor promoting tissue differentiation 
in foamy macrophages. In Trem2-deficient foamy macrophages, 
the cholesterol biosynthesis pathway cannot be downregulated, 
leading to impaired lipid uptake, increased mortality of foamy 
macrophages, inhibited clearance of apoptotic cells, and ultimately, 
the development of atherosclerosis (Patterson et al., 2023) (Figure 1).

TREM2 mutation has been identified as a risk factor for 
Alzheimer’s disease (AD) and other neurodegenerative diseases 
(NDD). Because TREM2 encodes a receptor that is only expressed 
on immune cells, the identification of these mutations finally shows 
that immune response can play an active role in the pathogenesis 
of NDD. These TREM2 variants also give the highest risk of 
Alzheimer’s disease among any risk factors found in recent 20 years 
(Jay et al., 2017). In nonalcoholic steatohepatitis (NASH, also 
known as metabolic dysfunction-related steatohepatitis, MASH), 
macrophages expressing Trem2 play a key role in promoting its 
development into hepatocellular carcinoma (HCC). Trem2 is the 
central regulator of NASH-driven immunosuppression niche of 
HCC (Wang et al., 2025). Atherosclerosis is a chronic disease of 
the vascular wall driven by lipid accumulation and inflammation in 
the intimal layer of arteries. Studies have shown that hematopoietic 
or global TREM2 deficiency increased, whereas TREM2 agonism 
decreased, necrotic core formation in early atherosclerosis. TREM2 
is essential for the efferocytosis capacities of macrophages and to 
the survival of lipid-laden macrophages, indicating a crucial role of 
TREM2 in maintaining the balance between foam cell death and 
clearance of dead cells in atherosclerotic lesions, thereby controlling 
plaque necrosis (Piollet et al., 2024).

TREM2 receptor consists of three different domains, which can 
bind different ligands under various physiological or pathological 
conditions. Under normal circumstances, trem2 receptor interacts 
with lipoprotein and apolipoprotein E (APOE). It can combine 
with lipopolysaccharide (LPS) during tissue injury and pathogen 
invasion. Under the condition of AD, it directly binds to pathological 
β -amyloid (Aβ) oligomer (Que et al., 2025). The researchers 
found that TREM2 is a sensor for a variety of acidic and 
zwitterionic lipids, which may or may not contain phosphate 
moiety. The membrane containing these lipids strongly interacts 
with Aβ, which can promote the transformation of fibrous Aβ 
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from Aβ peptide (Wang et al., 2015). TREM2 plays a double-
edged role in microglia. First of all, TREM2 and its ligands 
DAP12 and ApoE are the main ways to transform microglia 
from a steady state to a state related to nervous system diseases. 
DAP12 is one of the important ligands of TREM2, and it is the 
main switch to change microglia from steady state to disease-
related state. It increases the production of Aβ plaque and the 
diffusion of Tau protein, accelerates the pathological and behavioral 
defects of the brain, and ultimately increases the risk of many 
neurodegenerative diseases. Secondly, TREM2 can restore microglia 
homeostasis through TREM2-APOE-mediated pathway, and realize 
the synergistic effect of TREM2 and its ligand APOE by regulating 
the main transcription factors homologous to microglia (including 
TGF-β), thus increasing TREM2-mediated phagocytosis (Wei et al., 
2024). Functional blockade of TREM2 exacerbates inflammation 
and demyelination while TREM2 deficiency diminishes the ability to 
maintain neural homeostasis, and leads to uncontrolled increases in 
neuroinflammatory responses through increased lysosomal activity. 
Prolonged inflammation can trigger a positive feedback loop, 
exacerbating symptoms of demyelinating diseases such as cognitive 
and motor impairments (Gao et al., 2023). 

2.5 Efferocytosis can alleviate 
inflammatory responses through 
interactions with specialized pro-resolving 
mediators (SPMs)

The β-oxidation of fatty acids from apoptotic cells within the 
mitochondria leads to the production of NAD+ and complex III 
subunit 5, which in turn activate the transcription factor PBX1. This 
activation enhances the expression of the pro-resolving cytokine
IL-10, thereby linking efferocytosis to the resolution of inflammation 
(Zhang et al., 2019). A key component in resolving inflammation 
is the conversion of polyunsaturated fatty acids into SPMs, such 
as lipoxins (LX), resolvins (RV), protectins (PT), and maresins. 
The synthesis and breakdown of these lipid mediators are essential 
for driving the resolution of inflammation (Pan et al., 2022). 
Efferocytosis contributes to the generation of SPMs through two 
primary mechanisms: the degradation of metabolic products from 
apoptotic cells and the enzymatic conversion of these precursors 
into mature lipid mediators, as well as by increasing the availability 
of SPM precursors like arachidonic acid (AA), eicosapentaenoic 
acid (EPA), and docosahexaenoic acid (DHA) (Doran et al., 2020). 
Additionally, the activation of the MerTK receptor through its 
interaction with apoptotic cells triggers the translocation of the
5-LOX enzyme (5-lipoxygenase) from the nucleus to the cytoplasm. 
In the cytoplasm, it collaborates with 12/15-LOX to convert AA 
to lipoxin A4 (LXA4) and DHA to resolvin D1 (RvD1), both 
of which are effective in suppressing and resolving inflammation 
(Schilperoort et al., 2023b). The interaction between phagocytes 
and apoptotic cells (AC) enhances the production of specific SPMs 
while reducing pro-inflammatory leukotrienes, thereby promoting 
the resolution of inflammation (Fredman and Tabas, 2017). 
Efferocytosis also upregulates the expression of 12/15-LOX, leading 
to increased SPM production (Schif-Zuck et al., 2011). Moreover, 
LXA4 and RvD1 further enhance efferocytosis, suggesting a positive 

feedback loop exists between efferocytosis and SPM production 
(Dalli and Serhan, 2016) (Figure 1). 

3 Glucose metabolism and 
efferocytosis

3.1 SLC7A11 is a brake for DC efferocytosis

Dendritic cells (DCs) represent a diverse group of phagocytes 
present in nearly all tissues. These cells express a variety of 
phagocytic and pathogen recognition receptors, contributing to 
tissue homeostasis by modulating both innate and adaptive immune 
responses (Cabeza-Cabrerizo et al., 2021). While the uptake of 
apoptotic cells by DCs has been acknowledged for some time, 
research has predominantly concentrated on its implications for 
antigen presentation and adaptive immunity (Albert et al., 1998; 
Gallucci et al., 1999; Guermonprez and Amigorena, 2005; Blander 
and Medzhitov, 2006). In contrast to macrophages, the molecular 
mechanisms governing efferocytosis in DCs and its significance 
in inflammation remain less understood. The SLC family is the 
second largest gene family in the human genome after the G protein-
coupled receptors, and it mediates the transport of metabolites 
and solutes across the cell membrane. SLC is associated with more 
than 100 human diseases and is also related to the efferocytosis of 
other phagocytic cells (Maschalidi et al., 2022). By detecting the 
exocytosis of BMDCs after siRNA-mediated knockdown of the SLC7 
family, the results showed that interfering with the expression of 
SLC7A11 would enhance the efferocytosis of DCs. The subsequent 
experimental results also indicated that SLC7A11 is the molecular 
brake for the efferocytosis of DCs.

SLC7A11 is a component of the cystine-glutamate antiporter 
system xc−, which regulates the exchange of intracellular glutamate 
and extracellular cystine. Additionally, SLC7A11 is implicated 
in neurological disorders (Merckx et al., 2017), viral infections 
(Kandasamy et al., 2016; Rabinowitz et al., 2021), and cancer 
(Koppula et al., 2021). The authors compared glycogen levels in 
the control group, SLC7A11-KO dendritic cells, and wild-type 
dendritic cells before and after erastin treatment. The results 
demonstrated that both the SLC7A11-KO group and the erastin-
treated group exhibited reduced intracellular glycogen, and the 
introduction of a glycogen phosphorylase inhibitor reversed the 
effect of erastin. These findings suggest that glycogenolysis indeed 
contributes to increased efferocytosis. To determine whether 
aerobic glycolysis is involved in the enhanced efferocytosis 
observed in SLC7A11-deficient DCs, several pharmacological 
inhibitors—2-DG and 3-BP—were employed to suppress aerobic 
glycolysis. Both inhibitors mitigated the efferocytosis-enhancing 
effect of erastin. In conclusion, the conversion of glycogen to 
glucose and the subsequent process of aerobic glycolysis promote 
efferocytosis in SLC7A11-deficient dendritic cells (Maschalidi et al., 
2022) (Figure 2A). Studies have shown that some diseases, 
such as stroke, patients receiving insulin therapy, mental illness 
and neurodegenerative diseases, have impaired brain glucose 
metabolism, which leads to insufficient brain glucose supply. This is 
a part of the pathological mechanism of ischemic diseases and also 
a manifestation of GLUT1 deficiency, which may further damage 
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microglia phagocytosis and neuroimmunity, thus aggravating the 
pathological process of the disease (Rana et al., 2024).

3.2 Glycolysis facilitates efferocytosis by 
modulating actin polymerization and the 
expression of anti-inflammatory genes in 
adjacent cells

Solute carrier (SLC) proteins, located in the plasma membrane, 
mitochondrial membrane, and other internal membranes, are 
responsible for the transmembrane transport of molecules such as 
glucose, nucleotides, and amino acids (Mueckler and Thorens, 2013; 
César-Razquin et al., 2015; Rives et al., 2017). The solute carrier 
membrane transporter SLC2A1, also referred to as the glucose 
transporter GLUT1, is the most ubiquitously distributed glucose 
transporter in mammalian cells and is evolutionarily conserved 
(Yao et al., 2023). Research has demonstrated that SLC2A1 is 
significantly upregulated early in efferocytosis in LR73 cells and 
macrophages, enhancing the phagocytic capacity to engulf apoptotic 
cells by increasing glucose uptake. The internalization of apoptotic 
cells necessitates extensive actin polymerization (Nagata, 2018), 
which is associated with aerobic glycolysis during cell migration 
(Hu et al., 2016). During aerobic glycolysis, glucose uptake and 
utilization mediated by SLC2A1 contribute to actin polymerization 
during efferocytosis. Subsequent RNA-seq analysis of phagocytes 
engaged in engulfment revealed significant upregulation of multiple 
glycolytic genes. SLC16a1 functions as a plasma membrane proton-
linked monocarboxylate transporter for lactate and pyruvate 
(Sprowl-Tanio et al., 2016). Evidence suggests that knockdown 
of SLC16a1 diminishes efferocytosis in vitro and facilitates lactate 
release from phagocytes (Morioka et al., 2018). As a glycolysis 
byproduct, lactate can induce tumor-associated macrophages 
(TAMs) and naive macrophages to polarize into M2 macrophages 
(Colegio et al., 2014). Efferocytic phagocytes can enhance the 
clearance of apoptotic cells by releasing lactate via SLC16A1, thereby 
polarizing naive macrophages, which subsequently secrete anti-
inflammatory factors such as TGFβ and IL-10. In summary, aerobic 
glycolysis induced during efferocytosis influences efferocytosis on 
two levels: regulating efferocytosis through actin polymerization 
(involving SLC2A1) and promoting efferocytosis by modulating 
the expression of anti-inflammatory genes in neighboring cells 
(involving SLC16A1) (Morioka et al., 2018) (Figure 2B). 

3.3 PFKFB2-mediated glycolysis promotes 
macrophage lactate-driven sustained 
efferocytosis

Previous studies have identified an association between both 
pro-inflammatory and efferocytic macrophages and increased 
glucose uptake, as well as elevated transcription levels of SLC2A1 
(Morioka et al., 2018). It has been demonstrated that thioredoxin-
interacting protein (TXNIP) functions as an endocytic adaptor 
for GLUT1, facilitating the removal of GLUT1 from the cell 
surface and thereby negatively regulating glucose uptake (Wu et al., 
2013). The phagocytic action activates Akt by phosphorylating 
it, which is essential for effective efferocytosis (Yancey et al., 

2010; Nishi et al., 2019; Gerlach et al., 2021). The activated Akt 
phosphorylates TXNIP, leading to its degradation. This maintains 
the cell surface expression level of GLUT1 and increases glucose 
intake (Wu et al., 2013; Waldhart et al., 2017). PFK1, a key rate-
limiting enzyme in the aerobic oxidation of carbohydrates, catalyzes 
the phosphorylation of fructose-6-phosphate at the first carbon 
to yield fructose-1,6-bisphosphate (Icard et al., 2021). Its kinase 
activity is activated by fructose-2,6-bisphosphate, synthesized by 
the PFKFB enzyme family. Within this family, PFKFB2 is notably 
upregulated during efferocytosis, including its activated Ser485-
phosphorylated form. There is evidence suggesting that various 
stimulating factors such as adrenaline, insulin, and hypoxia can 
cause the phosphorylation of PFKFB2 protein in the myocardium, 
thereby increasing the concentration of 2,6-diphosphofructose 
and promoting the glycolysis process. These effects are mediated 
by protein kinases (including PKA, Akt, and AMPK) that 
phosphorylate PFKFB2 at its C-terminal domain (Lee et al., 2020). 
Efferocytosis-induced Akt activation promotes two sequential 
steps in glycolysis: phosphorylation of TXNIP enhances GLUT1-
mediated glucose uptake, and phosphorylation of PFKFB2 further 
augments glycolysis. These mechanisms are distinct from those 
observed during inflammation-induced glycolysis in macrophages. 
Consequently, efferocytosis promotes glycolysis through at least two 
mechanisms: the loss of TXNIP function to enhance glucose uptake 
and the potentiation of downstream glycolysis. Lactate produced 
during glycolysis can increase the cell-surface expression of the 
phagocytic receptors MerTK and LRP1 in a calcium-dependent 
manner, thereby promoting sustained uptake of apoptotic cells 
(Schilperoort et al., 2023a) (Figure 2B).

Another member of this family, PFKFB3, is frequently over-
expressed in many human tumors, including lung, breast, colon, 
pancreas, ovary, pancreas and thyroid tumors, but under-expressed 
in normal tissues, so targeting PFKFB3 to treat cancer has become 
an attractive strategy (Wang et al., 2020). Infantile hemangioma (IH) 
is the most common tumor in infants, but the exact pathogenesis 
of IH is largely unknown. Studies have shown that by using 
PFK15 as an inhibitor, inhibiting PFKFB3 can inhibit PI3K-Akt 
signaling pathway downstream and induce apoptosis and death. 
More importantly, using PFK15 or shPFKFB3 to inhibit PFKFB3 
can significantly reduce tumor growth in vivo. PFKFB3 inhibition 
can inhibit the angiogenesis of IH and induce apoptosis, which can 
effectively improve cancer (Yang et al., 2023). In addition, PFKFB3 
plays the same important but different functions in macrophages 
and dendritic cells. Studies have shown that cytoplasmic virus 
recognition leads to the upregulation of glycolysis of macrophages 
through secondary interferon signal transduction. PFKFB3-driven 
glycolysis can phagocytize and remove virus-infected cells through 
metabolic support, and selectively promote the exogenous antiviral 
ability of macrophages (Jiang et al., 2016). Inflammatory corpuscles 
are described as cytoplasmic regulators of inflammation, and 
nucleotide binding domain-like receptor Family Pyrin domain 
containing 3 (NLRP 3) is the most important inflammatory 
corpuscles. Studies have shown that the production and release of 
interleukin-1β (IL-1β) depends on the activation of inflammatory 
corpuscles of NLRP3, and its activation and subsequent release 
of IL-1β play a key role in regulating glycolysis through PFKFB3. 
The NLRP3 inflammatory corpuscle -IL-1β-PFKFB3 axis is a key 
regulator of glycolysis of macrophages, and targeting this axis may 
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FIGURE 2
(A) Macrophages: During aerobic glycolysis, the uptake and utilization of glucose, mediated by SLC2A1, facilitate actin polymerization during 
phagocytosis. Concurrently, lactate release mediated by SLC16A1 promotes the polarization of immature macrophages and the release of 
anti-inflammatory factors, thereby aiding in the clearance of apoptotic cells. The phagocytosis of apoptotic cells by macrophages stimulates Akt 
dephosphorylation, leading to the phosphorylation and subsequent degradation of TXNIP. This process releases the glucose transporter GLUT1, 
increasing glucose uptake and thereby enhancing glycolysis. Akt-mediated phosphorylation of PFKFB2 catalyzes the production of Fru-2,6-P2, which 
activates phosphofructokinase-1 (PFK-1), further promoting glycolysis. Lactate produced during glycolysis can increase the surface expression of 
phagocytic receptors MerTK and LRP1 in a calcium-dependent manner, thereby facilitating the sustained uptake of apoptotic cells. MCTRs can 
promote macrophage phagocytosis by regulating Rac1 activity and upregulating glycolysis. Dicer inhibits the phagocytic function of macrophages and 
their inflammatory response during the clearance of apoptotic cells by suppressing the expression of PPP-related genes. Under chronic physiological 
hypoxia, macrophages can effectively shunt glucose into the PPP, and the NADPH generated by the PPP can protect macrophages from excessive 
lysosomal acidification and oxidative stress, thereby enhancing their efferocytosis and improving cellular adaptability to maintain critical homeostatic 
functions. (B) Dendritic Cells: SLC7A11 inhibits the phagocytosis of apoptotic cells by dendritic cells by suppressing the conversion of glycogen stored 
in DCs into glucose and the subsequent process of aerobic glycolysis.
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help to alleviate inflammation and restore the metabolic balance of 
macrophages (Finucane et al., 2019). In dendritic cells, the use of 
PFKFB3 inhibitor PFK15 will inhibit the glycolysis and function of 
DCs, thus affecting the effect of cancer immunotherapy. However, 
by delivering fructose −1,6- diphosphate (F16bp, downstream 
product of PFKFB3), the glycolytic ability and function of DCs 
can be “saved”, the anti-tumor response of activating cytotoxic 
T cells (Tc) can be enhanced, and the survival of mice can 
be improved (Inamdar et al., 2023). 

3.4 Efferocytosis-derived MCTRs 
metabolically promote sustained 
macrophage efferocytosis via 
Rac1-mediated glycolytic activation

The continuous engulfment of multiple apoptotic cells by 
phagocytes is crucial for maintaining organ function, resolving 
acute inflammation, and facilitating tissue repair. This process 
necessitates coordinated cellular responses to ensure the recognition 
and clearance of target cells, effective metabolic processing of the 
load, and adequate energy availability to sustain the process (Tabas, 
2010). Recent studies have demonstrated that maresin conjugates 
in tissue regeneration (MCTRs) can enhance sustained macrophage 
efferocytosis during tissue regeneration (Xiao et al., 2021). This 
enhancement occurs through the initiation of apoptotic cell uptake 
by macrophages and an increase in the proportion of macrophages 
engaged in efferocytosis (Koenis et al., 2024). Phosphoproteomic 
analyses of MCTR-treated macrophages have identified several 
glycolytic enzymes with differential phosphorylation. To explore 
the impact of MCTRs on glycolytic metabolism, the authors 
examined the steady-state levels of various glycolytic and TCA 
cycle metabolites in human macrophages treated with MCTRs in 
the absence of apoptotic cells. The findings indicated that MCTR 
treatment elevated the levels of glucose-6-phosphate, fructose-1,6-
bisphosphate, 3-phospho-D-glycerate, and phosphoenolpyruvate, 
suggesting enhanced glycolysis. However, this MCTR-induced 
increase in glucose uptake was nullified in macrophages treated 
with a Rac1 inhibitor. Rac1 has been previously shown to regulate 
glycolytic flux by releasing aldolase (a key glycolytic enzyme) 
from the cytoskeleton, thereby facilitating the actin rearrangement 
necessary for apoptotic cell uptake (Nakaya et al., 2008) and 
activating glycolytic metabolism (Hu et al., 2016). Seahorse flux 
analysis of macrophages pre-treated with Rac1 or aldolase inhibitors 
revealed that the MCTR-mediated increase in macrophage glycolytic 
capacity requires both Rac1 and aldolase activity. These findings 
demonstrate that MCTRs promote macrophage efferocytosis 
by modulating Rac1 activity and upregulating glycolysis in 
macrophages (Koenis et al., 2024) (Figure 2B). 

3.5 Macrophage dicer promotes the 
clearance of tolerogenic apoptotic cells 
and immune tolerance by inhibiting the 
pentose phosphate pathway activity

Dicer, a member of the RNase III family, is recognized 
for its function as a ribonuclease in microRNA biogenesis 

(Ha and Kim, 2014). While recent studies have elucidated the 
link between microRNA and apoptotic cell (AC) clearance, the 
specific interaction between Dicer and efferocytosis remains 
unexplored (Tajbakhsh et al., 2019). Research indicates that 
a deficiency in Dicer results in a marked decrease in the 
phagocytosis rate of ACs by macrophages. Furthermore, 
compared to wild-type (WT) macrophages, Dicer-deficient 
macrophages exhibit increased expression of TNF-α, IL-1β, and 
IL-6, alongside decreased levels of TGF-β and IL-10, suggesting 
an enhanced inflammatory response during AC clearance. 
Gene set enrichment analysis has demonstrated a significant 
enrichment of pentose phosphate pathway (PPP) gene signatures 
in Dicer-knockout (KO) macrophages, a phenomenon not 
observed in WT cells. Additionally, the expression of seven 
PPP-related genes and the levels of their products—NADPH 
and glutathione—(Nagy and Haschemi, 2015) were significantly 
elevated during efferocytosis compared to control groups. Notably, 
even in the absence of AC stimulation, Dicer deficiency alone 
augments the expression of PPP-related genes and the levels 
of NADPH and glutathione. Treatment with PPP antagonists, 
dehydroepiandrosterone (DHEA) and 6-aminonicotinamide (6-
AN), restored the phagocytic capacity of Dicer-KO macrophages 
to WT levels and mitigated the inflammatory response during 
efferocytosis (Mao et al., 2021) (Figure 2B). 

3.6 Efferocytosis in hypoxic environments

Tissue-resident macrophages (TRMs) persist within tissues 
throughout the organism’s lifespan (Okabe and Medzhitov, 2016; 
Guilliams et al., 2020; Guilliams and Svedberg, 2021). As a vital 
component of the immune microenvironment, TRMs constitute a 
self-renewing and long-lived cell population that plays a pivotal role 
in maintaining homeostasis, facilitating tissue repair post-injury, 
mitigating inflammation, and even modulating cancer progression 
(Cao et al., 2024). Notably, nearly every organ under steady-state 
conditions harbors distinct types of TRMs, which are adept at 
sensitively detecting environmental changes and swiftly adapting 
to maintain tissue health (Lazarov et al., 2023; Mass et al., 2023). 
They accomplish the clearance of tissue-specific debris or by-
products—including dying or dead cells and tissue-specific cellular 
secretions—through various mechanisms, including phagocytosis 
and efferocytosis (Nicolás-Ávila et al., 2020; Brestoff et al., 2021; 
Schilperoort et al., 2023b). Chronic physiological hypoxia can 
induce macrophages to exhibit two distinct yet complementary 
states. The first, termed the “primed” state, involves the transcription 
and translation of metabolic programs in AC-naive macrophages 
that persist during efferocytosis. The second, the “poised” state, 
involves the transcription (but not translation) of phagocytic 
functional programs in AC-naive macrophages during efferocytosis. 
Both states are essential for enhancing sustained efferocytosis 
(Wang et al., 2023b). Network analysis of differentially regulated 
metabolic programs in induced macrophages revealed significant 
differences in glucose uptake in macrophages within hypoxic 
environments; macrophages under chronic hypoxic conditions 
engage in less aerobic glycolysis compared to those cultured 
under normoxic conditions. Untargeted metabolomics analysis 
demonstrated a significant upregulation of the atypical pentose 
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phosphate pathway (PPP), a reduction in tricarboxylic acid 
(TCA) cycle intermediates, and a notable accumulation of PPP 
intermediates, indicating that macrophages utilize glucose in a non-
traditional manner. Macrophages exposed to prolonged hypoxia 
seldom use glucose for energy production via glycolysis. Instead, 
glucose is efficiently redirected to the PPP pathway to provide 
ribose-5-phosphate for new nucleotide synthesis and generate 
NADPH for maintaining redox balance. The data suggest that 
NADPH production mediated by the atypical PPP is crucial for 
the rapid maturation of phagolysosomes, protecting macrophages 
from excessive lysosomal acidification and oxidative stress, thereby 
enhancing macrophage efferocytosis and improving cellular 
adaptability to ensure the proper execution of critical homeostatic 
functions (Wang et al., 2023b) (Figure 2B).

Literature shows that hypoxia significantly increases the 
phosphorylation of p38-MAPK. At the same time, the inhibition of 
p38 reversed the effect of hypoxia on phagocytosis, indicating that 
p38 plays a role in the hypoxia regulation of phagocytosis. Hypoxia 
also significantly increased the expression of hypoxia-inducible 
factor -1α(HIF-1α) in macrophages, which was reversed after p38 
inhibition, indicating that there was a relationship between p38 
activation and HIF-1α expression. The knock-down of HIF-1α small 
interfering RNA reversed the effect of hypoxia on phagocytosis, 
and compared with the control group, the overexpression of HIF-
1α led to an amazing increase in phagocytosis. Hypoxia enhances 
phagocytosis of macrophages in a HIF-1α-dependent manner, and 
surface HIF-1α plays an important role in host defense (Anand et al., 
2007). In addition, it is found that acute hypoxia can inhibit 
the proliferation and phagocytosis of macrophages, and at the 
same time, the changes of transcriptome reprogramming and 
metabolic remodeling occur. Firstly, the pro-inflammatory response 
of macrophages is activated during acute hypoxia, accompanied 
by enhanced anti-inflammatory regulation mechanism. Secondly, 
besides the increase of glycolysis, the key intermediates in pentose 
phosphate pathway also increased significantly. If the sugars 1,6- 
diphosphate, 6- phosphate and 5- phosphate ribose, it shows 
that pentose phosphate pathway is an important compensatory 
metabolic regulation of macrophages to acute hypoxia. This study 
shows that acute hypoxia can change the transcriptome and 
metabolomics in specific inflammatory reactions and metabolic 
pathways, so as to promote the adaptation of macrophages under 
hypoxic conditions (Sun et al., 2025). 

4 Amino acid metabolism and 
efferocytosis

4.1 Polyamines produced by metabolism of 
arginine derived from apoptotic cells 
enhance the continuous phagocytic 
capacity of macrophages

Macrophages utilize two distinct metabolic pathways for 
arginine. In inflammatory macrophages, arginine is catalyzed by 
inducible nitric oxide synthase (iNOS) to produce nitric oxide 
(NO). Conversely, in pro-resolving mouse macrophages, arginine 
is converted by arginase 1 (Arg1) into ornithine, a precursor of 
polyamines (Rath et al., 2014). Ornithine may be metabolized into 

citrulline via ornithine transcarbamylase (OTC) as part of the urea 
cycle or converted into polyamines through ornithine decarboxylase 
(ODC; gene name Odc1) (Kierszenbaum et al., 1987).

Following phagocytosis in pro-resolving macrophages, these 
cells acquire unique programming capabilities. During the 
degradation of apoptotic cells, arginine derived from this process is 
metabolized by arginase 1 and ornithine decarboxylase to produce 
the polyamine putrescine, which functions as a regulatory factor 
affecting Rac1, thereby influencing cytoskeletal rearrangement and 
the uptake of a subsequent apoptotic cell. When macrophages 
are co-incubated with IL-4 and apoptotic cells, measurements of 
the polyamines—putrescine, spermine, and spermidine—reveal a 
significant increase in putrescine, while spermine and spermidine 
levels remain unchanged. Furthermore, silencing Arg1 or Odc1 
prevents the increase of putrescine in AC + macrophages but does 
not significantly affect spermidine or spermine levels in these cells. 
This confirms the presence of the Arg1-ODC-putrescine signaling 
pathway (Yurdagul et al., 2020) (Figure 3).

4.2 Non-canonical glutamine metabolic 
pathways enhance macrophage 
phagocytic efficiency by influencing 
cellular detoxification and energy 
metabolism

In macrophages, glutamine converts to glutamate by 
glutaminase 1 (Gls1) (Benhmammouch and Yvan-Charvet, 2023). 
Glutamine undergoes conversion via non-classical transaminase 
pathways, coupling oxidative stress buffering with ATP production 
for actin dynamics and cytoskeletal reorganization. Glutamine 
can be converted by glutamate dehydrogenase (GLUD1), serve 
as a GSH synthesis precursor through non-classical pathways, 
or transform via transaminases. Classical glutamine catabolism 
supports α-ketoglutarate-mediated coordination of macrophage 
activation through metabolic and epigenetic reprogramming 
(Liu et al., 2017). However, studies have not observed disruptions 
in α-KG-dependent epigenetic activity, and α-ketoglutarate 
supplementation does not rescue phagocytic defects in Gls1-
deficient macrophages (Merlin et al., 2021). Compared to 
Gls1 deficiency, GLUD1-deficient macrophages show increased 
phagocytic activity, suggesting reduced glutamate in Gls1-deficient 
macrophages affects the non-classical glutamine catabolic pathway. 
High-throughput analyses reveal that glutamine catabolism in Gls1-
deficient macrophages primarily disrupts downstream non-classical 
pathways of GSH synthesis and transaminase function. GLUD1-
deficient macrophages have higher OCR, maximal respiratory 
response, ATP production rate, and phagocytic activity compared 
to Gls1-deficient ones. Studies confirm that glutamine catabolism 
limits oxidative stress and supports mitochondrial OXPHOS and 
ATP generation in reparative macrophages.

The malate-aspartate shuttle, facilitated by transaminases, 
functions in the aspartate-arginine-succinate bypass system. This 
mechanism requires glutamate to generate NADH, which is used 
in mitochondrial electron transport for energy production and 
ATP synthesis. The malic enzyme (ME)-dependent malate-pyruvate 
cycling pathway generates NADPH, supporting the compensatory 
pathway for reduced glutathione (GSH) synthesis (DeBerardinis 
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FIGURE 3
The metabolic products of amino acids, resulting from the degradation of apoptotic cells by macrophages, play a crucial role in regulating the 
resolution of inflammation and the efficiency of subsequent phagocytosis. This regulation occurs through the modulation of signal transduction 
processes, energy metabolism, and the transcription of anti-inflammatory and pro-repair genes within macrophages. Rac1 is instrumental in 
cytoskeletal remodeling by affecting the stability of Dbl mRNA, which encodes a GTP exchange factor. This factor activates the Rac1 protein, thereby 
stimulating cytoskeletal rearrangement in macrophages to enhance their efficiency in continuous phagocytosis. The tryptophan metabolite kynurenine 
(Kyn) can bind to the downstream aryl hydrocarbon receptor (AhR), influencing signal transduction processes in macrophages and promoting the 
expression of anti-inflammatory and pro-repair genes, such as Il-4 and Tgfb1, thereby facilitating tissue repair. The methionine metabolite 
S-adenosylmethionine (SAM) undergoes epigenetic modification catalyzed by the methyltransferase DNMT3A, activating the downstream PGE2-TGFβ1 
pathway and regulating the expression of anti-inflammatory and pro-repair genes. Elevated intracellular glutamine concentrations in macrophages are 
converted through a non-canonical transaminase pathway that integrates oxidative stress buffering with ATP production, thus meeting the 
high-energy demands of actin dynamics and cytoskeletal rearrangement.

and Cheng, 2010). In Gls1-deficient macrophages, ME1 and ME2 
overexpression restores NAD(P)H levels and rescues phagocytic 
activity. This shows how non-classical glutamine metabolic 
pathways influence phagocytosis through cellular detoxification 
and energy metabolism. Glutamine hydrolysis modulates 
phagocytic response via post-transcriptional mechanisms. During 
phagocytosis, actin cytoskeleton remodeling in macrophages 
requires energy for actin polymerization, depolymerization, and 
membrane dynamics essential for recognizing and internalizing 
apoptotic cells (Elliott and Ravichandran, 2016). Gls1-deficient 
macrophages show slight downregulation of Cdc42 mRNA, a 
small G protein involved in actin polymerization, suggesting 
glutamine catabolism supports F-actin remodeling energy demands. 
In the presence of AhR (aryl-hydrocarbon receptor) ligands, these 
proteins are crucial for AhR ligand-induced nuclear translocation 
and activation. By activating Rac1, they facilitate cytoskeletal 
reorganization and enhance macrophage phagocytic capacity. In 
murine models, IDO1 (indoleamine 2,3-dioxygenase 1) or AhR 
deficiency impairs macrophage phagocytic efficiency. During 
atherosclerosis regression, IDO1 knockdown in macrophages 

obstructs plaque stabilization responses. Increased IDO1 mRNA 
expression and sustained phagocytosis reinforce each other, 
creating a positive feedback loop. This pathway promotes resolution 
and enhances efferocytosis in vivo, as observed during human 
atherosclerosis regression (Sukka et al., 2024) (Figure 3). 

4.3 The phagocytosis-driven tryptophan 
metabolic pathway in macrophages 
promotes tissue repair

In humans, tryptophan is an essential amino acid that functions 
as a precursor for the synthesis of several significant bioactive 
compounds and plays a vital role in protein synthesis. Its metabolism 
occurs through three primary pathways: the kynurenine pathway, 
the indole pathway, and the 5-hydroxytryptamine (serotonin) 
pathway. The kynurenine pathway is the principal route of 
tryptophan metabolism, accounting for the degradation of over 
95% of tryptophan into various bioactive compounds. Tryptophan 
2,3-dioxygenase (TDO), indoleamine 2,3-dioxygenase 1 (IDO1), 

Frontiers in Cell and Developmental Biology 10 frontiersin.org

https://doi.org/10.3389/fcell.2025.1677028
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org


Yan et al. 10.3389/fcell.2025.1677028

and IDO2 are key rate-limiting enzymes in the kynurenine 
metabolic pathway (Xue et al., 2023).

Over the past two decades, the roles of IDO1 and AhR in 
immunobiology have garnered considerable attention. Following 
the phagocytosis of apoptotic cells by macrophages, elevated levels 
of tryptophan have been observed in both human and murine 
macrophages. This increase is dependent on the upregulation 
of the membrane-bound tryptophan transporter SLC36A4 and 
intracellular IDO1 in macrophages during the degradation of 
apoptotic cells in phagolysosomes, which also results in increased 
levels of the tryptophan metabolite kynurenine (Kyn). The effect 
of Kyn was investigated by adding it to macrophages treated with 
IDO1 inhibitors, IDO1 knockout, or SLC36A4 silencing, to assess 
its role in sustained phagocytosis and in response to post-phagocytic 
supernatant induction. After the initial batch of apoptotic cells 
was introduced, Kyn was supplemented to macrophages treated 
with Epacadostat (an IDO1 inhibitor), and it was found that 
Kyn could partially restore sustained phagocytic activity. Kyn also 
partially restored the expression of Tgfb1 and IL10 in IDO1-
KO macrophages. Upregulation of IDO1 induces increased AhR 
levels via Kyn-dependent activation. Upon activation, AhR initiates 
two key signal transduction pathways. First, the expression of 
IL10, Tgfb1, and Ido1 mRNA requires Kyn and ERK1/2-mediated 
upregulation of AhR chaperones HSP90 and XAP2. AhR forms 
a complex with HSP90 and XAP2; in the absence of a ligand, 
HSP90 and XAP2 anchor AhR in the cytoplasm, preventing 
its degradation by another protein called P23 and maintaining 
AhR in a high-affinity ligand-binding state (Pappas et al., 2018). 
Therefore, in the presence of AhR ligands, these proteins are 
essential for subsequent ligand-induced nuclear translocation and 
activation of AhR. Second, activation of Rac1 promotes cytoskeletal 
rearrangement and enhances the sustained phagocytic capability of 
macrophages. In mouse models of induced phagocytosis, deficiency 
of IDO1 or AhR impairs macrophage phagocytic efficiency. During 
atherosclerosis regression, macrophage IDO1 knockdown obstructs 
responses that contribute to plaque-stabilizing characteristics. The 
authors found that increased expression of Ido1 mRNA and 
sustained phagocytosis reinforce each other, establishing a beneficial 
positive feedback loop. This pathway promotes the resolution of 
inflammation and enhances efferocytosis in vivo, for instance, 
during significant disease processes such as the regression of 
atherosclerosis in humans (Sukka et al., 2024) (Figure 3). 

4.4 Macrophages utilize methionine 
derived from the degradation of apoptotic 
cells and DNMT3A to facilitate tissue repair

In the context of amino acid catabolism, methionine (Met) 
is catalyzed by methionine adenosyltransferase (MAT) into
S-adenosylmethionine (SAM). As a methyl donor, SAM is 
involved in various methyltransferase reactions and is converted to
S-adenosylhomocysteine (SAH) during these processes. Methionine 
can enhance the concentration of glutathione within cells, promote 
cellular redox regulation, and protect cells by binding with oxidative 
metabolites (Ling et al., 2023). CD36 is a member of class B 
scavenger receptor family that recognizes apoptosis signal PS (Tait 
and Smith, 1999), and the interaction between apoptotic cells and 

CD36 mediated by PS can be conducted through CD36-ERK1/2 
pathway, which regulates the synthesis of PEG2, thus affecting the 
synthesis of TGF-β1 (Xiong et al., 2013). During phagocytosis, the 
synthesis of prostaglandin E2 (PGE2) and transforming growth 
factor beta 1 (TGFβ1) is a critical step in the process (Fadok et al., 
1998). PGE2 is synthesized from arachidonic acid (AA), which 
is released from membrane phospholipids through the action 
of phospholipase A2 (PLA2). Arachidonic acid is subsequently 
oxygenated by cyclooxygenase (COX) to form prostaglandin H2 
(PGH2), which is then converted to PGE2-by-PGE2 synthase 
(PGES). Cyclooxygenase-2 (COX-2) serves as a rate-limiting 
enzyme for PGE2 synthesis and is reported to be highly induced by 
inflammation-related mediators following injury (Xiao et al., 2004). 
The deleterious effects suppressed by COX-2-derived prostacyclins 
may contribute to the susceptibility to diseases such as hypertension, 
increased risk of thrombosis, and atherosclerosis.

In the clearance of apoptotic cells in atherosclerosis disease 
models, the downstream signaling pathways (i.e., PGE2 expression 
process) activated by the CD36-ERK1/2 signaling pathway are 
limited by negative feedback regulation mediated by DUSP4. 
During the degradation of apoptotic cells after phagocytosis, 
methionine derived from this process is converted into SAM by 
MAT (methionine adenosyl transferase) in macrophages. SAM 
serves as a substrate for DNMT3A (DNA methyltransferase 
3A) in DNA methylation modification, and Met/SAM acts as 
a rate-limiting factor for certain DNA methylation events in 
macrophages. When the inhibitor PF-9366 is used to suppress 
MAT2A or SiMat2a, the addition of exogenous SAM can induce 
ptgs2 and Tgfb1. Methylation-induced inhibition of Dusp4 
prolongs ERK phosphorylation events, thereby allowing the 
induction of downstream ptgs2 (encoding COX2) and activation 
of the downstream PGE2-TGFβ1 pathway. In atherosclerotic 
mouse models, knocking out or silencing the DNMT3A gene 
in macrophages prevents the methylation of Dusp4, thereby 
hindering plaque regression in mouse atherosclerosis. In contrast, 
when Dusp4 is methylated normally, its expression decreases, 
and phosphorylated ERK remains active longer to induce ptgs2 
expression, which subsequently activates the PGE2-TGFβ1 
signaling pathway to promote tissue repair. Not only is DNMT3A 
required for SAM-mediated induction of ptgs2, but DNMT3A is 
also involved in the p-CREB pathway when PGE2 induces Tgfb1. 
This indicates that the DNMT3A-PEG-2-TGFβ1 pathway associated 
with epigenetic modifications plays an important role in diseases 
related to efferocytosis (Ampomah et al., 2022) (Figure 3). 

5 Conclusion and future prospects

Efferocytosis is a critical immune regulatory process linked 
with metabolic reprogramming. Through molecular pathways, 
phagocytes transform metabolites from apoptotic cells into 
regulatory signals, aiding inflammation resolution and tissue 
repair as they clear cellular debris. Despite advances, several 
questions remain: How can single-cell multi-omics technologies 
explore metabolic flux during efferocytosis stages at single-cell and 
sub-organelle levels, such as mitochondria and lysosomes? How 
do organelles like mitochondria, lysosomes, lipid droplets, and 
endoplasmic reticulum collaborate in processing metabolites from
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apoptotic cells? What are the consequences of disrupted interactions 
on clearance functions? What are the patterns and functional 
differences of metabolic reprogramming induced by macrophages 
in different tissue microenvironments, such as microglia or Kupffer 
cells, and by apoptotic cells of diverse origins, like neutrophils 
or tumor cells? How do metabolites from efferocytosis, such 
as acetyl-CoA, α-ketoglutarate, and SAM, function as substrates 
to modify phagocyte gene expression at the epigenetic level 
through histone acetylation, methylation, or succinylation? How 
phagocytosis stimulates glucose metabolism, and how glucose 
metabolism regulates phagocytosis, remains to be further explored. 
Is it feasible to develop pharmacological strategies targeting 
phagocyte energy metabolism?

In summary, studying metabolism in efferocytosis reveals 
principles for homeostasis maintenance, provides new perspective 
on immune regulation, and enables innovative metabolic 
intervention strategies for diseases associated with efferocytosis.

Author contributions

QY: Project administration, Resources, Supervision, Writing 
– original draft. KL: Conceptualization, Visualization, Writing 
– original draft. LC: Conceptualization, Visualization, Writing – 
original draft. AW: Conceptualization, Visualization, Writing – 
original draft. YX: Writing – original draft. HX: Funding acquisition, 
Writing – original draft. LY: Funding acquisition, Project 
administration, Resources, Supervision, Writing – original draft. 

Funding

The author(s) declare that financial support was received for 
the research and/or publication of this article. This work was 
partially supported by the National Natural Science Foundation of 
China (Grant No. 31871387 to Hui Xiao), National Natural Science 

Foundation of China (Grant No. 32370799 to Hui Xiao), National 
Natural Science Foundation of China Youth Program (Grant No. 
32300622 to Lei Yuan), Sanqin Bochuang Talent Support Program 
of Shaanxi Province (Grant No. 2024SQBC004 to Lei Yuan), Natural 
Science Foundation of Shaanxi Province (Grant No. 2024JC-YBMS-
638 to Hui Wang), the program of Innovative Research Team for 
the Central Universities (Grant No. GK202302003 to Hui Xiao), 
the program of Young Teachers’ Free Exploration for the Central 
Universities (Grant No. GK202304020 to Lei Yuan).

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the 
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in 
this article has been generated by Frontiers with the support of 
artificial intelligence and reasonable efforts have been made to 
ensure accuracy, including review by the authors wherever possible. 
If you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or claim 
that may be made by its manufacturer, is not guaranteed or endorsed 
by the publisher.

References

Adkar, S. S., and Leeper, N. J. (2024). Efferocytosis in atherosclerosis. Nat. Rev. 
Cardiol. 21, 762–779. doi:10.1038/s41569-024-01037-7

Albert, M. L., Sauter, B., and Bhardwaj, N. (1998). Dendritic cells acquire 
antigen from apoptotic cells and induce class I-restricted CTLs. Nature 392, 86–89. 
doi:10.1038/32183

Ampomah, P. B., Cai, B., Sukka, S. R., Gerlach, B. D., Yurdagul, A., Jr., 
Wang, X., et al. (2022). Macrophages use apoptotic cell-derived methionine and 
DNMT3A during efferocytosis to promote tissue resolution. Nat. Metab. 4, 444–457. 
doi:10.1038/s42255-022-00551-7

Anand, R. J., Gribar, S. C., Li, J., Kohler, J. W., Branca, M. F., Dubowski, T., et al. 
(2007). Hypoxia causes an increase in phagocytosis by macrophages in a HIF-1alpha-
dependent manner. J. Leukoc. Biol. 82, 1257–1265. doi:10.1189/jlb.0307195

Benhmammouch, S. C., and Yvan-Charvet, L. (2023). Glutamine 
metabolism shapes macrophage plasticity. Atherosclerosis 379, S34. 
doi:10.1016/j.atherosclerosis.2023.06.777

Blander, J. M., and Medzhitov, R. (2006). On regulation of phagosome maturation 
and antigen presentation. Nat. Immunol. 7, 1029–1035. doi:10.1038/ni1006-1029

Boada-Romero, E., Martinez, J., Heckmann, B. L., and Green, D. R. (2020). 
The clearance of dead cells by efferocytosis. Nat. Rev. Mol. Cell Biol. 21, 398–414. 
doi:10.1038/s41580-020-0232-1

Brestoff, J. R., Wilen, C. B., Moley, J. R., Li, Y., Zou, W., Malvin, N. P., 
et al. (2021). Intercellular mitochondria transfer to macrophages regulates white 
adipose tissue homeostasis and is impaired in obesity. Cell Metab. 33, 270–282.e8. 
doi:10.1016/j.cmet.2020.11.008

Burkett, J. B., Doran, A. C., and Gannon, M. (2023). Harnessing prostaglandin 
E(2) signaling to ameliorate autoimmunity. Trends Immunol. 44, 162–171. 
doi:10.1016/j.it.2023.01.004

Cabeza-Cabrerizo, M., Cardoso, A., Minutti, C. M., Pereira Da Costa, M., and 
Reis E Sousa, C. (2021). Dendritic cells revisited. Annu. Rev. Immunol. 39, 131–166. 
doi:10.1146/annurev-immunol-061020-053707

Cao, M., Wang, Z., Lan, W., Xiang, B., Liao, W., Zhou, J., et al. (2024). The roles 
of tissue resident macrophages in health and cancer. Exp. Hematol. and Oncol. 13, 3. 
doi:10.1186/s40164-023-00469-0

César-Razquin, A., Snijder, B., Frappier-Brinton, T., Isserlin, R., Gyimesi, G., Bai, 
X., et al. (2015). A call for systematic research on solute carriers. Cell 162, 478–487. 
doi:10.1016/j.cell.2015.07.022

Chi, Z., Chen, S., Xu, T., Zhen, W., Yu, W., Jiang, D., et al. (2020). Histone 
deacetylase 3 couples mitochondria to drive IL-1β-dependent inflammation 
by configuring fatty acid oxidation. Mol. Cell 80, 43–58. doi:10.1016/j.molcel.
2020.08.015

Frontiers in Cell and Developmental Biology 12 frontiersin.org

https://doi.org/10.3389/fcell.2025.1677028
https://doi.org/10.1038/s41569-024-01037-7
https://doi.org/10.1038/32183
https://doi.org/10.1038/s42255-022-00551-7
https://doi.org/10.1189/jlb.0307195
https://doi.org/10.1016/j.atherosclerosis.2023.06.777
https://doi.org/10.1038/ni1006-1029
https://doi.org/10.1038/s41580-020-0232-1
https://doi.org/10.1016/j.cmet.2020.11.008
https://doi.org/10.1016/j.it.2023.01.004
https://doi.org/10.1146/annurev-immunol-061020-053707
https://doi.org/10.1186/s40164-023-00469-0
https://doi.org/10.1016/j.cell.2015.07.022
https://doi.org/10.1016/j.molcel.-2020.08.015
https://doi.org/10.1016/j.molcel.-2020.08.015
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org


Yan et al. 10.3389/fcell.2025.1677028

Colegio, O. R., Chu, N.-Q., Szabo, A. L., Chu, T., Rhebergen, A. M., Jairam, V., et al. 
(2014). Functional polarization of tumour-associated macrophages by tumour-derived 
lactic acid. Nature 513, 559–563. doi:10.1038/nature13490

Dalli, J., and Serhan, C. (2016). Macrophage proresolving mediators-the when and 
where. Microbiol. Spectr. 4, 4.3.21. doi:10.1128/microbiolspec.MCHD-0001-2014

Damisah, E. C., Rai, A., and Grutzendler, J. (2020). TREM2: modulator of lipid 
metabolism in microglia. Neuron 105, 759–761. doi:10.1016/j.neuron.2020.02.008

Deberardinis, R. J., and Cheng, T. (2010). Q’s next: the diverse functions 
of glutamine in metabolism, cell biology and cancer. Oncogene 29, 313–324. 
doi:10.1038/onc.2009.358

Di, L., and Maiseyeu, A. (2021). Low-density lipoprotein nanomedicines: 
mechanisms of targeting, biology, and theranostic potential. Drug Deliv. 28, 408–421. 
doi:10.1080/10717544.2021.1886199

Doran, A. C., Yurdagul, A., Jr., and Tabas, I. (2020). Efferocytosis in health and 
disease. Nat. Rev. Immunol. 20, 254–267. doi:10.1038/s41577-019-0240-6

Dutta, S., Mukherjee, A., and Nongthomba, U. (2022). Before the “cytokine 
storm”: boosting efferocytosis as an effective strategy against SARS-CoV-2 
infection and associated complications. Cytokine Growth Factor Rev. 63, 108–118. 
doi:10.1016/j.cytogfr.2022.01.002

Elliott, M. R., and Ravichandran, K. S. (2016). The dynamics of apoptotic cell 
clearance. Dev. Cell 38, 147–160. doi:10.1016/j.devcel.2016.06.029

Elliott, M. R., Chekeni, F. B., Trampont, P. C., Lazarowski, E. R., Kadl, A., Walk, S. F., 
et al. (2009). Nucleotides released by apoptotic cells act as a find-me signal to promote 
phagocytic clearance. Nature 461, 282–286. doi:10.1038/nature08296

Fadok, V. A., Bratton, D. L., Konowal, A., Freed, P. W., Westcott, J. Y., and 
Henson, P. M. (1998). Macrophages that have ingested apoptotic cells in vitro inhibit 
proinflammatory cytokine production through autocrine/paracrine mechanisms 
involving TGF-beta, PGE2, and PAF. J. Clin. Invest. 101, 890–898. doi:10.1172/jci1112

Finucane, O. M., Sugrue, J., Rubio-Araiz, A., Guillot-Sestier, M.-V., and Lynch, M. A. 
(2019). The NLRP3 inflammasome modulates glycolysis by increasing PFKFB3 in an 
IL-1β-dependent manner in macrophages. Sci. Rep. 9, 4034. doi:10.1038/s41598-019-
40619-1

Fond, A. M., Lee, C. S., Schulman, I. G., Kiss, R. S., and Ravichandran, K. S. (2015). 
Apoptotic cells trigger a membrane-initiated pathway to increase ABCA1. J. Clin. Invest.
125, 2748–2758. doi:10.1172/jci80300

Fredman, G., and Tabas, I. (2017). Boosting inflammation resolution in 
atherosclerosis: the next frontier for therapy. Am. J. Pathol. 187, 1211–1221. 
doi:10.1016/j.ajpath.2017.01.018

Gallucci, S., Lolkema, M., and Matzinger, P. (1999). Natural adjuvants: endogenous 
activators of dendritic cells. Nat. Med. 5, 1249–1255. doi:10.1038/15200

Gao, H., Di, J., Clausen, B. H., Wang, N., Zhu, X., Zhao, T., et al. (2023). Distinct 
myeloid population phenotypes dependent on TREM2 expression levels shape the 
pathology of traumatic versus demyelinating CNS disorders. Cell Rep. 42, 112629. 
doi:10.1016/j.celrep.2023.112629

Geraldo, L. H. M., Spohr, T. C. L. D. S., Amaral, R. F. D., Fonseca, A. C. C. D., Garcia, 
C., Mendes, F. D. A., et al. (2021). Role of lysophosphatidic acid and its receptors in 
health and disease: novel therapeutic strategies. Signal Transduct. Target. Ther. 6, 45. 
doi:10.1038/s41392-020-00367-5

Gerlach, B. D., Ampomah, P. B., Yurdagul, A., Liu, C., Lauring, M. C., Wang, X., et al. 
(2021). Efferocytosis induces macrophage proliferation to help resolve tissue injury. Cell 
Metab. 33, 2445–2463.e8. doi:10.1016/j.cmet.2021.10.015

Gheibi Hayat, S. M., Bianconi, V., Pirro, M., and Sahebkar, A. (2019). Efferocytosis: 
molecular mechanisms and pathophysiological perspectives. Immunol. Cell Biol. 97, 
124–133. doi:10.1111/imcb.12206

Grimsley, C. M., Kinchen, J. M., Tosello-Trampont, A.-C., Brugnera, E., Haney, 
L. B., Lu, M., et al. (2004). Dock180 and ELMO1 proteins cooperate to promote 
evolutionarily conserved rac-dependent cell migration. J. Biol. Chem. 279, 6087–6097. 
doi:10.1074/jbc.M307087200

Guermonprez, P., and Amigorena, S. (2005). Pathways for antigen cross presentation. 
Springer Seminars Immunopathol. 26, 257–271. doi:10.1007/s00281-004-0176-0

Guilliams, M., and Svedberg, F. R. (2021). Does tissue imprinting restrict macrophage 
plasticity? Nat. Immunol. 22, 118–127. doi:10.1038/s41590-020-00849-2

Guilliams, M., Thierry, G. R., Bonnardel, J., and Bajenoff, M. (2020). 
Establishment and maintenance of the macrophage niche. Immunity 52, 434–451. 
doi:10.1016/j.immuni.2020.02.015

Guo, P., Hu, T., Zhang, J., Jiang, S., and Wang, X. (2010). Sequential action 
of Caenorhabditis elegans Rab GTPases regulates phagolysosome formation during 
apoptotic cell degradation. Proc. Natl. Acad. Sci. U. S. A. 107, 18016–18021. 
doi:10.1073/pnas.1008946107

Ha, M., and Kim, V. N. (2014). Regulation of microRNA biogenesis. Nat. Rev. Mol. 
Cell Biol. 15, 509–524. doi:10.1038/nrm3838

Hilu-Dadia, R., Hakim-Mishnaevski, K., Levy-Adam, F., and Kurant, E. (2018). 
Draper-mediated JNK signaling is required for glial phagocytosis of apoptotic neurons 
during Drosophila metamorphosis. Glia 66, 1520–1532. doi:10.1002/glia.23322

Hu, H., Juvekar, A., Lyssiotis, C. A., Lien, E. C., Albeck, J. G., Oh, D., et al. (2016). 
Phosphoinositide 3-kinase regulates glycolysis through mobilization of aldolase from 
the actin cytoskeleton. Cell 164, 433–446. doi:10.1016/j.cell.2015.12.042

Huang, S. C., Everts, B., Ivanova, Y., O’sullivan, D., Nascimento, M., Smith, A. M., 
et al. (2014). Cell-intrinsic lysosomal lipolysis is essential for alternative activation of 
macrophages. Nat. Immunol. 15, 846–855. doi:10.1038/ni.2956

Icard, P., Alifano, M., Donnadieu, E., and Simula, L. (2021). Fructose-1,6-
bisphosphate promotes PI3K and glycolysis in T cells? Trends Endocrinol. Metab. 32, 
540–543. doi:10.1016/j.tem.2021.04.013

Inamdar, S., Suresh, A. P., Mangal, J. L., Ng, N. D., Sundem, A., Wu, C., et al. (2023). 
Rescue of dendritic cells from glycolysis inhibition improves cancer immunotherapy in 
mice. Nat. Commun. 14, 5333. doi:10.1038/s41467-023-41016-z

Jaitin, D. A., Adlung, L., Thaiss, C. A., Weiner, A., Li, B., Descamps, H., et al. (2019). 
Lipid-associated macrophages control metabolic homeostasis in a Trem2-dependent 
manner. Cell 178, 686–698. doi:10.1016/j.cell.2019.05.054

Jay, T. R., Von Saucken, V. E., and Landreth, G. E. (2017). TREM2 in 
neurodegenerative diseases. Mol. Neurodegener. 12, 56. doi:10.1186/s13024-017-0197-5

Jiang, H., Shi, H., Sun, M., Wang, Y., Meng, Q., Guo, P., et al. (2016). PFKFB3-Driven 
macrophage glycolytic metabolism is a crucial component of innate antiviral defense. J. 
Immunol. 197, 2880–2890. doi:10.4049/jimmunol.1600474

Kandasamy, R. K., Vladimer, G. I., Snijder, B., Müller, A. C., Rebsamen, M., 
Bigenzahn, J. W., et al. (2016). A time-resolved molecular map of the macrophage 
response to VSV infection. NPJ Syst. Biol. Appl. 2, 16027. doi:10.1038/npjsba.
2016.27

Katoh, H., and Negishi, M. (2003). RhoG activates Rac1 by direct interaction with 
the Dock180-binding protein Elmo. Nature 424, 461–464. doi:10.1038/nature01817

Kay, J. G., and Grinstein, S. (2013). Phosphatidylserine-mediated cellular signaling. 
Adv. Exp. Med. Biol. 991, 177–193. doi:10.1007/978-94-007-6331-9_10

Khalaji, A., Yancheshmeh, F. B., Farham, F., Khorram, A., Sheshbolouki, S., 
Zokaei, M., et al. (2023). Don’t eat me/eat me signals as a novel strategy in cancer 
immunotherapy. Heliyon 9, e20507. doi:10.1016/j.heliyon.2023.e20507

Kierszenbaum, F., Wirth, J. J., Mccann, P. P., and Sjoerdsma, A. (1987). Impairment of 
macrophage function by inhibitors of ornithine decarboxylase activity. Infect. Immun.
55, 2461–2464. doi:10.1128/iai.55.10.2461-2464.1987

Kinchen, J. M., and Ravichandran, K. S. (2008). Phagosome maturation: going 
through the acid test. Nat. Rev. Mol. Cell Biol. 9, 781–795. doi:10.1038/nrm2515

Koenis, D. S., De Matteis, R., Rajeeve, V., Cutillas, P., and Dalli, J. (2024). 
Efferocyte-derived MCTRs metabolically prime macrophages for continual 
efferocytosis via rac1-mediated activation of glycolysis. Adv. Sci. (Weinh) 11, e2304690. 
doi:10.1002/advs.202304690

Koppula, P., Zhuang, L., and Gan, B. (2021). Cystine transporter SLC7A11/xCT in 
cancer: ferroptosis, nutrient dependency, and cancer therapy. Protein Cell 12, 599–620. 
doi:10.1007/s13238-020-00789-5

Kristóf, E., Zahuczky, G., Katona, K., Doró, Z., Nagy, É., and Fésüs, L. (2013). 
Novel role of ICAM3 and LFA-1 in the clearance of apoptotic neutrophils by human 
macrophages. Apoptosis 18, 1235–1251. doi:10.1007/s10495-013-0873-z

Lazarov, T., Juarez-Carreño, S., Cox, N., and Geissmann, F. (2023). Physiology and 
diseases of tissue-resident macrophages. Nature 618, 698–707. doi:10.1038/s41586-023-
06002-x

Lee, M., Harley, G., Katerelos, M., Gleich, K., Sullivan, M. A., Laskowski, A., et al. 
(2020). Mutation of regulatory phosphorylation sites in PFKFB2 worsens renal fibrosis. 
Sci. Rep. 10, 14531. doi:10.1038/s41598-020-71475-z

Li, Q., Liu, H., Yin, G., and Xie, Q. (2024). Efferocytosis: current status and 
future prospects in the treatment of autoimmune diseases. Heliyon 10, e28399. 
doi:10.1016/j.heliyon.2024.e28399

Ling, Z. N., Jiang, Y. F., Ru, J. N., Lu, J. H., Ding, B., and Wu, J. (2023). 
Amino acid metabolism in health and disease. Signal Transduct. Target Ther. 8, 345. 
doi:10.1038/s41392-023-01569-3

Liu, B., Du, H., Rutkowski, R., Gartner, A., and Wang, X. (2012). LAAT-1 is the 
lysosomal lysine/arginine transporter that maintains amino acid homeostasis. Science
337, 351–354. doi:10.1126/science.1220281

Liu, P.-S., Wang, H., Li, X., Chao, T., Teav, T., Christen, S., et al. (2017). α-ketoglutarate 
orchestrates macrophage activation through metabolic and epigenetic reprogramming. 
Nat. Immunol. 18, 985–994. doi:10.1038/ni.3796

Liu, Y., Zhao, Y., Song, H., Li, Y., Liu, Z., Ye, Z., et al. (2024). Metabolic reprogramming 
in tumor immune microenvironment: impact on immune cell function and therapeutic 
implications. Cancer Lett. 597, 217076. doi:10.1016/j.canlet.2024.217076

Mao, Q., Luo, B., Mei, J., Li, W., Zhang, X., Wang, Z., et al. (2021). Macrophage 
Dicer promotes tolerogenic apoptotic cell clearance and immune tolerance by 
inhibiting pentose phosphate pathway activity. Cell Mol. Immunol. 18, 1841–1843. 
doi:10.1038/s41423-021-00693-w

Maschalidi, S., Mehrotra, P., Keçeli, B. N., De Cleene, H. K. L., Lecomte, K., Van Der 
Cruyssen, R., et al. (2022). Targeting SLC7A11 improves efferocytosis by dendritic cells 
and wound healing in diabetes. Nature 606, 776–784. doi:10.1038/s41586-022-04754-6

Frontiers in Cell and Developmental Biology 13 frontiersin.org

https://doi.org/10.3389/fcell.2025.1677028
https://doi.org/10.1038/nature13490
https://doi.org/10.1128/microbiolspec.MCHD-0001-2014
https://doi.org/10.1016/j.neuron.2020.02.008
https://doi.org/10.1038/onc.2009.358
https://doi.org/10.1080/10717544.2021.1886199
https://doi.org/10.1038/s41577-019-0240-6
https://doi.org/10.1016/j.cytogfr.2022.01.002
https://doi.org/10.1016/j.devcel.2016.06.029
https://doi.org/10.1038/nature08296
https://doi.org/10.1172/jci1112
https://doi.org/10.1038/s41598-019-40619-1
https://doi.org/10.1038/s41598-019-40619-1
https://doi.org/10.1172/jci80300
https://doi.org/10.1016/j.ajpath.2017.01.018
https://doi.org/10.1038/15200
https://doi.org/10.1016/j.celrep.2023.112629
https://doi.org/10.1038/s41392-020-00367-5
https://doi.org/10.1016/j.cmet.2021.10.015
https://doi.org/10.1111/imcb.12206
https://doi.org/10.1074/jbc.M307087200
https://doi.org/10.1007/s00281-004-0176-0
https://doi.org/10.1038/s41590-020-00849-2
https://doi.org/10.1016/j.immuni.2020.02.015
https://doi.org/10.1073/pnas.1008946107
https://doi.org/10.1038/nrm3838
https://doi.org/10.1002/glia.23322
https://doi.org/10.1016/j.cell.2015.12.042
https://doi.org/10.1038/ni.2956
https://doi.org/10.1016/j.tem.2021.04.013
https://doi.org/10.1038/s41467-023-41016-z
https://doi.org/10.1016/j.cell.2019.05.054
https://doi.org/10.1186/s13024-017-0197-5
https://doi.org/10.4049/jimmunol.1600474
https://doi.org/10.1038/npjsba.-2016.27
https://doi.org/10.1038/npjsba.-2016.27
https://doi.org/10.1038/nature01817
https://doi.org/10.1007/978-94-007-6331-9_10
https://doi.org/10.1016/j.heliyon.2023.e20507
https://doi.org/10.1128/iai.55.10.2461-2464.1987
https://doi.org/10.1038/nrm2515
https://doi.org/10.1002/advs.202304690
https://doi.org/10.1007/s13238-020-00789-5
https://doi.org/10.1007/s10495-013-0873-z
https://doi.org/10.1038/s41586-023-06002-x
https://doi.org/10.1038/s41586-023-06002-x
https://doi.org/10.1038/s41598-020-71475-z
https://doi.org/10.1016/j.heliyon.2024.e28399
https://doi.org/10.1038/s41392-023-01569-3
https://doi.org/10.1126/science.1220281
https://doi.org/10.1038/ni.3796
https://doi.org/10.1016/j.canlet.2024.217076
https://doi.org/10.1038/s41423-021-00693-w
https://doi.org/10.1038/s41586-022-04754-6
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org


Yan et al. 10.3389/fcell.2025.1677028

Mass, E., Nimmerjahn, F., Kierdorf, K., and Schlitzer, A. (2023). Tissue-specific 
macrophages: how they develop and choreograph tissue biology. Nat. Rev. Immunol.
23, 563–579. doi:10.1038/s41577-023-00848-y

Medina, C. B., Mehrotra, P., Arandjelovic, S., Perry, J. S. A., Guo, Y., Morioka, S., et al. 
(2020). Metabolites released from apoptotic cells act as tissue messengers. Nature 580, 
130–135. doi:10.1038/s41586-020-2121-3

Merckx, E., Albertini, G., Paterka, M., Jensen, C., Albrecht, P., Dietrich, M., et al. 
(2017). Absence of system x(c)(-) on immune cells invading the central nervous 
system alleviates experimental autoimmune encephalitis. J. Neuroinflammation 14, 9. 
doi:10.1186/s12974-016-0787-0

Merlin, J., Ivanov, S., Dumont, A., Sergushichev, A., Gall, J., Stunault, M., et al. (2021). 
Non-canonical glutamine transamination sustains efferocytosis by coupling redox 
buffering to oxidative phosphorylation. Nat. Metab. 3, 1313–1326. doi:10.1038/s42255-
021-00471-y

Moon, B., Yang, S., Moon, H., Lee, J., and Park, D. (2023). After cell death: 
the molecular machinery of efferocytosis. Exp. and Mol. Med. 55, 1644–1651. 
doi:10.1038/s12276-023-01070-5

Morioka, S., Perry, J. S. A., Raymond, M. H., Medina, C. B., Zhu, Y., Zhao, L., et al. 
(2018). Efferocytosis induces a novel SLC program to promote glucose uptake and 
lactate release. Nature 563, 714–718. doi:10.1038/s41586-018-0735-5

Mueckler, M., and Thorens, B. (2013). The SLC2 (GLUT) family of membrane 
transporters. Mol. Asp. Med. 34, 121–138. doi:10.1016/j.mam.2012.07.001

Nagata, S. (2018). Apoptosis and clearance of apoptotic cells. Annu. Rev. Immunol.
36, 489–517. doi:10.1146/annurev-immunol-042617-053010

Nagy, C., and Haschemi, A. (2015). Time and demand are two critical dimensions of 
immunometabolism: the process of macrophage activation and the pentose phosphate 
pathway. Front. Immunol. 6, 164. doi:10.3389/fimmu.2015.00164

Nakaya, M., Kitano, M., Matsuda, M., and Nagata, S. (2008). Spatiotemporal 
activation of Rac1 for engulfment of apoptotic cells. Proc. Natl. Acad. Sci. 105,
9198–9203. doi:10.1073/pnas.0803677105

Namgaladze, D., and Brüne, B. (2016). Macrophage fatty acid oxidation and its roles 
in macrophage polarization and fatty acid-induced inflammation. Biochim. Biophys. 
Acta. 1861, 1796–1807. doi:10.1016/j.bbalip.2016.09.002

Nicolás-Ávila, J. A., Lechuga-Vieco, A. V., Esteban-Martínez, L., Sánchez-Díaz, 
M., Díaz-García, E., Santiago, D. J., et al. (2020). A network of macrophages 
supports mitochondrial homeostasis in the heart. Cell 183, 94–109.e123. 
doi:10.1016/j.cell.2020.08.031

Nishi, C., Yanagihashi, Y., Segawa, K., and Nagata, S. (2019). MERTK tyrosine 
kinase receptor together with TIM4 phosphatidylserine receptor mediates distinct 
signal transduction pathways for efferocytosis and cell proliferation. J. Biol. Chem. 294, 
7221–7230. doi:10.1074/jbc.RA118.006628

Nong, S., Han, X., Xiang, Y., Qian, Y., Wei, Y., Zhang, T., et al. (2023). 
Metabolic reprogramming in cancer: mechanisms and therapeutics. MedComm 4, e218. 
doi:10.1002/mco2.218

Okabe, Y., and Medzhitov, R. (2016). Tissue biology perspective on macrophages. 
Nat. Immunol. 17, 9–17. doi:10.1038/ni.3320

Ortiz-Placín, C., Castillejo-Rufo, A., Estarás, M., and González, A. (2023). Membrane 
lipid derivatives: roles of arachidonic acid and its metabolites in pancreatic physiology 
and pathophysiology. Molecules 28, 4316. doi:10.3390/molecules28114316

Pan, G., Zhang, P., Yang, J., and Wu, Y. (2022). The regulatory effect of specialized 
pro-resolving mediators on immune cells. Biomed. Pharmacother. 156, 113980. 
doi:10.1016/j.biopha.2022.113980

Pappas, B., Yang, Y., Wang, Y., Kim, K., Chung, H. J., Cheung, M., et al. 
(2018). p23 protects the human aryl hydrocarbon receptor from degradation via 
a heat shock protein 90-independent mechanism. Biochem. Pharmacol. 152, 34–44. 
doi:10.1016/j.bcp.2018.03.015

Park, S.-Y., and Kim, I.-S. (2017). Engulfment signals and the phagocytic machinery 
for apoptotic cell clearance. Exp. Mol. Med. 49, e331. doi:10.1038/emm.2017.52

Park, D., Tosello-Trampont, A. C., Elliott, M. R., Lu, M., Haney, L. B., Ma, Z., 
et al. (2007). BAI1 is an engulfment receptor for apoptotic cells upstream of the 
ELMO/Dock180/Rac module. Nature 450, 430–434. doi:10.1038/nature06329

Patterson, M. T., Firulyova, M. M., Xu, Y., Hillman, H., Bishop, C., Zhu, A., et al. 
(2023). Trem2 promotes foamy macrophage lipid uptake and survival in atherosclerosis. 
Nat. Cardiovasc. Res. 2, 1015–1031. doi:10.1038/s44161-023-00354-3

Peter, C., Waibel, M., Radu, C. G., Yang, L. V., Witte, O. N., Schulze-Osthoff, K., et al. 
(2008). Migration to apoptotic “find-me” signals is mediated via the phagocyte receptor 
G2A. J. Biol. Chem. 283, 5296–5305. doi:10.1074/jbc.M706586200

Peter, C., Waibel, M., Keppeler, H., Lehmann, R., Xu, G., Halama, A., 
et al. (2012). Release of lysophospholipid ’find-me’ signals during apoptosis 
requires the ATP-binding cassette transporter A1. Autoimmunity 45, 568–573. 
doi:10.3109/08916934.2012.719947

Piollet, M., Porsch, F., Rizzo, G., Kapser, F., Schulz, D. J. J., Kiss, M. G., et al. 
(2024). TREM2 protects from atherosclerosis by limiting necrotic core formation. Nat. 
Cardiovasc. Res. 3, 269–282. doi:10.1038/s44161-024-00429-9

Poon, I. K. H., and Ravichandran, K. S. (2024). Targeting efferocytosis in 
inflammaging. Annu. Rev. Pharmacol. Toxicol. 64, 339–357. doi:10.1146/annurev-
pharmtox-032723-110507

Qian, S., Long, Y., Tan, G., Li, X., Xiang, B., Tao, Y., et al. (2024). Programmed cell 
death: molecular mechanisms, biological functions, diseases, and therapeutic targets. 
MedComm 5, e70024. doi:10.1002/mco2.70024

Que, X., Zhang, T., Liu, X., Yin, Y., Xia, X., Gong, P., et al. (2025). The role of TREM2 
in myelin sheath dynamics: a comprehensive perspective from physiology to pathology. 
Prog. Neurobiol. 247, 102732. doi:10.1016/j.pneurobio.2025.102732

Rabinowitz, J., Sharifi, H. J., Martin, H., Marchese, A., Robek, M., Shi, B., et al. (2021). 
xCT/SLC7A11 antiporter function inhibits HIV-1 infection. Virology 556, 149–160. 
doi:10.1016/j.virol.2021.01.008

Rana, A. K., Bhatt, B., and Kumar, M. (2024). β-Hydroxybutyrate improves the 
redox status, cytokine production and phagocytic potency of glucose-deprived HMC3 
human microglia-like cells. J. Neuroimmune Pharmacol. 19, 35. doi:10.1007/s11481-
024-10139-5

Rath, M., Müller, I., Kropf, P., Closs, E. I., and Munder, M. (2014). Metabolism via 
arginase or nitric oxide synthase: two competing arginine pathways in macrophages. 
Front. Immunol. 5, 532. doi:10.3389/fimmu.2014.00532

Rives, M.-L., Javitch, J. A., and Wickenden, A. D. (2017). Potentiating SLC transporter 
activity: emerging drug discovery opportunities. Biochem. Pharmacol. 135, 1–11. 
doi:10.1016/j.bcp.2017.02.010

Rodríguez-Morales, P., and Franklin, R. A. (2023). Macrophage phenotypes and 
functions: resolving inflammation and restoring homeostasis. Trends Immunol. 44, 
986–998. doi:10.1016/j.it.2023.10.004

Schif-Zuck, S., Gross, N., Assi, S., Rostoker, R., Serhan, C. N., and Ariel, A. 
(2011). Saturated-efferocytosis generates pro-resolving CD11b low macrophages: 
modulation by resolvins and glucocorticoids. Eur. J. Immunol. 41, 366–379. 
doi:10.1002/eji.201040801

Schilperoort, M., Ngai, D., Katerelos, M., Power, D. A., and Tabas, I. (2023a). PFKFB2-
mediated glycolysis promotes lactate-driven continual efferocytosis by macrophages. 
Nat. Metab. 5, 431–444. doi:10.1038/s42255-023-00736-8

Schilperoort, M., Ngai, D., Sukka, S. R., Avrampou, K., Shi, H., and Tabas, I. 
(2023b). The role of efferocytosis-fueled macrophage metabolism in the resolution of 
inflammation. Immunol. Rev. 319, 65–80. doi:10.1111/imr.13214

Shklover, J., Mishnaevski, K., Levy-Adam, F., and Kurant, E. (2015). JNK pathway 
activation is able to synchronize neuronal death and glial phagocytosis in Drosophila. 
Cell Death Dis. 6, e1649. doi:10.1038/cddis.2015.27

Song, Y., Liu, J., Zhao, K., Gao, L., and Zhao, J. (2021). Cholesterol-induced toxicity: 
an integrated view of the role of cholesterol in multiple diseases. Cell Metab. 33, 
1911–1925. doi:10.1016/j.cmet.2021.09.001

Sprowl-Tanio, S., Habowski, A. N., Pate, K. T., Mcquade, M. M., Wang, K., Edwards, 
R. A., et al. (2016). Lactate/pyruvate transporter MCT-1 is a direct Wnt target that 
confers sensitivity to 3-bromopyruvate in colon cancer. Cancer and Metabolism 4, 20. 
doi:10.1186/s40170-016-0159-3

Starling, G. C., Mclellan, A. D., Egner, W., Sorg, R. V., Fawcett, J., Simmons, D. L., et al. 
(1995). Intercellular adhesion molecule-3 is the predominant co-stimulatory ligand 
for leukocyte function antigen-1 on human blood dendritic cells. Eur. J. Immunol. 25, 
2528–2532. doi:10.1002/eji.1830250918

Sukka, S. R., Ampomah, P. B., Darville, L. N. F., Ngai, D., Wang, X., Kuriakose, G., 
et al. (2024). Efferocytosis drives a tryptophan metabolism pathway in macrophages to 
promote tissue resolution. Nat. Metab. 6, 1736–1755. doi:10.1038/s42255-024-01115-7

Sun, B., Long, Y., Xu, G., Chen, J., Wu, G., Liu, B., et al. (2025). Acute 
hypoxia modulate macrophage phenotype accompanied with transcriptome 
re-programming and metabolic re-modeling. Front. Immunol. 16, 1534009. 
doi:10.3389/fimmu.2025.1534009

Syed, S. N., Raue, R., Weigert, A., Von Knethen, A., and Brüne, B. (2019). Macrophage 
S1PR1 signaling alters angiogenesis and lymphangiogenesis during skin inflammation. 
Cells 8, 785. doi:10.3390/cells8080785

Tabas, I. (2010). Macrophage death and defective inflammation resolution in 
atherosclerosis. Nat. Rev. Immunol. 10, 36–46. doi:10.1038/nri2675

Tait, J. F., and Smith, C. (1999). Phosphatidylserine receptors: role of CD36 in binding 
of anionic phospholipid vesicles to monocytic cells. J. Biol. Chem. 274, 3048–3054. 
doi:10.1074/jbc.274.5.3048

Tajbakhsh, A., Bianconi, V., Pirro, M., Gheibi Hayat, S. M., Johnston, T. P., and 
Sahebkar, A. (2019). Efferocytosis and atherosclerosis: regulation of phagocyte function 
by MicroRNAs. Trends Endocrinol. Metab. 30, 672–683. doi:10.1016/j.tem.2019.07.006

Teplova, I., Lozy, F., Price, S., Singh, S., Barnard, N., Cardiff, R. D., et al. (2013). ATG 
proteins mediate efferocytosis and suppress inflammation in mammary involution. 
Autophagy 9, 459–475. doi:10.4161/auto.23164

Tosello-Trampont, A. C., Kinchen, J. M., Brugnera, E., Haney, L. B., Hengartner, M. 
O., and Ravichandran, K. S. (2007). Identification of two signaling submodules within 
the CrkII/ELMO/Dock180 pathway regulating engulfment of apoptotic cells. Cell Death 
Differ. 14, 963–972. doi:10.1038/sj.cdd.4402094

Frontiers in Cell and Developmental Biology 14 frontiersin.org

https://doi.org/10.3389/fcell.2025.1677028
https://doi.org/10.1038/s41577-023-00848-y
https://doi.org/10.1038/s41586-020-2121-3
https://doi.org/10.1186/s12974-016-0787-0
https://doi.org/10.1038/s42255-021-00471-y
https://doi.org/10.1038/s42255-021-00471-y
https://doi.org/10.1038/s12276-023-01070-5
https://doi.org/10.1038/s41586-018-0735-5
https://doi.org/10.1016/j.mam.2012.07.001
https://doi.org/10.1146/annurev-immunol-042617-053010
https://doi.org/10.3389/fimmu.2015.00164
https://doi.org/10.1073/pnas.0803677105
https://doi.org/10.1016/j.bbalip.2016.09.002
https://doi.org/10.1016/j.cell.2020.08.031
https://doi.org/10.1074/jbc.RA118.006628
https://doi.org/10.1002/mco2.218
https://doi.org/10.1038/ni.3320
https://doi.org/10.3390/molecules28114316
https://doi.org/10.1016/j.biopha.2022.113980
https://doi.org/10.1016/j.bcp.2018.03.015
https://doi.org/10.1038/emm.2017.52
https://doi.org/10.1038/nature06329
https://doi.org/10.1038/s44161-023-00354-3
https://doi.org/10.1074/jbc.M706586200
https://doi.org/10.3109/08916934.2012.719947
https://doi.org/10.1038/s44161-024-00429-9
https://doi.org/10.1146/annurev-pharmtox-032723-110507
https://doi.org/10.1146/annurev-pharmtox-032723-110507
https://doi.org/10.1002/mco2.70024
https://doi.org/10.1016/j.pneurobio.2025.102732
https://doi.org/10.1016/j.virol.2021.01.008
https://doi.org/10.1007/s11481-024-10139-5
https://doi.org/10.1007/s11481-024-10139-5
https://doi.org/10.3389/fimmu.2014.00532
https://doi.org/10.1016/j.bcp.2017.02.010
https://doi.org/10.1016/j.it.2023.10.004
https://doi.org/10.1002/eji.201040801
https://doi.org/10.1038/s42255-023-00736-8
https://doi.org/10.1111/imr.13214
https://doi.org/10.1038/cddis.2015.27
https://doi.org/10.1016/j.cmet.2021.09.001
https://doi.org/10.1186/s40170-016-0159-3
https://doi.org/10.1002/eji.1830250918
https://doi.org/10.1038/s42255-024-01115-7
https://doi.org/10.3389/fimmu.2025.1534009
https://doi.org/10.3390/cells8080785
https://doi.org/10.1038/nri2675
https://doi.org/10.1074/jbc.274.5.3048
https://doi.org/10.1016/j.tem.2019.07.006
https://doi.org/10.4161/auto.23164
https://doi.org/10.1038/sj.cdd.4402094
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org


Yan et al. 10.3389/fcell.2025.1677028

Vafadar, A., Tajbakhsh, A., Hosseinpour-Soleimani, F., Savardshtaki, A., and 
Hashempur, M. H. (2024). Phytochemical-mediated efferocytosis and autophagy in 
inflammation control. Cell Death Discov. 10, 493. doi:10.1038/s41420-024-02254-2

Waldhart, A. N., Dykstra, H., Peck, A. S., Boguslawski, E. A., Madaj, Z. B., Wen, J., 
et al. (2017). Phosphorylation of TXNIP by AKT mediates acute influx of glucose in 
response to insulin. Cell Rep. 19, 2005–2013. doi:10.1016/j.celrep.2017.05.041

Wang, J., Dai, J.-M., Che, Y.-L., Gao, Y.-M., Peng, H.-J., Liu, B., et al. (2014). Elmo1 
helps Dock180 to regulate Rac1 activity and cell migration of ovarian cancer. Int. J. 
Gynecol. Cancer 24, 844–850. doi:10.1097/IGC.0000000000000137

Wang, Y., Cella, M., Mallinson, K., Ulrich, J. D., Young, K. L., Robinette, M. L., et al. 
(2015). TREM2 lipid sensing sustains the microglial response in an Alzheimer’s disease 
model. Cell 160, 1061–1071. doi:10.1016/j.cell.2015.01.049

Wang, Y., Qu, C., Liu, T., and Wang, C. (2020). PFKFB3 inhibitors as potential 
anticancer agents: mechanisms of action, current developments, and structure-activity 
relationships. Eur. J. Med. Chem. 203, 112612. doi:10.1016/j.ejmech.2020.112612

Wang, B., Wu, L., Chen, J., Dong, L., Chen, C., Wen, Z., et al. (2021). Metabolism 
pathways of arachidonic acids: mechanisms and potential therapeutic targets. Signal 
Transduct. Target. Ther. 6, 94. doi:10.1038/s41392-020-00443-w

Wang, W., Liang, M., Wang, L., Bei, W., Rong, X., Xu, J., et al. (2023a). Role of 
prostaglandin E2 in macrophage polarization: insights into atherosclerosis. Biochem. 
Pharmacol. 207, 115357. doi:10.1016/j.bcp.2022.115357

Wang, Y. T., Trzeciak, A. J., Rojas, W. S., Saavedra, P., Chen, Y. T., Chirayil, R., et al. 
(2023b). Metabolic adaptation supports enhanced macrophage efferocytosis in limited-
oxygen environments. Cell Metab. 35, 316–331.e6. doi:10.1016/j.cmet.2022.12.005

Wang, M., Wu, D., Liao, X., Hu, H., Gao, J., Meng, L., et al. (2024). CPT1A-IL-
10-mediated macrophage metabolic and phenotypic alterations ameliorate acute lung 
injury. Clin. Transl. Med. 14, e1785. doi:10.1002/ctm2.1785

Wang, Z., Zhang, Y., Li, X., Xia, N., Han, S., Pu, L., et al. (2025). Targeting 
myeloid Trem2 reprograms the immunosuppressive niche and potentiates checkpoint 
immunotherapy in NASH-driven hepatocarcinogenesis. Cancer Immunol. Res.
doi:10.1158/2326-6066.CIR-24-1088

Wei, W., Zhang, L., Xin, W., Pan, Y., Tatenhorst, L., Hao, Z., et al. (2024). TREM2 
regulates microglial lipid droplet formation and represses post-ischemic brain injury. 
Biomed. Pharmacother. 170, 115962. doi:10.1016/j.biopha.2023.115962

Wu, N., Zheng, B., Shaywitz, A., Dagon, Y., Tower, C., Bellinger, G., et al. (2013). 
AMPK-dependent degradation of TXNIP upon energy stress leads to enhanced glucose 
uptake via GLUT1. Mol. Cell 49, 1167–1175. doi:10.1016/j.molcel.2013.01.035

Xiao, C. Y., Yuhki, K., Hara, A., Fujino, T., Kuriyama, S., Yamada, T., et al. (2004). 
Prostaglandin E2 protects the heart from ischemia-reperfusion injury via its receptor 
subtype EP4. Circulation 109, 2462–2468. doi:10.1161/01.Cir.0000128046.54681.97

Xiao, J., Yang, Q., Zhang, Y., Xu, H., Ye, Y., Li, L., et al. (2021). Maresin conjugates 
in tissue regeneration-1 suppresses ferroptosis in septic acute kidney injury. Cell Biosci.
11, 221. doi:10.1186/s13578-021-00734-x

Xiao, L., Zhang, L., Guo, C., Xin, Q., Gu, X., Jiang, C., et al. (2024). “Find Me” and “Eat 
Me” signals: tools to drive phagocytic processes for modulating antitumor immunity. 
Cancer Commun. (Lond) 44, 791–832. doi:10.1002/cac2.12579

Xiong, W., Frasch, S. C., Thomas, S. M., Bratton, D. L., and Henson, P. M. 
(2013). Induction of TGF-β1 synthesis by macrophages in response to apoptotic 
cells requires activation of the scavenger receptor CD36. PLoS One 8, e72772. 
doi:10.1371/journal.pone.0072772

Xu, M., Liu, Y., Zhao, L., Gan, Q., Wang, X., and Yang, C. (2014). The lysosomal 
cathepsin protease CPL-1 plays a leading role in phagosomal degradation of apoptotic 
cells in Caenorhabditis elegans. Mol. Biol. Cell 25, 2071–2083. doi:10.1091/mbc.E14-01-
0015

Xue, C., Li, G., Zheng, Q., Gu, X., Shi, Q., Su, Y., et al. (2023). Tryptophan metabolism 
in health and disease. Cell Metab. 35, 1304–1326. doi:10.1016/j.cmet.2023.06.004

Yancey, P. G., Blakemore, J., Ding, L., Fan, D., Overton, C. D., Zhang, Y., 
et al. (2010). Macrophage LRP-1 controls plaque cellularity by regulating 
efferocytosis and Akt activation. Arteriosclerosis, Thrombosis, Vasc. Biol. 30, 
787–795. doi:10.1161/ATVBAHA.109.202051

Yang, K., Qiu, T., Zhou, J., Gong, X., Zhang, X., Lan, Y., et al. (2023). Blockage of 
glycolysis by targeting PFKFB3 suppresses the development of infantile hemangioma. 
J. Transl. Med. 21, 85. doi:10.1186/s12967-023-03932-y

Yao, J., Tang, S., Shi, C., Lin, Y., Ge, L., Chen, Q., et al. (2023). Isoginkgetin, a 
potential CDK6 inhibitor, suppresses SLC2A1/GLUT1 enhancer activity to induce 
AMPK-ULK1-mediated cytotoxic autophagy in hepatocellular carcinoma. Autophagy
19, 1221–1238. doi:10.1080/15548627.2022.2119353

Ye, Z. M., Yang, S., Xia, Y. P., Hu, R. T., Chen, S., Li, B. W., et al. (2019). LncRNA MIAT 
sponges miR-149-5p to inhibit efferocytosis in advanced atherosclerosis through CD47 
upregulation. Cell Death Dis. 10, 138. doi:10.1038/s41419-019-1409-4

Yin, C., and Heit, B. (2021). Cellular responses to the efferocytosis of apoptotic cells. 
Front. Immunol. 12, 631714. doi:10.3389/fimmu.2021.631714

Yu, X. H., and Tang, C. K. (2022). ABCA1, ABCG1, and cholesterol homeostasis. Adv. 
Exp. Med. Biol. 1377, 95–107. doi:10.1007/978-981-19-1592-5_7

Yurdagul, A., Jr., Subramanian, M., Wang, X., Crown, S. B., Ilkayeva, O. R., 
Darville, L., et al. (2020). Macrophage metabolism of apoptotic cell-derived arginine 
promotes continual efferocytosis and resolution of injury. Cell Metab. 31, 518–533. 
doi:10.1016/j.cmet.2020.01.001

Zhang, Y., Wang, H., Kage-Nakadai, E., Mitani, S., and Wang, X. (2012). C. 
elegans secreted lipid-binding protein NRF-5 mediates PS appearance on phagocytes 
for cell corpse engulfment. Curr. Biol. 22, 1276–1284. doi:10.1016/j.cub.2012.
06.004

Zhang, M., He, J., Jiang, C., Zhang, W., Yang, Y., Wang, Z., et al. (2017). 
Plaque-hyaluronidase-responsive high-density-lipoprotein-mimetic nanoparticles 
for multistage intimal-macrophage-targeted drug delivery and enhanced anti-
atherosclerotic therapy. Int. J. Nanomedicine 12, 533–558. doi:10.2147/ijn.
S124252

Zhang, S., Weinberg, S., Deberge, M., Gainullina, A., Schipma, M., Kinchen, J. M., 
et al. (2019). Efferocytosis fuels requirements of fatty acid oxidation and the electron 
transport chain to polarize macrophages for tissue repair. Cell Metab. 29, 443–456. 
doi:10.1016/j.cmet.2018.12.004

Zhang, Y., Wang, Y., Ding, J., and Liu, P. (2022). Efferocytosis in multisystem diseases 
(Review). Mol. Med. Rep. 25, 13. doi:10.3892/mmr.2021.12529

Zhang, Y., Liu, Y., Sun, J., Zhang, W., Guo, Z., and Ma, Q. (2023). Arachidonic acid 
metabolism in health and disease. MedComm 4, e363. doi:10.1002/mco2.363

Zheng, Q., Ma, A., Yuan, L., Gao, N., Feng, Q., Franc, N. C., et al. (2017). 
Apoptotic cell clearance in Drosophila melanogaster. Front. Immunol. 8, 1881. 
doi:10.3389/fimmu.2017.01881

Zhou, Z., and Yu, X. (2008). Phagosome maturation during the removal of apoptotic 
cells: receptors lead the way. Trends Cell Biol. 18, 474–485. doi:10.1016/j.tcb.2008.08.002

Frontiers in Cell and Developmental Biology 15 frontiersin.org

https://doi.org/10.3389/fcell.2025.1677028
https://doi.org/10.1038/s41420-024-02254-2
https://doi.org/10.1016/j.celrep.2017.05.041
https://doi.org/10.1097/IGC.0000000000000137
https://doi.org/10.1016/j.cell.2015.01.049
https://doi.org/10.1016/j.ejmech.2020.112612
https://doi.org/10.1038/s41392-020-00443-w
https://doi.org/10.1016/j.bcp.2022.115357
https://doi.org/10.1016/j.cmet.2022.12.005
https://doi.org/10.1002/ctm2.1785
https://doi.org/10.1158/2326-6066.CIR-24-1088
https://doi.org/10.1016/j.biopha.2023.115962
https://doi.org/10.1016/j.molcel.2013.01.035
https://doi.org/10.1161/01.Cir.0000128046.54681.97
https://doi.org/10.1186/s13578-021-00734-x
https://doi.org/10.1002/cac2.12579
https://doi.org/10.1371/journal.pone.0072772
https://doi.org/10.1091/mbc.E14-01-0015
https://doi.org/10.1091/mbc.E14-01-0015
https://doi.org/10.1016/j.cmet.2023.06.004
https://doi.org/10.1161/ATVBAHA.109.202051
https://doi.org/10.1186/s12967-023-03932-y
https://doi.org/10.1080/15548627.2022.2119353
https://doi.org/10.1038/s41419-019-1409-4
https://doi.org/10.3389/fimmu.2021.631714
https://doi.org/10.1007/978-981-19-1592-5\string_7
https://doi.org/10.1016/j.cmet.2020.01.001
https://doi.org/10.1016/j.cub.2012.-06.004
https://doi.org/10.1016/j.cub.2012.-06.004
https://doi.org/10.2147/ijn.-S124252
https://doi.org/10.2147/ijn.-S124252
https://doi.org/10.1016/j.cmet.2018.12.004
https://doi.org/10.3892/mmr.2021.12529
https://doi.org/10.1002/mco2.363
https://doi.org/10.3389/fimmu.2017.01881
https://doi.org/10.1016/j.tcb.2008.08.002
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

	1 Introduction
	1.1 Efferocytosis

	2 Lipid metabolism and efferocytosis
	2.1 Lipid signaling molecules derived from apoptotic cells
	2.2 Fatty acid oxidation (FAO) provides energy support for efferocytosis and influences macrophage polarization
	2.3 Phagocytes maintain efferocytosis by preserving cholesterol homeostasis
	2.4 The lipid sensor Trem2 on the surface of phagocytes influences efferocytosis by regulating lipid metabolism
	2.5 Efferocytosis can alleviate inflammatory responses through interactions with specialized pro-resolving mediators (SPMs)

	3 Glucose metabolism and efferocytosis
	3.1 SLC7A11 is a brake for DC efferocytosis
	3.2 Glycolysis facilitates efferocytosis by modulating actin polymerization and the expression of anti-inflammatory genes in adjacent cells
	3.3 PFKFB2-mediated glycolysis promotes macrophage lactate-driven sustained efferocytosis
	3.4 Efferocytosis-derived MCTRs metabolically promote sustained macrophage efferocytosis via Rac1-mediated glycolytic activation
	3.5 Macrophage dicer promotes the clearance of tolerogenic apoptotic cells and immune tolerance by inhibiting the pentose phosphate pathway activity
	3.6 Efferocytosis in hypoxic environments

	4 Amino acid metabolism and efferocytosis
	4.1 Polyamines produced by metabolism of arginine derived from apoptotic cells enhance the continuous phagocytic capacity of macrophages
	4.2 Non-canonical glutamine metabolic pathways enhance macrophage phagocytic efficiency by influencing cellular detoxification and energy metabolism
	4.3 The phagocytosis-driven tryptophan metabolic pathway in macrophages promotes tissue repair
	4.4 Macrophages utilize methionine derived from the degradation of apoptotic cells and DNMT3A to facilitate tissue repair

	5 Conclusion and future prospects
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References

