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Abstract: Chronic refractory cutaneous wounds are major complications of diabetes. A hallmark of this pathology is persistent 
inflammation, driven in part by the accumulation of apoptotic cells (ACs) due to impaired clearance. Efferocytosis, as the primary 
process for removing ACs, was disordered when triggered by the diabetic microenvironment, further leading to impaired macrophage 
polarization and consequently delaying wound healing. This review also focuses on the abnormal crosstalk between efferocytosis and 
macrophage polarization and its modulated signaling pathways governing this axis, and reviewing potential novel therapeutic 
strategies targeting the restoration of clearing ACs. This review may offer new insights and directions for overcoming current 
treatment drawbacks in diabetic wound healing. 
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Introduction
Diabetes, a chronic metabolic disease, affected the health of 537 million individuals globally in 2022 and is projected to 
rise to 783 million by 2045.1 Chronic hyperglycemia induces progressive damage to multiple organ systems, such as the 
cardiovascular, cerebrovascular, renal, ophthalmic, and peripheral vascular systems. Among these complications, 
19–34% of diabetic patients develop diabetic foot ulcers, imposing a heavy burden on patients’ quality of life and 
healthcare systems.2 Globally, diabetic wounds account for between 50% and 70% of all limb amputations, with statistics 
indicating that one leg is amputated every 30 seconds as a result.3 Furthermore, the annual healthcare costs associated 
with chronic wounds constitute approximately 6% of total medical expenditures in the developed countries.4 Current 
clinical approaches for managing diabetic wounds primarily include glycemic control, surgical debridement, negative 
pressure therapy, vascularized flap reconstruction, topical antibiotics, and wound dressing application.5 While these 
established methods may partially relieve symptoms, they do not reduced the amputation rate and fail to adequately target 
the underlying pathological mechanisms. This limitation highlights the urgent need for novel treatment strategies based 
on the pathogenesis of the disease.

The defining hallmark of the non-healing diabetic wound is a state of persistent, non-resolving inflammation.6 The diabetic 
wound microenvironment is locked in a chronic inflammatory response that actively impedes the transition into proliferation 
phase.7 Central to this dysregulation is the macrophage, a master regulator of immunity and repair. Macrophages undergo 
a timely phenotypic switch from pro-inflammatory (M1) state to anti-inflammatory (M2) state in normal wound healing. In 
diabetes, this critical transition fails, and macrophages remain pathologically arrested in a pro-inflammatory phenotype, 
perpetuating a cycle of tissue damage and impaired repair.8,9 Emerging evidence now found that the clearance of apoptotic 
cells (ACs)—a process known as efferocytosis—is closely related to macrophage polarization.10 Successful efferocytosis can 

Journal of Inflammation Research 2026:19 566523                                                                1
© 2026 He et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v4.0) License (http://creativecommons.org/licenses/by-nc/4.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Journal of Inflammation Research                                                     

Open Access Full Text Article

https://doi.org/10.2147/JIR.S566523
Received: 17 September 2025
Accepted: 2 February 2026
Published: 25 March 2026

Jo
ur

na
l o

f I
nf

la
m

m
at

io
n 

R
es

ea
rc

h 
do

w
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/
F

or
 p

er
so

na
l u

se
 o

nl
y.

http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


drive the shift of macrophages from M1 to M2 phenotype. The transition stimulate the release of crucial anti-inflammatory 
mediators such as transforming growth factor-β (TGF-β) and interleukin-10 (IL-10).11,12 Thus, efferocytosis serves as 
a pivotal factor in regulating macrophage polarization, concluding the inflammatory response and launching subsequent 
tissue regeneration, acting as a core biological bridge connecting the inflammatory phase to the proliferative phase.13,14 In the 
diabetic wound microenvironment, however, this sophisticated regulatory axis is severely disrupted.15 Hyperglycemia, 
advanced glycation end products (AGEs), oxidative stress, hypoxia, biofilm, protease load, cellular senescence, neutrophil 
extracellular traps (NETs) and impaired angiogenesis converge to cripple efferocytosis by mainly disrupting both the 
recognition and engulfment phases: they suppress key bridging molecules and their receptors (MerTK), and inhibit essential 
intracellular machinery like Rac1 for phagocytic cup formation.16–20 Defective efferocytosis, in turn, starves macrophages of 
the signals required for phenotypic switching, locking them in a chronic inflammatory state and fueling a vicious cycle of 
impaired clearance and sustained inflammation.21–23

Therefore, this review discusses the central role of macrophage efferocytosis- polarization axis and its regulatory 
mechanisms in impaired diabetic wound healing, in order to provide a theoretical foundation and future perspectives for 
breaking the vicious cycle of inflammation in diabetic wounds and advancing clinical translation.

Molecular and Cellular Mechanisms in Efferocytosis
Efferocytosis, the process of phagocytic clearance of ACs, is a key biological mechanism for maintaining tissue 
homeostasis and regulating immune responses.14 Efferocytosis involve series of tightly regulated molecular events. 
Altogether, the processes of efferocytosis regulated by four steps.

Recruitment
Phagocytes do not randomly search for ACs but directionally along chemotactic gradients established by ACs-derived 
soluble factors termed “find-me” signals.24 These chemoattractants guide phagocytes to precisely and efficiently target ACs 
for clearance. At the same time, it also promotes the rearrangement of phagocyte skeleton, strengthens the expression and 
digestion mechanism of phagocytic receptors, and promotes the regeneration and anti-inflammatory properties of 
phagocytes.25 Currently, four well-characterized “find-me” signals have been characterized: lysophosphatidylcholine 
(LPC),26 sphingosine 1-phosphate (S1P),27 fractalkine (CX3CL1),28 and nucleotides (ATP and UTP) (Figure 1A). 29

LPC was the earliest identified “find-me” signal in ACs clearance.24 It was reported that LPC is primarily generated 
via hydrolysis of membrane phosphatidylcholine in ACs, a process mediated by caspase-3-dependent activation of 
phospholipase A2 (PLA2).30 Once release, LPC binds to and activates the G-protein-coupled receptor G2A, promoting 
the migration of phagocytes toward ACs. S1P is another critical lipid “find-me” signal.27 It exhibits high affinity for its 
cognate receptors S1PR1–5, which regulates key cellular processes such as macrophage migration, adhesion, and 
invasion.31 The binding of S1P by S1PR on macrophages not only inhibits apoptosis but also initiates an autocrine 
signaling cascade. This cascade involves peroxisome proliferator-activated receptor α (PPARα), which upregulates the 
expression of receptors for dying cells.32,33 Consequently, S1P has the potential to induce sustained efferocytosis. It is 
hypothesized that specific cell types, such as apoptotic B cells and neurons, may release soluble CX3CL1, which could 
then be sensed by CX3CR1 receptors on phagocytes and theoretically contribute to their recruitment. However, direct 
evidence placing CX3CL1 firmly within the established “find-me” signal paradigm of efferocytosis remains limited, and 
its expression appears restricted to specific contexts.14 Additionally, nucleotides such as ATP and UTP act as “find-me” 
signals in the process of efferocytosis. These molecules are recognized by purinergic receptors, particularly P2Y 
subtypes, on monocytes and macrophages.34

Recognition
After localizing ACs, the second phase of efferocytosis is “Recognition”, mediated by interactions between “eat-me” 
signals on ACs and corresponding receptors on phagocytes.

Current evidence identifies multiple recognition ligands including phosphatidylserine (PS), oxLDL, calreticulin, ICAM3, 
complement component 1q (C1q) and Annexin I (Figure 1B).14 Among these, PS represents the most fundamental and 
prominent “eat me” signal. 35 As a phospholipid, PS is mainly located in the inner leaflet of plasma membrane under normal 
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conditions. This characteristic asymmetry in phospholipid distribution is actively sustained by flippase enzymes, which 
facilitate the ATP-dependent translocation of specific phospholipids from the outer to the inner leaflet.36,37 However, during 
cellular stress or apoptosis, the asymmetric distribution is disrupted, leading to PS externalization to the outer membrane 
leaflet where it becomes accessible for recognition by phagocytic receptors.38 PS can directly interact with phagocytes 
receptors, including CD300 family, Bai1, Tim-4, Tim-1, the receptor for advanced glycation end products (RAGE), etc. 
Alternatively, PS indirectly engages TAM families (Tyro3, Axl, MerTK), integrins, and CD36 via soluble bridging 
molecules,39,40 such as growth arrest-specific gene 6 (Gas6), milk fat globule-epidermal growth factor 8 (MFG-E8), protein 
S, CCN1 and thrombospondin-1.39 This recognition mechanism—whether mediated indirectly through bridging molecules or 
via direct contact with ACs—also extends to other engulfment receptors that are not specific to PS.

The Recognition of “eat me” signal is a prerequisite for efferocytosis. In contrast, “don’t-eat-me” signals—such as 
CD31, CD47, CD24, PD-L1, and MHC I—protect healthy cells from phagocytosis when they are within the range of 
phagocytes attack.41 While viable cells may co-express both types of signals, ACs predominantly exhibit “eat-me” 
signals, leading to their targeted engulfment.24

Engulfment
In this stage, receptor-mediated signaling during efferocytosis promotes the actin polymerization and cytoskeletal 
rearrangement, allowing the plasma membrane to penetrate and localize and forming the “phagocytic cup”, that 
subsequently engulfs the ACs (Figure 1C). 42

The small GTPase Rac1, a key member of the Rho family, plays a central role in this stage.43 Rac1 activation occurs 
through two primary mechanisms: (1) the LRP1/GULP-dependent pathway, such as stabilin-2 and tim4;44–46 (2) the 
DOCK180/ELMO-dependent pathway, which requires the guanine nucleotide exchange factor (GEF) complex composed 
of DOCK180 and ELMO1.47 Brain-specific angiogenesis inhibitor 1 (BAI1) interacts with ELMO1 and functions as 
a bipartite GEF alongside DOCK180 to activate Rac1. BAI1 recognizes PS on ACs via its extracellular thrombospondin 
type 1 repeats, triggering the ELMO1–DOCK180–Rac1 signaling module and inducing actin cytoskeletal 
rearrangement.48 Once activated through either way, RAC1 is subsequently activates nucleation-promoting factors of 

Figure 1 The processes of efferocytosis. (A) Apoptotic cells (ACs) first release chemotactic “find-me” signals—including lysophosphatidylcholine (LPC), sphingosine- 
1-phosphate (S1P), CX3CL1, and ATP/UTP—to attract phagocytes. (B) Upon arrival, these phagocytes discriminate ACs through balanced “eat-me” and “don’t-eat-me” 
signals, while further cell-surface “eat me” and “do not eat me” signals assist with the subsequent stage of cell engulfment. (C) Following recognition, phagocytes rapidly 
initiate cytoskeletal rearrangements and form a phagocytic cup to efficiently engulf the ACs—a process largely dependent on the Rho family of small GTPases, particularly 
Rac1. (D) Finally, the internalized ACs are then processed through a maturation sequence in which nascent phagosomes progress from early to late stages before fusing with 
lysosomes; Rab5-GTP and Rab7-GTP sequentially govern the transition to early and late phagosomes, respectively, ensuring complete degradation.

Journal of Inflammation Research 2026:19                                                                                          https://doi.org/10.2147/JIR.S566523                                                                                                                                                                                                                                                                                                                                                                                                       3

He et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



the WASP family, SCAR and WAVE. These proteins associate with the ARP2/3 complex to nucleate new actin filaments 
and facilitate the formation of “phagocytic cup”.36

Degradation
Degradation is the terminal phase of efferocytosis. Following “phagocytic cup” closure, the newly formed phagosome 
undergoes a maturation process characterized by sequential Rab GTPase recruitment (Rab5→Rab7) and progressive 
acidification (Figure 1D). This maturation culminates in fusion with lysosomes containing pH-sensitive degrading 
enzymes, enabling complete degradation of the apoptotic cell cargo. Concurrently, anti-inflammatory factors such as 
IL-10 are released to resolve the immune response. Finally, membrane components and efferocytosis receptors are 
recycled to restore cellular homeostasis and maintain efferocytosis capacity.49,50

Early phagosomes recruit RAB5, a key regulator of endocytic transport and phagosome maturation.51 This step 
facilitates the assembly and activation of effector proteins such as early endosomal antigen 1 (EEA1) and the fusion 
mediators MON1A and MON1B.52,53 As maturation proceeds, phagosomes transition from early to late stages, 
characterized by the exchange of RAB5 for RAB7.36 Central displacement of late phagosomes and partial formation 
of the phagosomes / lysosome (phagolysosome) are regulated by the dynactin–dynein complex in conjunction with GTP- 
bound RAB7.54,55 The formation and migration of phagolysosomes require tremendous attention to membrane fusion. 
Soluble N-ethylmaleimide-sensitive fusion factor attachment protein receptor (SNAREs) and N-ethylmaleimide-sensitive 
factor (NSF), which function as catalytic elements in mediating membrane merger. The membrane fusion process is 
driven by a dynamic cycle of SNARE complex assembly and disassembly. During the assembly phase, syntaxin 
undergoes conformational activation to form a Q-SNARE precomplex, followed by the initiation of SNARE complex 
formation that overcomes the repulsion and ultimately establishes a stable cis-SNARE complex. In the disassembly 
phase, SNAPs and NSF are recruited to the complex, and ATP-dependent hydrolysis enables the recycling of SNARE 
proteins.56 Alternatively, LC3-associated phagocytosis (LAP) enhances this process through LC3 lipidation, which 
accelerates phagosome-lysosome fusion and the breakdown of ACs.36

Failure to efficiently clear ACs leads to secondary necrosis and subsequent release of damage-associated molecular 
patterns (DAMPs), which potently initiate proinflammatory responses that exacerbate local tissue damage.57 DAMPs are 
metabolically diverse entities, including genomic and mitochondrial DNA, high-mobility group protein B (HMGB), histones, 
cytoplasmic proteins (S100), cytokines (IL-1α, IL-33, IL-36) and other small molecules (ATP, UTP, uric acid crystals).58

Diabetic Microenvironment Triggering Impaired Efferocytosis in Diabetic 
Wounds
Impaired Efferocytosis in Diabetic Wounds
Normal wound healing is a highly coordinated and time-dependent dynamic process, in which timely and effective 
resolution of inflammation serves as a critical turning point to facilitate a smooth transition into the proliferative phase.59 

Efferocytosis plays a central role mainly during the inflammatory phase, but its impact goes far beyond that, creating 
a favorable microenvironment for subsequent repair and regeneration by efficiently clearing dead or senescent cells. This 
process not only prevents ACs from undergoing secondary necrosis and releasing their harmful contents, thereby 
avoiding exacerbating tissue damage and inflammatory responses, but also, by activating a series of downstream 
signaling pathways, actively promotes resolution of inflammation, angiogenesis, and extracellular matrix remodeling, 
ultimately leading to successful wound healing.60

One of the core pathophysiological characteristics of diabetic wounds is that the wound is in a chronic inflammatory 
state for a long time, which cannot smoothly transition from the inflammatory phase to the proliferative phase.61 

Emerging clinical and experimental evidence establishes impaired efferocytosis is a key link leading to this pathological 
condition.62,63 Savita et al provided the first direct evidence of dysfunctional efferocytosis in diabetic wounds, correlating 
it with a significant accumulation of ACs in diabetic wounds.63 This failure to clear ACs is not merely a consequence but 
an active driver of pathology; experimental induction of apoptosis in diabetic mice confirmed that an increased apoptotic 
load directly impedes wound closure.63 It established that macrophages taken from the wounds of diabetic mice exhibit 
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impaired efferocytosis, resulting in accumulated ACs (including neutrophils and endothelial cells) within the wound 
microenvironment.64 Besides, the greater number of neutrophils in the wound exudate of the diabetic mice was also 
correlated with an impaired efferocytosis.65 The resulting ACs accumulation propagates inflammation by shifting the 
cytokine balance, typically characterized by elevated levels of pro-inflammatory mediators like tumor necrosis factor-α 
(TNF-α) and IL-6 alongside a reduction in the anti-inflammatory IL-10.59,66

Diabetic Microenvironment as A Trigger for Efferocytosis Dysfunction
In the complex pathological microenvironment of diabetic wounds, efferocytosis is disrupted by multiple factors.36,63 

Hyperglycemia is a central biochemical feature of diabetes. In vitro experiments demonstrate that macrophages cultured 
under high glucose conditions exhibit a significantly reduced capacity to clear ACs compared to those maintained in 
normal glucose concentrations. Similarly, primary macrophages isolated from the bone marrow of diabetic mice display 
a markedly impaired ability to clear apoptotic cardiomyocytes relative to macrophages from control mice. This direct 
suppression may be attributed to various factors induced by hyperglycemia, including cellular metabolic disturbances, 
insufficient energy supply, and altered membrane fluidity, collectively leading to decreased efficiency in the recognition 
and phagocytosis of apoptotic cells by macrophages. Furthermore, high glucose upregulates the expression of 
a disintegrin and metalloproteinase 9 (ADAM9), which subsequently cleaves and inactivates MerTK, thereby impairing 
its ability to effectively recognize and engulf ACs.67 Persistent hyperglycemia driven the accumulation of AGEs. The 
binding of AGEs to the receptor for AGEs (RAGE) on macrophages activates downstream signaling pathways such as 
NF-κB, which promotes a strong pro-inflammatory response and further suppresses efferocytosis.19 Additionally, the 
AGEs–RAGE interaction inhibits Rac1 activity within macrophages, thereby disrupting cytoskeletal reorganization and 
preventing the formation of functional phagocytic cups necessary for engulfing ACs.68 Diabetic wounds are often 
characterized by impaired local microcirculation and tissue hypoxia. Hypoxia downregulates the expression of 
MerTK, a key receptor in efferocytosis.69 In contrast, recent experiments have shown that macrophages display 
a stronger efferocytosis under long-term (chronic) physiological hypoxia, characterized by increased internalization 
and accelerated degradation of ACs.70 Moreover, multiple factors in diabetic wounds—including hyperglycemia, 
mitochondrial dysfunction, and inflammatory cell infiltration—contribute to excessive reactive oxygen species (ROS) 
production and a state of oxidative stress.71 Elevated ROS levels activate various stress-related signaling pathways, 
including the p38 MAPK pathway, and lead to a significant down-regulation of MERTK expression through a series of 
responses, further impairing macrophage function.20 Diabetic wounds commonly exhibit overgrowth of pathogens such 
as Staphylococcus aureus (S. aureus) and Pseudomonas aeruginosa (P. aeruginosa), forming biofilms. These biofilms 
induce sustained elevation of TNF-α, IL-1β, and IL-6 while reducing IL-10 and TGF-β, which impairs phagosome 
maturation, thereby inhibiting efferocytosis.72 Neutrophils accumulating within diabetic wounds release large amounts of 
proteases that hydrolyze the central hinge region of CCN1, cleaving it into non-functional fragments. These fragments 
retain the ability to bind PS on ACs surfaces but can no longer interact with macrophage receptors, thereby blocking 
efferocytosis and leading to the accumulation of ACs.73 High glucose induced oxidative stress accelerates the senescence 
of fibroblasts and endothelial cells. Upon apoptosis, these senescent cells retain surface “eat me” signals, yet the 
senescence-associated secretory phenotype (SASP) releases abundant proteases, IL-6, IL-8, TNF-α can cleave cathe
colamines like CCN1, blocking the bridging between ACs and macrophages; it may also suppresses macrophage MerTK 
receptor expression, directly impairing recognition and efferocytosis.73,74 NETs accumulate extensively in diabetic 
wounds. NETs significantly suppress the PI3K/Rac1 signaling axis—a central pathway regulating cytoskeletal rearrange
ment and phagocytosis, physically block the connection between ACs and macrophages, thereby inhibiting 
efferocytosis.17,18 Insufficient angiogenesis leads to reduced local blood perfusion in diabetic wounds. This prevents 
key molecules secreted by macrophages and endothelial cells—such as MFG-E8, Gas6, and complement C1q—from 
effectively reaching sites of ACs accumulation. Consequently, a shortage of “bridging molecules” occurs, hindering the 
recognition and binding between ACs and macrophages.75 Concurrently, impaired angiogenesis exacerbates the wound 
microenvironment characterized by hypoxia, hyperglycemia, and ROS accumulation, all of which inhibit macrophage 
efferocytosis. These factors work together to cause the accumulation of ACs and secondary necrosis, thus maintaining the 
chronic inflammatory state of the wound and ultimately hindering the healing of diabetic wounds.
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The critical role of specific efferocytosis-related molecules is further highlighted by gain- and loss-of-function 
studies. Exogenous administration of bridging molecules like MFG-E8 or CCN1 has been shown to accelerate diabetic 
wound closure by enhancing ACs clearance and suppressing pro-inflammatory cytokines, with CCN1 acting through the 
activation of Rac1 in macrophages.73,76,77 Conversely, genetic deficiencies in components like C1q or CD36 exacerbate 
inflammation and delay healing.78 Collectively, these findings pinpoint the efferocytosis pathway, from recognition to 
engulfment, as a foundation for therapeutic intervention.

Dysregulation of the Macrophage Efferocytosis-Polarization Axis in 
Diabetic Wounds
The Importance of Macrophage Polarization in Wound Healing
Macrophages are highly plastic cells with different phenotypes, depending on the surrounding microenvironment. 
Currently, macrophages are categorized into two primary phenotype: M1 (classically activated) and M2 (alternatively 
activated), a classification based on their activation modalities, cell surface markers, or functions.79 M1 macrophages 
differentiate in response to IFN-γ and LPS, which stimulate the release of multiple pro-inflammatory mediators and ROS. 
These molecules are crucial for antimicrobial defense, infection control, and the initiation of inflammatory responses.80 

Whereas M2 macrophages are induced by IL-4 and IL-13 from adaptive immune cells, leading to the production of anti- 
inflammatory factors and repair-promoting factors. These factors are primarily contribute to pathogen clearance, resolution 
of infections, and promotion of tissue regeneration.8,81 In addition, some researchers have subdivided M2 macrophages into 
M2a type (activated by IL-4 and IL-13), M2b type (activated by immune complexes and TLR), M2c type (activated by IL- 
10, TGF-β and glucocorticoid) and M2d type (activated by TLR antagonist and adenosine) according to different inducing 
factors and functions.39

In the early stages of wound repair, around 85% of macrophages in the wound exhibit the M1 phenotype and secrete 
cytokines such as IL-6 and TNF-α. These cytokines remove infections, wound debris, and ACs while also promoting 
inflammation. Around 80–85% macrophages convert to M2 macrophages in the late stage of repair. They can produce 
growth factors like IL-10, Insulin Like Growth Factor 1 (IGF-1), vascular endothelial growth factor (VEGF) and TGF-β, 
which not only dampen inflammation but also promote the proliferation, migration, and differentiation of keratinocytes, 
fibroblasts, and endothelial cells. These processes facilitate angiogenesis and accelerate wound close.82–84 Macrophages are 
key cells in regulating skin wound healing, and the specific removal of macrophages severely impairs the healing process.85 

Numerous studies have already demonstrated that promoting the transition of M1 to M2 can accelerate wound healing.

Dysregulated Macrophage Polarization in Diabetic Wound
In the specific pathological context of diabetic wounds, sustained inflammation, dysregulated glucose homeostasis, and 
tissue hypoxia collectively contribute to the arrest of macrophages in the M1 pro-inflammatory polarization state, thereby 
disrupting normal tissue regeneration and wound closure processes.86 The diabetic milieu stimulates an increased 
production of hematopoietic stem cells in the bone marrow, which then differentiate into a greater number of monocytes 
entering the peripheral blood. These monocytes recruited to the wound site, where they differentiate into M1 macro
phages expressing characteristic markers such as IL-1β and TNF-α, thereby amplifying local inflammation and delaying 
healing.87 In experimental models, wounds in diabetic mice exhibit significantly elevated monocyte infiltration compared 
to non-diabetic controls.88 Macrophages further demonstrate a persistent upregulation of M1 markers—including 
inducible nitric oxide synthase (iNOS), TNF-α, IL-1β, and matrix metalloproteinase-9 (MMP9)—alongside downregula
tion of M2 markers such as Arginase-1, CD206. A parallel shift is observed in human diabetic foot ulcers.87

Mechanistically, the hyperglycemic environment activates pro-inflammatory pathways like NF-κB and elevates oxidative 
stress, which collectively inhibit the phenotypic transition from M1 to M2 macrophages.89 Hypoxia further stabilizes the M1 
state via HIF-1α upregulation, which not only sustains expression of iNOS and IL-6 but also suppresses M2 marker 
transcription.90 Additionally, hyperglycemia, AGEs, and hypoxia synergistically promote ROS overproduction. ROS func
tions as a signaling intermediate that activates the NLRP3 inflammasome, driving IL-1β maturation and release. This in turn 
perpetuates NF-κB activation via autocrine signaling, reinforcing M1 polarization.91 Lipid metabolism disorders in diabetes 
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lead to elevated levels of palmitic acid, which activates the innate immune system through Toll-like receptors and engages the 
NF-κB signaling pathway, further promoting macrophages toward an M1 phenotype and enhancing secretion of IL-6 and 
TNF-α.92 Prolonged M1 polarization impairs the functional transition to reparative M2 macrophages, hindering endothelial 
and fibroblast proliferation and migration. This disruption leads to deficient angiogenesis, reduced collagen deposition, and 
delayed wound healing. Furthermore, the dysregulation of macrophage behavior diminishes VEGF-A and VEGFR1 signaling, 
which further compromises vascularization and tissue repair in diabetic wounds.93,94

The Abnormal Crosstalk Between Macrophage Efferocytosis and Polarization Leading 
to Diabetic Wounds
As the most extensively studied phagocytes, macrophages capable of efficient efferocytosis play a vital role in 
maintaining tissue homeostasis under physiological conditions. Their main role is to engulf pathogens and dead cells, 
which helps repair tissue damage, as well as produce chemokines and cytokines to call on extra leukocytes to protect the 
organism when needed. Following skin injury, macrophages are among the foremost immune cells recruited to wound 
sites, where they perform pleiotropic functions to orchestrate the healing process across its distinct phases.58

The efferocytosis function and phenotypic change of macrophages are interconnected and mutually influential processes. 
Efferocytosis serves as a key mechanism underlying macrophage phenotypic conversion. Under physiological conditions, the 
timely clearance of ACs by macrophages is not merely a clean-up operation; it serves as an active instructional signal that shift 
macrophages from M1 to M2 state.95,96 This M2 polarization, in turn, enhances the macrophage’s capacity for further 
efferocytosis, creating a self-reinforcing cycle that efficiently resolves inflammation and initiates tissue repair.76,97 The 
cytokine shift from pro-inflammatory IL-1β, IL-8, IL-10, and TNF-α towards IL-6, TGF-β, prostaglandin E2 (PGE2), and 
platelet-activating factor (PAF) is both a cause and a consequence of this virtuous cycle.98,99

In the diabetic wound, this critical feedback loop is disrupt. Metabolic stressors like hyperglycemia downregulate key 
“eat-me” signal receptors such as CD36 on macrophages, blinding them to ACs.59 Concurrently, a hyperglycemia 
microenvironment can produce a variety of inflammatory and chemotactic molecules, such as AGEs, MCP-1, DAMPs, 
and IL-1β stimulate inflammatory pathways like NLRP3, which directly suppresses efferocytosis and locks macrophages 
into a persistent M1 state.16,100 Besides, high levels of ROS and AGEs, interferes with intracellular signaling cascades. 
For instance, oxidative stress can disrupt the Nrf2 pathway,101 while AGEs-RAGE can inhibit anti-inflammatory 
signaling.102 The transition to M2 could not be initiated normally even though some of the efferocytosis proceeds 
normally. As a result, pro-inflammatory mediators of resolution, such as TGF-β and PGE2, are blocked, inflammation is 
reduced to a persistent state, and tissue repair is impeded. In wound healing, neutrophils serve a critical function as the 
primary leukocytes during the early phases.103 Impaired efferocytosis leads to the accumulation of apoptotic neutrophils, 
which progress to secondary necrosis. These cells release their intracellular contents and more DAMPs, further fueling 
inflammation and M1 polarization.64,65,104 The failure to transition to the M2 phenotype results in a persistent dominance 
of M1 macrophages. The M1 phenotype is inherently less efficient at efferocytosis and secretes cytokines like TNF-α that 
actively suppress the process.100 Simultaneously, This dual impairment creates a vicious cycle: impaired efferocytosis 
prevents the polarization switch to M2, while the sustained M1 dominance further inhibits the clearance of ACs. The 
consequence is the pathological hallmark of diabetic wounds: the accumulation of secondary necrotic cells, perpetual 
inflammation, and a failure to transition to the proliferative phase of healing.

The Signaling Pathway Modulating Macrophage Efferocytosis- Polarization 
Axis in Diabetic Wounds Healing (Figure 2)
JAK/STAT Signaling Pathway
The Janus kinase/signal transduction and transcription activation (JAK/STAT) pathway serves as a crucial regulatory axis 
through which efferocytosis modulates macrophage activation and polarization. Four tyrosine (Tyr) kinases (JAK1–3 and 
Tyk2) make up the JAK family. Before activation, STATs (STAT1–4, STAT5A, STAT5B, STAT6) are localized in the 
cytosol. Upon stimulation by cytokines, they bind to phosphorylated activated receptors and undergo phosphorylation by 
JAKs.105 Among the major STAT family members in these receptor downstream pathways, STAT1/3 primarily promote 
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macrophage inflammatory cytokine expression and M1 polarization, whereas STAT5/6 regulates multiple M2 marker 
genes and serves as the master transcriptional regulator driving M2 polarization.106,107 The antagonism between STAT5 
(promoting MerTK stabilization and M2 polarization) and STAT3 (suppressing MerTK), for instance, suggests that the 
functional outcome depends not on pathway activation but on the specific STAT isoforms engaged.107 Proteins like 
SOCS1 and SOCS3, upregulated by PS-Gas6/PROS1 signaling during efferocytosis, act as crucial negative feedback 
balancers, ubiquitinating JAKs and degrading STAT1/3, which reduces inflammation and suppresses M1 
polarization.108,109 Similarly, the activation of the SOCS3/STAT3 axis by MFG-E8 demonstrates a paradoxical mechan
ism, where a single pathway can be harnessed to both promote M2 polarization and attenuate inflammatory signaling.110

Dysregulation of the JAK/STAT pathway is associated with various diseases.111–113 Under diabetic conditions, 
hyperglycemia, AGEs, and ROS collectively activate the JAK/STAT signaling pathway. Elevated levels of upstream 
inflammatory cytokines such as IL-6 under hyperglycemic conditions amplify JAK/STAT activation, driving the 
production of pro-inflammatory mediators including TNF-α and IL-1β.114 This cascade promotes M1 macrophage 
polarization and sustains inflammatory responses, while simultaneously impairing efferocytosis.115 The therapeutic 
challenge, therefore, is not JAK-STAT inhibition but “signal reselection”—shifting the balance from detrimental to 

Figure 2 The vicious cycle of Impaired Efferocytosis and Sustained Inflammation in the diabetic wound microenvironment. MAPK: Hyperglycaemia/oxidative stress (ROS)/ 
abnormal lipid metabolism activate MAPK signaling pathway (p38 MAPK, ERK5, which reduces expression of efferocytosis receptors (MerTK/TIM4) and bridging proteins 
(MFGE8/THBS1) via downregulation, thereby impairing efferocytosis and blocking M1-to-M2 phenotypic switching. NF-κB: TAM receptor (Tyro3, Axl, Mer)-Gas6/PROS axis 
suppresses NF-κB activation by blocking IκBα/β degradation and nuclear translocation, thereby inhibiting pro-inflammatory responses. Besides, hyperglycemia and AGEs 
activate NF-κB via RAGE engagement, triggering excessive production of pro-inflammatory cytokines (IL-6, IL-1β) and adhesion molecules (VCAM-1, ICAM-1) that trap the 
wound microenvironment in a chronic inflammatory state. PI3K/Akt: Hyperglycemia, ROS, and particularly the accumulation of AGEs, competitively engaging RAGE and 
disrupting CD300b/ MerTK activation, disrupting PI3K/AKT activation.NLRP3: Both ROS and AGEs can activate the NLRP3 inflammasome, subsequently sustaining 
inflammation by activating the AXL/Tyro3/MFGE8 pathway and driving caspase-1-dependent release of IL-1β and IL-18. JAK/STAT: hyperglycemia, AGEs, ROS and IL6PS- 
Gas6/PROS1 signaling upregulated SOCS1 and SOCS3, ubiquitinating JAKs and degrading STAT1/3, which reduces MerTK and suppresses efferocytosis. Figure created in 
BioRender. h, y. (2025) https://BioRender.com/xr9yuvz.
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beneficial arms. The promising approach of inhibiting JAK1 while activating STAT3/6 exemplifies this strategy, aiming 
to reconstitute the natural pro-resolving program.116

PI3K/Akt Signaling Pathway
The phosphatidylinositol 3-hydroxy kinase/protein kinase B (PI3K/ Akt) represents a canonical anti-apoptotic and 
proliferative signaling axis that regulates essential cellular processes including growth, survival, proliferation, and 
metabolic homeostasis. As an intracellular phosphatidylinositol kinase, PI3K binds and facilitates Akt phosphorylation 
upon activation, with Akt serving as the central node of this pathway.117 It is reported that efferocytosis was associated 
with a rapid increase in PI3K/Akt phosphorylation, and inhibition of PI3K has resulted in a severe defect in 
efferocytosis.118 Its position downstream of key efferocytosis receptors like MerTK and CD300b.118,119 By binding to 
these receptors, PS on ACs triggers the PI3K/Akt signaling cascade, which in turn enhances efferocytosis and promotes 
M2 polarization.120–122 The resulting M2 macrophages then produce anti-inflammatory mediators like TGF-β and IL-10, 
which further stabilize the PI3K/Akt activation state, ensuring inflammation is efficiently terminated.123

A vicious cycle of chronic inflammation is maintained when the PI3K/Akt pathway is inhibited under hyperglycemic 
and oxidative stress conditions. Hyperglycemia, oxidative stress, and particularly the accumulation of AGEs, competi
tively engaging RAGE and disrupting MerTK activation, directly suppress pathway activity.124 Subsequently, it cripples 
both efferocytosis and M2 polarization, locking the system in a pro-inflammatory state.18,125 This creates a self- 
perpetuating cycle characterized by defective efferocytosis, persistent M1 polarization, and unresolved inflammation. 
Targeting the PI3K/Akt pathway simultaneously improves efferocytosis and macrophage polarization, though its tissue- 
specific effects and long-term safety require further investigation.

NLRP3 Signaling Pathway
NOD-like receptor family pyrin domain containing 3 (NLRP3), a member of the NOD-like receptor (NLR) family of 
pattern recognition receptors, plays a critical role in various inflammatory diseases, including cryopyrin-associated 
periodic syndromes, Alzheimer’s disease, diabetes, gout, autoinflammatory diseases, and atherosclerosis when 
dysregulated.126,127 By activating caspase-1 and directly cleaving the intracellular domains of phagocytic receptors 
like MerTK, the NLRP3 hinders their capacity to detect PS on ACs and interferes with phagosome-lysosome fusion, both 
of which severely limit efferocytosis.128,129 What’s more, IL-1β and IL-18 are the principal mature inflammatory 
cytokines generated upon NLRP3 inflammasome activation. They not only propagate inflammatory signaling through 
autocrine/paracrine actions that drive M1 polarization,130 but also directly inhibit phagocyte activity that further impairs 
efferocytosis.128 Notably, NLRP3 activation can be triggered by ROS, while its activation further amplifies ROS 
production, establishing a self-reinforcing positive feedback loop. This vicious cycle exacerbates inflammatory 
responses, ultimately disrupting macrophage polarization and impairing efferocytosis.131–136

Within the diabetic wound, NLRP3 is essential for maintaining persistent inflammation. Large volumes of pro- 
inflammatory cytokines and ROS can be released when the NLRP3 is excessively activated by the hyperglycemic 
environment and AGEs.137 These events simultaneously impair efferocytosis through MerTK receptor cleavage and 
lysosomal dysfunction,129,138 while promoting a pro-inflammatory state via enhanced cytokine secretion and PPARγ 
signaling suppression.139 The resulting accumulation of ACs further fuels the NLRP3 activation, completing a vicious 
cycle that is self-sustaining and highly resistant to resolution.140,141 Besides, when phagocytes engulf ACs, they will 
produce signaling molecules and anti-inflammatory substances including TGF-β and IL-10, which can prevent NLRP3 
from being assembled and activated, reducing inflammation and encouraging tissue repair.142 Inhibition of NLRP3 has 
been shown to upregulate key efferocytosis receptors (AXL, Tyro3, MFGE8), thereby promoting the healing of diabetic 
wounds.143 The future of NLRP3 therapeutics lies in locally-targeted inhibitors that can disrupt the pathological change 
during the chronic phase of diabetic wounds without compromising innate immunity, thereby restoring the body’s own 
regenerative program.
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NF-κB Signaling Pathway
Nuclear factor kappa-B (NF-κB) is a key transcriptional regulator governing innate and adaptive immunity, and is 
critically involved in diverse physiological and pathological processes including inflammation, tumorigenesis, and 
immune regulation.144 The NF-κB signaling pathway consists of canonical and noncanonical branches. The canonical 
pathway is activated by IKKβ, whereas the noncanonical pathway depends on NIK and IKKα.145 A key regulatory node 
lies in the TAM receptor (Tyro3, Axl, Mer)-Gas6/PROS axis, which suppresses NF-κB activation by blocking IκBα/β 
degradation and nuclear translocation, thereby inhibiting pro-inflammatory responses in DCs and macrophages.146–148 

MerTK deficiency is uniquely linked to defective efferocytosis and persistent NF-κB activation via damage-associated 
molecular patterns (DAMPs) from uncleared ACs, trapping macrophages in a pro-inflammatory M1 state and exacer
bating inflammation. While the roles of Tyro3 and Axl in this cascade are less well-defined.149

Beyond TAM signaling, a self-reinforcing pathological loop emerges in diabetic wounds, driven by NF-κB dysregu
lation, impaired efferocytosis, and defective macrophage polarization. Persistent hyperglycemia and AGEs activate NF- 
κB via RAGE engagement, triggering excessive production of pro-inflammatory cytokines (TNF-α, IL-6, IL-1β) and 
adhesion molecules (VCAM-1, ICAM-1) that trap the wound microenvironment in a chronic inflammatory state.150 This 
milieu not only blocks the transition of macrophages from M1 to M2 phenotypes but also disrupts the critical switch from 
inflammatory to proliferative healing phases151,152—yet the temporal dynamics of NF-κB activation in shaping macro
phage plasticity remain poorly characterized. For instance, while acute NF-κB activation is essential for initiating wound 
healing, chronic activation drives pathology.153 The downregulation of efferocytosis receptors (eg, MerTK) by chronic 
NF-κB activation further exacerbates the imbalance by reducing anti-inflammatory mediators (TGF-β, IL-10), impairing 
M2 polarization, and delaying healing.146 Furthermore, hyperglycemia and AGEs promote ROS generation, which both 
activate NF-κB and are upregulated by it, creating a self-amplifying inflammatory loop.154 Thus, the field urgently needs 
a refined conceptual framework that distinguishes between “pathological” NF-κB activation (driven by AGEs/ROS/ 
DAMPs) and “physiological” NF-κB signaling (essential for early healing). Therapeutic strategies must therefore seek to 
fine-tune NF-κB signaling rather than achieve its complete suppression.

MAPK Signaling Pathway
The mitogen-activated protein kinase (MAPK) signaling pathway represents one of the most crucial signal transduction 
networks in eukaryotic organisms, serving as a key regulatory pathway for cell proliferation, differentiation, apoptosis, 
and stress responses under both physiological and pathological conditions.155 Extracellular signal-regulated kinase 
(ERK), c-Jun N-terminal kinase (JNK), and p38 MAPK are the primary members of the MAPKs family. They 
correspond to four conventional MAPK signaling cascades and are one of the common intersecting paths of signal 
transduction.156 A foundational observation is that the p38/JNK pathway typically promotes pro-inflammatory M1 
polarization, while ERK signaling generally enhances M2 polarization.157 However, this opinion overlooks a self- 
reinforcing inflammatory cycle: activation of the p38 MAPK pathway induces proteolytic cleavage and shedding of 
the critical efferocytosis receptor MerTK/TIM-4 from macrophage membranes, impairing efferocytosis and blocking 
M1-to-M2 phenotypic switching.158,159 In turn, accumulated ACs undergo secondary necrosis, releasing DAMPs such as 
HMGB1 that perpetuate MAPK activation via TLR4/RAGE signaling—creating a feedforward loop that prolonged pro- 
inflammatory cytokine secretion and unresolved inflammation.160,161

Hyperglycemia-induced ROS rapidly phosphorylate and activate p38 MAPK, which directly represses MerTK 
transcription; this reduces efferocytosis of apoptotic neutrophils, locks macrophages in an M1 state, and delays wound 
healing.162 While p38 MAPK inhibition is widely proposed as a therapeutic strategy for diabetic wounds, conflicting 
preclinical evidence challenges its universal efficacy: in non-diabetic wound healing, p38 MAPK actually promotes 
keratinocyte migration and re-epithelialization via autophagy activation,163 whereas in hyperglycemic environments, it 
suppresses these reparative processes.117 Meanwhile, diabetes-related abnormal lipid metabolism reduces the ERK5 
activity in macrophages, and decreases the expression of bridging proteins (MFGE8, THBS1) and “eat-me/find-me” 
signals to further impair efferocytosis.164 Notably, MFGE8 deficiency recapitulates diabetic wound pathology (persistent 
inflammation, impaired angiogenesis, delayed closure), while recombinant MFGE8 restores efferocytosis and accelerates 
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healing6—yet ERK5’s role in regulating MFGE8 expression remains poorly characterized, representing a critical research 
gap. These observations underscore that effective therapeutics must be contextually tailored to the diabetic microenvir
onment (p38 selective inhibitors, ERK5 activators, or MerTK/MFGE8 supplementation), rather than targeting MAPK 
pathways in isolation.

Potentially Therapeutic Strategies by Targeting Efferocytosis
Small-Molecule Drugs
Small-molecule drugs targeting macrophage function have emerged as promising therapeutic strategies for modulating 
inflammation and tissue repair, with recent studies highlighting their diverse mechanisms of action. Ruxolitinib (JAK1/2 
inhibitor) and MCC950 (NLRP3 inhibitor), although acting on distinct signaling pathways, both enhance macrophage 
efferocytosis. By inducing M2 polarization and upregulating MerTK, they effectively alleviate fibrosis and promote 
repair in models of systemic sclerosis and metabolic liver disease.129,165 Conversely, the PPAR γ inhibitor GW9662 
exacerbates pathology by impairing efferocytosis.166,167 This contrasting evidence chain powerfully demonstrates the 
efficacy and sensitivity of efferocytosis as a therapeutic target. However, clinical data also show that pioglitazone, 
a PPARγ agonist, improves insulin sensitivity but increases heart failure risk.168

This raises a critical therapeutic dilemma: can PPARγ be considered a feasible target for promoting efferocytosis, or 
does its pleiotropy render it too risky for systemic use? The adverse effects also caution us that whether efferocytosis- 
enhancing benefits can be decoupled from metabolic side effects. Furthermore, the role of locally administered low-dose 
aspirin in diabetic wound healing reveals a “immune homeostasis reprogramming” strategy: it not only clears ACs by 
upregulating CD36 but also actively shifts arachidonic acid metabolism from pro-inflammatory leukotriene B4 (LTB4) to 
pro-resolving lipoxygenase A4 (LXA4).65 However, this approach raises its own set of evaluations: why does low-dose, 
local aspirin succeed where systemic NSAIDs often fail? This context-dependence—dose, route of administration, and 
disease microenvironment—remains understudied, representing a major gap in translating preclinical efferocytosis- 
enhancing strategies to humans. Effective drugs must prioritize enhancement of efferocytosis while minimizing disrup
tion of other macrophage functions (phagocytosis of pathogens, metabolic homeostasis). Collectively, small-molecule 
drugs that target efferocytosis represent a promising class of therapeutics, but their full potential remains untapped due to 
unresolved controversies and descriptive rather than mechanistic preclinical studies.

Natural Medicines
Natural compounds offer a distinct therapeutic advantage over single-target synthetic drugs through their pharmacolo
gical activity, enabling the synergistic reprogramming of macrophage function to address the complexity of chronic 
inflammatory and metabolic diseases. For instance, both Baicalin and sulforaphane (SFN), despite their different origins, 
enhancing efferocytosis efficiency by relieving key endogenous inhibitory mechanisms—Baicalin inhibits the RhoA/ 
ROCK pathway, while SFN activates the Nrf2/HO-1 axis to upregulate MerTK.12,169 This intervention on regulatory 
mechanisms allows them to effectively initiate inflammation resolution programs. Besides, Naoxintong (NXT), the 
Chinese patent medicine derived from natural ingredients, demonstrates a sophisticated multi-target mechanism: by 
suppressing JAK1 phosphorylation while selectively activating STAT3/STAT6, it not only drives the macrophage 
polarization from a pro-inflammatory M1 to a pro-repair M2 phenotype but also concurrently enhances their capacity 
to clear apoptotic neutrophils, thereby creating a positive feedback loop between polarization and efferocytosis in 
diabetic wounds.116 A critical unresolved question is whether the observed efficacy due to synergy among constituents, 
or is it predominantly driven by a single compound. Without deconvoluting the active ingredients, clinical translation is 
hampered by batch-to-batch variability and difficulty in establishing dose-response relationships. This also highlights 
a key translational challenge: identifying the definitive “active component” within multi-component formulations. 
Notably, ginsenoside Rg5 and isoliquiritigenin (ISL) collectively identify SLC7A11- a key mediator of ferroptosis and 
glutathione metabolism- as an emerging metabolic regulator. Through SLC7A11 inhibition, they alleviate its constraining 
effects on crucial metabolic pathways—including dendritic cell-mediated efferocytosis and macrophage glycolysis—thus 
establishing a crosstalk between immunoregulation and metabolic reprogramming.170–172 But preclinical studies of Rg5/ 
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ISL rarely evaluate ferroptosis markers in healthy tissues, focusing instead on therapeutic efficacy in diseased models. 
Systemic inhibition could induce ferroptosis in healthy tissues, leading to toxicity. In summary, multi-target pharmacol
ogy of natural compounds makes them ideal for addressing the network-level complexity of chronic inflammatory and 
metabolic diseases, but their full potential requires a shift from descriptive mechanism reporting to evaluative research.

Biomaterials
The emerging paradigm in biomaterial design for immune modulation moving beyond passive biocompatibility toward 
actively programmable systems that direct a coordinated sequence of immune responses to guide tissue regeneration. On 
one front, “resolution-accelerating” materials such as Ac2-26 peptide-modified surfaces or MerTK-enriched nanoparti
cles directly enhance the efferocytosis machinery and suppress M1 polarization, thereby driving established inflammation 
toward resolution.173–175 While this strategy is appealing for chronic inflammatory contexts, it raises a fundamental 
question: Does premature resolution of inflammation compromise tissue repair? Acute inflammation is a necessary step 
in regeneration, providing signals for cell recruitment and matrix remodeling; bypassing this phase could lead to 
incomplete tissue integration or functional deficits. Indeed, it’s crucial to achieve temporal precision (targeting only 
persistent, pathological inflammation) rather than global anti-inflammatory effects. A more nuanced approach involves 
“inflammatory priming”, where systems like the PDA-coated fiber matrix simulate acute-phase circumstances to 
reactivate macrophage efferocytosis, removing ACs while lowering oxidative stress and encouraging M2 
polarization.176 Nevertheless, a critical translational question remains: preclinical studies typically use healthy animal 
models, would this strategy remain effective in animal or patients with pre-existing chronic inflammation, where the 
immune system is already hyperactivated? The most advanced concept of this paradigm is represented by integrated 
systems like Gel@fMLP/SiO2-FasL hydrogel—an autonomous programming platform that recruits neutrophils, orches
trates their timely apoptosis, and facilitates their subsequent removal, thereby executing a self-limited inflammatory cycle 
conducive to functional tissue repair.177 Despite its sophistication, the integrated system’s translational potential is 
limited by its lack of adaptability to patient-specific microenvironments. Additionally, both large-scale production and 
manufacturing, as well as long-term safety assessments, are issues that need to be addressed. In conclusion, the shift 
toward biomaterials represents a transformative advance in regenerative medicine, addressing the unmet need for 
coordinated inflammatory resolution and tissue repair, filling the gap in the field will mark a significant step forward 
in the treatment of diabetic wounds.

Conclusion
This review systematically emphasizes the pivotal role of macrophage efferocytosis-polarization axis in maintaining 
tissue homeostasis, and how their dysregulation in the pathological environment of diabetic wounds constitutes 
a common terminal pathway for healing failure. We have outlined that in the diabetic wound microenvironment, 
hyperglycemia-induced metabolic dysfunction and MerTK inactivation, AGE-RAGE-mediated inflammation and Rac1 
inhibition, hypoxia, oxidative stress, biofilm, protease load, cellular senescence, NETs, and insufficient angiogenesis— 
which collectively impair macrophage recognition, engulfment, and clearance of ACs, leading to secondary necrosis, 
sustained inflammation, and ultimately disrupted efferocytosis. The impaired efferocytosis further causes dysfunction in 
the efferocytosis–polarization axis through key signaling pathways such as JAK-STAT, PI3K/Akt, NLRP3, NF-κB, and 
MAPK, trapping macrophages in a pro-inflammatory M1 state. This sustained M1 polarization further suppresses 
efferocytosis through the production of mediators such as TNF-α and ROS. The refined understanding mandates 
a paradigm shift in therapeutic strategy. Moving forward, the goal should evolve from simply suppressing inflammation 
to actively reprogramming the macrophage functional landscape. Currently, multiple drug-targeting studies have been 
conducted, including small molecules, natural medicines, and Biomaterials. However, due to challenges such as 
bioavailability, off-target effects, scalability, and long-term safety, there is still a long way to go before these therapies 
can be translated into clinical use. Embracing macrophage efferocytosis-polarization axis will be pivotal in transforming 
the stubborn challenge of diabetic wound healing into a tractable problem.
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