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Alveolar macrophages (AMs), a type of immune cell, display remarkable plasticity
and manifest diverse responses to stimuli by differentiating into distinct
subgroups. These phenotypically distinct macrophage subtypes are primarily
categorized as either classically activated or inflammatory (M1) macrophages, or
alternatively activated or anti-inflammatory (M2) macrophages, the
differentiation of which is underpinned by a complex regulatory network.
Despite their crucial contribution to the pathobiology of acute lung injury/
acute respiratory distress syndrome (ALI/ARDS), the research on AMs is
currently limited. This study therefore aims to establish a comprehensive
theoretical framework delineating the pathogenic role of AMs in ALI/ARDS,
facilitating deeper mechanistic understanding of disease initiation and
progression in ALI/ARDS and ultimately identifying novel therapeutic targets.

acute lung injury, acute respiratory distress syndrome, macrophages, cell polarization,
cell death

1 Introduction

Acute lung injury (ALI) is a prevalent and consequential medical condition that poses a
substantial risk to human health outcomes (1). This definition characterizes the condition
as a rapid onset of inflammation in the lungs that is caused either directly by injury to the
lungs or indirectly by extrapulmonary processes. Such inflammation can ultimately result
in qualitative or quantitative surfactant dysfunction, thus leading to further complications.
The primary features of acute respiratory distress syndrome (ARDS) include varying
degrees of hypoxemia, diffuse bilateral lung transmittance reduction, inflammatory
exudation, and decreased lung compliance (2). Despite extensive research, medication
alone cannot provide specific treatment for ALI/ARDS. The primary form of treatment is
supportive therapy, which includes extracorporeal membrane oxygenation, mechanical
ventilation, liquid therapy, and prone position ventilation. Although the clinical outcomes
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of ALI/ARDS patients have improved with the use of these
therapies, the mortality rate remains significant (3). Therefore,
identifying efficient treatment targets is essential. ARDS is a
severe consequence of ALIL, and ongoing inflammation of the
airways or alveoli characterizes the condition. Among the various
immune cells involved in the pathology of ALI, Alveolar
macrophages (AMs) play a pivotal role (4). AMs are
indispensable constituents of the immune system and exhibit
pivotal functions in the pathobiology of diverse acute disorders (5).

AMs are long-lived, tissue-resident macrophages in the airways
and alveoli that exhibit minimal turnover under homeostatic
conditions (6). As the principal immune sentinels of the
respiratory tract, AMs possess distinct phenotypic and
transcriptional signatures that enable them to regulate pulmonary
inflammation and maintain immune equilibrium. Under
physiological conditions, AMs remain relatively quiescent;
however, upon exposure to pathogens or inflammatory stimuli,
they are rapidly activated through pattern-recognition receptors,
leading to the release of cytokines and chemokines that facilitate
inflammation resolution and tissue repair. Impaired efferocytosis
and aberrant polarization of AMs have been implicated in the
pathogenesis of ARDS. For instance, IL-8 has been shown to
promote classical (M1) macrophage activation, while its
inhibition enhances apoptotic cell clearance and mitigates
inflammation (7). Macrophage polarization is dynamically shaped
by local microenvironmental cues, resulting in the differentiation
into either classically activated M1 or alternatively activated M2
phenotypes. M1 macrophages predominantly drive pro-
inflammatory responses, whereas M2 macrophages orchestrate
anti-inflammatory and reparative processes (8). The M2
phenotype can be further subdivided into four subtypes—M2a,
M2b, M2c, and M2d—each exerting unique regulatory effects
during inflammation and tissue remodeling (9). In the context of
ALI, M1 macrophages contribute primarily to the early
inflammatory phase, while M2 macrophages are more involved in
the resolution and repair stages (8). Each macrophage subtype
performs specialized functions that collectively maintain immune
equilibrium; therefore, achieving an appropriate balance between
M1 and M2 polarization is critical for the prevention and resolution
of ALI/ARDS.

Moreover, AMs serve as crucial regulators of pulmonary
immune homeostasis by modulating the activity of other immune
cells. Depletion of AMs has been shown to amplify inflammatory
responses in experimental models (7). Through the secretion of
pro-inflammatory cytokines and chemokines, macrophages recruit
neutrophils and other leukocytes to initiate and coordinate innate
immune defense. Beyond their immunoregulatory role,
macrophages are indispensable for maintaining tissue integrity
and facilitating repair following injury. Their diverse functions
include the clearance of apoptotic cells, necrotic debris, and
pathogens; direct crosstalk with alveolar epithelial cells; and the
secretion of growth factors that promote epithelial regeneration and
tissue remodeling. Owing to their remarkable plasticity,
macrophages exhibit dynamic phenotypic and functional
adaptations in response to the local microenvironment (3). This
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versatility enables them to transition between pro-inflammatory
and reparative states depending on contextual cues. In addition,
macrophages actively participate in extracellular matrix
remodeling, angiogenesis, and the resolution of inflammation,
processes essential for restoring lung structure and function (8).

Numerous studies have demonstrated that AM-mediated cell
death occurs across various models of ALI, suggesting that targeting
these regulated cell death (RCD) pathways may represent a
promising therapeutic strategy for ALI and ARDS (7). Cell death
is a fundamental biological process essential for maintaining tissue
homeostasis, development, and regeneration, as well as for
eliminating damaged or potentially malignant cells. However,
excessive or dysregulated RCD can provoke systemic inflammation
and lead to pathological tissue damage. As key effectors of the
pulmonary immune response, AMs not only serve as the first line
of defense against pathogens and participate in the clearance of
apoptotic and necrotic cells but also contribute to tissue repair and
immune regulation (7). In the context of ALI/ARDS, AMs have been
reported to undergo multiple forms of cell death, including
apoptosis, autophagy-dependent cell death, pyroptosis, ferroptosis,
and necroptosis (7, 10-13). Despite growing evidence, the regulatory
mechanisms governing these processes remain incompletely
understood. This review therefore aims to summarize the origin,
polarization phenotypes, immune regulatory functions, metabolic
characteristics, and death modalities of alveolar macrophages, as well
as their involvement in the pathogenesis of ALI/ARDS. The insights
discussed herein may provide a theoretical basis for the development
of novel therapeutic approaches targeting AMs in these
inflammatory lung disorders.

2 Origin of alveolar macrophages

Macrophages are immune cells widely distributed in the blood
and body tissues. Together with peripheral blood monocytes and
dendritic cells, they belong to the mononuclear phagocyte system
and play crucial roles in immune defense, surveillance, and
homeostasis (14, 15). In vertebrates, there exist at least three types
of hematopoietic progenitor cells: primitive hematopoietic
progenitors, erythro-myeloid progenitors, and hematopoietic stem
cells, which possess distinct genetic backgrounds and developmental
processes (16, 17). Current consensus delineates distinct ontogenic
pathways: monocyte-derived macrophages emerge through bone
marrow definitive hematopoiesis, while tissue macrophage
progenitors originate from yolk sac and fetal liver via primitive/
definitive hematopoiesis. Macrophages derived from tissue-resident
cells had distinct morphologies, gene expression patterns, and
functional properties compared to monocytes recruited from
circulation to sites of inflammation. Notably, embryonic-origin
macrophages preserve self-renewal capacity, contrasting with
terminally differentiated monocyte-derived populations (18).

Pulmonary macrophages are anatomically divided into three
categories: AMs, pulmonary interstitial macrophages (PIMs), and
pulmonary vascular macrophages (PVMs). These macrophage
populations are localized in distinct anatomical areas within the
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lung (3). These macrophages form a complex network within the
pulmonary compartments. The most abundant type of pulmonary
macrophages are AMs, which are found in the alveolar spaces. Their
primary function is to phagocytose and clear inhaled particles, such
as bacteria, viruses, and debris. On the other hand, PIMs are located
in the lung interstitium, where they control immune responses and
play a part in tissue repair and remodeling. PVMs live in the walls of
pulmonary blood vessels and take part in immune surveillance and
clearance of intravascular pathogens. The functions of these
macrophage subpopulations are specialized and cooperative,
contributing to the maintenance of normal respiratory function
and host defense in the lungs (5). In the pulmonary system, two
primary macrophage classifications, i.e.,, AMs and interstitial
macrophages (IMs). AMs and IMs are considered tissue-resident
macrophages (TRMs) and have essential functions in maintaining
homeostasis, metabolism, and repair required by organs, while also
acting as sentinels for phagocytosis of immune cells. However, there
are significant differences in the transcription profile, ontogeny,
phenotype, location, and function of lung TRMs (19). AMs and
IMs display distinct characteristics in both the normal physiological
state and in pathological conditions (5). AMs are the first line
defenders of alveoli and airways, while pulmonary IMs act as
gatekeepers of the vascular system and pulmonary interstitium
(19). AMs display unique origin and characteristics, which enable
their classification into two distinct categories: tissue-resident alveolar
macrophages (TR-AMs) and monocyte-derived alveolar
macrophages (Mo-AMs). IMs were initially discovered in the
pulmonary interstitium, while AMs were found in the alveolar area
(20, 21). Monocytes possess the unique capacity to differentiate into
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FIGURE 1
Macrophage subpopulations exist in both stable and defensive states (5).
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two distinct forms of AMs, namely TR-AMs and Mo-AMs. TR-AMs
originate from yolk sac hematopoiesis during embryonic
development and sustain themselves through local proliferation,
while Mo-AMs derive from circulating blood monocytes that
penetrate the pulmonary tissue following an inciting event, such as
injury or infection (as shown in Figure 1) (5). Mo-AMs display
distinct phenotypic and metabolic characteristics from TR-AMs, and
are more susceptible to alterations by the lung microenvironment (22,
23). Additionally, the ripening and self-maintenance of AMs is
dependent on factors including GM-CSF and TGEF- (as illustrated
in Figure 1). In mice, lacking GM-CSF may affect AM development,
rendering them more vulnerable to disease-causing agents (5). In all,
AMs, representing canonical tissue-resident populations, functionally
gatekeep pulmonary homeostasis and drive post-damage tissue repair
in the context of ALI/ARDS.

Under steady-state conditions, the maturation and self-
sustainability of tissue-resident alveolar macrophages are dependent
on GM-CSF and TGF-. Under defense-state conditions, monocytes
recruit into the alveolar cavity and differentiate into monocyte-
derived alveolar macrophages, which release cytokines and lead to
tissue damage (5).

3 Macrophage polarization and
cytokines

Macrophages of distinct cellular origins exhibit divergent
polarization phenotypes, which consequently execute specialized
functions. The phenomenon of macrophage polarization is a unique
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and noteworthy feature whereby these cells are endowed with the
ability to rapidly generate a distinct phenotype and functional
response when exposed to varying pathophysiological
circumstances and their microenvironment. This plasticity allows
macrophages to respond to a wide range of stimuli and adapt to
different stages of disease progression (24, 25). The development of
ALI/ARDS is largely influenced by the response of severe
inflammation. Approximately 90% of the white blood cells in the
air space are AMs, which are situated near the air-tissue interface
(9). Amultitude of academic research studies have consistently
demonstrated the pivotal role played by macrophages, comprising
both locally resident AMs and circulating monocyte-derived
macrophages, in the pathogenesis and progression of ALI and
ARDS (5, 9). It is worth highlighting that macrophages can adopt
either pro-inflammatory (M1) or anti-inflammatory (M2)
phenotypes depending on the specific pathophysiological context
(8). In the normal state, the predominant polarized phenotype of
resident AMs is the M2 phenotype, which represents a
homogeneous, static, and immunosuppressive population.
However, in response to pathogenic stimuli such, resident AMs
can switch to the M1 phenotype and produce inducible NO and
TNF-o at significant levels (3). On the other hand, M2 macrophages
are stimulated by anti-inflammatory cytokines and function to
suppress the immune response by generating anti-inflammatory
cytokines, repairing damaged tissue, and encouraging tissue
regeneration (26). Despite their beneficial roles, excessive
polarization towards either M1 or M2 phenotypes can be
detrimental. Excessive M1 polarization can result in uncontrolled
inflammation and tissue damage, while skewed M2 polarization can
lead to suppressed inflammation. As ARDS is a complex
inflammatory condition involving the dysregulation of immune
responses, balancing the M1/M2 macrophage ratio could indeed be
a potential therapeutic strategy.

Macrophage polarization into M1 and M2 phenotypes is
primarily governed by gene expression-dependent mechanisms

10.3389/fimmu.2025.1683411

that regulate cell surface marker expression, cytokine secretion
profiles, and metabolic reprogramming. Typically, M1
macrophages exhibit a pro-inflammatory phenotype, whereas M2
macrophages display anti-inflammatory and tissue-repairing
properties (25). M1 polarization is driven by stimuli such as
lipopolysaccharide (LPS) and Toll-like receptor (TLR) activation,
which induce the production of pro-inflammatory cytokines—
including interleukin-1f (IL-1B), IL-23, IL-12, IL-6, and tumor
necrosis factor-o. (TNF-o)—as well as chemokines such as CXCL2,
CCL8, CXCL4, and CCL5 (shown in Figure 2) (17). Conversely, M2
macrophages comprise multiple subsets that respond to distinct
immunological cues. M2a macrophages are induced by interleukin-
4 (IL-4) and interleukin-13 (IL-13); M2b macrophages are activated
by immune complexes in combination with LPS or IL-13; and M2c
macrophages are stimulated by anti-inflammatory mediators such
as glucocorticoids, IL-10, or transforming growth factor-§ (TGF-f3).
All M2 subsets express CD14 and produce abundant anti-
inflammatory molecules, including IL-10, arginase-1, CCL24,
CCL22, and CCL17 (17). As illustrated in Figure 3, M2
macrophages also express GM-CSFR, CD200R, and SIRP1o (27).
MI-type AMs, which are associated with inflammatory pathology,
produce mediators such as matrix metalloproteinases, nitric oxide
(NO), IL-1, interferons, IL-6, TNF, and macrophage inflammatory
protein-1, and upregulate CD200 and MHC class II expression
(Figure 3). In contrast, M2-type AMs, which are considered more
stable and anti-inflammatory, express high levels of arginase and
secrete IL-10, prostaglandin E2, and TGF-f (Figure 3) (28).
Although the dichotomy between M1 and M2 macrophages
provides a valuable framework for understanding macrophage
biology, it may not fully capture the phenotypic and functional
continuum exhibited by AM populations in vivo (24).

The polarization and phenotype of macrophages have been
extensively studied and are known to be modulated by a myriad of
key factors. These factors include TLR receptor signal transduction
and exposure to various stimulatory agents such as interleukins IL-
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Macrophage polarization and phenotype (27).
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A specific subset of alveolar macrophages produced distinct markers (28).

4, TL-10, and IL-13, as well as transforming growth factor beta
(TGE-B) (27).

M2 AMs exhibited high levels of arginase expression along with
the production of interleukin-10 (IL-10), prostaglandin E2 (PGE2),
and transforming growth factorbeta (TGF-b). In contrast, M1 Ams
produced inflammatory mediators such as metallopeptidase, nitric
oxide (NO), interleukin-1 (IL-1), interferon (IFN), interleukin-6
(IL-6), tumor necrosis factor (TNF), and macrophage inflammatory
protein-1 (MIP-1) (28).

AMs are indispensable components of the pulmonary immune
system, exhibiting diverse functions and phenotypic traits that
depend on their activation state (24). Similar to other tissue-
resident macrophages, the functional heterogeneity and
adaptability of AMs are largely shaped by their surrounding
microenvironment (29, 30). The differentiation of tissue
macrophages parallels that of helper T cells, with Ml
macrophages representing the classically activated, pro-
inflammatory phenotype and M2 macrophages constituting the
alternatively activated, anti-inflammatory counterpart (31). Ml
macrophages possess enhanced antigen-presenting capacity and a
robust pro-inflammatory profile, playing a critical role in host
defense against bacterial, viral, and fungal pathogens (17). In
contrast, M2 macrophages are essential for the resolution of
inflammation, as they suppress excessive immune activation and
promote wound healing, tissue repair, and angiogenesis (24, 28).

Frontiers in Immunology

However, their antimicrobial capacity remains limited. It is
important to note that these macrophage phenotypes are
primarily defined based on in vitro activation models, and further
investigation is required to determine how accurately these
categories reflect in vivo macrophage states and functions.

3.1 Epigenetics regulates macrophage
polarization

During the differentiation and activation of macrophages, there
was a noticeable epigenetic remodeling that occurred to adjust to
changes in their transcription pool (32). The polarization of M1 and
M2 macrophages results in distinct transcriptional processes.
Furthermore, a growing body of experimental research has
indicated that epigenetic mechanisms, such as histone acetylation
and methylation, play a role in controlling the transcriptional
diversity between the two different subsets of macrophages (33).
DNA methylation is a vital epigenetic modification that has a
significant impact on various regulatory mechanisms involved in
life processes, cell differentiation, and development (34). The
methylation status of a gene promoter is a reliable indication of
gene activity and can establish a link between epigenetic
modifications, gene expression, and protein levels. While DNA
methylation is a crucial epigenetic modification involved in
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regulating macrophage polarization (35), there is still much to learn
about the other regulatory mechanisms at play. Additionally, more
high-throughput methods are needed to validate the functional
consequences of newly discovered genes associated with
macrophage polarization. Overcoming these limitations has the
potential to provide further understanding of the intricacies
involved in macrophage polarization and may reveal novel targets
that could be pursued for the treatment of related diseases.

Macrophage polarization is also regulated by several miRNAs
and long noncoding RNAs (IncRNAs). Several miRNAs, including
miR-375, miR-let7, miR-34a, miR-155, miR-124, miR-511-3p, miR-
99a, miR-132, and miR-145-3p have been identified as regulators of
macrophage polarization. In addition, certain IncRNAs also affect
macrophage polarization. This biological process is crucial in the
development of several human diseases, especially those linked to
immune system dysfunction and cancer formation, emphasizing its
fundamental role in biological function (36). IncRNAs are a type of
RNA molecule with a minimum length of 200 nucleotides. While
structurally resembling messenger RNA (mRNA), IncRNAs do not
have the conventional capacity to encode proteins (35). Presently,
IncRNAs are classified into various categories, including long
intergenic ncRNAs, natural antisense transcripts, transcripts with
unclear coding potential, enhancer RNAs, and IncRNAs derived
from pseudogenes (37).

LncRNAs have emerged as a crucial regulator of nuclear
transport, chromatin remodeling, and other biological processes
(as shown in Figure 4) (37, 38). In empirical investigations, it has
been observed that IncRNAs serve as important regulators of gene
expression through their interactions with epigenetic regulatory
factors, resulting in significant alterations in various aspects of
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chromatin architecture. Extensive research has confirmed the
contribution of IncRNAs in numerous human pathologies.
Furthermore, recent studies have elucidated the underlying
mechanisms by which IncRNAs participate in macrophage
differentiation and activation pathways (35). Numerous
investigations have underscored the pivotal role of IncRNAs in
driving macrophage differentiation towards the M2 phenotype,
typified by anti-inflammatory reactivity and pro-regenerative
attributes, thereby manifesting tissue reparative potential.
Moreover, IncRNAs might interact with the genome to control
chromatin dynamics or act as a structural base for protein
complexes involved in regulating macrophage polarization.
Furthermore, exocrine IncRNAs have the potential to modulate
macrophage polarization via paracrine mechanisms, wherein they
act on neighboring cells in the microenvironment (39). Several
research studies have indicated that dysregulation of IncRNAs is
linked to diverse human disorders such as vascular diseases (40),
sepsis (41), different types of cancer (42-44), neurological disorders
(45), and respiratory ailments (46, 47). In particular, IncRNAs have
been found to be associated with various respiratory conditions,
including lung cancer, acute lung injury/acute respiratory distress
syndrome, interstitial lung diseases, infectious pulmonary diseases
(such as tuberculosis and pneumonia), and chronic airway ailments
(such as asthma, chronic obstructive pulmonary disease, and cystic
fibrosis) (46). IncRNAs have emerged as a promising avenue for
investigating the etiology of ALI and exploring novel therapeutic
targets. Numerous IncRNAs, including MALAT1, NEAT1, TUGI,
THRIL, CASC2, SNHG5, PRNCRI, Hsp4, IncRNA-5657,
CLMAT3, MEG3, CASC9, XIST, GAS5, SNHG14, H19, Mirt2,
and others, have been identified as potential therapeutic targets
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The situation of INncRNA activity in the regulation of cell activity (38). (A) IncRNAs respond to external stimuli by altering their expression levels,
thereby influencing downstream cellular processes; (B) they regulate promoter and enhancer regions of genes, which in turn modulates gene
expression, and (C) IncRNAs provide a platform for transcriptional activity by interacting with transcription factors and RNA polymerase. (D) IncRNAs
control chromatin remodeling by recruiting chromatin-modifying enzymes; (E) They are involved in splicing alteration through their interactions with
splicing bodies. (F) IncRNAs modulate translation and protein modification, which further affects cellular function, and (G) microRNAs can regulate

IncRNAs, which in turn can influence various cellular activities (38)
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for the treatment of ALI (38). Table 1 provided a comprehensive
summary of the various IncRNAs that had been implicated in
regulating macrophage function during ALI/ARDS. Despite
recent research on the involvement of IncRNAs in macrophage
development and activation, the potential of IncRNAs as a
therapeutic tool for regulating macrophage polarization and their
potential value in treating ALI/ARDS require further investigation
in future studies.

3.2 Immunometabolism regulates
macrophage polarization

In addition to the functional aspects discussed in Figure 5,
metabolic reprogramming is also a critical component of
macrophage polarization. Macrophages can dynamically shift
from oxidative phosphorylation-based aerobic metabolism to
glycolysis-based anaerobic metabolism, and vice versa, in
response to various stimuli present in their microenvironment.
Upon being exposed to pro-inflammatory stimuli, transcription
factors become activated thereby instigating the production of
molecules. Additionally, these macrophages undergo metabolic
reprogramming, resulting in a shift towards the production of
fatty acids, increased glycolysis, and enhanced activity of the

TABLE 1 LncRNAs involved in ALI/ARDS macrophage function.

10.3389/fimmu.2025.1683411

pentose-phosphate pathway (56). Therefore, immunometabolism
reprogramming plays a vital role in regulating macrophage function
and is an essential aspect of their polarization.

Upon being exposed to pro-inflammatory stimuli, these
macrophages undergo metabolic reprogramming, resulting in a
shift towards the production of fatty acids, increased glycolysis,
and enhanced activity of the pentose-phosphate pathway.
Conversely, anti-inflammatory macrophages are characterized by
cytokines. The precise modulation of these macrophage populations
is orchestrated by transcriptional regulators such as signal
transducer and activator of transcription 6 (STAT6), GATA
binding protein 3 (GATA3), peroxisome proliferator-activated
receptors (PPARs), and liver receptor homolog-1 (LRX) (56).

3.2.1 Glycometabolism

The field of immune cell metabolism has a history tracing back
to the 1950s, when the first set of studies emerged. These studies
demonstrated that glycolysis was determined to be the primary
functional mode of M1 type macrophages. In 1970, Hart and
colleagues (57) observed that M1 macrophages, which were
classically activated macrophages that responded to phagocytosis
or inflammatory stimulation, displayed an enhanced rate of
glycolysis and diminished oxygen consumption. These
macrophages with pro-inflammatory characteristics

IncRNAs Reference Model and or cell Expression Function Molecular
targets
IncRNA-5657 Liu et al. (48) LPS-induced ALI mouse Increased Blocked the proinflammatory Spns2
model, patients with sepsis- function of IncRNA-5657 in
induced lung injury, alveolar macrophages
NR8383 cell line
MEG3 Liao et al. (49) LPS-induced ALI mouse Increased Improves inflammatory response MicroRNA-7b (miR-
alveolar and macrophage 7b)/NLR pyrin domain
NR8383 cells containing 3 (NLRP3)
SNHG14 Zhu et al. (50) LPS-induced ALI mouse Increased Reduces the levels of pro- miR-34c-3p/WISP1
model inflammatory cytokines and
inhibits alveolar macrophages MH-
S cell viability.
H19 Mu et al. (51) LPS-induced ARDS in rats Increased Relieved the pulmonary injury, miR-423-5p/FOXA1
and alveolar macrophage inflammation and fibrosis
cells (MH-S) cells
H19 Hao et al. (52) Sepsis-induced ALI mouse Increased Increased the number of miR-107/TGFBR3
model macrophages in BALF, apoptosis
and induced pro-inflammatory
cytokine production
Mirt2 Du et al. (53) LPS induced primary Increased Regulate macrophage polarization TRAF6, NF-xB, stat6
cultured peritoneal and prevent aberrant activation of | and MAPK
macrophages, RAW264.7 inflammation
cells
LINC01194 Shen et al. (54) LPS-induced ALI mouse Increased Promotes the inflammatory miR-12a-203p/MIP-3
model response and apoptosis of
lipopolysaccharide-treated MLE-12
cells
lincRNA-Cox2 Robinson et al. (55) LPS-induced ALI mouse Increased Regulate Inflammation in Alveolar None

model
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Activated macrophages exhibit distinct molecular and metabolic features (56).

predominantly utilize glycolysis and the pentose-phosphate
pathway as the means to meet their adenosine triphosphate
(ATP) requirements (56). Upon infection with gram-negative
bacteria and subsequent activation of macrophages via LPS,
significant metabolic changes occur, including upregulation of
aerobic glycolysis and the pentose-phosphate pathway, as well as
suppression of the tricarboxylic acid cycle. These metabolic
pathways contribute to energy production by activated M1
macrophages facilitating cytokine production and antibacterial
defense through Warburg metabolism (58). Overall, Metabolism
is a vital component in the intricate regulation of macrophage
function, exerting influence on the transcriptional and post-
transcriptional machinery that governs the diverse functional
states of these immune cells.

The glycometabolic pathway constitutes a fundamental
mechanism in the regulation of the inflammatory response of M1
macrophages, exerting a multifaceted inhibitory effect on key
cellular functions such as phagocytosis, reactive oxygen species
(ROS) generation, and the secretion of pro-inflammatory cytokines
(59-62). This regulatory capacity is mediated by the activation of
diverse transcriptional regulatory elements, among which HIFlo
assumes a critical role in promoting glycolysis even in normoxic
scenarios. The transcription regulation of HIF1lo is governed by a
complex network of signaling pathways unique to macrophages,
serving as an essential effector of innate immune response (56). Of
the various signaling pathways implicated in the mechanism of
inflammation, the Toll-like receptor/nuclear factor-xB (62) and
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AKT/mTOR (63, 64) pathways emerge as significant routes.
Inflammatory stimuli are detected via a range of pattern
recognition receptors, culminating in the initiation of a signaling
cascade mediated by nuclear factor-kB. This pathway is a crucial
regulator of macrophage function, which includes the
transcriptional regulation of HIFlo-related genes. The AKT/
mTOR pathway is activated in response to growth factors and
pathogen sensing receptors. This signaling pathway facilitates the
transcription of genes associated with mitochondrial biogenesis and
oxidative metabolism. Notably, the Akt kinase appears to exert
subtype-specific effects on macrophage polarization. Specifically,
the absence of Aktl promotes M1 polarization, whereas Akt2
deficiency induces M2 polarization (56).

There is ongoing discourse surrounding the significance of
glycolytic flux in the mechanism of action of M2 macrophages.
Numerous investigations have suggested that the glycolytic pathway
is implicated in M2 macrophage polarization. However, divergent
findings indicate that M2 polarization and its functional attributes
can be compromised by hindering glycolysis through the use of 2-
deoxyglucose, which is a potent inhibitor of glycolysis (65, 66).
More recently, new data has emerged indicating that M2
differentiation might not require glycolytic flux as long as
oxidative phosphorylation remained intact (67). Studies have
proposed that M2 macrophages possess a more diverse metabolic
activity profile. One of the key factors that regulate glycolytic
activity in M2 macrophages is the selective expression of PFKFBI.
This enzyme facilitates the efficient breakdown of the glycolytic
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stimulator fructose-2,6-diphosphate into fructose-6-phosphate,
which results in a reduction in overall glycolysis rates. Moreover,
it has been proposed that the increased expression of the
carbohydrate kinase-like protein in M2 polarization helps
enhance the non-oxidative branch of the pentose phosphate
pathway, resulting in the generation of ribose-5-phosphate. Apart
from its involvement in nucleotide synthesis, ribose-5p plays a
crucial role in the synthesis of UDP-GIcNAC and N-glycosylation,
which are significant processes for protein modification and cell
signaling. N-glycosylation is essential for modifying various cell
surface proteins, including CD206, which is widely expressed in M2
macrophages (56). The contribution of glycolysis to M2
macrophage polarization remains controversial, necessitating
further investigation to delineate its context-specific regulatory
mechanisms across alveolar macrophage polarization states in
ALI/ARDS.

3.2.2 Lipid metabolism

Macrophages are capable of phagocytosing various types of
lipids through phagocytosis, scavenger receptor-mediated
pathways, and macrophage action from dead cells and the
surrounding environment. After the recognition of inflammation-
induced signals, lipids present in the affected area are processed by
acid lipase enzymes and instigates the hydrolysis of lipids into
unbound fatty acids and cholesterol molecules. Said fatty acids are
then transferred to the mitochondria, where they are subjected to
oxidative degradation via the mechanism of fatty acid oxidation,
concomitantly resulting in numerous byproducts that sustain the
acetyl coenzyme A or electron transport chain cycle. The
polarization of M1 and M2 macrophages is controlled by their
reliance on fatty acid synthesis and oxidation pathways (68). M1
macrophages promote fatty acid synthesis in response to
inflammatory signals while inhibiting M2 macrophage
differentiation, which relies on fatty acid oxidation. The
differential regulation of fatty acid synthesis and oxidation plays a
crucial role in macrophage polarization towards M1 or M2
phenotypes (56).

It is noteworthy that distinct populations of tissue resident
macrophages exhibit diversified transcriptional, epigenetic, and
metabolic profiles. For instance, in comparison with other
macrophage types, AMs display enriched functions related to
transcription. Furthermore, several transcription factors (TFs)
have been shown to be closely associated with specific auxiliary
AMs functions. Lipid metabolism is regulated at the transcriptional
level by a diverse array of transcription factors in AMs, including
the peroxisome proliferator-activated family of receptors (PPARs)
and the CCAAT enhancer binding proteins (C/EBPs), among
others. These transcription factors play intricate and complex
roles in regulating the expression of genes implicated in lipid
metabolism, with their interplay contributing to the overall
regulation of lipid metabolism (56, 68). PPARs are expressed by
AMs, and they play a crucial role in regulating the development and
maintenance of AMs as well as the polarization of M2 macrophages
(56, 68). Despite the demonstrated anti-inflammatory effects of
PPARY in macrophages, the mechanisms underlying its expression
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in vivo and the means through which it regulates tissue homeostasis
and inflammation remain poorly understood. Gautier et al. (69)
demonstrated that PPARY deficiency in pulmonary macrophages
led to mild lung inflammation in a stable state. PPARY has been
recognized as a crucial mediator in the promotion of regression of
inflammation, maintenance of pulmonary macrophage function,
and bolstering host defense mechanisms in the lungs. Previous
research conducted by Schneider et al. (70) outlined that
granulocyte-macrophage colony stimulating factor on perinatal
AMs in lung development PPARY in fetal monocytes. The C/EBP
family of TFs comprises basic leucine zipper (bZIP) proteins
involved in the regulation of glucose and lipid metabolism, as
well as M2 macrophage polarization. Notably, C/EBPP has been
implicated in the maintenance of AMs, as C/EBPB’/" mice
reportedly lack these populations based on the absence of
characteristic surface markers (68). Therefore, the targeted
modulation of PPARY or C/EBPPB may potentially offer a viable
therapeutic strategy for ameliorating inflammation in individuals
suffering from ALI and ARDS.

3.2.3 Amino acid metabolism

The metabolic pathways of amino acids play a crucial role in
coordinating immune responses and sustaining optimal immune
functionality. Furthermore, macrophages, which are pivotal elements
of the immune system, heavily rely on adequate levels of amino acids
to facilitate their activation and immune-related functions adequately.
Amino acid metabolism in macrophages is also known to regulate
various macrophage functions, such as the mTOR signaling pathway
and the production of nitric oxide. Any perturbations in amino acid
metabolism can have immunomodulatory effects on macrophage
responses, leading to altered immune functions. Current studies on
macrophage amino acid metabolism have mainly concentrated on
arginine, tryptophan, and glutamine, while investigations in alveolar
macrophages remain scarce (56). Therefore, further investigation into
amino acid metabolic pathways in alveolar macrophages is warranted,
as this may offer a novel and promising therapeutic approach for
ALI/ARDS.

4 Macrophage migration

During inflammatory conditions, inflammatory mononuclear
cells undergo migration towards damaged tissues where they
differentiate into tissue macrophages or dendritic cells (71). The
regulation of AMs recruitment is critical for mitigating
inflammation and protecting pulmonary tissue during ALI (72).
Over the past few years, the research focus has shifted towards
studying the migration patterns of AMs (73-75). Kulle et al. (73)
demonstrated through proteomic analysis that exposure to berry-
flavored vapor altered cytoskeletal functions in AMs, leading to
reduced cellular motility. Jaffal et al. (74) reported that hyperoxemia
compromised AMs migration, phagocytosis, and bactericidal
activity during hyperoxic acute lung injury, resulting in prolonged
mechanical ventilation. Tsai et al. (75) reported that lung fibroblasts
secreted the chemokine CXCL10, which facilitated activation and
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migration of resident macrophages during acute lung injury.
Therefore, the recruitment and subsequent activation of AMs play
a crucial role in resolving the initial inflammatory response and
facilitating the tissue healing progress following inflammation or
injury. Therefore, further exploration into the intricate mechanisms
underlying AMs migration during ALI/ARDS may provide a more
comprehensive understanding of the ailment’s pathogenesis,
enabling innovative therapeutic interventions.

5 Immune function of macrophages

AMs act as sentinel cells and are critical gatekeepers in the
innate immunity of the respiratory tract (76). AMs are also highly
differentiated cells that undergo self-renewal to maintain their
population in stable conditions (77). Under normal
circumstances, AMs serve as anti-inflammatory cells and prevent
immune pathologies and specific immune responses to harmless
antigens (28). During immune recognition of pathogen-related
molecular patterns via PRRs, such as TLRs, NLRs, and C-type
lectin receptors, AMs maintain their ability to recognize and
respond to pathogens and other harmful signals, thereby
initiating both innate and adaptive immune responses (28).
Therefore, AMs ontogeny and inflammatory status govern
compartmentalized regulation of innate immune networks. The
innate immune system plays a pivotal role in protecting the host
from invading pathogens through the recognition and response to
diverse microbial and PAMPs. The untoward recognition of
DAMPs can disrupt a delicate immune homeostasis, leading to
the development of chronic inflammation and tissue damage if left
unresolved (9). Consequently, the innate immune system has a
pivotal role in ensuring a fine-tuned balance between immune
defense and tissue homeostasis. PRRs, which encompass a diverse
set of receptors such as TLRs, NLRs, RLRs, CLRs, and intracellular
DNA sensors including the ¢cGAS-STING signaling pathway and
AIM2-like receptors, are critical in recognizing a range of molecular
patterns including PAMPs and DAMPs (78, 79). The activation of
PRRs can lead to the trigger of immune responses that involve the
production of cytokines, chemokines, interferons, and reactive
oxygen and nitrogen species (ROS and RNS), amongst other
mediators. These immune responses are essential for the
eradication of infections and the maintenance of immune
homeostasis. However, congenital immune response disorders
during infections may heighten pathogen loads due to low
pathogen clearance efficiency or aggravate and irreparably
damage organs in patients with infection, thereby exacerbating its
severity (80, 81). Therefore, the precise regulation of the innate
immune response is vital in effectively combating infections
throughout both acute stages of illness.

AMs are integral to the regulation of non-specific immune
defense mechanisms, including the phagocytosis of intruding
pathogens, production of inflammatory mediators, and expression
of pro-inflammatory cytokines (82). Under normal physiological
conditions, AMs have low levels of inflammatory cytokine
production and high phagocytic activity, which generally inhibit
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inflammation and adaptive immunity (83). AMs constitute
secretion of a variety of cytokines and chemokines, which are
essential for the initiation of immune responses. The cytokines
and chemokines produced by M1-like AMs, including TNFa, NO,
IL-1B, IL-6, IFN, and macrophage inflammatory protein (MIP)-1a,
are responsible for activating other immune cells, recruiting
immune cells to the site of infection or inflammation, and
regulating the immune response in the lungs (28). Ml
macrophages respond to microorganisms and Thl pro-
inflammatory cytokines, releasing inflammatory cytokines,
enhancing bacterial killing ability, glycolysis, and recruiting
immune cells into the lung parenchyma and alveoli (83). Then,
the excessive production of these mediators may lead to the
pathophysiology of inflammatory respiratory disorders, such as
ARDS (28). Additionally, M2-like AMs play a role in reducing
inflammation by releasing anti-inflammatory mediators and
clearing apoptotic bodies through exocytosis (76). M2
macrophages, on the other hand, undergo oxidative metabolism
induced by exposure to Th2 cytokines, leading to the release of anti-
inflammatory cytokines, phagocytosis of apoptotic cells, and
collagen deposition, which contribute to reduced inflammation
and tissue repair (82). In summary, AMs play an essential role in
the maintenance of tissue homeostasis, immune defense,
surveillance of pathogens, clearance of surfactant and cell debris,
identification of pathogens, initiation and resolution of lung
inflammation, and tissue repair in response to damage (82, 83).

The respiratory system of mammals is equipped with various
immune cells that coordinate to protect against infections and
maintain homeostasis. Among these cells are macrophages, which
are classified into AM and IM. Additionally, alveolar and bronchial
epithelial cells (AECs and BECs) contribute to the innate immune
response in the lung. Dendritic cells (DCs), natural killer cells (NK
cells), and other innate lymphoid cells (ILCs), including ILC1, ILC2,
and ILC3, also participate in the immune response of the lung.
Furthermore, adaptive immune cells, such as T and B cells, play a
crucial role in the adaptive immune response to lung infections.
Neutrophilic infiltration of the lungs is known to occur in response
to infections or pathological inflammation (9).

ARDS is a severe inflammatory disorder marked by injury to
alveolar epithelial cells, augmented alveolar-capillary permeability,
and an accompanying inflammatory response (84). In the steady
state, 90% of Broncho-alveolar cells (BACs) are alveolar
macrophages, while 10% are lymphocytes (as shown in Figure 6)
(9). Bronchoalveolar lavage fluid (BALF) is a biologically complex
fluid that harbors a diversified assortment of innate immune cells
including alveolar macrophages, innate lymphoid cells (ILCs), and
dendritic cells (DCs), which function as essential antigen-
presenting cells (APCs) in the lung (85). These innate immune
cells are critical in preserving optimal respiratory health by
detecting and eliminating various pathogenic agents, regulating
inflammatory responses, and facilitating wound healing and tissue
repair in the lungs (9). This is accomplished through intricate
communication with various cell types and AMs, including
epithelial cells, microvascular endothelial cells, neutrophils,
lymphocytes, fibroblasts, and tissue progenitor cells (82).
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Main immune cells in mammalian lung (9).

Activation of macrophages leads to the release of pro-inflammatory
cytokines, recruitment of neutrophils and other leukocytes, the
interaction with alveolar epithelial cells, cellular debris clearance,
and the secretion of growth factors for regulation of inflammation
and tissue remodeling. The remarkable characteristic of
macrophages to adopt different phenotypes depending on the
microenvironment is a pivotal attribute. TLRs expressed by
RAMs and alveolar type II epithelial cells (ATII) detect PAMPs
and trigger the secretion of chemokines, directing the migration of
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circulating immune cells such as monocytes, neutrophils, and
platelets to the alveolar space (3). Immune cells release pro-
inflammatory mediators that worsen the damage to alveolar
epithelial and endothelial cells, causing an increase in vascular
permeability and ultimately resulting in pulmonary edema (as
shown in Figure 7) (3, 86, 87).

They interact with other cells to maintain a healthy state.
Resident alveolar macrophages (RAMs) promote the differentiation
of CD4 T cells into Treg cells. RAMs, interstitial macrophages, and
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Macrophages residing in the pulmonary system are crucially important for the proper functioning of the lung (3).

recruited alveolar macrophages (RecAMs) respond to inflammation
in different ways. Inflammation can cause RAMs to produce
chemokines to attract other cells. RecAMs produce inflammatory
factors that lead to apoptosis of alveolar epithelial cells and inhibit the
differentiation of Treg cells. Platelet-expressed C-type lectin-like 2
(CLEC-2) interacts with RecAMs to hinder chemokine activity (3).

6 Cell death

Heterogeneous macrophage death mechanisms modulate the
progression and severity of ALI-associated inflammation. As the
primary and key leukocytes in the alveolar space, AMs can
significantly influence the progression of ALI by synthesizing and
releasing various inflammatory mediators in response to infectious
and non-infectious stimulus. Recent scientific investigations have
suggested that inflammation and cellular demise exhibit a
synergistic effect, with each action enhancing the potency of the
other. This, in turn, gives rise to an automatic amplification cascade
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that culminates in an unchecked inflammatory reaction (88). In
biological systems, cells can undergo RCD through genetically
encoded mechanisms. RCD is a crucial aspect of normal
physiological programming, contributing to processes such as
organ development and epithelial renewal. In addition, this
phenomenon has been observed in cells that are unable to
mitigate the pressure source that poses a threat to tissue
homeostasis. Numerous physiological and pathological conditions
can trigger cell death, including infection by intracellular pathogens
or cellular dysfunction induced by DNA damage, oxidative stress,
or protein misfolding. Until these recent discoveries, the scientific
community had solely acknowledged two primary forms of cellular
demise, specifically, apoptosis and necrosis. Despite the continued
relevance of these morphological characteristics in comprehending
RCD, there has been a growing diversification of forms of active cell
death (89). Therefore, therapeutic interventions aimed at targeting
the cellular mechanisms responsible for initiating signals that lead
to the death of alveolar macrophages may represent a promising
strategy for treating ALI/ARDS.
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6.1 Apoptosis

During lung development and under homeostatic conditions,
resident macrophages undergo apoptosis as part of physiological
turnover. Similarly, during the resolution of inflammation,
recruited macrophages also undergo programmed cell death.
Animal studies indicate that both interstitial and AMs are
susceptible to apoptosis; however, under steady-state conditions,
interstitial macrophages exhibit a shorter lifespan and a higher
apoptotic rate, potentially attributable to the continuous
phagocytosis and degradation of surfactant proteins and
innocuous particles by AMs. In the pulmonary environment, the
intrinsic apoptotic pathway can be triggered by various stimuli,
such as growth factor withdrawal, oxidative stress, endoplasmic
reticulum stress, and DNA damage (89). In both in vivo and in vitro
models of LPS-induced ALI, upregulation of the pro-apoptotic
proteins Bax and caspase-3, alongside downregulation of the anti-
apoptotic protein Bcl-2, indicates significant activation of apoptosis
in AMs (7). Emerging evidence further underscores a link between
the TLR4 signaling pathway and macrophage apoptosis. Jiang et al.
(10) demonstrated that ligustrazine alleviated ALI by suppressing
the TLR4/TRAF6/NF-KB/NLRP3/caspase-1 and TLR4/caspase-8/
caspase-3 pathways, thereby reversing macrophage polarization
and reducing both pyroptosis and apoptosis. In another study,
Wei et al. (90) reported that elevated circ-Phkb expression
suppressed AM proliferation via the TLR4/MyD88/NF-xB/CCL2
axis, promoting apoptosis and enhancing pro-inflammatory
cytokine release. These findings suggest that modulation of TLR4
signaling may represent a promising therapeutic target for ALL
Additionally, activation of the Wnt/B-catenin pathway has been

10.3389/fimmu.2025.1683411

implicated as a key mechanism in LPS-induced apoptosis of AMs
(91). A comprehensive understanding of the molecular regulation
of death receptor signaling in AMs is therefore essential for
developing targeted therapies to curb excessive cell death and
improve clinical outcomes in ALI/ARDS. Collectively, these
signaling networks maintain a delicate balance between AM
survival and apoptosis in the lung. Disruption of this equilibrium
underlies the pathogenesis of ALI/ARDS, highlighting the need for
further mechanistic insights to guide effective treatment strategies.

6.2 Necrosis and necrotic apoptosis

Necrotic apoptosis, adhering to the morphological features of
necrosis, represents a form of programmed cell death that has gained
significant attention within the scientific community (as shown in
Figure 8). TNFRI-mediated necrotic apoptosis is one type of this
mechanism, where RIPK1 phosphorylates RIPK3 leading to the
formation of a necrotic body, an amyloid signaling complex (89,
92). Previous studies have demonstrated that RIPK3-mediated
necroptosis and inflammasome signaling are activated in LPS-
induced ALI. Moreover, increased RIPK3 expression has been
proposed as a potential biomarker for ventilator-associated ALI (7).
This mechanism is facilitated by the participation of key molecular
regulators, which support the proper execution of essential cellular
functions. Once the necrotic body is generated, RIPK3 phosphorylates
MLKL, which causes plasma membrane pores leading to cellular
swelling and discharge of intracellular components like DAMPs (93).
This process promotes inflammation as it releases pro-inflammatory
mediators like HMGBI. Additionally, RIPK3 can promote

Complex|

s

L

TLR ligand
elelelelelelelelocloelelelelelolelololele]

B3338365563658363836558

g
CTRED

Viral double-
stranded RNA

&
l ‘&\\\\~|I:IIl<——\mMDNA

Necroptosis

[ Sauler M, et al. 2019.
i Annu. Rev. Physiol. 81:375-402

FIGURE 8

Necrotic apoptosis can also be triggered by the activation of other pathways (89).
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inflammation through NF-xB, IL-1f, and IL-18 independent of pore
formation during necrosis (89). In addition, a recent study revealed
that AMs exhibited specific high-level expression of the leptin
receptor (Lepr). Among tissue-resident macrophages, AMs also
showed elevated expression of MLKL (7). In a mouse model of
influenza virus-induced ALI, Wan et al. (94) demonstrated that
Osteopontin knockdown markedly reduced phosphorylated MLKL
levels in AMs, thereby attenuating necroptosis and ameliorating lung
injury. However, MLKL activation may not always lead to necrosis, as
ESCRT-III is involved in mediating cell resistance to necrotic cell
death or delayed necrotic cell death by restoring membrane damage
through the release of broken vesicles (95). This mechanism allows
cells to produce appropriate cytokines to activate the immune
system (89).

For instance, when caspase 8 is absent, RIPK1 phosphorylation
occurs, followed by RIPK3 oligomerization and phosphorylation of
MLKL. DNA-dependent activator (DAI) is another regulator that
can activate RIPK3-mediated necrotic apoptosis by detecting viral
DNA. Toll-like receptor-3 (TLR3) can detect viral DNA and induce
the production of interferon through the connector containing TLR
domain-f (TRIF). This process can activate RIPK1 and lead to
necroptosis independent of RIPK3. Similarly, TLR4 can activate
RIPK1 through TRIF in the absence of RIPK3, resulting in
necroptosis. The ubiquitination of Receptor Interacting Protein
Kinase 1 (RIPK1) is considerably more widespread in conditions
where the Inhibitor of Apoptosis Proteins (IAPs) and the Linear
Ubiquitin Chain Assembly Complex (LUBAC) are absent (89).

6.3 Pyroptosis

Pyroptosis is a form of programmed cell death that is essentially
regulated by caspase-1 activation. Pyroptosis is initiated when

10.3389/fimmu.2025.1683411

NOD-like receptors (NLRs) are activated by DAMPs, leading to
the formation of an inflammasome protein complex that includes
apoptosis-related speck protein containing CARD (ASC) and
caspase activation and recruitment domain (CARD). The
activation of the inflammasome complex initiates a cascade of
events, culminating in the cleavage of pro-caspase 1. This
activated form of caspase 1 subsequently cleaves the N-terminal
of Gasdermin D (GSDMD), generating N-terminal fragments that
form proteinaceous pores in the cell membrane. These pores
ultimately result in a form of regulated cell death, known as
pyroptosis (as shown in Figure 9) (89). Upon activation, caspase-
1 mediates the cleavage of GSDMD, resulting in mature GSDMD
formation. Mature GSDMD is responsible for inducing cellular
membrane pores, which consequently leads to cellular swelling,
plasma membrane rupture, and the release of inflammatory cellular
contents (88). The identification of gene deletion and pyroptosis
that are dependent on GSDMD has greatly enhanced our
understanding of the molecular mechanisms that control
programmed necrotic cell death and inflammatory activation
(96). Accumulating evidence indicates that pyroptosis plays a
pivotal role in mediating the pulmonary inflammatory response
during ALI Targeting pyroptotic pathways has therefore emerged
as a potential therapeutic strategy for ALI (11, 97-101). Pyroptosis
is characterized by cellular swelling and plasma membrane rupture,
resulting in the release of proinflammatory cytokines such as
interleukin-1B (IL-1B) and interleukin-18 (IL-18) (102). Notably,
pyroptosis of AMs following intratracheal LPS challenge markedly
exacerbates pulmonary inflammation (7). Recent studies have
highlighted several molecular and cellular mechanisms underlying
the regulation of macrophage pyroptosis in ALL Liu et al. (11)
reported that mesenchymal stem cell-derived exosomes (MSCs-
Exo) effectively alleviate ALI by suppressing AM pyroptosis and
attenuating inflammation through the delivery of pyroptosis-
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targeting microRNAs and immunomodulatory proteins. Xu et al.
(97) demonstrated that carbon monoxide mitigated LPS-induced
ALI by inhibiting AM pyroptosis. Similarly, Han et al. (98) showed
that irisin ameliorated ALI by suppressing the HSP90/NLRP3/
caspase-1/GSDMD signaling cascade, reversing macrophage
polarization, and reducing macrophage pyroptosis. In contrast, Jia
et al. (99) revealed that USP48 promoted NLRP3-dependent
pyroptosis of AMs, thereby aggravating sepsis-induced ALI,
whereas their subsequent work (100) identified ULK1 as a
negative regulator of this process, diminishing NLRP3 expression
and restraining macrophage-driven immune activation. Moreover,
Liu et al. (101) reported that mitophagy promoted demethylation of
the miR-138-5p promoter, thereby suppressing NLRP3
inflammasome activation, alveolar macrophage pyroptosis, and
inflammatory responses in sepsis-induced lung injury.
Collectively, these findings underscore the central role of AM
pyroptosis in ALI pathogenesis and highlight multiple potential
therapeutic targets for intervention.

Pyroptosis is initiated upon activation of NOD-like receptors
(NLRs) by damage-associated molecular patterns (DAMPs). This
activation results in the assembly of an inflammasome protein
complex comprising apoptosis-associated speck-like protein
containing a CARD (ASC) and caspase activation and
recruitment domain (CARD). Subsequent activation of the
inflammasome complex triggers a cascade of events culminating
in the cleavage of pro-caspase-1 (89).

6.4 Effect of ferroptosis on macrophages

Iron is indispensable for several physiological functions, such as
cell differentiation, proliferation, and metabolism. The principal
source of iron required for these functions comes from the
recycling of iron from red blood cells by macrophages through
complex mechanisms. The accretion of iron in macrophages can
significantly alter their fate and function, especially during cell
development and differentiation. Furthermore, iron accumulation
within macrophages can trigger the production of ROS and lipid
peroxidation through the Fenton reaction, leading to Ferroptosis.
Furthermore, iron buildup in resident macrophages can have a ripple
effect on other cells in various tissues. The hepcidin/ferroportin
regulatory system typically maintains the body’s iron balance.
However, if iron accumulation in macrophages disrupts this
balance, uncontrolled iron output may cause tissue and systemic
iron overload, creating an environment for Ferroptosis of tissue (103).
In oxidative stress scenarios, the interplay between Fe’" and Fe**
plays a crucial role in the production of ROS. Ferroptosis, a form of
regulated cell death, is associated with intricate regulation of ROS
levels that is closely intertwined with genes involved in iron
metabolism. Notably, several iron metabolism genes, including
transferrin (TRF), Ferroportin, ferritin heavy chain (FTH), and
ferritin light chain (FTL), contribute to the modulation of ROS
levels by facilitating the conversion between Fe** and Fe’*. GPX4
and GSH, both governed by the Nrf2 pathway, are responsible for
mitigating the detrimental effects of ROS. However, the depletion of
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these substances can lead to an accumulation of ROS in cells, resulting
in lipid peroxidation. Furthermore, the heightened elicitation of
ACSL4 and LOX induces the conversion of polyunsaturated fatty
acids (PUFAs) into lipid peroxides, ultimately bolstering the
occurrence of ferroptosis, as shown in Figure 10. The release of iron
overload and Ferroptosis-related substances also impacts macrophage
polarization and recruitment, revealing a complex interplay between
Ferroptosis and the immune response (103). The effects of iron
overload on macrophage polarization have been found to exhibit
variation contingent upon the duration of the overload. Acute iron
overload has the potential to induce M1 polarization, accentuating the
expression of M1 markers including IL-6, TNF-o, and IL-1f3, while
concurrently reducing the expression of M2 markers such as
transglutaminase 2 (TGM2) (104). Furthermore, iron overload-
induced ROS production and p53 acetylation contribute to M1
polarization (105). In chronic iron overload, macrophages derived
from THP-1 monocytes often exhibit M2 polarization, leading to the
down-regulation of M1 macrophage markers (106). Ferroptosis and
iron overload additionally affect enzyme activity involved in iron,
lipid, and amino acid metabolism (103). The expression of iron-
related genes shifts depending on the stage of macrophage
polarization, with M1 macrophages exhibiting higher levels of
Hamp and FTH/FTL but lower levels of FPN and IRP1/2 (107).
During Ferroptosis, iron death cells release HMGBI, inducing
inflammation and macrophage recruitment, by activating molecular
inflammatory pathways. Furthermore, Ferroptosis triggers the
expression of various inflammation-related genes, including CCL2
and CCL7, which have vital roles in the chemotaxis and recruitment
of macrophages (103). HMGBI1 required specific receptors for
advanced glycation end producted to mediate macrophage
inflammation. More importantly, the consumption of anti-HMGB1
neutralizing antibody or AGRE could alleviate the inflammatory
response of macrophages, which suggested that limiting the
expression of HMGB1 might be a method to deal with macrophage
inflammation (108). Apart from HMGBI, ferroptosis also induces
inflammation and macrophage recruitment by activating molecular
inflammatory pathways. Specifically, ferroptosis triggers the
expression of various inflammation-related genes, particularly CCL2
and CCL7, which play pivotal roles in the recruitment and chemotaxis
of macrophages (103). Ferroptosis induced the expression of various
inflammation-related genes, especially CCL2 and CCL7, which
contributed to the recruitment and chemotaxis of macrophages
(103). Ferroptosis has been implicated in the pathogenesis of
various diseases, including but not limited to nervous system
diseases (105, 109, 110), cancer (111-113), ischemia-reperfusion
injury (114, 115), and multi-organ dysfunction induced by sepsis
(such as heart injury, ALL liver injury, and acute kidney injury) (116).

RCD pathways, particularly ferroptosis—an iron-dependent
process characterized by excessive lipid peroxidation and oxidative
stress—have been implicated as key contributors to the progression of
RDS (117). Recent scientific inquiries have demonstrated the crucial
involvement of ferroptosis in ALI and ARDS, thereby highlighting the
potential of ferroptosis inhibition as a promising therapeutic avenue
to ameliorate ALI (114, 118-122). For instance, somatostatin-1 has
been observed to rescue the downregulation of ferroptotic markers in
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The process and classification of Ferroptosis (103).

LPS-induced ALI while diencephalic astrocyte-derived neurotrophic
factor (MANF) has been shown to alleviate LPS-induced ALI (12).
Similarly, other investigations have linked ferroptosis to ALI
pathogenesis in scenarios such as ischemia-reperfusion injury,
radiation-induced lung injury, and seawater drowning (118-120).
In addition, ferroptosis of AMs has also emerged as a crucial
contributor to the pathogenesis of ALI/ARDS, and targeting this
pathway may have therapeutic implications for the management of
these conditions. Ye et al. (123) reported that miR-223-3p contained
in LPS-induced extracellular vesicles (LPS-EVs) contributed to
sepsisassociated ALI by priming AMs for autophagy and
ferroptosis via the MEF2C/Hippo signaling pathway. Similarly,
Wang et al. (121) demonstrated that AM-derived exosomal tRF-22-
8BWS7K092 activated the Hippo signaling cascade to induce
ferroptosis during ALL In addition, Liang et al. (124) revealed that
the RNA methyltransferase ZC3H13 enhanced m"6A methylation of
PRDX6 mRNA in a YTHDF2-dependent manner, thereby
modulating PRDX6 expression, regulating the p53/SLC7A11 axis,
and promoting ferroptosis in AMs, which ultimately exacerbated
sepsis-induced ALL Alveolar macrophage-derived exosomal has been
found to activate the Hippo signaling pathway, leading to ferroptosis
in ALI (121). Discussion of its therapeutic implications for
macrophage ferroptosis needed to validate clinical applications in
ALI/ARDS in the future.

Ferroptosis is a regulated cell death process characterized by the
accumulation of iron-dependent lipid peroxides in cell membranes,
culminating in membrane damage and ultimately cell death. The
ferroptotic phenomenon is intricately linked to three distinct
metabolic routes, namely, iron metabolism, lipid metabolism, and
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amino acid metabolism. Iron metabolism plays a critical role in the
initiation of ferroptosis (103).

6.5 Autophagy

Disruption of autophagy flux following ALI has been shown to
contribute to poor outcomes associated with autophagy dysfunction
(13, 125). Autophagy is a crucial mechanism that facilitates cells to
adjust to external environmental variations, uphold internal
environmental stability, and combat foreign pathogen invasions.
Within the domain of autophagy research, there are presently three
primary forms of autophagy that are widely recognized, these being
chaperone-mediated autophagy (CMA), microautophagy, and
macroautophagy. Among these types, macroautophagy is the
most dominant form, as shown in Figure 11 (12). In all three
forms, damaged organelles or proteins thereby contributingasis.
Autophagy is a fundamental cellular mechanism that encompasses
a series of coordinated processes, classified into distinct types based
on the distinct modes by which intracellular components are
transported to lysosomes for degradation and recycling.
Macroautophagy involves the formation of membranes from the
endoplasmic reticulum, golgi apparatus, or cytoplasmic membrane,
which wrap around the material to be degraded, forming an
autophagosome that subsequently fuses with lysosomes to
degrade its contents. In contrast, microautophagy is formed when
the lysosomal membrane directly engulfs long-lived proteins,
among other cellular components, and degrades them within the
lysosome. CMA, on the other hand, involves the binding of
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cytoplasmic proteins to molecular chaperones, which are then
transported to the lysosomal lumen for degradation by lysosomal
enzymes. CMA selectively targets soluble protein molecules for
degradation, exhibiting some degree of selectivity, but not as much
as in other forms of autophagy (126). Current research has
prioritized investigating the significance of AM autophagy in the
pathogenesis of ALI (12, 125, 127-129). The effects of autophagy on
ALI/ARDS are variable and may be either protective or injurious,
depending on the physiological context (7). The impact of
autophagy on this condition can differ depending on the extent of
lung injury and the equilibrium between pro-inflammatory cellular
death and anti-inflammatory factors (13, 125).

In microautophagy, the cytoplasmic material to be degraded is
directly engulfed by the lysosomal membrane, which invaginates or
protrudes to engulf the substrate. In the physiological process of
chaperone-mediated autophagy, molecular chaperones with substrate
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selectivity recognize and bind to specific motifs present in target
proteins, facilitating their transportation to lysosomes for subsequent
degradation. In macroautophagy, the substrate is engulfed by a
double-membrane structure called the autophagosome, which then
fuses with the lysosome to degrade and recycle the content (12).
The autophagic process in macrophages plays a pivotal role in
mitigating pulmonary inflammation and injury (12). This protective
effect is largely mediated through the suppression of NLRP3
inflammasome activation. The NLRP3 inflammasome, a cytoplasmic
multiprotein complex, serves as a crucial sensor of pathogenic and
stress signals, promoting the maturation and release of pro-
inflammatory cytokines such as IL-1B and IL-18, thereby
contributing to the pathogenesis of diverse inflammatory disorders
(130, 131). By restraining the assembly and activation of NLRP3
inflammasomes, macrophage autophagy effectively attenuates lung
inflammation and tissue damage. Regulation of autophagy in AMs is

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1683411
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yan et al.

intricately linked to the MAPK signaling pathway, which orchestrates
key cellular processes including proliferation, differentiation, and
apoptosis. Dysregulation of MAPK signaling has been implicated in
the development of ALI and ARDS (12). Targeting this pathway has
thus emerged as a promising therapeutic approach. Liu et al. (132)
demonstrated that BML-111, an agonist of the lipoxin A4 receptor,
alleviated ALI by inducing AM autophagy through selective inhibition
of the MAPKI and MAPKS8 pathways. The mTOR pathway also
critically regulates autophagic responses. Activation of mTOR
signaling promotes inflammation and inhibits autophagy, as
evidenced by increased expression of p-mTOR, p62, and Beclin-1, a
reduced LC3-II/LC3-I ratio, and elevated inflammatory mediator levels
following LPS exposure in ALI models (132). Conversely, treatment
with GYY4137, a novel H,S donor, reversed these alterations by
inhibiting mTOR activation, thereby restoring autophagic balance
and ameliorating lung injury. MicroRNAs further modulate
autophagic signaling in AMs. For instance, microRNA-384-5p (miR-
384-5p), delivered via bone marrow mesenchymal stem cell-derived
exosomes, has been shown to regulate autophagy-associated signaling,
leading to reduced expression of Beclin-1, a key regulator of autophagy
initiation (13, 127). The functional role of Beclin-1 is determined by its
interactions with specific autophagy inducers and repressors,
influencing the dynamics of the autophagic process. Additionally,
Wu et al. (128) demonstrated that Sesn2 deficiency suppresses LPS-
induced mitophagy, resulting in increased ROS accumulation,
mitochondrial damage, and pyroptosis in AMs. These findings
suggest that Sesn2 confers protection against ALI by promoting
mitochondrial autophagy and negatively regulating NLRP3
inflammasome activation. Collectively, these studies highlight
macrophage autophagy as a central regulatory mechanism in ALI/
ARDS pathogenesis. Therapeutic strategies that modulate autophagy—
through MAPK or mTOR signaling, microRNA and so on-mediated
regulation, or enhancement of mitochondrial autophagy—represent
promising avenues for restoring pulmonary homeostasis and
mitigating inflammation in acute lung injury.

Nonetheless, it should be noted that the impact of autophagy is not
invariably beneficial, as evidenced by certain animal models in which
macrophage autophagy was shown to exacerbate lung injury (12). For
instance, both in vitro and in vivo experiments have demonstrated that
in the presence of IgG immune complexes (IgGIC), complement
components C5a and the membrane attack complex (MAC)
synergistically promote the release of CXC and CC chemokines,
thereby enhancing neutrophil recruitment and aggravating
pulmonary damage (133). Sun et al. (133) further revealed that
during acute lung injury, C5a induced apoptosis of AMs by binding
to the C5a receptor and downregulating Bcl-2 expression. In a murine
model of intestinal ischemia/reperfusion-induced ALI, activation of
AMs through C5a-C5aR signaling triggered autophagy and apoptosis,
with excessive activation leading to dysregulated LC3-II expression
and disruption of pulmonary homeostasis. Pharmacologic inhibition
of autophagy with 3-methyladenine (3-MA) or genetic silencing of
ATGS effectively reduced macrophage apoptosis and alleviated lung
injury (134), suggesting that C5a-mediated autophagy activation may
exacerbate ALI by promoting macrophage apoptosis.Temporal
analyses in lipopolysaccharide (LPS)-induced ALI indicate distinct
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kinetics of cell death, with autophagy peaking at 2 hours and apoptosis
occurring later at around 6 hours (135). Yang et al. (135) observed
elevated macrophage autophagy and apoptosis in LPS-treated mice
compared to controls, while resveratrol—a SIRT1 activator—
suppressed both autophagy and apoptosis, concomitantly
downregulating C5aR expression. Similarly, Qiu et al. (136) reported
that excessive autophagy in AMs promoted apoptosis in LPS-induced
lung injury, whereas hydrogen-rich saline alleviated inflammation by
modulating macrophage polarization and inhibiting autophagy. In
addition, recent findings indicate that the adaptor protein TRAF6
amplifies inflammatory signaling via NF-xB and MAPK activation
(132); excessive autophagy enhances TRAF6 ubiquitination, further
exacerbating lung injury. Collectively, these studies illustrate that
macrophage autophagy can exert either protective or deleterious
effects depending on its magnitude, timing, and upstream signaling
context. At present, clinical investigations targeting autophagy
modulation in ARDS remain limited. Further preclinical studies are
required to delineate the optimal regulatory window for autophagy
control, establish its long-term safety and efficacy, and develop precise
therapeutic regimens for mitigating inflammation-associated
lung injury.

Newborns, particularly preterm infants, represent a uniquely
vulnerable population due to the structural and functional
immaturity of their lungs. Even mild injury during this critical
developmental window can profoundly impair pulmonary growth
and function. In neonatal lungs, exposure to prenatal and early
postnatal insults—such as infection, inflammation, and oxygen
toxicity—converges to drive acute and chronic lung injury,
ultimately manifesting as bronchopulmonary dysplasia. These
pathological processes are characterized by excessive cytokine
release, heightened protease activity, and persistent infiltration of
innate immune cells, notably neutrophils and monocyte-derived
macrophages (137). Recent neonatal studies employing animal
models have demonstrated that restoration of autophagic flux can
mitigate hyperoxia-induced lung injury (138-141). Mechanistically,
this protection is mediated through several pathways, including
calcitonin gene-related peptide (CGRP) signaling (138), modulation
of the AMPK/mTOR/p53 axis (139), and RPTOR-dependent
mechanisms (140). Conversely, Chen et al. (141) reported that
activation of the TLR9-MyD88 signaling cascade enhanced NF-kB
transcriptional activity, promoting pro-inflammatory cytokine
production and contributing to ventilator-induced lung injury in
neonates. Despite these advances, the spatiotemporal characteristics
and mechanistic roles of AMs autophagy in neonatal ALI/ARDS
remain poorly defined. Future research should focus on elucidating
the functional dynamics of AM autophagy as both a biomarker and
therapeutic target, and on clarifying its pathophysiological relevance
across distinct stages and severities of neonatal lung injury.

7 Prospect
ALI falls under the clinical spectrum of ARDS. ARDS affects

over 190,000 individuals annually in the United States, with
mortality rates ranging from 26% to 58%. Despite improvements
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in supportive care, no pathophysiology-based therapies are
currently available for ARDS. Beyond lung-protective ventilation
and extracorporeal membrane oxygenation (ECMO)—which
primarily support gas exchange and mitigate secondary injury—
there remain no pathogenesis-targeted treatments, highlighting a
significant unmet clinical need (3, 142). AMs play a central role in
driving inflammatory responses and contribute substantially to the
pathogenesis of ARDS. Their sequestration and infiltration into
lung tissue impair gas exchange and worsen alveolar-capillary
membrane disruption. Thus, anti-inflammatory strategies aimed
at limiting AMs activation and tissue accumulation at inflammatory
sites may help reduce associated morbidity and mortality.

The immunomodulatory potential of selective cytopheretic
device (SCD) in ARDS was preliminarily investigated in a porcine
model of acid-induced ALI (Humes HD, Buffington DA,
Transportable renal replacement therapy for battlefield
applications DoD/TARTRC, 2011-2013 [proposal application]).
Briefly, anesthetized and mechanically ventilated pigs received
0.4N HCI via a tracheal catheter. SCDgy treatment in these
animals resulted in reduced pulmonary vascular resistance and
decreased leukocyte infiltration into lung tissue. Moreover, in a
related congestive heart failure model, SCDgy promoted a shift in
macrophage polarization—from a pro-inflammatory M1 phenotype
observed in untreated dogs to a reparative/anti-inflammatory M2
phenotype in SCDRx-treated dogs. The modulation of peritoneal
macrophages further indicated that SCDg, exerts not only organ-
specific effects but also systemic immunomodulation (142). These
findings suggest that SCDg, may alleviate alveolar inflammation
and encourage M2 macrophage polarization, supporting its
potential as a promising therapeutic strategy for ALI/ARDS.

The pathogenesis of ALI/ARDS is intimately linked to the
functional imbalance of AMs—key orchestrators of pulmonary
inflammation and tissue injury. Emerging interventional approaches
targeting macrophage-related processes, such as epigenetic
reprogramming, metabolic pathways, migratory behavior, and
immune regulatory functions, as well as various forms of
programmed cell death, have demonstrated potential in attenuating
uncontrolled inflammation and reducing mortality in pre-clinical
models. Nevertheless, the detailed mechanisms by which
macrophage-driven metabolic shifts—specifically in glucose, lipid,
and amino acid metabolism—integrate with apoptotic, pyroptotic,
ferroptotic, and autophagic signaling pathways to influence ALI/
ARDS progression remain inadequately defined. A deeper
understanding of macrophage phenotypic heterogeneity and
functional plasticity in the alveolar microenvironment is therefore
essential to elucidate their context-dependent roles in lung injury and
repair. Such insights will be critical for establishing a mechanistic basis
upon which novel, target-specific clinical therapies can be developed.

8 Conclusion

The growing recognition among clinicians highlights the pivotal
role of AMs in the response to lung injury, particularly the
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detrimental consequences of excessive and dysregulated
inflammation in ALI/ARDS, and its subsequent impact on
pulmonary function. This review has explored key mechanisms—
including epigenetic and metabolic regulation, cell migration,
immune modulation, and programmed cell death processes in
AMs—to elucidate pathogenic pathways and potential
immunomodulatory strategies for ALI/ARDS treatment.
Nevertheless, the precise molecular mechanisms governing
macrophage behavior, particularly their glycometabolic, lipid
metabolic, and amino acid metabolic reprogramming, as well as
their involvement in apoptosis, pyroptosis, ferroptosis, and
autophagy, remain incompletely defined. Moreover, robust
clinical and preclinical evidence supporting targeted
immunomodulatory interventions remains limited. Therefore,
further dedicated research is essential to clarify the phenotypic
diversity and functional contributions of AMs in ALI/ARDS
pathophysiology, which will ultimately facilitate the development
of precise and effective therapeutic approaches.

Author contributions

MY: Writing - original draft, Funding acquisition. JT: Writing —
review & editing. YL: Writing — review & editing. ZH: Writing -
review & editing.

Funding

The author(s) declare financial support was received for the
research and/or publication of this article. This work was
supported by National Key Research and Development Program
(2021YFC2701702), Scientific and Technological Research Program
of Chongqing Municipal Education Commission (KJQN202512822),
and National Natural Science Foundation of China (82271751
and 82201909).

Conflict of interest

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

Generative Al 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.

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1683411
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yan et al.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

1. Getsy PM, Mayer CA, MacFarlane PM, Jacono FJ, Wilson CG. Acute lung injury
in neonatal rats causes postsynaptic depression in nucleus tractus solitarii second-order
neurons. Resp Physiol Neurobi. (2019) 269:103250. doi: 10.1016/j.resp.2019.103250

2. De Luca D, Van Kaam AH, Tingay DG, Courtney SE, Danhaive O, Carnielli VP,
et al. The Montreux definition of neonatal ARDS: biological and clinical background
behind the description of a new entity. Lancet Resp Med. (2017) 5:657-66. doi: 10.1016/
$2213-2600(17)30214-X

3. Dang W, Tao Y, Xu X, Zhao H, Zou L, Li Y. The role of lung macrophages in acute
respiratory distress syndrome. Inflammation Res. (2022) 71:1417-32. doi: 10.1007/
s00011-022-01645-4

4. Ye C, Li H, Bao M, Zhuo R, Jiang G, Wang W. Alveolar macrophage-derived
exosomes modulate severity and outcome of acute lung injury. Aging (Albany NY).
(2020) 12:6120. doi: 10.18632/aging.103010

5. Hou F, Xiao K, Tang L, Xie L. Diversity of macrophages in lung homeostasis and
diseases. Front Immunol. (2021) 12:753940. doi: 10.3389/fimmu.2021.753940

6. Murphy J, Summer R, Wilson AA, Kotton DN, Fine A. The prolonged life-span of
alveolar macrophages. Am ] Respir Cell Mol Biol. (2008) 38:380-5. doi: 10.1165/
rcmb.2007-0224RC

7. Xia S, GuX, Wang G, Zhong Y, Ma F, Liu Q, et al. Regulated cell death of alveolar
macrophages in acute lung inflammation: current knowledge and perspectives. J
Inflammation Res J. (2024) 17:11419-36. doi: 10.2147/JIR.S497775

8. Cheng P, Li S, Chen H. Macrophages in lung injury, repair, and fibrosis. Cells.
(2021) 10:436. doi: 10.3390/cells10020436

9. Kumar V. Pulmonary innate immune response determines the outcome of
inflammation during pneumonia and sepsis-associated acute lung injury. Front
Immunol. (2020) 11:1722. doi: 10.3389/fimmu.2020.01722

10. Jiang R, Xu J, Zhang Y, Zhu X, Liu J, Tan Y. Ligustrazine alleviate acute lung
injury through suppressing pyroptosis and apoptosis of alveolar macrophages. Front
Pharmacol. (2021) 12:680512. doi: 10.3389/fphar.2021.680512

11. Liu P, Yang S, Shao X, Li C, Wang Z, Dai H, et al. Mesenchymal stem cells-
derived exosomes alleviate acute lung injury by inhibiting alveolar macrophage
pyroptosis. Stem Cell Transl Med. (2024) 13:371-86. doi: 10.1093/stcltm/szad094

12. Liu G, Xiao K, Xie L. Progress in preclinical studies of macrophage autophagy in
the regulation of ALI/ARDS. Front Immunol. (2022) 13:922702. doi: 10.3389/
fimmu.2022.922702

13. Liu X, Gao C, Wang Y, Niu L, Jiang S, Pan S. BMSC-derived exosomes
ameliorate LPS-induced acute lung injury by miR-384-5p-controlled alveolar
macrophage autophagy. Oxid Med Cell Longev. (2021) 2021:9973457. doi: 10.1155/
2021/9973457

14. Zhao ], Andreev I, Silva HM. Resident tissue macrophages: Key coordinators of
tissue homeostasis beyond immunity. Sci Immunol. (2024) 9:eadd1967. doi: 10.1126/
sciimmunol.add1967

15. Hume. DA, Millard SM, Pettit AR. Macrophage heterogeneity in the single-cell
era: facts and artifacts. Blood. (2023) 142:1339-47. doi: 10.1182/blood.2023020597

16. Lazarov T, Juarez-Carreiio S, Cox N, Cox N, Geissmann F. Physiology and
diseases of tissueresident macrophages. Nature. (2023) 618:698-707. doi: 10.1038/
$41586-023-06002-x

17. Sakai M, Troutman TD, Seidman JS, Ouyang Z, Spann NJ, Abe Y, et al. Liver-
derived signals sequentially reprogram myeloid enhancers to initiate and maintain
Kupffer cell identity. Immunity. (2019) 51:655-70. doi: 10.1016/j.immuni.2019.09.002

18. Guan F, Wang R, Yi Z, Luo P, Liu W, Xie Y, et al. Tissue macrophages: origin,
heterogenity, biological functions, diseases and therapeutic targets. Signal Transduction
Tar. (2025) 10:93. doi: 10.1038/s41392-025-02124-y

19. Aegerter H, Lambrecht BN, Jakubzick CV. Biology of lung macrophages in
health and disease. Immunity. (2022) 55:1564-80. doi: 10.1016/j.immuni.2022.08.010

20. Hume PS, Gibbings SL, Jakubzick CV, Tuder RM, Curran-Everett D, Henson
PM, et al. Localization of macrophages in the human lung via design-based stereology.
Am ] Resp Crit Care. (2020) 201:1209-17. doi: 10.1164/rccm.201911-21050C

21. Desch AN, Gibbings SL, Goyal R, Kolde R, Bednarek J, Bruno T, et al. Flow
cytometric analysis of mononuclear phagocytes in nondiseased human lung and lung-
draining lymph nodes. Am ] Resp Crit Care. (2016) 193:614-26. doi: 10.1164/
rcem.201507-13760C

22. Guilliams M, Svedberg FR. Does tissue imprinting restrict macrophage
plasticity? Nat Immunol. (2021) 22:118-27. doi: 10.1038/s41590-020-00849-2

Frontiers in Immunology

10.3389/fimmu.2025.1683411

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.

23. Kulikauskaite J, Wack A. Teaching old dogs new tricks? The plasticity of lung
alveolar macrophage subsets. Trends Immunol. (2020) 41:864-77. doi: 10.1016/
j.it.2020.08.008

24. Chen X, Tang J, Shuai W, Meng ], Feng J, Han Z. Macrophage polarization and
its role in the pathogenesis of acute lung injury/acute respiratory distress syndrome.
Inflammation Res. (2020) 69:883-95. doi: 10.1007/s00011-020-01378-2

25. Biswas SK, Chittezhath M, Shalova IN, Lin JY. Macrophage polarization and plasticity
in health and disease. Immunol Res. (2012) 53:11-24. doi: 10.1007/s12026-012-8291-9

26. Van den Bossche J, Baardman J, Otto NA, van der Velden S, Neele AE, Van den
Berg SM, et al. Mitochondrial dysfunction prevents repolarization of inflammatory
macrophages. Cell Rep. (2016) 17:684-96. doi: 10.1016/j.celrep.2016.09.008

27. Hu Q, Lyon CJ, Fletcher JK, Tang W, Wan M, Hu TY. Extracellular vesicle
activities regulating macrophage-and tissue-mediated injury and repair responses. Acta
Pharm Sin B. (2021) 11:1493-512. doi: 10.1016/j.apsb.2020.12.014

28. Bissonnette EY, Lauzon-Joset JF, Debley JS, Ziegler SF. Cross-talk between
alveolar macrophages and lung epithelial cells is essential to maintain lung homeostasis.
Front Immunol. (2020) 11:583042. doi: 10.3389/fimmu.2020.583042

29. Hussell T, Bell TJ. Alveolar macrophages: plasticity in a tissue-specific context.
Nat Rev Immunol. (2014) 14:81-93. doi: 10.1038/nri3600

30. Murray PJ, Allen JE, Biswas SK, Fisher EA, Gilroy DW, Goerdt S, et al.
Macrophage activation and polarization: nomenclature and experimental guidelines.
Immunity. (2014) 41:14-20. doi: 10.1016/j.immuni.2014.06.008

31. Mills CD, Kincaid K, Alt JM, Heilman MJ. Hill AM. M-1/M-2 macrophages Th1/
Th2 paradigm. ] Immunol. (2000) 164:6166-73. doi: 10.4049/jimmunol.164.12.6166

32. Dekkers KF, Neele AE, Jukema JW, Heijmans BT, de Winther MPJ. Human
monocyte-to-macrophage differentiation involves highly localized gain and loss of
DNA methylation at transcription factor binding sites. Epigenet Chromatin. (2019)
12:1-13. doi: 10.1186/s13072-019-0279-4

33. Gerrick KY, Gerrick ER, Gupta A, Wheelan SJ, Yegnasubramanian S, Jaffee EM.
Transcriptional profiling identifies novel regulators of macrophage polarization. PloS
One. (2018) 13:¢0208602. doi: 10.1371/journal.pone.0208602

34. Jain N, Shahal T, Gabrieli T, Gilat N, Torchinsky D, Michaeli Y, et al. Global
modulation in DNA epigenetics during pro-inflammatory macrophage activation.
Epigenetics. (2019) 14:1183-93. doi: 10.1080/15592294.2019.1638700

35. Li X, Zhang Y, Pei W, Zhang M, Yang H, Zhong M, et al. LncRNA Dnmt3aos
regulates Dnmt3a expression leading to aberrant DNA methylation in macrophage
polarization. FASEB J. (2020) 34:5077-91. doi: 10.1096/1j.201902379R

36. Ghafouri-Fard S, Abak A, Avval ST, Shoorei H, Taheri M, Samadian M. The
impact of non-coding RNAs on macrophage polarization. BioMed Pharmacotherapy.
(2021) 142:112112. doi: 10.1016/j.biopha.2021.112112

37. Ahmad I, Valverde A, Naqvi RA, Naqvi AR. Long non-coding RNAs RN7SK and
GAS5 regulate macrophage polarization and innate immune responses. Front
Immunol. (2020) 11:604981. doi: 10.3389/fimmu.2020.604981

38. Zaki A, Ali MS, Hadda V, Ali SM, Chopra A, Fatma T, et al. (IncRNA): A
potential therapeutic target in acute lung injury. Genes Dis. (2022) 9:1258-68.
doi: 10.1016/j.gendis.2021.07.004

39. Dong R, Zhang B, Tan B, Lin N. Long non-coding RNAs as the regulators and
targets of macrophage M2 polarization. Life Sci. (2021) 266:118895. doi: 10.1016/
j.1fs.2020.118895

40. Simion V, Haemmig S, Feinberg MW. LncRNAs in vascular biology and disease.
Vasc Phamacol. (2019) 114:145-56. doi: 10.1016/j.vph.2018.01.003

41. Ma W, Zhang W, Cui B, Gao J, Liu Q, Yao M, et al. Functional delivery of
IncRNA TUGI by endothelial progenitor cells derived extracellular vesicles confers
anti-inflammatory macrophage polarization in sepsis via impairing miR-9-5p-targeted
SIRT1 inhibition. Cell Death Dis. (2021) 12:1056. doi: 10.1038/s41419-021-04117-5

42. Zong S, Dai W, Guo X, Wang K. LncRNA-SNHG1 promotes macrophage M2-
like polarization and contributes to breast cancer growth and metastasis. Aging (Albany
NY). (2021) 13:23169. doi: 10.18632/aging.203609

43. Mohapatra S, Pioppini C, Ozpolat B, Calin GA. Non-coding RNAs regulation of
macrophage polarization in cancer. Mol Cancer. (2021) 20:1-15. doi: 10.1186/s12943-
021-01313-x

44. Zhou L, Li ], Liao M, Yang M. LncRNA MIR155HG induces M2 macrophage
polarization and drug resistance of colorectal cancer cells by regulating ANXA2. Cancer
Immunol Immun. (2022) 71:1075-91. doi: 10.1007/500262-021-03055-7

frontiersin.org


https://doi.org/10.1016/j.resp.2019.103250
https://doi.org/10.1016/S2213-2600(17)30214-X
https://doi.org/10.1016/S2213-2600(17)30214-X
https://doi.org/10.1007/s00011-022-01645-4
https://doi.org/10.1007/s00011-022-01645-4
https://doi.org/10.18632/aging.103010
https://doi.org/10.3389/fimmu.2021.753940
https://doi.org/10.1165/rcmb.2007-0224RC
https://doi.org/10.1165/rcmb.2007-0224RC
https://doi.org/10.2147/JIR.S497775
https://doi.org/10.3390/cells10020436
https://doi.org/10.3389/fimmu.2020.01722
https://doi.org/10.3389/fphar.2021.680512
https://doi.org/10.1093/stcltm/szad094
https://doi.org/10.3389/fimmu.2022.922702
https://doi.org/10.3389/fimmu.2022.922702
https://doi.org/10.1155/2021/9973457
https://doi.org/10.1155/2021/9973457
https://doi.org/10.1126/sciimmunol.add1967
https://doi.org/10.1126/sciimmunol.add1967
https://doi.org/10.1182/blood.2023020597
https://doi.org/10.1038/s41586-023-06002-x
https://doi.org/10.1038/s41586-023-06002-x
https://doi.org/10.1016/j.immuni.2019.09.002
https://doi.org/10.1038/s41392-025-02124-y
https://doi.org/10.1016/j.immuni.2022.08.010
https://doi.org/10.1164/rccm.201911-2105OC
https://doi.org/10.1164/rccm.201507-1376OC
https://doi.org/10.1164/rccm.201507-1376OC
https://doi.org/10.1038/s41590-020-00849-2
https://doi.org/10.1016/j.it.2020.08.008
https://doi.org/10.1016/j.it.2020.08.008
https://doi.org/10.1007/s00011-020-01378-2
https://doi.org/10.1007/s12026-012-8291-9
https://doi.org/10.1016/j.celrep.2016.09.008
https://doi.org/10.1016/j.apsb.2020.12.014
https://doi.org/10.3389/fimmu.2020.583042
https://doi.org/10.1038/nri3600
https://doi.org/10.1016/j.immuni.2014.06.008
https://doi.org/10.4049/jimmunol.164.12.6166
https://doi.org/10.1186/s13072-019-0279-4
https://doi.org/10.1371/journal.pone.0208602
https://doi.org/10.1080/15592294.2019.1638700
https://doi.org/10.1096/fj.201902379R
https://doi.org/10.1016/j.biopha.2021.112112
https://doi.org/10.3389/fimmu.2020.604981
https://doi.org/10.1016/j.gendis.2021.07.004
https://doi.org/10.1016/j.lfs.2020.118895
https://doi.org/10.1016/j.lfs.2020.118895
https://doi.org/10.1016/j.vph.2018.01.003
https://doi.org/10.1038/s41419-021-04117-5
https://doi.org/10.18632/aging.203609
https://doi.org/10.1186/s12943-021-01313-x
https://doi.org/10.1186/s12943-021-01313-x
https://doi.org/10.1007/s00262-021-03055-7
https://doi.org/10.3389/fimmu.2025.1683411
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yan et al.

45. Ren W, Xi G, Li X, Zhao L, Yang K, Fan X, et al. Long non-coding RNA HCG18
promotes M1 macrophage polarization through regulating the miR-146a/TRAF6 axis,
facilitating the progression of diabetic peripheral neuropathy. Mol Cell Biochem. (2021)
476:471-82. doi: 10.1007/s11010-020-03923-3

46. Qiao X, Ding Y, Wu D, Zhang A, Yin Y, Wang Q, et al. The roles of long
noncoding RNA-mediated macrophage polarization in respiratory diseases. Front
Immunol. (2023) 13:1110774. doi: 10.3389/fimmu.2022.1110774

47. Cui H, Banerjee S, Guo S, Xie N, Ge J, Jiang D, et al. Long noncoding RNA
Malatl regulates differential activation of macrophages and response to lung injury. JCI
Insight. (2019) 4:¢124522. doi: 10.1172/jci.insight.124522

48. Liu F, Hu S, Zhao N, Shao Q, Li Y, Jiang R, et al. LncRNA-5657 silencing
alleviates sepsis-induced lung injury by suppressing the expression of spinster
homology protein 2. Int Immunopharmacol. (2020) 88:106875. doi: 10.1016/
j.intimp.2020.106875

49. Liao H, Zhang S, Qiao J. Silencing of long non-coding RNA MEGS3 alleviates
lipopolysaccharide-induced acute lung injury by acting as a molecular sponge of
microRNA-7b to modulate NLRP3. Aging (Albany NY). (2020) 12:20198.
doi: 10.18632/aging.v12i20

50. Zhu J, Bai J, Wang S, Dong H. Down-regulation of long non-coding RNA
SNHG14 protects against acute lung injury induced by lipopolysaccharide through
microRNA-34c-3p-dependent inhibition of WISP1. Resp Res. (2019) 20:1-13.
doi: 10.1186/s12931-019-1207-7

51. Mu X, Wang H, Li H. Silencing of long noncoding RNA H19 alleviates
pulmonary injury, inflammation, and fibrosis of acute respiratory distress syndrome
through regulating the microRNA-423-5p/FOXAL1 axis. Exp Lung Res. (2021) 47:183-
97. doi: 10.1080/01902148.2021.1887967

52. Hao X, Wei H. LncRNA H19 alleviates sepsis-induced acute lung injury by
regulating the miR-107/TGFBR3 axis. BMC Pulm Med. (2022) 22:1-14. doi: 10.1186/
$12890-022-02091-y

53. Du M, Yuan L, Tan X, Huang D, Wang X, Zheng Z, et al. The LPS-inducible
IncRNA Mirt2 is a negative regulator of inflammation. Nat Commun. (2017) 8:2049.
doi: 10.1038/s41467-017-02229-1

54. Shen Y, Zhao S, Hua M. Long non-coding RNA LINCO01194 promotes the
inflammatory response and apoptosis of lipopolysaccharide-treated MLE-12 cells
through the miR-203a-3p/MIP-2 axis. Can ] Physiol Pharm. (2022) 100:402-11.
doi: 10.1139/cjpp-2021-0255

55. Robinson EK, Worthington A, Poscablo D, Shapleigh B, Salih MM, Halasz H,
et al. LincRNA-Cox2 functions to regulate inflammation in alveolar macrophages
during acute lung injury. J Immunol. (2022) 208:1886-900. doi: 10.4049/
jimmunol.2100743

56. Viola A, Munari F, Sinchez-Rodriguez R, Scolaro T, Castegna A, et al. The
metabolic signature of macrophage responses. Front Immunol. (2019) 10:1462.
doi: 10.3389/fimmu.2019.01462

57. Hard GC. Some biochemical aspects of the immune macrophage. Br | Exp
Pathol. (1970) 51:97.

58. Ma L, Li W, Zhang Y, Qi L, Zhao Q, Li N, et al. FLT4/VEGFR3 activates AMPK
to coordinate glycometabolic reprogramming with autophagy and inflammasome
activation for bacterial elimination. Autophagy. (2022) 18:1385-400. doi: 10.1080/
15548627.2021.1985338

59. Freemerman AJ, Johnson AR, Sacks GN, Milner JJ, Kirk EL, Troester MA, et al.
Metabolic reprogramming of macrophages: glucose transporter 1 (GLUT1)-mediated
glucose metabolism drives a proinflammatory phenotype. J Biol Chem. (2014)
289:7884-96. doi: 10.1074/jbc.M113.522037

60. Michl J, Ohlbaum DJ, Silverstein SC. 2-Deoxyglucose selectively inhibits Fc and
complement receptor-mediated phagocytosis in mouse peritoneal macrophages. I.
Description inhibitory effect. ] Exp Med. (1976) 144:1465-83. doi: 10.1084/
jem.144.6.1465

61. Pavlou S, Wang L, Xu H, Chen M. Higher phagocytic activity of
thioglycollateelicited peritoneal macrophages is related to metabolic status of the
cells. J Inflamm. (2017) 14:4. doi: 10.1186/512950-017-0151-x

62. van Uden P, Kenneth NS, Rocha S. Regulation of hypoxia-inducible factor-1a by
NF-kB. Biochem J. (2008) 412:477-84. doi: 10.1042/BJ20080476

63. Arranz A, Doxaki C, Vergadi E, Tsatsanis C. Aktl and Akt2 protein kinases
differentially contribute to macrophage polarization. Proc Natl Acad Sci. (2012)
109:9517-22. doi: 10.1073/pnas.1119038109

64. Cheng SC, Quintin J, Cramer RA, Shepardson KM, Saeed S, Kumar V, et al.
mTOR-and HIF-la-mediated aerobic glycolysis as metabolic basis for trained
immunity. Science. (2014) 345:1250684. doi: 10.1126/science.1250684

65. Huang SCC, Smith AM, Everts B, Colonna M, Pearce EL, Schilling JD, et al.
Metabolic reprogramming mediated by the mTORC2-IRF4 signaling axis is essential
for macrophage alternative activation. Immunity. (2016) 45:817-30. doi: 10.1016/
jimmuni.2016.09.016

66. Tan Z, Xie N, Cui H, Moellering DR, Abraham E, Thannickal VJ, et al. Pyruvate
dehydrogenase kinase 1 participates in macrophage polarization via regulating glucose
metabolism. J Immunol. (2015) 194:6082-9. doi: 10.4049/jimmunol.1402469

67. Wang F, Zhang S, Vuckovic I, Jeon R, Lerman A, Folmes CD, et al. Glycolytic
stimulation is not a requirement for M2 macrophage differentiation. Cell Metab. (2018)
28:463-75. doi: 10.1016/j.cmet.2018.08.012

Frontiers in Immunology

21

10.3389/fimmu.2025.1683411

68. Remmerie A, Scott. Macrophages CL. and lipid metabolism. Cell Immunol.
(2018) 330:27-42. doi: 10.1016/j.cellimm.2018.01.020

69. Gautier EL, Chow A, Spanbroek R, Marcelin G, Greter M, Jakubzick C, et al.
Systemic analysis of PPARg in mouse macrophage populations reveals marked
diversity in expression with critical roles in resolution of inflammation and airway
immunity. J Immunol. (2012) 189:2614-24. doi: 10.4049/jimmunol.1200495

70. Schneider C, Nobs SP, Kurrer M, Rehrauer H, Thiele C, Kopf M. Induction of
the nuclear receptor PPAR-y by the cytokine GM-CSF is critical for the differentiation
of fetal monocytes into alveolar macrophages. Nat Immunol. (2014) 15:1026-37.
doi: 10.1038/ni.3005

71. Travelli C, Colombo G, Mola S, Genazzani AA, Porta C. NAMPT: A pleiotropic
modulator of monocytes and macrophages. Pharmacol Res. (2018) 135:25-36.
doi: 10.1016/j.phrs.2018.06.022

72. Xiang S, Ye Y, Yang Q, Xu H, Shen C, Ma M, et al. RvD1 accelerates the
resolution of inflammation by promoting apoptosis of the recruited macrophages via
the ALX/FasL-FasR/caspase-3 signaling pathway. Cell Death Discovery. (2021) 7:339.
doi: 10.1038/s41420-021-00708-5

73. Kulle A, Li Z, Kwak A, Thanabalasuriar A. Alveolar macrophage function is
impaired following inhalation of berry e-cigarette vapor. Proc Natl Acad Sci. (2024) 121:
€2406294121. doi: 10.1073/pnas.2406294121

74. Jaffal K, Six S, Zerimech F, Nseir S. Relationship between hyperoxemia and
ventilator associated pneumonia. Ann Transl Med. (2017) 5:453. doi: 10.21037/
atm.2017.10.15

75. Tsai CF, Chen GSW, Chen YC, Shen CK, Lu DY, Yang LY, et al. Regulatory
effects of quercetin on M1/M2 macrophage polarization and oxidative/antioxidative
balance. Nutrients. (2021) 14:67. doi: 10.3390/nu14010067

76. Lugg ST, Scott A, Parekh D, Naidu B, Thickett DR. Cigarette smoke exposure
and alveolar macrophages: mechanisms for lung disease. Thorax. (2022) 77:94-101.
doi: 10.1136/thoraxjnl-2020-216296

77. Roquilly A, Jacqueline C, Davieau M, Mollé A, Sadek A, Fourgeux C, et al.
Alveolar macrophages are epigenetically altered after inflammation, leading to long-
term lung immunoparalysis. Nat Immunol. (2020) 21:636-48. doi: 10.1038/s41590-
020-0673-x

78. Vijay K. Toll-like receptors in immunity and inflammatory diseases: Past,
present, and future. Int Immunopharmacol. (2018) 59:391-412. doi: 10.1016/
j.intimp.2018.03.002

79. Hoving JC, Wilson GJ, Brown GD. Signalling C-type lectin receptors, microbial
recognition and immunity. Cell Microbiol. (2014) 16:185-94. doi: 10.1111/cmi.12249

80. Kumar V, Chhibber S. Acute lung inflammation in Klebsiella pneumoniae
B5055-induced pneumonia and sepsis in BALB/c mice: a comparative study.
Inflammation. (2011) 34:452-62. doi: 10.1007/s10753-010-9253-9

81. Guirgis FW, Khadpe JD, Kuntz GM, Wears RL, Kalynych CJ, Jones AE.
Persistent organ dysfunction after severe sepsis: a systematic review. J Crit Care.
(2014) 29:320-6. doi: 10.1016/j.jcrc.2013.10.020

82. Hu G, Christman JW. Alveolar macrophages in lung inflammation and
resolution. Front Immunol. (2019) 10:2275. doi: 10.3389/fimmu.2019.02275

83. Johnson P, Arif AA, Lee-Sayer SSM, Dong Y. Hyaluronan and its interactions
with immune cells in the healthy and inflamed lung. Front Immunol. (2018) 9:2787.
doi: 10.3389/fimmu.2018.02787

84. Thompson BT, Chambers RC, Liu KD. Acute respiratory distress syndrome. N
Engl ] Med. (2017) 377:562-72. doi: 10.1056/NEJMra1608077

85. Bienenstock J. The lung as an immunologic organ. Ann Rev Med. (1984) 35:49-
62. doi: 10.1146/annurev.me.35.020184.000405

86. Armstrong L, Medford AR, Uppington KM, Robertson ], Witherden IR, Tetley
TD, et al. Expression of functional tolllike receptor-2 and -4 on alveolar epithelial cells.
Am ] Respir Cell Mol Biol. (2004) 31:241-5. doi: 10.1165/rcmb.2004-00780C

87. Wu TT, Chen TL, Loon WS, Tai YT, Cherng YG, Chen RM. Lipopolysaccharide
stimulates syntheses of toll-like receptor 2 and surfactant protein-A in human alveolar
epithelial A549 cells through upregulating phosphorylation of MEK1 and ERK1/2 and
sequential activation of NF-kB. Cytokine. (2011) 55:40-7. doi: 10.1016/
j.cyt0.2011.03.005

88. Ding H, Yang J, Chen L, Li Y, Jiang G, Fan J. Memantine alleviates acute lung
injury via inhibiting macrophage pyroptosis. Shock: Injury Inflammation Sepsis: Lab
Clin Approaches. (2021) 56:1040-8. doi: 10.1097/SHK.0000000000001790

89. Sauler M, Bazan IS, Lee P]. Cell death in the lung: the apoptosis—necroptosis axis.
Annu Rev Physiol. (2019) 81:375-402. doi: 10.1146/annurev-physiol-020518-114320

90. Wei X, YiX, LiuJ, Sui X, Li L, Li M, et al. Circ-phkb promotes cell apoptosis and
inflammation in LPS-induced alveolar macrophages via the TLR4/MyD88/NF-kB/
CCL2 axis. Respir Res. (2024) 25:62. doi: 10.1186/s12931-024-02677-6

91. LiB, Zhang H, Zeng M, He W, Li M, Huang X, et al. Bone marrow mesenchymal
stem cells protect alveolar macrophages from lipopolysaccharide-induced apoptosis
partially by inhibiting the Wnt/b-catenin pathway. Cell Biol Int. (2015) 39:192-200.
doi: 10.1002/cbin.10359

92. Fuchs Y, Steller H. Programmed cell death in animal development and disease.
Cell. (2011) 147:742-58. doi: 10.1016/j.cell.2011.10.033

93. Hildebrand JM, Tanzer MC, Lucet IS, Young SN, Spall SK, Sharma P, et al.
Activation of the pseudokinase MLKL unleashes the four-helix bundle domain to

frontiersin.org


https://doi.org/10.1007/s11010-020-03923-3
https://doi.org/10.3389/fimmu.2022.1110774
https://doi.org/10.1172/jci.insight.124522
https://doi.org/10.1016/j.intimp.2020.106875
https://doi.org/10.1016/j.intimp.2020.106875
https://doi.org/10.18632/aging.v12i20
https://doi.org/10.1186/s12931-019-1207-7
https://doi.org/10.1080/01902148.2021.1887967
https://doi.org/10.1186/s12890-022-02091-y
https://doi.org/10.1186/s12890-022-02091-y
https://doi.org/10.1038/s41467-017-02229-1
https://doi.org/10.1139/cjpp-2021-0255
https://doi.org/10.4049/jimmunol.2100743
https://doi.org/10.4049/jimmunol.2100743
https://doi.org/10.3389/fimmu.2019.01462
https://doi.org/10.1080/15548627.2021.1985338
https://doi.org/10.1080/15548627.2021.1985338
https://doi.org/10.1074/jbc.M113.522037
https://doi.org/10.1084/jem.144.6.1465
https://doi.org/10.1084/jem.144.6.1465
https://doi.org/10.1186/s12950-017-0151-x
https://doi.org/10.1042/BJ20080476
https://doi.org/10.1073/pnas.1119038109
https://doi.org/10.1126/science.1250684
https://doi.org/10.1016/j.immuni.2016.09.016
https://doi.org/10.1016/j.immuni.2016.09.016
https://doi.org/10.4049/jimmunol.1402469
https://doi.org/10.1016/j.cmet.2018.08.012
https://doi.org/10.1016/j.cellimm.2018.01.020
https://doi.org/10.4049/jimmunol.1200495
https://doi.org/10.1038/ni.3005
https://doi.org/10.1016/j.phrs.2018.06.022
https://doi.org/10.1038/s41420-021-00708-5
https://doi.org/10.1073/pnas.2406294121
https://doi.org/10.21037/atm.2017.10.15
https://doi.org/10.21037/atm.2017.10.15
https://doi.org/10.3390/nu14010067
https://doi.org/10.1136/thoraxjnl-2020-216296
https://doi.org/10.1038/s41590-020-0673-x
https://doi.org/10.1038/s41590-020-0673-x
https://doi.org/10.1016/j.intimp.2018.03.002
https://doi.org/10.1016/j.intimp.2018.03.002
https://doi.org/10.1111/cmi.12249
https://doi.org/10.1007/s10753-010-9253-9
https://doi.org/10.1016/j.jcrc.2013.10.020
https://doi.org/10.3389/fimmu.2019.02275
https://doi.org/10.3389/fimmu.2018.02787
https://doi.org/10.1056/NEJMra1608077
https://doi.org/10.1146/annurev.me.35.020184.000405
https://doi.org/10.1165/rcmb.2004-0078OC
https://doi.org/10.1016/j.cyto.2011.03.005
https://doi.org/10.1016/j.cyto.2011.03.005
https://doi.org/10.1097/SHK.0000000000001790
https://doi.org/10.1146/annurev-physiol-020518-114320
https://doi.org/10.1186/s12931-024-02677-6
https://doi.org/10.1002/cbin.10359
https://doi.org/10.1016/j.cell.2011.10.033
https://doi.org/10.3389/fimmu.2025.1683411
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yan et al.

induce membrane localization and necroptotic cell death. PNAS. (2014) 111:15072-7.
doi: 10.1073/pnas.1408987111

94. Wang J, Li X, Wang Y, Li Y, Shi F, Diao H. Osteopontin aggravates acute lung
injury in influenza virus infection by promoting macrophages necroptosis. Cell Death
Discovery. (2022) 8:97. doi: 10.1038/s41420-022-00904-x

95. Gong YN, Guy C, Olauson H, Becker JU, Yang M, Fitzgerald P, et al. ESCRT-III
acts downstream of MLKL to regulate necroptotic cell death and its consequences. Cell.
(2017) 169:286-300. doi: 10.1016/j.cell.2017.03.020

96. Chen H,Li Y, Wu]J, Li G, Tao X, Lai K, et al. RIPK3 collaborates with GSDMD to
drive tissue injury in lethal polymicrobial sepsis. Cell Death Differ. (2020) 27:2568-85.
doi: 10.1038/s41418-020-0524-1

97. Xu W, Huang X, Li W, Qian G, Zhou B, Wang X, et al. Carbon monoxide
ameliorates lipopolysaccharideinduced acute lung injury via inhibition of alveolar
macrophage pyroptosis. Exp Anim. (2023) 72:77-87. doi: 10.1538/expanim.22-0023

98. Han Z, Ma J, Han Y, Yuan G, Jiao R, Meng A. Irisin attenuates acute lung injury
by suppressing the pyroptosis of alveolar macrophages. Int J Mol Med. (2023) 51:32.
doi: 10.3892/ijmm.2023.5235

99. Jia A, Wang Y, Zhou R, Han L. USP48 promotes NLRP3-dependent pyroptosis
of alveolar macrophages to exacerbate sepsis-induced acute lung injury. Int
Immunopharmacol. (2025) 162:115140. doi: 10.1016/j.intimp.2025.115140

100. Jiang L, Ye C, Huang Y, Hu Z, Wei G. Targeting the TRAF3-ULK1-NLRP3
regulatory axis to control alveolar macrophage pyroptosis in acute lung injury: TRAF3-
mediated NLRP3 in ALIL Acta Biochim Biophys Sin. (2024) 56:789. doi: 10.3724/
abbs.2024035

101. Liu F, Yang Y, Peng W, Zhao N, Chen ], Xu Z, et al. Mitophagy-promoting
miR-138-5p promoter demethylation inhibits pyroptosis in sepsis-associated acute
lung injury. Inflammation Res. (2023) 72:329-46. doi: 10.1007/s00011-022-01675-y

102. Wang C, Liu N. Bibliometric analysis of pyroptosis in pathogenesis and
treatment of acute lung injury. Front Med. (2025) 11:1488796. doi: 10.3389/
fmed.2024.1488796

103. Yang Y, Wang Y, Guo L, Gao W, Tang TL, Yan M. Interaction between
macrophages and ferroptosis. Cell Death Dis. (2022) 13:355. doi: 10.1038/s41419-022-
04775-2

104. Handa P, Thomas S, Morgan-Stevenson V, Maliken BD, Gochanour E,
Boukhar S, et al. Iron alters macrophage polarization status and leads to
steatohepatitis and fibrogenesis. ] Leukocyte Biol. (2019) 105:1015-26. doi: 10.1002/
JLB.3A0318-108R

105. Weiland A, Wang Y, Wu W, Lan X, Han X, Li Q, et al. Ferroptosis and its role
in diverse brain diseases. Mol Neurobiol. (2019) 56:4880-93. doi: 10.1007/s12035-018-
1403-3

106. Kao JK, Wang SC, Ho LW, Huang SW, Lee CH, Lee MS, et al. M2-like
polarization of THP-1 monocytederived macrophages under chronic iron overload.
Ann Hematol. (2020) 99:431-41. doi: 10.1007/s00277-020-03916-8

107. Marques L, Negre-Salvayre A, Costa L, Canonne-Hergaux F. Iron gene
expression profile in atherogenic Mox macrophages. Bbba-Mol Basis Dis. (2016)
1862:1137-46. doi: 10.1016/j.bbadis.2016.03.004

108. Luo X, Gong HB, Gao HY, Wu YP, Sun WY, Li ZQ, et al. Oxygenated
phosphatidylethanolamine navigates phagocytosis of ferroptotic cells by interacting
with TLR2. Cell Death Differ. (2021) 28:1971-89. doi: 10.1038/s41418-020-00719-2

109. Shen D, Wu W, LiuJ, Lan T, Xiao Z, Gai K, et al. Ferroptosis in oligodendrocyte
progenitor cells mediates white matter injury after hemorrhagic stroke. Cell Death Dis.
(2022) 13:259. doi: 10.1038/s41419-022-04712-0

110. Zhao Y, Liu Y, Xu Y, Li K, Zhou L, Qiao H, et al. The role of Ferroptosis in
blood-brain barrier injury. Cell Mol Neurobiol. (2022) 43:223-36. doi: 10.1007/s10571-
022-01197-5

111. Lei G, Zhuang L, Gan B. Targeting ferroptosis as a vulnerability in cancer. Nat
Rev Cancer. (2022) 22:381-96. doi: 10.1038/s41568-022-00459-0

112. Zhang C, Liu X, Jin S, Chen Y, Guo R. Ferroptosis in cancer therapy: a novel
approach to reversing drug resistance. Mol Cancer. (2022) 21:47. doi: 10.1186/s12943-
022-01530-y

113. Su Y, Zhao B, Zhou L, Zhang Z, Shen Y, Lv H, et al. Ferroptosis, a novel
pharmacological mechanism of anti-cancer drugs. Cancer Lett. (2020) 483:127-36.
doi: 10.1016/j.canlet.2020.02.015

114. Li Y, Cao Y, Xiao J, Shang J, Tan Q, Ping F, et al. Inhibitor of apoptosis-
stimulating protein of p53 inhibits ferroptosis and alleviates intestinal ischemia/
reperfusion-induced acute lung injury. Cell Death Differ. (2020) 27:2635-50.
doi: 10.1038/s41418-020-0528-x

115. Li W, Li W, Leng Y, Xiong Y, Xia Z. Ferroptosis is involved in diabetes
myocardial ischemia/reperfusion injury through endoplasmic reticulum stress. DNA
Cell Biol. (2020) 39:210-25. doi: 10.1089/dna.2019.5097

116. He R, Liu B, Xiong R, Geng B, Meng H, Lin W, et al. Itaconate inhibits
ferroptosis of macrophage via Nrf2 pathways against sepsis-induced acute lung injury.
Cell Death Dis. (2022) 8:43. doi: 10.1038/s41420-021-00807-3

117. Yao M, Liu Z, Wei Z, Zhao W, Song S, Huang X, et al. Ferroptosis: a key driver
and therapeutic target in the pathogenesis of acute respiratory distress syndrome. Front
Immunol. (2025) 16:1567980. doi: 10.3389/fimmu.2025.1567980

Frontiers in Immunology

10.3389/fimmu.2025.1683411

118. Liu P, Feng Y, Li H, Chen X, Wang G, Xu S, et al. Ferrostatin-1 alleviates
lipopolysaccharide-induced acute lung injury via inhibiting ferroptosis. Cell Mol Biol
Lett. (2020) 25:1-14. doi: 10.1186/s11658-020-00205-0

119. Li X, Zhuang X, Qiao T. Role of ferroptosis in the process of acute
radiationinduced lung injury in mice. Biochem Bioph Res Co. (2019) 519:240-5.
doi: 10.1016/j.bbrc.2019.08.165

120. QiuY, Wan B, Liu G, Wu Y, Chen D, Lu M, et al. Nrf2 protects against seawater
drowning-induced acute lung injury via inhibiting ferroptosis. Resp Res. (2020) 21:1-
16. doi: 10.1186/s12931-020-01500-2

121. Wang W, Zhu L, Li H, Ren W, Zhuo R, Feng C, et al. Alveolar macrophage-
derived exosomal tRF-22-8BWS7K092 activates Hippo signaling pathway to induce
ferroptosis in acute lung injury. Int Immunopharmacol. (2022) 107:108690.
doi: 10.1016/j.intimp.2022.108690

122. Zeng T, Zhou Y, Yu Y, Wang J, Wu Y, Wang X, et al. rmMANF prevents
sepsis-associated lung injury via inhibiting endoplasmic reticulum stress-induced
ferroptosis in mice. Int Immunopharmacol. (2023) 114:109608. doi: 10.1016/
j.intimp.2022.109608

123. Ye R, Wei Y, Li ], Zhong Y, Chen X, Li C. Plasma-derived extracellular vesicles
prime alveolar macrophages for autophagy and ferroptosis in sepsis-induced acute lung
injury. Mol Med. (2025) 31:40. doi: 10.1186/s10020-025-01111-x

124. Liang ], Liu Z, He Y, Li H, Wu W. Methyltransferase ZC3H13 regulates
ferroptosis of alveolar macrophages in sepsis-associated acute lung injury via PRDX6/
p53/SLC7A11 axis. Funct Integr Genomic. (2025) 25:1-15. doi: 10.1007/s10142-025-
01659-1

125. Mo Y, Lou Y, Zhang A, Zhang J, Zhu C, Zheng B, et al. PICK1 deficiency
induces autophagy dysfunction via lysosomal impairment and amplifies sepsis-induced
acute lung injury. Mediat Inflammation. (2018) 2018:6757368. doi: 10.1155/2018/
6757368

126. Barnes PJ, Baker J, Donnell LE. Autophagy in asthma and chronic obstructive
pulmonary disease. Clin Sci. (2022) 136:733-46. doi: 10.1042/CS20210900

127. Barnes PJ, Baker ], Donnell LE. Autophagy in asthma and chronic obstructive
pulmonary disease. Clin Sci. (2022) 136:733-46. doi: 10.1042/CS20210900

128. Wu D, Zhang H, Wu Q, Li F, Wang Y, Liu §, et al. Sestrin 2 protects against
LPS-induced acute lung injury by inducing mitophagy in alveolar macrophages. Life
Sci. (2021) 267:118941. doi: 10.1016/j.15.2020.118941

129. Chen Y, Zhang H, Li F, Wang X. Inhibition of CX3C receptor 1-mediated
autophagy in macrophages alleviates pulmonary fibrosis in hyperoxic lung injury. Life
Sci. (2020) 259:118286. doi: 10.1016/j.1f5.2020.118286

130. Kelley N, Jeltema D, Duan Y, He Y. The NLRP3 inflammasome: an overview of
mechanisms of activation and regulation. Int ] Mol Sci. (2019) 20:3328. doi: 10.3390/
1jms20133328

131. Paik S, Kim JK, Silwal P, Sasakawa C, Jo EK. An update on the regulatory
mechanisms of NLRP3 inflammasome activation. Cell Mol Immunol. (2021) 18:1141~
60. doi: 10.1038/s41423-021-00670-3

132. Liu H, Zhou K, Liao L, Zhang T, Yang M, Sun C. Lipoxin A4 receptor agonist
BML-111 induces autophagy in alveolar macrophages and protects from acute lung
injury by activating MAPK signaling. Resp Res. (2018) 19:1-11. doi: 10.1186/s12931-
018-0937-2

133. Sun L, Guo RF, Gao H, Sarma JV, Zetoune FS, Ward PA. Attenuation of IgG
immune complex-induced acute lung injury by silencing C5aR in lung epithelial cells.
FASEB J. (2009) 23:3808. doi: 10.1096/1j.09-133694

134. Hu R, Chen ZF, Yan ], Li QF, Huang Y, Xu H, et al. Complement C5a
exacerbates acute lung injury induced through autophagy-mediated alveolar
macrophage apoptosis. Cell Death Dis. (2014) 5:¢1330-0. doi: 10.1038/cddis.2014.274

135. Yang L, Zhang Z, Zhuo Y, Cui L, Li C, Li D, et al. Resveratrol alleviates sepsis-
induced acute lung injury by suppressing inflammation and apoptosis of alveolar
macrophage cells. Am ] Transl Res. (2018) 10:1961.

136. Qiu P, Liu Y, Chen K, Dong Y, Liu S, Zhang J. Hydrogen-rich saline regulates
the polarization and apoptosis of alveolar macrophages and attenuates lung injury via
suppression of autophagy in septic rats. Ann Translat Med. (2021) 9:974. doi: 10.21037/
atm-21-2489

137. Heydarian M, Schulz C, Stoeger T, Hilgendorft A. Association of immune cell
recruitment and BPD development. Mol Cell Pediatr. (2022) 9:16. doi: 10.1186/s40348-
022-00148-w

138. Zou ZZ, Wang SH, Huang YL, Feng W. Calcitonin gene-related peptides
protect against oxidative stress-induced lung injury via increasing autophagy in
neonatal rats. Sheng li xue bao: [Acta physiologica Sinica]. (2022) 74:548-54.
doi: 10.13294/j.aps.2022.0057

139. Wang S, Zou Z, Tang Z. AMPK/MTOR/TP53 signaling pathway regulation by
calcitonin gene-related peptide reduces oxygen-induced lung damage in neonatal rats
through autophagy promotion. Inflammation. (2024) 47:1083-108. doi: 10.1007/
§10753-023-01963-7

140. Sureshbabu A, Syed M, Das P, Janér C, Pryhuber G, Rahman A, et al. Inhibition
of regulatory-associated protein of mechanistic target of rapamycin prevents
hyperoxia-induced lung injury by enhancing autophagy and reducing apoptosis
in neonatal mice. Am ] Resp Cell Mol. (2016) 55:722-35. doi: 10.1165/rcmb.2015-
03490C

frontiersin.org


https://doi.org/10.1073/pnas.1408987111
https://doi.org/10.1038/s41420-022-00904-x
https://doi.org/10.1016/j.cell.2017.03.020
https://doi.org/10.1038/s41418-020-0524-1
https://doi.org/10.1538/expanim.22-0023
https://doi.org/10.3892/ijmm.2023.5235
https://doi.org/10.1016/j.intimp.2025.115140
https://doi.org/10.3724/abbs.2024035
https://doi.org/10.3724/abbs.2024035
https://doi.org/10.1007/s00011-022-01675-y
https://doi.org/10.3389/fmed.2024.1488796
https://doi.org/10.3389/fmed.2024.1488796
https://doi.org/10.1038/s41419-022-04775-z
https://doi.org/10.1038/s41419-022-04775-z
https://doi.org/10.1002/JLB.3A0318-108R
https://doi.org/10.1002/JLB.3A0318-108R
https://doi.org/10.1007/s12035-018-1403-3
https://doi.org/10.1007/s12035-018-1403-3
https://doi.org/10.1007/s00277-020-03916-8
https://doi.org/10.1016/j.bbadis.2016.03.004
https://doi.org/10.1038/s41418-020-00719-2
https://doi.org/10.1038/s41419-022-04712-0
https://doi.org/10.1007/s10571-022-01197-5
https://doi.org/10.1007/s10571-022-01197-5
https://doi.org/10.1038/s41568-022-00459-0
https://doi.org/10.1186/s12943-022-01530-y
https://doi.org/10.1186/s12943-022-01530-y
https://doi.org/10.1016/j.canlet.2020.02.015
https://doi.org/10.1038/s41418-020-0528-x
https://doi.org/10.1089/dna.2019.5097
https://doi.org/10.1038/s41420-021-00807-3
https://doi.org/10.3389/fimmu.2025.1567980
https://doi.org/10.1186/s11658-020-00205-0
https://doi.org/10.1016/j.bbrc.2019.08.165
https://doi.org/10.1186/s12931-020-01500-2
https://doi.org/10.1016/j.intimp.2022.108690
https://doi.org/10.1016/j.intimp.2022.109608
https://doi.org/10.1016/j.intimp.2022.109608
https://doi.org/10.1186/s10020-025-01111-x
https://doi.org/10.1007/s10142-025-01659-1
https://doi.org/10.1007/s10142-025-01659-1
https://doi.org/10.1155/2018/6757368
https://doi.org/10.1155/2018/6757368
https://doi.org/10.1042/CS20210900
https://doi.org/10.1042/CS20210900
https://doi.org/10.1016/j.lfs.2020.118941
https://doi.org/10.1016/j.lfs.2020.118286
https://doi.org/10.3390/ijms20133328
https://doi.org/10.3390/ijms20133328
https://doi.org/10.1038/s41423-021-00670-3
https://doi.org/10.1186/s12931-018-0937-2
https://doi.org/10.1186/s12931-018-0937-2
https://doi.org/10.1096/fj.09-133694
https://doi.org/10.1038/cddis.2014.274
https://doi.org/10.21037/atm-21-2489
https://doi.org/10.21037/atm-21-2489
https://doi.org/10.1186/s40348-022-00148-w
https://doi.org/10.1186/s40348-022-00148-w
https://doi.org/10.13294/j.aps.2022.0057
https://doi.org/10.1007/s10753-023-01963-7
https://doi.org/10.1007/s10753-023-01963-7
https://doi.org/10.1165/rcmb.2015-0349OC
https://doi.org/10.1165/rcmb.2015-0349OC
https://doi.org/10.3389/fimmu.2025.1683411
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yan et al. 10.3389/fimmu.2025.1683411

141. ChenJ, Li D, Huang Z, Zheng C, Lin Q, Feng N, et al. Role of mitophagy-based 142. Pino CJ, Westover AJ, Johnston KA, Buffington DA, Humes HD. Regenerative
TLR9 signal pathway in neonatal ventilator-induced lung injury. Cell Mol Biol. (2022) medicine and immunomodulatory therapy: insights from the kidney, heart, brain, and
68:103-10. doi: 10.14715/cmb/2022.68.5.14 lung. Kidney Int Rep. (2018) 3:771-83. doi: 10.1016/j.ekir.2017.12.012

Frontiers in Immunology 23 frontiersin.org


https://doi.org/10.14715/cmb/2022.68.5.14
https://doi.org/10.1016/j.ekir.2017.12.012
https://doi.org/10.3389/fimmu.2025.1683411
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Progress of alveolar macrophages in biological function and acute lung injury/acute respiratory distress syndrome
	1 Introduction
	2 Origin of alveolar macrophages
	3 Macrophage polarization and cytokines
	3.1 Epigenetics regulates macrophage polarization
	3.2 Immunometabolism regulates macrophage polarization
	3.2.1 Glycometabolism
	3.2.2 Lipid metabolism
	3.2.3 Amino acid metabolism


	4 Macrophage migration
	5 Immune function of macrophages
	6 Cell death
	6.1 Apoptosis
	6.2 Necrosis and necrotic apoptosis
	6.3 Pyroptosis
	6.4 Effect of ferroptosis on macrophages
	6.5 Autophagy

	7 Prospect
	8 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


