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From “metabolic storm”

to “immune paralysis”:

the dynamic evolution of
macrophages and metabolism
reprogramming in ARDS

Jia Tang', Mi Yan', Mengchun Li*, Zhangxue Hu*
and Kun Zhou*

Department of Pediatrics, Daping Hospital, Army Medical University, Chongging, China

Sepsis is characterized by high mortality and a complicated pathological
mechanism. Macrophages play a crucial role in the initiation and progression of
sepsis-associated acute respiratory distress syndrome (ARDS). Macrophage
functional states and polarization phenotype have been signi cantly in uenced
by metabolic programming. This review delineates the metabolic reprogramming
of macrophages from the initial ‘metabolic storm’ to subsequent ‘immune
paralysis’ in sepsis-associated ARDS. It focuses on the interplay between
macrophage polarization (classical activated macrophages (M1) and alternative
activated macrophages (M2) phenotypes) and key metabolic pathways, including
glycolysis and oxidative phosphorylation (OXPHOS). Furthermore, it explains the
molecular mechanism underlying the metabolic pattern’s in uence on
macrophage and lung tissue damage. The nal section of this review focuses on
the therapeutic implications of bone marrow mesenchymal stem cells (BMMSCs)
and myeloid-derived suppressor cells (MDSCs), which alter macrophage metabolic
reprogramming. Based on the latest progress, this article aims to provide a
comprehensive theoretical framework and cli Based on recent advances, nical
guidance for immunometabolic therapy in sepsis-associated ARDS.

KEYWORDS
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1 Introduction

Sepsis is a life-threatening syndromic entity with a critical constellation of signs and
symptoms (1, 2). Sepsis results from a dysregulated host response to infection. It typically
begins with an initial hyperin ammatory phase (systemic in ammatory response
syndrome, SIRS), characterized by excessive pro-in ammatory cytokine release (2, 3).
This can subsequently transition to a compensatory anti-in ammatory phase, leading to
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immunosuppression. ARDS caused by sepsis has a multi-faceted
pathophysiology involving immune dysregulation, endothelial and
alveolar epithelial damage, and altered metabolism, all of which
compromise pulmonary function (3, 4).

Macrophages, as a central aspect of sepsis and ARDS
immunopathology, are innate immune cells that activate an
in ammatory response while simultaneously contributing to its
suppression due to their plasticity and polarization states (5).
Macrophages are classically polarized into M1 and M2 phenotypes,
with proin ammatory and microbicidal properties in the former and
anti-in ammatory and tissue-repair functions in the latter (5). ARDS
disrupts explicitly the balance between M1 polarization support and
M2 polarization, leading to metabolic acidosis and tissue damage in
the alveoli through in ammation, and ultimately, to M2 polarization,
which is associated with resolution and tissue recovery (6).

Metabolic reprogramming—a shift in cellular metabolic states—is
intrinsically linked to macrophage polarization and function (7, 8).
This includes glycolysis, OXPHOS, fatty acid oxidation (FAO), and
amino acid metabolism pathways, which are associated with a
proin ammatory phenotype and effector functions in distinct ways
(9, 10). The Warburg effect, which links aerobic glycolysis with energy
demands and proin ammatory mediator production in M1
macrophages, contrasts with OXPHOS and FAO, used to sustain
anti-in ammatory functions in M2 macrophages. Metabolic
reprogramming of pulmonary macrophages is a key factor that
integrates bioenergetics and immune responses, in uencing the
progression of sepsis-induced ARDS (11, 12), which is regulated by
signaling pathways and epigenetic mechanisms. Hypoxia-inducible
factor (HIF-1a), a major regulator of cellular adaptation during
hypoxia and metabolic stress, is involved in enhancing glycolysis and
M1 macrophage polarization, which exacerbates lung in ammation
(10). Other key signaling pathways include sirtuin 6 (SIRT6), which
promotes anti-in ammatory macrophage polarization and autophagy
in septic lungs, and ankyrin demonstrated domain 22 (ANKRD22),
which enhances M1 polarization via interferon regulatory factor 3
(IRF3) in sepsis-induced ARDS (13). Non-coding RNAs and circular
RNAs mediate macrophage polarization through competing
endogenous RNA (ceRNA) mechanisms that regulate the
in ammatory microenvironment of sepsis-ARDS (14).

10.3389/fimmu.2025.1738713

“Metabolic storm” is characterized by increased glycolytic ux,
reactive oxygen species (ROS) production, and M1 macrophage-
driven release of proin ammatory cytokines. This is followed by
“immune paralysis,” or an immunosuppressed state, in which
metabolic changes, metabolic exhaustion, and M2 polarization
create a barrier to pathogen clearance, thereby increasing the risk
of nosocomial infections. This immune suppression, known as
immunosuppression or exhaustion, underscores the need for M2
to balance M1 and M2 in defending the host and repairing tissue
without causing harm.

BMMSCs have been utilized to minimize glycolysis while
promoting M2 polarization of alveolar macrophages (15, 16).
Furthermore, it explains the molecular mechanism underlying the
metabolic pattern’s in uence on macrophage and lung tissue
damage. The nal section of this review focuses on the
therapeutic implications of BMMSCs and MDSCs, which alter
macrophage metabolic reprogramming. Conceptualizing the
molecular and metabolic mechanisms that govern macrophage
function in sepsis-ARDS as integrated network management
system (INMS) provides a critical framework for elucidating
pathogenesis and identifying targeted interventions. This review
systematically examines the landscape alterations that occur in
sepsis-ARDS, with a particular focus on macrophage metabolic
reprogramming and its dynamic impact on immune modulation
and clinical therapeutic implications (Figure 1).

2 Macrophage polarization in sepsis-
induced ARDS

2.1 Dynamics of macrophage polarization
in sepsis-induced ARDS

2.1.1 M1 macrophages in sepsis-induced ARDS:
pro-in ammatory roles and mechanisms

M1 macrophages, also known as classically activated
macrophages, are crucial in the early in ammatory response
because they secrete large amounts of proin ammatory cytokines,
including tumor necrosis factor-alpha (TNF-a) and interleukin-1
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beta (IL-1b). Macrophage polarization to the M1 phenotype is
associated with increased glycolysis and the expression of
proin ammatory genes, which continuously generate
in ammatory signals. Apolipoprotein B mRNA editing enzyme
catalytic subunit 3A (APOBEC3A), an RNA editing enzyme,
encourages M1 polarization by targeting cytokine gene expression
and promoting in ammatory cytokine secretion (17). This
excessive proliferation of the proin ammatory response is evident
in the “metabolic storm” phase of sepsis-induced ARDS, during
which metabolic repolarization drives macrophage overactivation.

M1 macrophages also produce ROS and pro-oxidant enzymes,
such as nicotinamide adenine dinucleotide phosphate hydrogen
(NADPH) oxidase and cyclooxygenase-2, which contribute to
increased oxidative stress and lipid peroxidation, they may further
exacerbate tissue injury. Although some natural compounds such as
carnosine can reverse these pro-oxidant and proin ammatory
responses through upregulating antioxidant enzyme expression
and reducing IL-1b levels, opportunities exist for novel
therapeutic strategies to suppress M1 macrophage-induced
in ammation Also, the in ammatory behavior of M1
macrophages is not xed; indeed, interleukin (IL)-21, acts to
impair M1 in ammatory capabilities, meaning that the cytokine
environment plays a crucial role in determining M1 macrophage
performance (18, 19). In pathological conditions, such as sepsis and
ARDS, M1 macrophages contribute to alveolar barrier disruption
by secreting TNF-a and IL-1b, which increase vascular
permeability and promote leukocyte recruitment. This is
exempli ed by studies showing that vascular endothelial growth
factor-A (VEGFA), which is upregulated in ARDS, drives M1
polarization and the concomitant release of proin ammatory
cytokines, thereby exacerbating lung injury (20).

M1 macrophages produce high levels of hydrogen peroxide and
other ROS, which sustain oxidative stress and tissue damage in
in amed lungs by collaborating with neutrophil-derived
myeloperoxidase (21). The metabolic reprogramming that
facilitates the proin ammatory phenotype of M1 macrophages is
the adaptation of glycolysis. This is evidenced in the regulation of
glucose transporter one and in ammatory mediators associated
with M1 polarization (22). In amed tissues are hypoxic, which
further increases M1 polarization through c-Jun N-terminal kinase
(INK)/p65 signaling pathways (23). The pathological role of M1
macrophages is observed in chronic in ammatory diseases and
autoimmune conditions, all of which share tissue damage and

brosis. Sulforaphene is a therapeutic agent that targets the

NOD-like receptor (NLR) in ammasome, speci cally the NLRP3
in ammasome, thereby inhibiting M1 polarization and
in ammation (24).

2.1.2 M2 macrophages in sepsis-induced ARDS:
anti-in ammatory and reparative functions

M2 Macrophages are of paramount importance due to their role
in in ammation suppression and tissue repair. In this regard, this type
is instrumental in sepsis-induced ARDS, in which a person’s immune
response transitions from hyperactivity to immune suppression. The
type secretes anti-in ammatory cytokines, such as interleukin-10
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(IL-10) and transforming growth factor beta, which are
instrumental in reducing in ammation. M2 macrophage is not
homogeneous. Instead, it comprises several subtypes with distinct
functions, almost all of which are linked to immunosuppression and
repair. M2a and M2c subtypes primarily mediate the anti-
in ammatory response and tissue regeneration. M2b reservoirs
possess both proin ammatory and immunoregulatory
characteristics. The switch to the M2 phenotype is supported by
various metabolic repurposing and signaling pathways, including
FAQO and respiration, that maintain their repair functions (25-28).
The adverse effects of abundant M2 polarization in vivoare worsened
during the sepsis immunosuppressive phase.

Research indicates that macrophage metabolism in sepsis
displays distinct mixed characteristics, encompassing both the
enhanced glycolysis typical of M1 macrophages and the OXPHOS
metabolic components characteristic of M2 macrophages. This
metabolic cross-regulation not only re ects macrophages’ adaptive
adjustments to energy metabolism within the complex
microenvironment of sepsis but also underscores their functional
diversity and heterogeneity (29). During the immune response to
sepsis, macrophages demonstrate a high degree of plasticity and
heterogeneity in their metabolic state and function. The synergistic
activation of dual signaling molecules plays a pivotal role in
modulating in ammatory metabolic pathways. High mobility
group box 1 protein (HMGB1) and cold-inducible RNA-binding
protein (CIRP), as unique signaling molecules in sepsis, jointly
activate the toll-like receptor 4 (TLR4)/nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB) and HIF-1a signaling
pathways within macrophages, thereby enhancing both glycolytic
metabolism and the pro-in ammatory response. Furthermore, these
two signaling molecules also activate HIF-1a, a transcription factor
that is central to the metabolic reprogramming of macrophages. It
promotes the expression of key glycolytic enzymes, boosts the activity
of the glycolytic pathway, and provides a metabolic foundation for
rapid energy provision and the synthesis of in ammatory mediators
in macrophages (30).

2.1.3 M1/M2 polarization imbalance and ARDS
progression

The M1 and M2 polarization types in macrophages, as
previously described, are key factors in the development and
progression of ARDS. The balance between these two types
mainly governs the in ammatory phase, tissue repair, and
clearance phase. In ARDS patients, lung macrophages show a
higher M1/M2 ratio due to the overexpression of secreted
phosphoprotein 1 (SPP1). This gene increases the ratio by
inhibiting HIF-1a, thereby exacerbating lung injury and brosis
in ARDS models (31, 32). Furthermore, DAMPs can exacerbate
in ammation by disrupting the member of the Ras oncogene family
(Rab26) maturation following erythropoietin receptor (EPOR)
activation and suppressing M2 polarization, thereby prolonging
the in ammatory response (33) (Figure 2).

Otherwise, therapeutic interventions targeting macrophage
polarization have illustrated promise. As previously discussed,
mesenchymal stem cells (MSCs) and their exosomes can initiate
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FIGURE 2
From “metabolic storm” to “immune paralysis”: the dynamic evolution of macrophages and metabolic reprogramming in sepsis-associated ARDS.
(Created with Biorender.com).

M2 polarization by inhibiting glycolysis, thereby improving
outcomes in ARDS (34). Additionally, pharmacological agents
such as rhein and luteolin have been demonstrated to promote
M2 polarization (35, 36). Similarly, CD274 has been reported to act
as a negative regulator of M1 polarization while promoting an M2
phenotype, suggesting a potential new diagnostic or therapeutic
approach (37). Furthermore, due to its dynamic plasticity,
metabolic reprogramming is another key biological feature, with
FAO and glycolysis in uencing the macrophages’ phenotype and
function, especially in the context of ARDS (38-41) reported that
the neuropeptide calcitonin gene-related peptide partially corrected
the imbalance of M1/M2 in bronchoalveolar lavage uid from
ARDS patients. Sepsis is characterized by a high degree of
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heterogeneity in its pathological features, particularly in terms of
the metabolic reprogramming and functional manifestations
of macrophages.

2.2 Molecular mechanisms of macrophage
metabolic reprogramming

2.2.1 Enhanced glycolysis drives M1 polarization
Proin ammatory M1 macrophages heavily rely on enhanced
glycolysis to rapidly generate energy for synthesizing and secreting
in ammatory mediators. This metabolic reprogramming supports
their effector functions during acute in ammatory responses.
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When activated by stimuli such as lipopolysaccharide (LPS) and
interferon-gamma (IFN-g), macrophages shift from OXPHOS to
aerobic glycolysis, known as the Warburg effect, to meet the
increased bioenergetic and biosynthetic demands of in ammation.
This glycolytic shift enables faster adenosine triphosphate (ATP)
production, albeit less ef ciently, allowing rapid responses
to pathogens or tissue injury (42). Key glycolytic enzymes,
including hexokinase 2 (HK2), pyruvate kinase M2 (PKM2),
phosphofructokinase-2/fructose-2,6-bisphosphatase 3 (PFKFB3),
and lactate dehydrogenase A (LDHA), are upregulated during M1
polarization, enhancing glucose uptake and lactate production (43,
44). Following these metabolic reprogramming events, the
transcription factor HIF-1a plays a vital role in regulating cellular
processes. HIF-1a activates glycolytic gene expression. Under
in ammatory conditions, HIF-1a is stabilized in a tumor, even
under normoxia, through signaling pathways such as the Janus
kinase 2 (JAK2)/signal transducer and activator of transcription 1
(STATL) axis, activated by IFN-g, or the nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB) and mTORC1 pathways
(45). The JAK2/STAT1 signaling pathway induced by IFN-g
promotes PFKFB3 expression, thereby boosting Glycolysis and M1
polarization in vascular in ammation. Similarly, the JNK/
Cyclooxygenase-2 (COX-2)/HIF-1a axis enhances glycolysis in the
M1 polarization of human immunode ciency virus (HIV)-1-infected
macrophages, linking metabolic reprogramming to chronic
in ammation (46). This metabolic pathway not only supplies
energy but also produces intermediates that act as signaling
molecules to upregulate in ammatory genes. Nitric oxide (NO)
produced by inducible nitric oxide synthase (iNOS) stabilizes HIF-
1a, promoting glycolysis and in ammatory cytokine production (47).
Additionally, pyruvate kinase M2 is a key regulator of glycolysis and
in ammatory gene expression in M1 macrophages, switching
between its tetrameric enzymatic form and dimeric transcriptional
coactivator form (48). Several endogenous and exogenous factors
in uence this glycolytic reprogramming. RNA-binding motif protein
4 (RBMA4) inhibits M1 polarization by suppressing STAT 1-mediated
glycolysis (49). Natural compounds such as Cassiaside C and
berberine decrease M1 polarization by inhibiting glycolysis through
HIF-1la and mTORC1 signaling, respectively, and by activating
AMP-activated protein kinase (AMPK) (50). Factors like C-X-C
motif chemokine receptor 1 (CXCR4) support M1 polarization by
promoting glycolysis via the phosphatidylinositol-3 kinase (PI3K)/
protein kinase B (AKT)/mTOR pathway. Additionally, metabolic
enzymes in uence macrophage polarization through epigenetic
modi cations that do not require transcription. Hexokinase 2
(HK?2)-driven glycolysis induces lactate signaling, leading to histone
lactylation, which further reinforces M1 gene expression in liver
macrophages during metabolic disease (51).

2.2.2 OXPHOS and FAO support M2 polarization
M2 macrophages, which possess the metabolic characteristics of
anti-in ammation and tissue repair, depend heavily on OXPHOS
and FAO to meet energy requirements and sustain their functional
phenotype. This metabolic characteristic is the opposite of M1
macrophages, which are glycolytic-dependent and support
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proin ammatory responses. The OXPHOS and FAO pathways
enable M2 macrophages to function as anti-in ammatory cells,
promoting the resolution of in ammation.

Several studies have clari ed the role of fatty acid metabolism in
promoting M2 polarization. The fatty acid-binding protein 5
(FABP5) has been identi ed as a key regulator in macrophage
alternative activation. Deletion of FABP5 in myeloid cells results in
an accumulation of free long-chain unsaturated fatty acids such as
oleic acid, which enhances fatty acid b-oxidation, the tricarboxylic
acid (TCA) cycle, and OXPHOS, thereby encouraging M2
polarization through activation of the peroxisome proliferator-
activated receptor gamma (PPARg) signaling pathway (52). This
highlights the essential role of lipid handling and mitochondrial
metabolism in determining macrophage phenotypes. Similarly, in
lung in ammation models, therapeutic interventions have been
illustrated to suppress proin ammatory cytokines and promote
M2 polarization by modulating fatty acid metabolism via the Akt
signaling pathway. Treatment reduces fatty acid synthesis (FAS)
and boosts FAO, leading to increased expression of M2 markers
such as arginase-1 (Arg-1) and decreased iNOS expression (53).
These metabolic shifts are mediated by downstream targets of Akt
signaling, including ATP-citrate lyase (ACLY) and peroxisome
proliferator-activated (PPARa), which regulate FAS and
oxidation, respectively.

Several essential pathways regulate transcriptional metabolic
reprogramming in M2 macrophages. Activation of PPAR family
members, especially PPARg and PPARa, triggers FAO and
mitochondrial biogenesis gene programs. Additionally, signaling
pathways such as the AMPK pathway enhance mitochondrial
oxidative metabolism and FAO, further supporting M2
polarization (54). Other metabolic pathways involving mTOR and
HIF-1a in target macrophages include the mTOR and HIF-1a
pathways, which balance glycolysis and oxidative metabolism in
response to environmental signals (55).

Additionally, mitochondrial chaperones, including heat shock
protein 60, have been reported to maintain mitochondrial function
and promote FAO in macrophages. The high expression of Heat
Shock Protein 60 (HSP60) leads to FAO. Meanwhile, the activity of
MRC complexes remains unchanged and is associated with low
in ammation and restored metabolic health in disease models,
including nonalcoholic fatty liver disease (NAFLD) (56). These
studies conclude that mitochondrial quality control networks
support the oxidative metabolic mode underlying M2
macrophage function, which is essential. M2 macrophages rely on
oxidative metabolism in FAO and OXPHOS, facilitating tissue
repair (Figure 3) (57, 58).

2.2.3 Regulation of macrophage function by
metabolic intermediates

Metabolic intermediates like lactate and citrate dynamically
in uence macrophage polarization and function by modulating
in ammatory signaling pathways (Figure 4). First, lactate, which
was traditionally seen as a metabolic byproduct of glycolysis, is now
recognized as a powerful signaling molecule that determines
macrophage phenotype. Adipocyte-secreted lactate acts as a
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M1/M2 polarization imbalance and macrophage metabolic reprogramming (42). (Created with Biorender.com).

danger signal. It promotes M1-like macrophage polarization by
directly binding to prolyl hydroxylase domain-containing protein 2,
thereby stabilizing HIF-1a and upregulating its downstream target,
IL-1b, which contributes to systemic and adipose tissue
in ammation (59, 60).

Citrate, a critical metabolite of the Tricarboxylic acid cycle
(TAC), supports the biosynthesis of in ammatory mediators. The
accumulation of citrate enhances prostaglandin and NO
biosynthesis by activated macrophages, thereby increasing
in ammatory signaling (61-63). Similarly, since succinate
binds to succinate receptor 1 (SUCNR1) to act as a signaling
metabolite, it in uences macrophage development by inducing
M2 hyperpolarization via the Gq signaling pathway (64).
However, succinate-dependent macro-speci ¢ activity is context-
dependent, with evidence supporting both enhanced anti-
in ammatory and proin ammatory activity upon succinate
binding, respectively (65)(Figure 4).

Citrate and lactate also intersect with lipid metabolism
pathways to regulate macrophage polarization. Arachidonic acid
metabolism, downstream of citrate, controls macrophage
alternative activation by modulating OXPHOS via PPARg, with
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prostaglandin E2 (PGE2) derived from arachidonic acid facilitating
M2 polarization (66). Moreover, lipid metabolites such as
leukotriene B4 (LTB4), produced via Arachidonate 5-lipoxygenase
(ALOXS5) from arachidonic acid, recruit M2 macrophages by
activating the PI3K pathway, promoting tumor progression in
intrahepatic cholangiocarcinoma (67). These ndings highlight
the complex interplay between metabolic intermediates and lipid-
derived metabolites in shaping macrophage phenotypes.

Cinnamic acid facilitates the polarization of anti-in ammatory
M2 macrophages, a process intricately linked to the activation of the
STAT6 and PPARg signaling pathways (68). Additionally, cinnamic
acid may modulate the functional status and polarization trajectory
of macrophages in sepsis by intervening in signaling pathways such
as extracellular regulated protein kinases (ERK)1/2 (69). This
metabolic reprogramming serves as the foundation for the
transition of macrophage polarization states. Moreover, cis-
aconitate can also orchestrate the shift in macrophage
polarization states by adjusting histone acetylation levels and
consequently impacting gene expression patterns.

Itaconic acid promotes antioxidant response by activating Nrf2
signaling pathway, further exerting its immune regulatory function.
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FIGURE 4

Regulation of macrophage function by metabolic intermediates in ARDS. (Created with Biorender.com).

Nrf2 is the main antioxidant transcription factor in cells, capable of
inducing the expression of various antioxidant enzymes and
protecting cells from oxidative stress damage. Itaconic acid
promotes the stabilization and nuclear translocation of Nrf2
through covalent modi cation with Keapl, enhancing glutathione
synthesis, inhibiting ROS generation, reducing in ammatory factor
release, and improving sepsis-induced tissue damage (70). In sepsis
models, the accumulation of succinic acid and its induced HIF-1a
stabilization are considered important factors in triggering excessive
in ammatory responses (71). Through this mechanism, succinic
acid promotes the expression of pro-in ammatory factors and the
in ammatory cascade, leading to aggravated tissue damage. In
sepsis and related in ammatory states, succinic acid promotes the
chemotaxis and activation of macrophages through succinate
receptor 1 (GPR91), exacerbating the in ammatory response (64).

In addition to lactate and citrate, other metabolites such as
butyrate — a short-chain fatty acid generated by gut microbiota
shape macrophage polarization by stimulating the M2 phenotypes
and quench the production of proin ammatory cytokines
(Figure 5). Moreover, microbial metabolites, including reuterin,
instruct tumor-associated macrophages to adopt an M1 antitumor
phenotype through a reprogramming mechanism, thereby
enhancing the ef cacy of immunotherapy.

These metabolites modulate macrophage function through various
signaling pathways, including stabilizing transcription factors,
activating or inhibiting nuclear receptors, regulating kinase cascades,
and inducing epigenetic modi cations that in uence gene expression.
Lactate competitively inhibits a-ketoglutarate binding to prolyl
hydroxylase (PHD?2), leading to stabilization of HIF-1a and
activation of proin ammatory macrophages. Itaconate exerts an anti-
in ammatory effect by modulating the Kelch-like Epichlorohydrin
(ECH)-ECH-associated protein (Keapl)-Nrf2 pathway and inhibiting
the stimulator of interferon genes (STING) pathway, thereby
reprogramming macrophage immune responses and metabolism (72).
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2.3 Functional characteristics of
macrophages in the “metabolic storm”
phase

2.3.1 Metabolic activity and enhanced
in ammatory response

Within hours to days after the onset of sepsis, the condition
typically progresses to a “metabolic storm” phase, marked by
hyperactive immune cell metabolism and the release of a substantial
amount of in ammatory factors, alongside systemic in ammatory
response syndrome. During this stage, the host’s recognition of
pathogen-associated molecular patterns (PAMPs) or damage-
associated molecular patterns (DAMPSs) activates the innate immune
system, setting off a widespread and unrestrained immune response
that culminates in a cytokine storm. This cytokine storm is
characterized not only by the explosive release of pro-in ammatory
cytokines such as TNF-a and IL-6 but also by aberrant metabolic
changes, particularly the metabolic reprogramming of immune cells.
M1 macrophages, a classic example of pro-in ammatory cells, exhibit
metabolic reprogramming primarily characterized by enhanced
glycolytic activity and disruption of the TCA cycle, accompanied by
the accumulation of key metabolites like succinate and citrate. These
metabolites not only function as intermediates in energy and material
metabolism but also play a pivotal role by facilitating in ammatory
signal transduction. Speci cally, activated M1 macrophages
demonstrate signi cantly elevated glycolysis, primarily driven by the
upregulation of the glucose transporter 1 (GLUTZ), key enzymes such
as hexokinase 2, PFKFB3, and the glycolysis regulatory factor HIF-1a.
These molecules collectively enhance glucose uptake and metabolism,
thereby meeting the rapid energy demands of macrophages and
facilitating the synthesis of in ammatory mediators (73). During the
metabolic storm phase, M2 macrophages exhibit low-level expression
of their markers, characterized by reduced expression of Arg-1lband
CD206, along with decreased activity of enzymes involved in FAO.
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