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Abstract

Obesity is characterized by chronic low-grade inflammation (meta-inflammation) and
metabolic dysregulation. Adipose tissue acts as an immunometabolic organ, with
macrophages playing a central role. This review examines inflammatory memory in
adipose tissue, focusing on CD68+ macrophages and their role in cardiometabolic and
cancer risk during weight cycling. (2) Narrative synthesis of evidence from immunol-
ogy, obesitology, and oncology, with emphasis on macrophage polarization and signaling
pathways. (3) Weight cycling induces persistent immune memory in adipose tissue, charac-
terized by exaggerated macrophage responses upon weight regain. CD68+ macrophages
contribute to extracellular matrix remodeling, tumor signaling, and metabolic dysfunc-
tion. Key mechanisms include PI3K/AKT/mTOR dysregulation, FOXO1/KLF10 axis
impairment, and CREB-mediated transcription. This inflammatory memory promotes
atherosclerosis progression, insulin resistance, and increased cancer risk, despite prior
weight loss. (4) Macrophage-driven inflammatory memory represents a key mechanistic
link between obesity, cardiometabolic disease, and cancer. Targeting meta-inflammation
independent of body weight should be integral to future therapies.

Keywords: obesity; meta-inflammation; adipose tissue; macrophages; CD68; weight
cycling; PI3K/AKT/mTOR; cardiometabolic risk; cancer progression

1. Introduction
Definition: Inflammatory memory in adipose tissue macrophages is defined as a persis-

tent, context-dependent state of functional reprogramming induced by prior inflammatory
or metabolic stimuli, which enables an altered and typically amplified response upon
subsequent challenges. This state is sustained through integrated epigenetic, metabolic,
and signaling adaptations and is shaped by the tissue microenvironment, thereby linking
past exposures to future cardiometabolic and oncologic risk.
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Inflammation within adipose tissue is a central feature of cardiometabolic disease
and has increasingly been implicated in cancer development and progression. Among
the key cellular mediators of this process are adipose tissue macrophages (ATMs), which
dynamically respond to metabolic stressors such as obesity, insulin resistance, and weight
cycling. Traditionally, ATM activation has been viewed as a transient response to environ-
mental cues; however, emerging evidence suggests that these cells can acquire long-lasting
functional adaptations that persist beyond the initial stimulus [1].

This concept aligns with the broader framework of innate immune memory, often
referred to as trained immunity, in which prior exposure to inflammatory or metabolic
signals induces sustained changes in immune cell behavior. While this paradigm has been
well described in circulating monocytes and bone marrow progenitors, its manifestation
within tissue-resident macrophages—particularly in metabolically active environments
such as adipose tissue—remains insufficiently defined. In this context, adipose tissue
represents a unique immunometabolic niche where chronic nutrient excess, altered lipid
flux, and local hypoxia create conditions that may not only initiate inflammation but also
imprint long-term cellular memory [2]. In this review, we propose that adipose tissue
macrophages develop a distinct form of inflammatory memory that is shaped by both
systemic metabolic inputs and local microenvironmental signals. We define inflammatory
memory in ATMs as a persistent, context-dependent state of functional reprogramming
induced by prior inflammatory or metabolic stimuli, which enables an altered and often
amplified response upon subsequent challenges. Importantly, this concept extends beyond
classical trained immunity by incorporating tissue-specific factors, including adipocyte–
macrophage crosstalk, extracellular matrix remodeling, and metabolic substrate availability.

To address the current lack of conceptual clarity, we present a unifying mechanistic
framework in which inflammatory memory in adipose tissue macrophages is established,
maintained, and functionally expressed through three interconnected processes: epige-
netic priming, metabolic reprogramming, and microenvironmental reinforcement. Within
this framework, prior exposures are encoded at the chromatin level, stabilized through
metabolic adaptations, and continuously modulated by the adipose tissue niche, ultimately
linking past inflammatory or metabolic insults to future disease risk [3,4].

By integrating these mechanisms, this review aims to move beyond a descriptive
overview and provide a structured model that explains how inflammatory memory in
adipose tissue macrophages contributes to the progression of cardiometabolic disorders
and cancer. Furthermore, we highlight the implications of this concept in clinically relevant
contexts such as obesity, weight cycling, and metabolic recovery, where repeated or fluctu-
ating stimuli may reinforce maladaptive immune programming. A clearer understanding
of these processes may open new avenues for targeted therapeutic strategies aimed at
disrupting or reprogramming inflammatory memory in metabolic disease.

2. Three Core Mechanisms of Inflammatory Memory in Adipose
Tissue Macrophages
Epigenetic Priming (Encoding of Prior Exposure)

Definition: Epigenetic remodeling establishes a durable transcriptional bias in
macrophages following inflammatory or metabolic stimuli:

- Histone modifications: H3K4me3 (enrichment of this mark at the promoters of pro-
inflammatory genes (like TNF or IL6) is a hallmark of trained cells; it keeps these regions in
an “open” or “ready” state, even after the initial stimulus is gone).

- Histone modifications: H3K27ac: This acetylation mark serves as a signature for
active enhancers. In trained immunity, the deposition of H3K27ac is often mediated by
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the recruitment of p300, a histone acetyltransferase that physically opens the chromatin to
allow transcription factors to bind.

- Chromatin accessibility enhancer priming trained immunity overlap. Trained cells
exhibit increased accessibility at thousands of genomic sites. These “latent enhancers”
may lack traditional marks in their naive state but gain H3K4me1 and H3K27ac upon
stimulation, sometimes retaining these features long-term to facilitate rapid re-activation.

Epigenetic priming encodes prior exposures into a poised transcriptional landscape
that facilitates rapid and amplified reactivation [5,6].

3. Metabolic Reprogramming (Maintenance of the Memory State)
Definition: Sustained shifts in cellular metabolism stabilize and reinforce the memory

phenotype over time. There are not merely consequences of cellular activation, but are
fundamental drivers that stabilize, reinforce, and lock in the memory phenotype over
time. Metabolic rewiring—often a transition from glycolysis to oxidative metabolism or a
specialized hybrid state—acts as a “memory maintenance engine,” where metabolites serve
as signals that communicate with the nucleus to lock in epigenetic changes. While rapid
inflammatory responses (effector state) rely on aerobic glycolysis for fast ATP production,
the formation and maintenance of memory (e.g., T cells, stem cells, neurons) require a
metabolic shift towards mitochondrial oxidative phosphorylation (OXPHOS) [7].

Mitochondria in memory cells undergo “rewiring” to change from simple power-
houses into specialized, dynamic organizers of memory. The rewiring includes structural
remodeling (mitochondria in memory cells often undergo fusion to form tubular networks,
allowing them to better handle energy demands and resist degradation), dynamic signaling
(in neurons, spaced training (which forms long-term memory) activates a dopamine-driven
signaling pathway), and DAMB-PKCδ, which increases mitochondrial pyruvate consump-
tion and stabilizes the memory and fission/fusion balance (increased mitochondrial fission
(via Drp1) in synapses often sustains memory by ensuring that enough small, mobile
mitochondria reach the synaptic terminals to fuel synaptic remodeling) [8].

Recent studies indicate that “metabolic memory” extends beyond glucose (hyper-
glycemia) to include lipid metabolism, where a transient abnormality leads to long-term
consequences, often linked to epigenetic modifications that persist after the metabolic state
has normalized. Metabolic reprogramming of lipid metabolism is a key mechanism for
maintaining the memory state (memory T cells, regulatory T cells) and driving pathological
persistence (cancer stem cells, chronic inflammation). In immunological memory, this
involves a transition from glycolysis (used by effector cells) to catabolic fatty acid oxidation
(FAO). In pathological contexts, such as tumor cells and CAFs (cancer-associated fibrob-
lasts), it involves upregulated lipid uptake (CD36), synthesis (FASN), and storage (lipid
droplets), often coupled with epigenetic modifications that persist after the initial metabolic
stress. Metabolic rewiring not only fuels inflammatory responses but actively sustains the
persistence of the memory state [2,9,10].

4. Microenvironmental Reinforcement (Contextual Activation
and Reactivation)

Definition: Adipose tissue-specific signals continuously shape and reactivate macro-
phage memory through local cellular and molecular interactions.

Core Mechanisms of Microenvironmental Reinforcement include:
- Adipocyte-Derived Signals: Adipocytes, particularly when undergoing hypertro-

phy or stress (as in obesity), secrete signals such as MCP-1 (CCL2) and TNF-α, which
recruit and polarize macrophages toward a pro-inflammatory state. Conversely, in lean
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tissue, adipocytes produce factors promoting M2-like, anti-inflammatory macrophages that
maintain tissue homeostasis.

- ECM Remodeling and Stiffness: Obesity-driven rapid adipocyte expansion trig-
gers excessive ECM component deposition (e.g., collagen I, V, VI, elastin, fibronectin).
This fibrotic, rigid environment creates a “stiff” microenvironment that directly dictates
macrophage activation, often promoting a pro-inflammatory or profibrotic “metabolically
activated” phenotype.

- Reactivation via Crown-Like Structures (CLSs): CLSs are clusters of macrophages
surrounding dying or necrotic adipocytes. These structures represent a key mechanism
for localized reactivation, where CLS-associated macrophages are exposed to high con-
centrations of metabolic danger signals (lipids, DAMPS), enforcing a persistent “trained”
pro-inflammatory memory.

- Macrophage Memory and Trained Immunity: Adipose tissue macrophages (ATMs)
can exhibit “innate immune memory,” where prior exposure to factors like saturated fatty
acids or adipose-conditioned media increases their reactivity to subsequent inflamma-
tory challenges.

- Bidirectional Crosstalk: Macrophages, in turn, regulate the ECM by secreting MMPs
(matrix metalloproteinases) and cytokines like TGF-β1, which can further activate fibrob-
lasts to produce more matrix, creating a self-reinforcing loop of fibrosis and macrophage
activation. This continuous feedback loop means that the local adipose environment does
not merely activate macrophages once but constantly reprograms their functional state,
linking metabolic stress to chronic, localized inflammation.

Obesity/weight cycling is memory trigger in which the adipose tissue microenviron-
ment acts as a dynamic amplifier, determining whether inflammatory memory remains
latent or becomes pathologically reactivated.

Together, these three interconnected mechanisms—epigenetic priming, metabolic re-
programming, and microenvironmental reinforcement—form an integrated framework
through which inflammatory memory is established, maintained, and functionally ex-
pressed in adipose tissue macrophages [11].

The current evidence supporting inflammatory memory in adipose tissue macrophages,
including distinctions between human and experimental data, is summarized in Table 1.

Table 1. Mechanistic framework of inflammatory memory in adipose tissue macrophages.
Metabolic and inflammatory stimuli, including obesity, excess nutrients, hypoxia, and weight cy-
cling, induce persistent functional reprogramming in adipose tissue macrophages. This process is
mediated through three interconnected mechanisms: (1) epigenetic priming, which encodes prior
exposures via chromatin remodeling; (2) metabolic reprogramming, which sustains the inflammatory
phenotype through altered cellular metabolism; and (3) microenvironmental reinforcement, in which
adipose tissue-specific signals continuously modulate and reactivate macrophage responses. These
self-reinforcing processes collectively link past exposures to future pathological outcomes, including
insulin resistance, atherosclerosis, and cancer progression.

Mechanism Key Features Human Evidence Experimental Evidence
(Animal/In Vitro)

Strength of
Evidence

Epigenetic
priming [12,13]

Persistent chromatin
remodeling (H3K4me3,

H3K27ac), enhancer
activation,

transcriptional memory

Limited direct evidence in
adipose tissue macrophages;

indirect support from
circulating monocytes in

obesity and metabolic
syndrome

Strong evidence from trained
immunity models;

macrophages show stable
epigenetic changes after
metabolic/inflammatory

stimuli

Moderate
(indirect human,

strong
experimental)
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Table 1. Cont.

Mechanism Key Features Human Evidence Experimental Evidence
(Animal/In Vitro)

Strength of
Evidence

Metabolic
reprogramming

[14,15]

Shift toward glycolysis,
altered mitochondrial

function, lipid
handling, metabolite

signaling (e.g.,
succinate, acetyl-CoA)

Evidence of altered
metabolic profiles in adipose

tissue macrophages in
obesity; human adipose

biopsies show
metabolic–inflammatory

coupling

Robust evidence in murine
and in vitro macrophage
models demonstrating

sustained metabolic rewiring
linked to inflammatory

activation

Moderate–strong

Microenviron-
mental

reinforcement
[16,17]

Adipocyte–
macrophage crosstalk,

cytokine loops,
extracellular matrix

remodeling, hypoxia

Strong evidence from human
adipose tissue studies

showing local inflammatory
circuits and ATM

heterogeneity in obesity

Extensive evidence from
animal models confirming
niche-driven macrophage
activation and persistence

Strong

Persistence of
activation [18]

Sustained
inflammatory

phenotype after
removal of initial

stimulus

Limited direct human
longitudinal data; indirect

evidence from chronic
low-grade inflammation in

obesity

Demonstrated in trained
immunity and metabolic

memory models;
macrophages retain altered
responsiveness over time

Moderate

Reactivation
upon secondary
stimulus [19,20]

Exaggerated response
to subsequent inflam-

matory/metabolic
challenge

Sparse direct human
evidence; inferred from
clinical worsening with

repeated metabolic insults
(e.g., weight cycling)

Strong experimental
evidence showing amplified

cytokine response upon
re-stimulation

Moderate
(conceptual +
experimental)

Clinical correlates
[2,21–23]

Association with
insulin resistance,

atherosclerosis, tumor
progression

Strong epidemiological and
clinical associations between

adipose inflammation and
cardiometabolic/cancer risk

Mechanistic support from
preclinical models linking
macrophage activation to

disease progression

Strong
(association),

moderate
(causality)

5. Histopathological Features of White Adipose Tissue Inflammation
The histopathological features of white adipose tissue inflammation are character-

ized by hypertrophied adipocytes, which exhibit functional impairment and increased
susceptibility to cell death. This phenomenon is largely attributable to adipocyte expansion,
resulting in an enlarged cellular membrane surface that intensifies interactions with the ex-
tracellular matrix and neighboring immune cells. Hypertrophic adipose tissue is also prone
to hypoxia, which, together with immune cell infiltration, contributes to the development
of dysfunctional adipose tissue [24].

A hallmark histological feature is the presence of macrophages surrounding necrotic or
apoptotic adipocytes, forming so-called crown-like structures (CLS). The presence of CLS is
not only an indicator of adipose tissue inflammation but also carries prognostic significance.
It has been associated with adverse outcomes, including reduced progression-free survival
in breast cancer and squamous cell carcinoma of the tongue. Furthermore, CLS formation
correlates with key cardiometabolic risk factors, including dyslipidemia, hypertension,
hyperglycemia, and established type 2 diabetes mellitus [25].

Additional histopathological features include the accumulation of extracellular matrix
components and fibrin deposition, which impair lipid storage capacity within adipocytes
and promote ectopic fat deposition [26].

Immunohistochemistry (IHC) plays a crucial role in the evaluation of adipose tissue
inflammation. Li et al. demonstrated that increased expression of CD68+ and CD163+
macrophages was significantly associated with poor prognosis in patients with breast
cancer (BRCA) [27]. A growing body of evidence indicates that CD68+ macrophages are
involved in multiple immune-related biological processes, including adaptive immune
responses, macrophage activation, extracellular matrix remodeling, and regulation of DNA
metabolism. Moreover, CD68+ macrophages have been linked to tumor-associated signal-
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ing pathways, such as the cell adhesion molecule pathway and the JAK–STAT signaling
pathway [27,28].

In gastrointestinal malignancies, the prognostic significance of CD68+ macrophages
appears to be context-dependent, likely reflecting their interaction with the tumor microen-
vironment (TME). Despite these inconsistencies, CD68+ macrophages remain a promising
potential therapeutic target in selected malignancies. However, further experimental and,
importantly, clinical studies are required to clarify their role [28].

The specificity and sensitivity of CD68 as a biomarker are relatively limited when
assessed in isolation. Its prognostic value is significantly enhanced when evaluated in
conjunction with co-expressed genes and immune markers, particularly those associated
with eukaryotic translation initiation factor 4E (eIF4E). Notably, elevated levels of both
eIF4E and CD68+ macrophages have been shown to correlate with poor prognosis and
increased relapse rates, especially in triple-negative breast cancer [27].

Together, these findings position CD68+ macrophages as a histopathological footprint
of adipose tissue inflammatory memory.

6. Weight Loss and Regain: Clinical Consequences
Weight loss would be expected to induce remodeling of metabolically active markers of

macrophage function, such as CD9, TREM2, LPL, and LIPA; however, this is not consistently
observed. On the contrary, as discussed in previous sections, a persistent low-grade
macrophage activity often remains even during remission of obesity, representing a primed
state that can be rapidly reactivated upon weight regain [28].

This immune cell-mediated memory during weight cycling has significant metabolic
and clinical consequences. Experimental studies have demonstrated an acceleration of
atherosclerotic processes during weight regain [29]. This observation is further supported
by evidence showing that weight regain is accompanied by a rapid increase in macrophage
activity, T lymphocyte activation, and pro-inflammatory cytokine production [30].

In parallel, dysfunctional and inflamed adipose tissue contributes to the development
of hyperglycemia driven by hyperinsulinemia. Although substantial weight loss can induce
long-term remission of type 2 diabetes mellitus, current evidence indicates that metabolic
disturbances such as prediabetes and insulin resistance re-emerge more rapidly following
weight regain. Notably, during a second phase of obesity, these disturbances tend to be
more pronounced and more readily progress toward overt type 2 diabetes [31].

The role of autophagy in pancreatic β-cell function under conditions of impaired
glucose tolerance remains incompletely understood. It is unclear whether autophagy
exerts a protective effect or contributes to progressive β-cell loss and accelerated dia-
betes development. Wu et al. reported that extensive autophagy and reduction in β-cell
mass occur predominantly under conditions of NR3C1 (glucocorticoid receptor) activa-
tion [32]. Histopathological analyses of pancreatic tissue from patients with diabetes
mellitus revealed a fourfold increase in autophagic vacuoles without chromatin conden-
sation compared to healthy individuals, consistent with features of autophagy-associated
cell death [32]. At the molecular level, pancreatic tissue exhibits significant expression of
NR3C1, through which glucocorticoids inhibit insulin secretion as well as β-cell survival
and proliferation. Therefore, the effects of autophagy appear to be context-dependent and
influenced by NR3C1 expression patterns [33].

It is estimated that approximately 4–9% of all cancer diagnoses are attributable to
excess adiposity, and obesity is recognized as a negative prognostic factor for survival in
these patients. Epidemiological studies conducted in the early 21st century have demon-
strated that obesity significantly increases mortality risk from cancers of the esophagus,
colorectum, liver, gallbladder, pancreas, and kidney [34].
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Adipose tissue contributes to carcinogenesis by providing an excess of nutrients that
support tumor growth. In addition, studies have shown that obesity not only increases
PD-1 expression on CD8+ T cells but also selectively upregulates PD-1 on tumor-associated
macrophages (TAMs). Obesity-associated factors—including IFN-γ, TNF, leptin, and
insulin—promote PD-1 expression via mTORC1 signaling pathways. Subsequently, PD-1
signaling exerts negative feedback on TAMs, suppressing glycolysis, phagocytosis, and
antigen-presenting capacity, thereby facilitating tumor progression and impairing anti-
tumor immunity [35].

Furthermore, adipose tissue inflammation may contribute to CD8+ T-cell exhaustion
by altering the tumor extracellular matrix. Macrophages in close proximity to tumor cells
produce TGF-β1, which stimulates collagen production, promotes adipocyte differentiation,
and inhibits the thermogenic potential of adipose tissue. This leads to remodeling of the
tumor microenvironment into a state that is less permissive for CD8+ T-cell infiltration,
thereby significantly reducing the anti-tumor capacity of the immune system [36].

Together, these findings suggest that weight regain represents not merely a reversal
of metabolic benefit, but a biologically amplified state driven by persistent inflammatory
memory, as illustrated in Figure 1.

Figure 1. Proposed model of adipose tissue inflammatory memory during weight cycling. In
the lean state, adipose tissue is characterized by immune homeostasis, with predominance of
anti-inflammatory immune cells and cytokines. Weight loss reduces adipose inflammation and
macrophage burden, but does not fully erase the immunologic imprint of prior obesity. A persistent
CD68-related macrophage footprint may remain within adipose tissue as a form of inflammatory
memory. During weight regain, this residual immune programming contributes to exaggerated
immune activation, increased M1-like macrophage infiltration, crown-like structure formation, CD8+
T-cell engagement, and reactivation of meta-inflammation. These processes may contribute to in-
creased cardiometabolic and oncologic risk. Colors distinguish the main mechanistic components,
arrows indicate the direction of interactions, circular arrows represent self-reinforcing feedback loops,
and red arrows/highlighted elements denote pathological consequences and enhanced inflamma-
tory activation.
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7. Therapeutic Perspectives
7.1. Targeting Inflammatory Memory in Adipose Tissue Macrophages: A Mechanistic Approach

The concept of inflammatory memory in adipose tissue macrophages (ATMs) pro-
vides a framework for rethinking therapeutic strategies in cardiometabolic disease and
cancer. Rather than focusing solely on downstream inflammatory mediators, emerging
approaches should aim to interfere with the formation, persistence, and reactivation of
maladaptive immune programming. Within this context, targeting inflammatory memory
can be conceptualized across three interconnected levels: epigenetic priming, metabolic
reprogramming, and microenvironmental reinforcement [37,38].

7.2. Targeting Memory Formation: Modulation of Epigenetic Priming

The establishment of inflammatory memory is initiated through epigenetic remodeling,
which encodes prior inflammatory or metabolic exposures into a persistent transcriptional
landscape. Interventions at this stage aim to prevent or attenuate the initial imprinting of
maladaptive immune responses. Experimental studies have identified histone-modifying
enzymes and chromatin regulators, including histone deacetylases and bromodomain-
containing proteins, as potential targets for modulating inflammatory gene accessibility.
Although direct clinical application remains limited, early anti-inflammatory interventions
and timely metabolic control may indirectly reduce epigenetic priming in adipose tissue.
Importantly, the reversibility of these epigenetic marks remains an area of active inves-
tigation, raising the possibility that early therapeutic intervention could have long-term
benefits by preventing the establishment of persistent inflammatory memory [37,39–41].

7.3. Targeting Memory Persistence: Metabolic Reprogramming as a Therapeutic Axis

Metabolic reprogramming represents a central mechanism sustaining the inflamma-
tory memory phenotype in ATMs. Persistent alterations in glucose metabolism, mitochon-
drial function, and lipid handling not only fuel inflammatory responses but also stabilize
the memory state over time. This provides a clinically relevant opportunity to disrupt
inflammatory memory through metabolic interventions. Agents such as metformin, which
modulate mitochondrial activity and improve insulin sensitivity, as well as glucagon-
like peptide-1 (GLP-1) receptor agonists, which influence systemic and adipose tissue
metabolism, may indirectly attenuate the persistence of inflammatory programming. In
addition, targeting lipid metabolism and adipocyte–macrophage interactions may further
destabilize the pro-inflammatory state. Importantly, sustained metabolic improvement,
rather than transient correction, appears critical, as fluctuating metabolic conditions may
reinforce rather than resolve inflammatory memory [2,42–44].

8. Targeting Memory Reactivation: Modulation of the Adipose
Tissue Microenvironment

The adipose tissue microenvironment plays a decisive role in determining whether
inflammatory memory remains latent or becomes reactivated. Local factors, including
adipocyte-derived signals, extracellular matrix remodeling, hypoxia, and chronic low-
grade inflammation, continuously shape ATM behavior. Therapeutic strategies at this
level aim to modify the tissue context that drives recurrent activation of inflammatory
pathways. Maintenance of weight stability, prevention of repeated cycles of weight loss
and regain, and reduction in local inflammatory signaling may limit the reactivation of
maladaptive immune responses. In addition, interventions targeting tissue hypoxia and
fibrosis may further disrupt the microenvironmental cues that sustain inflammatory loops.
These approaches emphasize that the adipose tissue niche is not merely a passive site of
inflammation, but an active regulator of immune memory dynamics [45].
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9. Challenges and Limitations in Targeting Inflammatory Memory
Despite its conceptual appeal, targeting inflammatory memory presents several chal-

lenges. First, the lack of specific biomarkers for identifying memory states in human adipose
tissue limits patient stratification and therapeutic monitoring. Second, most mechanistic
insights are derived from experimental models, and their translation to human physi-
ology remains incomplete. Third, interventions aimed at modulating immune memory
must balance efficacy with the risk of impairing host defense, particularly when targeting
epigenetic or metabolic pathways with systemic effects. These limitations highlight the
need for further studies integrating human data, longitudinal analyses, and tissue-specific
approaches [46–48].

10. Future Perspectives
Targeting inflammatory memory in adipose tissue macrophages represents a shift

from conventional anti-inflammatory strategies toward modulation of immune system
programming. Rather than focusing on individual cytokines or signaling pathways, future
therapeutic approaches should aim to disrupt the formation, persistence, or reactivation
of inflammatory memory as an integrated process. Such strategies may be particularly
relevant in clinical contexts characterized by repeated or chronic metabolic stress, including
obesity, weight cycling, and metabolic recovery. A deeper understanding of these mecha-
nisms may ultimately enable the development of interventions capable of reprogramming
immune responses and reducing long-term cardiometabolic and oncologic risk.

11. The Obesity–Immunotherapy Paradox
Although obesity is a well-established risk factor for cancer development, accu-

mulating evidence suggests that it may paradoxically enhance the efficacy of certain
immunotherapies—a phenomenon referred to as the obesity–immunotherapy paradox.

Notably, PD-1 blockade has been shown to enhance macrophage glycolysis, increase
the expression of CD86 and MHC class I/II molecules, and improve T-cell activation [36].
Interestingly, these effects appear to be context-dependent. In obese individuals, admin-
istration of leptin analogs has been associated with tumor progression, whereas PD-1
blockade leads to a reduction in tumor size and progression [49].

In contrast, in individuals with normal nutritional status, leptin administration appears
to exert beneficial anti-tumor effects. Leptin enhances systemic inflammatory phenotypes,
increasing CD86 and MHCII expression in macrophages. Experimental models have
demonstrated that leptin-treated animals exhibit significantly smaller tumor volumes
compared to controls, suggesting that elevated leptin levels may, under certain conditions,
reduce overall tumor growth. Furthermore, leptin has been shown to partially reverse
obesity-induced inhibitory effects on tumor-associated macrophages (TAMs), increasing
MHCII expression and showing a trend toward higher CD86 expression, consistent with a
shift toward a more M1-like phenotype [49].

This apparent paradox is most likely explained by leptin resistance in obesity, which al-
ters downstream signaling and results in metabolic consequences similar to those observed
in hyperinsulinemia, including activation of the PI3K/AKT signaling pathway.

These findings underscore the importance of metabolic context in shaping immune re-
sponses and highlight the need for personalized immunotherapeutic strategies in obese patients.

12. Discussion
The concept of inflammatory memory in adipose tissue macrophages (ATMs) provides a

unifying framework that integrates prior inflammatory and metabolic exposures with future
disease risk. In this review, we propose that inflammatory memory represents a persistent,
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context-dependent state of macrophage reprogramming, shaped by the interplay between
epigenetic priming, metabolic reprogramming, and microenvironmental reinforcement. This
integrative perspective helps to explain how transient or repeated metabolic insults can
translate into long-lasting immune dysfunction and sustained low-grade inflammation.

A key implication of this framework is that inflammatory activation in adipose tis-
sue should not be viewed as a purely reversible or stimulus-dependent process. Instead,
macrophages may retain a “record” of prior exposures, resulting in a biased response
to subsequent challenges. This is particularly relevant in clinical contexts such as obe-
sity and weight cycling, where repeated fluctuations in metabolic status may reinforce
maladaptive immune programming. In this sense, inflammatory memory may serve as
a mechanistic link between past metabolic history and current disease phenotype, con-
tributing to the heterogeneity observed among patients with similar anthropometric or
biochemical profiles.

Importantly, while the concept of trained immunity has provided a foundation for
understanding innate immune memory, its direct application to adipose tissue macrophages
requires careful contextualization. Unlike circulating monocytes, ATMs reside within
a complex and metabolically active microenvironment that continuously shapes their
functional state. Adipocyte-derived signals, lipid flux, hypoxia, and extracellular matrix
remodeling collectively influence macrophage behavior, suggesting that inflammatory
memory in adipose tissue is not solely a cell-intrinsic phenomenon but rather a dynamically
regulated process. This distinction may explain why findings from experimental models
do not always fully translate to human physiology and highlights the importance of tissue-
specific investigation.

Another critical aspect is the interaction between epigenetic and metabolic mechanisms
in sustaining inflammatory memory. Epigenetic priming provides a structural basis for
rapid transcriptional activation, while metabolic reprogramming ensures the energetic
and biosynthetic support required for maintaining this state. These processes are further
modulated by the adipose tissue niche, creating a self-reinforcing loop that stabilizes
inflammatory phenotypes over time. Disruption of this loop may therefore represent a key
therapeutic objective.

Despite the conceptual advances outlined in this review, several limitations must be
acknowledged. First, direct evidence of inflammatory memory in human adipose tissue
macrophages remains limited, with much of the current understanding derived from ex-
perimental models and indirect observations. Second, the lack of standardized markers
for identifying memory states in tissue-resident macrophages poses a challenge for both
research and clinical translation. Third, the temporal dynamics of inflammatory memory—
particularly its duration, reversibility, and responsiveness to intervention—remain incom-
pletely understood.

From a clinical perspective, the recognition of inflammatory memory has important
implications for disease prevention and management. Strategies that focus solely on
short-term metabolic correction may be insufficient if underlying immune programming
persists. This may partly explain why some patients fail to achieve sustained benefit
despite apparent metabolic improvement. Conversely, interventions that promote long-
term metabolic stability and reduce repeated inflammatory stimuli may have a more
profound impact by preventing the reinforcement of maladaptive memory states. In this
context, weight stability, rather than repeated cycles of loss and regain, may represent an
underappreciated therapeutic goal.

Future research should aim to bridge the gap between experimental findings and
human disease by integrating longitudinal clinical studies, tissue-specific analyses, and ad-
vanced molecular profiling. Particular attention should be given to identifying biomarkers
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of inflammatory memory, characterizing ATM heterogeneity, and elucidating the reversibil-
ity of memory states under different therapeutic conditions. Such efforts may ultimately
enable the development of targeted interventions capable of reprogramming macrophage
function and reducing long-term cardiometabolic and oncologic risk.

13. Conclusions
In conclusion, inflammatory memory in adipose tissue macrophages represents a

conceptual shift in our understanding of chronic inflammation in metabolic disease. By
linking past exposures to future outcomes through integrated cellular mechanisms, this
framework offers new insights into disease pathogenesis and opens avenues for more
effective and durable therapeutic strategies.
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AKT protein kinase B (PKB)
AMP adenosine monophosphate
ACE2 angiotensin-converting enzyme 2
ASH1L ASH1-like histone lysine methyltransferase
ASIC1 acid-sensing ion channel subunit 1
ATF6 activating transcription factor 6
ATG9A autophagy related 9A
ATGL adipose triglyceride lipase
BMI body mass index
BRCA breast cancer gene
bZIP basic leucine zipper
C/EBPα CCAAT/enhancer-binding protein alpha
cAMP cyclic adenosine monophosphate
CBP CREB-binding protein
CCL18 CC motif chemokine ligand 18
CD4+ T cluster of differentiation 4-positive T cells
CD8+ T cluster of differentiation 8-positive T cells
CD9 tetraspanin-29
CD68+ cluster of differentiation 68 (macrosialin)
CD163+ cluster of differentiation 163, M2-type tumor-associated macrophage marker
CLS crown-like structures
CREB cyclic AMP-responsive element-binding protein
CRTC2 CREB-regulated transcription coactivator 2
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CRTC3 CREB-regulated transcription coactivator 3
ECATG9a ATG9A analog
eIF4E eukaryotic translation initiation factor 4E
ER endoplasmic reticulum
ERK1/2 extracellular signal-regulated kinases 1/2
ETV4 ETS variant transcription factor 4
FSP1 ferroptosis suppressor protein 1
FOXO1 forkhead box protein O1
GLP-1 glucagon-like peptide-1
GPCRs G protein–coupled receptors
H3K4me3 histone H3 lysine 4 trimethylation
HER2 human epidermal growth factor receptor 2
HSL hormone-sensitive lipase
IFN-γ interferon-gamma
IGF-1 insulin-like growth factor 1
IHC immunohistochemistry
IL-1β interleukin-1 beta
IL-4 interleukin-4
IL-6 interleukin-6
IL-13 interleukin-13
IRE1 inositol-requiring enzyme 1
ISG15 interferon-stimulated gene 15
ISG56 interferon-stimulated gene 56
JAK Janus kinase
JNK c-Jun N-terminal kinase
KID kinase-inducible domain
KLF10 Krüppel-like factor 10
LDL low-density lipoprotein
LIPA lipase A
LPL lipoprotein lipase
LPS lipopolysaccharide
MAPK mitogen-activated protein kinase
MASH metabolic dysfunction-associated steatohepatitis
MHC major histocompatibility complex
MHCII major histocompatibility complex class II
miR-29b microRNA-29b
miR-149 microRNA-149
miR-191 microRNA-191
MLKL mixed lineage kinase domain-like pseudokinase
MMPs matrix metalloproteinases
MMP9 matrix metalloproteinase-9
mTOR mechanistic target of rapamycin
mTORC1 mechanistic target of rapamycin complex 1
NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells
NK natural killer cells
NR3C1 nuclear receptor subfamily 3 group C member 1
PAAu BPs adipose-targeting and apoptotic cell-mimicking gold nanobipyramids
p16INK4a cyclin-dependent kinase inhibitor 2A
p38 p38 mitogen-activated protein kinase
PD-1 programmed cell death protein 1
PERK protein kinase RNA-like endoplasmic reticulum kinase
PI3K phosphoinositide 3-kinase
PIP3 phosphatidylinositol-3,4,5-trisphosphate
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PKR protein kinase R (eukaryotic translation initiation factor 2-alpha kinase 2)
PPAR-γ peroxisome proliferator-activated receptor gamma
RTKs receptor tyrosine kinases
RIPK1 receptor-interacting protein kinase 1
RIPK3 receptor-interacting protein kinase 3
RVI regulatory volume increase
SIK2 salt-inducible kinase 2
SMAD mothers against decapentaplegic homolog
solTNFα soluble tumor necrosis factor-alpha
STAT signal transducer and activator of transcription
SGLT-2 sodium-glucose co-transporter 2
TBARS thiobarbituric acid reactive substances
TAM tumor-associated macrophage
TGF-β1 transforming growth factor-beta 1
TIEG1 TGFβ-inducible early gene 1
TME tumor microenvironment
TMPRSS2 transmembrane serine protease 2
TNFα tumor necrosis factor-alpha
TNFR1 tumor necrosis factor receptor type 1
TNFR2 tumor necrosis factor receptor type 2
TREM2 triggering receptor expressed on myeloid cells 2
UPR unfolded protein response
VCAM-1 vascular cell adhesion molecule-1
VEGF vascular endothelial growth factor
VLDL very low-density lipoproteins
Wnt wingless-related integration site
ZBP1 Z-form nucleic acid-binding protein 1
3T3-L1 3T3 Swiss albino mouse embryonal fibroblasts
8-PGF2α 8-iso-prostaglandin F2α
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