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A B S T R A C T

Obesity has escalated into a global pandemic, encompassing chronic low-grade inflammation—termed “meta- 
inflammation”—as a central pathophysiological nexus linking nutrient excess to insulin resistance (IR), type 2 
diabetes mellitus (T2DM), and cardiovascular complications. While adipose tissue was historically viewed as the 
primary origin of inflammation, accumulating evidence indicates that metabolic perturbation involves a broader 
and more intricate cross-organ immunometabolic network. This review provides a comprehensive synthesis of 
the mechanisms underlying obesity-induced IR from a systemic multi-organ and multi-cellular perspective. We 
elaborate on the infiltration dynamics and phenotypic remodeling of both innate and adaptive immune cells 
(including macrophages, T cells, B cells, and neutrophils) across critical metabolic tissues, including adipose 
tissue, liver, skeletal muscle, pancreatic islets, and the central nervous system (CNS). Furthermore, we dissect the 
remote regulation of systemic immune tone by the gut microbiota and its metabolites via the “gut-liver” and 
“gut-brain” axes. Crucially, this review highlights the pivotal molecular hubs bridging metabolism and immunity, 
with a focus on the crosstalk involving PI3K/AKT, MAPK, TLR4/NF-κB, NLRP3 inflammasome, and AMPK/mTOR 
signaling pathways, as well as inter-organ communication mediated by extracellular vesicles (EVs) and che
mokines. This dysregulated immune-metabolic interplay establishes a self-reinforcing vicious cycle that persis
tently impairs insulin signaling. By integrating current mechanistic insights, we aim to underscore the 
therapeutic potential of targeting the immunometabolic network, offering precise intervention strategies to 
disrupt this vicious cycle and restore systemic metabolic homeostasis.
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1. Introduction

Obesity has emerged as one of the most critical public health chal
lenges globally. Beyond reducing quality of life, it serves as a primary 
driver for insulin resistance (IR), type 2 diabetes mellitus (T2DM), 
metabolic dysfunction-associated steatotic liver disease (MASLD), and 
cardiovascular diseases [1,2]. While traditional metabolic perspectives 
viewed obesity simply as a consequence of energy surplus and ectopic 
lipid accumulation, decades of research have firmly established “meta- 
inflammation” as a central pillar of obesity pathophysiology [3]. 
Distinct from classic pathogen-induced acute inflammation, this 
nutrient-triggered inflammation is characterized by its sterile, low- 
grade, and chronic nature. Crucially, it is not confined to adipose tis
sue but permeates the liver, skeletal muscle, pancreas, and even the 
central nervous system (CNS), ultimately precipitating systemic meta
bolic collapse [4].

Although insulin is well-recognized as the master regulator of 
glucose homeostasis, its dual role in immunomodulation has only 
recently been fully elucidated. Under physiological conditions, insulin 
signaling and the immune system maintain a delicate dynamic equilib
rium; however, in the obese state, this balance is disrupted. Immune 
cells—such as macrophages, T lymphocytes, and B lymphocytes—act 
not merely as passive responders to metabolic stress but as active par
ticipants in metabolic remodeling [5,6]. By sensing metabolic danger 
signals in the microenvironment (e.g., saturated fatty acids, ceramides, 
hyperglycemia), these cells undergo metabolic reprogramming and 
phenotypic polarization (e.g., the shift from anti-inflammatory M2 to 
pro-inflammatory M1 macrophages) [7,8]. This results in the massive 
release of pro-inflammatory cytokines (TNF-α, IL-6, IL-1β), which 
directly interfere with insulin receptor substrate (IRS) proteins and 
downstream phosphoinositide 3-kinase/protein kinase B (PI3K/AKT) 
signaling, thereby dampening insulin sensitivity in target tissues [9].

Complicating this landscape is the fact that immune-metabolic in
teractions do not occur in isolation but are integrated into a complex 
network of inter-organ communication. Adipokines secreted by adipose 
tissue, myokines from skeletal muscle, hepatokines from the liver, and 
the recently characterized extracellular vesicles (EVs) acting as “remote 
messengers,” collectively weave a signaling web across tissue barriers. 
Furthermore, gut microbiota dysbiosis and fluctuations in microbial 
metabolites (e.g., lipopolysaccharides [LPS], short-chain fatty acids 
[SCFAs]) profoundly influence systemic immune tone and metabolic 
outcomes via the “gut-liver” and “gut-brain” axes. Consequently, a 
single-tissue perspective is no longer sufficient to capture the full spec
trum of obesity-associated IR [10,11].

This review aims to provide a comprehensive, integrated perspective 
on the immunometabolic network in obesity-related IR. We will first 
detail the remodeling of immune microenvironments within key meta
bolic organs, including adipose tissue, liver, muscle, and pancreatic is
lets. Subsequently, we will deeply analyze the core molecular pathways 
bridging immune activation and metabolic impairment, such as nuclear 
factor kappa-light-chain-enhancer of activated B cells (NF-κB), c-Jun N- 
terminal Kinase (JNK), nucleotide-binding oligomerization domain-like 
receptor family pyrin domain containing 3 (NLRP3), and mammalian 
target of rapamycin (mTOR). Finally, we will discuss the critical role of 
inter-organ crosstalk in disease progression and evaluate potential 
therapeutic strategies targeting these immunometabolic nodes. By 
unraveling this intricate network, we hope to provide a novel theoretical 

basis for breaking the vicious cycle of inflammation and IR.

2. Immune remodeling and inflammation in adipose tissue

2.1. Adipocyte hypertrophy and hypoxia-induced inflammation

White adipose tissue (WAT) serves not only as the primary energy 
reservoir but also as the largest endocrine organ, orchestrating insulin 
sensitivity, glucose homeostasis, and angiogenesis via the secretion of 
adipokines and cytokines. While healthy metabolic expansion (hyper
plasia) maintains immunological silence, obesity-induced pathological 
expansion (hypertrophy) triggers adipocyte hypoxia, endoplasmic re
ticulum (ER) stress, and cell death [12,13]. This deterioration of the 
microenvironment precipitates a phenotypic switch, transforming WAT 
into a pro-inflammatory immunological organ. Dysfunctional adipo
cytes release damage-associated molecular patterns (DAMPs), recruiting 
and activating immune cells to initiate chronic low-grade inflammation, 
which underpins the nexus between obesity and systemic IR [14].

2.2. Adipose tissue macrophage polarization and heterogeneity

The pathological expansion of WAT induced by obesity is charac
teristically accompanied by the infiltration of inflammatory cells, a 
pivotal driver that precipitates adipocyte dysfunction and systemic IR. 
Among the infiltrating immune populations, adipose tissue macro
phages (ATMs) represent the earliest identified and most extensively 
characterized cohort. Acting as resident sentinels, ATMs sense local and 
systemic metabolic stress, initiating immune recruitment via antigen 
presentation and orchestrating inflammatory cascades through cytokine 
secretion.

In the context of obesity, chronic low-grade inflammation within 
WAT (termed “meta-inflammation”) constitutes the central nexus link
ing energy surplus to systemic metabolic dysfunction [15]. This patho
logical cascade is precipitated by adipocyte hypertrophy, which triggers 
local hypoxia, endoplasmic reticulum (ER) stress, and cell death 
[16,17]. Consequently, compromised adipocytes undergo a drastic 
alteration of their secretome: the synthesis of the insulin-sensitizing and 
anti-inflammatory adiponectin is markedly impaired [18], whereas the 
release of pro-inflammatory factors (e.g., FFAs, leptin, resistin) and 
chemotactic mediators (e.g., MCP-1/CCL2) is upregulated [17,19]. 
These signaling molecules facilitate the recruitment of bone marrow- 
derived monocytes into adipose tissue and their subsequent differenti
ation into ATMs, thereby remodeling the immunological microenvi
ronment [20,21].

Within this inflammatory microenvironment, ATMs undergo marked 
“metabolic reprogramming,” characterized by a phenotypic skewing 
from a homeostatic, tissue-repairing M2-dominant state to a highly 
activated, pro-inflammatory M1-dominant profile [22]. However, 
recent advances in single-cell genomics have unraveled a degree of ATM 
heterogeneity that transcends the traditional, often simplistic M1/M2 
dichotomy [23]. Notably, obesity-associated subsets—specifically lipid- 
associated macrophages (LAMs, identified by a TREM2+, CD9+, and 
GPNMB+ signature) and Inflammatory Macrophages (IMs)—preferen
tially localize around moribund adipocytes. These cells organize into 
characteristic “crown-like structures” (CLS), functioning to coordinate 
the sequestration and catabolism of lipid debris [16,24].

From a mechanistic standpoint, these activated macrophages func
tion as lipid sensors, detecting saturated fatty acids and other lipid 
metabolites via scavenger receptor CD36 and Toll-like receptor 4 
(TLR4). This recognition triggers downstream signaling converging on 
the NF-κB, NLRP3 inflammasome, and JNK pathways [22]. This 
signaling cascade precipitates a robust efflux of pro-inflammatory me
diators, including TNF-α, IL-6, and IL-1β, which directly abrogate insulin 
signal transduction in adipocytes. Crucially, this impairment is mediated 
by the induction of inhibitory serine phosphorylation on IRS pro
teins—thereby impeding canonical tyrosine phosphorylation and 
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establishing severe local IR [17,19].
Consequently, a reciprocal feed-forward loop is established between 

adipocytes and macrophages. Adipocyte-derived FFAs continuously 
prime macrophage inflammation via TLR4 signaling; in turn, 
macrophage-secreted cytokines, such as TNF-α, further suppress adipo
nectin production [17]. The abrogation of the adiponectin axis repre
sents a critical checkpoint in this cycle: under physiological conditions, 
adiponectin acts as an “immunological brake” by maintaining M2 po
larization via AdipoR1/R2 receptors [18]. However, obesity-induced 
hypoadiponectinemia and receptor resistance abolish this restraint, 
exacerbating immune dysregulation [25]. This inflammatory milieu is 
further orchestrated by crosstalk with adaptive immune subsets (e.g., 
expanded pro-inflammatory CD8+ T cells, Th1 cells, and impaired 
Tregs) and modulated by extrinsic signals, including sympathetic tone 
(catecholamine resistance) and gut microbiota metabolites (e.g., pro
pionate via GPR43) [16,22]. Notably, macrophage plasticity exhibits 
context-dependent duality. For instance, a novel Pdpn+ subset in peri
vascular adipose tissue exerts protective effects via the Pla2g2d-GPR120 
axis [26]. Yet, in the context of obesity, these protective mechanisms are 
subverted by the predominant pro-inflammatory network. Ultimately, 
ATM-driven chronic inflammation not only promotes fibrosis (via TGF- 
β) and mitochondrial dysfunction but also leads to the systemic 
dissemination of inflammatory mediators [27,28]. This “spillover” effect 
compromises distal organs such as the liver and skeletal muscle, driving 
the pathogenesis of T2DM and MASLD [19,24].

2.3. T cell remodeling and adaptive immune responses

In the pathogenesis of obesity-associated IR, the dynamic remodeling 
of adipose tissue-resident T cells functions not merely as an effector 
response but as a pivotal nexus bridging metabolic stress and tissue 
dysfunction. This process transcends the classical inflammation para
digm, establishing a multidimensional immunometabolic network. 
Traditionally, obesity is understood to precipitate a collapse of T cell 
homeostasis, characterized by the clonal expansion of pro-inflammatory 
CD8+, Th1, and Th17 subsets, concomitant with a paucity of immuno
tolerant regulatory T cells (Tregs). These activated effectors release cy
tokines such as IFN-γ and IL-17, synergizing with macrophages to drive 
chronic low-grade inflammation and impede insulin signaling [17]. 
However, recent breAKThroughs have unveiled a “non-canonical” direct 
regulatory axis: in obese individuals, TCR-activated CD4+ T cells 
markedly upregulate the secretion of SOSTDC1. Acting in a paracrine 
manner, SOSTDC1 activates the adipocyte LRP5/6-β-catenin signaling 
axis, bidirectionally remodeling lipid metabolism (promoting lipogen
esis while inhibiting lipolysis) and directly abrogating insulin signaling. 
This underscores the capacity of T cells to exacerbate adipocyte 
dysfunction via metabolic signaling molecules, independent of classical 
inflammatory mediators [29]. The pathological remodeling of adipose T 
cells is orchestrated by diverse upstream signals. In the early stages, 
transient neutrophil infiltration, triggered by gut microbiota trans
location, serves as a critical “priming event” for the Th1/Treg imbalance 
in visceral adipose tissue (VAT) [30]. Reciprocally, adipocyte status 
modulates T cell differentiation: specifically, the FGF21-KLB-PGE2 axis 
supports Treg differentiation during healthy pregnancy, whereas 
“FGF21 resistance” in gestational diabetes mellitus (GDM) impairs this 
tolerance mechanism [31]. VAT Tregs represent a unique tissue-resident 
population whose homeostasis relies on TCR specificity, the IL-33/ST2 
axis, and PPARγ-driven metabolic adaptation. This equilibrium is dis
rupted by the synergistic action of IFN-α, IFN-γ, and TNF-α in the obese 
milieu [32]. Furthermore, NKT cells exhibit context-dependent duality, 
exerting either pro- or anti-inflammatory effects depending on their 
interaction with distinct CD1d + cells [33]. While therapeutic in
terventions like IL-2 show promise by restoring Treg balance via both 
peripheral and central (hypothalamic-sympathetic) mechanisms, the 
challenge of “obesogenic memory” remains. Chronic antigen stimulation 
induces T cell senescence and osteopontin (OPN) secretion, creating a 

persistent pro-inflammatory immunological imprint. This explains the 
incomplete metabolic recovery and susceptibility to weight regain often 
observed post-weight loss [34,35].

2.4. Heterogeneity and regulatory functions of B lymphocytes

In the complex network governing obesity-associated IR, adipose 
tissue B cells are no longer viewed as a monolithic entity but rather as a 
highly heterogeneous population exercising multidimensional regula
tion. Distinct from the splenic or medullary compartments, 
VAT—particularly the omentum—harbors a unique immunological 
niche characterized by a markedly elevated B-1/B-2 cell ratio [36]. 
Conventionally, pathogenic B-2 cells drive metabolic deterioration via 
canonical pro-inflammatory mechanisms: secreting cytokines (IL-6, IFN- 
γ, TNF-α) and pathogenic IgG antibodies that activate local T cells and 
macrophages, thereby exacerbating tissue inflammation and IR. This 
pro-inflammatory burden is synergistically amplified by aging [36]. 
However, a pivotal 2025 study has unveiled a non-canonical pathogenic 
axis: B cells, specifically the B-2 subset, secrete the immunogenic opioid 
peptide Nociceptin/Orphanin FQ (N/OFQ). Acting directly via the NOP 
receptor on macrophages, this peptide potentates their chemotactic 
migration and metabolic activation, fueling macrophage recruitment to 
adipose tissue and the liver. Ablation of this pathway (e.g., via B cell- 
specific Pnoc deletion) significantly improves glucose tolerance in 
obese mice, establishing B cells as a novel “chemotactic engine” that 
propels metabolic inflammation [37].

B cell function within adipose tissue is not unequivocally deleterious; 
rather, it exhibits a distinct functional dichotomy. Innate-like B-1 cells 
(B-1a/B-1b) mitigate inflammation by secreting natural IgM antibodies 
that recognize DAMPs, while regulatory B cells (Bregs) suppress effector 
T cells and macrophages via IL-10 secretion. Together, these subsets 
constitute a crucial metabolic-immunological barrier [36]. Of particular 
significance during late-stage obesity and tissue remodeling, BAFF- 
driven autoreactive B-2 cells exhibit an often-overlooked “scavenger” 
function. The IgG autoantibodies produced by these cells mediate 
antibody-dependent cellular phagocytosis, facilitating the efficient 
removal of apoptotic adipocytes within CLS. Intriguingly, while 
neutralizing BAFF reduces the total B cell burden, it compromises this 
sanitary clearance mechanism, leading to the accumulation of necrotic 
debris and paradoxically exacerbating necrotic inflammation and IR 
[38]. The fate of adipose B cells is intricately governed by the local 
CXCL13-CXCR5 chemotactic axis and cytokines such as IL-1β [36]. 
Concurrently, obesity-associated systemic dysregulation profoundly re
programs B cell function: elevated leptin consolidates the pro- 
inflammatory phenotype via the JAK/STAT3 pathway. Furthermore, 
the imbalance of lipid mediators—characterized by elevated pro- 
inflammatory Prostaglandin E2 (PGE2) concomitant with impaired 
synthesis of Specialized Pro-resolving Mediators (SPMs)—not only fuels 
inflammation but also compromises Class-Switch Recombination and 
overall humoral immunity [39].

2.5. Roles of dendritic cells, neutrophils, and other innate immune subsets

The immunological landscape of adipose tissue is not solely dictated 
by macrophages and T cells but is profoundly reconfigured by a broad 
innate immune network, including dendritic cells (DCs), mast cells, 
neutrophils, and eosinophils. As the pivotal antigen-presenting cells 
(APCs) bridging innate and adaptive immunity, DCs play a highly 
intricate role in metabolic regulation [40,41]. Under homeostatic con
ditions, conventional dendritic cell subsets (cDC1 and cDC2) in VAT 
orchestrate local immune tolerance via distinct signaling axes: cDC1 
relies on the Wnt/β-catenin pathway, while cDC2 depends on PPARγ 
signaling. Together, they promote IL-10 production and sustain Treg 
function, thereby establishing a metabolically healthy immune barrier 
[42,43]. However, chronic nutrient excess disrupts this equilibrium. 
Obesity precipitates a pathological expansion and activation of DCs 
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(particularly the cDC2 subset), characterized by a sharp phenotypic shift 
towards pro-inflammation and the upregulation of migratory receptors 
(CCR7) and immune checkpoints (CD274/PD-L1). Crucially, this acti
vated DC phenotype is not fully reversed upon weight loss; rather, it 
constitutes a persistent “obesogenic immune memory.” Upon weight 
regain (weight cycling), these primed DCs respond rapidly to exacerbate 
glucose intolerance, providing a cellular basis for the metabolic detri
ment associated with the “yo-yo effect [44].” Functionally, activated 
DCs dismantle immune tolerance by driving pro-inflammatory Th1/ 
Th17 responses while suppressing Treg expansion [41]. Furthermore, 
they facilitate the recruitment of pro-inflammatory macrophages via IL- 
6 and Flt3L-dependent mechanisms, amplifying chronic low-grade 
inflammation [45]. Although specific depletion of DCs ameliorates in
sulin sensitivity, the functional redundancy regarding antigen presen
tation between DCs and macrophages suggests that targeting MHC II 
signaling alone may be insufficient to fully reverse the metabolic 
phenotype [46].

Mast cells exhibit significant accumulation within the adipose tissue 
of subjects with metabolic syndrome (MetS), where their abundance is 
positively correlated with the severity of IR and tissue fibrosis. By 
secreting tryptase, IL-6, and IFN-γ, these cells not only propagate 
inflammation but also actively drive pathological tissue remodeling 
[47]. Acting as the immunological vanguard, neutrophils represent the 
earliest immune population to infiltrate obese VAT. Their recruitment is 
driven by a dual mechanism involving adipocyte-derived chemokines (e. 
g., IL-8/CXCL8) and gut microbiota translocation. Through the release 
of IL-1β and neutrophil elastase, neutrophils not only directly impair 
insulin signaling but also serve as a critical “priming mechanism,” 
instigating and amplifying the subsequent macrophage-dominated in
flammatory cascade [30]. In stark contrast, eosinophils function as the 
custodians of metabolic homeostasis and Type 2 immunity in the lean 
state. However, their protective capacity is significantly subverted or 
diminished amidst the pro-inflammatory milieu of obesity, leading to 
the eventual collapse of the anti-inflammatory barrier via cellular 
attrition [48]. Collectively, these innate subsets, together with macro
phages and lymphocytes, constitute an intricate interactive network. 
From the immunological memory imprinted in DCs and the early initi
ation by neutrophils to the functional loss of eosinophils, this sequence 
of events synergistically shapes the chronic pro-inflammatory micro
environment of obese adipose tissue.

2.6. Dysregulation of adipokine secretion and metabolic consequences

In the pathological state of obesity, WAT, particularly the visceral 
depot, undergoes profound functional remodeling, transitioning from a 
primary energy reservoir to a dominant endocrine source of systemic 
chronic inflammation. Central to this transformation is a marked dys
regulation of the adipocyte secretome, characterized by a dichotomous 
shift in immunomodulatory mediators [18]. This endocrine dysfunction 
manifests as the suppression of protective factors—specifically adipo
nectin, which possesses potent insulin-sensitizing, anti-inflammatory, 
and vasculoprotective properties—concomitant with the upregulation 
of pro-inflammatory adipokines [49,50]. This secretory imbalance is not 
an isolated event but is precipitated and amplified by pathological tissue 
remodeling, including adipocyte hypertrophy, local hypoxia, and the 
polarization of macrophages towards a pro-inflammatory M1 pheno
type. Mechanistically, elevated pro-inflammatory adipokines constitu
tively activate stress pathways such as JAK2/STAT3 and NF-κB. These 
signaling cascades induce inhibitory serine phosphorylation of IRS 
proteins, thereby directly impeding insulin signal transduction. 
Concurrently, hypoadiponectinemia compromises downstream adeno
sine monophosphate-activated protein kinase (AMPK) and PPAR-α 
signaling, attenuating fatty acid oxidation and glucose uptake in skeletal 
muscle and the liver, which exacerbates ectopic lipid deposition [18]. 
Furthermore, perturbation of the “gut-adipose axis”—mediated by high- 
fat diet (HFD)-induced intestinal permeability and metabolic 

endotoxemia—further instigates adipose inflammation via the TLR4/ 
NF-κB pathway, establishing a self-perpetuating positive feedback loop 
[51].

Adipokines function as pivotal signaling molecules that serve as the 
cornerstone of the “adipose-organ axis,” mediating complex multidi
rectional crosstalk between adipose tissue and the liver, skeletal muscle, 
pancreas, vasculature, and the CNS. The dysregulation of the adipokine 
secretome acts as a primary driver of systemic IR and metabolic 
derangement. Recent evidence from clinical interventions corroborates 
this perspective: the metabolic improvements elicited by significant 
weight loss (e.g., the doubling of insulin sensitivity) are attributable less 
to the resolution of inflammatory cell infiltration per se, and more 
critically to the normalization of the adipokine secretion profi
le—characterized by the restoration of adiponectin levels concomitant 
with a decline in leptin and PAI-1 [52]. Notably, adipokine function 
exhibits high diversity and context-dependence. For instance, Chemerin 
has recently been identified as indispensable for the differentiation and 
thermogenic maintenance of brown adipose tissue (BAT); its deficiency 
precipitates the pathological “whitening” of BAT and impairs energy 
expenditure, thereby accelerating the onset of IR in the context of HFD 
or aging [53]. In summary, secretory dysfunction driven by adipose 
tissue dysregulation—marked by the abrogation of the adiponectin axis 
and a pro-inflammatory surge—represents the central pathophysiolog
ical bridge connecting obesity and chronic low-grade inflammation to 
systemic IR, and constitutes the molecular basis for downstream meta
bolic pathologies such as atherosclerosis (Fig. 1).

3. Immunometabolic remodeling in liver, skeletal muscle, and 
pancreas

3.1. The liver

3.1.1. Kupffer cell activation and hepatocyte-macrophage crosstalk
In the complex hepatic microenvironment, Kupffer cells (KCs)— 

constituting the largest pool of tissue-resident macrophages (approxi
mately 80–90% of the body's total)—serve not only as immune sentinels 
against pathogens but also as a pivotal immunometabolic nexus bridging 
metabolic dysregulation and hepatic IR. While KCs maintain immune 
tolerance and tissue homeostasis under physiological conditions, this 
equilibrium is disrupted in the pathological context of obesity and 
nutrient excess [54]. Pro-inflammatory mediators from adipose tissue, a 
dysregulated adipokine profile, and a surge in circulating FFAs collec
tively drive the “metabolic reprogramming” of KCs. This is characterized 
by a phenotypic skewing from an anti-inflammatory/restorative alter
natively activated (M2) state to a classically activated (M1) pro- 
inflammatory phenotype [55]. This pathogenic polarization is 
frequently precipitated by perturbations in the “gut-liver axis”: gut 
barrier impairment leads to metabolic endotoxemia (LPS translocation), 
which, synergistically with ectopic hepatic lipid accumulation, activates 
Pattern Recognition Receptors (PRRs) such as TLR4 on KCs. This triggers 
key signaling cascades, including NF-κB, JNK and IKK [56]. Once acti
vated, M1-KCs act as the epicenter of inflammation, secreting robust 
levels of pro-inflammatory cytokines (TNF-α, IL-1β, IL-6) and chemo
kines (MCP-1/CCL2) [57,58]. Through paracrine crosstalk, these me
diators directly target adjacent hepatocytes. Mechanistically, TNF-α and 
IL-6 activate serine/threonine kinases (JNK, IKKβ) within hepatocytes, 
inducing inhibitory serine phosphorylation of IRS proteins. This modi
fication abrogates canonical tyrosine phosphorylation and downstream 
PI3K/AKT signaling, thereby precipitating hepatic IR, manifested as 
unrestrained gluconeogenesis and elevated hepatic glucose output. 
Additionally, KC-derived lipid mediators (e.g., Prostaglandin E2) syn
ergistically fuel this pathological process. Notably, a complex reciprocal 
amplification mechanism exists between hepatic inflammation and IR. 
Hepatocyte lipotoxicity serves as a primary initiator of sterile inflam
mation: damaged or apoptotic hepatocytes release DAMPs, such as ATP 
and High Mobility Group Box 1 (HMGB1), which paracrinally activate 
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the NLRP3 inflammasome within KCs. Concurrently, KC-derived MCP-1 
establishes a chemotactic gradient, recruiting bone marrow-derived 
monocytes to the liver. These infiltrating macrophages, together with 
resident KCs, weave a self-reinforcing inflammatory network that sus
tains insulin signaling impairment [56]. Crucially, this chronic inflam
matory milieu activates Hepatic Stellate Cells (HSCs), driving the 
pathological trajectory from simple steatosis to metabolic dysfunction- 
associated steatohepatitis (MASH) and fibrosis [55,58]. Although KCs 
are drivers of meta-inflammation, their function exhibits significant 
context-dependency. Under specific cues (e.g., IL-4/13 signaling or 
PPARδ activation), KCs can maintain an M2 phenotype to facilitate tis
sue repair; however, in chronic pathologies like MASLD, the M1/M2 
balance is often irreversibly tipped towards a pro-inflammatory state 
[55].

Beyond these intra-hepatic events, the liver functions not only as a 
localized site of metabolic derangement but also as a systemic “ampli
fier” of meta-inflammation. Pro-inflammatory hepatokines like Fetuin-A 
and liver-derived steatosomes can enter the systemic circulation, further 
exacerbating adipose tissue dysfunction and impairing insulin signaling 
in skeletal muscle, thereby reinforcing the multi-organ pathological 
loop.

3.1.2. Hepatic stellate cell activation and mechanisms of fibrosis
The activation of HSCs represents the pivotal event in the progres

sion of chronic liver disease, inextricably intertwined with IR through a 
multidimensional causal network. Beyond their role as the primary 
producers of the extracellular matrix (ECM), HSCs function as dynamic 
“immunometabolic nodes,” integrating metabolic cues and the inflam
matory microenvironment to orchestrate the fibrotic cascade. IR and its 
associated hyperinsulinemia and hyperglycemia act as direct stimuli 
initiating the pathogenic transdifferentiation of HSCs: hyperinsulinemia 
directly promotes HSC proliferation and collagen synthesis via the dif
ferential activation of the PI3K/AKT-p70S6K and ERK signaling cas
cades, while a concomitant hyperglycemic milieu induces profound ER 
stress within HSCs and exacerbates the fibrogenic phenotype via 
ASIC1a-mediated autophagy [59,60]. However, the principal pathway 
linking IR to HSC activation is mediated indirectly by the immuno- 
inflammatory network; augmented peripheral lipolysis results in a 

hepatic influx of FFAs and lipotoxic species (e.g., palmitate), triggering 
hepatocyte lipotoxicity and apoptosis. These compromised hepatocytes 
release EVs—laden with DAMPs and bioactive miRNAs—which exert a 
dual pathogenic effect: they are directly internalized by HSCs, upregu
lating α-SMA, TGF-β, and Type I collagen, and concurrently activate KCs 
while recruiting monocytes and neutrophils to establish a sustained in
flammatory milieu [61]. Within this network, infiltrating macrophages 
recruited via the CCL2/CCR2 axis play a decisive role, secreting TGF-β, 
TNF-α, and IL-1β as critical paracrine signals driving the transition of 
quiescent HSCs into myofibroblasts [59]; furthermore, hepatocyte 
injury-induced Hedgehog, Notch, and OPN signaling axes synergistically 
promote this fibrotic response [61]. Notably, HSCs possess the intrinsic 
capacity to sense metabolic danger signals: lipotoxic lipids and gut- 
derived endotoxins (LPS) engage TLR2/TLR4 on HSCs, inducing 
oxidative stress via NADPH oxidase (NOX4) to consolidate the fibrotic 
phenotype; in particular, the intracellular accumulation of free choles
terol creates a state of hypersensitivity to fibrogenic signals by upre
gulating TLR4 and downregulating the TGF-β pseudoreceptor, BAMBI 
[59]. Simultaneously, HSCs establish a feed-forward loop via the auto
crine interaction of chemokines (e.g., CCL5) and their receptors (CCR5) 
[62]. This process is further modulated by genetic architecture, where 
PNPLA3 I148M and MBOAT7 rs641738 variants exacerbate fibrosis risk 
by perturbing HSC lipid metabolism, whereas HSD17B13 rs72613567 
confers a protective effect [61]. Clinical and experimental evidence 
substantiates these mechanisms, showing that diet-induced IR acts 
synergistically with liver injury to accelerate fibrosis, with HOMA-IR 
serving as an independent predictor of fibrosis stage [63]. In sum
mary, HSCs serve as a central immunometabolic nexus determining the 
malignant trajectory from MASH to cirrhosis.

3.1.3. Physiological and pathological functions of hepatokines
Hepatokines, a class of signaling proteins predominantly synthesized 

and secreted by the liver, serve as fundamental mediators of the “liver- 
organ axis,” facilitating intricate inter-organ crosstalk with distal tissues 
such as adipose tissue, skeletal muscle, and the immune system. These 
factors exert a complex, dichotomous regulation over systemic immune 
surveillance and metabolic homeostasis. In the context of metabolic 
stress (e.g., NAFLD/MASLD), the liver undergoes significant 

Fig. 1. The immunometabolic landscape of adipose tissue remodeling in obesity.
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pathological remodeling, precipitating a deleterious skewing of the 
hepatokine secretome. This dysregulation acts as a primary driver of 
systemic IR and chronic low-grade inflammation. Mechanistically, he
patocellular lipotoxicity and oxidative stress constitutively activate the 
IKK-β/NF-κB pathway, promoting the aberrant secretion of pathogenic 
hepatokines, including Fetuin-A, Selenoprotein P (SeP), Hepassocin, and 
Fibrinogen-like protein 1 (FGL1) [64–66]. These factors compromise 
metabolic health via distinct molecular mechanisms. Fetuin-A not only 
directly inhibits insulin receptor tyrosine kinase activity but also func
tions as an endogenous ligand for TLR4. In this capacity, it synergizes 
with free fatty acids (FFAs) to ignite inflammatory cascades in macro
phages and adipose tissue, thereby suppressing adiponectin production 
and exacerbating IR. Selenoprotein P has been implicated in “exercise 
resistance,” potentially blunting the metabolic benefits of physical ac
tivity. Hepassocin induces IR via the ERK1/2 signaling axis [65]. 
Notably, FGL1 is markedly upregulated under high-fat stress and drives 
hepatic lipogenesis and inflammation by activating the EGFR/ERK 
pathway, mediating deleterious communication between the liver and 
peripheral tissues [66]. In stark contrast, physiological stimuli such as 
exercise induce the secretion of salutary hepatokines, including Fibro
blast Growth Factor 21 (FGF21), Angiopoietin-like protein 4 
(ANGPTL4), and Follistatin, which collectively establish a metabolic 
defense network. FGF21 promotes lipolysis and the “browning” of WAT 
while enhancing hepatic fatty acid oxidation. ANGPTL4 directs lipid 
partitioning by inhibiting lipoprotein lipase (LPL) activity in adipose 
tissue, channeling fatty acids towards skeletal muscle for oxidative uti
lization. Finally, Follistatin neutralizes Myostatin to promote muscle 
hypertrophy and augment systemic energy expenditure [67].

The functional repertoire of hepatokines extends far beyond canon
ical metabolic regulation. FGL1 has been identified as the major func
tional ligand for the inhibitory immune checkpoint receptor LAG-3. Its 
binding significantly dampens antigen-specific T cell cytotoxicity and 
abrogates immune surveillance within the tumor microenvironment. 
Consequently, targeting the FGL1/LAG-3 axis has emerged as a prom
ising frontier in cancer immunotherapy, demonstrating synergistic ef
ficacy when combined with PD-1/PD-L1 blockade. This discovery 
underscores the profound mechanistic link bridging metabolic dysre
gulation and tumor immune evasion [66]. In conclusion, hepatokines 
constitute an intricate signaling architecture, wherein the equilibrium of 

their secretome profoundly orchestrates systemic glucose/lipid meta
bolism and immune responses (Fig. 2). They serve a dual pivotal role: 
acting as “molecular bridges” linking hepatic pathology (e.g., NAFLD/ 
MASLD) to extrahepatic comorbidities (including cardiovascular dis
ease, T2DM, and malignancy), while simultaneously functioning as 
“crucial transducers” that mediate the systemic benefits of lifestyle in
terventions such as physical exercise.

3.2. Skeletal muscle

3.2.1. Immune infiltration and lipotoxicity in skeletal muscle
In the pathogenesis of obesity and associated metabolic disorders, 

skeletal muscle transcends its traditional role as a passive insulin target, 
emerging as a dynamic immunometabolic interface characterized by 
complex interactions between immune infiltration and ectopic 
adiposity. This pathological axis is anchored in specific intramuscular 
lipid depots: Intermuscular Adipose Tissue (IMAT) and Perimuscular 
Adipose Tissue (PMAT). In the context of obesity, these depots undergo 
significant pathological expansion, transforming from inert energy res
ervoirs into active niches for pro-inflammatory immune cell accumula
tion [68]. The immune populations localized within expanded IMAT/ 
PMAT undergo profound phenotypic remodeling: infiltrating macro
phages predominantly polarize towards a pro-inflammatory CD11c +
M1-like phenotype, while T lymphocytes exhibit skewing towards an 
IFN-γ-producing Th1 profile, concomitant with the depletion of Tregs 
[69]. This reconfiguration of the immunological microenvironment re
sults in a dysregulated cytokine profile (characterized by elevated TNF- 
α, IL-1β, and MCP-1, with diminished IL-10). These immune cells 
organize into CLS around apoptotic adipocytes, releasing paracrine 
mediators that directly abrogate the IRS-1/PI3K/AKT signaling cascade 
in adjacent myocytes, thereby precipitating IR [70]. Concurrently, sys
temic metabolic dysregulation exacerbates intramyocellular ectopic 
lipid deposition, driven by the influx of visceral adipose-derived FFAs 
and triglyceride-rich lipoproteins (TGRLs) via LPL [68]. This lipid 
overload induces severe “lipotoxicity,” compromising mitochondrial 
bioenergetics and triggering oxidative stress, which in turn stimulates 
myocytes to secrete a pro-inflammatory profile of myokines. Ultimately, 
this establishes a reciprocal “inflammation-lipotoxicity” feed-forward 
loop that constitutively impairs insulin sensitivity.

Fig. 2. The immunometabolic crosstalk driving hepatic steatosis and fibrosis.
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Recent investigations have significantly expanded the conceptual 
boundaries of this field. Firstly, a “glycemic state-dependent” mode of 
immuno-muscular communication has been elucidated: within a hy
perglycemic milieu, M1-like macrophages secrete specific lipid-laden 
EVs that are directly internalized by myocytes, thereby remodeling 
myocellular lipid metabolism and promoting fibrosis [71]. Secondly, a 
“vascular-immune axis” distinct from classical adipose inflammation has 
been identified: the metabolic status of skeletal muscle endothelial cells 
(specifically, GLUT1 expression) regulates the secretion of the angio
crine factor OPN, which in turn orchestrates the proliferation and acti
vation of perivascular resident macrophages, directly governing muscle 
insulin sensitivity [72]. Notably, intrinsic transcriptional reprogram
ming of skeletal muscle may also function independently of immune 
infiltration. For instance, skeletal muscle-specific expression of Inter
feron Regulatory Factor 4 (IRF4) modulates metabolic flux by regulating 
mitochondrial branched-chain aminotransferase (BCATm), thereby 
influencing susceptibility to obesity—a process that does not necessarily 
parallel changes in intramuscular lipid content or macrophage infiltra
tion, suggesting the multidimensionality of metabolic regulation [73]. 
In conclusion, the immunometabolic landscape within skeletal muscle 
represents a complex network anchored by the expansion of IMAT/ 
PMAT. This network is collectively orchestrated by macrophage polar
ization dynamics, lipotoxic interactions, vesicle-mediated communica
tion, and endothelial regulation, which synergistically drive the 
pathogenesis of chronic low-grade inflammation and IR.

3.2.2. Immunomodulatory effects of exercise-induced myokines
Under the physiological stimulus of mechanical contraction, skeletal 

muscle functions not merely as a locomotive organ but acts as a dynamic 
endocrine gland, secreting a spectrum of bioactive molecules termed 
“myokines” or “exerkines.” These molecules orchestrate a sophisticated 
signaling network that governs local tissue repair and systemic immune 
homeostasis. The immunomodulatory effects of exercise exhibit signif
icant temporal heterogeneity. During the acute phase of exercise, 
myokines regulate the expression of chemokines (e.g., CXCL8/IL-8, 
CCL2/MCP-1), precisely directing the infiltration of neutrophils, 
monocytes/macrophages, and lymphocytes into muscle tissue [74]. In 
this context, IL-6 functions as a pivotal mediator with distinct pleio
tropic properties: while it transiently elicits pro-inflammatory signals to 
mobilize neutrophils and initiate tissue repair, it subsequently induces 
the production of anti-inflammatory cytokines, such as IL-10 and IL-1ra. 
Consequently, within the exercise context, IL-6 ultimately manifests a 
potent anti-inflammatory and metabolically beneficial phenotype [75]. 
IL-10 further drives macrophage polarization towards the reparative M2 
phenotype, whereas IL-15 is indispensable for maintaining T-cell ho
meostasis and promoting NK cell proliferation. Furthermore, exercise- 
induced upregulation of PGC-1α not only enhances mitochondrial 
biogenesis but also consolidates the anti-inflammatory microenviron
ment at the transcriptional level by inhibiting the NF-κB signaling 
pathway and promoting IL-10 synthesis [74].

Beyond classical cytokines, emerging myokines such as Brain- 
Derived Neurotrophic Factor (BDNF), Fibroblast Growth Factor 21 
(FGF21), and Irisin have demonstrated potent immunomodulatory po
tential. This signaling network exhibits critical translational value in 
specific disease models: exercise-induced myokines (including IL-6, 
CXCL8/IL-8, and FGF21) not only modulate systemic low-grade 
inflammation but, crucially, factors like Irisin have been shown to 
inhibit the formation of neutrophil extracellular traps (NETs/NETosis). 
This mechanism potentially provides a novel immunological barrier 
against chemotherapy-induced cardiotoxicity. In the context of MetS, a 
synergistic crosstalk involves exercise-released myokines (IL-6, Irisin, 
BDNF) and adipokines (e.g., adiponectin), which directly antagonizes 
chronic inflammation driven by adipose tissue dysfunction, thereby 
restoring compromised host immune defense while ameliorating insulin 
sensitivity [76]. Notably, a reciprocal regulation exists wherein exercise- 
induced remodeling of skeletal muscle metabolism dictates its secretory 

function. For instance, in models of diet-resistant obesity, exercise 
training alters the composition of the muscle “secretome” by enhancing 
mitochondrial oxidative capacity, attenuating oxidative stress, and 
reprogramming sphingolipid metabolism, thus mitigating the inflam
matory state at its source [77]. Collectively, exercise-induced myokines 
orchestrate a regenerative microenvironment conducive to tissue repair 
and systemic anti-inflammation by regulating immune cell trafficking, 
intervening in key immunometabolic signaling axes (e.g., mTORC1/ 
HIF-1α), and remodeling macrophage polarization phenotypes.

3.2.3. T cell infiltration and regulation of muscle insulin sensitivity
During the pathogenesis of obesity and T2DM, the skeletal muscle 

microenvironment undergoes profound immunometabolic remodeling. 
This process is characterized by persistent, low-grade infiltration of 
immune cells, predominantly T cells and macrophages, which is postu
lated to be a pivotal mechanism underpinning muscle IR [74]. Notably, 
this cellular infiltration exhibits distinct spatial heterogeneity: in obese 
individuals and diet-induced obesity (DIO) mice, T cells do not 
distribute uniformly but preferentially accumulate within the expanded 
IMAT and PMAT depots. Within these niches, populations of CD3+, 
CD4+, and CD8+ T cells are significantly expanded. Their infiltration 
displays specific temporal dynamics—occurring subsequent to macro
phage recruitment—and correlates positively with the pathological 
expansion of adipose tissue and the severity of systemic IR. Mechanis
tically, these infiltrating T cells undergo a pro-inflammatory polariza
tion, skewing primarily towards a Th1 phenotype. Through the secretion 
of the key effector cytokine IFN-γ, they specifically activate the myo
cellular JAK/STAT1 signaling axis. This signaling cascade not only in
duces the expression of inflammatory mediators such as CCL2/MCP-1, 
RANTES, and TNF-α but also directly impairs insulin sensitivity by 
interfering with insulin signaling transduction [78]. Furthermore, 
Lymphocyte Function-Associated Antigen-1 (LFA-1/CD11a) has been 
identified as a mediator of T cell recruitment to the muscle microenvi
ronment. Crucially, pharmacological blockade of the JAK/STAT 
pathway or genetic ablation of T cells (e.g., in TCRβ− /− mice) signifi
cantly ameliorates muscle inflammation and restores insulin sensitivity, 
thereby establishing a causal link between T cell infiltration and obesity- 
related muscle IR. Conversely, Tregs play an indispensable homeostatic 
role in maintaining muscle immune balance. They function by sup
pressing excessive Th1-type inflammation, promoting the polarization 
of macrophages towards a reparative M2 phenotype, and secreting 
growth factors such as Amphiregulin to support tissue repair and 
regeneration. However, aging or metabolic disorders precipitate Treg 
dysfunction or depletion, thereby disrupting immunological equilib
rium. Regular exercise, particularly endurance training, has been proven 
to reverse this maladaptation. By restoring Treg abundance and 
reducing the pro-inflammatory burden, exercise remodels the tissue into 
an anti-inflammatory, pro-regenerative microenvironment, constituting 
a core immunological mechanism by which physical activity improves 
insulin sensitivity (Fig. 3) [74].

It is imperative, however, to acknowledge the potential translational 
discordance between preclinical animal models and human clinical 
manifestations. Although significant alterations in T-cell-associated 
transcriptomic signatures (e.g., downregulation of CD4 and upregula
tion of FOXP3) and immune pathway remodeling have been charac
terized in skeletal muscle biopsies from obese individuals and those 
undergoing bariatric intervention, recent clinical investigations have 
failed to consistently establish a direct linear correlation between these 
inflammatory markers and insulin-mediated glucose disposal rates [79].

3.3. The pancreas

3.3.1. Macrophage-mediated regulation of β-cell function
Within the pancreatic islet microenvironment, resident macrophages 

function not merely as sentinels of immune surveillance but as a pivotal 
regulatory hub orchestrating β-cell maintenance and dysfunction. Their 
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role exhibits a marked “functional dichotomy,” deeply implicated in the 
complex pathophysiology of metabolic stress and autoimmunity. Under 
physiological homeostasis, islet macrophages establish intimate juxta
crine and paracrine dialogues with β cells, secreting basal levels of cy
tokines (e.g., IL-1β and IL-6). This finely tuned milieu of “physiological 
inflammation” exerts a requisite positive modulation on glucose- 
stimulated insulin secretion (GSIS), serving as a cornerstone for sys
temic glucose homeostasis [80]. This beneficial state relies on sophis
ticated multicellular crosstalk; for instance, islet pericytes release CXCL1 
via the TLR/MyD88 axis to coordinate the macrophage production of 
trophic levels of IL-1β, which is essential for preserving β-cell maturity 
and functional integrity [81]. Even during healthy aging, despite the 
macrophage subtype drift associated with sterile insulitis, IL-1β secre
tion remains within a threshold that supports compensatory β-cell pro
liferation [82]. However, under pathological conditions, this delicate 
equilibrium collapses, and macrophage-driven inflammation transforms 
into a core driver of β-cell failure. In T2DM, systemic metabolic dysre
gulation remodels the islet niche via remote communication. Recent 
evidence indicates that small EVs released by lipotoxic hepatocytes act 
as inter-organ messengers, specifically targeting islet macrophages to 
activate the TLR4 signaling pathway. This triggers NF-κB nuclear 
translocation and the fulminant release of pro-inflammatory mediators 
like IL-1β, directly repressing key β-cell identity genes (Pdx1, Ins1) and 
impairing GSIS [83]. Molecularly, the IL-1β-activated JNK signaling 
cascade exerts dual toxicity: it blocks insulin signaling by inhibiting the 
IRS-1/PI3K/AKT axis and drives β-cell dedifferentiation by perturbing 
FOXO1 phosphorylation and transcriptional activity, synergistically 
exacerbating secretory defects and apoptosis [84]. Furthermore, 
macrophage-mediated inflammation serves as a critical molecular 
bridge linking MASLD to T2DM progression [19]. In the context of type 
1 diabetes mellitus (T1DM) autoimmunity, macrophages display a 
complex paradoxical character. In genetically susceptible individuals, 
an intrinsic, TNF-driven high-CXCL16 expression program in islet 
macrophages functions fundamentally as a homeostatic defense mech
anism to clear oxidized lipids (e.g., OxLDL). However, this process en
genders unintended pathological sequelae: by scavenging oxidized 
lipids from the microenvironment, macrophages inadvertently shield 
infiltrating pathogenic CD8+ T cells—specifically, transitional subsets 
highly susceptible to oxidative stress—from lipid peroxidation-induced 
ferroptosis. This “protective effect” paradoxically sustains the survival 
and clonal expansion of autoreactive T cells, thereby intensifying 
autoimmune β-cell destruction [85]. This reveals how a normal ho
meostatic clearance function can be subverted into a potentiator of 

autoimmune pathology. In conclusion, the islet macrophage stands as an 
ultimate arbiter of β-cell fate: providing controlled supportive signals in 
physiology while converting into an effector of dysfunction, dediffer
entiation, and apoptosis under metabolic or autoimmune stress. 
Consequently, targeting macrophages and their inflammatory axes (IL- 
1β/TNF-α/TLR4) represents a promising therapeutic strategy to pre
serve β-cell function and arrest diabetes progression.

3.3.2. T cell subsets and immune responses in pancreatic islets
Within the pancreatic immune microenvironment, T cells exert a 

multidimensional and highly context-dependent regulatory function. 
Their role extends far beyond classical cytotoxicity, dynamically shifting 
between maintaining homeostasis, driving autoimmunity, or facilitating 
tissue repair depending on the physiological status or disease etiology. 
During non-pathological healthy aging, a distinct phenomenon of 
“senescence-associated insulitis” emerges: the islet microenvironment 
accumulates adaptive immune cells, predominantly CD3+ and cytotoxic 
CD8+ T cells. While the infiltration density correlates strongly with 
histological insulitis scores, it does not precipitate β-cell destruction. 
Conversely, these T cells appear to establish a supportive niche by 
secreting trophic factors such as IL-1β, thereby facilitating compensa
tory β-cell proliferation to preserve glucose homeostasis during aging 
[82]. In the context of autoimmune T1DM, CD8+ T cells transform into 
the primary effectors of β-cell destruction. However, recent in
vestigations have unveiled an intrinsic β-cell defense mechanism: the 
active release of EVs carrying Programmed Death-Ligand 1 (PD-L1). 
These EVs engage PD-1 receptors on effector CD8+ T cells in a paracrine 
manner. This “exosomal checkpoint inhibition” loop effectively atten
uates T-cell proliferation, activation, and cytolytic function. Notably, 
circulating levels of these EVs correlate with disease progression and 
residual β-cell function, highlighting their potential as biomarkers for 
monitoring disease evolution [86]. In T2DM pathology, while CD8+ T 
cells remain the predominant lymphocyte subset, their phenotype un
dergoes a significant shift towards CD69+/CD103+ Tissue-Resident 
Memory T cells (TRM). Although absolute numbers may not differ 
significantly between T2DM and healthy donors, the functional state of 
these TRM cells is likely “imprinted” by the local diabetic milieu, 
contributing to β-cell dysfunction amidst chronic low-grade inflamma
tion [87]. Furthermore, T cells play pivotal roles in exocrine pancreatic 
pathologies. In sepsis-associated acute pancreatic injury, Bregs exert 
protective effects by remodeling T-cell homeostasis: they suppress the 
differentiation of pro-inflammatory Th1/Th17 axes and their cytokines 
(IFN-γ, IL-17) while potentiating anti-inflammatory Treg responses, 

Fig. 3. The dichotomous immunometabolic landscape of skeletal muscle in obesity versus exercise.
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thereby mitigating tissue damage [88]. In Chronic Pancreatitis (CP), T 
cells drive the fibrotic cascade via “acinar-immune-stromal” crosstalk: 
Alarmin IL-33 released by injured acinar cells preferentially primes Th2 
cells to produce IL-13. This subsequently polarizes macrophages to
wards an M2 phenotype and upregulates TGF-β1, ultimately activating 
Pancreatic Stellate Cells (PSCs) to induce irreversible fibrosis. Concur
rently, Th1, Th17, and Treg subsets form a complex interactome that 
determines the persistence or resolution of inflammation [89,90]. 
Collectively, T-cell mechanisms within the pancreas exhibit profound 
heterogeneity and plasticity. From metabolic support in physiological 
aging to driving fibrosis in chronic inflammation, these functional shifts 
dictate the clinical trajectories of pancreatic diseases (Fig. 4). A 
comprehensive summary of the phenotypic remodeling and metabolic 
consequences of immune cell populations across these key tissues is 
provided in Table 1.

4. Systemic regulation via gut microbiota and the central 
nervous system

4.1. Activation of hypothalamic microglia and central insulin resistance

Activation of hypothalamic microglia constitutes a critical neuro
immune nexus linking overnutrition and infectious stress to central IR. 
Robust preclinical evidence demonstrates that a HFD rapidly induces 
pathological remodeling of the hypothalamic microenvironment, 
particularly within the Arcuate Nucleus (ARC). This remodeling drives 
microglia to polarize from a quiescent state towards a pro-inflammatory 
M1 phenotype, characterized by cellular proliferation, somatic hyper
trophy, and significant upregulation of Ionized calcium-binding adaptor 
molecule 1 (Iba1) [91]. At the molecular level, HFD-induced Resistin 
activates the NF-κB, JNK, and p38 mitogen-activated protein kinase 
(MAPK) signaling cascades via the TLR4 receptor. This activation 
upregulates intracellular miR-155-5p, which subsequently promotes 
neuroinflammation by relieving the repression of its target genes, 
Quaking and Elmo1 [92]; Additionally, macrophage-derived Pro
granulin (PGRN) acts as a pivotal mediator of HFD-induced glial acti
vation [20]. Conversely, the intracellular deacetylase Sirtuin 6 (Sirt6) 
functions as a “molecular brake” on M1 polarization: by deacetylating 
and stabilizing the transcription factor NRF2, Sirt6 enhances antioxidant 
defenses and attenuates inflammatory responses [93]. Activated 
microglia orchestrate a local milieu of chronic low-grade inflammation 
by releasing cytokines such as IL-1β, IL-6, and TNF-α [20]. This in
flammatory microenvironment impedes the metabolic sensing functions 
of POMC and AgRP/NPY neurons in the ARC through multiple mecha
nisms: upregulation of SOCS3 and PTP1B to block receptor 

phosphorylation; activation of the IKKβ/NF-κB axis; and induction of 
negative feedback inhibition on IRS-1 via the mTOR/S6K pathway [94]. 
The cumulative molecular sequelae of these events are central IR 
(attenuated AKT signaling) and leptin resistance (impaired STAT3 
phosphorylation) [93,95]. Beyond classical overnutrition, recent in
vestigations have broadened the etiological landscape. For instance, 
hypothalamic Neural Stem Cells (htNSCs) can transmit inflammatory 
states to ARC neurons via the paracrine secretion of EVs carrying specific 
signals (e.g., Hnscr deficiency) [96]. Uniquely, pathogens such as the 
Zika Virus (ZIKV) exhibit tropism for the hypothalamus, triggering an 
acute microglial inflammatory storm that precipitates persistent central 
metabolic dysfunction [97]. Neuroimaging evidence from human 
studies provides strong translational support for these findings. Hypo
thalamic gliosis, quantified via MRI techniques (specifically T2 relaxa
tion time), correlates significantly with elevated BMI, HOMA-IR, and the 
presence of MetS—an association that persists partly independent of 
total adiposity [98]. Prospective data further suggest a temporal pre
cedence, indicating that hypothalamic inflammation may precede 
obesity, serving as an early predictor of weight gain and metabolic 
deterioration [91]. In conclusion, aberrant activation of hypothalamic 
microglia is a core driver of central IR. Targeting this neuroimmune axis 
(e.g., via the Sirt6/NRF2 pathway or specific anti-inflammatory agents) 
represents a frontier therapeutic strategy for restoring systemic meta
bolic homeostasis.

4.2. Gut microbiota dysbiosis and the gut-liver axis

Within the complex pathophysiological network of obesity, T2DM, 
and MASLD, gut microbiota dysbiosis has been elevated from a mere 
epiphenomenon to a core pathogenic driver of systemic chronic low- 
grade inflammation and IR [99]. The fundamental mechanism initi
ates with the collapse of microecological architecture—characterized by 
an imbalance in the Firmicutes/Bacteroidetes ratio, a depletion of Short- 
Chain Fatty Acid (SCFA)-producing commensals (e.g., Bifidobacterium), 
and the pathological expansion of opportunistic pathogens. This dysre
gulation directly compromises intestinal epithelial barrier integrity, 
leading to a pathological increase in permeability (“leaky gut”) [100]. 
The loss of barrier function facilitates the translocation of bacterial 
products, such as LPS, into the portal and systemic circulation, inciting 
“metabolic endotoxemia [101].” Immunologically, translocated 
pathogen-associated molecular patterns (PAMPs) are recognized by 
TLR4 on innate immune cells like macrophages. This recognition acti
vates NF-κB and MAPK/JNK signaling cascades via MyD88/TRAF6 
adaptors and triggers NLRP3 inflammasome assembly, resulting in a 
storm of pro-inflammatory cytokines (TNF-α, IL-6, IL-1β) [102]. These 

Fig. 4. The dual immunological regulation of pancreatic β-cell fate and exocrine pathology.
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inflammatory mediators systematically block PI3K/AKT insulin signal 
transduction in the liver, adipose tissue, and skeletal muscle by inducing 
inhibitory serine phosphorylation of IRS-1, sustaining JNK/IKK pathway 
activation, or upregulating SOCS3 negative feedback proteins [101].

The imbalance of microbial metabolites further exacerbates this 
progression. On one hand, the paucity of protective SCFAs (particularly 
butyrate) diminishes their potential in epigenetic regulation (HDAC 
inhibition), barrier enhancement, GLP-1/2 stimulation, and Treg dif
ferentiation [103]. On the other hand, the accumulation of deleterious 
metabolites constitutes a direct assault. Beyond TMAO and hydrogen 
sulfide, recent 2025 investigations have highlighted the critical role of 
microbial-derived D-Lactate: it exhibits a unique “dual metabolic- 
immune toxicity.” It functions not only as a metabolic substrate for 
hepatic lipogenesis and gluconeogenesis—directly aggravating hyper
glycemia and steatosis—but also possesses distinct immunogenicity, 
specifically activating hepatic KCs and recruiting neutrophils to drive 
the progression from MASLD to MASH and fibrosis [104]. Furthermore, 
chronic oxidative stress and inflammation can persistently lock aberrant 
metabolic gene expression via epigenetic modifications such as DNA 
methylation [99]. Intervention strategies targeting the “Gut-Organ Axis” 
have demonstrated immense potential. For instance, dietary fibers (e.g., 
glucomannan) repair the barrier by promoting Indole-3-Acetic Acid 
(IAA) production by Bacteroides ovatus and activating the Aryl Hydro
carbon Receptor (AhR); phlorizin alleviates endotoxemia by remodeling 
the microbiota; and notably [105]; the application of novel oral D- 
Lactate scavengers (e.g., PL65) has achieved dual benefits in glycemic 
control and anti-fibrotic effects [104]. In conclusion, the gut microbiota 
constitutes the immunological foundation of metabolic disease via the 
“barrier disruption—metabolite translocation—immune activation” 
axis. Targeted interventions against specific microbial metabolites (such 
as D-Lactate and IAA) offer a novel direction for precision therapy to 
break this vicious cycle.

4.3. Mechanisms of gut-organ crosstalk and metabolic endotoxemia

The Gut-Liver Axis (GLA) represents far more than a mere anatomical 
conduit; it is a dynamic, bidirectional communication network inte
grating microbial, metabolic, immunological, and neuroendocrine sig
nals, occupying a central position in the pathophysiology of MAFLD and 
systemic IR. Substantial evidence confirms that dysregulation of this axis 
drives pathological progression via multiple mechanisms. The primary 
pathogenic event initiates with intestinal dysbiosis and compromised 
physical barrier integrity. This breach permits the pathological trans
location of microbial-derived endotoxins, such as LPS, across the intes
tinal epithelium and their subsequent influx into the liver via the portal 

venous system [106,107]. Upon reaching the hepatic parenchyma, LPS 
functions as a potent PAMPs, specifically recognizing and activating 
TLR4 on the surface of KCs. This ligand-receptor engagement triggers 
the canonical NF-κB pro-inflammatory signaling cascade, inducing a 
fulminant release of cytokines including TNF-α, IL-6, and IL-1β. This 
local hepatic “cytokine storm” rapidly evolves into systemic chronic 
low-grade inflammation (meta-inflammation), constituting a pivotal 
driver of IR [108]. This mechanistic pathway has been substantiated by 
pharmacological validation in MAFLD models. For instance, the Jigu- 
Cao Formula has been demonstrated to ameliorate hepatic pathology 
while synergistically alleviating systemic IR. Its mechanism involves 
remodeling the gut microbiota (specifically enriching Lactobacillus 
abundance), restoring tight junction proteins (Claudin-1/Occludin) to 
reduce serum LPS load, and inhibiting the PPARγ–CD36 axis to atten
uate oxidized low-density lipoprotein (ox-LDL) uptake [109]. Further
more, synergistic toxicity exacerbates this progression. Beyond LPS, 
metabolic byproducts of dysbiosis (e.g., Trimethylamine N-oxide, 
TMAO) directly aggravate IR and cardiovascular risk [107]. Critically, 
the overload of gut-derived FFAs acts in synergy with endotoxin trans
location to drastically increase hepatic Reactive Oxygen Species (ROS) 
production. Oxidative stress not only inflicts direct hepatocellular injury 
but also amplifies NF-κB-mediated inflammatory signaling. Subse
quently, oxidative products and hepatokine-derived inflammatory fac
tors (e.g., TGF-β1) can retrogradely impair intestinal tight junctions (e. 
g., ZO-1) via systemic circulation. This establishes a self-perpetuating 
vicious cycle of “barrier disruption—inflammation/oxidative 
stress—liver injury—feedback exacerbation of gut leakage [106].”

The communicative architecture of the GLA is further finely 
orchestrated by the neuroendocrine system, involving the intricate 
integration of gut-derived incretins (e.g., GLP-1), neurotransmitters (e. 
g., Serotonin/5-HT), and vagal afferent/efferent signaling [108]. This 
regulation is intimately intertwined with microbial signaling: specific 
commensals, such as Bacteroides uniformis, have been shown to exert 
hepatoprotective effects by modulating the bile acid pool (specifically 
increasing TGR5 ligands like chenodeoxycholic acid). This modulation 
specifically activates the hepatic TGR5 receptor and upregulates the 
AMPK energy-sensing pathway, thereby transcriptionally inhibiting 
gluconeogenesis and de novo lipogenesis. Notably, environmental 
exposure has been identified as a novel variable disrupting this axis. 
Microplastics (MPs) are recognized as emerging environmental dis
ruptors that promote IR via aberrant immunometabolic crosstalk. 
Mechanistically, MPs physically compromise the intestinal barrier and 
perturb the metabolomic profile (e.g., significantly reducing levels of the 
barrier-protective metabolite Indole-3-carboxaldehyde) [110]. In sum
mary, the GLA functions as a convergent hub that integrates the 

Table 1 
Phenotypic remodeling and metabolic consequences of immune cell populations in key target tissues.

Tissue Immune cell 
population

Phenotypic shift in obesity Key mechanisms & effectors Metabolic consequence

Adipose 
Tissue

Macrophages 
(ATMs)

M2-like → M1-like; LAMs TLR4/NF-κB activation; Formation of CLS; 
Secretion of TNF-α, IL-6.

Impairs adipocyte insulin signaling; Promotes 
lipolysis and FFA release.

​ T Cells
Treg depletion; CD8+/Th1/ 
Th17 expansion

IFN-γ secretion; SOSTDC1-mediated Wnt 
signaling activation.

Exacerbates macrophage inflammation; Direct 
impairment of insulin sensitivity.

​ B Cells B-1 → Pathogenic B-2 shift
Secretion of pathogenic IgG and Nociceptin/ 
Orphanin FQ (N/OFQ).

Drives macrophage chemotaxis and activation; 
Impairs tissue clearance via ADCP.

Liver Kupffer Cells M2 → M1 polarization Activation by Gut-derived LPS (TLR4) and 
FFAs; Release of TNF-α, IL-1β.

Induces hepatocyte IR; Promotes gluconeogenesis.

​
Hepatic Stellate 
Cells

Quiescent → Activated 
Myofibroblasts

Activated by DAMPs, TGF-β, and Hedgehog 
signaling.

Drives ECM deposition and fibrosis (MASH 
progression).

Skeletal 
Muscle Macrophages Accumulation in IMAT/PMAT

CD11c + polarization; Uptake of lipid-laden 
EVs.

Paracrine inhibition of myocyte IRS-1/PI3K/Akt 
signaling.

​ T Cells Th1 polarization
JAK/STAT1 signaling activation; IFN-γ 
secretion.

Promotes muscle inflammation and reduces glucose 
uptake.

Pancreatic 
Islets

Macrophages Pro-inflammatory activation Triggered by hepatocyte-derived sEVs; IL-1β/ 
JNK axis activation.

Impairs GSIS; Promotes β-cell dedifferentiation and 
apoptosis.

​ CD8+ T Cells
Tissue-Resident Memory 
(TRM) imprinting

Interaction with PD-L1+ EVs (regulatory); 
Cytotoxicity (pathogenic).

Modulates β-cell survival and autoimmune 
destruction (in T1D context).
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pathological translocation of microbial products, sustained immune 
activation, self-perpetuating oxidative stress cycles, and neuroendocrine 
dysregulation. Together, these factors constitute a multidimensional 
pathogenic network driving the progression of MAFLD and systemic IR.

4.4. The gut-brain axis and neuro-metabolic regulation

The gut-brain axis (GBA) functions as a sophisticated bidirectional 
communication nexus woven from neuro-endocrine-immune networks, 
playing a central role in the pathophysiology of obesity and related 
metabolic disorders. The compositional and functional remodeling of 
the gut microbiota is recognized as a pivotal hub linking dietary intake 
to systemic immune homeostasis and IR [111]. HFD-induced intestinal 
dysbiosis serves as the precipitating event for this pathological cascade, 
characterized by a significant reduction in microbial diversity, an 
imbalance in the Firmicutes/Bacteroidetes ratio, and the pathological 
expansion of pro-inflammatory bacterial taxa [112,113]. This disruption 
of microbial architecture directly compromises intestinal epithelial 
barrier integrity, instigating “Leaky Gut” syndrome. This breach facili
tates the pathological translocation of bacterial endotoxins, such as LPS, 
into the systemic circulation, inducing “metabolic endotoxemia” and 
subsequent systemic chronic low-grade inflammation [114]. At the 
molecular level, translocated endotoxins specifically engage innate im
mune receptors (notably TLR4) and their downstream NF-κB signaling 
pathways, driving the sustained release of pro-inflammatory cytokines 
like TNF-α and IL-6 [112]. These inflammatory mediators directly 
impair insulin signal transduction in peripheral metabolic organs (e.g., 
liver, adipose tissue), constituting the immunological foundation of IR 
and T2DM [111]. Concurrently, the paucity of beneficial metabolites 
such as SCFAs, resulting from dysbiosis, diminishes their protective 
potential in enhancing barrier function and sensitizing insulin response, 
thereby exacerbating metabolic dysregulation [113]. Crucially, this 
systemic inflammation propagates to the CNS via humoral or neural 
pathways (e.g., vagal afferents), activating microglia and triggering 
neuroinflammation. This disrupts insulin signaling pathways (e.g., in
hibition of the PI3K/AKT axis) within critical metabolic regulatory re
gions such as the hypothalamus, leading to central IR. Consequently, 
this impairs energy homeostasis regulation and cognitive function, 
establishing a self-perpetuating vicious cycle of neuro-metabolic 
impairment [115,116].

Targeted interventions directed at the GBA demonstrate significant 
translational therapeutic potential. Investigations indicate that dietary 
interventions rich in fiber, prebiotic/probiotic supplementation, or 
electroacupuncture can effectively remodel microbial homeostasis, 
restore barrier integrity, and attenuate neuroinflammation. These stra
tegies reverse IR and glucolipid metabolic abnormalities by modulating 
GBA signaling (e.g., gut-brain peptide secretion) and activating protec
tive pathways like PI3K/AKT [113,116]. As illustrated in Fig. 5, the gut- 
liver-brain axis exemplifies the profound integration of the immuno
metabolic network. Within this axis, gut-derived metabolites and cyto
kines serve as systemic messengers that synchronize inflammatory tone 
across the CNS and peripheral organs, thereby orchestrating systemic 
insulin sensitivity and metabolic health.

5. Molecular signaling pathways bridging immunity and 
metabolism

IR and inflammatory cascades intersect through key intracellular 
molecular hubs rather than operating in isolation. As illustrated in 
Fig. 6, metabolic danger signals (such as SFAs, LPS, and hyperglycemia) 
trigger a convergent signaling architecture involving the PI3K/AKT, 
MAPK, TLR4/NF-κB, NLRP3, JAK/STAT, and AMPK/mTOR pathways. 
This integrated network facilitates the transition from local tissue stress 
to systemic IR through pro-inflammatory feedback loops. In this sys
temic failure, inflammatory signals from one organ (e.g., adipose- 
derived TNF-α) act as triggers for another (e.g., hepatic TLR4 activa
tion), culminating in a synchronized disruption of systemic glucose 
homeostasis.

5.1. The PI3K/AKT signaling pathway in immunometabolism

The PI3K/AKT signaling pathway serves as a central hub integrating 
metabolic homeostasis and immune responsiveness, finely orchestrating 
cell growth, survival, and energy metabolism under physiological con
ditions. However, within the meta-inflammation milieu characteristic of 
obesity and T2DM, regulation of this pathway becomes profoundly 
dysregulated, acting as a critical molecular bridge linking immune 
activation to metabolic dysfunction. In macrophages, obesity-induced 
metabolic stress (e.g., lipotoxic accumulation of saturated fatty acids) 
activates TLR4, initiating pro-inflammatory kinase cascades involving 

Fig. 5. The pathological gut-liver-brain axis in metabolic inflammation.
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JNK and IKK. These kinases directly abrogate downstream PI3K/AKT 
insulin signaling by inducing inhibitory phosphorylation at critical 
serine residues (e.g., Ser307) of IRS [117]. This signaling blockade 
precipitates profound immunometabolic consequences: it unleashes 
mTORC1 and HIF-1α, driving a “metabolic reprogramming” of macro
phages towards glycolysis. This energetic shift promotes polarization 
towards a pro-inflammatory (M1) phenotype while suppressing the anti- 
inflammatory (M2) phenotype and impairing autophagic flux, ulti
mately leading to NLRP3 inflammasome activation and the fulminant 
release of factors such as IL-1β and TNF-α [118]. These inflammatory 
mediators exert feedback on adipocytes by inducing SOCS3 expression 
and accelerating IRS protein degradation, establishing a vicious cycle of 
“inflammation-IR [119].” In T lymphocytes, lipotoxicity (e.g., Palmitic 
Acid, PA) aberrantly upregulates costimulatory molecules like SLAMF3 
via the STAT5-PI3K/AKT axis, enhancing T Cell Receptor (TCR) hyper- 
responsiveness. This results in skewed differentiation towards pro- 
inflammatory Th1 and Th17 subsets, concurrent with Treg depletion 
[120]. Furthermore, systemic IR diminishes insulin-dependent PI3K/ 
AKT signaling in T cells, forcing a metabolic shift towards fatty acid 
oxidation that further entrenches the inflammatory polarization state. 
Similarly, impaired PI3K/AKT signaling in B lymphocytes leads to 
functional dysregulation characterized by elevated pro-inflammatory 
cytokine secretion [119].

Impairment of the PI3K/AKT pathway is not confined to the pe
riphery but profoundly impacts hypothalamic neuro-immunometabolic 
sensing. HFD rapidly activate the mTOR/S6K pathway in hypothalam
ic microglia, generating negative feedback inhibition via IRS-1 serine 
phosphorylation. Concurrently, the inflammation-activated IKKβ/NF-κB 
axis and leptin-induced SOCS3 synergistically degrade IRS proteins. This 
blockade of insulin signaling drives microglial polarization towards a 
pro-inflammatory phenotype, mediating neuroinflammation that serves 
as a pivotal link between central energy sensing dysregulation and 
systemic IR [94].

Targeted modulation of the PI3K/AKT pathway has demonstrated 
significant therapeutic potential. For instance, intestinal CD4+ T cells 
treated with Pseudostellaria heterophylla polysaccharide (PF40) can 
inhibit hepatic IRS-1 Ser307 phosphorylation via paracrine mecha
nisms, thereby restoring PI3K/AKT signaling and insulin sensitivity 

[121]. Additionally, probiotics and their metabolites can reconstruct 
immunometabolic homeostasis by precisely modulating the intracellular 
PI3K/AKT/mTOR axis (e.g., inhibiting mTOR to enhance Treg function 
or upregulating AKT-2 to improve insulin signaling) [118]. In conclu
sion, the PI3K/AKT pathway plays a complex “dichotomous” role in 
chronic inflammation and T2DM: functioning simultaneously as a 
transducer of metabolic signals and a regulator of immune polarization. 
Its dysfunction constitutes the molecular basis for the reciprocal exac
erbation of immune abnormalities and IR, representing a key target for 
novel immunometabolic therapies.

5.2. The MAPK signaling pathway and stress-induced responses

The MAPK signaling cascade is established as a central molecular 
hub linking immune inflammation to IR. Functional dysregulation and 
aberrant crosstalk involving this pathway within immune subsets and 
metabolic tissues synergistically drive the pathological progression of 
metabolic diseases. Physiologically, insulin regulates cytokine secretion 
and proliferation in immune cells, such as macrophages and T cells, via 
the MAPK pathway. However, in the pathological milieu of T2DM- 
associated IR, this pathway becomes severely dysregulated, precipi
tating the fulminant release of pro-inflammatory cytokines like TNF-α 
and IL-6, thereby triggering a systemic inflammatory cascade. Crucially, 
a molecular blockade underpins this pathology: “Stress-sensitive kin
ases”—specifically JNK and p38 MAPK, activated by metabolic inflam
mation and oxidative stress—directly phosphorylate key inhibitory 
serine residues (e.g., Ser307) on IRS. This molecular event abrogates 
downstream insulin signal transduction, constituting a core mechanism 
inducing IR [119]. Notably, MAPK regulation exhibits significant tissue 
and cell specificity. In adipose tissue, deficiency of HOIP, the catalytic 
subunit of the Linear Ubiquitin Chain Assembly Complex (LUBAC), at
tenuates cell-autonomous TNF-mediated MAPK activation and pro- 
inflammatory responses in adipocytes. However, this protective effect 
is paradoxically negated by increased susceptibility to cell death. 
Adipocyte death secondarily recruits and activates a substantial influx of 
infiltrating macrophages, leading to a compensatory upregulation of 
MAPK pathway genes at the tissue level. This conflict between “cell- 
autonomous inhibition” and “microenvironmental compensatory 

Fig. 6. The integrated immunometabolic signaling network linking chronic inflammation to insulin resistance.
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activation” ultimately exacerbates local and systemic insulin signaling 
via sustained activation of the JNK/p38 MAPK axis [122]. Centrally, the 
MAPK triad (ERK, JNK, p38) functions as a pivotal bridge connecting 
peripheral metabolic stress to hypothalamic neuroinflammation. In 
obesity, sustained ERK1/2 activation drives glial pro-inflammatory po
larization; JNK responds to lipotoxic signals by phosphorylating 
neuronal IRS-1, directly causing central IR; and p38 MAPK robustly 
promotes ROS production and cytokine release. These three pathways 
form a positive feedback loop that amplifies neuroinflammation and 
disrupts metabolic sensing [123]. From an evolutionary biology 
perspective, the antagonistic interaction between p38 MAPK and insulin 
signaling is profoundly conserved. In Caenorhabditis elegans models, the 
p38 MAPK homolog (pmk-1) targets and inhibits the insulin receptor 
daf-2 by upregulating mir-355, establishing the pmk-1—mir-355—daf-2 
regulatory axis. The downstream transcription factors DAF-16/FOXO 
and SKN-1 orchestrate the innate immune response. This reveals an 
ancient mechanism wherein p38 MAPK coordinates immune defense by 
antagonizing the insulin pathway to reallocate energy resources [124]. 
In conclusion, across peripheral tissues, the CNS, and evolutionary 
models, the MAPK pathway mediates a complex and precise dialogue 
between inflammatory and metabolic signals. Targeting the cell-specific 
regulation of this pathway represents a promising therapeutic strategy 
to break the vicious cycle of chronic inflammation and IR.

5.3. The TLR4/NF-κB signaling axis and pro-inflammatory cytokine 
production

The TLR4/NF-κB signaling axis constitutes a central pathophysio
logical nexus linking metabolic dysregulation, immune inflammation, 
and IR. Functioning as a multimodal sensor, this pathway is synergisti
cally activated by a spectrum of metabolic stress signals: under condi
tions of hyperglycemia, accumulation of advanced glycation end- 
products (AGEs), and elevated circulating Saturated Fatty Acids (SFAs) 
or LPS, TLR4 recruits the adaptor protein MyD88. This recruitment 
triggers a cascade involving the IKK complex, leading to the ubiquiti
nation and degradation of the inhibitory protein IκB and the subsequent 
nuclear translocation of NF-κB [123,125]. As a master transcriptional 
regulator, activated NF-κB drives the synthesis of pro-inflammatory 
cytokines such as TNF-α, IL-1β, and IL-6. These factors not only 
amplify local inflammatory signals but also sustain a state of meta- 
inflammation by establishing positive feed-forward loops that continu
ously re-activate NF-κB [126]. At the level of cellular immunoregula
tion, NF-κB activation profoundly remodels the immune 
microenvironment: it promotes the polarization of macrophages/KCs 
towards a pro-inflammatory M1 phenotype and upregulates chemokines 
like CCL2, thereby recruiting Ly6C+ monocytes and lymphocytes into 
metabolic tissues [127]. Concurrently, the pathway disrupts systemic 
Th17/Treg homeostasis, leading to elevated IL-17 A levels, which in turn 
synergistically activate NF-κB, further exacerbating immune dysregu
lation [128]. Crucially, a self-perpetuating vicious cycle is established 
between NF-κB-mediated inflammation and IR. On one hand, inflam
matory mediators and ROS induced by the NF-κB pathway directly 
impair insulin signal transduction in diverse cell types—including 
podocytes, hepatocytes, and neurons—by interfering with tyrosine 
phosphorylation of IRS and downstream PI3K/AKT signaling [125]. On 
the other hand, metabolic abnormalities resulting from IR (e.g., hyper
leptinemia) reciprocally lower the activation threshold of the TLR4/NF- 
κB pathway [128]. Furthermore, extensive molecular crosstalk exists 
between NF-κB and the JAK/STAT, MAPK, and mTOR pathways, 
collectively weaving a complex network that drives chronic disease 
progression.

Targeted pharmacological blockade of this pathway has demon
strated significant therapeutic potential. For instance, Celastrol has been 
shown to effectively attenuate inflammation and apoptosis by inhibiting 
the TLR4/MyD88/NF-κB axis [126]. Similarly, Metformin may indi
rectly downregulate NF-κB activity by modulating the gut microbiota, 

thereby improving the intestinal immune milieu and systemic insulin 
sensitivity [129]. In conclusion, functioning as a central integration 
node for metabolic abnormalities and immune inflammation, the TLR4/ 
NF-κB pathway represents a pivotal intervention target for disrupting 
this pathological chain.

5.4. Activation and regulation of the NLRP3 inflammasome

The NLRP3 inflammasome, a cornerstone of the innate immune ar
chitecture, functions as a pivotal orchestrator integrating signals of 
overnutrition, driving immune activation, and inducing metabolic 
dysfunction. Its activation is governed by a tightly regulated, canonical 
“two-step mechanism”: primarily, the Priming Phase (Signal 1), wherein 
obesity-related metabolic danger signals (e.g., ceramides, FFA, hyper
glycemia, and LPS) upregulate the transcription of NLRP3, pro-IL-1β, 
and pro-IL-18 via the TLR4/NF-κB axis; followed by the Activation Phase 
(Signal 2), triggered by ionic flux perturbations (specifically K+ efflux), 
accumulation of mitochondrial reactive oxygen species (mtROS), and 
mitochondrial dysfunction. These events compel NLRP3 oligomerization 
and the recruitment of the adaptor ASC and Caspase-1 to assemble the 
inflammasome complex, culminating in the maturation and release of 
IL-1β/IL-18 and Gasdermin D-mediated pyroptosis [130]. In the context 
of obesity and T2DM, macrophages within VAT represent the primary 
theater for NLRP3 activation, a process subject to rigorous molecular 
checkpoint regulation. SIRT2-mediated deacetylation acts as a critical 
“molecular brake”: SIRT2 deficiency driven by aging or metabolic stress 
precipitates NLRP3 hyperacetylation and sustained activation [131]. 
Conversely, macrophage HIF-2α epigenetically represses CPT1A 
expression to attenuate mitochondrial ROS production, thereby nega
tively regulating NLRP3 activation [132]. Once activated, the NLRP3 
inflammasome profoundly remodels the immune microenvironment by 
releasing IL-1β. This not only drives macrophage polarization towards a 
pro-inflammatory M1 phenotype but also specifically expands effector T 
cell populations in adipose tissue, establishing a self-amplifying pro- 
inflammatory feed-forward loop [130,133]. This local inflammation 
exerts systemic repercussions via endocrine/paracrine routes: IL-1β 
directly induces inhibitory serine phosphorylation of IRS-1, abrogating 
PI3K-AKT signaling and causing IR in the liver, adipose tissue, and 
skeletal muscle. Recent investigations confirm that novel NLRP3 in
hibitors (e.g., VTX3232) effectively intercept this pathological cascade, 
ameliorating body weight, hyperglycemia, and fatty liver in obese mice 
[134]. Notably, however, NLRP3 function exhibits profound tissue- 
specific heterogeneity. In BAT, deficiency of the mitochondrial antiox
idant protein TRX2 triggers mtDNA leakage, activating the cGAS/ 
STING-NLRP3 axis and inhibiting thermogenesis. Paradoxically, this 
local stress improves systemic insulin sensitivity via compensatory 
mechanisms, highlighting the complex, dichotomous nature of NLRP3 
signaling [135]. Furthermore, in the CNS, amyloid-β (Aβ)-activated 
microglial NLRP3 is a key driver of early cerebral IR in Alzheimer's 
disease [136]. In conclusion, the NLRP3 inflammasome stands as a 
central molecular hub bridging metabolic danger signals and chronic 
inflammation. Therapeutic strategies targeting this pathway (e.g., 
MCC950, VTX3232) offer significant promise for breaking the vicious 
cycle of IR.

5.5. The JAK-STAT signaling pathway in metabolic inflammation

The JAK-STAT signaling pathway stands as a pivotal molecular nexus 
linking immune inflammation to IR, exhibiting central and multidi
mensional regulatory functions across diverse biological models and 
pathological contexts. From an evolutionary biology perspective, JAK- 
STAT-mediated IR represents an adaptive strategy of “nutrient redirec
tion.” In Drosophila larvae models of parasitoid wasp infection, to meet 
the bioenergetic demands of the immune response, hemocytes upregu
late cytokines Upd2/3, activating muscle JAK/STAT signaling. This 
cascade induces the expression of the insulin-binding protein ImpL2 (a 
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functional homolog of IGFBPs), locally inhibiting insulin signaling and 
reducing glycogen synthesis to induce muscle IR. This metabolic 
reprogramming prioritizes glucose availability for immune cell differ
entiation (e.g., lamellocytes) at the expense of peripheral uptake, rep
resenting a critical “evolutionary trade-off” for host survival [137]. In 
mammals, regulation of this pathway is far more complex. The hypo
thalamic JAK-STAT pathway serves as the cornerstone of leptin 
signaling, maintaining energy homeostasis via STAT3 nuclear trans
location which regulates POMC and AgRP/NPY neurons. However, 
obesity-induced microglial activation and IL-6 release upregulate the 
negative feedback factor, SOCS3. SOCS3 not only attenuates JAK-STAT 
signaling via classical feedback inhibition but also promotes the pro
teasomal degradation of IRS. This dual action precipitates both central 
and peripheral IR, establishing a vicious cycle of neuroinflammation and 
metabolic dysregulation [94]. Peripherally, dysregulation of the JAK- 
STAT pathway drives distinct pathological progressions. In Non- 
Alcoholic Fatty Liver Disease (NAFLD), G-CSF activates a unique 
GCSFR-SOCS3-JAK-STAT3 axis: upregulation of SOCS3 derepresses 
STAT3-mediated inhibition of the lipogenic factor SREBP1, thereby 
promoting hepatocellular steatosis. Concurrently, this axis facilitates the 
infiltration of neutrophils and pro-inflammatory macrophages, syner
gistically exacerbating hepatic inflammation and IR [138]. In Diabetic 
Kidney Disease (DKD), hyperglycemia and AGEs-driven immune infil
tration release IL-6, activating the renal JAK/STAT3 pathway. This not 
only directly mediates inflammatory fibrosis but also engages in dele
terious crosstalk with the PI3K/AKT/mTOR pathway, intensifying local 
IR [125]. Notably, the function of this pathway exhibits profound 
context-dependent plasticity. In the tumor microenvironment (e.g., 
Triple-Negative Breast Cancer, TNBC), obesity-associated M1 macro
phages directly upregulate PD-L1 expression on cancer cells via the IL-6/ 
JAK1/STAT3 axis, facilitating immunoevasion [139]. Conversely, in the 
intestinal niche, dietary wheat germ enhances barrier function and 
suppresses visceral adipose inflammation by activating jejunal STAT3 
phosphorylation and upregulating IL-22/Reg3, highlighting the path
way's protective potential [140]. Finally, within the paradigm of 
“Inflammaging,” persistent insulin/IGF-1 signaling drives the differen
tiation of immunosuppressive cells (e.g., MDSCs) via the JAK1-STAT3 
axis, while STAT3-mediated SOCS upregulation feedback-inhibits insu
lin signaling. This constitutes an ultimate feed-forward loop accelerating 
aging and metabolic disease [141]. In conclusion, the JAK-STAT 
pathway orchestrates a complex dialogue between immunity and 
metabolism across diverse spatiotemporal contexts by finely tuning in
sulin signaling components and the SOCS negative feedback loop.

5.6. The AMPK/mTOR axis in cellular energy sensing and immune 
regulation

The AMPK/mTOR signaling pathway constitutes a central hub inte
grating cellular energy status, metabolic homeostasis, and immune 
responsiveness, playing a decisive role in the pathological evolution of 
IR. The operation of this pathway relies on a sophisticated mechanism of 
“reciprocal antagonism”: AMPK, functioning as the cellular “energy 
gauge,” is activated under low-energy conditions and directly inhibits 
the mTORC1 complex via phosphorylation of TSC2 or Raptor. This 
molecular switch coordinates metabolic adaptation: AMPK activation 
promotes glucose uptake and fatty acid oxidation (catabolism) while 
concurrently restraining mTOR-driven anabolism. However, under 
metabolic stress induced by obesity or high-fat environments, impaired 
AMPK function leads to the de-repression of mTOR, thereby exacer
bating systemic IR and glucolipid metabolic dysregulation. Immuno
logically, the AMPK/mTOR axis is established as the “command center” 
for immunometabolic reprogramming. Pro-inflammatory M1 macro
phages and effector T cells (Teff) exhibit a distinct “Warburg Effect,” 
relying heavily on mTOR-driven aerobic glycolysis to sustain rapid 
proliferation and effector functions. Conversely, anti-inflammatory M2 
macrophages and Tregs preferentially utilize AMPK-driven Fatty Acid 

Oxidation (FAO) and Oxidative Phosphorylation (OXPHOS). Conse
quently, pathological suppression of AMPK not only disrupts this 
immunometabolic equilibrium but also locks the immune microenvi
ronment into a sustained pro-inflammatory state, partly by abrogating 
the autophagic clearance of the NLRP3 inflammasome [142]. This 
theoretical framework has been substantiated by cutting-edge pharma
cological investigations. For instance, Artemether indirectly activates 
AMPK and suppresses downstream mTOR signaling by remodeling the 
gut microbiota (enriching Lactobacillus, elevating SCFAs, and miti
gating LPS translocation). This cascade effectively attenuates NF-κB 
activation and the release of pro-inflammatory cytokines (TNF-α, IL-6), 
significantly improving insulin sensitivity in db/db mice [143]. Simi
larly, Astragaloside IV (AS-IV) restores hepatic protective autophagic 
flux via the AMPK/mTOR axis, synergistically ameliorating IR, inflam
mation, and ectopic lipid deposition in T2DM models [144]. These 
findings highlight the immense potential of the AMPK/mTOR pathway 
as a dual intervention target for “metabolic inflammation.” Diverse 
therapeutic strategies converge on this axis: specific bioactive dietary 
components (e.g., oleic acid, resveratrol) positively modulate AMPK to 
curtail mTOR-mediated inflammation, while the core mechanism of the 
first-line drug Metformin lies in the activation of the AMPK-mTORC1 
axis. This not only improves insulin sensitivity but also reprograms the 
phenotype of Tumor-Associated Macrophages (TAMs), coordinating 
dual anti-inflammatory and anti-tumor effects [142,145]. In conclusion, 
by sensing nutrient signals and precisely regulating immunometabolic 
phenotypes and insulin signaling, the AMPK/mTOR pathway serves as a 
critical molecular bridge linking metabolic disorders to chronic 
inflammation (Table 2).

6. Inter-organ communication and systemic integration

6.1. Inter-organ communication mediated by extracellular vesicles

Within the complex pathological network of obesity and related 
metabolic disorders, EVs (particularly exosomes) have been redefined 
from mere cellular debris to pivotal “messengers” mediating long-range 
communication between organs and immunometabolic cells. By facili
tating the targeted delivery of specific bioactive molecules such as 
proteins and miRNAs, they play a dichotomous role in transmitting both 
“danger signals” and “beneficial signals,” profoundly orchestrating the 
progression of chronic low-grade inflammation and IR. Under patho
logical conditions, nutrient-overloaded adipose tissue transforms into an 
epicenter of systemic inflammation. Adipocytes, subjected to metabolic 
stressors such as TNF-α and palmitate, actively secrete pathological 
exosomes enriched with miR-34a. Upon specific uptake by ATMs, these 
vesicles target and silence the transcription factor Krüppel-like Factor 4 
(KLF4). This blockade inhibits IL-4-induced anti-inflammatory M2 po
larization and robustly drives a pro-inflammatory M1 phenotypic 
switch, thereby exacerbating local inflammation and inducing systemic 
IR [146]. These EVs, originating from obese adipose tissue and pos
sessing potent pro-inflammatory and metabolic-disrupting functions, 
are termed “Obesesomes.” Notably, the subpopulation derived from 
VAT exhibits heightened pathogenicity, capable of directly impairing 
hepatic insulin sensitivity. Similarly, the liver is deeply engaged in this 
deleterious inter-organ crosstalk. Steatotic hepatocytes release specific 
vesicles termed “Steatosomes,” which are enriched in DAMPs such as 
HMGB1 and OPN. These vesicles transmit pathogenic signals to healthy 
hepatocytes, inducing IR and metabolic perturbations, thereby driving 
the malignant progression of MASLD [147].

Proteomic profiling reveals the systemic impact of this communica
tion: Circulating exosomes from obese patients with IR display a unique 
“molecular fingerprint,” characterized by the significant upregulation of 
VPS13C, TBC1D32, and pro-inflammatory proteins (e.g., NFκB1, CRP), 
alongside the marked downregulation of the protective factor Adipo
nectin (ADIPOQ). This indicates that circulating exosomes serve as 
mobile vectors carrying signals of meta-inflammation and immune 
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dysregulation [148]. Furthermore, within a hyperglycemic milieu, miR- 
29-enriched exosomes released by pancreatic β-cells can recruit and 
activate monocytes/macrophages, further amplifying systemic inflam
mation [149]. In stark contrast to pathogenic vesicles, exosomes from 
specific sources convey “beneficial signals” that restore metabolic ho
meostasis. Mesenchymal Stem Cell (MSC)-derived exosomes demon
strate potent regenerative potential: they not only repair the 
compromised intestinal barrier and reduce metabolic endotoxemia but 
also activate the PPARα/PGC-1α pathway in the liver and adipose tissue 
to promote lipid oxidation. Crucially, MSC exosomes can reverse 
Fibroblast Growth Factor 21 (FGF21) resistance and elevate Adiponectin 
levels, driving WAT browning and energy expenditure via the “FGF21- 
Adiponectin axis,” thus synergistically improving insulin sensitivity 
across multiple organs [150]. Additionally, exosomes derived from M2 
macrophages or stem cells deliver immunomodulatory molecules like 
miR-146a-5p and STAT3, facilitating the reprogramming of recipient 
macrophages towards an anti-inflammatory M2 phenotype, thereby 
mitigating tissue injury in diabetic complications [151]. In conclusion, 
exosomes weave a complex, bidirectional signaling network: patholog
ical “Obesesomes/Steatosomes” remotely propagate inflammation and 
disrupt metabolic equilibrium, whereas therapeutic Stem cell/M2 exo
somes remodel the immune microenvironment and restore inter-organ 
dialogue. This mechanism not only elucidates novel routes for the 
remote transmission of metabolic inflammation but also establishes 
exosomes as promising biomarkers and engineered drug carriers for the 
precision intervention of IR and T2DM.

6.2. Chemokine networks and immune cell trafficking

Chemokines constitute a superfamily of small signaling cytokines 
that exert their effects primarily through G Protein-Coupled Receptors 
(GPCRs). Their core function is to establish a sophisticated “chemical 
navigation system,” generating concentration gradients that trigger 
immune cell chemotaxis and precisely orchestrate the directional 
migration and tissue infiltration of leukocyte subpopulations between 
the systemic circulation and metabolic organs, particularly adipose tis
sue in the context of obesity [152]. During obesity-induced pathological 
remodeling, the dysregulated secretory profile of expanding adipose 
tissue constructs a complex chemotactic recruitment network. Within 
this network, the CCL2 (MCP-1)/CCR2 axis plays a dominant role, 
robustly driving the homing of circulating monocytes to adipose tissue 
and their subsequent differentiation into pro-inflammatory macro
phages. This process represents the initiating step in the pathological 
accumulation of ATMs. Furthermore, CCL5 (RANTES) broadly recruits T 
cells and monocytes/macrophages via a multi-receptor mechanism 
(CCR1, CCR3, CCR5), with CCL7 (MCP-3) functioning synergistically in 
this recruitment process [153,154]. The CXC chemokine family plays an 
equally critical but cell-specific role: CXCL1, CXCL2, CXCL5, and CXCL8 
(IL-8) predominately govern the early recruitment of neutrophils to 
adipose tissue via CXCR1/CXCR2 receptors [155]. Regarding adaptive 

immunity, CXCL9, CXCL10, and CXCL11 guide the migration of Th1 and 
NK cells via the CXCR3 receptor, while the CXCL12/CXCR4 axis main
tains the balance between homeostatic and inflammatory recruitment of 
monocytes and T lymphocytes [153]. This aberrant cell trafficking is not 
confined to adipose tissue but extends to the liver and pancreas. In the 
progression of T2DM and MASLD, specific CXC chemokines (e.g., 
CXCL9/10/12/16) drive the accumulation of cytotoxic T cells and NKT 
cells in target organs by activating p38 MAPK and NF-κB pathways, 
thereby exacerbating local tissue injury [155]. Moreover, this network is 
subject to fine-tuned negative regulation. For instance, the deficiency of 
the Atypical Chemokine Receptor (ACKR) Ccrl2 abolishes its buffering/ 
scavenging effect on CCL2 signaling, thereby potentiating macrophage 
chemotactic responses and worsening IR [156]. Notably, the chemokine 
network exhibits significant sexual dimorphism. In female adipose tis
sue, the expression of the transcription factor IRF5 correlates positively 
and specifically with CCL7, CXCL11, and their receptor CCR5, suggest
ing a sex-specific immune recruitment microenvironment [152]. 
Simultaneously, certain chemokines display functional pleiotropy, pos
sessing non-immune functions; for example, while CXCL5 directly reg
ulates adipocyte differentiation, its deficiency paradoxically leads to 
increased macrophage infiltration, further corroborating the intricate 
entanglement of immune migration and local metabolic homeostasis 
[157]. In summary, the sophisticated navigation system composed of 
chemokines and their receptors constitutes a core inflammatory mech
anism linking obesity, IR, and associated metabolic complications by 
specifically directing the inter-organ migration and accumulation of 
immune cells (Table 3).

7. Therapeutic strategies targeting Immunometabolic pathways

Given that meta-inflammation and immune dysregulation constitute 
the core pathological cornerstone of obesity-associated metabolic dis
eases, targeting the immunoinflammatory cascade has emerged as a 
critical frontier strategy for reversing IR and treating T2DM. In the obese 
state, the infiltration and activation of pro-inflammatory immune cells 
(including M1 macrophages, effector T cells, and B cells) within adipose 
tissue orchestrate a pathogenic microenvironment characterized by the 
sustained release of TNF-α, IL-6, and IL-1β. This milieu directly impedes 
insulin signal transduction, driving systemic metabolic dysregulation 
[17]. Therapeutic strategies have evolved from early broad-spectrum 
approaches to precision targeting. Initial explorations relying on 
broad-spectrum anti-inflammatory agents (e.g., salicylates) demon
strated limited efficacy in glycemic control. Subsequent research has 
shifted towards more specific molecular targets: biologics targeting the 
NLRP3 inflammasome-IL-1β axis (e.g., Canakinumab, Anakinra) have 
shown promise in reducing blood glucose and HbA1c levels in clinical 
trials, although their long-term efficacy warrants further validation 
[69]. Additionally, blocking immune cell chemotactic networks (e.g., 
CCR2/CCR5 antagonists, CXCR1/2 inhibitors) or neutralizing specific 
cytokines (e.g., TNF-α) holds promise in restricting the pathological 

Table 2 
Molecular signaling pathways bridging metabolic stress and insulin resistance mechanisms.

Signaling 
pathway

Primary metabolic triggers Key molecular events Mechanism of IR induction

TLR4/NF-κB
SFAs, LPS (Metabolic Endotoxemia), 
Fetuin-A

Recruitment of MyD88; 
IκB degradation; Nuclear translocation of 
NF-κB.

Transcriptional upregulation of pro-inflammatory cytokines (TNF-α, IL- 
6) which interfere with insulin signaling.

MAPK (JNK/p38)
Oxidative Stress (ROS), ER Stress, 
Cytokines

Phosphorylation cascade activation 
(Stress-sensitive kinases).

Direct Serine Phosphorylation (e.g., Ser307) of IRS-1, preventing its 
Tyrosine phosphorylation and coupling to PI3K.

NLRP3 
Inflammasome

Ceramides, mtROS, K+ efflux, Islet 
Amyloid Polypeptide (IAPP)

Assembly of NLRP3, ASC, and Caspase-1; 
Cleavage of pro-IL-1β/IL-18.

Release of mature IL-1β interferes with downstream insulin signaling; 
Pyroptosis leads to tissue inflammation.

PI3K/Akt/mTOR
Nutrient Excess (High Glucose/ 
Lipids)

mTORC1 hyperactivation; Inhibition of 
AMPK.

Feedback inhibition of IRS-1 via S6K; Promotes glycolytic 
reprogramming (Warburg effect) in immune cells to sustain 
inflammation.

JAK/STAT Leptin, IL-6, IFN-γ
STAT3 phosphorylation; Upregulation of 
SOCS3.

SOCS3-mediated physical blockade of the Insulin Receptor and 
ubiquitin-mediated degradation of IRS proteins.
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recruitment of inflammatory cells to metabolic tissues [158]. Beyond 
mere immunosuppression, inducing functional remodeling (i.e., 
Phenotypic Reprogramming) of immune cells represents a more 
nuanced strategy. Approaches such as promoting the macrophage 
transition from a pro-inflammatory M1 to an anti-inflammatory M2 
phenotype, or correcting the imbalance between Th1/Th17 and Treg 
cells, aim to restore tissue immune homeostasis [17]. In this domain, 
natural bioactive compounds exhibit unique value; for instance, caffeine 
has been proven to effectively improve insulin sensitivity and hepatic 
steatosis in animal models by suppressing macrophage-mediated 
inflammation [159].

However, the transition from these experimental successes to clinical 
efficacy remains challenging. Despite these promising molecular targets, 
the clinical translation of potent anti-inflammatory biologics, such as 
TNF-α inhibitors, has often yielded disappointing results in improving 
insulin sensitivity in humans. This translational gap may stem from 
several factors. First, the immunometabolic network possesses high 
redundancy; blocking a single cytokine like TNF-α may be insufficient, 
as other pro-inflammatory nodes (e.g., IL-1β or TLR4-driven pathways) 
can compensate. Second, cytokines exhibit complex pleiotropy. For 
instance, while chronic IL-6 elevation is pathological, its acute surge 
during exercise is metabolically beneficial. Non-selective or poorly 
timed intervention can thus disrupt homeostatic metabolic-immune 
signaling. Third, by the time patients present with overt T2DM or 
MASH, chronic inflammation may have already precipitated irreversible 
structural changes like tissue fibrosis, rendering simple anti- 
inflammatory suppression less effective than in early-stage animal 
models. These challenges underscore the necessity for multi-target or 
homeostatic-restoring approaches rather than simplistic cytokine abla
tion. To overcome these systemic barriers, researchers are now 
exploring more localized or pleiotropic interventions.

The gut immune system, serving as a hub for metabolic regulation, 
establishes a novel therapeutic paradigm of “local gut intervention for 
systemic metabolic benefit.” Gut-restricted anti-inflammatory drugs (e. 
g., 5-aminosalicylic acid, 5-ASA) activate the PPARγ pathway in intes
tinal T cells, reversing pro-inflammatory phenotypes and enhancing 
barrier function, thereby remotely attenuating adipose tissue inflam
mation [160]. Furthermore, probiotic/prebiotic interventions targeting 
dysbiosis effectively alleviate systemic inflammation by remodeling 
“microbiota-immune crosstalk [17].”

Notably, the classic anti-gout medication Colchicine has garnered 
renewed attention for its potential in drug repurposing. Its multifaceted 
mechanisms—including the inhibition of microtubule polymerization, 
blockade of NLRP3 inflammasome assembly, and suppression of 
neutrophil activation—position it as a potent inhibitor of metabolic 
inflammation. Recent clinical evidence substantiates that short-term 

Colchicine therapy significantly reduces systemic inflammatory 
markers (CRP, IL-6, Resistin) and improves the HOMA-IR index and 
endothelial function in patients with metabolic syndrome [161,162].

8. Regulatory mechanisms of metabolically healthy obesity

The paradox of metabolically healthy obesity (MHO) provides crit
ical insights into the inherent resilience of the immunometabolic 
network. Despite excessive adiposity, individuals with the MHO 
phenotype maintain preserved insulin sensitivity and a favorable 
metabolic profile. A fundamental determinant of this phenotype is the 
capacity for healthy adipose tissue expansion. Unlike metabolically 
unhealthy obesity, which is characterized by pathological adipocyte 
hypertrophy, MHO is often associated with adipose hyperplasia. This 
preserved expandability ensures efficient lipid storage within white 
adipose tissue, thereby preventing lipid overflow and subsequent 
ectopic deposition in non-adipose organs such as the liver and skeletal 
muscle [163].

From an immunological standpoint, the MHO microenvironment is 
distinctively characterized by a reduced infiltration of pro-inflammatory 
immune cells. Specifically, MHO individuals exhibit a lower density of 
CLS and a macrophage profile predominantly skewed towards the anti- 
inflammatory M2 phenotype [164]. This localized immune stability is 
mirrored at the systemic level through coordinated inter-organ cross
talk. Subjects with MHO typically present with elevated levels of 
circulating adiponectin and a relative paucity of pro-inflammatory EVs 
[165]. Collectively, these factors avert the systemic inflammatory 
cascade typically observed in obesity-associated insulin resistance. 
Although specific molecular switches—including distinct microRNA 
signatures and gut microbial diversity [166,167]—have been proposed 
as maintainers of this healthy state, the precise mechanisms governing 
the resistance to chronic meta-inflammation remain a critical research 
frontier. Deciphering these regulatory nodes may offer novel therapeutic 
avenues to promote immunometabolic resilience in patients with 
metabolic dysfunction.

9. Discussion

Obesity is no longer viewed merely as an imbalance of energy 
metabolism but is redefined as a systemic immunometabolic pathology. 
This review systematically delineates the complex panorama of obesity- 
associated IR, revealing its essence as an immunological storm driven by 
multi-organ and multi-cellular synergy. Our analysis challenges the 
traditional “lipotoxicity-centric” paradigm, which posits that ectopic 
lipids physically impede insulin signaling; instead, we demonstrate that 
the comprehensive remodeling of the immune system—termed “meta- 

Table 3 
Secretory mediators and extracellular vesicles orchestrating systemic inter-organ crosstalk.

Category Mediator Primary source Target tissue Physiological/pathological effect

Adipokines Adiponectin Adipose Tissue Liver, Muscle Protective: Enhances AMPK activation and fatty acid oxidation; Levels decrease 
in obesity.

​ Leptin Adipose Tissue
CNS 
(Hypothalamus)

Pathological: Drives central inflammation; Promotes Th1 polarization; High 
levels indicate leptin resistance.

​ Resistin Adipose Tissue Liver, CNS Pathological: Activates TLR4-mediated inflammation; Induces hepatic IR.
Hepatokines Fetuin-A Liver Adipose, Muscle Pathological: TLR4 ligand; Synergizes with FFAs to induce inflammation and IR.

​ FGF21 Liver Adipose Tissue Protective: Promotes lipolysis and browning; Enhances insulin sensitivity 
(Resistance occurs in obesity).

​ FGL1 Liver Immune Cells Pathological: LAG-3 ligand; Suppresses adaptive immunity; Promotes hepatic 
lipogenesis.

Myokines IL-6 Skeletal Muscle Systemic
Dual Role: Acute exercise-induced IL-6 is anti-inflammatory; Chronic elevation is 
pro-inflammatory.

​ Irisin Skeletal Muscle Adipose Tissue Protective: Promotes WAT browning; Inhibits NETosis in neutrophils.
Extracellular 

Vesicles
“Obesesomes” 
(Exosomes)

Hypertrophic 
Adipocytes

Macrophages, Liver
Pathological: Carry miR-34a to inhibit KLF4, driving M1 macrophage 
polarization.

​ “Steatosomes” Steatotic Hepatocytes HSCs, Pancreatic 
Islets

Pathological: Carry DAMPs to activate HSCs (fibrosis) and impair β-cell function.
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inflammation”—serves as the core engine driving this pathological 
progression. This remodeling exhibits profound spatial heterogeneity: in 
adipose tissue, macrophage polarization and the formation of CLS 
dominate the local inflammatory milieu; in the liver, fibrotic crosstalk 
between immune cells and stellate cells drives pathology; while in 
skeletal muscle and islets, immune infiltration directly arrests metabolic 
flexibility. Crucially, single-cell transcriptomic (scRNA-seq) evidence 
has overturned the classical binary M1/M2 classification, highlighting 
the decisive roles of specific subsets, such as LAMs and pathogenic T 
cells, in microenvironmental remodeling [168].

Mechanistic exploration reveals that insulin signaling and inflam
matory pathways do not operate in parallel but intersect deeply via key 
molecular hubs. The PI3K/AKT, MAPK, TLR4/NF-κB, NLRP3 inflam
masome, and JAK-STAT pathways constitute the underlying logic of this 
convergence. IR and inflammation interact in a relationship of “recip
rocal causality,” creating a “pathological impasse”: for instance, 
impaired PI3K/AKT signaling releases the transcriptional repression of 
FoxO1, promoting pro-inflammatory gene expression [169]; conversely, 
stress kinases like JNK directly phosphorylate IRS-1 at serine residues, 
blocking insulin transduction [170]. This reciprocal relationship, com
bined with mitochondrial dysfunction and oxidative stress, establishes a 
self-reinforcing vicious cycle. Furthermore, the imbalance of the AMPK/ 
mTOR pathway underscores the intrinsic consistency between energy 
sensing and immune activation: overnutrition drives glycolytic reprog
ramming of immune cells via mTORC1, locking them in a state of 
persistent “metabolic activation” and eroding homeostatic immune 
tolerance [171].

This review places particular emphasis on the critical role of inter- 
organ crosstalk in the systematization of disease. Obesity is depicted 
as a complex endocrine dialogue orchestrated by adipokines, hep
atokines, myokines, and EVs. Notably, exosomes function as “novel 
vectors” carrying pro-inflammatory miRNAs or metabolic enzy
mes—acting akin to a “Trojan Horse”—which explains how local adi
pose inflammation rapidly propagates to induce distal IR [172,173]. 
Concurrently, the gut microbiota, often termed the “forgotten organ,” 
modulates host immunometabolic tone at the source via metabolites 
such as LPS, SCFAs, and bile acids. Activation of the CNS (specifically 
hypothalamic microglia) indicates that metabolic inflammation tra
verses the blood-brain barrier, exerting top-down pathological regula
tion of systemic metabolism via neuro-immune reflex arcs [174].

Despite significant mechanistic progress, clinical translation faces a 
“translational gap.” The failure of broad immunosuppression to yield 
consistent metabolic benefits suggests the need for more nuanced stra
tegies. Future therapeutics should focus on precision targets (e.g., spe
cific NLRP3 inhibition) or specific cell subsets (e.g., remodeling M2 
phenotypes, restoring Treg homeostasis). The “obesity paradox” and the 
functional duality of immune cells caution that the therapeutic goal 
must be the “restoration of immune homeostasis” rather than the 
simplistic “ablation of inflammation.” The success of GLP-1 receptor 
agonists illuminates the path for developing next-generation immuno
metabolic modulators with “dual-acting” capabilities.

10. Conclusion

Obesity-associated IR represents a systemic pathology orchestrated 
by multi-organ dysfunction, aberrant immune polarization, and intricate 
signaling networks. Within this framework, the immune system occupies 
a pivotal “dual role,” transitioning from a sentinel of metabolic stress to 
a central regulator of metabolic homeostasis. From macrophage 
reprogramming in adipose tissue to hypothalamic gliosis, and from the 
pathological translocation of gut microbiota to long-distance commu
nication mediated by exosomes, these mechanisms collectively delineate 
a sophisticated landscape of immunometabolic interplay.
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