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ABSTRACT

Obesity-related type 2 diabetes (T2D) emerges from a chronic immuno-endocrine imbalance in which
inflammatory cytokines and adipokines remodel insulin signaling, substrate partitioning, and B-cell resilience.
Hypertrophic, hypoxic adipose tissue (AT) recruits and reprograms immune cells, driving secretion of tumor
necrosis factor-a (TNF-a), interleukins (IL-1f, IL-6, IL-18), chemokines (e.g., CCL2/MCP-1), and alarmins
that activate stress kinases (JNK/IKK), SOCS proteins, and the NLRP3 inflammasome. In parallel, the adipokine
milieu shifts like adiponectin declines; leptin, resistin, RBP4, chemerin, and lipocalin-2 often rise, tilting systemic
physiology toward insulin resistance (IR), dyslipidemia, and endothelial dysfunction. These signals converge
across organs: in the liver, cytokine and lipid cues sustain gluconeogenesis and steatosis; in muscle, lipid-derived
metabolites and cytokines blunt GLUT4 translocation; in islets, IL-1B, TNF-q, and leptin resistance impair
insulin secretion and promote [-cell stress. Endocrine and paracrine crosstalk is bidirectional; adipokines
modulate immune tone, while immune mediators reshape adipocyte function and adipogenesis. Therapeutically,
weight loss, physical activity, and metabolic surgery attenuate metaflammation and normalize adipokines.
Pharmacotherapies (metformin, thiazolidinediones, SGLT2 inhibitors, and incretin-based agents) indirectly and
sometimes directly recalibrate cytokine/adipokine networks. Targeted immunometabolic approaches like IL-1
pathway blockade, NLRP3 inhibition, chemokine-axis modulation, selective PPAR agonism, and experimental
adiponectin receptor agonists offer precision opportunities but demand careful safety assessment. This review
integrates mechanistic insights, tissue crosstalk, and translational evidence to map how cytokines and adipokines
drive the path from obesity to T2D and to highlight practical levers to restore immuno-endocrine homeostasis.
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INTRODUCTION

Obesity reshapes the physiology of white, beige, and brown adipose depots, converting them from flexible
buffers of fuel excess into sources of endocrine and inflammatory stress[ 1-37]. The consequence is a progressive
loss of metabolic flexibility across the liver, skeletal muscle, vasculature, and pancreatic islets that culminates in
type 2 diabetes (T2D)[4—67]. Although energy imbalance initiates this trajectory, the proximate drivers are
immuno-endocrine: inflammatory cytokines and chemokines generated within adipose tissue (AT) and other
organs, and adipokines secreted by adipocytes and stromal cells, together reprogram insulin signaling, lipid
handling, and tissue remodeling [7-97]. Understanding how these networks interact clarifies why some
individuals with obesity remain metabolically healthy while others rapidly develop insulin resistance (IR) and
B-cell failure.

Hypertrophic adipocytes experience hypoxia, extracellular-matrix (ECM) stiffening, and organelle stress
(ER/mitochondria), which activate transcriptional and inflammasome programs[107]. These cues recruit
monocytes (via CCL2/CCR2) that differentiate into inflammatory macrophages, forming crown-like structures
around stressed adipocytes. Neutrophils, mast cells, dendritic cells, yd T cells, Th1/Th17 cells, B cells, and
natural killer cells accumulate, while regulatory T cells (Tregs), ILC2s, and eosinophils decline. The immune
shift increases local and systemic levels of TNF-a, I1L-6, IL-1B/IL-18 (via NLRP3), and interferons, with
downstream activation of JNK/IKK/NF-kB, STAT, and SOCS pathways that serine-phosphorylate insulin
receptor substrates (IRS), dampen PI3K/Akt signaling, and increase lipolysis[11-14].
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In parallel, the adipokine secretome changes qualitatively and quantitatively. Adiponectin, an
insulin-sensitizing, anti-inflammatory adipokine that activates AMPK and PPARa, falls with obesity, removing
a tonic brake on hepatic gluconeogenesis and vascular inflammation. Leptin increases proportionally to fat mass,
but central and peripheral leptin resistance blunt its anorexigenic and insulin-modulatory effects[157. Other
adipokines such as resistin, RBP4, chemerin, fetuin-A (a hepatokine), apelin, omentin, and lipocalin-2 exert
context-dependent effects on insulin action, vascular tone, and immune activity. Depot heterogeneity is crucial:
visceral AT is more inflamed, fibrotic, and lipolytic than subcutaneous AT and drains into the portal circulation,
exposing the liver to cytokines and non-esterified fatty acids that sustain IR and steatosis[13, 16, 17]].
Cytokine—adipokine networks do not operate in isolation. Nutrient-derived signals, such as saturated fatty acids,
ceramides, and endotoxin (LPS) from the gut engage TLRs and amplify inflammasome activation. Conversely,
structured exercise, caloric moderation, sleep regularity, and high-fiber diets suppress inflammatory tone and
improve adipokine profiles independently of major weight loss[187. Common antidiabetic drugs exert part of
their benefit by dampening metaflammation or improving adipokine signaling: metformin reduces hepatic
inflammatory signaling and favors Akkermansia-linked microbial shifts; thiazolidinediones (TZDs) expand
subcutaneous adipogenesis and raise adiponectin; SGLT2 inhibitors lower glucotoxic stress; incretin-based
agents drive weight loss and may directly influence immune cells[187].

This review synthesizes current knowledge on (1) cytokine networks that connect obesity to IR; (2) adipokine
biology spanning insulin-sensitizing and insulin-desensitizing factors; (3) immune—stromal crosstalk within
metabolic tissues; (4) intracellular signaling hubs through which cytokines/adipokines modify insulin action and
B-cell function; (5) organ-to-organ propagation of inflammatory and endocrine signals; and (6) therapeutic
strategies that modulate these axes. We conclude with a pragmatic framework for translating
immuno-endocrine insights into clinical care, emphasizing phenotype-guided interventions that restore AT
health and system-wide insulin sensitivity.

2. Cytokine Networks Linking Obesity to Insulin Resistance

Cytokines are the lingua franca of metaflammation. In obese AT, TNF-a released by macrophages and stressed
adipocytes activates IKKB/NF-kB and JNK pathways, promoting serine phosphorylation of IRS1/2 that reduces
insulin-stimulated PISK/Akt signaling. TNF-a increases lipolysis (via hormone-sensitive lipase and ATGL
activation), suppresses adipogenesis, and upregulates SOCS3, which interferes with insulin and leptin receptor
signaling. 1L-6, produced by adipocytes, immune cells, and exercising muscle, has context-dependent effects:
chronic elevation favors hepatic IR through STAT3/SOCS3 induction and CRP production, whereas transient
spikes during exercise can be anti-inflammatory and insulin-sensitizing[[197].

IL-1f and IL-18 are matured by caspase-1 downstream of the NLRP3 inflammasome, which senses lipotoxic
stress (e.g., ceramides), mitochondrial ROS, and extracellular ATP. IL-1{ impairs insulin signaling in adipocytes
and hepatocytes and promotes -cell dysfunction by disturbing Ca2+ oscillations and inducing ER stress and
dedifferentiation[ 207]. Chemokines, especially CCL2 (MCP-1), drive monocyte recruitment; CCL5 and CXCL10
contribute to immune cell positioning and Th1 polarization. Interferons (type I/II) amplify IR via PKR and
STAT pathways, and GM-CSF/CSF-1 shape macrophage proliferation and survival within AT.

Depot and sex differences nuance cytokine landscapes. Visceral fat shows higher expression of TNF-a, IL-6,
and CCL2 and greater macrophage infiltration than subcutaneous fat; female sex hormones can modulate
cytokine production and immune composition[207]. Aging and cellular senescence add a senescence-associated
secretory phenotype (SASP), IL-6, IL-8, MMPs, that intensifies inflammatory signaling and fibrosis.
Systemically, elevated cytokines propagate to the liver (Kupffer cell activation), skeletal muscle (endothelial
activation and resident macrophage priming), and hypothalamus (neuroinflammation), creating a feed-forward
loop that sustains IR[207.

Therapeutically, broad cytokine suppression risks immunosuppression. More promising are strategies that
interrupt recruitment (CCR2/CCR5 antagonism), dampen inflammasome activation, or skew macrophage
polarization back toward tissue-repair phenotypes. Lifestyle interventions reduce cytokine burden by shrinking
adipocyte size, improving vascularization, and restoring mitochondrial quality control structural shifts that
lower the stimulus for cytokine production rather than merely blocking downstream signals.

3. Adipokines: Insulin-Sensitizers, Desensitizers, and Vascular Modulators

Adipokines orchestrate endocrine communication among AT, liver, muscle, vasculature, and islets. Adiponectin,
abundant in lean states, binds AdipoR1/R2 to activate AMPK and PPARa, enhancing fatty-acid oxidation,
suppressing gluconeogenesis, and exerting anti-inflammatory effects through NF-kB inhibition and
macrophage polarization[21-257. High-molecular-weight adiponectin correlates best with insulin sensitivity.
In obesity/T2D, circulating levels fall, and adiponectin multimerization is impaired, reducing bioactivity.
Leptin rises with fat mass and normally restrains appetite and increases sympathetic tone; peripherally, it
modulates lipid metabolism and insulin action. Leptin resistance, both central and peripheral, emerges with
obesity due to SOCS3 induction, ER stress, and impaired transport across the blood—brain barrier[22, 26—-287.
Leptin replacement is transformative in congenital leptin deficiency and partial lipodystrophy but offers limited
glycemic benefit in common obesity.
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Other adipokines include resistin (linked to IR and inflammation), RBP4 (impairs insulin signaling in muscle
and promotes hepatic gluconeogenesis), chemerin (chemoattractant with context-dependent metabolic effects),
apelin  (vasoactive, insulin-sensitizing in some studies), omentin (generally insulin-sensitizing),
visfatin/NAMPT (involved in NAD+ biosynthesis; mixed metabolic effects), and lipocalin-2 (inflammatory,
iron-related). Hepatokines and myokines intersect: fetuin-A inhibits insulin receptor tyrosine kinase and
complexes with TLR4 to potentiate saturated-fat signaling; FGF21 from liver/adipose improves insulin
sensitivity and is modulated by diet and adipokine states[297.

Vascular actions are integral. Adiponectin enhances endothelial NO production and reduces adhesion molecule
expression; leptin can promote angiogenesis and sympathetic activity; resistin and TNF-a impair endothelial
function. Perivascular adipose tissue (PVAT) releases adipokines and cytokines that influence local vascular tone
and inflammation, linking obesity to hypertension and atherosclerosis key comorbidities that complicate
diabetes care[297].

Modulating adipokines therapeutically involves indirect levers (weight loss, exercise, TZDs raising adiponectin)
and emerging direct strategies: AdipoR agonists (e.g., small molecules), leptin sensitizers, and combination
incretin/peptide therapies that favorably shift adipokine profiles. The field’s challenge is achieving durable
changes in secretion and receptor signaling without off-target effects, ideally tuned to depot-specific and
patient-specific pathobiology.

4. Immune-Adipocyte Crosstalk and Tissue Niches

The immunologic remodeling of AT is spatially organized. In lean depots, eosinophils, ILC2s, and Tregs
maintain an anti-inflammatory tone via IL-4/1L-18 and IL-10, supporting alternative (M2-like) macrophages
involved in remodeling and thermogenesis[307]. Overnutrition diminishes these cells and recruits monocytes
that differentiate into inflammatory macrophages. These macrophages aggregate in crown-like structures
around necrotic adipocytes, where they scavenge lipids but also secrete TNF-a, IL-18, and ROS.
Transcriptionally distinct lipid-associated macrophages (LAMs) express Trem2 and genes for lipid handling;
they may be protective initially, but become pro-fibrotic under chronic stress307.

Adaptive immunity shifts toward Th1/Th17 polarization, producing IFN-y and IL-17 that further inhibit
insulin signaling. B cells contribute to antigen presentation and pathogenic IgG; regulatory B cells (Bregs) are
diminished. Mast cells and neutrophils release proteases and elastases that damage the ECM and perpetuate
chemokine production[317]. Stromal cells (preadipocytes, fibro-adipogenic progenitors, endothelial cells)
transduce cytokine signals that bias fate toward fibrosis rather than adipogenesis, stiffening the niche and
limiting healthy adipocyte hyperplasia. Senescent stromal/immune cells secrete SASP factors that reinforce
inflammation and impair beiging["317].

Nervous and vascular inputs integrate these niches. Sympathetic nerve fibers regulate lipolysis and
thermogenesis; inflammation induces catecholamine resistance in adipocytes and macrophages, blunting
lipolytic control and thermogenic activation. Poor angiogenesis and vascular rarefaction exacerbate hypoxia,
perpetuating HIF-1a-driven fibrogenesis and cytokine production[ 32, 337.

Therapeutic strategies that restore niche balance include caloric reduction and exercise (which reduce adipocyte
size and improve vascularization), cold exposure or B3-agonism (promoting beiging and anti-inflammatory
profiles), and pharmacologic modulation of immune cells (CCR2/CCR5 antagonism, IL-1 blockade, PPARy
ligands acting in macrophages)[347]. Microbiome-targeted diets increase SCFA production, expanding Tregs
and attenuating AT inflammation. Ultimately, re-establishing adipogenesis and vascularization alongside
immune recalibration is key to breaking the cycle that connects local AT dysfunction to systemic IR[347].

5. Intracellular Signaling Hubs: From Receptors to Insulin Pathway Interference

Cytokines and adipokines signal through receptors that converge on a limited set of intracellular nodes
controlling insulin action. TLR4 recognizes saturated fatty acids (indirectly) and LPS, activating MyD88/TRIF
pathways and culminating in NF-kB and IRF3 activation; TNFR1/2 signals through TRAF and RIP kinases
to activate IKK/JNK and caspase pathways. IL-1R recruits MyD88 to activate NF-kB and MAPKs;
IL-6R/gp130 triggers JAK/STATS and SOCSS induction; IFNAR/IFNGR activate JAK/STAT1/2,
intersecting with PKR and PERK[857. These cascades induce serine/threonine kinases (JNK, IKK{, S6K,
PKCO/¢) that phosphorylate IRS1/2 on inhibitory residues, reduce PISK p85—IRS interactions, and dampen
Akt activation, thereby impairing GLUT4 translocation and antilipolysis.

Lipotoxic mediators amplify this interference. Ceramides, generated via serine-palmitoyltransferase and
ceramide synthases, activate PP2A and PKC{, antagonizing Akt and promoting mitochondrial dysfunction; they
may also engage NLRP3. Diacylglycerols (DAGs) activate novel PKCs that inhibit insulin receptor kinase
activity and IRS function, particularly in the liver and muscle[367. ER stress (PERK/IRE1/ATF6) is induced
by activating JNK and CHOP, impairing insulin signaling and promoting apoptosis. Mitochondrial ROS act as
second messengers to reinforce these pathways, and SOCS proteins induced by cytokines promote ubiquitination
and degradation of insulin signaling components[ 367].

Adipokine receptors counterbalance these effects. AdipoR1/R2 activate AMPK and PPARa, increasing
fatty-acid oxidation and enhancing insulin sensitivity; they also promote ceramidase activity, lowering ceramide
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burden. LeptinR signals via JAK2/STATS, PIsK, and MAPK, but SOCS3 and PTP1B attenuate signaling in
obesity. Apelin engages APJ to enhance endothelial NO and glucose uptake; omentin improves insulin signaling
via Akt in endothelium and adipocytes[16, 17, 37].

Therapeutic interventions exploit these nodes: metformin activates AMPK and reduces hepatic gluconeogenesis
and inflammation; TZDs activate PPARY, expanding healthy adipogenesis and improving adipokine balance;
SGLT?2 inhibitors reduce glucotoxicity and ER stress; GLP-1 receptor agonists improve insulin action and
lower inflammatory tone. Experimental approaches include NLRP3 inhibitors, ASK1/JNK blockers, ceramide
synthesis inhibitors, and AdipoR agonists[38—407. Selectivity and safety remain paramount, given the centrality
of these pathways to host defense and cellular stress responses.

6. Organ Crosstalk: Liver, Skeletal Muscle, Pancreatic Islets, and Vasculature

Cytokine/adipokine signals propagate through anatomical channels to reprogram organ physiology. Liver
receives portal drainage from visceral AT and gut, exposing it to NEFAs, LPS, and cytokines. Kupffer cells
sense these cues, producing TNF-a and IL-1f that impair hepatocyte insulin signaling and promote steatosis
and gluconeogenesis. Hepatokines such as fetuin-A and FGF21 feedback to adipose and muscle, modulating
insulin sensitivity and adipokine expression[417]. Skeletal muscle experiences reduced microvascular perfusion
during inflammation (endothelial dysfunction) and accumulates lipid intermediates that activate PKCs;
cytokines further inhibit insulin signaling and mitochondrial biogenesis, while myokines from exercise
counteract these effects by expanding capillarity and oxidative capacity [42—44].

Pancreatic islets are both targets and sources of cytokines. IL-1, TNF-a, and IFN-y impair B-cell insulin gene
transcription, proinsulin processing, and exocytosis, while promoting ER stress, mitochondrial depolarization,
and apoptosis; B-cells themselves can produce IL-1f under glucolipotoxic stress, creating an autocrine loop[457].
Leptin modulates [-cell excitability and can suppress insulin secretion; adiponectin supports -cell survival and
tunction. Islet-resident macrophages and infiltrating T cells shape these effects, and adipokines/cytokines
modulate the islet extracellular matrix and vasculature, influencing nutrient and oxygen delivery.

Vasculature integrates metabolic and inflammatory signals: endothelial cells respond to TNF-a/IL-6 with
adhesion molecule expression and reduced nitric oxide bioavailability, impairing insulin-mediated capillary
recruitment and glucose delivery to muscle. PVAT releases adipokines/cytokines that act locally on the vessel
wall, linking obesity to hypertension and atherosclerosis conditions that worsen insulin delivery and complicate
glycemic control[467].

Brain—adipose axis adds higher-order control. Hypothalamic inflammation driven by saturated fats and
cytokines induces leptin and insulin resistance, dysregulating appetite and sympathetic outputs that govern AT
lipolysis and BAT thermogenesis[46]. Therapies that reduce peripheral inflammation (weight loss,
incretin-based treatments) often improve central sensitivity, closing a beneficial feedback loop.

7. Therapeutic Modulation of Cytokines and Adipokines: From Lifestyle to Targeted Agents
Foundations weight loss and exercise: Caloric restriction and increased physical activity shrink adipocyte
size, reduce crown-like structures, downregulate TNF-a/IL-6/CCL2, and raise adiponectin [477]. Exercise
acutely elevates IL-6 in a myokine context that induces IL-10 and dampens TNF-a; chronically, it increases
adiponectin and improves endothelial function[487].

Approved pharmacotherapies: Metformin reduces hepatic inflammatory signaling and improves adipokine
balance via AMPK activation; thiazolidinediones (PPARY agonists) enhance subcutaneous adipogenesis,
redistribute lipid away from ectopic sites, and increase adiponectin (with weight gain/edema risks)[88, 39, 497.
SGLT?2 inhibitors lower glucotoxicity and systemic inflammation, improving vascular outcomes. Incretin-based
agents (GLP-1 receptor agonists and multi-agonists) deliver substantial weight loss, improve islet health, and
reduce inflammatory markers, thereby normalizing adipokine profiles.

Targeted immunomodulation: IL-1 pathway blockade (e.g., receptor antagonists or monoclonal antibodies)
improves glycemic metrics in subsets with high inflammatory tone. NLRP3 inhibitors and colchicine are under
evaluation for metabolic inflammation. CCR2/CCR5 antagonism reduces monocyte recruitment to AT; effects
on glycemia are modest but may benefit steatohepatitis{507]. TNF-a blockade has not reliably improved
glycemia in common T2D, underscoring pathway redundancy.

Adipokine-centric strategies: Raising adiponectin through TZDs is proven; direct AdipoR agonists and
agents that enhance multimerization are investigational. Leptin therapy is effective in lipodystrophy and
congenital deficiency, with limited utility in common obesity unless paired with sensitizers. Modulation of
chemerin, apelin, or omentin pathways remains exploratory. FGF21 analogs improve dyslipidemia and NASH
features and may indirectly modulate adipokines.

Systems levers: Microbiome-directed diets, bariatric/metabolic surgery, sleep regularity, and stress reduction
can durably lower cytokine load and improve adipokine profiles. Precision approaches use inflammatory
biomarkers, adipokine panels, and imaging of AT inflammation/fibrosis to select and sequence therapies. The
guiding principle is to restore AT health expandability, vascularization, and anti-inflammatory signaling,
thereby resolving the cytokine/adipokine disequilibrium that drives IR.
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CONCLUSION

Obesity-related diabetes is not an inevitable consequence of excess adiposity but a systems failure driven by an

imbalanced immuno-endocrine dialogue. Cytokines generated by stressed AT and other tissues activate

conserved stress kinases and inflammasome pathways that disrupt insulin signaling, while shifts in adipokines
remove insulin-sensitizing brakes and distort vascular and islet function. These signals propagate across organs,
liver, muscle, pancreas, vasculature, and brain, creating self-reinforcing loops of lipotoxicity, inflammation, and
endocrine resistance. The path to durable glycemic control, therefore, runs through restoration of adipose health
and recalibration of cytokine/adipokine networks. Practically, foundations matter most: weight reduction,
structured exercise, high-fiber minimally processed diets, adequate sleep, and stress management collectively
shrink inflammatory niches and normalize adipokines. Pharmacotherapies metformin, TZDs, SGLT2 inhibitors,
and incretin-based agents provide complementary benefits that include immunometabolic improvements beyond
glucose lowering. For selected patients with high inflammatory tone or organ-specific pathology, targeted
strategies (IL-1 axis modulation, NLRP$ inhibition, CCR2/CCR5 blockade, emerging AdipoR agonists) may
add value when layered atop lifestyle and metabolic agents. Looking ahead, precision phenotyping that
integrates adipose imaging, inflammatory/adipokine panels, and microbiome/metabolite signatures can identify
dominant drivers in each individual and guide therapy sequencing. Achieving equity and safety will require
scalable diagnostics and accessible interventions. Reframing diabetes care from glucocentric control to
immuno-endocrine repair offers a coherent route to preventing, delaying, or even reversing the metabolic
sequelae that link obesity to T2D.
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