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ABSTRACT

Obesity-driven type 2 diabetes (T2D) is sustained by chronic, low-grade inflammation that disrupts insulin
signaling across adipose tissue, liver, skeletal muscle, and vascular beds. Hypertrophic adipocytes and stromal
immune cells form an inflammatory niche characterized by cytokine secretion, lipotoxic stress, hypoxia, and
extracellular matrix remodeling. Conventional anti-inflammatory agents can improve insulin sensitivity but are
limited by off-target toxicities, short half-lives, and inadequate delivery to diseased depots. Nanomedicine offers
a precision toolkit to overcome these barriers by concentrating therapeutics in inflamed tissues, enabling
intracellular delivery to key immune populations, coordinating controlled and stimuli-responsive release, and
coupling therapy with imaging for on-treatment monitoring. This review synthesizes mechanistic
underpinnings of metabolic inflammation; design principles for adipose- and liver-homing nanoparticles; small-
molecule, biologic, and nucleic acid payloads that reprogram innate and adaptive immune tone; and theranostic
approaches for quantifying target engagement. We discuss safety, manufacturability, and regulatory
considerations unique to chronic metabolic indications and propose clinical trial frameworks that integrate
continuous glucose monitoring with inflammatory biomarkers and organ-level imaging. By aligning materials
science with immunometabolic biology, nanomedicine can convert broad immunosuppression into tissue- and
pathway-selective modulation, improving insulin sensitivity while minimizing systemic risk.
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INTRODUCTION

Type 2 diabetes that emerges on the background of obesity reflects a convergence of metabolic overload and
persistent, low-grade inflammation[ 1-47]. As adipocytes expand, local hypoxia, mechanical stress, and lipotoxic
intermediates trigger stress pathways that impair insulin signaling. Adipose tissue macrophages accumulate and
shift toward proinflammatory states; T cells, B cells, dendritic cells, and innate lymphoid cells further sculpt a
niche that elevates cytokines such as TNF, IL-6, and IL-1B[5—7]. These signals alter insulin receptor substrate
phosphorylation, suppress glucose transport, and propagate hepatic gluconeogenesis and skeletal muscle insulin
resistance[ 8, 9. Systemically, circulating lipoproteins, free fatty acids, and microbial products from an altered
gut barrier feed into pattern recognition receptor activation in metabolic organs. The result is a distributed
pathology in which inflammation and metabolism are inseparable.

Therapeutic advances in incretin pharmacology and sodium—glucose cotransport blockade have transformed
glycemic outcomes and cardiometabolic risk, yet they were not designed primarily to resolve the inflammatory
microenvironments that entrench insulin resistance[10-127. Broad anti-inflammatory agents can improve
glycemia in select contexts, but they often expose patients to infection risk or organ toxicity and rarely localize
to the adipose or hepatic niches where they would be most beneficial. Moreover, inflammatory signaling is highly
compartmentalized. The profile of cytokines, lipid mediators, and immune cell subsets differs between visceral
and subcutaneous adipose tissue, within the liver’s lobular zones, and across vascular territories. A precision
strategy must therefore account for tissue specificity and cell-type diversity while respecting the chronic nature
of the disease[[137].

Nanomedicine provides the necessary levers. Nanoparticles can be constructed from lipids, biodegradable
polymers, proteins, or hybrid materials to encapsulate small molecules, peptides, monoclonal antibodies, or
nucleic acids[14—177]. They protect labile cargo from degradation, extend circulation time, and exploit the
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distinct vascular and extracellular matrix features of inflamed tissues to enhance retention. Surface ligands direct
particles to cell populations central to metabolic inflammation like macrophages, endothelial cells, adipocytes,
and hepatic stellate cells while stimuli-responsive linkers synchronize release with local cues such as pH, redox
state, enzyme activity, or reactive oxygen species.[18—217] For nucleic acid therapeutics, nanoparticles are
essential for cellular entry and endosomal escape, enabling silencing or editing of genes that govern
inflammasome activity, cytokine production, and lipid handling. Importantly, nanocarriers can be engineered
for subcutaneous, intraperitoneal, or oral routes, each offering different biodistribution profiles that may be
matched to pathology[17, 19, 22, 237.
Quantification is as important as delivery. Imaging labels embedded within nanoparticles create theranostic
platforms that visualize target engagement and residence time, allowing dose optimization and patient
stratification[247]. Noninvasive biomarkers, like circulating cytokines, lipoprotein-associated mediators, and
exosomal signatures provide orthogonal readouts and can be integrated with continuous glucose monitoring to
link anti-inflammatory activity to metabolic outcomes. In this way, nanomedicine reframes immunomodulation
as a measured intervention rather than a blind systemic push[25, 267.
Translation, however, imposes constraints. Chronic metabolic disease requires long-term safety, predictable
manufacturing, and usability that fits daily life. Immunogenicity against carrier materials, complement
activation, and reticuloendothelial accumulation must be minimized[277]. Manufacturing must deliver tight
control of particle attributes and release kinetics under GMP, with stability in real-world conditions. Clinical
trials need endpoints that capture both inflammation resolution and metabolic improvement, demonstrating that
localized immunomodulation translates into better glycemic control, reduced insulin requirements, and
improved organ health without increasing infection or cardiovascular risk[277].
This review examines how nanotechnology can target chronic inflammation at the heart of obesity-driven T2D.
We begin by mapping the immunometabolic landscape and defining actionable targets. We then cover design
rules for particles that home to inflamed adipose and liver, follow with payload strategies spanning small
molecules, biologics, and nucleic acids, and describe imaging and biomarkers that quantify engagement. Finally,
we outline safety, regulatory, and clinical trial pathways to bring these approaches from bench to bedside. The
central thesis is that nanomedicine can align the location, timing, and intensity of anti-inflammatory therapy
with the distributed, dynamic nature of metabolic disease.
2. Immunometabolic Landscape and Actionable Targets in Obesity-Driven T2D
Chronic inflammation in obesity-driven T2D reflects a network spanning adipose depots, liver, skeletal muscle,
pancreatic islets, and vascular beds[28, 297. In visceral adipose tissue, hypertrophic adipocytes release saturated
fatty acids and danger-associated molecular patterns that engage TLR4 and NLRP3 inflammasomes in resident
and recruited macrophages[287]. These macrophages, often aggregated into crown-like structures around
necrotic adipocytes, produce IL-1, TNF, and chemokines that sustain leukocyte recruitment and disrupt insulin
signaling in neighboring adipocytes[307]. Endothelial cells contribute by expressing adhesion molecules and
secreting pro-thromboinflammatory mediators, while fibroblasts remodel the extracellular matrix, stiffening the
tissue and impairing capillary function. In the liver, Kupffer cells and infiltrating monocytes sense lipotoxicity
and microbial products, amplifying inflammation that drives steatosis progression and hepatic insulin
resistance[ 307]. Skeletal muscle exhibits microvascular rarefaction and altered perfusion responses to insulin,
limiting glucose disposal and reinforcing systemic hyperglycemia.
The molecular circuitry presents multiple intervention points. Blocking upstream danger signaling via TLRs
or scavenging extracellular vesicle-borne lipids can reduce macrophage priming. Inhibiting NLRP3 activation
or IL-1 signaling attenuates cytokine cascades that impair insulin action[817]. Modulating eicosanoid synthesis
and specialized pro-resolving mediator pathways can shift the inflammatory response from persistent activation
toward resolution. Rewiring macrophage metabolism from glycolysis-dominant to oxidative supports a tissue-
repair phenotype that fosters insulin sensitivity[317]. At the endothelial interface, reducing oxidative stress and
restoring nitric oxide bioavailability improves perfusion and glucose uptake in muscle and adipose tissue.
Addressing fibrosis by tempering TGF-f8 signaling and matrix cross-linking can normalize tissue mechanics
and immune cell trafficking[(327].
Targeting requires precision because these pathways are not uniformly pathogenic across organs or disease
stages. Adipose tissue inflammation may dominate in some individuals, while hepatic drivers prevail in others.
Moreover, immune cells execute beneficial functions in lipid clearance and tissue remodeling; indiscriminate
suppression risks impairing homeostasis[ 337]. Nanomedicine can reconcile these constraints by preferentially
delivering modulators to tissues and cell types where they are most needed, achieving effective local
concentrations with lower systemic exposure[ 34, 857. In particular, macrophages” avid endocytic activity, the
altered vasculature of inflamed depots, and matrix changes that trap nanoparticles provide natural handles for
selective accumulation. By aligning payloads with the spatial and temporal dynamics of immunometabolic
pathology, nanocarriers can turn diffuse anti-inflammatory concepts into practical, organ-tuned interventions.
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3. Design Principles for Adipose- and Liver-Homing Nanocarriers
Engineering nanoparticles to reach inflamed adipose and liver begins with size, surface chemistry, and stifthess.
Particles in the 50-150 nm range generally balance circulation with extravasation through inflamed
microvasculature, while softer, deformable constructs can navigate dense extracellular matrix more
effectively[[867. Surface coronas that resist opsonization, using zwitterionic or polysarcosine coatings, prolong
circulation and reduce premature clearance. For active targeting, ligands that bind adipose endothelium or
macrophage receptors such as peptides recognizing prohibitin, scavenger receptors, or integrins, bias deposition
in inflamed depots. In the liver, N-acetylgalactosamine and related motifs engage the asialoglycoprotein receptor
on hepatocytes, while mannose or scavenger receptor ligands direct particles to Kupfter cells to temper
inflammatory signaling at its source[37, 387.
Stimuli-responsive features add temporal control. Acid-labile linkers exploit the mildly acidic milieu of inflamed
adipose; ROS- and enzyme-cleavable bonds leverage oxidative and proteolytic activity to trigger release.
Ionizable lipids and helper surfactants enhance endosomal escape for nucleic acid payloads, while more inert
matrices suit extracellular cytokine blockade. For depot-level persistence, semi-crystalline lipid cores or
biodegradable polymer matrices provide sustained release without sharp peaks that might produce systemic
immunosuppression [18, 397. Route of administration further shapes biodistribution. Subcutaneous injection
over visceral regions can favor lymphatic drainage to regional depots; intraperitoneal administration accesses
hepatic and omental territories; and oral formulations with lymphotropic composition can engage gut—liver
immunometabolic loops[407].
Manufacturability and analytics must be integrated from the outset. Scalable microfluidic mixing and controlled
nanoprecipitation produce narrow polydispersity and reproducible encapsulation, while stability programs
assess particle integrity under refrigerated and stress conditions[417. Critical quality attributes include size
distribution, zeta potential, endotoxin, residual solvent, ligand density, and in vitro—in vivo correlation of release
profiles. For chronic use, batch-to-batch consistency in responsiveness to pH, ROS, or enzymes prevents drift
in clinical performance[417. Finally, usability considerations such as viscosity for pen injection, compatibility
with common devices, and minimal injection-site reactions determine real-world adoption. Thoughtful design
that harmonizes targeting, triggerability, and manufacturability yields carriers capable of delivering precise
anti-inflammatory action where insulin signaling needs restoration most.
4. Small-Molecule and Biologic Payloads to Reprogram Inflammatory Niches
Nanocarriers expand the therapeutic index of anti-inflammatory agents by concentrating them in diseased
tissues and smoothing pharmacokinetics. For small molecules, encapsulating inhibitors of NLRP3, JAK/STAT,
or NF-kB pathways can attenuate cytokine production from macrophages and adipocytes, improving insulin
sensitivity with reduced systemic immunosuppression[427. Delivering AMPK activators and PPAR modulators
directly into adipose depots promotes lipid handling and mitochondrial function while dampening inflammatory
tone. Specialized pro-resolving mediators, resolvins, protectins, and maresins are potent but chemically fragile;
nanoparticle formulation stabilizes them, enabling sustained local pro-resolution cues that facilitate efferocytosis
and tissue repair without blunt suppression[427].
Biologics benefit similarly. Monoclonal antibodies or receptor antagonists against IL-1f, IL-6, or TNF can be
packaged in long-circulating or depot-homing carriers to minimize systemic exposure and infection risk[437.
Decoy receptors and fusion proteins that sequester chemokines locally can reduce immune cell recruitment into
adipose tissue, while growth factor fragments delivered at low, controlled doses promote vascular normalization
and resolve hypoxia that sustains inflammation. Enzymatic payloads, such as catalase or superoxide dismutase
mimetics, detoxify reactive oxygen species in situ, alleviating endothelial dysfunction and restoring nitric oxide
bioavailability for better insulin-mediated perfusion[437].
Combination therapy within a single carrier addresses the multifactorial nature of metabolic inflammation. Co-
encapsulation of an NLRP3 inhibitor with a specialized pro-resolving mediator can simultaneously reduce
inflammatory initiation and accelerate resolution. Pairing a macrophage-reprogramming agent with an
endothelial nitric oxide synthase cofactor restores crosstalk between immune and vascular compartments[44].
Release can be staggered using orthogonal linkers, delivering an initial anti-inflammatory pulse followed by a
slower pro-resolving phase. Crucially, local delivery allows lower total doses, reducing risks associated with
systemic blockade of immune pathways central to host defense[44].
Translation requires rigorous pharmacology. Depot drug levels, cytokine gradients, and functional outcomes
like glucose uptake, hepatic glucose production, and microvascular perfusion should be measured concurrently
to map exposure to effect[447]. Safety monitoring must include infection rates, vaccination responses, and
laboratory indices to detect unintended immunosuppression, with designs that favor tissue-selective exposure
to mitigate these risks. With these elements aligned, nanocarrier-enabled small-molecule and biologic payloads
can reprogram inflammatory niches in ways unattainable with conventional formulations.
5. Nucleic Acid Therapeutics to Modulate Immune and Metabolic Gene Networks
Nucleic acid therapeutics offer programmable control over inflammatory and metabolic pathways central to
insulin resistance. Small interfering RNAs and antisense oligonucleotides can silence transcripts encoding

This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work is properly cited

Page | 89



OPEN ACCESS
ONUPP ONLINE ISSN: 2992-5479
Publications 2026 PRINT ISSN: 2992-605X
inflammasome components, cytokines, or signaling adaptors in macrophages and adipocytes[45]. For example,
targeting NLRPS3, caspase-1, or IL1B reduces IL-1 maturation and release, while silencing TLR adaptors or
chemokine receptors diminishes inflammatory recruitment. Conversely, mRNA delivery can transiently express
transcriptional regulators that favor tissue repair and oxidative metabolism, nudging macrophages toward pro-
resolving phenotypes and enhancing adipocyte mitochondrial function[457]. Base editors and CRISPR
interference expand the palette, enabling durable downregulation of pathogenic regulators, though permanency
raises additional safety considerations.
Delivery is the decisive challenge. Lipid nanoparticles with ionizable lipids facilitate endosomal escape, while
ligand display biases uptake to macrophages or endothelial cells in inflamed depots[46—487. Chemical
modifications to nucleic acids such as 2’-O-methyl, phosphorothioates, and conjugated sugars, improve stability
and reduce innate immune activation, though sequence design must also avoid toll-like receptor motifs. For
depot specificity, particles can be administered subcutaneously over target regions or engineered to respond to
local oxidative or enzymatic cues that accelerate release only within inflamed tissue. Re-dosing schedules should
consider adaptive immune responses to carrier materials and the potential for anti-PEG antibodies; alternative
stealth coatings can mitigate these issues[467].
Functional endpoints must validate that gene modulation translates into metabolic gain. Beyond changes in
cytokines, assays should quantify improvements in insulin signaling cascades, glucose uptake in muscle and
adipose tissue, hepatic glucose output, and microvascular perfusion during hyperinsulinemic states[[25, 49, 507.
Single-cell transcriptomics and spatial profiling from optional biopsies can confirm on-target editing or silencing
within intended cell populations, while circulating exosomal RNA provides a less invasive window into target
engagement.
Safety is paramount for genetic modulation in a chronic disease. Off-target effects, unintended edits, and immune
activation require systematic screening and long-term surveillance. For early clinical translation, transient
modalities, such as siRNA, ASO, and mRNA, may be preferable to permanent editing, balancing efficacy with
reversibility[3, 517]. With careful design, nucleic acid nanotherapeutics can reshape immune and metabolic gene
networks in a tissue-selective, titratable manner, offering a powerful complement to pharmacologic anti-
inflammatory strategies.
6. Imaging, Biomarkers, and Theranostics for Quantifying Anti-inflammatory Impact
Demonstrating that localized immunomodulation improves metabolic control demands quantitative tools that
span molecules, cells, tissues, and whole-body physiology[527. Theranostic nanoparticles embed imaging
reporters, positron emission tomography isotopes, magnetic resonance contrast, photoacoustic dyes, alongside
therapeutic cargos to visualize biodistribution, depot uptake, and release in vivo[537. In adipose tissue, imaging
can quantify reductions in inflammatory activity, vascular normalization, and shifts toward oxidative
metabolism, while in the liver it can track steatosis resolution and microvascular changes. Photoacoustic or near-
infrared readouts suit superficial depots and can be repeated frequently without radiation, whereas PET and
MRI provide quantitative, organ-spanning maps for less frequent but decisive assessments.
Circulating biomarkers complement imaging. Panels that include IL-6, IL-1f, TNF, high-sensitivity C-reactive
protein, and adipokines reflect systemic inflammatory tone, while lipoprotein-associated phospholipase activity
and oxylipin profiles capture lipid mediator balance. Exosomal microRNAs derived from adipose or hepatic cells
offer tissue-biased signals of pathway modulation[537. Functional tests like indirect calorimetry, microvascular
reactivity measurements, and standardized meal challenges connect immunologic changes to insulin action and
energy handling. Continuous glucose monitoring provides high-resolution glycemic outcomes, including time
in range, time below range, and variability, that can be linked temporally to imaging and biomarker shifts during
dose finding.
Theranostic logic should be embedded in study design. Baseline imaging can stratify patients by dominant
inflammatory geography like visceral adipose, subcutaneous depots, or liver guiding route and dose[[54, 55].
On-treatment scans confirm target engagement; predefined thresholds for uptake reduction or perfusion
improvement trigger dose escalation, maintenance, or switching. When particles incorporate release-sensing
chemistries, fluorescence unquenching upon linker cleavage, clinicians gain a direct window into
pharmacodynamics rather than inferring from proxies. Over time, integrating these data with digital
phenotypes, activity metrics, and ambient temperature helps account for confounders that influence adipose and
vascular behavior.
Translation benefits from standardization. Harmonized imaging protocols, validated biomarker assays, and
cross-platform calibration ensure that signals reflect biology rather than instrumentation[56, 57]. Data
pipelines that fuse imaging with CGM and laboratory values enable patient-level decision support and accelerate
learning across trials. With such infrastructure, theranostics shift anti-inflammatory nanomedicine from
promising biology to actionable, monitored care.
7. Safety, Manufacturability, and Clinical Trial Pathways for Chronic Use (<450 words)
Chronic metabolic indications require nanomedicines that are not only effective but also safe and practical over
years. Materials must minimize complement activation and pseudoallergy, avoid persistent organ accumulation,
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and exhibit predictable clearance of degraded components[ 587. Alternative stealth chemistries reduce the risk
of anti-PEG antibodies and maintain pharmacokinetics with repeat dosing. For nucleic acid carriers, innate
immune activation should be mitigated through sequence design, high-purity manufacture, and endotoxin
control. Local tolerability at injection sites and compatibility with devices commonly used by people with
diabetes are essential for adherence[587.
Manufacturing under GMP must deliver tight specifications on particle size, polydispersity, ligand density, and
release kinetics, with stability programs that cover cold-chain excursions and real-world handling. Analytical
methods should be stability-indicating for both carrier and payload, detecting oxidation, hydrolysis, and
aggregation. For theranostic platforms, coordination between drug and imaging chemistry manufacturing is
required, including radionuclide handling or contrast agent quality contro[597]. Environmental and
occupational safety plans should address solvent use and nanoparticulate exposure during production.
Clinical trials should pair mechanistic and patient-centered endpoints. Phase 1 studies emphasize safety,
biodistribution, and pharmacodynamics, using imaging and biomarker panels alongside continuous glucose
monitoring and standardized meal tests[607]. Phase 2 trials adopt adaptive designs where imaging-guided
thresholds determine dose and schedule, stratified by visceral adiposity, hepatic fat, and inflammatory biomarker
profiles[617]. Co-primary outcomes can combine improvement in time in range or HOMA-IR with predefined
reductions in inflammatory imaging signals, demonstrating that tissue-level immunomodulation translates to
better glycemic control. Safety monitoring should include infection rates, vaccine responsiveness, and
hematologic panels to detect inadvertent immune suppression.
Positioning within care pathways requires comparative effectiveness. To justity adoption, nanomedicine-based
anti-inflammatory strategies should show additive benefit to current standards such as GLP-1/GIP receptor
agonists and SGLT2 inhibitors, ideally allowing dose reduction of systemic agents that cause adverse effects.
Health-economic analyses must consider manufacturing costs against potential reductions in complications,
medication burden, and clinic visits. If these elements align with robust safety, manufacturability, measurable
target engagement, and meaningful metabolic benefit, nanomedicine can become a durable component of
comprehensive T2D care focused on resolving the inflammatory roots of insulin resistance.
CONCLUSIONS
Chronic, low-grade inflammation anchors insulin resistance across adipose tissue, liver, muscle, and the
vasculature in obesity-driven type 2 diabetes. Nanomedicine offers a means to address this distributed pathology
with precision by delivering anti-inflammatory and pro-resolving agents directly to diseased niches, enabling
intracellular access to key immune cells, and synchronizing release with local cues. Nucleic acid therapeutics
expand the repertoire by reprogramming gene networks that maintain maladaptive immune states, while
theranostic designs quantify target engagement and guide adaptive dosing. Success depends on materials and
manufacturing that support long-term safety, on standardized imaging and biomarkers that tie tissue changes
to glycemic outcomes, and on clinical trials that prove additive benefit alongside contemporary metabolic drugs.
With these pieces in place, nanomedicine-based strategies can transform management of obesity-driven T2D
from broad systemic suppression to targeted, measurable, and durable resolution of inflammation, improving
insulin sensitivity and everyday life for people living with the disease.
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