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ABSTRACT

Obesity-associated type 2 diabetes (T'2D) arises from chronic positive energy balance, adipose tissue dysfunction,
low-grade inflammation, and insulin resistance. Converting energy-storing white adipose tissue into
thermogenically active beige/brown-like adipocytes “browning”offers a compelling means to increase energy
expenditure and improve glucose homeostasis by elevating uncoupling protein-1 (UCP1)—-dependent respiration
and mitochondrial biogenesis. Yet pharmacologic agents that induce browning often suffer from poor
bioavailability, off-target toxicity, and inadequate delivery to adipose depots. Nanotechnology enables precise
spatiotemporal control over therapeutic cargoes, including small molecules, peptides, and nucleic acids, while
exploiting tissue-specific targeting, controlled release, and stimuli-responsiveness. Here, we review design
principles for adipose-directed nanomedicines that activate thermogenic pathways; emerging nucleic acid
strategies that reprogram adipocyte fate; small-molecule and nutraceutical payloads formulated for enhanced
efficacy; and imaging modalities and biomarkers that quantify browning in vivo. We also consider safety,
manufacturing, and regulatory issues that must be overcome for translation, and propose pragmatic clinical trial
frameworks tailored to metabolic endpoints. By integrating materials science with adipose biology,
nanotechnology can turn browning from a laboratory phenomenon into a clinically actionable modality for T2D,
potentially complementing lifestyle interventions and incretin-based therapies while minimizing cardiovascular
and sympathetic side effects.
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INTRODUCTION

Type 2 diabetes (T2D) affects hundreds of millions of people and is intimately tied to excess adiposity and
sedentary lifestyles[1-37. The pathophysiology involves impaired insulin signaling in muscle and liver, ectopic
lipid deposition, and adipose tissue dysfunction marked by hypertrophy, hypoxia, and the secretion of
proinflammatory adipokines[4—67. Therapeutic strategies that merely suppress appetite or increase insulin
secretion have improved glycemic control and cardiovascular outcomes for many patients, yet they do not fully
correct the energetic and endocrine defects of dysfunctional white adipose tissue (WAT)[7-97. An alternative,
complementary approach is to increase whole-body energy expenditure and metabolic flexibility by converting
WAT to a more oxidative, mitochondria-rich “beige” state, a process commonly termed browning.

Browning reflects the emergence of inducible beige adipocytes within WAT depots that express UCP1, a
mitochondrial inner membrane protein that uncouples oxidative phosphorylation, dissipating the proton
gradient as heat and thereby increasing substrate oxidation[10, 117. Cold exposure and B-adrenergic
stimulation are canonical browning triggers, but immune mediators, endocrine factors (irisin, FGF21), and
nutrient signals also contribute. In preclinical models, enhanced browning improves glucose tolerance, increases
insulin sensitivity, and reduces hepatic steatosis. However, direct pharmacologic activation has been constrained
by systemic side effects, particularly when using B-agonists that elevate heart rate and blood pressure, and by
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the limited ability of many agents to reach adipose depots at efficacious concentrations without off-target
toxicity.

Nanotechnology offers a powerful toolkit to breach these barriers. Nanocarriers lipid nanoparticles, polymeric
micelles, dendrimers, protein-based cages, and inorganic platforms can encapsulate diverse payloads, shield them
from degradation, and release them in response to environmental cues such as pH, enzymes, or reactive oxygen
species[12—15]. Surface engineering with ligands that recognize adipose endothelium, macrophages, or
adipocyte receptors can enrich delivery to subcutaneous or visceral fat. Size and stiffhess can be tuned to favor
lymphatic drainage or vascular extravasation, and stealth coatings can prolong circulation while minimizing
immune clearance. For nucleic acid therapeutics, siRNA, antisense oligos, mRNA, and programmable editors
nanocarriers are not merely helpful but essential to achieve intracellular delivery.

In the specific context of browning, nanotechnology enables three complementary strategies. First, it enhances
the therapeutic index of small molecules that induce thermogenesis, allowing lower systemic exposure while
sustaining depot-level concentration[167]. Second, it delivers nucleic acids that reprogram adipocyte gene
networks toward a beige phenotype, for example, by silencing repressors or expressing master regulators of
mitochondrial biogenesis. Third, it enables combination therapies, co-packaging agents that target adipocytes
and immunomodulators that shift tissue macrophages toward pro-thermogenic phenotypes, recognizing that
adipose is an immunometabolic organ.

Translation requires rigorous measurement. Noninvasive imaging, including positron emission tomography,
magnetic resonance techniques, and emerging optical approaches, can quantify depot-specific metabolic changes,
while circulating markers and transcriptomic signatures provide orthogonal readouts[ 17, 187. Safety remains
central: nanocarriers must avoid chronic tissue accumulation, complement activation, and genotoxicity, and
manufacturing must scale with reproducible particle attributes and release kinetics.

This review synthesizes design principles for adipose-targeted nanomedicines, surveys nucleic acid and small-
molecule payloads that promote browning, and outlines state-of-the-art methods for monitoring efficacy. We
evaluate safety, regulatory, and ethical considerations, and conclude with clinically oriented trial designs that
integrate glycemic endpoints with imaging and cardiometabolic risk. As incretin-based therapies and metabolic
surgery set new standards for efficacy, nanotechnology-enabled browning may find its niche as an adjunct that
improves insulin sensitivity, increases energy expenditure, and addresses adipose dysfunction at its root.

2. Design Principles of Nanocarriers for Thermogenic Pathway Targeting

Successful adipose-directed nanomedicines arise from deliberate engineering of size, shape, surface chemistry,
and release kinetics[[19, 207. Particles between ~50—150 nm often achieve favorable circulation with sufficient
extravasation across adipose microvasculature, while ultra-small constructs (<20 nm) may be rapidly cleared
and larger particles (>200 nm) risk uptake by the mononuclear phagocyte system. Spherical morphologies are
widely used for manufacturability, but rod-like or discoidal geometries can modulate margination and
endothelial interactions. Poly(ethylene glycol) coatings reduce opsonization; zwitterionic shells offer an
alternative stealth strategy with lower anti-PEG immunogenicity risks[21-237.

Targeting ligands increases depot specificity. Short peptides selected by in vivo phage display can home to white
or brown fat vasculature, whereas antibodies or aptamers can engage adipocyte receptors or transporters. For
example, motifs against prohibitin, avB3 integrin, or scavenger receptors on stromal cells can enrich uptake[ 24—
277. Because visceral and subcutaneous depots differ in endothelium and innervation, depot-preferential
targeting is feasible and clinically relevant given the cardiometabolic burden of visceral fat.

Endosomal escape is a core challenge for nucleic acid cargoes. Ionizable lipids that protonate in endosomes
promote membrane destabilization and cytosolic delivery, while pH-sensitive polymers and helper lipids refine
this process[19, 28, 297]. For small molecules, controlling burst versus sustained release is crucial to avoid
sympathetic spikes; biodegradable polymer matrices and crystalline lipid cores provide week-scale release
profiles. Stimuli-responsive designs such as pH, enzyme, redox, or ultrasound-triggered, add an extra layer of
control tailored to adipose microenvironments characterized by lipase activity, mild hypoxia, and oxidative
stress[30—-327].

Manufacturability and analytics determine translational credibility. Scalable microfluidic or in-line solvent
displacement methods yield narrow polydispersity and reproducible encapsulation efficiencies. Critical quality
attributes include particle size distribution, zeta potential, residual solvent, endotoxin levels, and batch-to-batch
drift in release kinetics[197. Stability-indicating assays and physiologically relevant dissolution studies should
model realistic depot exposure, including lipoprotein exchange. Sterility assurance and low bioburden are
nonnegotiable for parenteral products, and lyophilization or spray-drying with cryoprotectants extends shelf
life.

Finally, pharmacology in metabolic disease differs from oncology or rare-disease contexts. Obese patients may
display altered lipoprotein profiles, expanded distribution volumes, and inflamed adipose tissue that modifies
nanoparticle uptake[837. Preclinical screening should therefore include diet-induced obese models, female and
male cohorts, and aged animals, with telemetry and metabolic cage phenotyping. Together, these design
principles integrate biophysics and disease biology to give nanocarriers the best chance of safely and effectively
activating thermogenic pathways.
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3. Nucleic Acid Nanotherapeutics for Beige Adipocyte

Nucleic acids enable precise, programmable manipulation of adipocyte gene networks central to browning.
siRNA and antisense oligonucleotides can suppress inhibitory microRNAs such as miR-133 and miR-27 that
restrain PRDM16 and PGC-1aq, respectively, facilitating beige differentiation[847]. Conversely, mRNA delivery
of PRDM16, PGC-1a, or EBF2 transiently elevates transcriptional programs for mitochondrial biogenesis,
oxidative phosphorylation, and UCP1 expression without permanent genomic alteration. Lipid nanoparticles
with ionizable lipids and endosomal-disruptive helpers remain the leading delivery vehicles; chemical
modifications to nucleic acids (2'-O-methyl, phosphorothioate linkages) balance stability with innate immune
recognition[ 34].

Gene editing expands the horizon but raises permanency and safety considerations. Base editors or CRISPR
interference systems packaged in nanoparticles can downregulate thermogenesis repressors or enhance
enhancer activity at loci governing oxidative metabolism[ 84]. In adipose, nonviral delivery is attractive to avoid
vector persistence; however, editing efficiency, depot specificity, and off-target analysis must be rigorously
quantified. For translational prudence, transient approaches like siRNA or mRNA may reach the clinic earlier,
especially when combined with depot-targeted formulations to minimize dose.

Cellular heterogeneity matters. Stromal vascular fraction cells include progenitors that can differentiate into
beige adipocytes under the influence of PRDM16 and sympathetic cues. Delivering nucleic acids to these
progenitors may yield durable browning by expanding beige cell numbers, whereas mature adipocyte
transfection primarily enhances thermogenic function per cell[357. Single-cell transcriptomics guides ligand
selection for targeting progenitor markers and avoids excessive uptake by resident macrophages unless co-opted
for immunomodulation.

Safety and manufacturability are intertwined. Minimizing innate immune activation through careful sequence
selection, endotoxin control, and particle purity reduces cytokine surges. Re-dosing is likely required for mRNA
or siRNA; anti-PEG antibodies and complement activation—related pseudoallergy must be monitored,
motivating alternative stealth chemistries[857. Stability under refrigerated or frozen conditions and robust
potency assays quantifying UCP1 or oxygen consumption in human adipocytes support quality control.
Clinically, nucleic acid strategies could be positioned as adjuncts to lifestyle and incretin therapy in patients with
insulin-resistant obesity, particularly those with intolerance to systemic sympathomimetics[357. Early trials
will benefit from depot-targeted administration and imaging-supported pharmacodynamics, establishing that
molecular reprogramming translates to increased thermogenic activity and improved glucose metrics without
adverse cardiovascular signals.

4. Small-Molecule and Nutraceutical Payloads in Nanoparticles to Promote Browning

Small molecules that stimulate thermogenesis span 33-adrenergic agonists, PPAR modulators, thyroid hormone
analogs, AMPK activators, and natural products influencing mitochondrial function. Encapsulation in
nanoparticles can reconcile efficacy with safety by moderating peak systemic exposure and privileging adipose
delivery[867. For B3 agonists, nanoformulation aims to minimize heart-rate elevations by sustaining low, depot-
restricted concentrations that nonetheless upregulate UCP1 and PGC-1a. PPARY partial agonists and dual
PPARa/8 modulators can improve insulin sensitivity and fatty acid oxidation; nanoencapsulation may limit
edema and weight gain sometimes associated with systemic exposure by reducing off-target engagement in
kidney and heart[[377].

Nutraceuticals and phytochemicals, such as capsaicin, resveratrol, quercetin, berberine, and curcumin, exhibit
poor solubility and rapid metabolism that blunt clinical impact. Polymeric micelles and solid lipid nanoparticles
increase bioavailability and stabilize labile compounds, enabling meaningful adipose exposure[387. Some
compounds act indirectly by activating AMPK or sirtuins, strengthening mitochondrial biogenesis and
thermogenic gene programs. Co-delivery strategies marry a thermogenic small molecule with an anti-
inflammatory or antioxidant payload, acknowledging that inflamed adipose resists browning and that oxidative
stress can undermine mitochondrial quality.

Mitochondrial uncouplers deserve special caution. While mild uncoupling increases energy expenditure,
systemic exposure carries hepatotoxic and hyperthermia risks. Adipose-targeted prodrugs that are activated by
local lipases or reductive environments can confine activity to WAT or beige adipocytes, and nanoparticles add
a kinetic barrier against rapid release. Incorporating thermal- or ultrasound-triggered release provides an
external control knob for dose titration during imaging-guided interventions[897].

Pharmacokinetics and pharmacodynamics must be co-optimized. Nanoformulations alter absorption and
distribution; thus, traditional dose conversion may be misleading. Measuring depot drug levels, thermogenic
gene induction, and oxygen consumption together with ambulatory cardiovascular monitoring provides a
safety-efficacy map[40—427]. Combination with GLP-1/GIP receptor agonists is conceptually attractive:
incretins reduce appetite and weight, while browning increases energy expenditure and insulin sensitivity.
Nanocarriers can ensure that any sympathomimetic component remains localized, avoiding additive
cardiovascular load.
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Ultimately, small-molecule nanoformulations can translate faster than gene-based approaches owing to clearer
regulatory precedents, provided they deliver tangible metabolic benefits without systemic side effects. Their
success will hinge on rigorous formulation science, depot targeting, and integration with existing standards of
care.

5. Imaging, Biomarkers, and Noninvasive Assessment of Browning

Quantitying browning in vivo is essential for dose selection, go/no-go decisions, and regulatory acceptance.
18F-FDG PET/CT has been the workhorse for visualizing metabolically active brown adipose tissue, especially
in the supraclavicular region; however, glucose uptake does not perfectly correlate with thermogenesis,
particularly under fasting or incretin-treated conditions[4:87. Alternative tracers targeting fatty acid uptake,
mitochondrial membrane potential, or UCP1 activity may provide more specific readouts. Magnetic resonance
techniques—chemical shift—encoded MRI, proton density fat fraction mapping, and 81P/13C spectroscopy—
characterize lipid content, mitochondrial metabolites, and perfusion without ionizing radiation and can be
repeated longitudinally to track depot remodeling[437].

Thermography and infrared imaging detect superficial heat but lack depth penetration; pairing them with
perfusion MRI or PET increases interpretability. Ultrasound elastography and photoacoustic imaging are
emerging complements, potentially reflecting microvascular changes accompanying browning. For clinical
trials, multimodal imaging protocols that include at least one quantitative metabolic modality and one structural
modality reduce false negatives and aid dose optimization.

Circulating biomarkers help bridge imaging to metabolic outcomes. Candidates include FGF21, irisin, and
BMPsB, as well as exosomal microRNAs associated with beige adipocyte programs. However, systemic
concentrations are influenced by liver and muscle, necessitating composite panels that also capture inflammatory
tone (e.g., high-sensitivity CRP), lipid flux (ketone bodies, free fatty acids), and insulin sensitivity (Matsuda
index, HOMA-IR). In adipose biopsies used sparingly for safety, transcriptomic signatures of beige activation,
mitochondrial DNA copy number, and histologic evidence of multilocular adipocytes provide gold-standard
confirmation[44].

Wearable sensors add ecological validity. Resting energy expenditure estimated by indirect calorimetry, coupled
with accelerometry, heart-rate variability, and skin temperature profiles, helps disentangle thermogenesis from
activity-induced energy use. For safety, ambulatory blood pressure and arrhythmia monitoring are prudent
when any sympathetic pathway is engaged[45]. A practical framework for trials includes a run-in phase
standardizing ambient temperature and diet, baseline imaging to quantify depot activity, and predefined imaging
pharmacodynamic endpoints linked to glycemic outcomes such as fasting glucose, HbAlc, and continuous
glucose monitoring profiles. Such integrated assessment demonstrates that a nanotherapy not only changes
imaging signals but also improves parameters central to T2D care.

6. Safety, Translational Barriers, and Regulatory/Ethical Considerations

Safety underpins every nanomedicine advance. Materials must avoid acute infusion reactions, complement
activation, and delayed hypersensitivity, while limiting chronic accumulation in the liver and spleen[467].
Thorough characterization of impurities, residual solvents, and endotoxin is essential. Re-dosing studies should
evaluate anti-PEG or anti-polymer antibody formation and its effect on pharmacokinetics and efficacy. For
nucleic acid cargoes, innate immune activation and off-target gene regulation require careful sequence selection,
bioinformatic screening, and in vivo cytokine profiling[47, 487. Cardiac safety QT interval, heart rate, and blood
pressure must be tracked continuously when pathways intersect with adrenergic signaling.

Manufacturing scale-up is a nontrivial hurdle. Batch reproducibility of particle size, encapsulation efficiency, and
release kinetics must be demonstrated under GMP, with stability programs that include real-time and
accelerated conditions[497. Analytical methods need to be stability-indicating and sensitive to polymorphic
transitions in lipid matrices or aggregation of polymeric systems. For combination products, interactions
between co-encapsulated agents can alter release and must be modeled[497.

Regulatory pathways vary by modality. Small-molecule nanoformulations often follow 505(b)(2) or hybrid
routes if the active ingredient has prior human experience, whereas gene-based nanoparticles align with
advanced therapy frameworks requiring robust risk mitigation[ 50, 517. Regulators will expect mechanistic
biomarkers linking depot exposure to thermogenesis and metabolic improvements, not merely weight loss.
Ethical considerations include equitable access and the imperative to avoid framing obesity solely as a personal
responsibility rather than a complex, socio-environmental disease.

Environmental impact should not be neglected. The lifecycle of nanomaterials from synthesis to disposal must
minimize hazardous waste and worker exposure. Transparent reporting of materials, processes, and negative
results will accelerate learning across the field and prevent duplicative risk.

Finally, the patient perspective matters. Tolerability of injections, expectations regarding weight change, and
concerns about “gene” therapies influence adherence. Early and open communication about reversible versus
permanent mechanisms, monitoring plans, and contingency protocols builds trust[527. Addressing these
translational and ethical dimensions is as vital as the underlying biology for bringing adipose-targeted
nanotherapies to people with obesity-associated T2D.

7. Clinical Translation and Trial Design Strategies for Nanotechnology-Enabled Browning
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Clinical development should proceed in staged steps that derisk biology, formulation, and safety in parallel.
First-in-human studies can enroll adults with insulin-resistant obesity and subclinical dysglycemia or
established T2D on stable background therapy[537. A single-ascending dose phase emphasizes safety,
pharmacokinetics, and depot biodistribution using noninvasive imaging; adaptive features allow image-guided
escalation to reach predefined thermogenic thresholds without hemodynamic perturbation. Multiple-ascending
dose cohorts then assess durability, re-dosing intervals, and interactions with standard-of-care agents such as
metformin or GLP-1/GIP receptor agonists[537].
Primary pharmacodynamic endpoints should include quantitative imaging of thermogenesis in preselected
depots (e.g., supraclavicular, axillary, paraspinal) and indirect calorimetry—derived resting energy expenditure
under controlled ambient temperature. Key clinical endpoints span fasting glucose, HbAlc, continuous glucose
monitoring metrics, insulin dose (if applicable), and validated insulin sensitivity indices. Safety endpoints include
ambulatory heart rate and blood pressure, arrhythmia surveillance, and laboratory panels assessing hepatic and
renal function. Patient-reported outcomes like appetite, cold sensitivity, and fatigue add context[54].
Formulation-specific considerations guide dosing. For nucleic acid LNPs, transient transgene expression
suggests dosing every 2—6 weeks with monitoring for anti-lipid antibodies; for polymeric sustained-release
depots, monthly or quarterly injections may suffice[547]. Depot targeting can be enhanced via subcutaneous
administration over selected regions, leveraging lymphatic trafficking and local vascular access. Cold
acclimation protocols should be standardized or avoided to reduce variability in baseline BAT activity.
Phase 2 programs must demonstrate additive benefit beyond weight loss, specifically improved glycemic control
and insulin sensitivity at weight-matched comparisons. Stratified analyses can test whether visceral adiposity
or baseline BAT activity predicts response[55]. Drug—device combinations, such as ultrasound-triggered
release under real-time thermography, warrant exploratory cohorts. Interim analyses use Bayesian decision
rules linked to imaging and glycemic endpoints to optimize dose and schedule[557.
Ultimately, registrational trials will need to show durable improvement in glycemic control and cardiometabolic
risk markers with an acceptable safety profile, positioning browning nanotherapies as adjuncts to incretins,
SGLT?2 inhibitors, and lifestyle intervention. Clear patient selection criteria, rigorous biomarker integration,
and pragmatic endpoints will convert the promise of nanotechnology-enabled thermogenesis into tangible
clinical benefit for people with obesity-associated T2D.
CONCLUSIONS
Adipose tissue browning offers a mechanistically distinct path to treat obesity-associated T2D by increasing
energy expenditure and restoring adipose endocrine health. Nanotechnology addresses long-standing barriers
to browning therapeutics by enabling depot targeting, controlled release, and efficient intracellular delivery of
both small molecules and nucleic acids, while supporting combination strategies that engage adipocytes and the
adipose immune niche. Progress in imaging and biomarkers now allows precise, noninvasive monitoring of
thermogenic activation and its metabolic consequences, creating a credible bridge from mechanism to clinical
outcome. Nevertheless, translation will depend on rigorous safety evaluation, manufacturability, and ethical
clinical deployment that complements rather than replaces proven standards of care. With thoughtful
engineering, careful trial design, and patient-centered implementation, nanotechnology-enabled browning can
move from concept to clinic as an adjunctive approach that improves insulin sensitivity and glycemic control
while minimizing systemic side effects.
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