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ABSTRACT

Obesity is characterized by chronic low-grade inflammation within adipose tissue, which plays a central role in
the development of insulin resistance, type 2 diabetes, cardiovascular disease, and other metabolic complications.
Conventional anti-inflammatory and metabolic therapies often lack tissue specificity, leading to limited efficacy
and systemic side effects. Nanotechnology has emerged as a powerful platform to overcome these limitations by
enabling targeted delivery of therapeutic agents directly to inflamed adipose tissue. Nanocarriers can be
engineered to exploit adipose tissue vascularization, immune cell infiltration, and molecular signatures
associated with obesity-induced inflammation. This review provides a comprehensive overview of
nanotechnology-based strategies for targeting adipose tissue inflammation in obesity. We discuss the
underlying mechanisms of adipose tissue inflammation, design principles of nanocarriers, and current
nanotherapeutic approaches, including drug-loaded nanoparticles, gene delivery systems, and biomimetic
platforms. Key challenges such as biological barriers, safety, scalability, and regulatory considerations are
critically examined. Finally, we highlight emerging therapeutic opportunities and future directions for
translating nanotechnology-driven adipose tissue targeting into clinically viable obesity treatments.
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INTRODUCTION

Obesity has reached epidemic proportions globally, posing a major public health challenge due to its strong
association with metabolic disorders such as type 2 diabetes mellitus, cardiovascular disease, non-alcoholic fatty
liver disease, and certain cancers[ 1-37. Beyond excessive fat accumulation, obesity is now recognized as a state
of chronic, low-grade systemic inflammation, with adipose tissue acting as a central inflammatory organ[4, 57.
Adipose tissue inflammation is characterized by immune cell infiltration, dysregulated adipokine secretion, and
activation of pro-inflammatory signaling pathways that collectively impair metabolic homeostasis[6, 7.

In lean individuals, adipose tissue functions as a dynamic endocrine organ that regulates energy balance through
the secretion of adipokines such as adiponectin and leptin. However, during obesity, adipocyte hypertrophy,
hypoxia, and cellular stress trigger the release of chemokines and danger-associated molecular patterns that
recruit immune cells, particularly macrophages[ 8—107. These macrophages undergo phenotypic switching from
an anti-inflammatory M2 state to a pro-inflammatory M1 state, leading to increased production of tumor
necrosis factor-a, interleukin-6, and other inflammatory mediators[ 11-147]. This inflammatory milieu interferes
with insulin signaling pathways, promoting systemic insulin resistance.

Despite extensive research into obesity-related inflammation, current pharmacological interventions remain
suboptimal. Systemic anti-inflammatory drugs lack specificity for adipose tissue and may suppress beneficial
immune functions in other organs. Similarly, metabolic drugs often fail to adequately address the inflammatory
component of obesity or require high doses that increase the risk of adverse effects[ 15, 15—17]. Therefore, there
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is a critical need for therapeutic strategies that selectively target inflamed adipose tissue while minimizing off-
target toxicity.

Nanotechnology offers unique advantages for addressing this challenge. Nanoparticles can be engineered with
precise control over size, shape, surface chemistry, and cargo composition, enabling them to navigate biological
barriers and preferentially accumulate in specific tissues. In the context of obesity, nanocarriers can exploit the
enhanced vascular permeability, immune cell activity, and molecular markers present in inflamed adipose
tissue[ 18—207]. Moreover, nanotechnology enables the co-delivery of multiple therapeutic agents, such as anti-
inflammatory drugs and gene regulators, allowing for synergistic modulation of adipose tissue pathology.
Over the past decade, significant progress has been made in developing nanotechnology-based systems for
targeting adipose tissue inflammation. These include polymeric nanoparticles, lipid-based carriers, inorganic
nanoparticles, and biomimetic platforms designed to deliver small molecules, nucleic acids, or biologics[217.
Preclinical studies have demonstrated promising results in reducing adipose inflammation, improving insulin
sensitivity, and mitigating metabolic dysfunction. However, translation to clinical practice remains limited due
to challenges related to safety, scalability, and regulatory approval[227]. This review aims to provide a
comprehensive analysis of nanotechnology-based targeting of adipose tissue inflammation in obesity. We first
examine the mechanisms underlying adipose tissue inflammation and their relevance to nanotherapeutic
targeting. We then discuss current nanocarrier designs and therapeutic strategies, followed by an evaluation of
key challenges and limitations. Finally, we explore emerging opportunities and future perspectives for
integrating nanotechnology into obesity management.

2. Mechanisms of Adipose Tissue Inflammation in Obesity

Adipose tissue inflammation in obesity arises from a complex interplay of cellular, molecular, and metabolic
stressors. One of the earliest events is adipocyte hypertrophy, which occurs as energy intake chronically exceeds
expenditure[4, 15, 17]. Enlarged adipocytes experience mechanical stress and impaired oxygen diffusion,
leading to local hypoxia. Hypoxic conditions activate hypoxia-inducible factors that stimulate the expression of
pro-inflammatory genes and angiogenic factors, altering the adipose tissue microenvironment[7, 237.

As adipocytes expand, they exhibit increased lipolysis and release excess free fatty acids into the extracellular
space[247]. These lipids act as ligands for pattern recognition receptors such as Toll-like receptor 4 on immune
cells, triggering inflammatory signaling cascades. In parallel, stressed or dying adipocytes release chemokines
including monocyte chemoattractant protein-1, which recruits circulating monocytes into adipose tissue[ 107].
Once infiltrated, these monocytes differentiate into macrophages that cluster around necrotic adipocytes,
forming crown-like structures that are hallmarks of inflamed adipose tissue[11-137.

Macrophage polarization plays a pivotal role in sustaining adipose inflammation. In lean adipose tissue,
macrophages predominantly exhibit an M2 phenotype, supporting tissue remodeling and insulin
sensitivity[227]. Obesity induces a shift toward the M1 phenotype, characterized by the secretion of pro-
inflammatory cytokines and reactive oxygen species. This phenotypic switch amplifies local inflammation and
disrupts insulin receptor signaling in adipocytes through serine phosphorylation of insulin receptor
substrates[227].

Other immune cells, including T lymphocytes, B cells, neutrophils, and mast cells, also contribute to adipose
tissue inflammation. Pro-inflammatory T helper 1 cells and cytotoxic CD8+ T cells increase in obese adipose
tissue, while regulatory T cells decline. These changes further skew the immune balance toward
inflammation[257]. Additionally, adipokine dysregulation, marked by decreased adiponectin and increased leptin
and resistin, reinforces inflammatory signaling and metabolic dysfunction.

The chronic inflammatory state of adipose tissue has systemic consequences. Inflammatory mediators released
into circulation affect liver, muscle, and pancreatic function, contributing to whole-body insulin resistance and
metabolic disease progression[26, 27]. Understanding these mechanisms is essential for designing
nanotechnology-based interventions that selectively target key inflammatory pathways and cellular populations
within adipose tissue.

3. Nanotechnology Platforms for Targeting Adipose Tissue

Nanotechnology-based platforms provide versatile tools for delivering therapeutic agents to inflamed adipose
tissue with high specificity. The design of nanocarriers typically considers size, surface charge, composition, and
functionalization to optimize biodistribution and cellular uptake["18—20, 287). Nanoparticles ranging from 50 to
200 nm are generally favored, as they can circulate for extended periods while extravasating into tissues with
enhanced vascular permeability, such as inflamed adipose depots[297].

Polymeric nanoparticles are among the most widely explored systems for adipose tissue targeting.
Biodegradable polymers such as poly(lactic-co-glycolic acid) allow controlled drug release and can be
functionalized with targeting ligands[307]. Lipid-based nanoparticles, including liposomes and solid lipid
nanoparticles, offer high biocompatibility and efficient encapsulation of hydrophobic drugs. These carriers can
merge with cellular membranes, facilitating intracellular delivery of anti-inflammatory agents[307].

Inorganic nanoparticles, such as gold, silica, and iron oxide nanoparticles, provide unique physicochemical
properties that enable imaging-guided therapy and stimulus-responsive drug release[307]. Magnetic
nanoparticles, for example, can be directed to specific adipose depots using external magnetic fields, enhancing
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local drug concentration. However, concerns regarding long-term accumulation and toxicity necessitate careful
material selection and surface modification[817.

Surface functionalization plays a critical role in achieving adipose tissue specificity. Nanocarriers can be
decorated with peptides, antibodies, or small molecules that recognize markers overexpressed in inflamed
adipose tissue, such as vascular cell adhesion molecules or scavenger receptors on macrophages[327].
Alternatively, biomimetic strategies, including coating nanoparticles with cell membranes derived from
macrophages or platelets, enable immune evasion and preferential homing to inflammatory sites[827.
Collectively, these nanotechnology platforms offer customizable and multifunctional approaches for targeting
adipose tissue inflammation, laying the foundation for advanced therapeutic strategies in obesity.

4. Nanotechnology-Based Therapeutic Strategies

Nanotechnology enables a broad range of therapeutic strategies aimed at modulating adipose tissue
inflammation. One major approach involves the delivery of conventional anti-inflammatory drugs directly to
adipose tissue. Encapsulation of corticosteroids, non-steroidal anti-inflammatory drugs, or natural anti-
inflammatory compounds within nanoparticles enhances their local efficacy while reducing systemic exposure
and side effects. Gene-based therapies represent another promising strategy['18, 29, 837. Nanocarriers can
deliver small interfering RNA or microRNA mimics to silence pro-inflammatory genes or restore regulatory
pathways in adipocytes and immune cells. For example, silencing genes involved in nuclear factor-kB signaling
within adipose macrophages has been shown to reduce cytokine production and improve insulin sensitivity in
preclinical models.

Nanoparticles can also be used to reprogram immune cell phenotypes within adipose tissue. Targeted delivery
of immunomodulatory agents that promote macrophage polarization toward the M2 phenotype helps restore an
anti-inflammatory environment. Similarly, nanoparticles delivering adiponectin or adiponectin-mimetic
peptides can counteract adipokine imbalance and improve metabolic outcomes[ 34 .

Combination therapies are increasingly explored, leveraging the ability of nanocarriers to co-encapsulate
multiple agents. For instance, nanoparticles carrying both anti-inflammatory drugs and insulin-sensitizing
agents can address multiple pathological processes simultaneously[ 85, 367. Stimuli-responsive nanoparticles
that release their cargo in response to pH, enzymes, or oxidative stress present in inflamed adipose tissue further
enhance therapeutic precision[877].

These nanotechnology-based therapeutic strategies demonstrate significant potential for reshaping obesity
treatment by directly targeting the inflammatory roots of metabolic dysfunction.

5. Biological and Technical Challenges

Despite encouraging preclinical results, several biological and technical challenges hinder the clinical translation
of nanotechnology-based adipose tissue targeting[887. One major obstacle is the complex biodistribution of
nanoparticles following systemic administration. The reticuloendothelial system, particularly the liver and
spleen, often sequesters nanoparticles, reducing their availability for adipose tissue targeting[[387].
Heterogeneity among adipose depots also complicates targeting strategies. Visceral and subcutaneous adipose
tissues differ in vascularization, immune cell composition, and inflammatory status, which may influence
nanoparticle accumulation and therapeutic response[397. Additionally, inter-individual variability in obesity
severity and metabolic health further affects treatment outcomes.

Safety and toxicity concerns remain paramount. While many nanomaterials are designed to be biodegradable,
their degradation products and long-term effects must be thoroughly evaluated. Immune reactions, unintended
immunosuppression, and off-target gene modulation are potential risks associated with nanotherapeutics[ 40,
417

From a technical standpoint, large-scale manufacturing, reproducibility, and stability of nanocarriers pose
significant challenges. Regulatory frameworks for nanomedicines are still evolving, and stringent quality
control standards are required to ensure consistency and safety[ 42, 437]. Addressing these challenges is essential
for advancing nanotechnology-based therapies from bench to bedside.

6. Emerging Opportunities and Future Directions

Advances in materials science, bioengineering, and systems biology are opening new opportunities for
nanotechnology-based targeting of adipose tissue inflammation. Personalized nanomedicine approaches that
tailor nanocarrier design to individual inflammatory and metabolic profiles may enhance therapeutic
efficacy[447. Integration of diagnostic and therapeutic functions into theranostic nanoparticles enables real-
time monitoring of treatment response[ 44, 45 ].

The use of biomimetic and bioinspired nanocarriers is gaining momentum. Cell membrane-coated nanoparticles
and exosome-based delivery systems offer improved biocompatibility and targeting precision[46]. Additionally,
leveraging artificial intelligence and machine learning to optimize nanoparticle design and predict
biodistribution patterns holds promise for accelerating development.

Emerging delivery routes, such as localized injection into specific adipose depots or transdermal delivery
systems, may further reduce systemic exposure and enhance targeting efficiency. Combining nanotechnology
with lifestyle interventions and existing pharmacotherapies could provide synergistic benefits in obesity
management[ 46 .
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Continued interdisciplinary collaboration among researchers, clinicians, and regulatory agencies will be critical
for translating these emerging opportunities into safe and effective therapies.
CONCLUSION

Nanotechnology-based targeting of adipose tissue inflammation represents a transformative approach to obesity

treatment. By enabling precise delivery of therapeutic agents to inflamed adipose depots, nanocarriers address

key limitations of conventional systemic therapies. Advances in nanoparticle design, targeting strategies, and

immunomodulation have demonstrated substantial potential to reduce inflammation and improve metabolic

health in preclinical models. However, significant challenges related to biodistribution, safety, scalability, and

regulatory approval remain. Overcoming these barriers will require rigorous evaluation, standardized

manufacturing practices, and well-designed clinical trials. As our understanding of adipose tissue biology and

nanomaterial interactions continues to evolve, nanotechnology-driven interventions are poised to play an

increasingly important role in combating obesity and its associated metabolic diseases.
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