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ABSTRACT

Obesity-induced insulin resistance (IR) is a major contributor to the pathogenesis of type 2 diabetes (T'2D) and
is largely driven by chronic low-grade inflammation in adipose tissue. Adipose tissue inflammation not only
impairs insulin signaling but also exacerbates metabolic disturbances by promoting systemic inflammation.
Nanotechnology offers innovative approaches to modulate adipose tissue inflammation and improve insulin
sensitivity. Nanoparticles (NPs), due to their small size, high surface area, and ability to carry bioactive
molecules, can target adipose tissue and specifically reduce inflammation at the molecular level. This review
discusses various nanoparticle-mediated strategies for modulating adipose tissue inflammation in obesity-
induced insulin resistance, including the use of anti-inflammatory drugs, natural compounds, and RNA-based
therapies. We explore the mechanisms by which nanoparticles enhance drug delivery, their impact on insulin
sensitivity, and their potential therapeutic applications. Additionally, the challenges and future perspectives for
the clinical translation of these nanotechnologies are highlighted.
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INTRODUCTION
Obesity, characterized by excessive fat accumulation in adipose tissue, has emerged as one of the leading global
health concerns, with a significant association to the development of insulin resistance (IR) and type 2 diabetes
(T2D). In obesity, adipose tissue undergoes structural and functional alterations, leading to adipocyte
hypertrophy, altered adipokine secretion, and the infiltration of immune cells, which collectively promote a state
of chronic low-grade inflammation[ 1—4]. This inflammatory milieu within adipose tissue plays a crucial role in
the development of insulin resistance by interfering with insulin signaling pathways, impairing glucose uptake,
and promoting systemic inflammation that further exacerbates metabolic disturbances[5—7.
Adipose tissue inflammation is a critical component of obesity-induced IR. The expansion of adipocytes in obese
individuals results in hypoxia, oxidative stress, and cellular stress, which in turn trigger inflammatory responses
involving immune cells such as macrophages, T cells, and neutrophils[3, 8—107. These cells release pro-
inflammatory cytokines like TNF-q, IL-6, and IL-1, which not only impair insulin receptor signaling but also
increase the secretion of inflammatory adipokines such as resistin and leptin. These processes create a vicious
cycle of inflammation, leading to worsening insulin resistance and the development of metabolic diseases[5, 11—
137.
Current therapeutic strategies for combating obesity-induced insulin resistance largely focus on lifestyle
modifications (diet and exercise) and pharmacological interventions aimed at improving insulin sensitivity [14,
157. However, these approaches often fail to effectively target adipose tissue inflammation at a molecular level
and tend to have limited efficacy. The need for more effective, targeted therapies has driven research into the
use of nanotechnology, specifically nanoparticles (NPs) as a potential solution.
Nanoparticles are ultra-small carriers, typically ranging from 1 to 100 nm, that have unique properties, such as
high surface area, biocompatibility, and the ability to carry and deliver a wide variety of therapeutic agents[ 14—
177. The small size of NPs allows for improved cellular uptake, enhanced bioavailability, and targeted delivery
of drugs to specific tissues, such as adipose tissue. This makes NPs particularly attractive for addressing the
challenges of treating adipose tissue inflammation and insulin resistance[18—217. Nanoparticles can be
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engineered to carry anti-inflammatory drugs, natural compounds, or gene therapies that specifically modulate
the inflammatory pathways involved in obesity-induced insulin resistance.

One of the key advantages of using nanoparticles in this context is their ability to improve the targeted delivery
of therapeutics directly to adipose tissue, minimizing off-target effects and reducing the required dosages of
active agents[22—247]. Furthermore, NPs can be modified with specific ligands or surface coatings to enhance
their selectivity for inflamed adipose tissue, where inflammation-related receptors or markers are upregulated.
For instance, targeting scavenger receptors (such as CD86) or macrophage surface markers allows for the
selective delivery of nanoparticles to the sites of inflammation, ensuring that the therapeutic agents act directly
on the source of the problem. This review will delve into various strategies involving nanoparticle-mediated
delivery systems to modulate adipose tissue inflammation in obesity-induced insulin resistance. We will discuss
the types of nanoparticles used, the mechanisms of action, and their effectiveness in improving insulin sensitivity
and reducing inflammatory markers in adipose tissue. Additionally, we will highlight the challenges in the
translation of these nanoparticle-based therapies into clinical practice and outline future directions for research
in this field.

2. Nanoparticle Types and Mechanisms of Action

Nanoparticles (NPs) can be designed from a wide range of materials, including lipids, polymers, metals, and
proteins, each offering distinct advantages for targeting adipose tissue inflammation in obesity-induced insulin
resistance. These materials can be modified for controlled drug release, stability, and enhanced targeting to
adipose tissue macrophages or adipocytes.

Lipid-Based Nanoparticles

Lipid-based nanoparticles, such as liposomes, solid lipid nanoparticles (SLNs), and nanostructured lipid carriers
(NLCs), are among the most commonly used platforms for delivering anti-inflammatory drugs or natural
compounds. Liposomes are spherical vesicles composed of lipid bilayers, capable of encapsulating both
hydrophilic and hydrophobic drugs[257. These nanoparticles have demonstrated excellent biocompatibility and
can efficiently deliver anti-inflammatory agents like curcumin or resveratrol to adipose tissue, where they reduce
the secretion of pro-inflammatory cytokines such as TNF-a and IL-6.

SLNs and NLCs are similar to liposomes but are composed of solid lipids. These particles offer better physical
stability and are less prone to oxidation compared to liposomes. NLCs, in particular, provide enhanced drug-
loading capacity, making them ideal for the delivery of bioactive agents that can modulate inflammation in obese
adipose tissue[[26, 27].

Polymeric Nanoparticles

Polymeric nanoparticles are fabricated using biodegradable polymers such as poly(lactic-co-glycolic acid)
(PLGA), chitosan, and polyethylene glycol (PEG)[28-317]. These nanoparticles offer a controlled release of the
encapsulated drug, ensuring sustained therapeutic effects over time. PLGA-based nanoparticles have been
widely used to deliver anti-inflammatory drugs like glucocorticoids or metformin, both of which have shown
promise in improving insulin sensitivity in obese animal models by reducing adipose tissue inflammation [ 307].
Chitosan, a natural polymer, can also be used to form nanoparticles that target macrophages within adipose
tissue, further enhancing their anti-inflammatory effects.

Metal Nanoparticles

Metal nanoparticles, including gold nanoparticles (AuNPs) and silver nanoparticles (AgNPs), have gained
attention for their antioxidant and anti-inflammatory properties[23, 23, 32, 337. These nanoparticles can be
functionalized with ligands to enhance their specificity for inflamed adipose tissue. AuNPs, for example, have
been shown to reduce oxidative stress in adipocytes, thereby decreasing the activation of inflammatory pathways
like NF-kB[[307. Silver nanoparticles can interact with macrophages in adipose tissue, reducing the secretion of
pro-inflammatory cytokines and restoring insulin sensitivity.

Mechanisms of Action

Nanoparticles can modulate adipose tissue inflammation via multiple mechanisms. First, they can target
macrophages within adipose tissue, reducing their pro-inflammatory activity. Second, they can influence
adipocyte function by modulating adipokine secretion or reducing oxidative stress[34, 357]. Additionally,
nanoparticles can be engineered to release their payload in a glucose-responsive manner or in response to
inflammatory stimuli, ensuring that therapeutic agents are released when inflammation is at its peak. Moreover,
nanoparticles can also alter the immune microenvironment within adipose tissue by promoting the polarization
of M2 macrophages (anti-inflammatory phenotype) over M1 macrophages (pro-inflammatory phenotype), thus
reducing overall tissue inflammation and improving insulin signaling['34].

3. Role of Nanoparticles in Modulating Insulin Sensitivity

The ultimate goal of nanoparticle-mediated therapies in obesity-induced insulin resistance (IR) is to restore
insulin sensitivity by reducing the chronic inflammation in adipose tissue. Obesity leads to an imbalance in
adipose tissue homeostasis, resulting in adipocyte hypertrophy, macrophage infiltration, and an increase in pro-
inflammatory cytokines[367]. This inflammatory state is a major contributor to the development of insulin
resistance by impairing insulin receptor signaling and disrupting glucose uptake[367.
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Improving Insulin Receptor Signaling

Nanoparticles loaded with anti-inflammatory agents can restore insulin receptor signaling pathways by
modulating the expression of key proteins involved in insulin action[877]. For instance, curcumin-loaded
nanoparticles have been shown to improve insulin sensitivity in obese animal models by reducing TNF-a levels
and increasing IRS-1 (insulin receptor substrate 1) expression. By decreasing the inflammatory cytokine milieu,
these nanoparticles facilitate glucose uptake in adipose tissue and other insulin-sensitive organs, such as skeletal
muscle and liver[387].

Enhancing Adipocyte Function

In addition to modulating insulin receptor signaling, nanoparticles can directly target adipocytes to improve
their function. Polymeric nanoparticles loaded with compounds like resveratrol have been shown to reduce
oxidative stress in adipocytes, leading to a decrease in lipid accumulation and adipocyte hypertrophy[28, 307.
This results in improved insulin sensitivity in adipose tissue and reduced systemic inflammation, both of which
contribute to better overall metabolic control. Moreover, nanoparticles can also enhance mitochondrial function
in adipocytes, thereby improving energy expenditure and fat oxidation, processes that are typically impaired in
obese individuals[39, 407. This can lead to a reduction in visceral fat and an overall improvement in insulin
sensitivity.

Reducing Systemic Inflammation

The effects of nanoparticles are not limited to adipose tissue alone. By targeting the root cause of obesity-induced
insulin resistance adipose tissue inflammation nanoparticles can also reduce systemic inflammation[417. By
decreasing the levels of circulating pro-inflammatory cytokines, such as IL-6 and CRP, nanoparticle-based
therapies have the potential to improve insulin sensitivity not only in adipose tissue but also in the liver and
skeletal muscle, which are critical for glucose homeostasis.

4. Preclinical and Clinical Outcomes

The application of nanoparticles to modulate adipose tissue inflammation and improve insulin sensitivity has
been investigated in numerous preclinical studies[427]. These studies have provided valuable insights into the
potential of nanoparticle-based therapies for treating obesity-induced insulin resistance[42, 437.

Preclinical Studies

In animal models of obesity and insulin resistance, nanoparticle-based drug delivery systems have been shown
to significantly reduce adipose tissue inflammation and improve insulin sensitivity[44]. For example, liposomal
curcumin administered to obese rats reduced adipose tissue macrophage infiltration and the expression of pro-
inflammatory cytokines like TNF-a and IL-6. These changes were associated with an improvement in insulin
signaling, including increased phosphorylation of the insulin receptor and enhanced glucose uptake in
adipocytes[44].

Similarly, PLGA nanoparticles loaded with metformin or rosiglitazone, two common drugs used to treat insulin
resistance, have demonstrated significant improvements in insulin sensitivity and a reduction in visceral fat
accumulation[457]. These results highlight the ability of nanoparticles to enhance the delivery and efficacy of
therapeutic agents that modulate adipose tissue inflammation and insulin resistance[45].

Clinical Studies

While clinical trials investigating nanoparticle-based therapies for obesity-induced insulin resistance are still in
the early stages, preliminary studies have shown promising results[467]. In human trials, liposomal formulations
of curcumin and resveratrol have demonstrated increased bioavailability, reduced inflammation, and improved
insulin sensitivity in obese individuals. These results suggest that nanoparticle-mediated therapies may offer a
viable approach to targeting adipose tissue inflammation and improving metabolic control in humans[467.

5. Challenges and Future Directions

Despite the promising preclinical data, the clinical translation of nanoparticle-based therapies for obesity-
induced insulin resistance faces several challenges.

Biocompatibility and Safety

The biocompatibility of nanoparticles is a primary concern, particularly when used for long-term treatment[47].
While many nanoparticles are designed to be biodegradable, the potential for immune responses or toxicity upon
accumulation in tissues must be carefully evaluated. Systemic toxicity, immunogenicity, and inflammatory
responses triggered by nanoparticles may pose significant barriers to their widespread clinical use[477].
Manufacturing and Scalability

The large-scale production of nanoparticles that meet clinical standards is another challenge. Ensuring
reproducibility, consistent drug-loading, and scalable production methods for nanoparticles remains a
significant hurdle for their commercialization[487].

Future Directions

Future research should focus on developing nanoparticles that can target adipose tissue more specifically,
potentially by using ligand-receptor interactions to increase targeting specificity. Additionally, combination
therapies, where nanoparticles deliver anti-inflammatory drugs alongside other therapeutic agents like insulin
sensitizers, could enhance the overall therapeutic effect. Lastly, clinical trials that assess long-term safety,
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efficacy, and optimal dosages of nanoparticle-based therapies will be crucial in determining their potential as
mainstream treatments for obesity-induced insulin resistance.
CONCLUSION
Nanoparticles offer a promising approach for addressing the chronic inflammation that underlies obesity-
induced insulin resistance. By enhancing the delivery of anti-inflammatory drugs or natural compounds,
nanoparticles can directly target adipose tissue, reducing inflammation, improving insulin signaling, and
enhancing metabolic control. Preclinical studies have demonstrated the potential of nanoparticles to reduce
adipose tissue inflammation and improve insulin sensitivity, while early clinical trials suggest that these
technologies can be safely and effectively applied to human patients. However, significant challenges remain in
terms of biocompatibility, scalability, and long-term safety. As research progresses, novel nanoparticle
formulations with improved targeting, stability, and therapeutic efficacy are likely to emerge. Ultimately,
nanoparticle-mediated therapies hold the potential to revolutionize the treatment of obesity-induced insulin
resistance, offering more effective and targeted approaches to managing this global epidemic.
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