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ABSTRACT

Obesity, characterized by excessive fat accumulation and chronic low-grade inflammation, contributes
significantly to metabolic disorders such as insulin resistance, type 2 diabetes, and cardiovascular diseases. The
interplay between the gut microbiota and adipose tissue inflammation, known as the gut—adipose axis, is central
to the pathogenesis of obesity-related complications. Dysbiosis, or an imbalance in the gut microbiota, triggers
systemic inflammation that affects adipose tissue, promoting the development of insulin resistance and metabolic
syndrome. Nanotechnology offers innovative approaches to modulate this gut—adipose axis by targeting the
underlying inflammatory processes. Nanomaterials, including nanoparticles (NPs), nanostructured lipid carriers
(NLCs), and nanocomposites, can deliver anti-inflammatory agents or probiotics to modulate gut microbiota
composition, improve intestinal permeability, and directly reduce adipose tissue inflammation. These smart
nanomaterials respond to the microenvironmental signals of inflammation, offering controlled and targeted
delivery of therapeutic agents, thereby improving the effectiveness of treatment while minimizing side effects.
This review discusses the role of nanotechnology in modulating the gut—adipose axis inflammation in obesity,
the mechanisms of action, current therapeutic applications, and challenges associated with translating
nanotechnologies into clinical practice. By harnessing nanotechnology, new strategies for managing obesity and
its related metabolic disorders could emerge, offering personalized, effective treatments.
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INTRODUCTION

Obesity is a global health crisis that affects millions of people worldwide and is associated with an increased risk
of metabolic disorders such as insulin resistance, type 2 diabetes, and cardiovascular diseases[1-4_]. Over the
past few decades, research has increasingly focused on understanding the complex mechanisms behind obesity,
and one of the most significant areas of exploration has been the role of inflammation in the pathogenesis of
obesity-related complications. While inflammation in white adipose tissue (WAT) has been well-studied, recent
evidence points to the gut microbiota as an important player in the inflammatory response associated with
obesity[5—87]. The gut—adipose axis refers to the bidirectional communication between the gastrointestinal tract
and adipose tissue, which plays a pivotal role in the development and progression of obesity and its associated
metabolic disorders['3, 9—117].

Under normal conditions, the gut microbiota contributes to metabolic homeostasis by regulating nutrient
absorption, modulating immune responses, and producing metabolites that influence adipose tissue function[ 10,
12, 187]. However, in obese individuals, the gut microbiota undergoes dysbiosis, characterized by a reduction in
beneficial microbes and an increase in pro-inflammatory bacteria. This dysbiosis disrupts the gut barrier
function, leading to increased intestinal permeability ("leaky gut"), which allows the translocation of bacterial
products (e.g., lipopolysaccharides) into the bloodstream. These microbial-derived molecules trigger systemic
inflammation and activate immune responses that ultimately promote the inflammatory processes in adipose
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tissue[1387]. Adipocytes, particularly in visceral fat, become infiltrated with immune cells such as macrophages,
which secrete pro-inflammatory cytokines and contribute to insulin resistance.

The role of the gut microbiota and its impact on the gut—adipose axis presents a novel therapeutic target for
modulating inflammation in obesity[147]. Recent advances in nanotechnology offer promising solutions to
address these challenges[157]. Nanomaterials, including nanoparticles (NPs), nanostructured lipid carriers
(NLCs), and nanocomposites, are being explored for their ability to deliver drugs, probiotics, and other
therapeutic agents to the gut and adipose tissue with high precision. The ability to engineer these nanomaterials
to respond to specific biochemical and environmental cues allows for controlled, targeted drug delivery, which
could provide a more effective and personalized approach to managing obesity-related inflammation[157.
Nanotechnology has been employed to deliver a wide range of therapeutic agents aimed at restoring gut
homeostasis, enhancing intestinal barrier integrity, and reducing the inflammatory burden in adipose
tissue[167]. For example, probiotics, prebiotics, and anti-inflammatory agents can be encapsulated in
nanomaterials that protect them from degradation in the gastrointestinal tract while facilitating targeted release
at the site of action. Additionally, nanoparticles functionalized with targeting ligands have shown promise in
selectively delivering drugs to inflamed adipose tissue or gut epithelial cells, thereby reducing systemic toxicity
and improving therapeutic efficacy[167]. This review explores the role of nanotechnology in modulating the
gut—adipose axis inflammation in obesity. It discusses the molecular mechanisms underlying the gut—adipose
axis, how nanotechnology can address inflammation in both the gut and adipose tissue, and the potential
therapeutic applications of nanomaterials. We will also examine current challenges and future perspectives
regarding the clinical translation of nanotechnology in treating obesity and its related disorders.

2. The Gut—Adipose Axis and Inflammation in Obesity

The gut—adipose axis is a complex network of interactions between the gastrointestinal tract and adipose tissue,
both of which play integral roles in regulating metabolic processes[17]. The gut microbiota, consisting of
trillions of microbes, has emerged as a key mediator of the gut—adipose axis. The gut microbiota influences
adipose tissue function through several mechanisms, including the production of short-chain fatty acids
(SCFAs), bile acids, and other metabolites that regulate fat storage, energy metabolism, and immune
responses[18, 197.

In obesity, gut microbiota dysbiosis leads to a disrupted balance of beneficial and pathogenic microbes. A
reduction in the diversity of gut microbes, particularly an imbalance between Firmicutes and Bacteroidetes
phyla, has been associated with increased adiposity and inflammation. Dysbiosis results in the increased
production of pro-inflammatory metabolites, such as lipopolysaccharides (LPS), which contribute to gut barrier
dysfunction[[187]. Increased gut permeability allows microbial products like LPS to enter the bloodstream,
triggering systemic inflammation and activating immune cells, including macrophages and T cells, which
infiltrate adipose tissue and promote the secretion of pro-inflammatory cytokines such as TNF-a, IL-6, and 1L~
1B. These cytokines disrupt insulin signaling in adipocytes and other insulin-sensitive tissues, contributing to
insulin resistance and metabolic dysfunction[20, 217.

The chronic low-grade inflammation observed in both the gut and adipose tissue plays a crucial role in the
pathogenesis of obesity and its associated comorbidities, including metabolic syndrome, non-alcoholic fatty liver
disease, and type 2 diabetes[22, 237. Given the importance of the gut—adipose axis in obesity-related
inflammation, targeting the inflammation in both organs is a promising strategy for managing obesity and its
complications.

Nanotechnology-based strategies provide a novel approach to modulating the gut—adipose axis by targeting the
inflammatory processes that occur in both the gut and adipose tissue[6, 24, 257]. Nanomaterials can be designed
to target gut epithelial cells, restore gut barrier integrity, and modulate the composition of the gut microbiota.
Additionally, nanomaterials can be engineered to deliver anti-inflammatory drugs or other therapeutics directly
to adipose tissue, thereby reducing systemic inflammation and improving insulin sensitivity.

3. Mechanisms of Nanotechnology in Modulating Gut—Adipose Axis Inflammation

Nanotechnology offers several mechanisms for targeting inflammation in the gut and adipose tissue through
controlled drug release and modulation of the microbiota. One of the most significant advantages of
nanomaterials is their ability to respond to the unique biochemical environment of inflamed tissues. Several
strategies have been developed to utilize nanomaterials for modulating gut—adipose axis inflammation, including
the following:

1. Microbiota Modulation: Nanomaterials such as probiotics and prebiotics encapsulated in
nanoparticles have shown potential in modulating gut microbiota composition[267]. These
nanomaterials protect the probiotics from harsh gastrointestinal conditions, such as low pH and
digestive enzymes, ensuring their viability and release at the desired site in the gut. Furthermore,
nanomaterials can facilitate the controlled release of prebiotics that promote the growth of beneficial
microbes, thereby restoring microbial balance and preventing dysbiosis[267].

2. Enhancing Intestinal Barrier Function: In obesity, intestinal permeability is increased due to gut
microbiota dysbiosis, leading to the translocation of bacterial endotoxins (e.g., LPS) into the
bloodstream[267]. Nanoparticles designed to target intestinal epithelial cells can enhance the integrity
of the gut barrier by promoting tight junction formation or inhibiting inflammatory pathways that
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compromise the barrier. For instance, nanoparticles containing anti-inflammatory agents such as
curcumin or resveratrol have been shown to reduce intestinal inflammation and improve gut
permeability[277].

Targeted Drug Delivery: Nanomaterials functionalized with ligands that target specific receptors on
inflamed adipocytes or gut epithelial cells allow for targeted delivery of anti-inflammatory drugs or
insulin-sensitizing agents[287. This targeted approach reduces the risk of off-target effects and
systemic toxicity, improving therapeutic outcomes. Nanoparticles can also be engineered to release
their payload in response to specific inflammatory signals, such as low pH or elevated oxidative stress,
ensuring that the therapeutic agents are released only in inflamed tissues[287].

Modulation of Immune Cells: Nanoparticles can also be used to modulate immune cell function within
adipose tissue and the gut. For example, nanoparticles can be designed to specifically target
macrophages in adipose tissue, reprogramming them from the pro-inflammatory M1 phenotype to the
anti-inflammatory M2 phenotype[29, 307. This shift reduces the production of inflammatory cytokines
and restores insulin sensitivity. Similarly, nanoparticles targeting gut-associated lymphoid tissue
(GALT) can modulate systemic immune responses, preventing the activation of inflammatory
pathways that contribute to obesity-related inflammation[317.

4. Nanotechnology Applications in Obesity-Related Chronic Inflammation
Nanotechnology-based approaches have shown promise in various preclinical studies targeting obesity-related
inflammation in both the gut and adipose tissue. Some key applications include:

1.

Probiotic Delivery: Probiotics encapsulated in nanoparticles offer a highly efficient method for
delivering live microbes to the gut, where they can promote a healthy microbiome. Nanoparticles can
protect probiotics from degradation and ensure their stable release at the site of action[267]. Recent
studies have demonstrated that probiotic-loaded nanoparticles can restore gut microbiota diversity,
reduce intestinal permeability, and lower levels of pro-inflammatory cytokines in adipose tissue,
thereby improving insulin sensitivity and reducing adiposity[327].

Anti-Inflammatory Drug Delivery: Nanoparticles have been utilized to deliver anti-inflammatory
drugs such as curcumin, resveratrol, and nonsteroidal anti-inflammatory drugs (NSAIDs) directly to
the gut or adipose tissue. These drugs can target the root causes of inflammation, such as oxidative
stress and cytokine release, and modulate the immune response[ 33, 347]. Studies have shown that anti-
inflammatory nanoparticle formulations can reduce visceral fat mass, improve glucose metabolism, and
enhance adipose tissue insulin sensitivity.

Gene Therapy: Nanotechnology also holds promise for gene-based therapies aimed at modulating gut—
adipose axis inflammation. For example, nanoparticles can be used to deliver small interfering RNAs
(siRNAs) or messenger RNAs (mRNAs) targeting inflammatory mediators or genes involved in
adipocyte dysfunction[357. Such gene therapies could potentially reprogram adipose tissue
macrophages, reduce adipose tissue inflammation, and restore normal metabolic function.
Nanoformulations for Insulin Sensitization: Nanoparticles can also be used to deliver insulin-
sensitizing agents, such as metformin or thiazolidinediones (TZDs), directly to adipose tissue[367].
These formulations help reduce systemic side effects and increase drug efficacy by targeting the adipose
tissue microenvironment.

5. Challenges and Future Directions
Despite the promising potential of nanotechnology in modulating the gut—adipose axis, several challenges
remain in translating these technologies to clinical practice. Some of the key issues include:

1.

Biocompatibility and Safety: Nanomaterials, particularly those composed of inorganic components,
can potentially accumulate in tissues and cause long-term toxicity[87]. Ensuring the biocompatibility
of nanoparticles is crucial for their safe use in human patients. The long-term effects of repeated
exposure to nanomaterials in the gastrointestinal tract and adipose tissue must be carefully evaluated.
Targeting Efficiency: One of the primary advantages of nanotechnology is the ability to target specific
tissues[387. However, the efficiency of targeting nanomaterials to the gut and adipose tissue remains
a challenge. Strategies to enhance the targeting specificity, such as functionalizing nanoparticles with
targeting ligands, need further optimization to improve therapeutic outcomes[ 387].

Scalability and Manufacturing: The production of nanoparticles in large quantities for clinical use
remains a challenge[397. Developing scalable manufacturing methods for high-quality nanoparticles
with consistent properties is essential for the successful commercialization of these technologies.
Regulatory Hurdles: The use of nanotechnology in medicine faces stringent regulatory
requirements[407]. Comprehensive studies on the safety, efficacy, and pharmacokinetics of
nanomaterials are necessary to meet regulatory standards and ensure the approval of these therapies.

In the future, combining nanotechnology with other emerging therapies, such as microbiome-based
interventions, could provide a more comprehensive approach to modulating the gut—adipose axis and treating
obesity-related inflammation.
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CONCLUSION

Nanotechnology offers a promising approach to modulating the gut—adipose axis in obesity by targeting
inflammation in both the gut and adipose tissue. Through the use of nanoparticles and other nanomaterials, it
is possible to deliver probiotics, anti-inflammatory agents, and other therapeutics with high precision, improving
the efficacy of treatment while minimizing side effects. Although significant progress has been made in
preclinical studies, challenges such as biocompatibility, targeting efficiency, and scalability remain. Addressing
these issues will be crucial for the successful translation of nanotechnology into clinical practice. With further
research and development, nanotechnology has the potential to revolutionize the treatment of obesity and its
associated metabolic disorders, offering more effective, personalized therapeutic strategies.
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