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ABSTRACT

Obesity-linked type 2 diabetes (T'2D) is a growing global health challenge characterized by insulin resistance,
chronic low-grade inflammation, and metabolic dysregulation, largely driven by the expansion and dysfunction
of white adipose tissue (WAT). In obesity, WAT undergoes hypertrophy and dysfunction, contributing to
impaired insulin signaling, elevated free fatty acids, and systemic inflammation. One promising therapeutic
approach to combat these metabolic abnormalities is the browning of white adipocytes, a process wherein white
adipose tissue adopts characteristics of brown adipose tissue, including increased mitochondrial content and
thermogenic capacity. Browning enhances energy expenditure and improves systemic glucose homeostasis.
Nanotechnology, with its capacity for targeted and controlled delivery of bioactive molecules, offers unique
opportunities to induce browning of WAT. By utilizing smart nanocarriers capable of delivering thermogenic
inducers, anti-inflammatory agents, or gene regulators directly to adipocytes, this approach may provide a new
avenue for treating obesity-associated insulin resistance and T2D. This review explores the current state of
nanotechnology-driven browning strategies, discusses their mechanisms of action, and considers their potential
as a transformative therapeutic modality for obesity-linked T2D.
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INTRODUCTION
1. The Pathophysiology of Obesity and Type 2 Diabetes and the Role of White Adipose Tissue
Obesity is a major contributor to the global epidemic of type 2 diabetes (T2D), as excess fat accumulation,
particularly in visceral white adipose tissue (WAT), is closely associated with insulin resistance[ 1—47. Under
normal conditions, WAT serves as an energy storage depot, expanding in response to caloric excess and
releasing fatty acids during periods of fasting. However, in obesity, WAT undergoes pathological changes,
including adipocyte hypertrophy, reduced insulin sensitivity, and an increase in inflammatory cytokine secretion,
all of which promote insulin resistance[ 5—87. Large hypertrophic adipocytes, especially in visceral fat depots,
are poorly vascularized and more prone to hypoxia, resulting in cell death and the recruitment of macrophages
that exacerbate local inflammation.
This inflammatory milieu further impairs insulin signaling, contributing to systemic insulin resistance and the
development of metabolic diseases like T2D[97. In addition, as WAT becomes dysfunctional, it begins to release
an excess of free fatty acids (FFAs) into the bloodstream[10—1387. These FFAs are taken up by various tissues,
including the liver and skeletal muscle, where they accumulate as toxic intermediates (e.g., diacylglycerols and
ceramides), exacerbating insulin resistance and promoting gluconeogenesis. Insulin resistance in these
peripheral tissues, combined with impaired B-cell function in the pancreas, ultimately leads to elevated blood
glucose levels characteristic of T2D[14—167].
Recent therapeutic efforts have focused on addressing the root causes of insulin resistance, with particular
attention on targeting WA dysfunction. One promising strategy is to induce browning of WA, which refers
to the process by which white adipocytes acquire features of brown adipocytes[177]. Unlike white adipocytes,
brown adipocytes are specialized for thermogenesis, containing abundant mitochondria and uncoupling protein
1 (UCP1), which dissipate energy as heat. By promoting the browning of WAT, it is possible to enhance energy
expenditure, reduce fat accumulation, and improve systemic insulin sensitivity[[177].
Nanotechnology holds immense potential in this area by providing targeted delivery of browning inducers or
regulators to adipocytes, bypassing systemic effects and improving therapeutic efficacy[5, 18—-227]. Through
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smart nanocarriers capable of releasing their contents in response to environmental cues (e.g., pH, temperature,
or reactive oxygen species), this approach can focus on WAT in a controlled manner, minimizing side effects
and enhancing treatment precision.
2. The Mechanisms of Adipose Tissue Browning and its Potential in Treating Obesity and Type 2
Diabetes
Adipose tissue browning refers to the process in which white adipocytes acquire features of brown adipocytes,
most notably the expression of uncoupling protein 1 (UCP1), a key protein responsible for the thermogenic
function of brown adipose tissue[17, 23, 247]. UCP1 uncouples oxidative phosphorylation in mitochondria,
diverting the energy from ATP production to heat generation, thereby increasing energy expenditure.
Additionally, brown adipocytes are enriched in mitochondria and have an extensive capillary network to support
their high metabolic demands[25, 267.
The process of browning is typically regulated by several transcription factors and signaling pathways. Key
regulators include PR domain-containing 16 (PRDM16), peroxisome proliferator-activated receptor gamma
(PPARY), and nuclear factor kappa B (NF-kB), which modulate adipocyte differentiation and thermogenic gene
expression[ 27, 287]. Under normal conditions, WAT contains primarily white adipocytes that store energy in
the form of triglycerides. However, when exposed to certain stimuli such as cold exposure, B-adrenergic
activation, or specific pharmacological agents white adipocytes can undergo transdifferentiation into brown-like
adipocytes[28, 297. This process is known as beiging or browning and is characterized by increased
mitochondrial content, elevated UCP1 expression, and enhanced thermogenic capacity[807].
Browning has garnered significant attention as a potential therapeutic strategy for obesity and T2D because it
offers a means to increase energy expenditure and promote fat loss without the need for caloric restriction or
extreme physical activity. Moreover, browning can have systemic effects on insulin sensitivity[31, 827]. By
reducing the size of adipocytes and improving their metabolic activity, browning can ameliorate insulin
resistance, particularly in the liver, muscle, and adipose tissue itself. Furthermore, browning may reduce the
secretion of pro-inflammatory cytokines by adipocytes, addressing the chronic inflammation that contributes to
insulin resistance.
Nanotechnology presents a promising approach to inducing browning in WAT. By using nanoparticles or
nanocarriers that can specifically target WAT, researchers can deliver thermogenic agents, such as [33-
adrenergic agonists, irisin, fibroblast growth factor 21 (FGF21), or small molecules that activate brown fat-
specific transcription factors like PRDM16[ 18, 20, 337]. Additionally, nanocarriers can deliver gene-regulating
agents (e.g., iRNA or CRISPR-based systems) that upregulate key thermogenic genes, such as UCP1, in white
adipocytes[34—37 . This targeted delivery not only maximizes the effect on WAT but also minimizes the risk
of side effects that could arise from systemic exposure to these potent agents.
3. Nanocarriers for Targeted Delivery of Browning Inducers
Nanocarriers have the unique ability to enhance the delivery of bioactive molecules to specific tissues,
overcoming many of the limitations of traditional drug delivery systems. The application of nanotechnology to
the browning of WAT is particularly promising because it allows for the targeted release of thermogenic agents
directly within adipose depots, maximizing efficacy while minimizing off-target effects[ 36, 387.
Polymeric nanoparticles, liposomes, and solid lipid nanoparticles (SLNs) are among the most commonly studied
nanocarrier systems for browning applications. These carriers are typically composed of biocompatible and
biodegradable materials that can encapsulate a wide range of active compounds, including small molecules,
peptides, and nucleic acids. One of the key advantages of these nanocarriers is their ability to prolong the release
of the active agent, providing a sustained therapeutic effect over time[ 39—417.
For example, 33-adrenergic agonists, such as clenbuterol or mirabegron, are potent inducers of browning that
work by activating [338-adrenergic receptors on adipocytes, promoting lipolysis and mitochondrial
biogenesis[427]. However, these compounds often exhibit poor bioavailability and can cause systemic side effects
when administered orally. By encapsulating these agents in lipid-based or polymeric nanocarriers, their
bioavailability can be significantly improved, and their release can be controlled to ensure sustained activation
of browning pathways specifically in adipose tissue[427.
Similarly, FGF21, a hormone that has been shown to induce browning and enhance insulin sensitivity, is another
candidate for nanocarrier-based delivery. FGF21 promotes mitochondrial biogenesis and UCP1 expression in
adipocytes, and its systemic administration can improve glucose homeostasis. However, FGF21 has a short half-
life and is prone to degradation. Encapsulation in nanoparticles can protect FGF21 from enzymatic degradation
and enhance its stability and bioavailability, allowing for more effective treatment of obesity and T2D [437].
Another promising approach involves gene delivery via nanocarriers to directly modulate thermogenic gene
expression in white adipocytes. By using nanoparticle systems to deliver plasmids or small interfering RNAs
(siRNAs) targeting negative regulators of thermogenesis, such as PPARy or PRDMIs6, it is possible to
upregulate thermogenic gene expression and drive browning of WAT. This approach could provide long-lasting
effects by inducing permanent changes in the gene expression profile of adipocytes, thus promoting sustained
thermogenesis and improved metabolic function[437.
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4. Mechanisms of Action: Stimuli-Responsive Nanocarriers and Controlled Release
One of the key challenges in nanomedicine is ensuring that the therapeutic agent is released at the appropriate
time and location within the body. Smart nanocarriers offer an elegant solution to this problem by incorporating
stimuli-responsive components that release their cargo in response to specific environmental cues, such as pH,
temperature, or the presence of certain enzymes or reactive oxygen species (ROS)[44—467].
In the case of browning WAT, stimuli-responsive nanocarriers can be engineered to release their thermogenic
agents or gene-regulating molecules only within adipose tissue, where they are most needed. For example, pH-
sensitive nanoparticles can be designed to release their cargo in the acidic environment of inflamed adipose
tissue, ensuring that the active agents are delivered precisely where they can have the greatest impact[477].
Similarly, ROS-sensitive nanoparticles can be used to target adipose tissue in obese individuals, where increased
oxidative stress is common. By exploiting the unique microenvironment of inflamed WAT, these carriers can
enhance the specificity and effectiveness of the therapeutic agent.
In addition to pH and ROS sensitivity, temperature-responsive nanocarriers are being explored for their ability
to release their contents in response to local temperature changes[487. As adipose tissue undergoes browning,
there is often an increase in local temperature due to enhanced mitochondrial activity and thermogenesis[487].
Nanocarriers that release their cargo in response to this temperature change could provide a self-regulating
system that adapts to the physiological state of the tissue, providing sustained therapeutic effects without the
need for external interventions.
5. Translational Challenges and Future Directions
Despite the promising potential of nanotechnology for browning WAT and treating obesity-linked T2D, several
challenges remain in translating these strategies from preclinical studies to clinical applications[497. One of the
major obstacles is the safety and biocompatibility of nanocarriers. Long-term studies are needed to assess the
potential toxicity of nanoparticles, especially with repeated administration. Nanocarriers must be designed to
degrade into non-toxic metabolites after completing their therapeutic task to avoid accumulation in vital organs
such as the liver, spleen, or kidneys[497.
Another challenge lies in scalability and the manufacturing of nanocarriers. While laboratory-scale production
of nanoparticles is well-established, scaling up to commercial production levels while maintaining consistency
and quality can be difficult. Regulatory approval for nanomedicines is also more complex than for traditional
drugs, requiring extensive characterization and validation of each batch to ensure safety and efficacy [507].
Finally, patient stratification will be crucial in the success of nano-enabled browning therapies. Obesity and T2D
are highly heterogeneous conditions, and not all individuals may respond equally to browning interventions.
Personalized approaches that take into account genetic, metabolic, and environmental factors will be key to
optimizing the effectiveness of these therapies.
CONCLUSION
Nano-enabled browning of white adipose tissue presents a novel and promising therapeutic strategy for treating
obesity-linked type 2 diabetes. By leveraging the unique properties of nanocarriers, it is possible to deliver
thermogenic agents, gene regulators, and anti-inflammatory molecules directly to adipose tissue, promoting the
browning of white adipocytes, enhancing energy expenditure, and improving glucose homeostasis. While there
are still challenges to overcome in terms of safety, scalability, and patient-specific responses, the potential for
nanotechnology to transform the treatment of obesity and T2D is immense. As research progresses, smart
nanocarriers could offer a powerful tool for achieving sustainable metabolic improvements and combating the
global diabetes epidemic.
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