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ABSTRACT

Obesity-associated diabetes (OAD), particularly type 2 diabetes (T2D), is a complex metabolic disorder
characterized by insulin resistance, chronic inflammation, and dysregulated lipid metabolism. Early detection
and personalized treatment strategies are crucial for effective management and prevention of complications.
Theranostic nanoplatforms, which combine both therapeutic and diagnostic functions, offer a promising
approach for managing OAD by enabling early diagnosis, monitoring disease progression, and delivering
targeted therapies. These platforms integrate imaging agents for real-time monitoring with therapeutic agents
aimed at modulating metabolic pathways. This review explores the role of theranostic nanoplatforms in the
management of obesity-associated diabetes, focusing on their design, mechanisms of action, and applications in
diagnosis and treatment. Challenges related to biocompatibility, targeting specificity, and clinical translation
are also discussed, alongside future perspectives for advancing these nanoplatforms in clinical practice.
Keywords: theranostic nanoplatforms, obesity-associated diabetes, type 2 diabetes, imaging, therapy, insulin
resistance

INTRODUCTION
Obesity is a leading global health issue that is closely associated with the development of insulin resistance (IR)
and type 2 diabetes (T2D), collectively referred to as obesity-associated diabetes (OAD)[1-37. The rising
prevalence of obesity and T2D has created a significant burden on healthcare systems worldwide, with
increasing rates of complications such as cardiovascular disease, non-alcoholic fatty liver disease (NAFLD), and
diabetic neuropathy[4, 5-107. In OAD, insulin resistance impairs glucose uptake in peripheral tissues, such as
muscle, liver, and adipose tissue, leading to elevated blood glucose levels. At the same time, dysregulation of
lipid metabolism, chronic inflammation, and oxidative stress further exacerbate the condition[11-167.
Early detection of insulin resistance and glucose dysregulation is critical for preventing the progression to overt
diabetes and managing the associated complications. Currently, diagnostic methods for OAD primarily involve
blood glucose testing, insulin sensitivity assays, and biomarker analysis[17-237). However, these tests are often
invasive, time-consuming, and lack the ability to detect early-stage metabolic dysfunction. Moreover, traditional
therapies aimed at improving insulin sensitivity and glucose control often do not target the underlying causes
of metabolic dysfunction, such as impaired adipose tissue function, mitochondrial dysfunction, and chronic low-
grade inflammation[[24-327].
To address these challenges, theranostic nanoplatforms have emerged as a promising strategy for the diagnosis
and treatment of OAD. Theranostic platforms combine both therapeutic and diagnostic functions into a single
system, enabling real-time monitoring of disease progression and the targeted delivery of therapeutics to specific
tissues[33-387. These nanoplatforms integrate imaging agents (such as fluorescent dyes, magnetic
nanoparticles, or contrast agents) for monitoring disease markers with therapeutic agents (such as insulin-
sensitizing drugs, anti-inflammatory agents, or lipid-regulating compounds) that can modulate metabolic
pathways[89-457]. By combining imaging and therapy, theranostic nanoplatforms offer a personalized approach
to managing OAD, allowing for continuous monitoring of disease progression and precise treatment delivery.
Lipid-based nanocarriers, polymeric nanoparticles, liposomes, and nanostructured lipid carriers (NLCs) are
among the most commonly used platforms for theranostic applications in OAD[46-537. These nanoplatforms
can be designed to target specific tissues involved in metabolic dysfunction, such as adipose tissue, liver, and
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muscle, and can be loaded with bioactive agents that modulate lipid metabolism, glucose homeostasis, and
inflammation. Furthermore, their ability to deliver drugs in a controlled and sustained manner enhances the
therapeutic efficacy while minimizing side effects.

This review explores the potential of theranostic nanoplatforms in the management of OAD. We will discuss
the design and mechanisms of action of these nanoplatforms, their applications in imaging and therapy, and the
advantages of combining diagnostic and therapeutic functions. Additionally, we will address the challenges in
translating theranostic nanoplatforms into clinical practice and explore future directions for improving these
technologies [54-607].

2. Mechanisms of Action of Theranostic Nanoplatforms in OAD

Theranostic nanoplatforms are designed to combine diagnostic imaging and therapeutic capabilities, enabling
real-time monitoring and targeted treatment of metabolic disorders such as obesity-associated diabetes
(OAD)[61-687. These platforms rely on a variety of mechanisms to enhance the precision and efficacy of both
diagnosis and therapy. Key mechanisms of action include targeted delivery, enhanced bioavailability, sustained
release, and the integration of imaging modalities to monitor disease progression and treatment outcomes.
Targeted Delivery to Insulin-Sensitive Tissues

A central feature of theranostic nanoplatforms is their ability to target specific tissues involved in metabolic
dysfunction, such as adipose tissue, muscle, and liver[69-747. This targeted delivery is achieved by
functionalizing nanocarriers with ligands or surface modifications that bind to specific receptors overexpressed
in these tissues. For example, fatty acid receptors (such as CD36) are overexpressed in adipose tissue and liver
cells, making them ideal targets for lipid-based nanocarriers. Insulin receptors or GLUT4 transporters can also
be targeted in insulin-resistant tissues to enhance glucose uptake[75-797.

By selectively delivering therapeutic agents (such as insulin-sensitizing drugs, anti-inflammatory agents, or
lipid-lowering compounds) to insulin-resistant tissues, theranostic nanoplatforms can modulate lipid
metabolism, reduce inflammation, and improve insulin sensitivity[ 80-867]. For instance, liposomal metformin
has been shown to improve insulin sensitivity in adipose tissue by enhancing AMPK activation and reducing
hepatic glucose production.

Enhanced Bioavailability and Stability

Many therapeutic agents used in the treatment of OAD suffer from poor bioavailability, instability, and rapid
metabolism. Lipid-based nanocarriers, such as liposomes or solid lipid nanoparticles (SLNs), can encapsulate
hydrophilic and hydrophobic drugs, improving their stability and solubility[(87-937. This enhances the
bioavailability of therapeutic agents and ensures that they are delivered to the target tissues in effective
concentrations[ 94-987].

For example, curcumin-loaded liposomes have been used to target inflammatory pathways in the liver and
adipose tissue[287]. Curcumin, a potent antioxidant and anti-inflammatory compound, is poorly absorbed when
administered orally. However, by encapsulating curcumin in lipid-based nanocarriers, its bioavailability is
significantly enhanced, leading to reduced oxidative stress and improved glucose metabolism in obese and
diabetic animal models[28-307].

Sustained Release of Therapeutic Agents

A significant advantage of theranostic nanoplatforms is their ability to provide sustained and controlled release
of therapeutic agents. This feature is particularly important for treatments aimed at modulating glucose and
lipid metabolism[ 14, 237]. Polymeric nanoparticles and NLCs can be engineered to release their payload in a
controlled manner over an extended period, ensuring prolonged therapeutic effects with reduced dosing
frequency[[81-337].

For instance, liposomal pioglitazone, a drug used to improve insulin sensitivity, can be released over several
days, allowing for sustained eftects on lipid and glucose metabolism without the need for frequent dosing [ 347].
The controlled release of insulin-sensitizing drugs can lead to improved glycemic control and enhanced insulin
sensitivity over time, reducing the risk of complications associated with T2D[ 34, 357].

Imaging Modalities for Real-Time Monitoring

Theranostic nanoplatforms integrate imaging agents to enable real-time monitoring of disease progression and
therapeutic efficacy. These imaging agents can be optical, magnetic, or radioactive, depending on the imaging
modality employed[867]. Fluorescent dyes, magnetic nanoparticles, and superparamagnetic iron oxide
nanoparticles (SPIONs) are commonly used in theranostic nanoplatforms to monitor the accumulation of
nanocarriers in target tissues and evaluate treatment outcomes[ 36, 37 .

For example, magnetic resonance imaging (MRI) using SPIONs can track the distribution of theranostic
nanocarriers in the liver and adipose tissue, providing valuable information about the effectiveness of
treatment[ 387]. Similarly, fluorescence imaging can be used to monitor the uptake and retention of nanocarriers
in specific tissues, allowing for real-time assessment of therapeutic effects[387.

3. Applications of Theranostic Nanoplatforms in OAD

Theranostic nanoplatforms have a wide range of applications in the diagnosis and treatment of obesity-
associated diabetes (OAD), particularly in improving insulin resistance, lipid metabolism, and glucose
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homeostasis[397]. These platforms not only enable early detection and disease monitoring but also offer targeted
therapy for modulating the underlying metabolic dysfunctions associated with OAD[897.

Early Diagnosis and Monitoring of Insulin Resistance

One of the major challenges in managing OAD is the difficulty in diagnosing insulin resistance and metabolic
dysfunction in the early stages of the disease. Theranostic nanoplatforms can integrate imaging agents with
metabolic probes to allow for early diagnosis of insulin resistance and metabolic disturbances before the onset
of overt diabetes[407].

For example, magnetic resonance imaging (MRI) or positron emission tomography (PET) using theranostic
nanocarriers that target fatty acid metabolism or glucose uptake can detect changes in adipose tissue and liver
function in real-time[417. Fluorescent-labeled nanocarriers can also provide visual insights into the distribution
of insulin-resistant tissues, facilitating early detection and intervention.

Targeted Drug Delivery for Modulating Lipid Metabolism

Obesity and insulin resistance are closely linked to dysregulated lipid metabolism, particularly lipogenesis, fatty
acid oxidation, and lipid accumulation in non-adipose tissues[42—45]. Theranostic nanoplatforms can deliver
lipid-lowering agents such as statins, fibrates, and omega-3 fatty acids directly to adipose tissue or the liver,
where they can modulate lipid metabolic pathways. These therapies can help reduce triglyceride levels, improve
fatty acid oxidation, and reduce visceral fat accumulation, ultimately improving insulin sensitivity.

For instance, liposomal formulations of omega-3 fatty acids have been shown to reduce inflammation and

oxidative stress in the liver, leading to improved glucose metabolism and insulin sensitivity in animal models of

T2D. By delivering these agents to the liver and adipose tissue via theranostic nanoplatforms, the therapeutic
efficacy is enhanced, and unwanted side effects are minimized[ 20, 397.
Real-Time Monitoring of Therapy and Disease Progression
Theranostic nanoplatforms enable real-time monitoring of the therapeutic effects of treatments aimed at
improving insulin sensitivity and lipid metabolism[(367]. By integrating imaging modalities with therapeutic
agents, clinicians can assess the effectiveness of treatment regimens and make timely adjustments.
For example, fluorescence imaging or MRI using theranostic nanoplatforms can track changes in adipose tissue
distribution, glucose uptake, and lipid content over the course of treatment[467]. This approach allows for a
personalized treatment strategy, where therapy can be adjusted based on the patient’s response to treatment,
leading to better management of OAD.
4. Challenges and Future Directions
While theranostic nanoplatforms offer significant potential for the management of obesity-associated diabetes
(OAD), several challenges remain in their development and clinical translation.
Biocompatibility and Safety
The biocompatibility and safety of theranostic nanoplatforms are paramount for their successful clinical
application[47, 487. Nanoparticles must be designed to minimize toxic effects and immune responses in the
body. Long-term studies are needed to evaluate the biodegradability and clearance of nanoplatforms to prevent
accumulation in tissues and potential adverse effects. Additionally, the size and surface charge of nanoparticles
must be carefully optimized to ensure safe and efficient targeting without triggering immune activation[487.
Targeting Specificity
Achieving precise targeting of theranostic nanoplatforms to insulin-resistant tissues (adipose tissue, liver,
muscle) is crucial for their therapeutic efficacy[497. Nanocarriers must be functionalized with ligands that
specifically bind to receptors overexpressed in these tissues. However, ensuring that nanoparticles selectively
accumulate in target tissues without affecting non-target tissues is a major challenge. Advances in surface
functionalization and the use of targeting ligands can improve the specificity of theranostic platforms.
Scalability and Manufacturing
The scalability and reproducibility of theranostic nanoplatform production are essential for their widespread
clinical use[507. Current methods for nanoparticle synthesis must be optimized for large-scale manufacturing
while maintaining consistent quality and stability. Additionally, the production costs of theranostic
nanoplatforms must be considered to ensure accessibility for patients[507].
Clinical Translation and Regulatory Approval
Despite promising preclinical data, theranostic nanoplatforms must undergo rigorous clinical trials to
demonstrate their efficacy, safety, and long-term effects in humans. Regulatory agencies, such as the FDA and
EMA, will need to establish clear guidelines for the approval of nanomedicines, which require extensive
preclinical and clinical validation[517. The cost-effectiveness of these platforms will also need to be evaluated
to ensure their viability in routine clinical practice.

CONCLUSION
Theranostic nanoplatforms offer a revolutionary approach to the diagnosis and treatment of obesity-associated
diabetes (OAD). By combining imaging and therapy, these platforms enable real-time monitoring of disease
progression and targeted treatment of metabolic dysfunction. Lipid-based nanocarriers, such as liposomes,
SLNs, and NLCs, can be engineered to deliver therapeutic agents that modulate lipid metabolism, glucose
homeostasis, and insulin sensitivity, providing a dual approach to managing OAD. While significant challenges
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remain in terms of biocompatibility, targeting specificity, and clinical translation, theranostic nanoplatforms
hold immense promise in improving the personalized treatment of OAD. Future research should focus on
enhancing targeted delivery, reducing toxicity, and optimizing manufacturing processes to make these
technologies accessible and effective in clinical practice. With continued advances in nanotechnology,
theranostic platforms have the potential to transform the management of obesity, insulin resistance, and type 2
diabetes, offering more precise, efficient, and personalized therapies for these widespread metabolic disorders.
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