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ABSTRACT

Obesity and diabetes mellitus are chronic metabolic disorders characterized by systemic oxidative stress,
contributing to cellular dysfunction, inflammation, and disease progression. The imbalance between reactive
oxygen species (ROS) production and antioxidant defenses leads to significant damage in pancreatic B-cells,
insulin signaling pathways, and adipose tissue. Conventional antioxidant therapies are often limited by poor
bioavailability, instability, and lack of targeted delivery. Nanotechnology offers a promising platform for the
development of antioxidant-loaded nanoparticles (NPs), providing improved solubility, enhanced bioavailability,
controlled release, and site-specific targeting. This review critically examines the recent advancements in the
design, synthesis, and application of antioxidant-loaded nanoparticles, such as polymeric nanoparticles, lipid-
based carriers, metal oxide nanoparticles, and dendrimers, in mitigating oxidative stress associated with obesity
and diabetes. We also explore their mechanisms of action, therapeutic efficacy in preclinical models, and
translational potential. Finally, we highlight current challenges and future perspectives in optimizing
nanocarrier systems for clinical use in metabolic disease management.
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INTRODUCTION

Obesity and diabetes mellitus are major public health concerns globally, with their prevalence escalating at an
alarming rate due to factors such as sedentary lifestyles, unhealthy dietary patterns, urbanization, and genetic
susceptibility[1-57. Obesity, often characterized by excess adipose tissue accumulation, is a primary risk factor
for type 2 diabetes mellitus (T2DM), a chronic metabolic disorder marked by insulin resistance and
hyperglycemia. Both conditions are interrelated and frequently co-exist, forming a pathological loop that
complicates prevention and treatment strategies 6-97]. The underlying mechanisms of obesity and diabetes are
multifactorial, but chronic low-grade inflammation and oxidative stress have been identified as central
contributors to their onset and progression[107]. Oxidative stress results from an imbalance between the
excessive generation of reactive oxygen species (ROS) and the body’s capacity to neutralize them using intrinsic
antioxidant defense systems[11, 127]. This oxidative imbalance damages cellular components including lipids,
proteins, and DNA, thereby exacerbating metabolic dysfunction and increasing the risk of complications such
as cardiovascular diseases, neuropathy, nephropathy, and retinopathy[187.

In response to oxidative stress, the body utilizes both enzymatic antioxidants (e.g., superoxide dismutase,
catalase, glutathione peroxidase) and non-enzymatic antioxidants (e.g., vitamin C, vitamin E, polyphenols) to
mitigate the harmful effects of ROS[14, 157. Despite the potential benefits of antioxidant supplementation in
ameliorating oxidative damage, conventional antioxidant therapies face several limitations. These include poor
aqueous solubility, instability under physiological conditions, rapid metabolic degradation, and inadequate tissue
distribution, all of which limit their clinical utility. As aresult, there is a growing interest in exploring innovative
delivery strategies that can overcome these pharmacokinetic hurdles and enhance therapeutic outcomes. The
field of nanomedicine, particularly the use of nanoparticle-based delivery systems, ofters a promising approach
to address these challenges. By encapsulating antioxidants within biocompatible nanoparticles, it is possible to
improve their stability, control their release, and enhance their cellular uptake and bioavailability[16, 17].
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Nanotechnology has emerged as a powerful tool in modern biomedical research, enabling the development of
sophisticated delivery platforms that can target oxidative stress at the molecular level[[18, 197. Antioxidant-
loaded nanoparticles—such as liposomes, polymeric nanoparticles, dendrimers, and solid lipid nanoparticles—
are being extensively studied for their ability to protect antioxidants from premature degradation, prolong their
circulation time, and facilitate their targeted delivery to sites of inflammation or oxidative damage[ 16, 20-227].
These nanoformulations can be engineered to respond to specific physiological stimuli, such as pH changes or
oxidative environments, ensuring a more precise and effective intervention. Furthermore, their small size and
surface modifiability allow them to penetrate biological barriers and achieve higher intracellular concentrations
of antioxidants, which is particularly advantageous in managing obesity- and diabetes-related complications.
Current research has shown promising results in both in vitro and in vivo models, highlighting the potential of
nanotechnology-based antioxidant therapies to revolutionize the management of metabolic disorders.[23-257
As the burden of obesity and diabetes continues to grow, advancing these novel therapeutic strategies is essential
for improving patient outcomes and reducing the global health impact of these interlinked diseases.
Oxidative Stress in Obesity and Diabetes
Pathophysiological Role of ROS
Reactive oxygen species (ROS) play a central role in the development and progression of obesity and diabetes
by mediating oxidative stress, which results from an imbalance between ROS production and antioxidant
defenses[267]. In obesity, the expansion of adipose tissue leads to the hypertrophy of adipocytes, which become
dysfunctional and produce elevated levels of ROS such as superoxide anion and hydrogen peroxide. These
reactive molecules activate pro-inflammatory signaling pathways, including NF-kB and JNK, leading to chronic
low-grade inflammation—a hallmark of obesity[277]. This inflammation further exacerbates insulin resistance
by impairing insulin receptor signaling and promoting the release of pro-inflammatory cytokines such as TNF-
o and IL-6. In type 2 diabetes mellitus (T2DM), chronic hyperglycemia and elevated free fatty acids increase
mitochondrial ROS production in insulin-sensitive tissues, including the liver, muscle, and adipose tissue. ROS
interfere with insulin signaling by oxidizing key signaling proteins, disrupting GLUT4 translocation, and
impairing glucose uptake. Moreover, in pancreatic $-cells, which possess inherently low antioxidant defenses,
elevated ROS levels damage cellular structures, impair insulin synthesis, and promote apoptosis[27, 287. This
leads to a progressive decline in B-cell function, a defining feature of T2DM. Thus, ROS contribute significantly
to both the initiation and perpetuation of metabolic dysfunction in obesity and diabetes.
Biomarkers of Oxidative Stress
The assessment of oxidative stress in obesity and diabetes is crucial for understanding disease progression,
identifying therapeutic targets, and monitoring treatment efficacy [297]. Several biomarkers have been identified
to quantify oxidative damage and antioxidant capacity in individuals with metabolic disorders. One of the most
commonly used biomarkers is malondialdehyde (MDA), a by-product of lipid peroxidation, which reflects
oxidative damage to cell membranes['9, 307. Elevated MDA levels are frequently reported in obese and diabetic
individuals and are correlated with increased disease severity. Another key biomarker is 8-
hydroxydeoxyguanosine (8-OHdG), a marker of oxidative DNA damage. High levels of 8-OHdG in blood or
urine suggest enhanced ROS-induced genomic instability, which may contribute to complications such as
diabetic nephropathy and cardiovascular disease. Reduced glutathione (GSH), a major endogenous antioxidant,
is often depleted under oxidative stress conditions[317]. Low GSH levels are indicative of impaired antioxidant
defense and heightened susceptibility to oxidative damage. Additional biomarkers include protein carbonyls (for
protein oxidation), nitric oxide derivatives, and enzymatic antioxidants such as superoxide dismutase (SOD),
catalase (CAT), and glutathione peroxidase (GPx)[327. A comprehensive analysis of these markers can provide
a detailed oxidative profile of patients, helping to tailor antioxidant interventions and improve outcomes in
obesity- and diabetes-related complications.
Limitations of Conventional Antioxidant Therapies
Despite the promising theoretical benefits of antioxidants in mitigating oxidative stress, conventional
antioxidant therapies have shown limited clinical efficacy in the management of obesity and diabetes. Common
antioxidant supplements, including vitamins C and E, flavonoids, and polyphenolic compounds such as
resveratrol and quercetin, have demonstrated beneficial effects in preclinical studies; however, their translation
to human studies has been inconsistent and often disappointing[837]. One major limitation is poor
bioavailability—many of these compounds have low solubility in water or are rapidly metabolized and
eliminated, resulting in subtherapeutic concentrations at target sites. Additionally, many antioxidants are
unstable in the gastrointestinal (GI) environment, undergoing degradation before they can exert their effects.
Another issue is nonspecific distribution: once absorbed, antioxidants circulate systemically and may not
accumulate sufficiently in the tissues most affected by oxidative stress, such as adipose tissue, pancreatic islets,
or the vascular endothelium [347]. Moreover, excessive or inappropriate antioxidant supplementation may
paradoxically disrupt redox signaling and impair cellular defense mechanisms[“357]. These limitations highlight
the urgent need for advanced delivery systems that can improve antioxidant stability, enhance absorption, and

This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited

Page | 60



https://rijournals.com/research-in-medical-sciences/
enable targeted delivery. Strategies such as nanoparticle-based delivery, liposomal encapsulation, and prodrug
formulations are being explored to overcome these barriers and maximize the therapeutic potential of
antioxidant therapy in metabolic disorders.

Nanoparticle-Based Antioxidant Delivery Systems
Nanoparticle-based antioxidant delivery systems present a revolutionary approach to enhancing the therapeutic
efficacy of antioxidants, especially in the management of oxidative stress-related metabolic disorders. One of the
primary advantages of nanoparticles is their ability to improve the solubility and stability of antioxidant
compounds, many of which are poorly water-soluble[367]. This increased bioavailability ensures that the
antioxidants remain active for longer periods in physiological environments. Moreover, nanoparticles offer
targeted and sustained release profiles, minimizing systemic side effects and optimizing therapeutic
outcomes[367]. They also protect antioxidants from enzymatic degradation and harsh gastrointestinal
conditions, thereby preserving their bioactivity. Additionally, nanoparticles facilitate enhanced cellular uptake,
ensuring that therapeutic agents reach their intracellular targets more effectively. Several types of antioxidant-
loaded nanoparticles have been developed. Polymeric nanoparticles, particularly those utilizing PLGA and
chitosan, have demonstrated success in encapsulating compounds such as resveratrol, curcumin, and quercetin,
resulting in prolonged activity and improved bioefficacy. Lipid-based carriers, including liposomes and solid
lipid nanoparticles, are especially suitable for hydrophobic antioxidants like vitamin E and curcumin, effectively
reducing oxidative stress in diabetic models[377]. Metal oxide nanoparticles, such as cerium oxide and zinc
oxide, act as nanozymes with intrinsic antioxidant properties, mimicking enzymatic activity to neutralize
reactive oxygen species (ROS).
Dendrimers and nanomicelles represent more advanced nanocarrier systems, offering superior surface
functionality and the potential for precise control over drug release kinetics. These carriers can be engineered
to load multiple antioxidant molecules and tailored with surface modifications for targeted delivery to specific
tissues or cell types[387]. Mechanistically, antioxidant-loaded nanoparticles exert their therapeutic effects
through several pathways. They directly scavenge ROS such as superoxide anions, hydroxyl radicals, and
hydrogen peroxide, thereby mitigating oxidative damage. Furthermore, they exhibit anti-inflammatory
properties by inhibiting key signaling pathways, including nuclear factor-kappa B (NIF-kB), thus reducing the
expression of pro-inflammatory cytokines. Antioxidant nanoparticles also protect mitochondria from
dysfunction and apoptosis, crucial for maintaining energy metabolism and cellular integrity. In metabolic
disorders like diabetes, these nanoparticles enhance insulin signaling by modulating insulin receptor substrate
(IRS-1), phosphoinositide 8-kinase (PISK), and Akt pathways, ultimately improving insulin sensitivity[[167].
Preclinical studies in animal models have provided encouraging results, with formulations like curcumin-PLGA
nanoparticles lowering fasting glucose and oxidative stress, while quercetin-loaded SLNs enhanced insulin
responsiveness. Although clinical applications are still emerging, preliminary trials indicate promise for treating
metabolic syndrome and diabetic complications. Continued research is essential to determine optimal dosing,
safety profiles, and long-term outcomes of nanoparticle-based antioxidant therapies.

Challenges and Future Directions

One of the primary challenges in the development of antioxidant-loaded nanoparticles for therapeutic use in
obesity and diabetes is the concern surrounding their long-term safety and toxicity, especially those composed
of inorganic materials such as metal-based nanoparticles (e.g., gold, silver, or cerium oxide). Although these
nanostructures offer unique physicochemical properties that enhance antioxidant activity and enable targeted
delivery, their potential to induce cytotoxicity, immunogenic responses, and organ accumulation remains a
pressing concern. Chronic exposure could lead to unforeseen side effects that may compromise patient safety.
Moreover, the interaction of nanoparticles with biological systems can be highly complex, involving protein
corona formation, oxidative degradation, or unintended immune activation. Thorough in vivo toxicological
assessments, long-term biodistribution studies, and detailed pharmacokinetic profiling are critical to
understanding the safety implications of these nanoformulations. Additionally, ethical concerns about the use of
engineered nanomaterials in vulnerable populations such as individuals with metabolic syndromes must be
considered. To address these challenges, the development of biodegradable, biocompatible nanoparticles using
natural or polymeric materials is gaining traction, with a focus on minimizing toxicity while preserving
therapeutic efficacy.
Another major obstacle lies in the regulatory and manufacturing domains. Currently, the clinical translation of
nanomedicines is hampered by the lack of standardized protocols for nanoparticle synthesis, scale-up, and quality
assurance. Variability in particle size, surface properties, and encapsulation efficiency during large-scale
production can affect therapeutic performance and reproducibility, leading to inconsistent outcomes. Regulatory
agencies, including the FDA and EMA, are still developing comprehensive frameworks to evaluate
nanomedicine safety, efficacy, and manufacturing quality. Without clear regulatory guidelines, the approval and
commercialization of antioxidant-loaded nanoparticles may face significant delays. To facilitate progress,
collaborative efforts between academia, industry, and regulatory bodies are necessary to establish robust
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standard operating procedures, GMP-compliant manufacturing practices, and consensus-based guidelines for
nanoparticle characterization. Furthermore, advancements in process analytical technologies (PAT) and real-
time monitoring tools can help ensure batch-to-batch consistency and streamline clinical development pipelines.
Addressing these regulatory and manufacturing bottlenecks is essential for translating promising laboratory
findings into clinically viable therapies.
CONCLUSION
Antioxidant-loaded nanoparticles have emerged as a transformative therapeutic strategy for mitigating
oxidative stress in metabolic disorders such as obesity and diabetes. These nanoformulations offer several
advantages over conventional antioxidant therapies, including enhanced bioavailability, controlled release
profiles, targeted tissue delivery, and the ability to cross physiological barriers such as the gastrointestinal tract
or cellular membranes. By directly scavenging reactive oxygen species (ROS) and modulating redox-sensitive
signaling pathways, these nanoparticles can effectively reduce systemic oxidative stress, improve insulin
sensitivity, and attenuate inflammation. All of which are critical in the pathophysiology of obesity-related
complications. Moreover, their ability to co-deliver multiple therapeutic agents (e.g., antioxidants with anti-
inflammatory or hypoglycemic drugs) provides an integrated approach for addressing the multifactorial nature
of metabolic diseases. Preclinical studies using in vitro cell models and in vivo animal systems have consistently
demonstrated the potential of these nanocarriers to restore redox homeostasis and improve metabolic outcomes,
laying a strong foundation for future clinical research.
Despite these encouraging advances, the path toward clinical implementation of antioxidant-loaded
nanoparticles remains complex and demands sustained interdisciplinary collaboration. There is a growing
recognition of the need for personalized nanomedicine approaches, where therapies are tailored based on an
individual’s oxidative stress profile, genetic background, and metabolic status. Innovations in biosensors and
wearable devices for real-time oxidative stress monitoring could facilitate this personalization, enabling
clinicians to administer the right formulation at the right dose and time. Future research should also explore
smart or stimuli-responsive nanoparticles that release their cargo in response to redox changes in the
microenvironment, thereby enhancing therapeutic precision and minimizing side effects. Integrating
nanotechnology with systems biology, bioinformatics, and machine learning will further accelerate the design
of next-generation therapeutics. In conclusion, while numerous scientific, technical, and regulatory challenges
persist, the potential of antioxidant-loaded nanoparticles in revolutionizing the management of obesity and
diabetes is immense and worth pursuing through concerted global research efforts.
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