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ABSTRACT 

Mitochondrial dysfunction is a critical feature of both obesity and type 2 diabetes (T2D), contributing to 
metabolic abnormalities such as insulin resistance, oxidative stress, and impaired energy metabolism. The 
mitochondria, being central to cellular energy production and regulation, play a key role in the development of 
insulin resistance and other complications associated with obesity. Traditional therapeutic approaches have 
failed to directly address mitochondrial dysfunction. However, nanotechnology provides a promising avenue for 
targeted delivery of therapeutics aimed at restoring mitochondrial function. This review explores the role of 
mitochondria in obesity and T2D, the potential of nanotherapeutics to modulate mitochondrial activity, and the 
challenges and prospects of these innovative treatments in clinical practice. By focusing on mitochondria-
targeted therapies, we outline how nanotechnology can provide new solutions for treating obesity-induced 
insulin resistance and improving metabolic health. 
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INTRODUCTION 

Obesity and type 2 diabetes (T2D) are two of the most prevalent and rapidly growing metabolic disorders 
worldwide, with their incidence increasing at an alarming rate[1–3]. Both conditions are associated with insulin 
resistance, a state in which the body’s tissues, particularly muscle, liver, and adipose tissue, become less 
responsive to insulin[2, 4–6]. This results in impaired glucose uptake and metabolism, contributing to 
hyperglycemia, hyperinsulinemia, and disrupted lipid metabolism. In addition to insulin resistance, obesity and 
T2D are linked to chronic low-grade inflammation, oxidative stress, and mitochondrial dysfunction, which 
together exacerbate disease progression[7–9]. 
Mitochondria are the cell’s powerhouses, responsible for producing energy in the form of adenosine triphosphate 
(ATP) through oxidative phosphorylation[10]. They also regulate critical cellular processes such as apoptosis, 
calcium homeostasis, and reactive oxygen species (ROS) production. In healthy individuals, mitochondria 
efficiently convert nutrients into ATP, maintain cellular energy balance, and modulate metabolic pathways[10]. 
However, in the context of obesity and T2D, mitochondrial function is often impaired due to various factors 
such as increased fatty acid oxidation, accumulation of toxic byproducts, and mitochondrial DNA damage[11]. 
This mitochondrial dysfunction contributes to the development of insulin resistance by disrupting energy 
production, increasing ROS generation, and impairing mitochondrial biogenesis and mitophagy (the process of 
removing damaged mitochondria)[11]. 
One of the primary mechanisms through which mitochondrial dysfunction contributes to insulin resistance is 
increased oxidative stress. In obesity and T2D, excess nutrients (primarily glucose and fatty acids) are processed 
by the mitochondria, leading to the overproduction of ROS[12, 13]. These highly reactive molecules damage 
cellular components, including proteins, lipids, and DNA, contributing to inflammation and insulin signaling 
disruption[12, 14]. Furthermore, the accumulation of damaged mitochondria in insulin-sensitive tissues 
exacerbates metabolic dysfunction, leading to insulin resistance and reduced glucose uptake by muscle and liver 
cells. 
Given the critical role of mitochondria in metabolic regulation, restoring mitochondrial function is a promising 
therapeutic strategy for managing obesity and T2D. Traditional treatments for insulin resistance and obesity 
primarily focus on improving insulin sensitivity through lifestyle modifications, oral medications, and insulin 
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therapy. However, these approaches do not directly address the underlying mitochondrial dysfunction that 
contributes to disease progression[15]. Nanotechnology offers an innovative solution by enabling the targeted 
delivery of therapeutic agents to the mitochondria, where they can restore mitochondrial function, reduce 
oxidative stress, and improve metabolic outcomes. 
Nanotherapeutics, which utilize nanoparticles (NPs) to deliver bioactive compounds, have gained significant 
attention for their ability to target specific cellular compartments, such as the mitochondria[16]. Nanoparticles 
can be engineered to improve the solubility, stability, and bioavailability of drugs, allowing for efficient drug 
delivery to the mitochondria and other intracellular targets[16]. Mitochondria-targeted nanotherapeutics have 
the potential to restore mitochondrial function by delivering antioxidants, anti-inflammatory agents, and agents 
that promote mitochondrial biogenesis or mitophagy. Moreover, nanoparticles can be designed to carry genetic 
material such as mRNA or siRNA that can modulate mitochondrial gene expression, further enhancing the 
therapeutic potential[16]. 
This review will explore the role of mitochondrial dysfunction in obesity and T2D, the potential of 
nanotherapeutics in targeting mitochondrial dysfunction, and the mechanisms through which nanoparticles can 
restore mitochondrial health. We will also discuss the challenges of translating these therapies into clinical 
practice and the future directions for research in this area. 
2. Mitochondrial Dysfunction in Obesity and Type 2 Diabetes  
Mitochondrial dysfunction is a central factor in the pathogenesis of obesity and type 2 diabetes (T2D)[17]. Both 
conditions are characterized by insulin resistance, a metabolic disorder where insulin’s ability to regulate blood 
glucose is impaired. Insulin resistance is often accompanied by disrupted mitochondrial function, leading to a 
vicious cycle that exacerbates the development of metabolic diseases[18]. 
Mitochondrial Dysfunction and Insulin Resistance 
Mitochondria play a crucial role in maintaining energy homeostasis by facilitating the oxidation of fatty acids 
and glucose metabolism. In a healthy individual, mitochondria generate ATP through oxidative 
phosphorylation, using glucose and fatty acids as substrates. However, in obesity and T2D, the accumulation of 
excess nutrients, particularly free fatty acids and glucose, overwhelms the mitochondria, leading to several key 
dysfunctions[19]. 
One of the primary mechanisms through which mitochondrial dysfunction contributes to insulin resistance is 
the overproduction of reactive oxygen species (ROS). In a state of metabolic overload, mitochondria produce 
excessive ROS, which can damage mitochondrial DNA (mtDNA), proteins, and lipids[20]. This oxidative stress 
leads to inflammation and impairs insulin signaling pathways in insulin-sensitive tissues, such as the liver, 
muscle, and adipose tissue. Elevated ROS levels also inhibit the insulin receptor substrate (IRS) proteins, key 
regulators of insulin signaling, further worsening insulin resistance[20]. 
Moreover, mitochondrial dysfunction can impair mitochondrial biogenesis and mitophagy, processes that are 
essential for maintaining a healthy population of mitochondria[21]. In obesity and T2D, the failure to remove 
damaged mitochondria and generate new, functional mitochondria contributes to the accumulation of 
dysfunctional mitochondria in insulin-sensitive tissues[21]. This further disrupts metabolic processes and 
contributes to insulin resistance and hyperglycemia. 
Mitochondrial Dysfunction and Inflammation 
Another critical aspect of mitochondrial dysfunction in obesity and T2D is its role in promoting chronic low-
grade inflammation. Excessive ROS production from dysfunctional mitochondria activates the nuclear factor-

kappa B (NF-κB) pathway, leading to the release of pro-inflammatory cytokines, such as TNF-α, IL-6, and 
CRP[22]. These cytokines further exacerbate insulin resistance by impairing insulin signaling in peripheral 
tissues. Chronic inflammation also increases the infiltration of macrophages and other immune cells into adipose 
tissue, leading to inflammatory adipokine secretion that disrupts insulin sensitivity[22]. 
The inflammatory response driven by mitochondrial dysfunction also contributes to lipotoxicity, a condition in 
which the accumulation of free fatty acids in non-adipose tissues (such as muscle and liver) leads to insulin 
resistance and hepatic steatosis (fatty liver disease)[22]. Lipotoxicity further impairs mitochondrial function 
and accelerates the progression of obesity-related metabolic diseases. 
3. Nanotherapeutic Approaches to Target Mitochondrial Dysfunction  
Nanotherapeutics represent a novel and promising approach to targeting mitochondrial dysfunction in obesity 
and type 2 diabetes (T2D). Nanoparticles (NPs) are engineered materials, typically ranging in size from 1 to 100 
nm, that can be designed to deliver therapeutic agents directly to mitochondria, restoring mitochondrial function 
and improving metabolic outcomes[23, 24]. The unique properties of NPs, such as their small size, high surface 
area, and biocompatibility, allow them to cross biological barriers and target intracellular structures, including 
mitochondria. 
Antioxidant Nanoparticles 
One of the most promising applications of nanotechnology in mitochondrial therapeutics is the delivery of 
antioxidants to combat oxidative stress[25, 26]. As mitochondrial dysfunction is often characterized by 
excessive ROS production, the use of antioxidants can help neutralize these reactive species and protect 
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mitochondrial function. Nanoparticles can be engineered to encapsulate antioxidants such as coenzyme Q10 
(CoQ10), curcumin, or vitamin E, allowing for enhanced stability and bioavailability[27, 28]. 
For instance, lipid-based nanoparticles have been used to deliver CoQ10, a critical antioxidant that is involved 
in mitochondrial electron transport and ATP production. CoQ10 supplementation has been shown to reduce 
ROS production, improve mitochondrial efficiency, and enhance insulin sensitivity in obese and diabetic animal 
models[29]. Similarly, curcumin-loaded nanoparticles have been shown to reduce oxidative stress and 
inflammation in the liver and adipose tissue, leading to improved glucose metabolism and insulin sensitivity. 
Mitochondrial Biogenesis and Mitophagy 
In addition to reducing oxidative stress, nanotherapeutic approaches can promote mitochondrial biogenesis and 
enhance mitophagy to restore mitochondrial health. Polymeric nanoparticles loaded with resveratrol, a natural 
compound that activates sirtuins (SIRT1), have been shown to stimulate mitochondrial biogenesis and improve 
mitochondrial function in metabolic tissues[30]. Resveratrol activates the AMP-activated protein kinase 
(AMPK) pathway, which promotes mitochondrial energy production and enhances insulin sensitivity[31–34]. 
Similarly, nanoparticles that deliver PINK1 or Parkin, key regulators of mitophagy, can enhance the removal of 
damaged mitochondria and improve overall mitochondrial function[35]. Targeting mitophagy is particularly 
important in obesity and T2D, as impaired mitophagy contributes to the accumulation of dysfunctional 
mitochondria, further exacerbating insulin resistance. 
Gene Delivery Nanoparticles 
Another promising approach is the use of gene delivery nanoparticles to restore mitochondrial function by 
modulating mitochondrial gene expression. mRNA-based nanoparticles can deliver specific mitochondrial-
targeted genes or proteins that are deficient or damaged in obesity and T2D[36]. For example, nanoparticles 
can be used to deliver mitochondrial DNA (mtDNA) or genes encoding mitochondrial enzymes, such as ATP 
synthase or Cox1, to enhance mitochondrial function[36]. 
Gene delivery using nanoparticles can also be applied to activate mitochondrial pathways involved in energy 
metabolism, such as PPARs (peroxisome proliferator-activated receptors), which regulate fatty acid oxidation 
and mitochondrial efficiency[36]. 
4. Challenges and Future Perspectives  
While nanotherapeutics targeting mitochondrial dysfunction hold great promise in managing obesity and type 
2 diabetes (T2D), several challenges must be addressed before these therapies can be widely applied in clinical 
practice[37]. 
Biocompatibility and Safety 
The biocompatibility and safety of nanoparticles are critical factors for their clinical application. Nanoparticles 
must be designed to avoid toxicity and immune responses in the body[38]. The accumulation of nanoparticles 
in non-target tissues, particularly in the liver and kidneys, could lead to unwanted side effects or long-term 
toxicity. Therefore, extensive preclinical studies are required to evaluate the long-term safety of mitochondrial-
targeted nanoparticles[38]. 
Targeting Specificity 
One of the major challenges in developing effective nanotherapeutics is ensuring their specificity for 
mitochondria. Mitochondria are highly dynamic organelles, and targeting them with high precision requires 
careful design of nanoparticles that can selectively bind to mitochondrial membranes and avoid off-target 
interactions[39]. Targeting moieties, such as mitochondrial targeting sequences (MTS) or lipophilic cations, 
must be incorporated into the nanoparticles to ensure their efficient delivery to the mitochondria. 
Scalability and Manufacturing 
The large-scale production of nanoparticles with consistent quality and functionality remains a significant 
hurdle. The scalability of nanoparticle production processes must be optimized to meet clinical demands while 
maintaining reproducibility and uniformity. Additionally, ensuring the stability of nanoparticles in biological 
environments and during storage is crucial for their practical use[40]. 
Clinical Translation 
Although preclinical studies have shown promising results, translating mitochondrial-targeted 
nanotherapeutics into clinical practice requires overcoming regulatory challenges. The clinical validation of 
these therapies through rigorous clinical trials is essential to demonstrate their efficacy and safety in 
humans[41]. Furthermore, the cost-effectiveness of these therapies must be evaluated to ensure that they are 
accessible and feasible for widespread clinical use. 
Future Directions 
Future research should focus on developing multi-functional nanoparticles that can simultaneously target 
mitochondrial dysfunction, reduce oxidative stress, and improve insulin sensitivity. The integration of gene 
editing technologies with nanotherapeutic platforms could also open new avenues for personalized treatments 
targeting mitochondrial DNA defects. Additionally, exploring the combination of mitochondrial-targeted 
therapies with other treatments, such as anti-inflammatory agents or nutraceuticals, could enhance the overall 
therapeutic efficacy for obesity and T2D management. 

 



                                                                                                                                                          OPEN ACCESS  
©NIJRMS                                                                                                                      ONLINE ISSN: 2992-5460 
Publications 2025                                                                                                          PRINT ISSN: 2992-6041 

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 | 121 

CONCLUSION 
Mitochondrial dysfunction is a key feature of obesity and type 2 diabetes (T2D) that contributes to insulin 
resistance, oxidative stress, and metabolic dysregulation. Traditional treatments for these metabolic disorders 
do not directly address the underlying mitochondrial dysfunction. However, nanotherapeutics offer a promising 
solution by enabling targeted delivery of therapeutic agents that restore mitochondrial function, reduce 
oxidative stress, and improve insulin sensitivity. Nanoparticles can be engineered to deliver antioxidants, 
mitochondrial biogenesis stimulators, and gene therapies that enhance mitochondrial health. By targeting 
mitochondria directly, these nanotherapies hold the potential to correct metabolic dysfunction at its source, 
offering a more effective treatment for obesity and T2D. However, challenges such as biocompatibility, targeting 
specificity, and clinical translation must be addressed before these therapies can be widely implemented in 
clinical practice. 
In conclusion, nanotechnology holds immense potential in the fight against obesity and type 2 diabetes by 
targeting mitochondrial dysfunction. As research advances, the integration of nanotherapeutics into clinical care 
could offer new hope for personalized, effective treatments that address the root causes of metabolic diseases 
and improve patient outcomes. 
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