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ABSTRACT

Obesity has emerged as a global health crisis, intricately linked to the pathogenesis of type 2 diabetes mellitus
(T2DM) and various malignancies. Central to this pathological nexus is the interplay between oxidative stress
and mitochondrial dysfunction. Adipose tissue expansion in obesity induces chronic inflammation, leading to
the overproduction of reactive oxygen species (ROS) and impairment of mitochondrial function. This redox
imbalance disrupts insulin signaling, impairs glucose homeostasis, and fosters a metabolic environment
conducive to DNA damage, mutagenesis, and cancer development. Moreover, mitochondrial dysfunction
exacerbates adipocyte insulin resistance and contributes to the metabolic reprogramming characteristic of
cancer cells. This review critically examines the molecular and biochemical mechanisms by which oxidative
stress and mitochondrial dysfunction bridge obesity to both diabetes and carcinogenesis. We explore the roles
of key mediators such as NADPH oxidase, mitochondrial respiratory chain complexes, and redox-sensitive
transcription factors, including NF-kB and HIF-1a. Understanding these interconnected pathways opens
avenues for novel therapeutic strategies targeting redox homeostasis and mitochondrial health to mitigate
obesity-driven metabolic diseases and cancer progression.
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INTRODUCTION
Obesity is a complex, chronic, and multifactorial metabolic disorder defined by an abnormal or excessive
accumulation of adipose tissue that presents a significant risk to health[1-47). According to the World Health
Organization (WHO), the global prevalence of obesity has more than tripled since 1975, now affecting over 650
million adults worldwide[[5—77. This increase has serious health implications, as obesity is a major risk factor
for numerous non-communicable diseases, including type 2 diabetes mellitus (T2DM), cardiovascular diseases,
and various types of cancers, such as breast, colorectal, endometrial, and pancreatic cancer[8, 97]. While
sedentary lifestyles and calorie-dense diets are commonly implicated in the rising prevalence of obesity, a deeper
understanding of its pathophysiology reveals a complex interplay of genetic predispositions, hormonal
imbalances, environmental exposures, and psychosocial factors[ 10, 117. The metabolic dysregulation associated
with obesity extends beyond fat accumulation and includes insulin resistance, chronic inflammation, altered
adipokine secretion, and endothelial dysfunction. At the molecular level, obesity induces profound changes in
cellular metabolism and signaling pathways[12, 137. Among these, oxidative stress and mitochondrial
dysfunction have emerged as pivotal mechanisms linking excess adiposity to both insulin resistance and
carcinogenesis. Oxidative stress, characterized by the excessive generation of reactive oxygen species (ROS),
disrupts normal cellular function by damaging proteins, lipids, and nucleic acids [147]. This redox imbalance
interferes with insulin signaling and contributes to B-cell dysfunction, thereby promoting T2DM. Concurrently,
chronic oxidative stress can induce DNA mutations and genomic instability, which are critical events in the
initiation and progression of cancer[157]. Mitochondria, often referred to as the "powerhouses" of the cell, are
central to cellular energy metabolism and play a vital role in redox homeostasis[16, 17]. In obese individuals,
nutrient excess leads to mitochondrial overload, impaired oxidative phosphorylation, and further ROS
production. This feedback loop contributes to cellular stress, energy failure, and inflammation, all of which
exacerbate insulin resistance and create a tumor-promoting microenvironment['16, 18, 197]. Understanding the
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dual impact of oxidative stress and mitochondrial dysfunction in obesity provides critical insights into the
pathogenesis of obesity-related diseases. This knowledge is especially important in the context of the growing
global burden of obesity-linked T2DM and cancer. With these diseases often co-occurring and influencing each
other’s outcomes, a mechanistic understanding is vital for identifying novel therapeutic targets and developing
effective intervention strategies. As the scientific community continues to unravel the intricate molecular
networks driving obesity-related complications, targeting oxidative stress and mitochondrial dysfunction offers
promising avenues for mitigating the health risks associated with obesity[207]. Therapies aimed at enhancing
mitochondrial function, restoring redox balance, and modulating metabolic inflammation could revolutionize
the management of metabolic and oncologic complications in obese individuals[207. This review aims to
elucidate the critical roles of oxidative stress and mitochondrial dysfunction in bridging obesity with insulin
resistance and cancer, ultimately paving the way for integrated and targeted treatment approaches.
2. Oxidative Stress in Obesity

Oxidative stress refers to a physiological state in which the production of reactive oxygen species (ROS) exceeds
the body’s ability to neutralize them using antioxidant defenses[20—237. ROS include molecules such as
superoxide anions (O37), hydrogen peroxide (H,02), and hydroxyl radicals (*OH). Although low levels of ROS
serve essential roles in cell signaling and immune defense, excessive ROS can inflict significant damage on
cellular macromolecules, contributing to the onset and progression of various diseases[247]. In the context of
obesity, oxidative stress is markedly elevated. Adipose tissue expansion during obesity is accompanied by
increased infiltration of pro-inflammatory immune cells, particularly macrophages. These cells, along with
hypertrophic adipocytes, upregulate enzymes such as NADPH oxidase, xanthine oxidase, and inducible nitric
oxide synthase (iNOS), all of which contribute to ROS generation[25—277. Mitochondrial dysfunction within
adipocytes further exacerbates ROS production, especially under conditions of nutrient overload and hypoxia—
a common feature of rapidly expanding adipose tissue.
Chronic inflammation in obesity plays a critical role in promoting oxidative stress. Pro-inflammatory cytokines
such as tumor necrosis factor-alpha (TNF-a), interleukin-6 (IL-6), and monocyte chemoattractant protein-1
(MCP-1) activate signaling pathways that stimulate ROS-producing enzymes while simultaneously
downregulating endogenous antioxidant defenses, including superoxide dismutase (SOD), glutathione
peroxidase (GPx), and catalase[28—307. This results in a systemic redox imbalance that affects multiple tissues,
including the liver, muscle, and pancreas.
One of the primary consequences of oxidative stress in obesity is its detrimental impact on insulin signaling.
ROS can oxidize key signaling molecules and promote serine phosphorylation of insulin receptor substrate-1
(IRS-1), impairing its function. Furthermore, stress kinases such as c-Jun N-terminal kinase (JNK), p38 MAPK,
and IkB kinase (IKKP) are activated by oxidative stress, leading to further inhibition of insulin receptor
signaling[817]. This cascade of events contributes to systemic insulin resistance, a defining feature of T2DM. In
addition to metabolic dysfunction, oxidative stress promotes genomic instability by inducing DNA strand
breaks, base modifications, and chromosomal rearrangements[317]. These genotoxic effects may lead to
activation of oncogenes and inactivation of tumor suppressor genes, providing a fertile ground for
carcinogenesis. IFor instance, ROS-induced DNA damage can trigger mutations in the p53 gene, a critical
guardian of genomic integrity. Moreover, chronic oxidative stress can stimulate cell proliferation, angiogenesis,
and evasion of apoptosis, hallmarks of cancer development[[327]. Beyond its direct effects, oxidative stress also
perpetuates a vicious cycle by promoting mitochondrial dysfunction and sustaining inflammation. Damaged
mitochondria produce more ROS, which in turn exacerbate mitochondrial injury and further impair cellular
energy metabolism. This feedback loop reinforces the pathological changes associated with obesity and its
complications[277]. In sum, oxidative stress serves as a central molecular mechanism linking obesity to both
insulin resistance and cancer. Its role in disrupting insulin signaling, inducing genomic instability, and
promoting inflammation makes it a key therapeutic target. Strategies aimed at restoring redox homeostasis—
through dietary antioxidants, pharmacologic agents, or lifestyle interventions—hold promise in mitigating the
metabolic and oncologic consequences of obesity.

3. Mitochondrial Dysfunction in Obesity
Mitochondria are dynamic organelles that perform essential functions in cellular energy production, redox
balance, and apoptosis[19, 20, 837]. They generate adenosine triphosphate (ATP) through oxidative
phosphorylation (OXPHOS) and regulate cellular responses to metabolic stress. In obesity, mitochondrial
dysfunction emerges as a critical driver of metabolic impairment and inflammation, ultimately contributing to
insulin resistance and increased cancer risk[347]. Under conditions of nutrient excess, a hallmark of obesity,
mitochondria are subjected to metabolic overload. Elevated levels of circulating glucose and free fatty acids
increase substrate influx into mitochondria, overwhelming the electron transport chain (ETC). This results in
incomplete electron transfer, leading to the leakage of electrons and excessive production of ROS[347]. While
mitochondria naturally generate ROS as a byproduct of respiration, their overproduction in obesity contributes
to oxidative damage to mitochondrial and cellular components.
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Mitochondrial dysfunction in obesity is characterized by impaired OXPHOS, reduced ATP generation, and
altered mitochondrial dynamics (i.e., fission and fusion processes). These disruptions impair cellular energy
metabolism and render tissues such as skeletal muscle, liver, and adipose tissue less responsive to insulin[(35].
For example, in skeletal muscle, diminished mitochondrial capacity impairs fatty acid oxidation, leading to lipid
accumulation and insulin resistance. In addition to bioenergetic failure, mitochondrial DNA (mtDNA) is
particularly vulnerable to oxidative damage due to its proximity to the ETC and lack of protective histones[857.
ROS-induced mtDNA mutations impair the synthesis of ETC proteins, further reducing mitochondrial
efficiency and propagating a cycle of dysfunction. Damaged mtDNA can also be released into the cytosol, where
it acts as a damage-associated molecular pattern (DAMP) that activates innate immune responses and promotes
chronic inflammation[367].
The regulation of mitochondrial biogenesis is also compromised in obesity. Transcriptional coactivators like
peroxisome proliferator-activated receptor gamma coactivator-1 alpha (PGC-1a) and sirtuin 1 (SIRT1) play
essential roles in maintaining mitochondrial function by promoting the transcription of genes involved in
mitochondrial replication, respiration, and antioxidant defense. In obesity, these regulatory pathways are
downregulated, leading to reduced mitochondrial content and function[877]. Mitochondrial dysfunction is
closely intertwined with inflammation in obesity. Dysfunctional mitochondria release ROS and mitochondrial
components that activate the NLRP3 inflammasome, a multiprotein complex that triggers the production of
pro-inflammatory cytokines such as IL-1f and IL-18. This inflammasome activation exacerbates adipose tissue
inflammation, perpetuating insulin resistance and creating a microenvironment conducive to cancer
development[37].
Moreover, impaired mitochondrial function influences cancer progression by promoting metabolic
reprogramming, a hallmark of cancer cells. Tumor cells often exhibit the Warburg eftect, a shift from oxidative
phosphorylation to aerobic glycolysis even in the presence of oxygen[387]. Mitochondrial dysfunction in obesity
may facilitate this metabolic shift, thereby supporting rapid cell proliferation and survival in hypoxic tumor
environments[ 387]. Therapeutic strategies aimed at improving mitochondrial function are gaining attention in
the management of obesity-related diseases. These include exercise, which enhances mitochondrial biogenesis
and function; caloric restriction; and pharmacologic agents such as metformin and resveratrol that activate PGC-
1o and SIRT1 pathways. Additionally, mitochondrial-targeted antioxidants like MitoQ have shown potential in
reducing oxidative damage and improving insulin sensitivity[397]. Mitochondrial dysfunction plays a central
role in the pathophysiology of obesity, bridging the gap between metabolic disturbances and increased cancer
risk. By disrupting energy production, amplifying oxidative stress, and driving inflammation, dysfunctional
mitochondria contribute to the onset and progression of insulin resistance and tumorigenesis. Restoring
mitochondrial health represents a promising approach for reducing the burden of obesity-related diseases[397].
4. Oxidative Stress and Mitochondrial Dysfunction in Diabetes
Type 2 diabetes mellitus (T2DM) is a multifactorial metabolic disorder marked by chronic hyperglycemia
arising from both insulin resistance in peripheral tissues and progressive pancreatic B-cell dysfunction[40—-427].
Among the diverse pathogenic mechanisms implicated, oxidative stress and mitochondrial dysfunction have
emerged as central contributors to the onset and progression of the disease. In insulin-sensitive tissues such as
skeletal muscle, adipose tissue, and the liver, oxidative stress impairs insulin signaling pathways primarily by
generating excessive reactive oxygen species (ROS). These ROS interfere with insulin receptor substrate (IRS)
activation and downstream PISK-Akt signaling, ultimately reducing glucose transporter 4 (GLUT4)
translocation and inhibiting glucose uptake[43, 44].
In pancreatic B-cells, prolonged exposure to high glucose (glucotoxicity) and elevated free fatty acids
(lipotoxicity) further exacerbate oxidative stress. This stress is particularly damaging due to the inherently low
antioxidant enzyme expression in B-cells, rendering them highly susceptible to ROS-induced damage[457].
Excessive oxidative stress leads to B-cell apoptosis through mitochondrial-mediated pathways involving
cytochrome c release, activation of caspases, and upregulation of pro-apoptotic proteins such as Bax[45].
Concurrently, mitochondrial dysfunction limits ATP production, which is essential for insulin granule
exocytosis in response to glucose stimulation. Impaired mitochondrial biogenesis and alterations in
mitochondrial DNA (mtDNA) integrity also contribute to the declining insulin secretory capacity over time.
The resulting combination of impaired insulin secretion and peripheral insulin resistance contributes to
sustained hyperglycemia, forming a vicious cycle that further amplifies oxidative stress. Evidence from both
animal models and clinical studies indicates that antioxidant therapies, such as vitamin E, N-acetylcysteine
(NAC), and coenzyme Q10, can reduce oxidative stress markers and improve glucose metabolism['46]. Similarly,
agents targeting mitochondrial health, such as AMPK activators, SIRT1 modulators, and mitochondrial
uncouplers, have demonstrated partial efficacy in improving insulin sensitivity and B-cell function[477. While
these interventions have not achieved universal success in reversing diabetes, their benefits highlight the
therapeutic potential of targeting oxidative stress and mitochondrial dysfunction to halt or slow disease
progression.

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 | 26



OPEN ACCESS
©NUPP ONLINE ISSN: 2992-5479
Publications 2025 PRINT ISSN: 2992-605X

5. Oxidative Stress and Carcinogenesis in Obesity

Obesity is now recognized not only as a metabolic disorder but also as a major risk factor for several types of
cancer, including colorectal, breast, liver, endometrial, and pancreatic cancers[487]. A central link between
obesity and cancer is the chronic oxidative stress and inflammation generated by excessive adipose tissue. In
obese individuals, the expansion of white adipose tissue leads to hypoxia, macrophage infiltration, and the release
of pro-inflammatory cytokines such as TNF-a, IL-6, and IL-13[497. These inflammatory signals stimulate the
production of ROS, which in turn cause direct damage to DNA, proteins, and lipids, setting the stage for genetic
mutations and genomic instability, key initiators of carcinogenesis[497.Furthermore, sustained oxidative stress
activates multiple redox-sensitive transcription factors, including NF-kB, STATS, and AP-1. These
transcription factors modulate the expression of genes involved in cell proliferation, anti-apoptotic mechanisms,
angiogenesis, and immune suppression[ 507]. The activation of these pathways fosters an environment conducive
to tumor initiation and progression. Additionally, ROS stabilizes hypoxia-inducible factor-1 alpha (HIF-1a),
which is typically degraded under normoxic conditions. Stabilized HIF-1a promotes angiogenesis and metabolic
reprogramming by enhancing glycolytic enzyme expression, a hallmark of cancer metabolism known as the
Warburg effect[51-54]. This shift supports rapid energy production and biomass synthesis, facilitating tumor
growth even under hypoxic conditions.
Mitochondrial dysfunction in obesity further amplifies this carcinogenic potential. Mitochondria are both
sources and targets of ROS, and their impaired function leads to altered energy metabolism and increased
oxidative damage[ 33, 437. Dysfunctional mitochondria favor aerobic glycolysis over oxidative phosphorylation,
reinforcing the Warburg phenotype common in malignant cells. Additionally, adipokines and metabolic
hormones elevated in obesity, such as leptin and insulin-like growth factor-1 (IGF-1), act synergistically with
ROS to promote oncogenic signaling[20, 557. Leptin, for instance, activates the JAK/STAT and MAPK
pathways, contributing to increased cell proliferation and reduced apoptosis. IGF-1 enhances mitogenic and
anti-apoptotic pathways, further increasing cancer risk[56—587. Collectively, these interconnected mechanisms
underscore how oxidative stress and mitochondrial alterations in obesity not only compromise metabolic health
but also contribute substantially to cancer initiation and progression. Targeting oxidative stress pathways and
restoring mitochondrial function thus represents a promising strategy in mitigating obesity-associated cancer
risk.

6. Crosstalk Between Diabetes and Cancer: A Shared Redox Landscape
An increasing body of epidemiological and mechanistic evidence supports a strong link between diabetes,
particularly type 2 diabetes mellitus (T2DM), and heightened cancer incidence and mortality[597]. This
relationship is underpinned by shared molecular mechanisms, notably oxidative stress and mitochondrial
dysfunction, which play critical roles in both disease pathogenesis. In diabetes, chronic hyperglycemia leads to
excessive production of reactive oxygen species (ROS) through various pathways, including glucose
autoxidation, activation of NADPH oxidase, and mitochondrial electron transport chain leakage[[607]. Elevated
ROS levels induce oxidative DNA damage, lipid peroxidation, and protein modifications, all of which can
promote genetic mutations and genomic instability—hallmarks of cancer initiation and progression.
Additionally, hyperglycemia contributes to the formation of advanced glycation end products (AGEs), which
activate the receptor for AGEs (RAGE) signaling, triggering pro-inflammatory cascades and further ROS
generation[ 61, 627]. This chronic inflammatory state fosters a tumor-promoting microenvironment. Insulin
resistance, another hallmark of T2DM, results in compensatory hyperinsulinemia. High circulating insulin
levels amplify insulin-like growth factor 1 (IGF-1) signaling, activating mitogenic pathways such as PISK/AKT
and MAPK, thereby enhancing cellular proliferation, inhibiting apoptosis, and favoring oncogenesis[617].
Mitochondrial dysfunction compounds this redox imbalance. Impaired oxidative phosphorylation and reduced
ATP generation compromise cellular energy homeostasis and further elevate ROS production. In both diabetes
and cancer, altered mitochondrial dynamics (e.g., fission, fusion, and mitophagy) disturb metabolic flexibility,
tueling disease progression. Notably, obesity, a common precursor to T2DM, also contributes to this redox
landscape[637. Adipose tissue dysfunction leads to elevated pro-inflammatory cytokines like TNF-o and IL-6,
which synergize with oxidative stress to support tumorigenesis. The redox imbalance caused by oxidative stress
and mitochondrial dysfunction forms a central, overlapping nexus linking diabetes and cancer[63].

Understanding this shared redox landscape is vital for developing dual-targeted interventions that could
mitigate both metabolic and oncologic outcomes.

7. Therapeutic Strategies Targeting Oxidative Stress and Mitochondrial Dysfunction.

Given the central role of oxidative stress and mitochondrial dysfunction in the pathophysiology of both diabetes
and cancer, targeted therapeutic interventions aimed at modulating redox balance and restoring mitochondrial
health offer significant promise[647]. A wide range of antioxidants has been explored for their ability to reduce
ROS levels, improve mitochondrial function, and halt the progression of metabolic and oncogenic pathways.
Natural antioxidants such as resveratrol, N-acetylcysteine (NAC), alpha-lipoic acid, and coenzyme Q10 have shown
efficacy in improving insulin sensitivity, lowering blood glucose levels, and reducing systemic inflammation in
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preclinical studies. These compounds neutralize ROS, protect mitochondrial integrity, and modulate redox-

sensitive signaling pathways[647]. More advanced therapies involve mitochondrial-targeted antioxidants such

as mitoTEMPO and S§S-31, which are engineered to localize within mitochondria and directly scavenge

superoxide radicals. These agents help stabilize the mitochondrial membrane potential, improve ATP

production, and reduce apoptosis in metabolic and cancer models. In addition, agents like melatonin have

demonstrated dual roles as antioxidants and mitochondrial protectants[65]. Lifestyle interventions are equally

crucial. Regular aerobic and resistance exercise promotes mitochondrial biogenesis through the activation of

peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a), thereby enhancing oxidative

metabolism and redox homeostasis[667]. Intermittent fasting and caloric restriction also stimulate autophagy

and mitophagy, facilitating the removal of dysfunctional mitochondria and promoting metabolic resilience.

Pharmacologic agents with pleiotropic effects, such as metformin, are gaining recognition for their dual

impact[67-697. Metformin not only improves insulin sensitivity by activating AMP-activated protein kinase

(AMPK) but also modulates mitochondrial respiration and exhibits anti-cancer activity by inhibiting mTOR

signaling[707]. Overall, these therapeutic strategies—ranging from pharmacological agents to lifestyle

interventions underscore the translational potential of targeting oxidative stress and mitochondrial dysfunction

in managing obesity-associated diseases, particularly diabetes and cancer. This integrated approach may offer a

powerful avenue for disease prevention and improved long-term outcomes.

CONCLUSION

Oxidative stress and mitochondrial dysfunction are fundamental to the pathophysiology of obesity-induced

diabetes and carcinogenesis. They orchestrate a cascade of molecular events that disrupt cellular homeostasis,

promote inflammation, and initiate genetic and epigenetic changes favoring disease progression. A deeper

understanding of these mechanisms provides a valuable framework for the development of integrated

therapeutic strategies. Targeting redox imbalances and mitochondrial health represents a promising avenue for

preventing and managing obesity-related metabolic and neoplastic diseases.
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