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ABSTRACT

Metabolic toxicity is an increasingly recognized contributor to the pathogenesis and progression of chronic
diseases, including diabetes, cardiovascular disorders, neurodegenerative conditions, cancer, and chronic kidney
disease. It arises from sustained metabolic dysregulation that leads to the accumulation of toxic intermediates,
impaired energy homeostasis, and cellular dysfunction. Central to this process are oxidative stress and chronic
low-grade inflammation, which interact in a self-perpetuating cycle to damage biomolecules, disrupt signaling
pathways, and impair tissue function. Despite extensive research on metabolic abnormalities in chronic disease, the
integrated roles of oxidative stress and inflammation in driving metabolic toxicity remain underappreciated. This
review examines the mechanistic links between metabolic dysregulation, reactive oxygen species generation,
inflammatory signaling, and cellular toxicity. We discuss how oxidative stress and inflammation contribute to
mitochondrial dysfunction, insulin resistance, endothelial damage, and organ-specific pathology across major
chronic diseases. Understanding metabolic toxicity as a redox- and inflammation-driven process offers new
insights into disease mechanisms and highlights potential therapeutic strategies aimed at restoring metabolic and
redox homeostasis rather than targeting isolated disease endpoints.
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INTRODUCTION

Chronic diseases represent the leading cause of morbidity and mortality worldwide, accounting for a substantial
proportion of healthcare burden and reduced quality of life [17. Conditions such as diabetes mellitus,
cardiovascular disease, neurodegenerative disorders, chronic kidney disease, and metabolic syndrome share
common pathological features, including persistent metabolic imbalance, cellular stress, and progressive organ
dysfunction [27. Traditionally, these diseases have been studied within organ-specific frameworks, focusing on
glucose dysregulation, lipid abnormalities, or immune dysfunction in isolation [87]. However, growing evidence
suggests that a unifying mechanism underlying many chronic diseases is metabolic toxicity.

Metabolic toxicity refers to cellular and tissue damage caused by prolonged exposure to abnormal metabolic
conditions, such as hyperglycemia, dyslipidemia, excess free fatty acids, and impaired mitochondrial energy
production [47. These conditions generate toxic metabolites and activate stress pathways that overwhelm cellular
adaptive mechanisms [57]. Among the most important mediators of metabolic toxicity are oxidative stress and
chronic inflammation, which act synergistically to exacerbate metabolic dysfunction and tissue injury.

Oxidative stress results from an imbalance between the production of reactive oxygen species and the capacity of
antioxidant defense systems [67. In parallel, chronic low-grade inflammation, often termed metaflammation, arises
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from sustained metabolic stress and contributes to disease progression [77]. Despite their central roles, oxidative
stress and inflammation are frequently considered secondary consequences rather than primary drivers of
metabolic toxicity. This review highlights their integrated roles in chronic disease pathophysiology and
emphasizes the need for a more holistic understanding of metabolic toxicity.

2. Metabolic Toxicity: Concept and Biological Basis

Metabolic toxicity arises when metabolic pathways that are normally tightly regulated become persistently
dysregulated, overwhelming cellular adaptive capacity [87]. Under healthy physiological conditions, cells exhibit
metabolic flexibility, enabling them to switch between substrates such as glucose and fatty acids in response to
nutrient availability and energy demand [97. Chronic exposure to adverse conditions including overnutrition,
physical inactivity, aging, and genetic susceptibility, disrupts this flexibility. As a result, cells and tissues
experience sustained elevations in circulating glucose, free fatty acids, and other metabolic intermediates that place
continuous stress on metabolic systems [107].

At the cellular level, excess substrates saturate core metabolic pathways, including glycolysis, the tricarboxylic
acid cycle, and fatty acid oxidation [11]. When these pathways operate beyond their optimal capacity, partially
oxidized metabolites accumulate and exert toxic effects. These include advanced glycation end products formed
under hyperglycemic conditions, lipid peroxides generated during abnormal lipid metabolism, and bioactive lipids
such as ceramides that interfere with insulin signaling and promote apoptosis [127]. Together, these toxic
intermediates disrupt membrane integrity, enzyme activity, and intracellular signaling networks. Metabolic
toxicity therefore reflects not only an imbalance in energy supply and demand, but also a state of sustained
biochemical stress that damages proteins, lipids, nucleic acids, and organelles [137].

A key characteristic of metabolic toxicity is its chronic and progressive nature [147]. While acute metabolic stress
can activate compensatory mechanisms such as increased antioxidant defenses and stress-response signaling,
prolonged metabolic overload leads to maladaptation[15]. Regulatory pathways become desensitized,
mitochondrial efficiency declines, and stress-response systems remain persistently activated. Oxidative stress and
inflammation are central features of this maladaptive state, acting as mechanistic links between metabolic excess
and long-term cellular and tissue damage [167].

3. Oxidative Stress as a Driver of Metabolic Toxicity

3.1 Sources of Reactive Oxygen Species in Metabolic Dysregulation

Reactive oxygen species are continuously generated as by-products of aerobic metabolism, particularly during
mitochondrial oxidative phosphorylation [177]. Under normal conditions, these species serve important signaling
roles and are effectively controlled by endogenous antioxidant systems. However, chronic metabolic overload
markedly enhances ROS production [187. Excess glucose and fatty acids increase electron flux through the
mitochondrial electron transport chain, promoting electron leakage and elevated superoxide formation [197.
Beyond mitochondria, several additional sources contribute to oxidative stress during metabolic dysregulation.
These include activation of NADPH oxidases, uncoupling of nitric oxide synthase, and increased peroxisomal fatty
acid oxidation [207]. Hyperglycemia also stimulates alternative metabolic pathways, such as the polyol,
hexosamine, and protein kinase C pathways, all of which generate ROS as secondary products [217]. When the rate
of ROS generation exceeds the buffering capacity of antioxidant systems, oxidative stress develops and initiates
widespread cellular damage.

3.2 Ozidative Damage and Cellular Dysfunction

Oxidative stress drives metabolic toxicity through both direct macromolecular damage and disruption of signaling
pathways [227]. ROS readily attack polyunsaturated fatty acids in membranes, triggering lipid peroxidation that
compromises membrane fluidity and integrity. Oxidative modification of proteins alters enzyme kinetics, receptor
binding, and structural stability, impairing essential cellular functions [237. ROS-induced DNA damage activates
repair mechanisms that consume cellular energy and, if persistent, may result in mutations, senescence, or
apoptosis [24].

Crucially, oxidative stress interferes with metabolic signaling pathways. Oxidative modification of insulin
receptors and downstream signaling components contributes to insulin resistance, a defining feature of metabolic
disorders [257. Damage to mitochondrial DNA further impairs oxidative phosphorylation, reducing ATP
production and increasing ROS generation. This self-amplifying cycle reinforces metabolic inefficiency and
establishes oxidative stress as a central driver of metabolic toxicity in chronic disease.

4. Chronic Inflammation and Metaflammation

4.1 Metabolic Triggers of Inflammation
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Chronic inflammation associated with metabolic disease is distinct from classical acute inflammation that arises in
response to infection or tissue injury [267]. This metabolically driven inflammatory state, often referred to as
metaflammation, is characterized by low-grade but persistent activation of immune pathways in response to
nutrient excess and metabolic imbalance [277]. Adipose tissue expansion during obesity plays a central role, as
enlarged adipocytes become metabolically stressed and release chemokines that recruit immune cells, particularly
macrophages. In parallel, ectopic lipid accumulation in non-adipose tissues such as liver and muscle promotes
cellular stress and inflammatory signaling [287. Alterations in gut microbiota composition further contribute by
increasing intestinal permeability and systemic exposure to pro-inflammatory microbial products. Adipocytes and
infiltrating immune cells secrete a range of pro-inflammatory mediators, including tumor necrosis factor-alpha,
interleukin-6, and interleukin-1 beta [297. These cytokines impair insulin signaling, enhance oxidative stress, and
disrupt normal lipid and glucose metabolism [307. In addition, elevated free fatty acids and modified lipoproteins
act as danger-associated molecular patterns that activate innate immune receptors, thereby sustaining
inflammatory responses [317].

4.2 Inflammatory Signaling Pathways

Several intracellular signaling pathways link metabolic stress to inflammation, notably nuclear factor kappa B,
c-Jun N-terminal kinase, and inflaimmasome activation [327]. These pathways regulate inflammatory gene
expression and are highly sensitive to redox changes. Oxidative stress amplifies inflammatory signaling, while
activated immune cells generate additional reactive oxygen species [337. This bidirectional interaction establishes
a self-reinforcing cycle between inflammation and oxidative stress that perpetuates metabolic toxicity and
accelerates chronic disease progression.

6. Metabolic Toxicity in Major Chronic Diseases

6.1 Diabetes and Metabolic Syndrome

In diabetes and metabolic syndrome, sustained hyperglycemia and dyslipidemia create a metabolic environment
that strongly promotes oxidative stress and chronic inflammation [847. Excess glucose enhances mitochondrial
reactive oxygen species production and activates alternative metabolic pathways that generate additional oxidative
stress. Simultaneously, elevated free fatty acids and inflammatory cytokines impair insulin signaling, leading to
systemic insulin resistance [357]. Oxidative damage to pancreatic beta cells reduces insulin synthesis and secretion,
while inflammatory mediators further compromise beta-cell survival. These intertwined processes contribute to
the development of long-term diabetic complications, including neuropathy, nephropathy, and retinopathy, by
damaging microvascular and neural tissues.

6.2 Cardiovascular Disease

Metabolic toxicity plays a central role in cardiovascular disease by promoting endothelial dysfunction and
atherogenesis. Oxidative stress reduces nitric oxide bioavailability, impairing vascular relaxation and increasing
vascular stiffness [367. Inflammatory signaling within the vascular wall drives monocyte recruitment, foam cell

formation, and plaque development. Dysregulated lipid metabolism leads to the accumulation and oxidation of

low-density lipoproteins, further amplifying oxidative and inflammatory injury and increasing the risk of plaque
instability and thrombosis.

6.3 Neurodegenerative Disorders

Neurodegenerative disorders are strongly influenced by metabolic toxicity due to the brain’s high energy demand
and vulnerability to redox imbalance [877]. Oxidative stress and inflammation disrupt neuronal signaling, promote
synaptic loss, and facilitate protein misfolding and aggregation. Emerging evidence also implicates brain insulin
resistance in accelerating neurodegenerative processes.

6.4 Chronic Kidney Disease

In chronic kidney disease, metabolic toxicity driven by uremic toxins, oxidative stress, and inflammation impairs
mitochondrial function in renal cells, promotes fibrosis, and accelerates both renal and cardiovascular dysfunction

[387.
CONCLUSION

Metabolic toxicity is a unifying mechanism underlying many chronic diseases, driven by sustained metabolic
imbalance, oxidative stress, and chronic inflammation. Oxidative stress and inflammation are not merely
secondary consequences but active participants in disease initiation and progression. Their interaction creates a
self-perpetuating cycle that impairs mitochondrial function, disrupts cellular signaling, and accelerates tissue
damage. A deeper understanding of metabolic toxicity through the lens of redox biology and inflammation
provides a more integrated framework for chronic disease research and therapy. Addressing these interconnected
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processes holds promise for more effective prevention and treatment strategies that move beyond symptom
management toward restoration of metabolic and cellular homeostasis.
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