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ABSTRACT

Mitochondrial dysfunction has emerged as a central mechanism linking metabolic derangements, immune
dysregulation, and multi-organ toxicity in Type 2 Diabetes Mellitus (T2DM). Beyond its classical features of
insulin resistance and hyperglycaemia, T2DM is characterized by impaired mitochondrial oxidative
phosphorylation, altered mitochondrial dynamics, defective mitophagy, and excessive reactive oxygen species
(ROS) production. These disturbances compromise cellular energy homeostasis and propagate oxidative stress,
triggering inflammatory pathways and the release of mitochondrial damage-associated molecular patterns
(DAMPs), which impair immune cell function. Dysfunctional mitochondria in metabolic tissues like skeletal
muscle, liver, pancreas, and adipose tissue contribute directly to insulin resistance and B-cell failure, while in
immune cells, they reduce regenerative capacity, promote apoptosis, and impair pathogen responses. Organ-specific
consequences include hepatic steatosis, diabetic nephropathy, cardiomyopathy, skeletal muscle dysfunction, and
cognitive decline. Additionally, extracellular vesicle-mediated transfer of dysfunctional mitochondria may amplify
systemic inflammation and multi-organ stress. Therapeutic strategies targeting mitochondrial health, including
mitochondria-specific antioxidants, modulators of mitochondrial dynamics, and enhancers of mitophagy and
biogenesis, hold promise for mitigating both metabolic and immune dysfunction. Understanding mitochondrial
impairment as a unifying mechanism in T2DM provides a framework for integrative interventions aimed at
improving energy metabolism, immune competence, and organ resilience, potentially reducing disease progression
and complications.
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INTRODUCTION
Type 2 Diabetes Mellitus (T2DM) is a prevalent and complex metabolic disorder defined by chronic
hyperglycemia, insulin resistance, and a progressive decline in pancreatic f-cell function [1-4]. Traditionally, the
pathophysiology of T2DM has focused on impaired insulin signaling, reduced glucose uptake in peripheral tissues,
and insufficient insulin secretion. However, recent research has highlighted that these classical metabolic
disturbances represent only part of a broader pathological landscape, in which mitochondrial dysfunction plays a
central and pivotal role [5-97. Mitochondria, often described as the powerhouses of the cell, are essential for
generating adenosine triphosphate (ATP) through oxidative phosphorylation, regulating reactive oxygen species
(ROS), and coordinating metabolic signaling pathways that maintain cellular homeostasis [10-157]. In T2DM,
mitochondrial dysfunction manifests through multiple interconnected mechanisms, including reduced oxidative
phosphorylation, excessive ROS production, dysregulated mitochondrial dynamics, impaired mitophagy, and
defective biogenesis [16-207]. These alterations compromise cellular energy metabolism, trigger oxidative stress,
and perturb key signaling networks, ultimately promoting apoptosis, chronic inflammation, and tissue damage.
Notably, mitochondrial impairment affects not only classical metabolic tissues such as skeletal muscle, liver, and
pancreatic [-cells but also influences immune cell function, thereby linking metabolic dysregulation with immune
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compromise [21-237. The resulting interplay between mitochondrial stress, inflammation, and insulin resistance
creates a vicious cycle that accelerates disease progression and contributes to the development of multi-organ
complications, including cardiovascular, renal, hepatic, and neurocognitive disorders [24-307. This review aims to
provide a comprehensive examination of the role of mitochondrial dysfunction in T2DM, with particular
emphasis on its contributions to metabolic derangements, immune dysregulation, and organ-specific toxicity
[31-347]. We explore the underlying mechanisms that drive mitochondrial impairment, summarize evidence from
organ-specific studies highlighting how mitochondrial defects translate into functional decline, and discuss
potential therapeutic interventions aimed at restoring mitochondrial integrity. By framing T2DM through the
lens of mitochondrial health, this review underscores the central importance of these organelles in disease
pathogenesis and offers insights into integrative strategies that target mitochondrial function to improve clinical
outcomes and mitigate the systemic complications of T2DM [35-387.

1. Mitochondrial Function and Its Derangement in T2DM
1.1 Normal Roles of Mitochondria in Cells
Mitochondria are vital for cellular energy metabolism and overall homeostasis [89-447]. They generate ATP
through oxidative phosphorylation (OXPHOS) by metabolizing substrates such as glucose, pyruvate, and fatty
acids [45-507. In addition to energy production, mitochondria regulate the generation of ROS, which, at
physiological levels, serve as signaling molecules for cellular adaptation and stress responses. Mitochondria also
coordinate lipid metabolism, including fatty acid oxidation and the regulation of lipid intermediates, thereby
integrating cellular energy demands with nutrient availability [51-587. Their dynamic quality control, through
processes such as fusion, fission, mitophagy, and biogenesis, ensures the maintenance of a healthy mitochondrial
population, while their roles in calcium homeostasis and programmed cell death are essential for proper cellular
function [59-627. The integrity of these organelles is particularly critical in metabolically active tissues, including
skeletal muscle, liver, pancreatic B-cells, kidney, and brain, where energy demand is high and cellular stress can
have profound systemic consequences [63-67].
1.2 Mechanisms of Mitochondrial Dysfunction in T2DM
In T2DM, several interrelated mechanisms compromise mitochondrial function [68-737. Impaired oxidative
capacity, observed as reduced mitochondrial respiration and ADP-stimulated ATP synthesis in skeletal muscle,
leads to insufficient energy production and accumulation of metabolic intermediates [74-797. The dynamic
balance between mitochondrial fusion and fission is disrupted, with altered expression of regulatory proteins such
as MFN1, MFNg2, OPA1, DRP1, FIS1, and MFF, resulting in fragmented and inefficient mitochondria [80-837.
Defective mitophagy and mitochondrial biogenesis further exacerbate dysfunction by allowing damaged
mitochondria to accumulate, amplifying ROS production, and reducing cellular energy availability.
Excessive ROS and reactive nitrogen species (RNS), stemming from inefficient electron transport and electron
“leak” within the respiratory chain, cause oxidative damage to mitochondrial DNA, lipids, and proteins [84-897.
Additionally, the structural organization of the electron transport chain into supercomplexes or “respirasomes” is
often compromised, further reducing electron transfer efficiency and increasing ROS generation [90-94.
Metabolic overload, particularly elevated free fatty acids and lipid intermediates such as diacylglycerol and
ceramides, exacerbates lipotoxic stress, interferes with insulin signaling pathways, and contributes to systemic
metabolic dysregulation [95-977]. Collectively, these disturbances in energy production, oxidative balance, and
mitochondrial quality control establish a milieu conducive to cellular dysfunction and stress across multiple
tissues, laying the foundation for insulin resistance, B-cell failure, immune dysregulation, and organ-specific
toxicity [987].

3. Immunological Consequences: Mitochondrial Dysfunction and Immune Dysregulation
Emerging research indicates that mitochondrial dysfunction in Type 2 Diabetes Mellitus (T2DM) has profound
effects on immune function, contributing to increased susceptibility to infections, impaired immune responses, and
chronic low-grade inflammation [207. The interplay between mitochondrial impairment, oxidative stress, and
immune dysregulation provides a mechanistic link between metabolic derangements and the heightened risk of
infections and inflammatory complications observed in T2DM patients [217].

3.1 ROS, Mitochondrial Damage, and Inflammation

Dystunctional mitochondria in T2DM produce excessive reactive oxygen species (ROS) and reactive nitrogen
species (RNS), resulting in a state of oxidative stress that damages mitochondrial DNA (mtDNA), proteins, and
lipid membranes [227]. This damage further compromises mitochondrial function, leading to reduced ATP
generation and energetic deficits [237]. Impaired mitophagy, the process by which cells selectively remove
damaged mitochondria, exacerbates this problem by allowing dysfunctional mitochondria to accumulate [247. The
presence of damaged mitochondria elevates cytosolic ROS levels and promotes the release of mitochondrial
components such as oxidized mtDNA [257. These mitochondrial constituents act as damage-associated molecular
patterns (DAMPs), activating pattern recognition receptors (PRRs) on immune cells and triggering the
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production of pro-inflammatory cytokines, including interleukin-1f (IL-1f), IL-18, and type I interferons [267].
Chronic exposure to these cytokines establishes a state of persistent, low-grade inflammation.
This inflammatory milieu feeds back into metabolic pathways, as cytokines such as tumor necrosis factor-alpha
(TNF-a), IL-6, and IL-1f activate stress-responsive signaling cascades, including the c-Jun N-terminal kinase
(JNK) and IxB kinase  (IKKB)/nuclear factor-kappa B (NF-kB) pathways [277. These pathways mediate serine
phosphorylation of insulin receptor substrates (IRS), inhibiting downstream insulin signaling and worsening
insulin resistance [287]. Consequently, mitochondrial dysfunction not only drives inflammation but also
exacerbates the metabolic disturbances central to T2DM, creating a vicious cycle of oxidative stress, immune
activation, and insulin resistance.
3.2 Impact on Immune Cell Function and Hematopoiesis
Mitochondrial dysfunction in T2DM extends beyond metabolic tissues to affect the immune system directly.
Hematopoietic stem and progenitor cells (HSPCs) are particularly sensitive to metabolic stress [297]. Chronic
hyperglycemia and insulin resistance impair mitochondrial oxidative phosphorylation, disrupt mitophagy, and
elevate ROS levels in HSPCs, limiting their capacity for self-renewal and differentiation [307. This impairment can
result in reduced production of immune cells and compromised hematopoiesis, leaving patients more vulnerable to
infections and reducing the efficacy of immune surveillance.
Furthermore, mature immune cells such as monocytes and lymphocytes also exhibit mitochondrial deficits in
T2DM [817]. Mitochondrial biogenesis is decreased, mitochondrial membrane potential is reduced, oxidative
enzyme activity is impaired, and cell survival is compromised. These defects diminish the functional capacity of
immune cells, impairing pathogen recognition, antigen presentation, and effector responses [327. Collectively,
these abnormalities explain the increased susceptibility to infections, delayed wound healing, and impaired immune
responses observed in individuals with poorly controlled T2DM.
3.3 Immune-Metabolic Crosstalk via Extracellular Vesicles
An additional mechanism by which mitochondrial dysfunction influences immune regulation is through
extracellular vesicle (EV)-mediated intercellular communication [837. Under conditions of metabolic stress,
including hyperglycemia and lipotoxicity, stressed cells such as pancreatic B-cells and skeletal muscle fibers release
EVs containing mitochondrial fragments or dysfunctional mitochondria. These vesicles can be transported to
distant tissues or immune cells, spreading mitochondrial stress and amplifying oxidative damage systemically
[847]. EV-mediated crosstalk can propagate inflammatory signaling, activate immune cells, and further impair
metabolic function in remote organs. This mechanism demonstrates that mitochondrial dysfunction in T2DM is
not confined to canonical metabolic tissues but contributes to systemic immune dysregulation, linking metabolic
disturbances with heightened inflammatory responses and multi-organ vulnerability [857]. In summary,
mitochondrial dysfunction in T2DM compromises immune competence through ROS-mediated inflammation,
impaired hematopoiesis, and intercellular communication via extracellular vesicles [367]. These effects create a
self-perpetuating cycle of oxidative stress, immune activation, and metabolic disturbance, highlighting
mitochondria as a central node in the intersection of metabolism, immunity, and disease progression.
CONCLUSION
Mitochondrial dysfunction is increasingly recognized not just as a metabolic epiphenomenon in T2DM, but as a
central, unifying mechanism linking insulin resistance, - cell failure, immune dysregulation, and multi-organ
toxicity. The compromised ability of mitochondria to produce energy efficiently, their increased generation of
ROS, failure of quality control processes (dynamics, mitophagy, biogenesis), and deranged interorganelle
communication combine to create a landscape of cellular stress, inflammation, and eventual tissue damage.
Understanding T2DM through a “mitochondrial lens” reframes the disease - from being a disorder solely of
glycaemia to a systemic disorder of cellular energetics and organ resilience. This has important implications: for
research (multi-organ, systems-level studies), for clinical care (monitoring mitochondrial health, organ-specific
surveillance), and for therapy (targeting mitochondrial health through pharmacological or lifestyle interventions).
Given the global burden of T2DM and its complications, especially in low- and middle-income countries,
prioritising mitochondrial health may offer a promising route towards reducing disease progression, preventing
complications, and improving long-term outcomes.
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