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Abstract: Diabetes mellitus represents a complicated metabolic condition marked by ongo-
ing hyperglycemia arising from impaired insulin secretion, inadequate insulin action, or
a combination of both. Mitochondrial dysfunction has emerged as a significant contribu-
tor to the aetiology of diabetes, affecting various metabolic processes critical for glucose
homeostasis. This review aims to elucidate the complex link between mitochondrial dys-
function and diabetes, covering the spectrum of diabetes types, the role of mitochondria
in insulin resistance, highlighting pathophysiological mechanisms, mitochondrial DNA
damage, and altered mitochondrial biogenesis and dynamics. Additionally, it discusses
the clinical implications and complications of mitochondrial dysfunction in diabetes and
its complications, diagnostic approaches for assessing mitochondrial function in diabetics,
therapeutic strategies, future directions, and research opportunities.
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1. Introduction

Diabetes mellitus (DM) is a prevalent metabolic disorder that poses significant health
challenges worldwide and is characterised by chronic hyperglycaemia resulting from
defects in insulin secretion, action, or both [1]. DM manifests in various forms, including
type 1, type 2, gestational, prediabetes, and monogenic diabetes. Type 1 diabetes mellitus
(T1DM) results from autoimmune destruction of pancreatic (3-cells, resulting in absolute
insulin deficiency, necessitating exogenous insulin therapy for glycaemic control. Genetic
predisposition, environmental factors, and immune-mediated mechanisms contribute to
the pathogenesis of T1IDM, with polyuria, polydipsia, weight loss, and hyperglycaemia as
clinical manifestations [2]. Type 2 diabetes mellitus (T2DM) occurs as a result of insulin
resistance (IR) coupled with relative insulin deficiency and poses a threat to public health
as it raises morbidity and mortality and causes poor quality of life. In addition to IR and
impaired glucose homeostasis, genetic and environmental variables are also implicated in
the aetiology of T2DM and impaired glucose uptake and metabolism in peripheral tissues
and f3-cell dysfunction [3,4]. Gestational diabetes mellitus (GDM) occurs during pregnancy
due to inadequate insulin secretion or resistance. Hormonal changes, IR, and genetic factors
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contribute to the pathophysiology of GDM [5]. Prediabetes represents a crucial, reversible
stage marked by elevated fasting plasma glucose (IFG) and /or impaired glucose tolerance
(IGT) that can precede the onset of T2DM. Individuals with prediabetes frequently remain
unaware of their elevated blood glucose levels because there are typically no noticeable
symptoms until a diabetes diagnosis is made [6]. Mutations in a single gene that impact
insulin action or (3-cell function cause monogenic diabetes, not limited to maturity-onset
diabetes of the young (MODY), neonatal DM (NDM), and mitochondrial DM [7].

Mitochondria, commonly known as the “powerhouses” of cells, perform essential
roles in apoptosis, signalling, oxidation processes, and cellular energy consumption and
balance. Mitochondria are vital for the proper functioning and survival of peripheral
tissues, especially pancreatic 3-cells [8], neurons [9], adipocytes, myocytes, and hepato-
cytes [10]. They play diverse roles in these cells, including managing metabolism, dynamics,
proton leak, mitochondrial bioenergetics, calcium (Ca®*) regulation, structural integrity,
and turnover/mitophagy [8]. This organelle is a major producer and receptor of reactive
oxygen species (ROS), which in turn impairs its function, induces excessive ROS generation,
and decreases mitochondrial electron transport chain (mETC) activity and ATP produc-
tion [11]. Furthermore, mitochondrial DNA (mtDNA), which encodes for respiratory chain
complexes, is prone to ROS-induced damage and mutations. This oxidative damage com-
promises mETC function and worsens energy failure, in addition to oxidative stress and
dysfunctional mitochondria, which have been implicated in the pathogenesis of various
diseases, including DM [12].

An imbalance in energy homeostasis is a key characteristic of individuals with DM,
and substantial evidence has linked the development of DM to mitochondrial dysfunc-
tion [9]. Mitochondrial dysfunction (MD) affects oxidative phosphorylation, ROS produc-
tion, mtDNA integrity, biogenesis, and dynamics. These abnormalities contribute to IR,
[3-cell dysfunction, and diabetic complications [13]. Therefore, addressing MD and DM
crosstalk is crucial for understanding the biochemistry involved in maintaining cellular
energy balance and improving DM symptoms [10]. This review aims to elucidate the
complex link between mitochondrial dysfunction and diabetes, covering the spectrum of
diabetes types, the role of mitochondria in insulin resistance, highlighting pathophysio-
logical mechanisms, mitochondrial DNA damage, and altered mitochondrial biogenesis
and dynamics. Additionally, it discusses the clinical implications and complications of
mitochondrial dysfunction in diabetes and its complications, diagnostic approaches for
assessing mitochondrial function in diabetics, therapeutic strategies, future directions,
and research opportunities. Utilising search strategies, databases like PubMed, Scopus,
and Google Scholar were queried using terms such as ‘mitochondria,” ‘dysfunction’, ‘dia-
betes’, ‘diabetes mellitus’, ‘mitochondrial damage’, and ‘hyperglycaemia’ to locate pertinent
literature published in the last decade.

2. Mitochondrial Dysfunction in Diabetes

Mitochondrial dysfunction plays a significant role in the pathogenesis of DM, con-
tributing to IR, impaired glucose metabolism, and oxidative stress. It may arise due to
genetic or environmental factors not limited to mutations, obesity and environmental pol-
lutants, which propagate (3-cell dysfunction and IR to drive DM onset and the downstream
effect (Figure 1).

2.1. Mitochondrial Dysfunction-Induced Insulin Resistance and Impact on Glucose Metabolism

Mitochondria are dynamic organelles involved in cellular energy production, the
regulation of apoptosis, and various metabolic pathways, especially in insulin-sensitive
tissues such as the skeletal muscle, the liver, and the adipose tissue. IR dysregulates glu-
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cose uptake and mitochondrial function and vice-versa, where oxidative phosphorylation
(OXPHOS) and ATP production are the mechanisms through which MD contributes to
IR, as shown in Figure 2 [14]. Reduced ATP synthesis impairs insulin signalling and
phosphatidylinositol-3-kinase/ Akt pathways, leading to decreased glucose uptake and
glycogen synthesis, dysregulated fatty acid metabolism, and the accumulation of lipid
intermediates, which further exacerbate IR by interfering with insulin signalling cascades
and glucose metabolic pathways, further exacerbating hyperglycaemia [1,4]. MD leads
to the accumulation of ROS, which activates stress kinases and inflammatory pathways,
contributing to IR. Impaired mitochondrial biogenesis and dynamics also play a role in IR,
as dysfunctional mitochondria fail to adapt to changing metabolic demands, leading to
cellular dysfunction and IR [15].

Environmental Factors Genetic Factors
Obesity; Pollutants; Intrauretrine mtDNA mutations; Common genetic
Malnutrition variants; nDNA mutations; SNPs

W/
1

B-cell Dysfunction Insulin Resistance
Impaired insulin secretion; B-cell failure; | <, | Decreased mtDNA; Decreased oxidative
Abnormal fusion; Aberrant fission; phosphorylation; Increased diacylglycerol;
Anomalous autophagy Increased ceramide; Increased long-chain
Acylcarnitines

|<

Figure 1. The relationship between mitochondrial dysfunction and diabetes mellitus.

2.2. Contribution of Reactive Oxygen Species (ROS)

Reactive oxygen species are byproducts of mitochondrial metabolism and perform two
roles in DM: acting as signalling molecules at physiological levels and inducing oxidative
stress and cellular damage at pathological levels. When excessive ROS are produced, this
induces oxidative stress and cellular damage, leading to MD and impairment of insulin
signalling pathways, ultimately causing IR [15,16]. ROS directly interfere with insulin
signalling molecules, such as insulin receptor substrate (IRS) proteins, leading to impaired
insulin signalling and glucose uptake [1]. Oxidative stress also induces mtDNA damage
and mutations, further exacerbating MD and the generation of ROS, leading to a vicious
cycle of oxidative stress and cellular damage [8]. Mitochondrial reactive oxygen species
(ROS) are produced from several sources, each influencing mitochondrial oxidative stress
with varying effects on muscle disorders and related diabetes conditions [17]. When
NAD" is scarce, a-Ketoglutarate Dehydrogenase (x-KGDH) produces ROS, especially
in the skeletal muscle where NADH transhydrogenase (NNT) levels are low [18]. The
2-oxoacid dehydrogenase complexes are a group of mitochondrial enzymes that contain
dihydrolipoamide dehydrogenase and generate superoxide and hydrogen peroxide while
transferring reducing equivalents to FAD [19].
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Figure 2. Mitochondrial pathways impacting insulin secretion and possible action. Abbreviations:
TCA, tricarboxylic acid; OAA, oxaloacetate, ETC, electron transport chain; MCU, mitochondrial
calcium uniporter; VGCC, voltage-gated calcium channels; GLUT, glucose transporters; MPC, mito-
chondrial pyruvate carrier.

2.3. Genetic Factors Associated with Mitochondrial Dysfunction

Genetic factors are significant in MD and DM pathogenesis, such as mutations in
nuclear-encoded mitochondrial genes and mtDNA (Figure 3). The strong association be-
tween MD and IR is due to the unique structural attributes of mtDNA, which lead to a
higher rate of mutations compared to nuclear DNA [20]. Genetic alterations in mtDNA,
whether inherited or acquired, have been linked to the onset of IR, with their mutations of-
ten associated with diminished pancreatic (3-cell function and impaired glucose-stimulated
insulin secretion [21]. Several nuclear-encoded genes involved in mitochondrial biogenesis,
oxidative phosphorylation, and mitochondrial dynamics have been implicated in DM
susceptibility. Mutations in these genes disrupt mitochondrial function, leading to IR,
impaired glucose metabolism, and DM development. Mutations in mtDNA, particularly in
genes encoding mitochondrial tRNA and complex I subunits, have been linked to MD and
DM [22]. These mutations impair mitochondrial protein synthesis and oxidative phosphory-
lation, leading to defective mitochondrial function and DM susceptibility. Recently, mtDNA
mutation m.3243G and other mtDNA mutations have been associated with DM [23]. The
homogenous A3302G mutation in the receptor arm of the tRNALeu(VYR) gene disrupts a
highly conserved base pairing (2T-71A), which impairs mitochondrial tRNA metabolism
and contributes to IR [24]. Similarly, the down-regulation of mitochondrial genes such as
MT-ND1, MT-ND2, MT-ND4, MT-ND4L, MT-ND5, MT-ND6, and MT-ATP6, which are
crucial for OXPHOS and energy transduction, is linked to the pathogenesis of DM [25].
Disruptions in NAT2 and SLC16A11 genes cause reduced mitochondrial activity and MD,
which is linked to decreased insulin sensitivity and ultimately leads to IR [26].

2.4. Gut Microbiome and Mitochondrial Dysfunction Interplay

The microbiota of the human gastrointestinal system sends signals to the mitochon-
dria, and disturbances in this microbiota can alter mitochondrial metabolism, activate
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immune cells, and compromise the function of the epithelial barrier [27]. Additionally,
the metabolites produced by these microbiota influence inflammasome activation and the
production of inflammatory cytokines, which are significant contributors to DM. Such alter-
ations in gut microbiota can exacerbate DM by inducing inflammation, disrupting glucose
metabolism, and contributing to IR by impairing the gut mucosal barrier and increasing
intestinal permeability. This permeability leads to the release of lipopolysaccharides (LPS)
into the bloodstream, which activates the toll-like receptor 4 (TLR4) immune pathway and
promotes chronic inflammation [28]. In response to microbial and inflammatory signals,
phagocytes generate reactive oxygen species (ROS) within mitochondria. Additionally,
increased intestinal permeability and the subsequent migration of immunogenic bacte-
rial products intensify the inflammatory response. LPS/TLR interactions promote the
production of cytokines, which activates tyrosine kinase and results in cyclooxygenase
phosphorylation and diminished ATP production in mitochondria [29].
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Figure 3. Map of mtDNA mutations associated with diabetes mellitus [23]. *: Newly discovered
mutations; **: Also associated with a maternally inherited multisystem mitochondrial disorder
known as myoclonic epilepsy with ragged red fibres (MERRF).

Dysbiosis affecting butyrate-producing bacteria is positively associated with glycemic
disturbances by impacting the pathophysiology of DM [30]. This condition hampers
butyrate’s ability to enhance mitochondrial function by decreasing the levels of SIRT-3
while truncating pyruvate dehydrogenase complex (PDC) activity. Consequently, reduced
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conversion of pyruvate to acetyl-CoA leads to impaired ATP production from the TCA
cycle and OXPHOS [31]. Similarly, mitochondrial biogenesis is curtailed due to inhibited
histone deacetylases, which diminishes energy expenditure. Dysbiosis also suppresses
the production of acetate along with butyrate, causing MD and increased oxidative and
nitrosative stress in pancreatic islets and 3-cells. This suppression affects AMP-activated
protein kinase (AMPK) activity, disrupting the regulation of mitochondrial OXPHOS [29].
The resulting reduction in the uncoupling protein 2 (UCP-2)-AMPK-acetyl-CoA carboxylase
(ACC) pathway decreases the AMP ratio, leading to impaired glucose uptake and reduced
mitochondrial OXPHOS efficiency (Figure 4).
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Figure 4. Microbiota—mitochondria interplay. Abbreviations: AMPK, AMP-activated protein ki-
nase; COX, cyclooxygenase; LPS, lipopolysaccharide; ROS, reactive oxygen species; PDC, pyruvate
dehydrogenase complex; ACC, acetyl-CoA carboxylase; UCP-2, uncoupling protein 2.

3. Pathophysiology of Mitochondrial Dysfunction in Diabetes

Mitochondrial dysfunction is a key feature in the pathophysiology of DM, contributing
to the development and progression of the disease [12]. The interplay between mitochon-
drial dynamics, oxidative stress and mitochondrial function in a diabetic state is depicted
in Figure 5.

3.1. Impaired Oxidative Phosphorylation

Oxidative phosphorylation is the primary mechanism by which mitochondria generate
ATP, which is the currency of cellular energy. Reduced phosphorylation via oxidation
reduces ATP production, contributing to dysfunction and metabolic abnormalities. Several
factors contribute to impaired OXPHOS in DM, including dysregulated ETC activity,
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mitochondrial uncoupling, and substrate overload [14]. Dysfunctional ETC complexes,
particularly complex I and 111, disrupt electron flow and impair proton pumping across the
inner membrane of mitochondria, reducing ATP synthesis [32]. Mitochondrial uncoupling
proteins (UCPs), such as UCP1, UCP2, and UCP3, contribute to controlling the potential of
the mitochondrial membrane and dissipating proton gradients [33]. In DM, upregulation
of UCP expression uncouples oxidative phosphorylation from ATP synthesis, leading to
increased energy dissipation and reduced ATP production [34]. Excessive nutrient intake,
such as high-fat diets, results in substrate overload and MD. Elevated levels of fatty acids
and glycaemia overwhelm mitochondrial capacity, leading to impaired substrate oxidation
and ATP production [35].

Diabetes Mellitus

Insulin Resistancel Inflammatory State

_Mitochondrial Dysfunction

Mitophagy Mitochondrial Targeted Antioxidants
Apoptosis Endogenous Antioxidant
4 ROS/ Upregulation
RNS
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Figure 5. The interplay between diabetes mellitus, mitochondrial dysfunction and dynamics.

3.2. Enhanced Reactive Oxygen Species (ROS) Production

Highly reactive chemicals known as reactive ROS are produced during mitochondrial
metabolism, primarily through the ETC [32]. MD causes excessive production of super-
oxide anion (O,°7), hydrogen peroxide (H,0O;), and hydroxyl radical (*OH), which are
byproducts of incomplete electron transfer during oxidative phosphorylation that over-
whelm cellular antioxidant defences, leading to oxidative stress and cellular damage [13].
Dysfunctional ETC complexes, particularly complex I and III, leak electrons to molecular
oxygen-producing superoxide [32]. The pathophysiology of DM is influenced by lipid
peroxidation, protein oxidation, and DNA damage, which damages cellular membranes,
reduces enzyme activity, and causes mutations and cellular malfunction, respectively [36].
ROS-mediated oxidative stress activates stress kinases and inflammatory pathways, fur-
ther exacerbating dysfunction and IR. The advancement of DM is facilitated by NF-«B
and c-Jun N-terminal kinase pathways being activated, which enhance the production of
pro-inflammatory cytokines and disrupt insulin signalling [16].
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3.3. Mitochondrial DNA (mtDNA) Damage

Mitochondrial DNA (mtDNA) is vital to mitochondrial function and metabolism be-
cause it encodes critical elements that make up the ETC. mtDNA is particularly vulnerable
to oxidative damage due to its proximity to the ETC and lack of protective histones. High
ROS production levels lead to mtDNA damage, including base modifications, strand breaks,
and deletions, compromising mitochondrial protein synthesis and OXPHOS function [37].
Accumulation of mtDNA mutations disrupts ETC activity, impairing ATP production and
increasing ROS generation, creating a vicious cycle of oxidative stress and dysfunctional
mitochondria [13]. Moreover, the relevance of mtDNA integrity in metabolic balance
is further demonstrated by the correlation between mtDNA mutations, DM-associated
complications, and mitochondrial disorders [38].

3.4. Altered Mitochondrial Biogenesis

The process by which cells grow the bulk and functionality of their mitochondria
in response to environmental cues and metabolic demands is known as mitochondrial
biogenesis. Alterations in mitochondrial biogenesis contribute to MD and metabolic abnor-
malities [39]. Transcriptional coactivators regulate mitochondrial biogenesis and function,
such as peroxisome proliferator-activated receptor gamma coactivator-1 alpha (PGC-1c).
Dysregulation of PGC-1 activity leads to impaired mitochondrial biogenesis and reduced
mitochondrial gene expression in oxidative phosphorylation and energy metabolism [40].
Inflammatory cytokines and metabolic stressors, such as hyperglycaemia and dyslipi-
daemia, inhibit mitochondrial biogenesis and promote MD [36]. Activation of stress
kinases and transcription factors, such as nuclear factor kappa B (NF-kB) and peroxi-
some proliferator-activated receptors (PPARs), disrupt mitochondrial biogenesis pathways,
impairing mitochondrial function and contributing to metabolic abnormalities [41].

3.5. Dysfunctional Mitochondrial Dynamics

Mitochondrial dynamics refer to the processes of mitochondrial fusion, fission, and
trafficking, which regulate mitochondrial morphology, distribution, and function [42].
Mitochondrial fusion enables the exchange of mitochondrial contents and promotes the
integrity and functionality of the mitochondria. Impaired mitochondrial fusion leads
to fragmented mitochondria and compromised mitochondrial function [43]. Conversely,
excessive mitochondrial fission results in mitochondrial fragmentation and mitophagy,
leading to the selective destruction of defective mitochondria. Dysregulated mitochondrial
fission in DM exacerbates MD and oxidative stress, further impairing cellular metabolism
and contributing to disease progression [44].

4. Clinical Implications and Complications of Mitochondrial
Dysfunction in Diabetes

A spectrum of clinical implications and complications associated with DM arise
from mitochondrial dysfunction, not limited to insulin intolerance and -cell damage,
which are common occurrences in addition to various systemic complications affecting the
cardiovascular, renal, neurological, and ocular systems (Figure 6).

4.1. Insulin Resistance and B-Cell Dysfunction

The aetiology of IR involves a complex interplay between genetic, environmental,
and lifestyle factors, including obesity, physical inactivity, dietary habits, and genetic
predisposition. Adipose tissue-derived cytokines, such as tumour necrosis factor-alpha
and interleukin-6 (IL-6), promote IR by interfering with insulin signalling pathways and
promoting inflammation [45]. These occurrences drive (3-cell dysfunction, characterised by
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impaired insulin secretion and reduced [3-cell mass, further exacerbating hyperglycaemia
and metabolic dysfunction. Chronic exposure to hyperglycaemia, lipotoxicity, and gluco-
toxicity impairs 3-cell function and viability, leading to progressive deterioration of insulin
secretion capacity [1,4]. MD significantly contributes to pancreatic 3-cell failure, IR and DM
when chronic hyperglycemia heightens these cells” metabolic demands, causing excessive
ROS production [46]. Persistent ROS generation leads to oxidative stress and apoptosis of
-cells, resulting in reduced f3-cell mass, which, in genetically predisposed individuals,
accelerates the transition from IR to DM [47].

Exogenous Homeostatic

High Caloric Intake mtDNA Mutations Toxicants Dysregulation Glucolipotoxicity

Mitochondrial
Dysfunction

Increased Apoptosis

Adipocyte Apoptosis

| Decreased ETC, Respiration, Ca?* and ﬁ»Oxidation-l—» Accumulation of Lipids
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Neuronal Death
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Increased Hepatic Glucose Production
and
Decreased Glucose Utilisation

Figure 6. The association between mitochondrial dysfunction and clinical symptoms of diabetes and
obesity. Abbreviations: ROS, reactive oxygen species; mtDNA, mitochondrial DNA; ETC, electron
transport chain.

4.2. Diabetic Cardiomyopathy

Diabetic cardiomyopathy is a distinct form of heart disease characterised by structural
and functional abnormalities in the myocardium, independent of traditional cardiovascular
risk factors. Diabetes-associated metabolic disturbances, including hyperglycaemia, IR,
dyslipidaemia, and oxidative stress, contribute to the development of diabetic cardiomy-
opathy [48]. Hyperglycaemia promotes myocardial fibrosis, hypertrophy, and cell death,
leading to diastolic and systolic dysfunction in diabetic cardiomyopathy. IR and dyslipi-
daemia impair myocardial energy metabolism and calcium handling, further exacerbating
contractile dysfunction and heart failure [49]. Oxidative stress and inflammation also
play pivotal roles in the pathogenesis of diabetic cardiomyopathy, promoting myocardial
injury and remodelling. Increased production of ROS and pro-inflammatory cytokines,
such as IL-1p and IL-6, contribute to oxidative damage, inflammation, and myocardial
dysfunction [50]. In diabetic cardiomyopathy, MD increased fatty acid oxidation leads
to mitochondrial uncoupling, characterised by elevated proton leak and impaired ATP
regeneration [51]. This process is driven by fatty acid-induced mitochondrial uncoupling
and increased activity of uncoupling proteins (UCPs), which are further activated by ele-
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vated mitochondrial ROS [51]. Additionally, reduced mitochondrial Ca?* uptake and Ca?*
mishandling contribute to decreased ATP production and enhanced ROS generation [52].
Impaired interactions between inositol trisphosphate (IP3) receptors and voltage-dependent
anion channels (VDACs) lead to reduced IP3-stimulated Ca®* transfer to mitochondria.
This misalignment in Ca* transfer contributes to lower mitochondrial energy production
and compromised cell contraction [53].

4.3. Diabetic Nephropathy

A typical microvascular consequence of DM is diabetic nephropathy, which is charac-
terised by a gradual loss of renal function and the emergence of albuminuria, ultimately
leading to end-stage renal disease [54]. The pathogenesis of diabetic nephropathy involves
multifactorial mechanisms, including hemodynamic alterations, metabolic disturbances,
and inflammatory processes [55]. Chronic hyperglycaemia and systemic IR contribute to
glomerular hyperfiltration, hypertension, and renal hypertrophy in diabetic nephropathy.
Increased intraglomerular pressure and activation of the renin-angiotensin—aldosterone
system promote glomerular injury and sclerosis, leading to a progressive decline in renal
function [56]. Mitochondrial dysfunction significantly impacts DN through mtDNA dam-
age due to its proximity to ROS and lack of histone protection, which leads to systemic
inflammation and renal dysfunction. Additionally, mitochondrial dynamics become dysreg-
ulated with impaired mitophagy, exacerbating MD and DN [57]. In diabetic nephropathy;,
the production of ATP primarily occurs through OXPHOS in dysfunctional mitochondria,
with fatty acids, lactate, and glutamine as key substrates for ATP production in the proximal
convoluted tubules [58]. Increased delivery of these substrates leads to increased ROS
and altered energy expenditure, contributing to proximal tubular cell damage, tubular
atrophy, poor clinical outcomes, and DN progression [59]. Mitochondrial dysfunction
worsens DN due to increased levels of mitogen-activated protein kinase 1 (MAPK1), which
lowers phosphofurin acidic cluster sorting protein 2 (PACS-2) levels, a key element of
the mitochondria-associated endoplasmic reticulum membrane (MAM) responsible for
tethering mitochondria to the endoplasmic reticulum and causing mitochondrial fragmen-
tation [60]. Metabolic factors, such as dyslipidaemia, advanced glycation end-products, and
oxidative stress, contribute to renal inflammation, fibrosis, and tubulointerstitial damage in
diabetic nephropathy [61]. Activation of pro-inflammatory pathways, including nuclear
factor kappa B (NF-«B) and transforming growth factor-beta (TGF-f3), exacerbates renal
injury and impairs renal function [62].

4.4. Diabetic Neuropathy

Diabetic neuropathy (DN) encompasses a diverse group of peripheral nerve disorders
associated with DM, characterised by sensory, motor, and autonomic dysfunction [63]. The
pathogenesis of diabetic neuropathy involves multiple mechanisms, including metabolic,
vascular, and inflammatory processes [64]. Downregulation of sirtuin-1 (SIRT1) disrupts
nerve function and triggers neuropathic symptoms by impairing mitochondrial biogen-
esis through the suppression of PPARG coactivator 1 alpha and disrupting antioxidant
signalling mediated by NFE2-like bZIP transcription factor 2 [65]. Activation of poly
(ADP-ribose) polymerase 1 decreases mitophagy and is linked to mitochondrial damage
in dorsal root ganglion neurons, resulting in mitochondrial oxidative damage and neuro-
pathic pain [66]. Hypoxia-inducible factor 1 subunit alpha downregulation during DN
onset modifies the PRKN signalling pathway and reduces PRKN protein levels, disrupting
mitophagy, which leads to increased mitochondrial dysfunction and hyperalgesia [67].
Chronic hyperglycaemia and dyslipidaemia lead to metabolic disturbances and oxidative
stress, contributing to nerve damage and dysfunction in diabetic neuropathy. Impaired



Pathophysiology 2025, 32, 9

11 of 24

glucose metabolism disrupts nerve fibre structure and function, leading to axonal degener-
ation, demyelination, and impaired nerve conduction [68]. Inhibition of neurite growth is
also a consequence of impaired glucose metabolism and MD [65]. Vascular abnormalities,
including microangiopathy and endothelial dysfunction, further exacerbate nerve ischemia
and hypoxia in diabetic neuropathy. Reduced blood flow and impaired neurovascular
coupling compromise nerve perfusion and oxygenation, contributing to nerve injury and
neuropathic symptoms [69]. The effects of mitochondrial dysfunction in DM extend beyond
the nervous system, as reduced AMPK activity and lower expression of mitochondrial
complex proteins have been noted in kidney mesangial cells in diabetic nephropathy [70].

4.5. Diabetic Retinopathy

Diabetic retinopathy (DR) is a common microvascular complication of DM, charac-
terised by progressive damage to the retinal microvasculature, leading to visual impairment
and blindness. In DR, retinal MD involves a complex interplay of structural, functional,
and genomic abnormalities, resulting in inhibited complex I and III activities, increased
free radical production, and reduced SOD2 levels [71]. In diabetic retinas, NADPH oxidase
2 activation precedes mitochondrial damage, with persistent increases in cytosolic ROS
contributing to mitochondrial injury; elevated ROS levels induce mitochondrial dysfunc-
tion by damaging mitochondrial components and intensifying oxidative stress [72]. Matrix
Metalloproteinase 2 (MMP-2) and 9 (MMP-9) are upregulated, with MMP-9 activation
occurring early in the damage process [73]. Homocysteine exacerbates this by increas-
ing ROS production, which activates MMP-9 and reduces its inhibitor, Timp1, damaging
mitochondria and inducing apoptosis of retinal microvascular cells [74]. It also reduces
mitochondrial transcription factor A, further compromising mitochondrial function by
exacerbating mtDNA damage and impairing mtDNA biogenesis [75]. Chronic hypergly-
caemia and systemic metabolic disturbances contribute to retinal microvascular dysfunction
and neurodegeneration in diabetic retinopathy. Prolonged exposure to hyperglycaemia
promotes retinal vascular leakage, capillary non-perfusion, and the formation of microa-
neurysms in diabetic retinopathy. Increased oxidative stress and inflammation exacerbate
retinal vascular injury and disrupt blood-retinal barrier integrity, leading to retinal oedema
and neovascularisation [76]. Angiopoietin-2 (Ang-2) and vascular endothelial growth
factor are two dysregulated angiogenic factors that induce aberrant neovascularisation
and fibrosis in diabetic retinopathy. In more advanced stages of the illness, activating
pro-fibrotic pathways, such as connective tissue growth factor and transforming growth
factor- 3, contributes to retinal fibrosis and vision loss [77].

5. Diagnostic Approaches and Biomarkers

Accurate DM diagnosis and monitoring of MD are essential for effective management
and intervention strategies. The clinical assessment of DM is well elucidated; however,
evaluating MD during its onset is often overlooked. MD can be diagnosed and identified
using respiratory chain enzyme assays, mtDNA analysis, metabolomic and proteomic
profiling, and imaging techniques [14].

5.1. Respiratory Chain Enzyme Assays

Respiratory chain enzyme assays are biochemical tests used to evaluate the activ-
ity of individual ETC complexes, providing insights into mitochondrial function and
integrity [78]. Impaired respiratory chain enzyme activity shows MD and OXPHOS de-
fects, contributing to metabolic abnormalities and DM progression [79]. Reduction in
ETC complex activity, particularly complex I and complex IlI, is commonly observed in
diabetic tissues, leading to decreased ATP production and increased ROS generation [80].
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Respiratory chain enzyme assays can be performed using tissue biopsies or cultured cells
from diabetic patients to assess mitochondrial function and metabolic status. These assays
provide valuable information for diagnosing DM-induced mitochondrial disorders and
vice-versa, monitoring disease progression, and evaluating therapeutic responses [81].

5.2. Mitochondrial DNA Analysis

Mitochondrial DNA analysis examines mitochondrial genome integrity, mutations,
and copy number alterations, providing insights into MD and genetic susceptibility in
DM [38]. mtDNA mutations and deletions are associated with DM and its complica-
tions [37]. mtDNA analysis can identify pathogenic mutations and polymorphisms that
associate MD with T1DM and T2DM. Common mtDNA variants, such as the m.A3243G in
the mitochondrial tRNAM gene, are implicated in mitochondrial diseases and DM, high-
lighting the importance of genetic testing and risk assessment [23]. Quantitative analysis
of mtDNA copy number, measured using real-time polymerase chain reaction, provides
additional information on mitochondrial biogenesis and function. An altered mtDNA copy
number is observed in diabetic tissues, reflecting MD and metabolic stress in reaction to
hyperglycaemia and oxidative stress [38]. mtDNA analysis is a valuable diagnostic tool
for identifying individuals at risk of developing DM and its complications, facilitating
personalised management and intervention strategies based on genetic predisposition and
metabolic status [23].

5.3. Metabolomic Profiling

Metabolomic profiling involves the comprehensive analysis of small-molecule metabo-
lites in biological samples, such as blood, urine, and tissues, to characterise metabolic
pathways and identify biomarkers associated with disease states [82]. Metabolomic profil-
ing offers insights into systemic metabolic abnormalities and MD, enabling early detection
and intervention. Metabolomic studies have identified distinct metabolic signatures con-
nected to insulin intolerance, 3-cell dysfunction, and diabetic complications, including
alterations in amino acid metabolism, lipid metabolism, and oxidative stress pathways [83].
Metabolomic profiling enables the identification of novel therapeutic targets and inter-
vention strategies for mitigating metabolic disturbances and improving clinical outcomes
in DM [82]. Targeted metabolomics and flux analysis techniques provide mechanistic
insights into mitochondrial metabolism and energy homeostasis, assisting in developing
personalised treatment approaches tailored to individual metabolic profiles. Dysregu-
lated metabolites, such as branched-chain amino acids, acylcarnitines, and ceramides,
are implicated in IR and MD, thus potentially being biomarkers for DM diagnosis and
prognosis [84].

5.4. Imaging Techniques

Imaging techniques, such as positron emission tomography (PET), magnetic reso-
nance imaging (MRI), and near-infrared spectroscopy (NIRS), are utilised to visualise
mitochondrial function and tissue metabolism in vivo, offering non-invasive diagnostic
modalities for assessing MD in DM [85]. PET imaging with radio-labelled tracers, such as
[18F]fluorodeoxyglucose (FDG) and [11C]acetate, enables the assessment of tissue glucose
uptake and oxidative metabolism, providing insights into mitochondrial function and en-
ergy metabolism in diabetic tissues [86]. Altered FDG uptake and mitochondrial oxidative
capacity are observed in insulin-resistant tissues, reflecting MD and metabolic dysregula-
tion. MRI techniques, including magnetic resonance spectroscopy and diffusion-weighted
imaging, allow for the quantification of tissue metabolites and water diffusion properties,
providing information on mitochondrial function and tissue microstructure [87]. Changes
in tissue metabolite concentrations and diffusion parameters are associated with MD, in-
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flammation, and fibrosis in diabetic tissues, serving as imaging biomarkers for disease
progression and therapeutic response. NIRS imaging measures tissue oxygenation and
blood flow, offering insights into mitochondrial respiration and microvascular dysfunction.
Altered NIRS parameters, such as tissue oxygen saturation (StO;) and oxygen extraction
fraction (OEF), are indicative of impaired mitochondrial oxygen consumption and tissue
perfusion in diabetic patients, highlighting the importance of assessing mitochondrial
function in the context of tissue oxygenation and metabolism [88].

5.5. Biomarkers

Biological indicators play a crucial role in disease management, particularly through
their application in diagnostics and screening. Various biomarkers are instrumental in
detecting MD in diabetes, especially in cases that are either asymptomatic or not yet
exhibiting overt symptoms [89]. These biomarkers offer valuable information regarding
disease prognosis, such as the likelihood of disease progression or complications, and
can also predict therapeutic outcomes by distinguishing between patients likely to benefit
from specific treatments and those who might not [89]. Furthermore, pharmacodynamic
biomarkers are useful for identifying patients who will respond biologically to medical
interventions, while safety biomarkers help pinpoint those at heightened risk of adverse
effects from treatments [90]. There is an urgent need to classify prognostic biomarkers for
individuals with DM who are at risk of MD, enabling targeted prevention and management
strategies. Given the variability in treatment responses among individuals, predictive
and response biomarkers are essential for making informed clinical decisions regarding
treatment options [91]. Additionally, identifying prognostic biomarkers for complications
associated with MD in DM—such as organ failure, microbiota imbalance, and mortality—
is critical for selecting medications that could mitigate these risks. Identifying safety
biomarkers for these treatments is also vital, as some therapies come with severe side effects
that could lead to significant harm or even fatal outcomes [92]. Table 1 presents a selection
of biomarkers with valuable MD prognoses from the discussed diagnostic approaches.

Table 1. Selected biomarkers for mitochondrial dysfunction prognosis.

Diagnostic Approach

Biomarker Ref.

Lactate, Pyruvate, Lactate:Pyruvate ratio, Creatine kinase, Creatine,

Respiratory Chain Enzyme Assays and Amino acids [93-95]

miR-27b-3p [96]
. . . POLG, DNM1L gene (c.1207C>T), MIPEP ¢.304C>T and m.10225T>G  [97,98]

Mitochondrial DNA Analysis 3243A5G/MT.TL1 [94]
Circulating cell-free mitochondrial DNA (ccf mtDNA) [99]
NDUFS3, COX2, CALR, SORT, COX6B1, COX6C, TXN2, SOD2,

Omic Profiling TFAM, SDHC, CS, MT-CO1, MT-CO2, TOMM70A, TOMM?20, [95,100,101]
and RAB1A

Imaging Techniques [94,102]

6. Therapeutic Strategies

MD is a pivotal factor in the pathogenesis of DM, contributing to metabolic abnor-
malities and cellular dysfunction. Targeted therapeutic interventions aimed at preserving
mitochondrial function and mitigating oxidative stress hold promise for managing DM
and its complications [16].



Pathophysiology 2025, 32, 9

14 of 24

6.1. Mitochondrial-Targeted Antioxidants

Antioxidant chemicals can suppress oxidation at many phases, including radical chain
breaking (scavenging) and chelating metals as catalysts. Antioxidants that target mitochon-
dria offer a potential treatment strategy for DM that reduces oxidative stress and maintains
mitochondrial function [103]. These antioxidants accumulate within mitochondria, scav-
enging ROS and reducing oxidative damage to mitochondrial components [104]. MitoQ, a
mitochondria-targeted derivative of coenzyme Q10, has demonstrated efficacy in preclini-
cal and clinical studies for lowering oxidative stress and enhancing diabetic mitochondrial
health [105]. Other mitochondrial-targeted antioxidants, such as S5-31 (elamipretide) and
SkQ1, have shown promising results in preclinical studies for ameliorating MD and di-
abetic complications [106]. These compounds exhibit potent antioxidant properties and
improve mitochondrial bioenergetics, suggesting their potential as adjunctive therapies
for DM management (Figure 7). Resveratrol has been recognised as a Sirtl-activating
compound (STAC) that enhances mitochondrial biogenesis and turnover and OXPHOS ca-
pacity [107]. Supplementing resveratrol with other antioxidants of natural sources, such as
polyphenols, improves the respiratory activity of complexes I and II and enhances electron
transport efficiency within the OXPHOS system. However, this supplementation does not
influence mtDNA copy number, mitochondrial content, or the expression of respiratory
chain proteins [108]. Mito-Tempo is a cell-permeable mimetic of superoxide dismutase
(SOD) designed to specifically target mitochondria and neutralise free radicals through
the conjugation of piperidine nitroxide with the triphenylphosphonium (TPP) group. This
compound facilitates the conversion of superoxide anions (O,°~) into oxygen (O;) and
hydrogen peroxide (H,O,), thereby mitigating oxidative stress in mitochondria associated
with diabetes complications [109]. Notably, Mito-Tempo reduces oxidative stress, apoptosis,
hypertension, and ROS production induced by hyperglycemia through modulation of the
ERK1/2 signalling pathway and the GLP-1/CREB/adiponectin axis [110,111]. Additional
mechanisms include the reduction in mitochondrial ROS in arterioles of diabetic individu-
als, which improves endothelial function, and the restoration of mitochondrial complex
IT activity impaired by IR [112]. Mito-PBN has also emerged as a promising antioxidant
specifically targeting mitochondria, effectively scavenging free radicals produced within
the mitochondria. When encapsulated in liposomes, Mito-PBN scavenges mitochondrial
0,°~ and H;0,, leading to an improved NADH™ ratio, enhanced mitochondrial oxidative
energy coupling, and increased ATP production, which in turn alleviates ROS-induced
MD [113].

6.2. Metabolic Modulators

Metabolic modulators represent a diverse class of therapeutic agents that target cellu-
lar metabolism and mitochondrial function in DM. These agents exert favourable effects
on insulin sensitivity, glucose homeostasis, and energy metabolism, offering potential
therapeutic benefits for DM management [114]. Metformin, a first-line oral antidiabetic
medication, exerts its therapeutic effects by inhibiting mitochondrial complex I activity,
increasing insulin sensitivity and glucose uptake by activating adenosine monophosphate-
activated protein kinase. Metformin modulates mitochondrial dynamics and biogenesis,
contributing to its metabolic benefits in DM onset [115]. Additionally, sodium-glucose co-
transporter 2 (SGLT2) inhibitors, such as dapagliflozin and empagliflozin, have emerged as
promising therapeutic agents for DM management. These substances cause glucosuria and
prevent renal glucose reabsorption, which results in calorie loss and metabolic adaption.
SGLT2 inhibitors also benefit mitochondrial function and oxidative stress, contributing
to their cardiorenal protective effects [116]. Imeglimin is a novel pharmacological agent
aimed at reducing glucose levels and HbAlc, and it is currently undergoing evaluation in
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clinical trials, including several recently completed phase III studies with few side effects re-
ported [117]. The primary mechanism of imeglimin’s action targets mitochondrial function.
Research indicates that imeglimin administration reduces respiration linked to complex
I substrates, while respiration associated with complex II substrates is enhanced [118].
Additionally, imeglimin elevates the protein content and enzymatic activity of complex III
by inhibiting complex I, thus restoring complex III functionality and promoting complex
II-linked respiration. This process may enhance fatty acid oxidation and decrease intrahep-
atic lipid accumulation, mitigating IR and improving insulin sensitivity [107]. Furthermore,
imeglimin treatment has been shown to lower reactive oxygen species (ROS) production in
complex II by inhibiting the formation of permeability transition pores, with no observed
impact on overall mitochondrial respiration [119].

MitoQ Plasma Membrane (30 - 60 mV) SkQ1

Cytoplasm (140 - 180 mV)

MitoQ SkQ1

—>[ Ubiquinone ]

|

Respiratory Chain

} !
_ SkQ1H,
| |

Figure 7. Antiperoxidation and radical scavenging mechanism of 10-(4,5-dimethoxy-2-methyl-
3,6-dioxo-1,4-cyclohexadien-1-yl)decyl) triphenylphosphonium mesylate (MitoQ) and 10-(6'-
plastoquinonyl) decyltriphenylphosphonium (SkQ1) in the mitochondria.

6.3. Gene Therapies

DM-associated mtDNA mutation treatments are currently insufficient, as they only
alleviate symptoms without addressing the root cause or offering a cure [120]. Gene thera-
pies hold significant promise for treating MD in DM as they aim to restore mitochondrial
function, enhance cellular bioenergetics, and alleviate metabolic abnormalities through
targeted manipulation of gene expression and mtDNA integrity [121]. Mitochondrial gene
therapy, including allotopic expression and mitochondrial gene editing, offers potential
strategies for correcting mtDNA mutations and restoring mitochondrial function, tackling
the problem at its root [122,123]. Allotopic expression involves nuclear translocation of
mitochondrial genes, bypassing mtDNA mutations and restoring protein synthesis within
mitochondria. Mitochondrial gene editing technologies, such as CRISPR-Cas9, enable pre-
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cise modification of mtDNA sequences, offering potential therapeutic benefits for inherited
mitochondrial diseases and metabolic disorders [124]. CRISPR-based approaches hold
promise for correcting mtDINA mutations associated with DM and restoring mitochondrial
function in affected individuals [125]. These therapeutic approaches centre on introduc-
ing genetic material into the mitochondria to inhibit, modify, or enhance the function of
malfunctioning genes (Figure 8). To facilitate the direct delivery of target genes into the
mitochondria, vectors designed with high targeting specificity are loaded with genetic
material [126]. These vectors are engineered to transport, shield, and guide the genetic
content to the mitochondria, ensuring its effective release and promoting the expression
of mitochondrial genes and their corresponding proteins [127]. Viral vectors, including
retroviruses, adenoviruses, and lentiviruses, are extensively utilised in gene delivery due to
their effectiveness in cell transfection [128]. Adeno-associated viruses (AAVs) are preferred
in preclinical applications because of their substantial loading capacity, biocompatibility,
low immunogenicity, and minimal immune response. Additionally, gene release research
has frequently employed non-viral delivery systems that utilise cell-penetrating peptides,
micelles, polymers, and lipids [129]. Moreover, ternary non-viral systems that combine
polymers and/or peptides have demonstrated considerable efficacy in enhancing payload
encapsulation, thus improving gene delivery and expression [130].

6.4. Lifestyle Interventions

Lifestyle interventions, including dietary modifications, physical activity, and weight
management, are crucial in managing DM and its associated complications. These inter-
ventions target underlying metabolic abnormalities and promote mitochondrial health by
modulating energy balance and substrate utilisation [15]. Low-carbohydrate, ketogenic,
and intermittent fasting regimens have gained attention for their potential advantages in
increasing mitochondrial function and metabolic health. These dietary approaches pro-
mote ketone body production, enhance mitochondrial biogenesis, and improve insulin
sensitivity, offering therapeutic benefits for DM management [131]. Frequent exercise
and physical activity also positively impact mitochondrial function, oxidative stress, and
insulin sensitivity. Exercise promotes mitochondrial biogenesis, enhances mitochondrial
quality control mechanisms, and enhances glucose absorption and utilisation, contributing
to metabolic adaptation and disease management [132]. Exercise mimetics are compounds
that replicate the physiological effects of physical exercise by engaging analogous signalling
pathways, thereby enhancing mitochondrial content and mitigating oxidative stress within
the mitochondria [107]. Substances such as 5-Aminoimidazole-4-carboxamide ribotide,
GW501516, and various natural compounds present in certain foods, like epicatechin, have
been identified as potential pharmacological aids for exercise via AMPK and PPAR activa-
tion [133]. These substances are particularly valuable for individuals unable to engage in
physical activity due to health conditions.
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Figure 8. Gene therapy of mitochondrial diseases.

7. Future Directions and Research Opportunities

The landscape of DM research is continuously evolving, with emerging technologies
and approaches offering new insights into the pathophysiology of the disease and potential
therapeutic targets. Advancements in omics technologies, encompassing genomes, tran-
scriptomics, proteomics, and metabolomics, have transformed the molecular mechanisms
underlying DM [134]. High-throughput sequencing techniques enable comprehensive anal-
ysis of genetic variants, gene expression profiles, protein abundance, and metabolite levels
associated with DM and its complications [135]. Single-cell omics approaches provide
unprecedented resolution and granularity, allowing researchers to dissect cellular hetero-
geneity and identify novel cell types, subpopulations, and signalling pathways involved
in DM pathogenesis. Integrating multi-omics data sets offers a systems-level perspective
of DM, unravelling complex networks of molecular interactions and regulatory circuits
underlying disease progression [136].

In addition to omics technologies, advances in imaging modalities, such as MRI, PET,
and optical imaging, enable non-invasive visualisation and quantification of metabolic,
functional, and structural changes. Molecular imaging probes targeting specific biomarkers
and metabolic pathways provide valuable insights into disease mechanisms and treatment
responses in preclinical and clinical settings [85]. Despite significant progress in DM
research, numerous unanswered questions and knowledge gaps persist, hindering the
ability to develop effective prevention and treatment strategies. Key areas requiring further
investigation include the role of epigenetics, environmental factors, and the microbiome
in DM susceptibility and progression. Moreover, the interaction between environmental
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cues and genetic predisposition remains incompletely understood, highlighting the need
for comprehensive multi-omics studies and large-scale epidemiological analyses to identify
gene—environment interactions and modifiable risk factors for DM [137]. Furthermore, the
heterogeneity of DM phenotypes and clinical outcomes poses a challenge for personalised
medicine approaches, necessitating robust biomarkers and predictive models to stratify
patients based on disease subtypes, prognosis, and treatment response [138].

8. Conclusions

This review highlights the intricate relationship between mitochondrial dysfunction
and DM, emphasising mitochondria’s pivotal role in insulin resistance, glucose metabolism,
and diabetic pathophysiology. Mitochondrial dysfunction leads to impaired oxidative
phosphorylation, increased ROS production, mtDNA damage, and altered mitochondrial
dynamics, exacerbating metabolic dysregulation and contributing to diabetic complications.
Targeting mitochondrial dysfunction offers promising therapeutic avenues, including
mitochondrial-targeted antioxidants, metabolic modulators, gene therapies, and lifestyle
interventions. Diagnostic methods such as respiratory chain enzyme assays, mtDNA
analysis, metabolomic profiling, and imaging enable early detection and personalised
treatment strategies. Future research should address knowledge gaps through multi-omics
studies to unravel the molecular mechanisms underlying mitochondrial dysfunction and
DM across diverse populations.
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