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Abstract

Reactive oxygen species (ROS) are an essential component for the maintenance of cellu-
lar function. However, if produced in excess, ROS can drive cellular dysfunction and
compromise cell viability. Indeed, uncontrolled ROS production plays a pivotal role
in the pathogenesis of type 2 diabetes (T2D), contributing to the loss of 3-cell function
and the impairment in insulin signalling, as well as driving the development of diabetic
complications, which can severely compromise quality of life. T2D is characterised by
persistent hyperglycaemia, which is a leading contributor to ROS overproduction in this
disease state. This enhanced, almost uncontrolled, increase in glucose metabolism up-
regulates several ROS-producing pathways, including the hexosamine pathway, protein
kinase C, NADPH oxidase and the mitochondrial electron transport chain. There is ac-
cumulating evidence to suggest that in a bid to preserve redox homeostasis, ROS acts to
suppress glucose metabolism by inactivating several enzymes involved in the regulation
of glycolytic flux, including glucokinase, glyceraldehyde 3-phosphate dehydrogenase,
phosphofructokinase-1 and pyruvate kinase. Nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB) is a multi-faceted transcription factor, with a central role in ROS
signalling and redox homeostasis. Whilst NF-kB mediates the transcriptional regulation
of many pro-oxidants, NF-«B activity is also regulated by the oxidative status, with ROS
having both inhibitory and stimulatory roles in these signalling pathways. Interestingly,
NF-«B is also involved in controlling the delicate balance between glycolytic flux and mito-
chondrial respiration. This review will summarise the interplay linking hyperglycaemia
with ROS formation, emphasising the role of glucose metabolism in the process, and the
crosstalk of these pathways with NF-«B.
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1. Introduction

Reactive oxygen species (ROS) are integral to normal cellular physiology, yet their
overproduction can disrupt homeostasis and impair cell viability. In type 2 diabetes (T2D),
excessive ROS generation has emerged as a central driver of disease progression, contribut-
ing to f3 cell dysfunction, impaired insulin signalling, and the development of long-term
complications. Persistent hyperglycaemia, a hallmark of T2D, plays a major role in this pro-
cess by accelerating glucose metabolism and activating multiple ROS-producing pathways,
including the hexosamine pathway, protein kinase C, NADPH oxidase, and the mitochon-
drial electron transport chain. Increasing evidence suggests that ROS also act as metabolic
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regulators, suppressing glycolytic flux through the oxidative inactivation of key enzymes
such as glucokinase, glyceraldehyde 3 phosphate dehydrogenase, phosphofructokinase 1,
and pyruvate kinase.

Nuclear factor kappa light chain enhancer of activated B cells (NF «B) sits at the
intersection of these processes, functioning both as a mediator of pro-oxidant gene ex-
pression and as a redox-sensitive transcription factor whose activity is shaped by ROS
levels. Beyond its canonical inflammatory roles, NF kB also influences the balance between
glycolysis and mitochondrial respiration, positioning it as a key integrator of metabolic and
oxidative signals.

This review examines the mechanistic links between hyperglycaemia, ROS formation,
and metabolic regulation in T2D, with a particular focus on how glucose-driven oxidative
stress intersects with NF kB signalling.

2. Reactive Oxygen Species and Their Role in Human Physiology

ROS are generated during natural aerobic metabolism and include a wide group
of highly reactive oxygen-derived molecules [1]. This encompasses molecules that are
free radicals and thus contain an unpaired electron in their outer orbit, which includes
superoxide (O27), hydroxyl radicals (OH™) and hydroperoxyl (O,H), amongst others. ROS
also encompass non-radical molecules, including hydrogen peroxide (H,0O,) and singlet
oxygen (10;). These free and non-radicals are highly reactive, easily reacting with other
molecules within cells, a process that drives many cellular processes. Indeed, ROS play a
pivotal role in redox homeostasis, which balances oxidising and reducing reactions within
cells leading to downstream signalling transduction events. This system regulates numer-
ous essential physiological activities, including the immune response, cellular signalling,
antimicrobial agent activation, longevity regulation, reproductive systems and metabolic
homeostasis [2-5], as well as acting on many cellular pathways, including cellular differen-
tiation, proteasomal function and autophagy [2,3]. Redox homeostasis is a balance between
ROS production and scavenging activities facilitated by endogenous antioxidants [6]. The
antioxidant system is cell type-dependent and involves enzymatic antioxidants such as
glutathione peroxidases (GPx), thioredoxin (Trx), superoxide dismutase (SOD) and catalase
(CAT) as well as non-enzymatic antioxidants including glutathione (GSH), metal-binding
proteins (MBPSs) and uric acid (UA). These antioxidants act to neutralise excess ROS to
prevent the development of oxidative stress and resulting cellular damage [4,7,8]. Differ-
ent tissues sit at different redox points, reflecting their metabolic rate, oxygen exposure,
antioxidant defences and signalling needs [9].

3. Increased ROS Production in T2D Due to Hyperglycaemia
3.1. Increased ROS Production in T2D

T2D, an epidemic and metabolic disease, is driven by insulin resistance and a relative
insufficiency in insulin release. There has been much research aimed at identifying the
molecular factors driving the pathophysiology of T2D. This has identified excess non-
esterified fatty acids and chronic hyperglycaemia, also termed lipo- and glucotoxicity,
respectively, as key mediators driving cellular dysfunction. The cellular pathways dis-
rupted include mitochondria, endoplasmic reticulum, autophagy, amyloid deposition and
inflammation, which together result in cellular dysfunction, impacting metabolic home-
ostasis [10]. Oxidative stress is another key mediator in driving cellular dysfunction in T2D,
which results due to chronic accumulation of ROS [11]. The role for ROS production in
mediating T2D pathogenesis is complex since low levels of ROS production are required for
glucose homeostatic mechanisms. For example, ROS are essential for appropriate glucose-
stimulated insulin secretion (GSIS) from pancreatic 3-cells since elimination of cellular
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ROS is associated with an impaired GSIS response [12]. Similarly, ROS play an essential
role in myogenesis, adipogenesis, differentiation of both myocytes and adipocytes, as well
as enhancing insulin sensitivity [13]. However, prolonged ROS accumulation impacts
negatively on the function of numerous cell types involved in the pathogenesis of T2D and
its associated complications, including the pancreatic islets, liver, adipose, muscle, brain,
retina and kidney [14]. This process contributes to decreased insulin secretion by (3-cells,
insulin resistance of peripheral tissues and exacerbation of diabetes complications [11],
including fatty liver, nephropathy, retinopathy, diabetic ulcer, neuropathy and cardiomy-
opathy (Table 1). The tissue-specific redox characteristics impact on the cell function and
also on pathophysiological processes. For example, the liver operates at a high basal ox-
idative load due to numerous ongoing metabolic processes, and as such, demonstrates a
strong antioxidant capacity. Meanwhile, skeletal muscle displays low levels of basal ROS
production, with sharp increases due to muscle contraction, and antioxidant defences are
moderate. Redox imbalance plays an important role in insulin resistance in T2D in both
tissues [9]. Pancreatic 3-cells are particularly sensitive to enhancement of ROS production,
in part due to their low levels of antioxidant defences compared to other cell types [15].
Prolonged exposure of 3-cells to excess ROS leads to the development of oxidative stress,
which is associated with decreased GSIS, decreased proliferation, cell dedifferentiation
and increased cell death [15]. Other cell types involved in glucose homeostasis are also
negatively impacted by prolonged exposure to ROS, including liver, muscle and adipose
tissue, which leads to their cellular dysfunction and contributes to the pathogenesis of
T2D (Table 1). Furthermore, increased oxidative stress is also associated with the develop-
ment of many diabetic complications commonly evident in individuals with T2D. Diabetic
nephropathy is thought to be driven by the chronic accumulation of ROS, which leads to
cellular apoptosis and kidney dysfunction [16]. Similarly, studies in diabetic retinopathy
show that excessive production of ROS locally damages the cells of the microvessel wall,
leading to microvascular cell apoptosis and disruption of the blood supply to the retina [17].
The lack of thermal and mechanical sensation evident in diabetic peripheral neuropathy is
accompanied by an increase in ROS levels in the somatic cells of the sensory nerves and
in the cells at the end of the axon of the peripheral nerves [18]. In addition, an increase
in ROS production is considered an important factor in the development of diabetic car-
diomyopathy, with a clear association between ROS production and monoamine oxidase
in the pathogenesis of cardiomyopathy [19]. Cancer cells are also affected by enhanced
ROS accumulation, which has been proposed as a potential causative effect driving the
increased incidence of cancer in individuals with T2D [20].

Table 1. Beneficial and detrimental effect of ROS production on function/survival of different
cell types.

Effect of ROS

Tissue/Cell Type

Beneficial Detrimental (in T2D)

Pancreatic 3-cell

Liver
Adipose

Muscle

Brain

Decreased glucose-stimulated insulin secretion (GSIS)
Decreased proliferation

Increased cell death [22]

Hepatocyte dysfunction

Decreased glucose production [24]

Essential for adipogenesis [25] Restricted adipocyte differentiation [26]

Reduced force generation and increased muscle
atrophy [28]

Stimulates glucose-stimulated insulin secretion
(GSIS) [21]

Hepatocyte survival [23]

Normal force production [27]

Necessary for synaptic plasticity and cognitive

function [29] Impaired synaptic plasticity and memory function [29]
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Table 1. Cont.

Effect of ROS
Tissue/Cell Type Beneficial Detrimental (in T2D)
Retina Requlrefi for .phys%ologlcal signalling and protective Retinal damage [31]
mechanisms in retina [30]
Essential for maintaining normal vessel Proliferation and migration of vascular smooth muscle
Vessels .
functions [32] cells [32]
Kidney Required for normal kidney cell function [33] Abnormz.al kidney function and chronic kidney disease
progression [33]
Essential of cardiomyocyte homeostasis including Disruption of myocardial calcium handling,
Heart cell proliferation, differentiation, and arrhythmia, inducing hypertrophic signalling,

excitation—contraction coupling [34]

apoptosis, and necrosis [35]

3.2. ROS Generation from Enhanced Glycolysis

Chronic hyperglycaemia is the major driver increasing ROS production via enhanced
flux through metabolic pathways. Glycolysis is the major metabolic pathway for carbo-
hydrate breakdown, converting glucose to pyruvate. As well as producing adenosine
triphosphate (ATP), which is required by the cell for function and survival, glycolysis also
produces many metabolic intermediates that serve as building blocks for other metabolic
pathways. This includes pyruvate, which can be shuttled into the mitochondria for fur-
ther metabolism via the tricarboxylic acid cycle (TCA), and oxidative phosphorylation,
which greatly increases ATP production [36]. Glycolysis also produces metabolites that can
directed into other metabolic pathways such as glycogenesis, gluconeogenesis and lipogen-
esis, depending on the cell type. Fluxes through these metabolic pathways are themselves
heavily influenced by metabolic intermediates as well as via hormonal control [37]. There
are several pathways directly stimulated by enhanced glycolysis that are related to the
overproduction of ROS in response to chronic hyperglycaemia during diabetes (Figure 1),
as summarised under the following subheadings.

AGE pathway =~ AGE
}/ \ Hyperglycaemia
RAGE -
AGE l \ Polyol pathway
- glucose -----» fructose
PKC/ DAG «—— TGchonS|s A
NADPH  pic / NADH/NAD+
e imbalance

oxidase gactivation

/ Mitochondrial metabolism
ATP, Hexosamine pathway
NADPH ¥ terc«—f 708
oxidase ROS glc-6P /» UDP-GIcNAc
}RroS

-/

( ROS overproduction }

Oxidative stress

Figure 1. Pathways involved in the upregulation of reactive oxygen species production in response to
chronic hyperglycaemia. Exposure of cells to chronically elevated glucose concentrations leads to an
increase in glucose metabolism. This contributes to the production of reactive oxygen species via the
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following pathways: (i) Mitochondrial electron transport chain (ETC): increased flux through glycoly-
sis and mitochondrial metabolism enhances the production of nicotinamide adenine dinucleotide
(NADH) and flavin adenine dinucleotide (FADH,). These nucleotides enter the ETC chain, which
functions to produce high amounts of Adenosine Triphosphate (ATP) but also increased Reactive
Oxygen Species (ROS); (ii) hexosamine pathway: increased conversion of fructose-6-phosphate to
uridine diphosphate-N-acetylglucosamine (UDP-GIcNACc) leads to increased N- or O-linked glycosy-
lation of proteins. Enhanced flux through this pathway increases ROS production; (iii) protein kinase
C (PKC) and nicotinamide adenine dinucleotide phosphate (NADPH) oxidase: increased production
of 1,2-diacylglycerol (DAG) leads to the direct activation of PKC. PKC induces ROS production by
directly stimulating mitochondrial ROS production and also by activating NADPH oxidase (NOX),
which is a critical source of ROS; (iv) polyol pathway: activation of the polyol pathway converts
glucose to fructose, reactions that utilise NADPH and generate NADH, leading to an imbalance in
NADH/NAD* redox homeostasis. This creates an oversupply of electron donors to the mitochondrial
ETC, increasing ROS production; (v) advanced glycation end-product (AGE) formation: Glucose and
glycolytic intermediates play a critical role in AGE formation. AGEs can initiate cellular damage via
a number of mechanisms including the production of ROS via AGE receptor (AGE-R) binding to
molecules such as RAGE and AGE-R1, 2 and 3, which leads to the activation of PKC and downstream
accumulation of ROS. Image was created using Biorender.

3.2.1. Mitochondrial Electron Transport Chain (ETC)

In mammals, the mitochondrial ETC is a major source of ROS production. Fol-
lowing the formation of pyruvate by glycolysis, pyruvate can be further metabolised
by the TCA cycle, which produces reducing equivalents in the form of NADH and
FADHj;. These nucleotides are utilised by the ETC chain to produce high amounts of
ATP. The ETC consists of complexes I-IV and two electron transporters, ubiquinone and
cytochrome c. In order to produce ATP by complex V (ATP synthase), the proton gradient
in the mitochondrial inner membrane aids the movement of electrons from complex I
to complex V [38,39]. NADH:quinone oxidoreductase, along with NADH reduction,
plays a key role in maintaining the proton electrochemical gradient in mitochondrial
membranes. This enzyme is an antioxidant protein that, with the help of NADH, as
an electron donor, reduces reactive quinone metabolites and produces NAD*. NADH
by ubiquinone (Q) helps the synthesis of NAD* and ubiquinol (QH2) and causes the
transfer of four protons from the negative side to the positive side of the membrane.
FADH; is also involved in this with the transfer of electrons from NADH and FADH,
to oxygen via the electron transfer chain (ETC) and generation of the proton gradient
driving ATP production [40,41]. During electron transport in the ETC, some electrons
are transferred to O,, resulting in the generation of ROS. Sites in complex I, complex II
and site complex III produce reactive species in the form of superoxide anions (027),
amongst others [42]. In the situation of chronic hyperglycaemia, increased flux through
glycolysis and mitochondrial metabolism results in the production of excess ROS, which
is associated with mitochondrial respiration failure [43]. This failure further exacerbates
ROS production and drives greater mitochondrial dysfunction [44].

3.2.2. Hexosamine Pathway

Under basal conditions, about 5% of glucose metabolised inside the cell enters the
hexosamine pathway. During this process, the glutamine fructose-6-phosphate amino-
transferase isoform 1 (GFAT1) enzyme catalyses the conversion of fructose-6-phosphate (a
glycolytic intermediate), glutamine, acetyl coenzyme A and nucleotides to produce uridine
diphosphate-N-acetylglucosamine (UDP-GIcNAc), which is used for N- or O-link glyco-
sylation of proteins [45,46]. These post-translational modifications regulate key cellular
responses, including the stress response, the immune response, cell growth and viability, as
well as acting as a nutrient sensor. Importantly, flux through the hexosamine pathway is
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also further stimulated by ROS, notably superoxide, and the pathway is also a source of
ROS itself. Studies in pancreatic 3-cells show that activation of this pathway leads to 3-cell
dysfunction via enhanced ROS production, whilst studies in endothelial cells showed a
similar effect [45,47,48].

3.2.3. Protein Kinase C and NADPH Oxidase

Protein kinase C (PKC) is a serine/threonine tyrosine kinase involved in cell division,
proliferation, and survival [49]. Glyceraldehyde-3-phosphate (G3P), a metabolic inter-
mediate of the glycolysis pathway, can be converted to 1,2-diacylglycerol (DAG), which
leads to the direct activation of PKC. PKC induces ROS production by directly stimulating
mitochondrial ROS production through binding to cytochrome c to act as a ROS-generating
system [50]. PKC can also induce ROS production by activating nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase (NOX), which is a critical source of ROS and a
mediator for redox signalling [51]. NOX resides in a dissociated form in its resting state, but
upon activation, NOX produces ROS through the reduction of oxygen and simultaneous
oxidation of NADPH, resulting in the formation of O, ~, which can be further converted to
other ROS, including H,O;. Seven isoforms of NOX have been identified in humans: NOX1-
5, and dual oxidase (DUOX)1-2 [52]. Chronic hyperglycaemia activates NOX isoforms, in
part via the activation of PKC, leading to increased ROS production [53]. Enhanced ROS
production via NOX activity has been reported to be associated with microvascular diabetic
comorbidities, including diabetic retinopathy and diabetic kidney disease, as well as (3-cell
dysfunction [54].

3.2.4. Polyol Pathway

Enhanced glucose metabolism resulting from hyperglycaemia can lead to activation
of the polyol pathway, also designated the sorbitol pathway [55-57]. Here, glucose is
converted to sorbitol, which is then converted to fructose, reactions that utilise NADPH
and generate NADH, respectively [58]. Upregulation of this pathway can lead to an
imbalance in NADH/NAD™ redox homeostasis, the consequence being an oversupply of
electron donors to the mitochondrial ETC. This increases complex I activity, leading to
increased superoxide production and ROS imbalance. Indeed, the role of this pathway
in T2D is significant, with 30% of glucose thought to flux through the polyol pathway
during extreme hyperglycaemia in the ocular lens [59]. The resulting ROS production and
redox imbalance lead to oxidative damage to DNA, lipids and proteins and aggravate the
complications of diabetes [60].

3.2.5. AGE Formation

Advanced glycation end-products (AGEs) are formed via a spontaneous reaction
involving nucleophilic addition between free amino groups of a protein or nucleic acid
with the carbonyl group of a reducing sugar. The resulting Schiff bases can undergo
transformation into Amadori products to produce AGEs [61]. The primary initiating event
for this process is intracellular hyperglycaemia. Glucose and glycolytic intermediates,
including glyceraldehyde 3-phosphate and dihydroxyacetone, play a critical role in AGE
formation, leading to the generation of numerous AGE products, including carboxymethyl-
lysine (CML), pentosidine, and methylglyoxal-lysine dimer (MOLD). AGEs can initiate
cellular damage via a number of mechanisms, including the production of ROS via AGE
receptor (RAGE, AGE-R) binding to molecules such as RAGE and AGE-R1, 2 and 3, which
leads to the activation of PKC and downstream accumulation of ROS [62]. The role of
AGE as an accelerator of oxidative stress contributes to the development of T2D and its
associated complications [63].
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It is necessary to mention that there are other reactions in glucose metabolism that
can also produce ROS, to varying degrees. They include pyruvate dehydrogenase [64],
aconitase [65], 2-oxoglutarate dehydrogenase [66], Sn-glycerol-3-phosphate dehydroge-
nase [67], dihydroorotate dehydrogenase [67] and p66shc/cytochrome-c [50], but, in the
interests of space, these pathways are not discussed in any greater detail in this review.
Furthermore, lipid-derived oxidative pathways also contribute to metabolic dysfunction
in T2D, particularly given the important role that excess lipid plays in the pathogenesis
of T2D [68]. However, in the interests of space and to maintain conceptual coherence, this
review focuses specifically on glucose-induced ROS generation and hyperglycaemia-driven
oxidative pathways.

The pathways discussed in detail above demonstrate that hyperglycaemia does not
simply elevate ROS as an isolated event; rather, it initiates a coordinated network of
metabolic and redox disturbances that reinforce one another over time. Multiple glucose-
driven pathways converge to amplify oxidative stress, creating a self-sustaining cycle of
metabolic disruption. Within this framework, ROS production in T2D functions both as
a downstream consequence of hyperglycaemia and as an active contributor to further
metabolic deterioration. This bidirectional relationship progressively compromises beta
cell integrity and establishes the biochemical conditions that underlie beta cell failure and
the development of diabetic complications.

4. Mechanisms to Preserve Redox Homeostasis

Given the impact of enhanced glucose metabolism on ROS production, it is not sur-
prising that several compensatory mechanisms exist to prevent damage via these pathways
and protect cells from oxidative stress.

4.1. Redox Homeostasis

Maintenance of redox homeostasis is essential to ensure the retention of cellular
function. Redox homeostasis is dependent on a balance between electrophiles and nucle-
ophiles [69,70]. Cells use several biochemical pathways to establish redox homeostasis. In
this regard, glutathione tripeptide (GSH) and its oxidized form (GSSG) have an important
role as redox couple buffers [71]. Other antioxidant enzymes, including SOD, peroxisomal
CAT, GPx, Trx, glutaredoxin (Grx) and glutathione peroxidases, all play an important role in
creating a redox balance, protecting cells against exogenous and endogenous toxins [72-74].
Expression of genes related to redox homeostasis is regulated by the nuclear factor erythroid
2-related factor 2/Kelch-like ECH-associated protein 1 (Nrf2/Keap1) pathway [75]. Nrf2
binds to the promoter region of several genes via the antioxidant response element (ARE)
to initiate the transcription of various cytoprotective enzymes, including antioxidants as
well as enzymes involved in the pentose phosphate pathway and subsequently NADPH
production. Furthermore, many of the genes induced by Nrf2 activation encode enzymes
that catalyse additional reactions that produce NADPH, including glucose-6-phosphate
dehydrogenase (G6PDH), 6-phosphogluconate dehydrogenase (PGD), isocitrate dehydro-
genase (IDH1) and malic enzyme (ME1). This further stimulates the cellular reducing
power to establish a redox balance [76]. Some dietary compounds that aid the control of
blood glucose homeostasis activate Nrf2. Most of these compounds are of plant origin,
such as curcumin, sulforaphane, resveratrol and vitamin D [77].

4.2. Downregulation of Glycolytic Enzyme Activity by ROS/Hyperglycaemia

An imbalance in the cellular redox balance towards oxidative stress can impact the
activity of enzymes involved in both glycolysis and the TCA cycle [78]. Several glycolytic
enzymes are inhibited by accumulating levels of ROS. This includes key enzymes such as
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glucokinase (GCK), phosphofructokinase-1 (PFK1), glyceraldehyde 3-phosphate dehydro-
genase (GAPDH), and pyruvate kinase (PK). It is assumed that this resulting inhibition of
glycolytic flux has a positive impact on redox homeostasis by increasing flux via the pen-
tose phosphate pathway, which increases NADPH production, improving the antioxidant
activity within the cell [78]. However, it should be noted that the decrease in the activity of
glycolysis enzymes can also lead to disruption of cellular antioxidant defences [79,80], and
glycolysis suppression has also been shown to be associated with increased ROS accumula-
tion [81]. Clearly, the relationship between suppression of glycolytic activity and the redox
status is complex.

4.2.1. Glucokinase

Glucokinase (GCK), also termed hexokinase 1V, is a key regulator of blood glucose
homeostasis. It is one of four isoenzymes of the hexokinase enzyme, which phosphorylates
glucose to glucose 6-phosphate, the first step in glycolysis. GCK differs from hexokinases
I-IT in its specialised kinetics, showing the low affinity of glucose (S0.5 ~ 7-8 mM glucose),
sigmoidal kinetics with respect to glucose (Hill coefficient ~ 1.7-1.8) and lack of product
inhibition [82]. These kinetics confer sensitivity to changes around the physiological glu-
cose concentration, consistent with its role in regulating blood glucose homeostasis. GCK
is expressed in tissues with key roles in blood glucose regulation, including parenchy-
mal hepatocytes, glucose-sensing islet endocrine cells (pancreatic 3 and «-cells), L and
K-cells in the gut, as well as specialised neurons in the brain. The activity of GCK is
regulated at both the transcriptional and post-transcriptional levels. Transcriptional con-
trol is dictated by the promoter, which differs between the liver (downstream promoter)
and endocrine cells (upstream promoter) [82]. Whilst there is no evidence for ROS im-
pacting transcriptional regulation, both promoters are regulated by elevated intracellular
glucose concentrations [83,84]. Insulin-induced upregulation of liver GCK transcription
is inhibited by high glucose concentrations [85], whilst chronic hyperglycaemia inhibits
expression of (3-cell GCK [86]. GCK activity is also regulated post-translationally. In the
liver, GCK binds to its inhibitory protein, GCKR, which inhibits GCK activity and translo-
cates the complex to the nucleus. GCK-GCKR binding is dependent on carbohydrate
metabolism, with fructose 6-phosphate and fructose 1-phosphate promoting and inhibiting
binding, respectively [83]. GCK is also activated by binding to the bifunctional enzyme
6-phosphofructo-2-kinase /fructose 2,6-bisphosphatase (PFKFB), which occurs more readily
at high glucose concentrations [87,88]. The nutritional status also determines the binding
of GCK to the BCL2-associated agonist of cell death (BAD), via phosphorylation of BAD at
Ser155, which in turn activates GCK [89]. There is also evidence suggesting that oxidative
stress could also impact GCK activity. Several naturally occurring mutations in the human
GCK gene showed increased susceptibility to protein instability induced by increasing
oxidative stress within a 3-cell model [90]. Given that the GCK protein contains 13-reduced
cysteine residues that are essential for its activity, modulation of enzyme activity by the
cellular oxidative status may play an important regulatory role.

4.2.2. Glyceraldehyde 3-Phosphate Dehydrogenase (GAPDH)

The conversion of glyceraldehyde 3-phosphate to 1,3-bisphosphoglycerate, the sixth
step in glycolysis, is catalysed by GAPDH, through a reaction that involves the conversion
of NAD* to NADH [91]. Whilst the glycolytic function of GAPDH is localised to the
cytosol, there are also distinct pools of GAPDH located within the mitochondria, nucleus
and membranes, where GAPDH functions in vesicle biogenesis, cell signalling and DNA
replication, amongst other functions [92]. Whilst there are limited details of GAPDH
regulating the redox status in insulin-releasing or sensitive tissues, studies in cancer cell
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models report evidence for a GAPDH redox switch. The diverse functions of GAPDH are
dependent on post-translational modifications, including oxidation of cysteine residues.
The cysteine residue located in the active-cite of GAPDH (Cys152) has been shown to
be reversibly S-thiolated by H,O,. This leads to enzyme inactivation and aggregation of
GAPDH, limiting metabolic capacity, and thus leading to decreased ETC function and
decreased ATP production [93]. The H,O, reactivity of Cys152 is higher than other protein
thiols, leading to the designation of oxidation at Cys152 of GAPDH as a redox switch.
Recent studies in cancer cell models lacking this GAPDH redox switch show it to be
essential for the activation of the pentose phosphate pathway, NADPH regeneration, and
accordingly, maintenance of oxidative homeostasis [94]. Mouse models of the Cys152-
defective redox switch display altered energy metabolism, with evidence for decreased
fatty acid synthesis and increased fatty acid uptake and p-oxidation. GAPDH activity is
also regulated by nutrient availability. Under glucose-deprived conditions, GAPDH is
methylated by coactivator-associated arginine methyltransferase 1 (CARM1), leading to
the inhibition of GAPDH activity [94].

4.2.3. Phosphofructokinase-1 (PFK1)

PFK1 catalyses the transfer of a phosphoryl group from ATP to fructose 6-phosphate,
leading to the formation of fructose 1,6-bisphosphate and ADP [95]. Fructose 6-phosphate
can also be converted to fructose 2,6-bisphosphate (F26P,) by the bifunctional enzyme
6-phosphofructo 2-kinase/fructose 2,6-bisphosphatase (PFKFB), and notably, F26P; is the
most potent allosteric activator of PFK1, facilitating glycolytic flux in the liver [96]. There
are four isoforms of PFKFB encoded by genes PFKFB1-4. There is increasing evidence
that PFKFB3 activity may be regulated by the ROS status, impacting on F26P; levels in
cancer cells. The expression of PFKFB3 is regulated by ROS production in a cell-based
model of acute myeloid leukaemia, with enhanced ROS production leading to increased
PFKFB3 expression, which was required for ROS-mediated proliferation [97]. F26P; levels
can also be controlled in cancer cells by TP53-induced glycolysis and apoptosis regulator
(TIGAR), which shows high homology with the bisphosphatase domain of PFKFB and
acts to degrade F26P;. Thus, changes in TIGAR expression can regulate glycolytic flux in
cancer cells. Increased ROS triggers activation of the tumour suppressor gene, p53, which
acts to increase TIGAR expression and its activation [98,99]. This lowers F26P,, leading to
decreased activation of PFK-1 and decreased flux through glycolysis, in turn leading to
lower levels of downstream ROS production. Consequently, glycolytic metabolites will be
diverted to alternative metabolic fates, including the pentose phosphate pathway, leading
to increased production of NADPH, which acts to preserve the redox status [98].

4.2.4. Pyruvate Kinase (PK)

PK catalyses the conversion of phosphoenolpyruvate and ADP to pyruvate and ATP,
the final step in glycolysis. There are four isoforms of PK, two derived from the PKLR gene
(PKL, PKR) and two from the PKM gene (PKM1, PKM2). The majority of research linking
PK and oxidative stress stems from knowledge around PKM2 in cancer cell models [100].
H,0,, diamide and hypoxia oxidises Cys358 of PMK2 lead to decreased levels of the active
tetramer, decreasing PK activity [101]. Mutation of Cys358 to prevent oxidation preserved
the activity of PKM2 under oxidative stress. It is presumed that oxidation of PKM2 is a
protective mechanism to prevent further ROS production, since PKM2 inhibition decreased
glycolytic flux and increased the pentose phosphate pathway, leading to increased NADPH
production and maintenance of the redox balance [101-103].
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4.3. Regulation of Glucose Metabolism via Protein Oxidation

Recent data has uncovered an additional mechanism for the regulation of glycolytic
flux by ROS/oxidative stress. The glucose-induced increase in ROS production in pancre-
atic 3-cells was shown to induce oxidation of cysteine residues in the majority of glycolytic
enzymes, as well as most of the TCA cycle enzymes and members of the mitochondrial
respiratory chain. Interestingly, thiol oxidation was associated with a higher incidence
of other post-translational modification in the vicinity of the oxidised cysteine residue,
including ubiquitination, phosphorylation and acetylation. It is predicted that these modifi-
cations are critical for flux through glycolysis, coupling with mitochondrial metabolism and
insulin secretion, and thus play an integral role in 3-cell homeostasis [104]. Further work is
required to understand the significant impact of these post-translational modifications.

The compensatory responses outlined above illustrate that cells actively adjust both
their antioxidant defences and metabolic fluxes in the face of rising oxidative stress. These
adaptations underscore that the cellular redox status in T2D is not a passive reflection
of ROS exposure but a regulated, multilayered process. Redox homeostasis emerges
from the coordinated interplay of metabolic reprogramming, post-translational enzyme
modification, and transcriptional control, all of which act to preserve the cellular function
under chronic metabolic strain. As the disease progresses, however, these protective
mechanisms become insufficient, ultimately contributing to the loss of cellular resilience
characteristic of advanced T2D.

5. Role of Nuclear Factor-«B (NF-«xB)

Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«kB) is a multi-
faceted transcription factor that plays a central role in redox homeostasis. The relationship
between NF-«B and redox signalling is complex, with ROS having both inhibitory and
stimulatory roles over NF-«B signalling and NF-«B having both pro- and antioxidant
roles [105,106]. Investigating the relationship between NF-kB and ROS is necessary to un-
derstand the effect of ROS on glycolysis and glucose metabolism, as well as the perception
of the relevant transcriptional control by NF-«B.

5.1. Function of NF-xB in Relation to ROS and Its Transcriptional Activity

As its role is as a transcription factor, NF-«kB plays a key role in regulating many
cellular pathways, including cell survival, proliferation and differentiation [107-109]. This
impacts many cellular systems, including the innate immune response, inflammation and
organ development. NF-kB consists of five structurally related proteins, including the
NF-kB subfamily, with p50 and p52, and the reticuloendotheliosis protein (REL) subfamily,
with RelA, RelB and c-Rel, which form various homo- or hetero-dimers. The interplay
between varying combinations of these subunits drives signalling through the canonical sig-
nalling pathway, which mediates inflammatory responses, and the non-canonical pathway,
which is more classically involved in cell differentiation and maturation. The subcellular
location and activity of these complexes are regulated by binding to numerous inhibitory
proteins, the most well characterised being Inhibitor of kB (IkB). Once activated, the NF-
kB complexes regulate gene transcription by binding to gene targets via a specific DNA
element known as a kB enhancer [107-109].

The heterodimers comprising the NF-«B complex can be directly modified by oxi-
dation, which has a varying impact on NF-«B signalling. This includes oxidation of a
cysteine residue (Cys62) within p50, leading to decreased DNA binding, whilst oxidation-
mediated phosphorylation of Ser-276 on RelA stimulates binding to some target DNA
sequences [110]. Furthermore, the redox active protein thioredoxin can also block the
degradation of the inhibitory protein IkB, relieving the inhibition of NF-«B activity, and
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thus allowing increased binding to gene targets [111]. In addition, the activity of I-kB is
also regulated by LC8 in an oxidation-dependent manner. Oxidation of LC8 causes its
dissociation from I«B, leading to subsequent activation of NF-«B signalling [105]. Kinases
upstream of the NF-kB pathway are also regulated by redox signalling. H,O, induced the
PI3K/PTEN/ Akt pathway, leading to NF-kB modulation via its impact on inhibitor of kB
kinase (IKK) activity [112]. Interestingly, HyO, also prevented the tumour necrosis factor-o
(TNFo)-mediated stimulation of IKK activity, which prevented IkB degradation [112].

5.2. NF-xB-Dependent Regulation of Glycolysis

NF-kB is involved in the regulation of numerous metabolic pathways, including co-
ordinating the balance between glycolysis and mitochondrial respiration via regulation
of the ‘Warburg’ effect, a known phenomenon whereby cancer cells increase glucose
uptake and preferentially metabolise glucose anaerobically, leading to increased lactate
production rather than downstream aerobic mitochondrial metabolism, and thus limiting
ROS production [113]. The importance of NF-kB in this important cancer-progressing
process was highlighted by the finding that knockdown of RelA prevented the p53-induced
increase in anaerobic glucose metabolism [114]. In addition, hyperactivity of NF-«kB has
been shown to impact the activity of enzymes in glycolysis, resulting in an imbalance
in glycolytic flux [115], thus confirming an impact on this pathway. Importantly, NF-«B
has been shown to play a critical role in downregulating the expression of key glucose
transporters (GLUT1/2) and also GCK in pancreatic 3-cells in response to IL-13 exposure,
which leads to impaired -cell function [116-118]. Meanwhile, activation of NF-«B in the
liver decreases glycolytic flux and alters glycolytic gene expression [119,120].

Further studies using cancer models have identified RelA as an intrinsic checkpoint
that favours metabolism via mitochondrial oxidative phosphorylation by restricting aerobic
glycolysis [121]. This conflicting data is perhaps partially explained by signalling via the
non-canonical and canonical pathways, which promotes oxidative metabolism [122] or
favours anaerobic glucose metabolism [123], respectively. Although evidence for direct
associations between NF-«B and glycolytic genes is currently limited in all cell models,
several mediators of NF-«B signalling have been identified to regulate glycolytic enzyme
expression/activity. NF-kB-inducing kinase (NIK), a mediator of the non-canonical NF-«B
pathway, has been identified as an essential regulator of energy metabolism in T-cells by
preventing the autophagic degradation of hexokinase II [124]. Interestingly, NIK was able
to stabilise hexokinase II protein by driving the production of NADPH, promoting the
activity of G6PDH, and leading to lowered ROS production. Other glycolytic enzymes are
also modulated by NF-«B and its modulators. In colorectal cancer cells, inflammatory me-
diators occurring secondarily to enhanced NF-«B signalling upregulated the expression of
Snail, a transcriptional regulator, which in turn upregulated hexokinase 3 expression [125].
Furthermore, the upstream regulator of NF-«B activity, IKKf3, which is a component of the
IKK complex, has been shown to bind and phosphorylate PFKFB3, leading to inhibition of
PFKFB3 activity and decreased glycolysis.

NF-«B can also act on flux through glycolysis by altering signalling through hormonal
mediators of blood glucose homeostasis. Some of these effects are beneficial, such as the en-
hancement of glucose-stimulated insulin secretion in the pancreatic 3-cells, which appears
to be important for appropriate insulin responsiveness [126]. However, some responses are
pathogenic, including NF-kB-mediated inflammation, which decreases insulin sensitivity
of peripheral tissues and is thought to contribute to the pathogenesis of T2D [127]. This is
highlighted by forced expression of constitutively active IKKf to increase NF-kB activity,
which led to inflammation and insulin resistance [127]. Insulin plays a key role in regu-
lating the translocation of certain glucose transporters to the plasma membrane to permit
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glucose entry; enhancing the expression of liver glucokinase; and activating liver PFKFB1
kinase activity to increase F26P; levels. Insulin resistance, induced in part via NF-«B, will
negatively impact these pathways [128].

5.3. NF-xB, ROS and Glycolysis in Diabetes

Signalling through NF-«B has been shown to impact the pathogenesis of T2D via the
upregulation of pro-inflammatory pathways. However, its role is complex, showing both
tissue-specific effects as well as dependence on the stage of disease progression [129]. Dur-
ing the early stages of diabetes, moderate ROS production and controlled NF-«B activation
are cytoprotective and offer cell-specific protective effects, such as anti-apoptotic signalling
and tissue repair, depending on the cell type (Table 2). However, as T2D progresses, NF-«B
signalling is chronically activated, and this mechanism is strongly implicated in driving
insulin resistance, 3-cell failure and the development of diabetic complications (Table 2).

Table 2. NF-kB activation in type 2 diabetes: Adaptive vs. detrimental roles in different cell types.

Effect of NF-kB Activity

Tissue/Cell Type

Early/Adaptive NF-kB (Acute)

Late/Pathological NF-kB (Chronic)

Pancreatic -cell

Liver

Skeletal muscle
Adipose tissue

Vasculature
Kidney
Heart

Retina
Brain

Anti-apoptotic, adaptive stress response [130]

Cytokine production, dedifferentiation,
apoptosis, impaired glucose-stimulated
insulin secretion (GSIS) [116-118].
Insulin resistance, chronic inflammation,

Metabolic adaptation [131]

Tissue repair, innate immune response [132]
Remodelling, innate immune response [134]

fibrosis [119,120]
Insulin resistance [132,133]
Insulin resistance, lipid deposition [128]

Immune surveillance, endothelial adaptation [135]
Tissue repair, innate immune response [138]
Anti-apoptotic, tissue adaptation [140]

Immune surveillance [142]
Innate immune response, synaptic plasticity [144]  Insulin resistance, neuroinflammation [145]

Endothelial dysfunction, vascular
complications [136,137]

Podocyte injury, fibrosis, albuminuria [139]
Inflammation, fibrosis, impaired contractile
function [141]

Leukostasis, neovascularisation [143]

Focusing on insulin resistance, mice with heterozygous deletion of IKK(3 were pro-
tected from both diet-induced and genetic obesity [128], whilst liver-specific expression
of constitutively active (CA) IKKf caused systemic insulin resistance and glucose intoler-
ance [131]. These studies highlight the essential role for NF-«kB signalling in the inflamma-
tory response involved in insulin resistance, which is involved in the pathogenesis of T2D.
Furthermore, NF-«B signalling also impacts on (3-cell function/survival in T2D pathogene-
sis. 3 cell-specific overexpression of NIK results in spontaneous diabetes in male mice at a
young age (>10 weeks of age), which is likely due to insulin deficiency, 3-cell death, and
insulitis [146]. However, it should be noted that follow-up studies involving 3-cell-specific
knockout of NIK showed that NIK silencing had no impact on the incidence of diabetes
in mice fed either chow or a high-fat diet and had no effect on glucose metabolism [147],
warranting future investigations in this area.

Considering that NF-kB is regulated by ROS signalling, it is unsurprising that NF-«B is
upregulated by conditions associated with high rates of glucose metabolism. Activation of
NF-kf is associated with the high level of AGEs, their receptors (RAGEs) and ROS [148,149],
with the AGE-RAGE pathway directly increasing ROS via NF-«B production, leading to
cellular impairment by directly damaging cellular components like proteins, lipids and
DNA. On the other hand, research has also shown that in hyperglycaemic conditions, it is
the increase in ROS production that leads to NF-«kB-induced inflammation and eventual
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cellular damage [150]. NF-«B also plays a role in regulating glycolysis in diabetic nephropa-
thy. In this regard, NF-kB regulates the activity of HIF-1« a, which increases glycolytic
metabolism via activation of hexokinase-1 (HK1) activity [151].

5.4. The Interaction Between NF-kB and ROS

The correlation between the NF-«B signalling pathway and ROS has always been
a matter of debate and has been accompanied by various and sometimes contradictory
scientific findings. In one study, chronic upregulation of ROS production, induced via
alterations in gene expression, reduced inflammatory cytokines and decreased NF-«kB
in macrophages [152]. On the other hand, other studies have inferred a direct correla-
tion between ROS levels and NF-«kB activity, where a decrease in both acute and chronic
ROS production was associated with a decrease in NF-«B activity [153-156]. Further-
more, 24 h exposure to anti-inflammatory compounds reduced ROS production and also
prevented the activation of the NF-«B pathway in microglial cells [157]. Some of these
compounds regulate inflammation by inhibiting cytokines that are associated with activa-
tion of the NF-«B signalling pathway [158], including in skeletal muscle [159], although
some inflammatory-modulating compounds altered NF-kB activation without impacting
ROS levels in fibroblasts [160]. Clearly, ROS regulate NF-«B in a highly context-, duration-
and cell type-specific manner. When focusing on tissue involved in the pathogenesis of
T2D, chronically upregulated ROS production was associated with activation of NF-xB
activity, and downstream inhibition of GSIS in pancreatic 3-cells [161]. Similarly, chronic
exposure to pro-inflammatory cytokines increased ROS production and NF-«B activation
and impaired B-cell function [162]. Studies in liver, adipose and skeletal muscle show
similar patterns, where chronic exposure to increased ROS production is associated with
NF-«B activation, leading to detrimental changes in gene expression, inflammation, fibrosis
and tissue degeneration [163-165].

There is also a direct relationship of NF-kB with the Nrf2/Keapl pathway, which
regulates redox homeostasis. Activation of Nrf2 in both pancreatic (3-cells and the
liver increases the expression of numerous antioxidants, leading to lowered IKKf{ ac-
tivation and decreased NF-«kB signalling [166,167]. In other cell types, Keapl also in-
duces NF-«B degradation by interacting with IKKf3, which subsequently regulates NF-«B
activity [168,169]. Mutations in KEAP-1 are associated with increased TNF« activity, a key
activator of NF-«B activity, in lung cancer cells, where mutant forms of Keap-1 interact more
strongly with the TNF« receptor [170], leading to increased TNFa-mediated signalling and
increased NF-kB activity. Meanwhile, other studies suggest that the interaction between
NF-kB and Keap-1 decreases NF-«B expression [171].

5.5. Impact of Glycolytic Enzyme Activity on NF-xB Activity

The impact of glycolytic enzyme activity on NF-«B, and vice versa, manifests in dif-
ferent ways. Based on research on osteoblasts treated with porphyromonas gingivalis
lipopolysaccharide, enhanced glycolysis, via hexokinase 2, increases the expression of
NEF-«B ligand receptor activator [172]. Also, elevated expression of GAPDH promoted
NF-«B activity [173], whilst enolase also activated the NF-«kB pathway, causing cell prolifer-
ation and invasion, a potential target in breast cancer treatment [174]. Phosphoglycerate
mutase also modulates macrophage activation and is associated with the positive reg-
ulation of nuclear factor-kappa light chain enhancer of activated p50 [175]. Evidence
linking glycolytic enzyme activity with NF-«B in tissues associated with T2D pathogen-
esis is limited. However, changes in PFKFB3 expression in the liver, adipose tissue and
kidney are associated with activation of NF-kB [176-178]. As the role of NF-«B in cell
metabolism becomes more apparent, the importance of this cell signalling pathway in
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the pathogenesis of T2D becomes a more prominent research question. Further work is
required to explore the impact of NF-«kB on biochemical parameters and phenomena in both
physiological and pathological conditions, such as the expression of glycolytic genes of
hexokinase 2 and other enzymes of glycolysis, energy metabolism, autophagy, cytokines
and hormonal mediators of blood glucose homeostasis like insulin.

6. Redox-Targeted Strategies for the Treatment of T2D

Owing to the central role of redox imbalance in the pathogenesis of T2D and the
development of its complications, it was assumed that enhancement of antioxidant activity
would improve glycaemic control and reduce the development of complications in diabetes.
However, despite apparent success in cell-based and rodent model systems, clinical studies
have failed to show any meaningful benefit of antioxidant supplements [179]. Large,
randomised control trials of oral vitamin C and E supplements were unable to prevent the
onset of T2D, and similarly, had minimal effect on glycaemic control or on the development
of diabetic complications [179-182]. Similar trials utilising the antioxidant N-acetylcysteine
(NAC) also had minimal effect on glycaemic control, although these studies did report
some protection from the development of diabetic complications [183]. This disconnect has
shifted the field away from non-specific ROS scavenging toward more pathway-focused
redox modulation [179].

Selectively targeting ROS production by targeting specific ROS production pathways
has gained traction in recent years for the treatment of diabetic complications, with selective
NOX inhibition showing protection in preclinical animal models of nephropathy and
vascular dysfunction [184,185]. However, early clinical evaluation of NOX inhibitors in
metabolic disease has so far not yielded clear, practice-changing benefits [186]. A key issue
is likely to be redox redundancy: mitochondrial ROS, xanthine oxidase, and advanced
glycation pathways can compensate when one source is blocked. In addition, NOX-derived
ROS participates in physiological signalling, including GSIS and insulin action, making
chronic systemic inhibition unfeasible [187]. However, a new generation of selective NOX
inhibitors shows higher isoform selectivity with good safety profiles and demonstrates
strong anti-inflammatory effects in some cell systems [186]. Clinical trials exploring such
inhibitors are ongoing for diabetic kidney disease and vascular complications.

Targeting NF kB itself is a potential therapeutic approach for the treatment of type 2
diabetes and its complications, particularly given its critical role in inflammation, nutrient
stress and insulin signalling [161-165]. However, NF-«B signalling is multi-faceted, with
key roles in immunity, tissue repair and stress response. Therefore, system inhibition is a
difficult balance to achieve. Inhibition of IKK( activity using salsalate to dampen NF-kB
activation improved glycaemia in individuals with T2D but also increased circulating lipids
and induced mild hypoglycaemia [188]. Similarly, targeting upstream IL-1{ signalling via
antibody therapy had no impact on glycaemia in T2D [189].

An alternative strategy is to modulate metabolism upstream of ROS generation rather
than scavenge ROS directly. Metformin, for example, acts to inhibit complex I in the
mitochondrial ETC in the liver, leading to activation of AMPK, which enhances insulin
sensitivity and decreases hepatic glucose production [190]. As a byproduct of complex I
inhibition, metformin exerts context-dependent antioxidant effects by limiting mitochon-
drial ROS and improving the redox balance [190]. However, it should be noted that its
clinical success is primarily attributed to metabolic rather than antioxidant actions. Other
approaches to modulate metabolism include the utilisation of dietary compounds such as
polyphenols (e.g., resveratrol and curcumin) that act as cellular antioxidants, notably by
scavenging ROS and increasing antioxidant enzyme expression via Nrf2 activation [191].
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Clinical studies report a decrease in biomarkers of oxidative stress but only modest and
heterogeneous effects on glycaemic control in T2D [192,193].

Although each of the approaches described above have shown mechanistic promise for
treating T2D and its complications, their clinical impact has been largely limited by safety
concerns, metabolic compensation and lack of tissue specificity. Targeting the redox balance
remains an attractive approach, but it is essential that future therapies are designed to
modulate redox signalling in a targeted and context-dependent manner without disrupting
essential physiological functions.

7. Discussion

Molecular studies exploring the underlying pathogenesis of T2D have identified
important roles for ROS and NF-«B signalling in this process, although these are often
context-specific and also sometimes contradictory. Under physiological conditions, ROS
function as a metabolic signal, modulating pathways such as glycolysis and contributing to
normal insulin secretion and insulin sensitivity [12,13]. However, these effects occur within
anarrow concentration range, which is highly dependent on the type of cells and their redox
balance. In some tissues, even modest deviations can shift ROS from signalling molecules
to drivers of cellular stress, a situation evident in many tissue types in T2D [14]. Currently,
the threshold at which ROS shifts from critical signalling components to mediators of
cellular injury remains poorly defined. This ambiguity complicates attempts to distinguish
adaptive redox signalling from early pathological stress.

The relationship between ROS and NF-«B is similarly nuanced. ROS can either activate
or suppress NF-kB depending on the cellular redox state, the specific ROS involved, and
the tissue type [116-118,130-145]. Although NF-«B has been implicated in metabolic repro-
gramming [3], the mechanistic basis for this remains incompletely understood, and many
proposed links rely on correlative rather than causal evidence. The extent to which NF-«B
directly regulates glycolytic enzymes versus exerting indirect effects through inflammatory
or stress response pathways remains an active area of debate.

In T2D, chronic hyperglycaemia disrupts the delicate balance between physiological
and pathological redox signalling [14]. Excess glucose alters glycolytic flux, impairs (3-cell
function, reduces insulin secretion, promotes insulin resistance and drives the development
of numerous diabetic complications [14-20]. The functional status of NF-kB and ROS
shifts from a physiological state to a pathological state, with T2D being associated with
increased ROS production, as well as upregulation of NF-«kB activity, both contributing to
inflammation, mitochondrial dysfunction, and impaired metabolic flexibility [107]. Yet it
remains uncertain whether these changes are primary drivers of disease progression or
secondary responses to metabolic stress.

The interplay between ROS and NF-«B in dysregulated glucose metabolism is dy-
namic and bidirectional (Figure 2). Each influences the other, but both also affect multiple
nodes within glycolysis and broader metabolic networks. Mapping these interactions
highlights the degree to which redox signalling and inflammatory transcriptional control
are intertwined but also exposes significant gaps in our understanding. For example,
while hyperglycaemia-induced ROS can modulate glycolytic enzymes [78], the extent
to which NF-«kB directly shapes glycolytic flux remains unresolved. Similarly, although
both pathways influence (-cell survival, insulin signalling, mitochondrial electron trans-
port, and ATP production, the causal hierarchy among these processes is still debated [3].
Furthermore, NF-kB-dependent metabolic changes extend beyond classical inflammatory
pathways. Some studies suggest that NF-kB can influence lactate production and gly-
colytic bias, echoing features of the Warburg effect observed in proliferative or stressed
cells [113-115]. However, whether a true “Warburg-like” phenotype exists in T2D remains
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controversial, and current evidence is insufficient to determine whether these metabolic
shifts are adaptive, maladaptive, or merely symptoms of broader cellular stress.
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Figure 2. Compensatory downregulation of ROS production in response to increased glucose
metabolism: Potential role for NF-«B signalling. Exposure of cells to chronically elevated glucose
concentrations lead to an increase in glucose metabolism, which in turn increases ROS production
via mechanisms identified in Figure 1. To maintain cellular homeostasis, several mechanisms are
upregulated to decrease ROS production: (i) activation of the Nrf2/Keapl pathway leading to
increased transcription of antioxidant enzymes and enzymes involved in the pentose phosphate
pathway to increased NADPH production; (ii) decreased expression or inhibition of activity of
key enzymes involved in glycolysis, including glucokinase, GAPDH, PFK1 and PK. This leads to
decreased glucose metabolism via glycolysis, whilst also increasing flux into the pentose phosphate
pathway, which increases production of NADPH. Together, these actions lead to a decrease in ROS
production. NF-«B also acts to regulate ROS production. There is evidence that increased ROS
production stimulates NF-«B activity, leading to increased transcription of target genes (although
it should be noted that increased ROS production has also been shown to inhibit NF-«B activity).
One of the actions of increased NF-«B target transcription is the Warburg effect, which preferentially
increases anaerobic glycolysis via the conversion of pyruvate to lactate, which limits mitochondrial
metabolism of pyruvate, leading to decreased mitochondrial ROS production. In addition, NF-
kB has been shown to alter glycolytic enzyme activity to modulate glucose metabolism, although
whether this reflects a decrease or increase in flux is dependent of the cell type/cellular conditions.

(+) refers to stimulation of the pathway; (—) refers to inhibition of the pathway. Image was created
using Biorender.

8. Conclusions

A comprehensive understanding of T2D pathogenesis requires detailed investigation
of the interplay between ROS and NF-«B signalling, particularly in the context of glucose
metabolism. Growing evidence shows that these pathways interact bidirectionally to influ-
ence metabolic function, suggesting they may contribute directly to disease progression.
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Further work is needed to define the underlying biochemical mechanisms and to clarify
how this crosstalk drives metabolic dysfunction in T2D.
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Abbreviations

AGEs Advanced G2.

ARE Antioxidant response element

ATP Adenosine triphosphate

BAD BCL2-associated agonist of cell death
BCL2 B-cell lymphoma 2

CARM1 Coactivator-associated arginine methyltransferase 1
CAT Catalase

DAG 1,2-diacylglycerol

DUOX Dual oxidase

ETC Electron transport chain

FADH, Flavin adenine dinucleotide

F26P; Fructose 2,6-Bisphosphate

GAPDH Glyceraldehyde 3-phosphate dehydrogenase
GCK Glucokinase

GCKR Glucokinase regulatory protein
GFAT1 Glutamine fructose-6-phosphate aminotransferase isoform 1
G6PDH Glucose 6-phosphate dehydrogenase
G3p Glyceraldehyde 3-phosphate

GSH Glutathione

GSIS Glucose-stimulated insulin secretion
GPx Glutathione peroxidases

Grx Glutaredoxin

HyO, Hydrogen peroxide

HIF-1a Hypoxia-inducible factor 1-alpha
HK Hexokinase

IDH1 Isocitrate dehydrogenase 1

IkB Inhibitor of kB

IKK Inhibitor of kB kinase

IKKB Inhibitory kB kinase beta

Keapl Kelch-like ECH-associated protein 1
Oy~ Superoxide

OH~™ Hydroxyl radicals

O,H Hydroperoxyl

MBPs Metal-binding proteins

ME1 Malic enzyme

NADH Nicotinamide adenine dinucleotide
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NADPH Nicotinamide adenine dinucleotide phosphate
NIK NF-kappa-B-inducing kinase

Nrf2 Nuclear factor erythroid 2-related factor 2

NF-«B Nuclear factor kappa-light-chain-enhancer of activated B cells
NOX NADPH oxidase

PGD 6-phosphogluconate dehydrogenase

PFK1 Phosphofructokinase-1

PFKFB 6-Phosphofructo-2-kinase/fructose 2,6-bisphosphatase
PI3K Phosphoinositide 3-kinase

PKC Protein kinase C

PK Pyruvate kinase

PTEN Phosphatase and TENsin homolog

REL Reticuloendotheliosis protein

RAGE Receptor for advanced glycation end-products
ROS Reactive oxygen species

SOD Superoxide dismutase

T2D Type 2 diabetes

TCA Tricarboxylic acid

TIGAR TP53-induced glycolysis and apoptosis regulator
TNFx Tumour necrosis factor-alpha

Trx Thioredoxin

UA Uric acid

UDP-GIcNAc  Uridine diphosphate-N-acetylglucosamine
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