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Oxidative stress is a critical factor in the pathogenesis and progression of diabetes and its associated
complications. The imbalance between reactive oxygen species (ROS) production and the body’s antioxidant
defence mechanisms leads to cellular damage and dysfunction. In diabetes, chronic hyperglycaemia and
mitochondrial dysfunction contribute to increased ROS production, further exacerbating oxidative stress. This
oxidative burden adversely affects various aspects of diabetes, including impaired beta-cell function and insulin
resistance, leading to disrupted glucose regulation. Additionally, oxidative stress-induced damage to blood vessels
and impaired endothelial function contribute to the development of diabetic vascular complications such as
retinopathy, nephropathy, and cardiovascular diseases. Moreover, organs and tissues throughout the body,
including the kidneys, nerves, and eyes, are vulnerable to oxidative stress, resulting in diabetic nephropathy,
neuropathy, and retinopathy. Strategies to mitigate oxidative stress in diabetes include antioxidant therapy, lifestyle

modifications, and effective management of hyperglycaemia

oxidative stress type 2 diabetes diet Mediterranean diet physical activity

lifestyle modifications diabetes complications

| 1. Genesis of Oxidative Stress in Diabetes

Oxidative stress in diabetes arises from a complex interplay of various factors, including the accumulation of
glycolysis intermediates, activation of the polyol pathway, formation of advanced glycation end products (AGES),

activation of Protein Kinase C (PKC), and activation of the hexosamine pathway (Figure 1) [,
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Figure 1. Main pathophysiological mechanism of hyperglycaemia induced oxidative stress. Abbreviations: PKC—

Protein Kinase C and AGEs—advanced glycation end products.

1.1. Pentose Phosphate and Glycolytic Pathways and Oxidative Stress

The primary cause of oxidative stress is undoubtedly the elevation in blood glucose concentration. In fact, once
glucose enters cells, it undergoes oxidation through either the pentose phosphate pathway, leading to the
production of biosynthetic molecules and NADPH, or through the glycolytic pathway [&. Glycolysis continues with
the Krebs cycle, resulting in the generation of nicotinamide adenine dinucleotide (NADH) and reduced flavin
adenine dinucleotide (FADH2), which are utilised in oxidative phosphorylation to produce ATP. This process
generates reactive oxygen species (ROS) such as hydrogen peroxide (H,O,), superoxide anion (O2e-), and
hydroxyl radicals (¢OH). Under normal physiological conditions, the antioxidant defence system comprising
enzymes such as superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx) effectively

neutralises ROS [l However, when blood glucose concentration becomes excessively high, the production of
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radicals is upregulated, leading to the inhibition of antioxidant systems. Consequently, this downregulation results
in DNA damage and the subsequent production of DNA repair enzymes such as Poly-ADP Ribose Polymerase-1
(PARP-1), which inactivates glyceraldehyde-3-phosphate dehydrogenase (GAPDH), leading to the accumulation of
glyceraldehyde-3-phosphate (GAP), Glucose 6-phosphate (G-6-P), and Fructose 6-phosphate (F-6-P). The
elevation of these three intermediates contributes to various reactions that converge on oxidative stress: G-6-P and
GAP can undergo autoxidation, leading to the formation of AGE precursors; G-6-P and F-6-P can follow the Polyol
pathway, while GAP induces the activation of PKC 4. Notably, with the increased glucose concentration, the
enzyme hexokinase becomes saturated and cannot catalyse the formation of G-6-P. Consequently, glucose is
converted to sorbitol via aldose reductase, which is further converted to fructose by sorbitol dehydrogenase (SDH).
This process consumes excess NADPH, which serves as a substrate for GPx to produce glutathione (GSH) 2.
Thus, the inhibition of antioxidant enzymes in this pathway also contributes to oxidative stress. Additionally, under
hyperglycaemic conditions, SDH is upregulated, leading to increased fructose production, which is then converted
into the triose-phosphates GAP and dihydroxyacetone-3-phosphate (DHA-3-P), ultimately resulting in the activation

of PKC and oxidative stress (€.

Glucose in excess can undergo autoxidation to form glyoxal, while glucose-derived GAP and dihydroxyacetone-3-
phosphate (DHAP) can undergo non-enzymatic dephosphorylation to form methylglyoxal. Both products, along
with 3-deoxyglucosone (or Amadori product), serve as precursors for the formation of AGEs, which react with
elements of the extracellular matrix (ECM), leading to AGE production. Specifically, the interaction of the carboxyl
residue of a glucose molecule with the terminal €-amino residue of a protein non-enzymatically results in the
alteration of protein functionality. Once formed, AGEs interact with AGE receptors (RAGE), inducing oxidative
stress and activating PKC, which upregulates NADPH oxidase and lipoxygenase, thereby generating ROS .
Moreover, the excess of GAP can be converted to dihydroxyacetone-3-phosphate (DHA-3-P), which is
subsequently reduced to glycerol 3-phosphate. When combined with fatty acids, glycerol 3-phosphate forms
diacylglycerol (DAG), capable of inducing PKC &,

1.2. Inflammation and Oxidative Stress

There exists a strong correlation between inflammation and oxidative stress, as the immune system triggers the
production of pro-inflammatory cytokines and chemokines, activating ROS-producing macrophages to eliminate
pathogens. However, the chronic inflammatory state that arises in diabetes leads to continuous ROS production,
resulting in cellular damage and the depletion of antioxidant systems [&. In a reciprocal manner, ROS stimulate the
expression of pro-inflammatory cytokines by activating transcription factors such as nuclear factor-kappa B (NF-kB)
and activator protein-1 (AP-1). Additionally, the excess adipose tissue often observed in type Il diabetes secretes
pro-inflammatory cytokines, including tumour necrosis factor alpha (TNF-a) and interleukins 1 (IL-1) and 6 (IL-6),
further amplifying oxidative stress . Another mechanism implicated in diabetes complications is the hexosamine
pathway. Hyperglycaemia leads to the accumulation of fructose, as mentioned earlier, which is converted to
Glucosamine 6-phosphate and ultimately to UDP-N-Acetylhexosamine (UDP-GLCNac), potentiating O-
Glucosamine-N-Acetyltransferase (OGT) activity 29, OGT binds O-GIcNAc to serine and threonine residues of

transcription factors, such as Spl, thereby altering gene expression. Spl, a transcription factor commonly
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implicated in diabetic complications, regulates the expression of various genes, including tissue-type plasminogen
activator inhibitor-1 (PAI-1) and transforming growth factor-B1 (TGF-B1). PAI-1 is believed to play a role in diabetic
neuropathy, although further studies are required to fully elucidate its function £, as it likely impairs fibrinolysis in
neural blood vessels, promoting nerve ischemia and oxidative stress. Conversely, the upregulation of TGF-1
induces ROS production in vascular smooth muscle and endothelial cells by activating NADPH oxidase. TGF-B1 is
involved in diabetic nephropathy, stimulating collagen formation and inhibiting mesangial cell mitosis 212l
Furthermore, the accumulation of ROS activates mitochondrial uncoupling protein-2 (UCP-2), reducing ATP
production and initiating a cascade of events that ultimately impairs insulin secretion by pancreatic beta cells 121,
Moreover, oxidative stress induced by hyperglycaemia has been shown to inhibit the expression of the insulin gene
and promote beta-cell apoptosis. These conditions collectively disrupt beta-cell function and insulin release,

contributing to hyperglycaemia and exacerbating oxidative stress [14],

2. Oxidative Stress Role in the Development of Type 2
Diabetes Complications

In diabetic pathology, which is becoming progressively more prevalent worldwide 12, inflammation is playing an
increasingly significant role. Navarro and Mora 28, building upon the hypothesis proposed by Pickup and Crook
(171 suggest that diabetes is transitioning from a metabolic disorder to a genuine inflammatory pathology, where
prolonged and improper activation of the immune system contributes to the development and progression of the
disease. In addition to its involvement in the onset of diabetes [18I191120] an inflammatory state plays a crucial role
in the advancement of the disease and the development of both microvascular and macrovascular complications 8
(21)[22][231[24](25]  Chronic hyperglycaemia is the primary driver of this process, as it induces a persistent activation of
the innate immune system and triggers oxidative stress, leading to the production of harmful free radicals 28271
that adversely affect the body [2812330I[31] Free radicals, specifically ROS and reactive nitrogen species (RNS), are
highly unstable molecules with unpaired electrons, making them potent oxidants. Although our body naturally
produces these reactive species, excessive production, as observed in diabetes, is detrimental 2. Many cells in
our body, such as red blood cells and endothelial cells, are particularly vulnerable to free radicals due to their high
levels of polyunsaturated fatty acids, molecular oxygen, and ferrous ions 33134 |n diabetic pathology, chronic
inflammation and oxidative stress create a vicious cycle: each stimulates the other, resulting in mutual
amplification. ROS and RNS, produced as a consequence of inflammation, can promote the transcription of growth

factors like Nf-Kb and AP-1, which in turn stimulate the production of inflammatory proteins 22,

Free radicals play a crucial role in the onset and progression of diabetic complications through three different
pathways: the aldose reductase pathway, the PKC pathway, and the production of AGEs. The aldose reductase
pathway normally converts glucose to sorbitol through the simultaneous oxidation of sorbitol to fructose in a
nicotinamide adenine dinucleotide phosphate (NADPH)-dependent manner. In diabetes, chronic hyperglycaemia
saturates this pathway early on, causing more than 30% of glucose to be metabolised through the polyol pathway
[4I38] The increased utilisation of this pathway depletes intracellular NADPH and increases extracellular NADH

levels. The excess NADH serves as a substrate for the enzyme NADH oxidase, leading to the generation of

https://encyclopedia.pub/entry/48163 4/12



Oxidative Stress in Type 2 Diabetes | Encyclopedia.pub

excessive ROS B7. This mechanism has been primarily implicated in the development of diabetic retinopathy due
to sorbitol accumulation in the retina (281(321140],

Excess glucose in the body can also react spontaneously with the amino groups of plasma proteins, forming Schiff
bases that subsequently contribute to the formation of AGEs 1. These AGEs react with other membrane
molecules in endothelial cells and blood vessels, leading to structural and functional alterations in proteins and the

activation of pro-inflammatory gene transcription 22,

Chronic hyperglycaemia induces oxidative stress through the PKC-dependent activation of the NADPH oxidase
pathway. While this enzyme is normally present primarily in phagocytic cells, in diabetes, it is also expressed in
fibroblasts, endothelial cells, and smooth muscle cells, where it becomes the main producer of ROS. PKC also
activates endothelial nitric oxide synthase (eNOS), NADPH oxidase, phospholipase A2 (PLA2), endothelin-1 (ET-
1), vascular endothelial growth factor-B (TGF-B), and NF-KB, all of which play a role in the development of
complications 2. PKC, when activated by diacylglycerol, also directly transcribes genes involved in protein

synthesis, leading to direct cell damage, capillary occlusion, and reduced blood flow 431441,

During periods of hyperglycaemia, the cytokine cascade resulting from the interaction between ROS and
inflammation is characterised by an increase in monocyte chemoattractant protein-1 and a decrease in insulin-like
growth factor-1 levels 4348147 These proteins, as observed by Al Hannan et al. 48], can induce dedifferentiation of
adipose tissue through macrophages, resulting in increased hyperinsulinemia and insulin resistance. It is also
possible that, in this cellular crosstalk, a role can also be played by the opioid system, though more studies are
needed 2. Our body normally possesses various protection systems against ROS and oxidative stress, with the
main ones being SOD, catalase, and glutathione peroxidase. However, in diabetes, these defence mechanisms are

compromised due to chronic inflammation, contributing to the progression of damage and the disease itself.

Microvascular complications of diabetes include retinopathy, nephropathy, and neuropathy. Retinopathy, in
particular, mainly develops due to damage to small retinal vessels and connective tissue, sometimes resulting in
the formation of small haemorrhages. The retinal tissue is highly susceptible to damage mediated by oxidative
stress due to its high concentration of polyunsaturated fats 9. Diabetic nephropathy involves the interstitial and
glomerular membranes, which are damaged by inflammatory cytokines and ROS, leading to the loss of proteins
such as albumin and a decreased glomerular filtration rate 152l Additionally, changes in kidney haemodynamics
may occur due to thinning of the basement membrane, expansion of renal mesangial cells, and hyperplasia of the
extracellular matrix. Increased ROS levels in the kidney cause vasoconstriction, endothelial dysfunction, and
enhanced sodium reabsorption 28l Diabetic neuropathy, the most common microvascular complication of diabetes,
affects approximately 50% of patients after 20 years of the disease. Oxidative stress in the central nervous system

can induce neuronal apoptosis 23 and impair the ability to repair and regenerate neurons effectively.

| 3. Physical Exercise and Oxidative Stress
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3.1. Effects of Different Physical Exercise Protocols on Oxidative Stress Markers in
Patients with Type 2 Diabetes Mellitus

Various physical exercise protocols have been recommended for patients with type 2 diabetes mellitus (T2DM),
including continuous moderate-intensity exercise (CMIE) B4, resistance exercise (RE) 53, high-intensity interval

exercise (HIIE) 58, and concurrent exercise (CE), which combines CMIE and RE &,

3.2. Resistance Exercise

RE involves performing both monoarticular or polyarticular movements against resistance and returning to the start
position B2, While RE has been shown to improve metabolic health in T2DM patients B8, its impact on oxidative
stress parameters in this population remains inconclusive 2. Remarkably, the response to RE on oxidative stress
markers seems to vary depending on the health status of the patients. In healthy individuals, RE protocols involving
three sets at 65-70% of one repetition maximum (RM) performed three times a week for 6—-8 weeks resulted in
decreased plasma levels of malondialdehyde and increased blood activity of GPx 2Bl Similarly, high-intensity
protocols (3 x 3—6 repetitions at 85-90% of 1 RM) have been associated with an increase in blood SOD activity
69 However, studies on healthy subjects 961 jnvolved younger participants under the age of 30 years,
compared to the trial enrolling diabetic patients 22, whose participants were over 50 years old. Due to this, it is
worth noting that the effectiveness of T2DM might have been influenced by age-related factors or lower adaptive

responses typical of this patient group.

3.3. Continuous Moderate-Intensity Exercise

CMIE, or “aerobic exercise”, involves cyclical modalities such as walking, jogging, and cycling, engaging large
muscle groups 2. Studies examining the effects of CMIE on oxidative stress biomarkers in T2DM patients
generally show improvements in redox balance due to an increase in blood antioxidant biomarkers (663164165 gng
a decrease in blood protein oxidation biomarkers 2 and DNA in urine 8. Moreover, these positive responses
align with improvements in clinical parameters such as increased cardiovascular function 636465 |ipid profile
control (89 body composition enhancement 64188 and glycaemic control B4[€81 Of note, only one study reported
no significant changes in antioxidant abundance/activity or markers of oxidative stress damage, specifically
malondialdehyde levels, even though positive effects on clinical parameters like fasting glycaemia, HOMA index,
and body fat percentage were confirmed B8 Krause et al. noted a significant increase in blood CAT activity
following a moderate-intensity free-walking protocol, along with a decrease in carbonylated protein levels with
low/moderate-intensity protocols. Though reporting an approximately 2% body fat percentage reduction, this was
not statistically significant, and there were no significant changes in fasting glycaemia and the HOMA index [63],
The response to CMIE on oxidative stress levels appears to depend on the intervention’s duration and the subjects’
age. It has been shown that participants over 60 years of age may require an intervention period of 16 weeks or
more, while those below 60 years of age may experience changes with 12-week interventions, with an exercise

duration equal to or greater than 30 min at moderate intensity 67,

3.4. High-Intensity Interval Exercise
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HIIT involves the repeated performance of short bursts of intense exercise (ranging from 10 s to 4 min) at an
intensity level exceeding the anaerobic threshold, followed by periods of recovery at low intensity or complete rest
[68] Limited evidence exists regarding the effects of HIIT on oxidative stress markers in patients with T2DM.
Mitranun et al. B8 conducted a clinical trial enrolling 43 patients randomly assigned to three groups: HIIT, CMIE,
and a control group with no exercise intervention. The HIIT group participated in 12 weeks of treadmill jogging with
three weekly sessions, with a gradually increasing session duration from 30 to 60 min. Although no statistically
significant changes in SOD concentrations were observed in any of the experimental groups, the HIT group
exhibited a significant decrease in malondialdehyde levels and an increase in GPx enzyme activity. These results
correlated with a reduced percentage of HbAlc, fasting glycaemia, and HOMA index, as well as improvements in

other clinical parameters related to cardiovascular function, lipid profile, and body composition 28,

3.5. Concurrent Exercise

The CE protocol typically combines CMIE with RE within the same training session £2. CE has shown benefits in
glycaemic control (both fasting glycaemia and HbAlc levels) and body composition in patients with T2DM, and it
has been found to induce positive effects on oxidative stress parameters 9. In this context, CE has been
associated with enhancements in blood antioxidant biomarkers like GSH and SOD, along with a decrease in
malondialdehyde levels 2. These positive responses have been reported to be observed after 8-16 weeks of
intervention 281 thus highlighting the potential of CE protocol in promoting a more favourable redox balance in
T2DM.
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