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Abstract

This review article examines the quantitative evaluation of antioxidants and reactive oxygen species
(ROS) profiles in type 2 diabetes mellitus (T2DM). T2DM is characterized by progressive insulin
resistance and impaired insulin secretion, leading to increased oxidative stress due to chronic
hyperglycemia. Elevated ROS levels can damage pancreatic beta cells, impairing their function and
exacerbating insulin resistance. The article highlights the critical role of antioxidants in counteracting
oxidative stress, noting that pancreatic islets have a lower abundance of antioxidant enzymes compared to
other tissues, making them particularly vulnerable to oxidative damage. Furthermore, it discusses the dual
role of ROS in glucose-stimulated insulin secretion and the potential therapeutic benefits of antioxidant
supplementation to enhance cellular defense mechanisms. By exploring the relationship between oxidative
stress, antioxidant status, and metabolic dysfunction in T2DM, this review aims to provide insights into
novel biomarkers and therapeutic strategies for managing oxidative stress-related complications in

diabetic patients.
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Introduction

Diabetes mellitus is a multifaceted metabolic disorder characterized by a gradual decline in the pancreas's
ability to secrete insulin and the body's resistance to its effects [1]. In healthy individuals, pancreatic -
cells respond robustly to nutrient intake and the insulin resistance that often accompanies obesity by
producing excess insulin, which helps maintain normal glucose levels [2]. However, in individuals with
type 2 diabetes, these B-cells fail to sustain this compensatory insulin secretion, leading to detrimental

consequences for their function [3].

Research indicates that prolonged high glucose levels can generate reactive oxygen species (ROS), which
contribute to increased oxidative stress within B-cells. This oxidative stress can impair both insulin
secretion and action by causing direct damage to cellular components such as DNA, proteins, and lipids
[4-6]. Additionally, ROS can activate various stress-sensitive pathways that are associated with insulin
resistance and reduced insulin secretion [7]. To combat oxidative stress, cells possess antioxidant defense
mechanisms; however, B-cells have a notably lower concentration of key antioxidant enzymes like
superoxide dismutase (SOD), catalase, and glutathione peroxidase compared to other tissues. This
deficiency means that excessive ROS can lead to significant oxidative stress during -cell dysfunction [8-
10]. Consequently, administering antioxidant supplements may enhance the capacity of islet cells to
manage oxidative stress. Interestingly, there is emerging evidence that hydrogen peroxide (H202) may
facilitate glucose-stimulated insulin secretion (GSIS) [11]. Studies suggest that boosting the intrinsic
antioxidant capacity of B-cells can diminish ROS signaling and subsequently lower GSIS [12,13].
Therefore, an imbalance between ROS signaling and antioxidant defenses appears to play a crucial role

in the dysfunction of B-cells associated with diabetes.
Free radicals and antioxidants

Reactive oxygen species (ROS) and reactive nitrogen species (RNS), primarily derived from nitric oxide
(NO), represent the most significant class of radical molecules produced in biological systems [14]. These
radicals arise as byproducts of standard cellular metabolism and can have both positive and negative
effects on tissues, depending on their concentrations. Free radicals are defined as molecules or fragments
that possess one or more unpaired electrons, which contribute to their high reactivity. ROS are generated
during reduction-oxidation (redox) reactions that convert oxygen into water [15]. The endothelium, a
crucial layer of cells lining blood vessels, plays a vital role in maintaining vascular integrity and
homeostasis. This metabolically active layer responds to various biomechanical and biochemical stimuli,

with emerging research highlighting the significance of redox signaling in mediating these responses [16].

Reactive oxygen species (ROS) generated in endothelial cells primarily originate from several sources,
including nicotinamide adenine dinucleotide phosphate (NADPH) oxidases, xanthine oxidases,
cyclooxygenases (COXs), mitochondria, and, under specific conditions, endothelial nitric oxide synthases
(NOS). When stimulated by angiotensin II, NADPH oxidase activity is heightened in both endothelial and

smooth muscle cells, indicating that an activated renin-angiotensin system whether local or systemic can
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lead to increased superoxide anion production and subsequent dysfunction. Xanthine oxidase also
contributes to ROS generation by catalyzing the conversion of hypoxanthine to xanthine and uric acid.
This enzyme exists in two forms that differ mainly by their preferred oxidizing substrates; the
dehydrogenase form typically uses NAD+ but can also transfer electrons to molecular oxygen [17-20].
Mitochondria are recognized as a significant source of ROS within cells, and elevated mitochondrial ROS
levels are implicated in various pathological conditions, including type 2 diabetes. Recent findings have
identified a new pathway for regulating mitochondrial ROS involving the p66Shc protein, which is
encoded by the ShcA gene and exists in three isoforms of approximately 46, 52, and 66 kDa in mammals
[21]. Studies suggest that p66Shc plays a crucial role in managing intracellular redox balance and
oxidative stress. Elevated levels of p66Shc may inhibit the expression of ROS-scavenging enzymes by
interfering with FOXO transcription factors, leading to decreased antioxidant enzyme expression. In its
inactive form, p66ShcA is bound by peroxiredoxin 1 (Prx1). Under stress conditions, p66ShcA dissociates
from Prx1 and undergoes serine phosphorylation by PKC-B [22]. The phosphorylated p66ShcA then
associates with Pinl isomerase and translocates into the inter-mitochondrial space (IMS), where it oxidizes
cytochrome c and reduces oxygen to produce mitochondrial ROS. The p66(Shc) gene has been identified
as a novel gerontogene influencing health across the lifespan, particularly in relation to western lifestyle
factors like hypercaloric diets and aging [23-26]. High glucose levels have been shown to promote
excessive mitochondrial ROS production, with p66ShcA regulating apoptotic responses to oxidative
stress. The involvement of p66Shc in insulin resistance has also been explored; it appears to contribute to
insulin desensitization in adipocytes due to nutrient excess. However, definitive evidence demonstrating
increased superoxide production in diabetic organs remains limited. Recent studies indicate that diabetic
kidneys exhibit reduced superoxide levels and mitochondrial biogenesis, suggesting that a general
decrease in mitochondrial superoxide production may result from a shift of carbons and electrons away
from mitochondria into the cytosol [27].The clinical relevance of p66Shc in diabetes is highlighted by
findings that its gene expression is elevated in mononuclear cells from patients with type 2 diabetes and
correlates with plasma levels of 8-isoprostane, a marker of oxidative stress . Ultimately, recent research
positions p66Shc as a vital mediator of prolonged vascular hyperglycemic stress in diabetes, offering
molecular insights into the progression of vascular complications associated with the condition despite

optimal glycemic management [28,29].

Mitochondrial superoxide production is thought to play a crucial role in signaling and is essential for
normal physiological communication within cells. However, under pathological conditions or treatments
such as anthracyclins, heightened oxidative stress in the mitochondria due to disrupted oxidative
metabolism may lead to increased lipid peroxidation and damage to cellular membranes and DNA. This
can trigger a series of signaling events that worsen the disease's severity. The processes of mitochondrial
fusion and fission significantly affect ROS production [30]. Beyond their role in the electron transport
chain, mitochondria also produce hydrogen peroxide (H202) through monoamine oxidase (MAQ), which
is attached to their outer membrane. MAO metabolizes endogenous amines and serves as a major source

of H202, contributing to oxidative stress in cardiovascular diseases, including diabetes. Mitochondria are
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well-recognized for producing considerable amounts of hydrogen peroxide (H202). Although H202 does
not possess unpaired electrons and is not classified as a radical species in the strict sense, its production
under normal physiological conditions is estimated to represent about 2% of the total oxygen consumed
by the organism. The principal reactive nitrogen species (RNS) is nitric oxide (- NO), which is produced
by endothelial nitric oxide synthase (eNOS) and serves as a critical gaseous mediator influencing
endothelial function [31]. - NO is known for its powerful vasodilatory, anti-inflammatory, and anti-
thrombotic effects. Under normal conditions, eNOS synthesizes - NO in the presence of its substrate L-
arginine and co-factors like tetrahydrobiopterin (BH4). However, when there is insufficient BH4 relative
to nitric oxide synthase (NOS), the enzyme becomes "uncoupled," leading to the production of superoxide
instead of - NO. Furthermore, the synthesis of - NO can be inhibited by guanidino-substituted analogues
of L-arginine, such as asymmetric dimethylarginine (ADMA), which naturally occurs in plasma and
various tissues. Studies indicate that plasma ADMA levels in humans and rats typically range from 0.3 to
0.5 mmol/L [32]. Elevated ADMA levels have been observed in individuals with type 1 or type 2 diabetes,
suggesting a link between increased ADMA production and the onset of obesity and diabetes. Additionally,
arginine methylation has implications for cardiovascular and metabolic diseases, with heightened ADMA
levels potentially arising from early oxidative stress development. Elevated serum ADMA is recognized
as an early indicator of vascular dysfunction and insulin resistance in type 2 diabetes [33]. The free radical
- NO has a very short half-life of only a few seconds in aqueous environments. It readily reacts with
molecular oxygen and ROS, forming various oxidation products, including RNS. A well-studied reaction
involves - NO interacting with superoxide (O2- -), which occurs at nearly diffusion-limited rates to
produce peroxynitrite (ONOO-). This compound is a strong oxidizer that can generate hydroxyl radicals
(- OH) and nitrogen dioxide (- NO2) upon protonation. Other reactive radicals can also originate from
various endogenous molecules, such as carbon monoxide (CO) and nitrogen dioxide [34,35]. To
counteract the effects of free radicals from multiple sources, organisms have developed defense
mechanisms involving antioxidant agents. Antioxidants are substances that significantly delay or inhibit

oxidation reactions when present in low concentrations compared to oxidizable substrates.

Defense mechanisms against oxidative stress caused by free radicals can be categorized into three main
types: (a) preventive mechanisms, (b) repair mechanisms, and (c) antioxidant defenses [36]. The
enzymatic components of antioxidant defenses include superoxide dismutases (SOD), glutathione
peroxidases (GPx), catalases (CAT), and other enzymes such as peroxiredoxins (Prx), metallothioneins
(MTs), and thioredoxins. Non-enzymatic antioxidants consist of vitamins like ascorbic acid (Vitamin C)
and tocopherol (Vitamin E), as well as other compounds such as glutathione (GSH), folic acid, lipoic acid,
and thiols. Additionally, indirect antioxidants can include agents that chelate redox-active metals or
pharmacological drugs [37-39]. The presence of metal ions in the body is crucial; however, an
imbalance—either an excess or deficiency—can disrupt protein functions, hinder proper protein folding,
or, in the case of iron or copper, lead to increased oxidative stress. This involvement of metal ions in
conditions like diabetes has made them a focus for therapeutic strategies. For instance, iron can catalyze

the formation of harmful free radicals, and excess iron is typically sequestered by ferritin to prevent
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toxicity. When levels of ceruloplasmin are low, which requires copper for its ferroxidase activity, the
transfer of iron to transferrin may be compromised, leading to iron accumulation in tissues—a
phenomenon observed in both copper-deficient animals and humans lacking functional ceruloplasmin
[40]. Zinc regulation is also important, with metallothioneins playing a significant role in its intracellular
distribution. Recent studies have highlighted zinc's influence on redox states, enzyme activities, gene
expression, and energy metabolism. Metallothioneins may help protect organs from high glucose-induced

ROS and subsequent inflammation associated with diabetic conditions [41-43].

Under normal circumstances, there exists a balance between the production of reactive oxygen species
(ROS) and the activity of antioxidant defense mechanisms within cells. Oxidative stress is typically
characterized by an imbalance where pro-oxidants exceed antioxidants. This imbalance is also implicated
in the aging process, which is influenced by disrupted thiol-redox circuits that can lead to abnormal cell
signaling and compromised redox control. In the bloodstream, oxidative stress can be assessed by
measuring the redox state of plasma glutathione, specifically the ratio of reduced glutathione (GSH) to
oxidized glutathione (GSSG). As research into subcellular redox organization progresses, there is potential
for developing targeted antioxidants that can restore redox signaling and aid in disease prevention [44].
Lipids are particularly susceptible to oxidation due to the high content of polyunsaturated fatty acids in
cell membranes and the presence of oxygen at millimolar concentrations within lipid bilayers. Unsaturated
phospholipids, glycolipids, and cholesterol are key targets for oxidative damage, which can lead to lipid
peroxidation—a degenerative process that disrupts the structure and function of cellular components.
Lipid hydroperoxides (LOOHs), which are formed from unsaturated lipids, serve as significant
intermediates in peroxidative reactions initiated by reactive species like hydroxyl radicals, peroxyl
radicals, singlet oxygen, and peroxynitrite [45]. Specifically, cardiolipin, an unsaturated phospholipid
found in the inner mitochondrial membrane, tends to decrease in concentration during periods of
prominent lipid peroxidation, as observed in conditions such as aging and diabetes. Increased oxidative
stress linked to lipid peroxidation in endothelial cells may significantly contribute to complications arising
from hyperglycemia in diabetes. Endothelial dysfunction is marked by heightened pro-oxidant activity
and an imbalance in mediator production and release [46]. The pathogenesis of diabetes involves a
convergence of metabolic factors, oxidative stress, and inflammation that promotes monocyte adhesion to
endothelial cells. Aging is associated with heightened oxidative stress levels, and both type 1 and type 2
diabetic patients exhibit increased oxidative stress indices in their plasma. Furthermore, individuals with
diabetes show diminished nitric oxide-dependent vasodilation [47]. In conclusion, when oxidative stress
occurs, free radicals that remain non-neutralized can inflict damage on all major cellular
macromolecules—nucleic acids, lipids, and proteins. The oxidation of lipids can alter membrane structure

and fluidity, adversely affecting cellular processes and overall function.
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Oxidative stress targeted molecular pathways in T2DM pathogenesis

In type 2 diabetes mellitus (T2DM), prolonged exposure to elevated glucose and free fatty acid levels
plays a significant role in beta cell dysfunction. These beta cells are particularly vulnerable to oxidative
stress due to their limited antioxidant defenses [48]. The resulting oxidative stress can damage
mitochondria, leading to a marked reduction in insulin secretion and potentially contributing to insulin
resistance. Under normal physiological conditions, cellular metabolic processes, such as glucose
oxidation, produce superoxide anions (O2-). The body’s antioxidant defense system typically manages
these radicals within a certain threshold [49]. However, during hyperglycemic states, the production of
02- increases, overwhelming the body's antioxidant capacity and resulting in oxidative stress that damages
various biomolecules, including DNA. When DNA is damaged, it activates poly-ADP-ribose polymerase-
1 (PARP-1), an enzyme involved in DNA repair [50]. PARP-1 acts as a potent inhibitor of glyceraldehyde
3-phosphate dehydrogenase (GAPDH) in the glycolysis pathway, leading to an accumulation of glycolytic
intermediates such as glyceraldehyde 3-phosphate, fructose-6-phosphate, and glucose-6-phosphate [51].
This accumulation promotes additional pro-oxidant pathways, including those mediated by protein kinase

C and the formation of advanced glycation end products through hexosamine and polyol pathways.
Insulin resistance (IR) and oxidative stress

In skeletal muscle and adipose tissue, insulin enhances glucose uptake by initiating a complex series of
signaling events. When insulin binds to its receptor, it triggers the tyrosine phosphorylation of various
protein substrates, which subsequently activates phosphoinositide 3-kinase (PI3K). This process is linked
to the translocation of GLUT4 from intracellular compartments to the plasma membrane, facilitating
glucose transport into the cells. Insulin resistance (IR) is characterized by an insufficient response from
insulin-target tissues, including skeletal muscle, liver, and adipose tissue, to the physiological effects of
circulating insulin. The primary consequences of IR include reduced insulin-stimulated glucose uptake in
skeletal muscle, impaired inhibition of hepatic glucose production in the liver, and diminished insulin's
ability to suppress lipolysis in adipose tissue. This discussion focuses on how nutrient availability and
obesity influence inflammatory pathways in relation to oxidative stress across three key areas: 1) the

pancreas, 2) adipose and skeletal tissues, and 3) the liver.
Pancreas, insulin resistance and oxidative stress.

In type 2 diabetes mellitus (T2DM), the chronic presence of elevated glucose and free fatty acids
significantly contributes to beta cell dysfunction. These beta cells are particularly susceptible to oxidative
stress due to their relatively low levels of antioxidant enzymes, such as catalase and glutathione peroxidase
[52]. As a result, oxidative stress can damage mitochondria, leading to reduced insulin secretion and
potentially causing insulin resistance. Under normal conditions, metabolic processes like glucose
oxidation generate superoxide anion radicals (O2-), which the body's antioxidant defense system can
manage to some extent. However, in hyperglycemic conditions, the production of O2- increases,

overwhelming the antioxidant capacity and resulting in oxidative stress that harms various biomolecules,
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including DNA [53]. The presence of oxidative stress markers, such as 8-hydroxy-2-deoxyguanosine (8-
OHdG) and 4-hydroxy-2,3-nonenal (4-HNE), is elevated in islets under diabetic conditions. Prolonged
exposure to high glucose levels reduces insulin gene expression and secretion; however, this decline can
be mitigated by antioxidants like probucol, glutathione peroxidase, N-acetyl L-cysteine (NAC), or
vitamins C and E. The activation of the c-Jun N-terminal kinase (JNK) pathway is linked to decreased
insulin gene expression caused by oxidative stress [54]. Inhibiting the JNK pathway can protect cells from
oxidative damage. This pathway's activation likely results in reduced activity of pancreatic transcription
factors PDX-1 and Mafa, which are crucial for insulin gene transcription in the diabetic state. Notably,

overexpressing Mafa in the liver alongside PDX-1 significantly improves glucose tolerance [55].

Beta-cell dysfunction in type 2 diabetes mellitus (T2DM) arises from chronic exposure to high levels of
glucose and free fatty acids (FFA), or a combination of both. Sustained high glucose concentrations lead
to increased oxidation of glucose in the tricarboxylic acid (TCA) cycle, resulting in higher production of
reactive oxygen species (ROS). In insulin resistance (IR) syndrome, there is an elevated influx of FFAs
from adipose tissue into arterial endothelial cells, which may enhance mitochondrial FFA oxidation [56].
In vitro studies show that elevated FFA levels have numerous negative effects on mitochondrial function,
including disrupting oxidative phosphorylation and increasing ROS generation. Prolonged exposure to
FFAs in vitro also suppresses insulin mRNA levels and synthesis, with distinct impacts observed from

saturated and monounsaturated fatty acids on beta-cell turnover and functionality [57].

The Etiology of insulin resistance (IR) is multifaceted, with the endoplasmic reticulum (ER) playing a
significant role [58]. The ER is the main organelle responsible for the proper folding, maturation, and
transport of proteins. It also acts as a dynamic reservoir for calcium, regulating intracellular calcium levels.
When there is an accumulation of improperly folded or unfolded proteins within the ER, it leads to a state
known as ER stress, which activates an adaptive response called the unfolded protein response (UPR).
There is a close connection between protein folding in the ER and the production of reactive oxygen

species (ROS), highlighting the interplay between calcium signaling and oxidative stress [59].

Trace elements such as selenium and zinc may serve as antioxidants. Zinc is essential for insulin secretion
because it forms co-crystals with insulin in exocytotic vesicles. Upon insulin release into the bloodstream,
which has a higher pH, zinc is also released and has been shown to inhibit alpha cell secretion [60-62].
Although zinc is redox-inert and not an antioxidant in the strictest sense, it offers various indirect
antioxidant effects. Specifically, zinc enhances the cell's antioxidant capacity by competing with metals
like copper and iron that can catalyze harmful reactions, such as the Fenton reaction. Furthermore, low
zinc levels can make insulin more susceptible to structural changes, suggesting that zinc plays a protective
role against oxidative damage [63,64]. In conditions characterized by chronic hyperglycemia and
hyperlipidemia—common in type 2 diabetes—there is an increase in reactive oxygen species (ROS) and
electrophiles that lead to beta-cell dysfunction and glucose toxicity. Additionally, oxidative stress activates
the transient receptor potential (TRP) channel superfamily, which facilitates calcium influx into beta cells

[65].
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Adipose and skeletal tissue, insulin resistance and oxidative stress:

Adipose tissue is composed of various cell types, including adipocytes, immune cells (such as
macrophages and lymphocytes), preadipocytes, and endothelial cells. Adipocytes secrete adipokines like
leptin and adiponectin, which enhance insulin sensitivity, while also releasing proteins such as resistin and
retinol-binding protein 4 (RBP4) that can reduce insulin sensitivity [65]. Additionally, adipokines such as
adiponectin and adipocyte fatty acid-binding protein (A-FABP) serve as prognostic biomarkers for

cardiovascular disease and may represent promising therapeutic targets for treatment [66].

Obesity, characterized by an increase in body fat mass, results from a prolonged positive energy balance
over months or years [67]. Cells have intrinsic pathways that can quickly detect changes in energy balance
or nutrient availability. Chronic activation of pro-inflammatory pathways within insulin-sensitive tissues
can lead to insulin resistance (IR) associated with obesity. Elevated levels of pro-inflammatory cytokines
such as TNF-qa, IL-6, and C-reactive protein (CRP) have been observed in individuals with IR and
diabetes. Various peptides, including pro-inflammatory cytokines, chemokines, and hormones, can act in
both endocrine and paracrine manners within adipose tissue [68,69]. Specifically, TNF-o and IL-6 are

known to disrupt insulin signaling in insulin-sensitive tissues, thereby increasing IR.

Oxidative stress and insulin resistance (IR) are closely interconnected processes. As previously noted, the
gene p66ShcA plays a significant role in regulating the apoptotic responses to oxidative stress and is a key
mediator of IR. Research has shown that p66Shc is involved in insulin signaling, particularly in promoting
fat accumulation induced by insulin [70]. While p66Shc contributes to the generation of reactive oxygen
species (ROS) and heightens cellular oxidative stress in various pathological conditions, it may also
function as an adaptor molecule that aids in forming supramolecular complexes essential for the

propagation of insulin signaling.

Oxidative stress and insulin resistance (IR) are closely interconnected processes. One of the effects of
oxidative stress is the activation of various serine kinase cascades, which are involved in the insulin
signaling pathway, including the insulin receptor (IR) and insulin receptor substrate (IRS) proteins [71-
73]. Research has indicated that hydrogen peroxide (H202) can inhibit insulin-stimulated glucose
transport. The activation of pathways such as NF-kB, p38 MAPK, and JNK/SAPK is sensitive to oxidative
stress and is associated with impaired insulin action, indicating their involvement in oxidative stress-
induced IR. Furthermore, adiponectin, a protein secreted by adipocytes, has been shown to have potent
insulin-sensitizing effects and can inhibit NF-xB activation. When adipocytes are exposed to oxidative
stress, there is a decrease in anti-inflammatory adiponectin levels and an increase in pro-inflammatory
adipocytokines [74]. The protective effects of adiponectin against cellular damage are partly due to its
antioxidative and nitrosative properties; it reduces oxidative/nitrosative stress by inhibiting the expression
of NADPH oxidase and inducible nitric oxide synthase (iNOS). The connection between oxidative stress
and IR appears to be multifaceted, with evidence suggesting that the local renin-angiotensin-aldosterone

system (RAAS) may also mediate oxidative stress in adipocytes [75]. In summary, inflammation in
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adipose tissue is marked by changes in immune cell populations that lead to altered adipo/cytokine

profiles, ultimately inducing IR in skeletal muscle and the liver.
Liver, insulin resistance and oxidative stress

After a meal, the intestine becomes the primary source of glucose, which increases glucose availability to
the pancreas and stimulates insulin secretion. In individuals with insulin resistance (IR), there is an
impairment in the insulin-mediated suppression of hepatic glucose production. As a result, these
individuals initially maintain normal blood sugar levels through excessive insulin production by the
pancreas. However, prolonged hypersecretion can eventually lead to pancreatic beta cell dysfunction [76].
In the liver, macrophages play a crucial role in maintaining metabolic homeostasis. These immune cells
respond to metabolic signals and produce various pro-inflammatory and anti-inflammatory mediators that
help regulate metabolism [77]. While it is clear that metabolic stressors such as fatty acids, ceramides, and
oxidized low-density lipoprotein (oxLDL) can trigger macrophage inflammation, the specific mechanisms
by which these pro-inflammatory pathways contribute to metabolic diseases, particularly in the context of
IR, are not fully understood. Resident macrophages in organs like the liver adapt to their local
environments and display diverse functional and morphological characteristics [78]. They have the
capacity to engulf and metabolize lipids, linking lipid metabolism with inflammation. Increased lipid
accumulation in the liver is considered a contributing factor to the development of IR. This accumulation
is associated with heightened free fatty acid (FFA) flux, leading to an excess of fatty acid intermediates
such as ceramide [79]. These lipid intermediates can activate intracellular serine kinases, which may
inhibit insulin signaling. The synthesis of ceramide is largely dependent on the availability of long-chain
saturated fatty acids, which are involved in the initial rate-limiting step of de novo ceramide production.
Ceramide has been shown to activate enzymes that generate reactive oxygen species (ROS), including
NADPH oxidase, xanthine oxidase, and nitric oxide synthase. Additionally, ceramide interacts with the
mitochondrial electron transport chain, contributing to ROS generation. Early studies indicated that
ceramide could inhibit insulin's activation of upstream signaling pathways. Manipulating enzymes
responsible for sphingolipid synthesis or degradation in animal models has demonstrated significant
effects on IR and alleviated lipotoxic responses linked to obesity. Ceramides are recognized for their role
in promoting IR, and it has been suggested that other lipid intermediates may also influence insulin
sensitivity. Ceramide is now viewed as a critical metabolite that can alter cellular metabolism and induce
apoptosis [80]. One major mechanism by which ceramide affects cellular metabolism is through its strong
inhibition of Akt, a serine/threonine kinase essential for linking insulin and other growth factors to nutrient
transporter expression and function. Consequently, targeting ceramide synthesis or enhancing its

degradation may offer new therapeutic strategies for managing diabetes.
Antioxidant strategies to control oxidative stress in diabetes

The intricate relationship between increased oxidative stress and inflammation in conditions like type 2
diabetes complicates the determination of their temporal sequence. In diabetic patients, heightened

oxidative stress correlates with a reduction in cellular antioxidant defenses. Various strategies have been
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explored to mitigate oxidative stress-related cellular changes in diabetes through antioxidant
supplementation [81]. The justification for utilizing certain vitamins and compounds in the prevention and
management of diabetes largely stems from experimental and epidemiological studies. Dietary
components, including long-chain omega-3 fatty acids, antioxidants, and pharmacological agents, have
the potential to influence the risk of inflammatory conditions [82]. These substances operate through
multiple mechanisms, such as reducing the production of inflammatory mediators by affecting cell

signaling pathways and gene expression.
Clinical Trial of Antioxidant Therapy in Patients with Diabetes

Inflammation is closely linked to elevated levels of glycated haemoglobin (HbAlc), which serves as a
reliable indicator of chronic hyperglycemia. Setting a treatment goal for HbAlc below 6% in high-risk
diabetic patients has been shown to reduce the incidence of nonfatal myocardial infarctions over five
years, as demonstrated by the ACCORD Study Group. A new approach to treating type 2 diabetes mellitus
(T2DM) with antioxidants that also possess anti-inflammatory properties is emerging as a promising
therapeutic strategy. Evidence from various studies suggests that compounds like ginger, resveratrol, and
rutin flavonoid can lower HbAlc levels, blood glucose levels, and the homeostatic model assessment of
insulin resistance (HOMA-IR), which is an indicator of long-term glycemic control. Additionally, allium
sativum, olea europaea oil, and astaxanthin have been found to reduce LDL and total serum cholesterol
levels. Mudan granules have demonstrated neuroprotective effects in diabetic patients, suggesting a
potential synergy between these antioxidants and anti-inflammatory agents like resveratrol and rutin
flavonoid when combined with mudan granules. Notably, ginger has been shown to increase nitric oxide
(NO) production, while resveratrol and rutin flavonoid can reduce levels of C-reactive protein (CRP) and
interleukin-6 (IL-6), respectively [83]. Therefore, antioxidants may offer effective treatment options for
managing cytokine storms associated with diabetes. The advancement of these compounds from
preclinical research to human studies indicates their potential efficacy. The data presented highlight the
clinical relevance of antioxidants with anti-inflammatory properties in T2DM management. However,
further research is necessary to assess their effectiveness against complications related to T2DM, such as
hyperlipidemia, pro-inflammatory mediators, and insulin resistance. It is also essential to identify diabetic
patients at various stages of the disease to ensure that the anti-inflammatory and antidiabetic effects of

these compounds are clearly observable.
Conclusions and Future Implications

The intricate connection between increased oxidative stress and inflammation in conditions such as type
2 diabetes mellitus (T2DM) complicates the understanding of their temporal relationship. In diabetic
individuals, elevated oxidative stress is often associated with diminished antioxidant defenses at the
cellular level. Numerous studies have explored the potential of antioxidant supplementation to mitigate
oxidative stress-related cellular changes in diabetes. The rationale for using specific vitamins and other
compounds in diabetes prevention and management is primarily based on findings from experimental and

epidemiological research [84]. Various dietary components, including long-chain omega-3 fatty acids,
IUNRD2501056 International Journal Of Novel Research And Development (www.ijnrd.org)



http://www.ijrti.org/

© 2025 IJNRD | Volume 10, Issue 1 January 2025 | ISSN: 2456-4184 | [[NRD.ORG

antioxidants, and pharmacological agents, may help modulate the risk of inflammatory conditions. These
compounds can act through multiple mechanisms, such as reducing the production of inflammatory
mediators by influencing cell signaling pathways and gene expression. Inflammation is closely linked to
elevated levels of glycated haemoglobin (HbA1c¢), a marker of chronic hyperglycemia. Setting treatment
goals for HbAlc below 6% in high-risk diabetic patients has been shown to reduce the incidence of
nonfatal myocardial infarctions, as observed in the ACCORD Study Group. A new approach that focuses
on treating patients with antioxidants that have anti-inflammatory properties is emerging as a promising
strategy for managing T2DM. Evidence suggests that compounds like ginger, resveratrol, and rutin
flavonoid can lower HbAlc levels, blood glucose levels, and homeostatic model assessment of insulin
resistance (HOMA-IR), while substances such as allium sativum, olea europaea oil, and astaxanthin can
reduce LDL and total serum cholesterol [85]. Mudan granules have demonstrated neuroprotective effects
in diabetic patients, indicating a potential synergy with antioxidants like resveratrol and rutin flavonoid.
Notably, ginger has been shown to increase nitric oxide (NO) production, while resveratrol and rutin
flavonoid reduce levels of C-reactive protein (CRP) and interleukin-6 (IL-6), respectively. As such,
antioxidants may provide effective treatment options for managing cytokine storms associated with
diabetes. The transition of these compounds from preclinical research to human trials underscores their
potential effectiveness. While the clinical utility of antioxidants with anti-inflammatory effects in T2DM
is evident, further research is needed to evaluate their efficacy against complications related to diabetes,
such as hyperlipidemia, pro-inflammatory mediators, and insulin resistance. It is also crucial to identify
diabetic patients at various stages of the disease to ensure that the anti-inflammatory and antidiabetic
effects of these compounds are clearly observable. As the prevalence of diabetes is expected to rise over
the next decade, it is increasingly important for research to focus on developing new anti-inflammatory
drugs with improved efficacy and safety profiles, as well as antioxidants that can act as "safety switches"

by neutralizing free radicals to prevent unwanted inflammatory responses.
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