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Abstract 

Diabetes has emerged as a major threat to health worldwide. The exact mechanisms 

underlying the disease are unknown; however, there is growing evidence that excess 

generation of reactive oxygen species (ROS), largely due to hyperglycemia, causes oxidative 

stress in a variety of tissues. Oxidative stress results from either an increase in free radical 

production, or a decrease in endogenous antioxidant defenses, or both. ROS and reactive 

nitrogen species (RNS) are products of cellular metabolism and are well recognized for their 

dual role as both deleterious and beneficial species. In type 2 diabetic patients, oxidative 

stress is closely associated with chronic inflammation. Multiple signaling pathways contribute 

to the adverse effects of glucotoxicity on cellular functions. There are many endogenous 

factors (antioxidants, vitamins, antioxidant enzymes,
 
metal ion chelators) that can serve as 

endogenous modulators of the production and action of ROS. Clinical trials that investigated 

the effect of antioxidant vitamins on the progression of diabetic complications gave negative 

or inconclusive results. This lack of efficacy might also result from the fact that they were 

administered at a time when irreversible alterations in the redox status are already under way. 

Another strategy to modulate oxidative stress is to exploit the pleiotropic properties of drugs 

directed primarily at other targets and thus acting as indirect antioxidants. It appears important 

to develop new compounds that target key vascular ROS producing enzymes and mimic 

endogenous antioxidants. This strategy might prove clinically relevant in preventing the 

development and/or retarding the progression of diabetes associated with vascular diseases. 

 

Key words: diabetes, oxidative stress, reactive oxygen species, signaling pathways, 

therapeutics 
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1.Introduction 

 

Diabetes mellitus is a chronic disease characterized by elevated blood sugar levels resulting 

from either a lack of insulin production or resistance to insulin. About 230 million people 

worldwide had diabetes in 2010. The global figure of people with diabetes is projected to 

increase to 333 million in 2025, and 430 million in 2030 [1]. As the prevalence of diabetes 

has risen to epidemic proportions worldwide, the vascular complications of diabetes have now 

become one of the most challenging health problems. A relatively small proportion (10%) of 

patients suffering from diabetes mellitus has type 1 or insulin-dependent diabetes. However, 

the majority of diabetes patients are not insulin-dependent and able, at least initially, to 

produce the hormone. This type of diabetes mellitus (DM) is termed type 2 diabetes. Insulin 

resistance (IR) is a fundamental aspect of the etiology of type 2 diabetes. Irrespective of the 

etiology, subjects with diabetes have an increased risk of ischemic heart disease, 

atherosclerosis and nephropathy [2]. 

 

Obesity, which is a major public health concern worldwide, increases the risk of type-2 

diabetes [3]. Early in the development of type-2 diabetes, IR requires the production of extra 

insulin to maintain normal blood glucose levels. In the majority of obese individuals, 

hyperinsulinemia can occur with an increase in beta-cell mass, which facilitates the increased 

production of insulin. As a result, these individuals do not develop diabetes. However, 

approximately one third of obese individuals exhibit a decrease in beta-cell mass caused by 

beta-cell apoptosis, which renders these individuals unable to compensate for their IR-state 

and the resulting hyperglycemia, leading to a diagnosis of type 2 diabetes. Thus, type 2 

diabetes is caused by a combination of IR coupled with insufficient production of insulin to 

overcome the IR [4]. 
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Endothelial dysfunction underlies both micro- and macrovascular complications of diabetes. 

Microvascular disease leads to diabetic retinopathy, nephropathy and neuropathy. Oxidative 

stress plays a key role in the pathogenesis of micro- and macrovascular diabetic 

complications. The increased oxidative stress in subjects with type 2 diabetes is a 

consequence of several abnormalities, including hyperglycemia, IR, inflammation and 

dyslipidemia [5]. Endothelial function is important for the homeostasis of the body and its 

dysfunction is associated with several pathophysiological conditions, including 

atherosclerosis, hypertension and diabetes. Patients with diabetes invariably show an 

impairment of endothelium-dependent vasodilation [6]. These dysfunctions contribute to 

mitochondrial superoxide overproduction in endothelial cells. The purpose of the present 

review is to consider the opportunities presented by currently used therapeutic agents which 

possess antioxidant properties, as well as those offered by new potential antioxidant 

substances. 

Diabetes impact on the different steps in the pathogenesis of cardiovascular diseases (CVD) 

[7-9]. Obesity and IR in patients suffering from diabetes are associated with a chronic 

systemic inflammation, characterized by an increased expression of inflammatory markers. 

Multiple stimuli are among the most common causes of myocardial inflammation in 

cardiomyopathies in diabetic patients [10-12]. Diabetes is an established major factor of poor 

prognosis after an acute coronary syndrome (ACS). Abnormal glycemic regulation is more 

common than normal regulation in patients presenting with acute coronary syndrome. High 

blood glucose at admission, whether fasting or not, is associated with worse outcome 

[increased mortality and development of severe heart failure] in patients with acute coronary 

syndrome. The prognostic value of glycaemia applies to both short and long term outcomes. 

However, fasting glycaemia is a more powerful predictor than glucose levels upon admission 
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for short term outcome after myocardial infarction. The mechanisms by which hyperglycemia 

worsens cardiovascular prognosis, in particular as regards left ventricular dysfunction and 

acute coronary syndrome, are not fully understood. Such patients are predisposed to a 

proinflammatory, prothrombotic state, which may lead to plaque rupture. Stress 

hyperglycemia may be a marker of extensive cardiac damage, reflecting a surge of stress 

hormones such as catecholamines and cortisol that contribute to IR and affect fatty acid and 

glucose homeostasis [13]. Intravenous insulin therapy is used in diabetic patients at the acute 

phase of coronary syndrome. Hyperglycemia in diabetic patients is a powerful predictive 

factor for patient outcome as it is associated with a doubling of in-hospital mortality and poor 

long-term prognosis. In non-diabetic patients, even mild hyperglycemia in the setting of ACS 

is also a predictive factor of in-hospital mortality. Moreover, impaired fasting glucose is not 

only an independent factor of mortality for coronary patients, but is associated with a 

doubling of the risk of in-hospital mortality in the setting of ACS [14, 15]. After myocardial 

infarction, diabetic patients have a significantly higher risk of heart failure and cardiogenic 

shock. Circulating B-type natriuretic peptide (BNP) and its prohormone (NT-proBNP) levels 

are used for screening, diagnosis, and prognostic assessment of patients with acute 

decompensated heart failure and correlate with left ventricular dilatation, remodeling, and 

dysfunction. The median plasma NT-pro-BNP is increased in diabetic patients without overt 

cardiovascular disease, suggesting a higher prevalence of asymptomatic left ventricular 

dysfunction. In a large population of patients hospitalized for acute MI diabetes was a strong 

and independent factor for increased plasma NT-pro-BNP levels. The latter were associated 

with the increased incidence of in-hospital mortality and cardiogenic shock observed in 

diabetic patients after myocardial infarction, indicating that plasma NT-proBNP provides 

relevant prognostic information on in-hospital outcome in this population [16]. In a cross-

sectional sample of type 1 diabetic patients an association between NT-proBNP and vascular 
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complications depended on circulating levels of the inflammatory cytokine tumor necrosis 

factor : TNF-α [17]. TNF-α has pleiotropic effects in cytokine-mediated inflammation 

underlying vascular disease and the link between type 1 diabetes, TNF-α and vascular disease 

is well established [18]. However, the relationship between TNF-α and oxidative stress is not 

clear in a dose- and time-dependent manner, a dual role of TNF-α being observed. After TNF-

α perfusion in isolated heart, an increase of catalase activity were observed while the 

superoxide dismutase activity remained unchanged. Other studies conducted in the heart have 

reported an oxidative stress with an activation of catalase and no change in superoxide 

dismutase. An explanation for this observation may be a difference in the dynamic and the 

spatial distribution between these two enzymes. [19-21]. 

 

 

2. Free radicals and antioxidants (Figure 1) 

 

Radicals derived from oxygen (ROS) and nitrogen (RNS: derived from nitric oxide: NO) are 

the largest class of radical species generated in living systems. ROS and RNS are products of 

normal cell metabolism and have either beneficial or deleterious effects, depending on the 

concentration reached in the tissues [22, 23]. Free radicals can be defined as molecules or 

molecular fragments containing one or more unpaired electrons in molecular orbits. These 

unpaired electrons give a considerable degree of reactivity to the free radical. ROS are 

produced as intermediates in reduction-oxidation (redox) reactions leading from O2 to H2O. 

The endothelium is located in a strategic anatomical position within the blood vessel wall and 

thus constitutes a barrier between the blood and all tissues. This metabolically active 

monolayer organ is exposed to different biomechanical and biochemical stimuli to which it 

responds by preserving the integrity and homeostasis of vascular function. Accumulating 
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evidence indicates the important role of redox signaling in the triggering and mediation of 

these actions. Of the ROS generated in endothelial cells, the major sources of superoxide 

anions include nicotinamide dinucleotide phosphate (NADPH) oxidases, xanthine oxidases, 

cyclooxygenases (COXs), mitochondria, and, under certain conditions, endothelial NO 

synthases (NOS) [24]. Upon stimulation by angiotensin II, the activity of NADPH oxidases is 

increased in endothelial and smooth muscle cells, suggesting that in the presence of an 

activated renin–angiotensin system (either local or circulating), dysfunction due to increased 

vascular production of superoxide anions is to be expected [25, 26]. Another source of ROS is 

xanthine oxidase. This enzyme catalyzes the sequential hydroxylation of hypoxanthine to 

yield xanthine and uric acid. The enzyme exists in two forms that differ primarily in their 

oxidizing substrate. The dehydrogenase form preferentially uses NAD
+
 as an electron 

acceptor, but is also able to donate electrons to molecular oxygen.  

The mitochondria are the major source of ROS production within the cell, and their increased 

levels are probably the culprit in a variety of pathophysiological conditions, including type 2 

diabetes. Recently, another pathway for mitochondrial ROS regulation has been discovered 

involving the p66Shc (p66) protein. p66 is a protein encoded by the ShcA gene that is 

expressed as three isoforms of about 46, 52, and 66 kDa in mammals. Some studies have 

shown that p66Shc is very important for the regulation of the intracellular redox balance and 

oxidative stress. Levels p66Shc appeared to decrease the expression of ROS scavenging 

enzymes through the inhibition of FOXO transcription factors, causing a decrease in the 

expression of ROS scavenging enzymes [27, 28]. p66Shc is a protein acting specifically in the 

mitochondrion as a redox enzyme that generates H2O2; the H2O2 generated by p66Shc 

accounts for ~30% of the total pool of intracellular H2O2 and is biologically relevant.  Under 

normal cellular conditions, p66ShcA is sequestered by peroxiredoxin 1 ( Prx1) in an inactive 

form. Under the cellular stressors associated, p66ShcA is disassociated from Prx1and is serine 
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phosphorylated by PKC-β. Phosphorylated p66ShcA forms a complex with Pin1 isomerase, 

which leads to p66ShcA translocation into the intermitochondrial space (IMS). There, 

p66ShcA oxidizes cytochrome c and reduces oxygen to form mitochondrial ROS [29, 30]. 

The p66(Shc) gene has emerged as a novel gerontogene affecting health throughout life, 

westernized lifestyle (hypercaloric diet) and during aging. High glucose determines the 

overproduction of ROS by the mitochondria and it has been reported that p66ShcA was a 

gene that regulated the apoptotic responses to oxidative stress [31]. The role of p66shc in the 

context of IR has been investigated. Interestingly, it appears that p66 participates in insulin 

desensitization of fat cells by excess nutrients [32]. 

In return, paradoxally, definitive data to demonstrate that superoxide anion production is 

stimulated in diabetic organs in vivo, however, is lacking. Recently, new results demonstrate 

that diabetic kidneys have reduced superoxide and mitochondrial biogenesis. It is 

hypothesized that an overall reduction in mitochondrial superoxide production could be due to 

a redistribution of carbons and electrons away from mitochondria and to the cytosol [33]. The 

relevance of p66Shc in the clinical setting of diabetes is supported by the notion that p66Shc 

gene expression is increased in mononuclear cells obtained from patients with type 2 diabetes 

and correlates with plasma 8-isoprostane levels, an in vivo marker of oxidative stress [34]. 

Finally according the recent studies, p66Shc appears as a crucial mediator of sustained 

vascular hyperglycemic stress in diabetes and provides molecular insights for understanding 

the progression of diabetic vascular complications despite optimal glycemic control [35]. 

On the other hand, it is likely that mitochondrial superoxide production plays an important 

signaling role and is necessary for normal physiologic intracellular communication. In 

pathological conditions or treatments (e;g; anthracyclins), increased oxidative stress within 

mitochondria arising from impaired oxidative metabolism may contribute to greater lipid 

peroxidation and damage to cell membranes and DNA, thus activating a cascade of signaling 
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events that further exacerbate the severity of the disease. Altering mitochondrial fusion and 

fission events influences ROS production in mitochondria. In addition to their involvement in 

the electron transport system, mitochondria also generate H2O2 from monoamine oxidase 

(MAO) bound to their outer membrane. MAO is an enzyme responsible for the metabolism of 

endogenous amines, and is a substantial source of H2O2 and oxidative stress in CVD such as 

diabetes [36]. Mitochondria have long been known to generate significant quantities of 

hydrogen peroxide. Hydrogen peroxide does not contain an unpaired electron and thus is not a 

radical species stricto sensu. Under physiological conditions, the production of hydrogen 

peroxide is estimated to account for about ∼2% of the total oxygen uptake by the organism.  

The major RNS is endothelium-derived nitric oxide or 
•
NO. It is a potent gaseous mediator 

widely accepted as a key determinant of endothelial function produced by endothelial nitric 

oxide synthase (eNOS). NO has potent vasodilator, anti-inflammatory and anti-thrombotic 

properties [37, 38]. Under physiological conditions, in the presence of substrate (L-arginine) 

and co-factors (tetrahydrobiopterin: BH4) eNOS produces 
•
NO [24]. Under conditions of low 

BH4 bioavailability relative to NOS, oxygen activation is "uncoupled" from L-arginine 

oxidation, and NOS produces superoxide instead of NO. On the other hand, the synthesis of 

•
NO may be blocked by inhibition of the active site of the enzyme by guanidino-substituted 

analogues of L-arginine such as asymmetric dimethylarginine (ADMA) a naturally occurring 

amino acid found in the plasma and various tissues. Plasma levels of ADMA in humans and 

rats in most studies range from 0.3 to 0.5 mmol/L [39]. ADMA and arginine methylation of 

organ proteins are modified during diabetogenesis. Thus, plasma levels of ADMA are 

elevated in patients with type 1 or type 2-diabetes [40]. Increased production of ADMA is 

probably associated with the development of obesity and diabetes, and arginine methylation 

plays a role in cardiovascular and metabolic pathologies [41]. The elevated levels of ADMA 

could in part be secondary to the early development of oxidative stress [42]. An elevated 
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serum ADMA levels is one of the earliest signs of vascular dysfunction and IR in type-2 

diabetes [43]. 

 

The free radical 
•
NO has a half-life of only a few seconds in an aqueous environment. 

•
NO 

reacts with molecular oxygen and ROS to generate a range of oxidation products including 

RNS One well-characterized RNS-forming reaction is that of 
•
NO with superoxide (O2

•-
), 

which occurs at nearly diffusion-limited rates to produce peroxynitrite: ONOO
−
.The latter 

itself is strongly oxidizing, and when protonated, undergoes homolytic scission to produce 

hydroxyl radical (
•
OH) and nitrogen dioxide (

•
NO2). Additional reactive radicals derived from 

other endogenous molecules [e.g. carbon monoxide (CO), nitrogen dioxide and hydroperoxyl 

can be formed in living systems [44-46]. 

 

Exposure to free radicals from a variety of sources has led organisms to develop defense 

mechanisms in the form of antioxidant agents. An antioxidant can be defined as any substance 

that, when present in very low concentrations compared to that of an oxidizable substrate, 

significantly delays or inhibits the oxidation of that substrate. Defense mechanisms against 

free radical-induced oxidative stress involve: (a) preventive mechanisms, (b) repair 

mechanisms and (c) antioxidant defenses. Enzymatic antioxidant defenses include superoxide 

dismutases (SOD), glutathione peroxidases (GPx), catalases (CAT) and other enzymes such 

as Prx or, metallothioneins (MTs) or thioredoxin. Non-enzymatic antioxidants are represented 

by vitamins [ascorbic acid (Vitamin C), tocopherol (Vitamin E)] and other direct glutathione 

(GSH, folic acid, lipoic acid, thiols and indirect (chelating redox metals, pharmacological 

drugs) antioxidants. In the body, an excess or deficiency of metal ions can potentially inhibit 

protein function, interfere with correct protein folding or, in the case of iron or copper, 

promote oxidative stress [47]. The involvement of metal ions in disorders such as diabetes has 
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made them an emerging target for therapeutic interventions. Iron is able to catalyze the 

formation of potentially toxic free radicals. Excessive iron is sequestered by ferritin in a non-

toxic and readily available form in the cell. When ceruloplasmin, which requires Cu for its 

ferroxidase function, is low, the mobilization of Fe to transferrin can be impaired, and Fe 

accumulates in tissues as has been observed in Cu-deficient animals, as well as in humans 

lacking functional ceruloplasmin [48]. Concerning the regulation of zinc levels, MTs play a 

key role in its distribution in the intracellular space. MTs belong to the group of intracellular 

cysteine-rich, metal-binding proteins [49]. The role of zinc has been extensively studied in 

recent years; it influences redox state, enzyme activity, gene transcription, and energetic 

metabolism. MTs may play a key role in protecting the organs against high glucose-induced 

ROS and subsequent inflammation in diabetic pathology [50]. 

Under normal conditions, there is a balance between the generation of ROS and the activity/ 

intracellular levels of the antioxidant defense mechanisms. Oxidative stress is often defined as 

an imbalance between pro-oxidants and antioxidants. The aging process itself is regulated by 

such an oxidative stress imbalance [25, 51], combined with a disruption of thiol-redox 

circuits, which leads to aberrant cell signaling and dysfunctional redox control [52]. In the 

blood, oxidative stress results from an imbalance between pro-oxidants and antioxidants, 

which can be quantified as the redox state of plasma glutathione/glutathione disulphide: 

GSH/GSSG. As details become available concerning subcellular redox organization, a new 

generation of targeted antioxidants may become available which restore redox signaling and 

facilitate disease prevention [53, 54]. 

 

Lipids are particularly vulnerable to oxidation because membranes of some cells are rich in 

polyunsaturated fatty acids and because of the presence of oxygen at millimolar levels in the 

lipid bilayer. Unsaturated phospholipids, glycolipids, and cholesterol in cell membranes and 



 

12 
 

other organized systems are prominent targets of oxidant attack. This can result in lipid 

peroxidation, a degenerative process that disturbs structure/ function of the target system. 

Lipid hydroperoxides (LOOHs) derived from unsaturated phospholipids, glycolipids, and 

cholesterol are prominent intermediates of peroxidative reactions induced by activated species 

such as hydroxyl radical, peroxyl radicals, singlet oxygen, and peroxynitrite .The inner 

mitochondrial membrane contains cardiolipin; which is an unsaturated phospholipid 

specifically localized in this compartment. Cardiolipin levels diminish under when lipid 

peroxidation is prominent as observed in aging and diabetes [55]. 

Increased oxidative stress associated with lipid peroxidation in endothelial cells may be one of 

the major causes of hyperglycemia-triggered diabetic complications. Endothelial dysfunction 

is characterized by increased pro-oxidant activity and the unbalanced production/release of 

mediators. In the pathogenesis of diabetes, metabolic factors, oxidative stress and 

inflammation converge and stimulate monocyte adhesion to endothelial cells [2]. Aging is 

associated with an increase in oxidative stress [25]. In the plasma, oxidative stress index is 

increased in type 1 and type 2 diabetic patients [56]. Diabetic patients exhibit reduced NO-

dependent vasodilatations [57]. 

In summary, under conditions of oxidative stress, free radicals that are not reduced or 

removed from the cellular environment can cause damage to all cellular macromolecules 

including nucleic acids, lipids and proteins. Oxidation of lipids can cause changes in the 

structure and fluidity of membranes that are detrimental to cellular processes and functions. 

 

3. Metabolic stress and diabetes (Figure 2) 

3.1. Oxidative and nitroxidative stress 

Given the multiplicity of their functions, mitochondria are a logical target for the study of 

metabolic diseases. Skeletal muscle is the major site of insulin-stimulated glucose use in the 
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body, and the dysregulation of mitochondria is closely associated with IR in skeletal muscle 

and thus with the pathogenesis of type 2 diabetes. Inside mitochondria, electrons from 

reduced substrates move from complexes I and II of the electron transport chain through 

complexes III and IV to oxygen, forming water and causing protons to be pumped across the 

mitochondrial inner membrane. The electron transport system is organized so that the level of 

ATP can be precisely regulated [58]. Hyperglycemia-induced overproduction of superoxide 

anions by the mitochondrial electron transport chain triggers a maladaptive response by 

affecting several metabolic and signaling pathways involved in diabetic complications. 

Diabetes mellitus is characterized by a number of metabolic abnormalities, in particular IR 

and hyperglycemia, but also hyperlipidemia, elevated free fatty acids (FFA), increased 

quantities of advanced glycation end-products (AGEs), and exaggerated superoxide anion 

production [59]. All these metabolic abnormalities can activate pathways that alter the 

function and structure of blood vessels and tissues. The increased superoxide anion 

production is associated with the activation of major pathways involved in the pathogenesis of 

diabetic complications: 1) polyol pathway flux, 2) increased formation of AGEs, 3) activation 

of protein kinase C isoforms, and 4) over-activity of the hexosamine pathway. The accelerated 

flux of sorbitol through the polyol pathway has been implicated in the pathogenesis of 

secondary diabetic complications: cataractogenesis, retinopathy, neuropathy, nephropathy and 

CVD. In addition, free carnitine and myo-inositol content in the caudal nerves were decreased 

with polyol accumulation in diabetic rats. These actions are accompanied by inactivation of 

enzymes such as eNOS [57]. 

Concerning the polyol pathway, aldose reductase (AKR1B1, in humans), which belongs to the 

aldoketo-reductase super family of proteins, catalyzes the first and rate-limiting step of this 

pathway for glucose metabolism. An increased flux through the polyol pathway could alter 

the NADPH/NADP ratio and attenuate the glutathione reductase (GR) and glutathione 



 

14 
 

peroxidase (GPx) system thereby decreasing the reduced glutathione/oxidized glutathione 

(GSH/GSSG) ratio, which would cause oxidative stress. The different pathogenic mechanisms 

described above are interrelated in hyperglycemia-induced processes.  

Insulin exerts important redox-regulating actions in various target organs, implying an 

antioxidative role of the hormone [60]. The generation of ROS by mitochondrial oxidative 

phosphorylation is attenuated by insulin through the regulation of uncoupling protein (UCP) 

expression. In addition, the expression of NADPH oxidases (NOX) is inhibited by insulin 

[61]. Several Nox isoforms are present in the vasculature, Nox1, Nox2, Nox4, and Nox5. 

These isoforms have been proposed to play an important role in vascular pathobiology.  In 

cultured adipocytes, excess glucose and palmitate generate ROS via NOX4 rather than by 

mitochondrial oxidation. NOX4 is regulated by both NADPH generated in the pentose 

phosphate pathway and translocation of NOX4 into lipid rafts, leading to the expression of 

monocyte chemotactic factors [62]. In vascular cells, Nox1 mRNA expression is low under 

physiological conditions but induced in the presence of factors elevated in diabetes mellitus, 

and other pathological conditions such as atherosclerosis and hypertension. A recent study 

demonstrated a major role for Nox1 derived ROS in diabetes mellitus–associated 

atherosclerosis [63]. 

 

3.2. Intracellular signaling (Figure 3) 

Oxidative stress is the common denominator for the major pathways involved in the 

development and progression of diabetic diseases. Mechanisms implicated in the increased 

generation of ROS include: NAD(P)H oxidases, advanced glycation end-products (AGE), 

defects in the polyol pathway, uncoupled NOS and the mitochondrial respiratory chain via 

oxidative phosphorylation. Excess amounts of ROS and RNS modulate activation of protein 
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kinase C, mitogen-activated protein kinases, and various cytokines and transcription factors 

such as FOXO, Nrf2, AP -1, NF-κB, PPARS and Bach 1. 

 

3.2.1. FOXO 

Forkhead box O (FOXO) transcription factors include FOXO1, FOXO3, and FOXO4. They 

are critical mediators of oxidative stress and are activated by various cellular stress stimuli. 

FOXO proteins modulate normal cellular function but also contribute to pathological 

processes. Metabolic signaling via these transcription factors is conserved in many species 

FOXO transcription factors can also be viewed as sensors for oxidative stress since their 

activity is regulated by H2O2, depending on the cellular context, they relay these stresses to 

induce apoptosis [64]. An increase in intracellular ROS facilitates the localization of FOXO to 

the nucleus, where it is transcriptionally active. Oxidative stress regulates FOXO activity 

through various posttranslational modifications including phosphorylation, acetylation, and 

ubiquitination. FOXO proteins play an important role in protecting cells against oxidative 

stress. Indeed, cells activate FOXO transcription factors to reduce the level of oxidative stress 

by inducing enzymes that breakdown ROS such as MnSOD and catalase. Hyperglycemia-

induced oxidative stress promotes inflammation. Inflammation is a major risk factor in 

diabetes and is associated with the progression of diabetic complications.  

An important function of FOXO proteins is their ability to govern cardiovascular cell 

development, new vessel growth and smooth muscle cell proliferation [65]. Members of the 

FOXO family of transcription factors suppress tumor angiogenesis by inhibiting endothelial 

cell migration. In light of these actions, these transcription factors may have a significant role 

in the vascular disorders that accompany diabetes. New capillary formation from pre-existing 

vessels is uncontrolled in diabetes. FOXO proteins can stimulate the insulin-like growth factor 

binding protein-1 (IGFBP1) promoter by binding to its insulin- responsive sequence.  
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FOXO proteins participate in carbohydrate and fatty acid metabolism [66]. In particular, 

FOXO1 plays a significant role in regulating whole body energy metabolism. In diabetes, 

FOXO1-dependent gene expression promotes some of the deleterious characteristics 

associated with this pathology. [67, 68]. 

 

3.2.2. NRF2 

Oxidative stress is often seen as an imbalance resulting from altered gene expression. The 

transcription factor called nuclear factor (erythroid-derived 2)-like 2, or Nrf2 is referred to as 

the "master regulator" of the antioxidant response; it modulates the expression of hundreds of 

genes, including not only those that control antioxidant enzymes, but also genes that control 

immune and inflammatory responses [69]. Insulin may promote the elimination of ROS 

through the up-regulation of various antioxidant enzymes, and the production of intracellular 

antioxidants in an Nrf2-Keap1-dependent pathway. Control of nuclear trafficking is crucial 

under disease conditions such as diabetes, and it occurs at several levels. Nrf2 is a key player 

in the antioxidant response. Under non-stress conditions, concentrations of the transcription 

factor Nrf2 are low, and the protein is retained in the cytoplasm owing to its association with 

Keap1. In response to oxidative stress, a complex series of events leads to the stabilization of 

Nrf2 and its translocation into the nucleus [70]. In the nucleus, Nrf2 upregulates the 

expression of several genes that are implicated in the antioxidant response, and for which the 

promoter region contains an antioxidant response element (ARE)[71]. The Keap1-Nrf2-ARE 

pathway can be activated by various cellular stresses (including oxidative stress, endoplasmic 

reticulum stress, and shear stress) and chemical inducers from both endogenous (reactive 

oxygen and nitrogen species) and exogenous sources. The system responds to oxidative stress 

by expressing a broad range of cytoprotective enzymes. The classes of these Nrf2-regulated 

genes include those that express electrophile conjugating enzymes and antioxidative enzymes 
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[72]. The pharmacological manipulation of Nrf2 may be beneficial in treating metabolic 

disorders such as diabetes, and in particular Nrf-2 activators potentially may protect 

peripheral nerves from hyperglycemic stress. Vitamin E, one of the most widely-tested 

antioxidants for the treatment of diabetic neuropathy influences antioxidant and detoxifying 

enzymes regulated by Nrf2 [73]. 

 

3.2.3. AP-1 

The AP-1 family of transcription factors consists of Jun family oncoproteins that homo- or 

heterodimerize with other members of the Jun or Fos protein families. Inducible gene 

expression via AP-1 is involved in a diverse range of cellular responses including antioxidant 

activity. The activation of AP-1 is associated with that of NF-κB. Like NF-κB, AP-1 is up-

regulated by a wide variety of pro-oxidant and pro-inflammatory stimuli. Functional AP-1 

sites, which mediate inducer-dependent gene expression of HO-1, have been identified in the 

promoter regions of human HO-1 genes [74]. A potential link exists between inflammation 

and these complex regulatory circuits. The elevated levels of ROS during hyperglycemia, 

peroxidative stress and cytokine production trigger the inflammatory response in tissues by 

up-regulating several redox-sensitive transcription factors such as AP-1 [75]. 

 

3.2.4. NF-B 

The nuclear factor-kB (NF-B) family of transcription factors plays a crucial role in 

inflammation, immunity, cell proliferation, development, survival and apoptosis. In humans, 

the NF-B family has five members: p65 (RelA) c-Rel, RelB, p50 and p52. NF-B is induced 

by a variety of extra-cellular stimuli via the activation of membrane and cytosolic receptors. 

In most non-stimulated cells, NF-B is maintained inactive in the cytoplasm by endogenous 

inhibitors: I-B. Some inflammatory cytokines activate this pathway [76]. In response to a 
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wide range of signals, the regulatory NF-B heterodimere p50 and p65 dissociate from I-B 

and subsequently translocate to the nucleus. Oxidative stress and/or depletion of reduced 

glutathione (GSH) induce subsequent increases in the cytosolic oxidized form of glutathione: 

GSSG in response to oxidative stress causes rapid ubiquitination and phosphorylation and 

thus subsequent degradation of I-B which is a critical step for NF-B activation. 

Hyperglycemia and the subsequent generation of advanced glycation end-products (AGEs) 

and fatty acid degradation are major promoting sources of ROS within cells and NF-B is 

activated by these stimuli. [77] [78]. 

 

3.2.5. PPARS 

Peroxisome proliferator-activated receptors (PPARs) are ligand-dependent transcription 

factors. Three different PPAR isoforms have been identified in humans. PPARs are therefore 

important targets in the treatment of metabolic disorders. They are key regulators of fatty acid 

and lipoprotein metabolism, glucose homeostasis, cellular proliferation/differentiation and the 

immune response. The isoforms possess distinct functions, and vary in their ligand affinity, 

expression, and activity in different metabolic pathways. PPARγ plays a crucial role in 

glucose homeostasis and is involved in the regulation of lipid metabolism and adipocyte 

differentiation and function. PPARγ is largely expressed in adipose tissue, in skeletal muscle, 

locally in the vasculature, including endothelial cells, smooth muscle cells and macrophages, 

where PPAR isoforms exert much of their metabolic action [79]. PPAR agonists modify 

circulating lipid levels, and thereby reduce cardiovascular risk in patients with diabetes. 

Treatment of diabetic apoE KO mice with either a PPARα or a PPARγ agonists is associated 

with a reduction in vascular superoxide anion production, together with reduced gene 

expression of the NAD(P)H oxidase subunits p47phox and gp91phox in the aorta of [80]. In 

db/db and diet-induced obese mice, PPARγ activation by rosiglitazone restores endothelium-
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dependent relaxations of the aorta, whereas diabetic mice lacking adiponectin or treated with 

an anti-adiponectin antibody do not respond [81]. Adiponectin activates AMPK/eNOS and 

cAMP/PKA signaling pathways, which increases NO bioavailability and reduces oxidative 

stress. These results demonstrate that adipocyte-derived adiponectin is required for the 

PPARγ-mediated improvement of endothelial function in diabetes. Adiponectin, an adipocyte-

specific hormone, circulates at relatively high levels in healthy humans, but at reduced levels 

in obese subjects [82]. It increases cellular anti-oxidative defense mechanisms and inhibits 

oxidative stress in a significant and dose-dependent manner in Human 22Rv1 and DU-145 PC 

cell lines [83]. In addition, PPARs suppress inflammation by inhibiting the activity of AP1 

and NF-B [84].Finally, PPARs may play a major role in the protection against 

macrovascular disease and the amelioration of microvascular defects in type 2 diabetes.  

 

3.2.6. Bach1 

The transcription factor Bach1 (BTB and CNC homology 1, basic leucine zipper transcription 

factor 1) inhibits oxidative stress-inducible genes and is a crucial negative regulator of 

oxidative stress–induced cellular senescence [85]. Bach1 forms a heterodimer with small Maf 

oncoproteins and binds to the Maf-recognition element (MARE) to inhibit target genes [86]. 

Epoxygenase activity and synthesis of epoxyeicosatrienoic acids (EETs) are important 

modulators of obesity and diabetes. Mesenchymal stem cells expressed substantial levels of 

EETs, and inhibition of soluble epoxide hydrolase increased the level of EETs and decreased 

adipogenesis. Treatment with EET agonists increased HO-1 expression by inhibiting Bach-1, 

a negative regulator of HO-1 expression [87]. 
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3.2.7. Other transcription factors implicated in oxidative stress regulation and diabetes 

Other transcription factors bind to specific regulatory elements in the promoters of dependent 

genes and control gene expression by interacting with histone-modifying enzymes or the 

transcriptional machinery. These factors initiate the expression of target genes in the vessel 

wall and in the myocardium. Activation transcription factor 4 (ATF4) is a master regulator for 

evolutionarily conserved mammalian stress response pathways, in particular in the 

cardiovascular pathological setting. It controls factors implicated in atherogenesis, restenosis 

and diabetes by controlling the expression of growth factors, cytokines, chemoattractants and 

adhesion molecules [88].  

Hypoxia-inducible factor (HIF) is another transcription factor of importance. Activation of the 

HIF system represents a major adaptation in ischemic and metabolic disorders [89]; however, 

it also occurs in disorders where the primary stimulus is typically not hypoxic in nature. The 

HIF system can take on both adaptive and maladaptive roles in the cardiovascular system 

depending on the context [90]. HIF-1α stability and function are compromised by high 

glucose concentrations. Diabetes is associated with hypoxia and impairs ischemia-induced 

neovascularisation associated with other forms of adaptive cell and tissue responses to low 

oxygen levels. Hyperglycemia appears to be the driving force of such deregulation. 

Destabilization of hypoxia-inducible HIF-1 is most likely the event that transduces 

hyperglycemia into the loss of the cellular response to hypoxia in most diabetic complications 

[91].  

As a member of the interferon regulatory factor IRF family of transcription factors, interferon 

regulatory factor 4 (IRF4) is expressed in most cell types of the immune system. It is essential 

for the development and function of T helper (Th), regulatory T (Treg), B, as well as dendritic 

(DC) cells. Since these cells are crucial in the autoimmune responses, IRF4 may contribute to 

the initiation and progression of autoimmune diseases, such as type I diabetes [92]. A 
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relationship exists between immune response and oxidative stress in cardiovascular disease. 

Thus, a novel N-terminal truncated intracellular isoform of metalloproteinases: MMP-2 is 

induced by oxidative stress and this isoform initiates a primary innate immune response that 

may contribute to progressive cardiac dysfunction in the setting of ischemia and heart failure 

[93]. 

 

3.3. Electrophile stress (Figure: 3) 

Another important mechanism in this field is the implication of electrophile metabolism in the 

initiation and development of diabetes. Oxidative stress is the primary event, whereas lipid 

peroxidation products are second messengers that convey to the cell information about the 

initiating oxidative event. In membranes, polyunsaturated fatty acids (PUFA) are highly 

susceptible to oxidation and readily undergo peroxidation by enzymatic or free radical chain 

reaction mechanisms, yielding numerous electrophilic species [94]. If lipid peroxides are not 

neutralized by endogenous antioxidants, they will fragment unsaturated and diffusible 

aldehydes (acrolein; 4-hydroxynonenal (HNE); and 4-hydroxyhexenal (HHE), 4-ONE: 4-

oxononenal; MDA: malondialdehyde). These are highly reactive electrophiles [95], and like 

ROS/RNS, they are capable of covalently modifying proteins, DNA and other 

macromolecules. In these conditions, arachidonic acid and longer-chain fatty acids are 

modified and produce these electrophilic species [96]. Several nucleophilic amino acids are 

present in biological systems; sulfhydryl groups on cysteine residues are the softest. ROS 

oxidation of these cysteines produces protein conformational changes that stimulate 

antioxidant pathways through subsequent induction of gene expression after activation of the 

Nfr2-Keap1 pathway. Cellular exposure to these byproducts of lipid peroxidation, such as 4-

HNE, may accelerate the onset and development of chronic diseases such as diabetes [97]. In 
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3T3-L1 adipocytes, 4-HNE treatment at non-toxic concentrations increased levels of 4-HNE-

insulin receptor substrate (IRS) adducts, leading to adipocyte IR [98]. 

Short-term exposure to 4-HNE at concentrations as low as 10 μM, a concentration reportedly 

reached in certain pathological conditions, induces Ca
2+

 influx and subsequent insulin 

secretion. These results suggest that the electrophile positively regulates functional insulin 

secretion, which is consistent with previous findings indicating that the ROS produced in 

mitochondria are able to induce insulin secretion. Increased intracellular GSH by pretreatment 

with L-cysteine prevents 4-HNE-induced increases in [Ca
2+

]i and insulin secretion following 

short-term exposure [99]. 

 

The genomic regulation common to most electrophiles is the Nrf2/Keap1 (Nuclear erythroid 

2-related factor 2/Kelch ECH associating protein) pathway. An important target of 

electrophiles, associated with PPAR, is a nuclear receptor involved in the regulation of lipid 

metabolism and cell differentiation, and the target of the thiazoladinedione (TZD) class of 

antihyperglycemic drugs. In addition, electrophiles down-regulate pro-inflammatory gene 

expression induced by NF-B. 

Based on these particular chemical properties, HNE has been considered a second messenger 

of oxidative damage. Direct conjugation of the C2–C3 double bond of enals with the 

sulfhydryl group of GSH is a major route for the metabolism and detoxification of enals with 

the formation of compounds such as glutathione-4-hydroxy-trans-2-nonenal (GS-NHE) and 

glutathionyl-1,4-dihydroxynonene (GS-DHN). 4HNE controls the expression and activity of 

many signaling proteins involved in IR [100]. In cardiac muscle, this effect is partially 

mediated by activation of PPAR-alpha, probably through interactions with long-chain fatty 

acid ligands. Enhanced fatty acid oxidation leads to redox imbalances via an increased -

NADH/NAD
+
 ratio, which further inhibits glucose oxidation and promotes ROS production. 
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The physiological formation of a unique nitrated cyclic nucleotide, 8-nitroguanosine 3',5'-

cyclic monophosphate (8-nitro-cGMP) and its potent antioxidant activity. It is a new second 

messenger derived from cGMP in mammals. 8-Nitro-cGMP regulates the redox-sensor 

signaling protein Keap1. It is a new area of oxidative stress research [101]. 

 

In summary, oxidative stress not only promotes the development of diabetes, but diabetes also 

triggers the increase in oxidative stress due to elevated blood glucose and free fatty acids. 

Such disease-induced ROS production further exacerbates cellular damage and contributes to 

diabetic complications. The increased expression of antioxidative enzymes and the 

modulation of pro-inflammatory cytokine signaling in an Nrf2- dependent manner have been 

demonstrated. Nrf2 is a redox-sensitive transcription factor that activates cytoprotective 

pathways against oxidative injury, inflammation, and apoptosis through transcriptional 

induction of a broad spectrum of genes involved in electrophilic/drug detoxification and 

antioxidant protection [71]. Evidence from a variety of model systems points out an important 

role of Nrf2 in prevention of diabetes and diabetes complications. The pharmacological 

activation of the Nrf2 pathway opens the possibility that other dietary Nrf2 activators such as 

sulforaphane may also have effects on cellular lipid and glucid metabolisms and total energy 

expenditure {Vomhof-Dekrey, 2012 #2392}. Sulforaphane is an isothiocyanate that is found 

in cruciferous vegetables and has a strong cytoprotective function against oxidative stress and 

plays a critical role in preventing diabetes-induced damage {Bai, 2013 #2393}. 

 

3.4. Sphingolipid signaling 

Cellular signaling mechanisms regulated by sphingolipids are being recognized as critical 

players in metabolic diseases [102]. The control of sphingolipid synthesis by cells is regulated 

by substrate availability as well as by other mechanisms related to lipid composition and 
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membrane homeostasis. An extensive network of enzymes metabolizes sphingolipids into 

bioactive lipid mediators. Sphingomyelinase forms ceramide via a hydrolytic reaction. 

Ceramide is further converted to sphingosine by ceramidases. Sphingosine, once 

phosphorylated into sphingosine 1-phosphate (S1P) formed in endothelial and hematopoietic 

cells, is secreted into the extracellular space by transporters. Due to its amphipathic character, 

most of the S1P is bound to carrier proteins in the blood .In human plasma, more than half of 

the S1P is found in the HDL fraction, about 36% in the albumin fraction, and 8% in the LDL 

fraction. The ability of HDL to induce vasodilation, endothelial protection [103] and 

cardioprotection was dependent on S1P [104]. Diverse physiological functions of S1P are 

mediated by specific, high-affinity G-protein-coupled receptors, GPCRs. Five receptors for 

S1P (S1PR1–5), have been identified. Extracellular S1P signals via its five GPCR to regulate 

numerous organ systems. The signaling properties of the S1P receptors are well characterized, 

and some physiological roles of S1P have been elucidated by the analysis of mutant mice for 

receptors and by the use of pharmacological tools. S1P, abundantly expressed in the vascular 

compartment, is an important player in the regulation of the extent and duration of 

inflammatory reactions [105, 106]. Sphingolipid metabolism is altered in diabetic conditions. 

However, to date, studies in this area have focused on ceramide, and only a few studies have 

examined the involvement of S1P. Fatty acid (palmitate)-induced stimulation of de novo 

ceramide synthesis is required. Moreover, the inhibition of sphingolipid synthesis has been 

shown to increase insulin sensitivity [107]. Plasma S1P levels are elevated in two animal 

models of type 1 diabetes (streptozotocin-induced diabetic rats and Ins2 Akita diabetic mice), 

yet no changes in levels were detected in the livers of these animals, suggesting there are 

other sources of S1P [108]. An interesting link has been demonstrated between adiponectin 

and ceramide, and insulin sensitivity. Binding of adiponectin to its two receptors, AdipoR1 

and AdipoR2, stimulates ceramidase activity, by a mechanism resulting in the formation of 
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S1P via a sphingosine kinase-dependent pathway [109]. This effect may be important for 

reducing IR and liver pathologies associated with metabolic dysregulation such as diabetes.  
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4. Insulin resistance (IR) and oxidative stress 

In skeletal muscle and adipose tissue, an increase in insulin promotes glucose uptake by 

activating a complex cascade of signaling events. Binding of insulin to the insulin receptor 

leads to downstream tyrosine phosphorylation of protein substrates that then activate PI3K. 

This is associated with GLUT4 translocation from its intracellular pool to the plasma 

membrane, and glucose transport into the cell. IR is defined as an inadequate response by 

insulin target tissues, such as skeletal muscle, the liver, and adipose tissue, to the physiologic 

effects of circulating insulin. The important consequences are decreased insulin-stimulated 

glucose uptake in skeletal muscle, impaired insulin-mediated inhibition of hepatic glucose 

production in the liver, and a reduced ability of insulin to inhibit lipolysis in adipose tissue. 

We discuss here how nutrient availability and obesity interact to modulate inflammatory 

pathways in relationship with oxidative stress in 1) the pancreas 2) adipose and skeletal tissue 

3) the liver. 

 

4.1. Pancreas, insulin resistance and oxidative stress: 

Various inflammatory cytokines and oxidative stress produced by pancreatic islet-infiltrating 

immune cells play an important role in mediating the destruction of beta cells. Beta-cell 

dysfunction and IR are the hallmarks of type 2 diabetes. Under diabetic conditions, chronic 

hyperglycemia induces an alteration in pancreas function and aggravates IR; these actions are 

associated with oxidative stress. Beta cells are vulnerable to oxidative stress because of their 

relatively low expression of antioxidant enzymes such as catalase and glutathione peroxidase. 

In the diabetic state, hyperglycemia and the subsequent production of oxidative stress 

decrease insulin gene expression and secretion. Indeed, the expression of oxidative stress 

markers such as 8-hydroxy-2-deoxyguanosine (8-OHdG) and 4-hydroxy-2,3-nonenal (4-

HNE) were increased in islets under diabetic conditions. the decrease in insulin gene 
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expression after prolonged exposure to a high glucose concentration was prevented by 

treatment with antioxidants such as probucol [110], glutathione peroxidase [111], or N-acetyl-

L-cysteine (NAC), vitamins C or E, or both [112]. Activation of the JNK pathway is 

associated with a reduction in insulin gene expression induced by oxidative stress; 

suppression of the JNK pathway protects cells from oxidative stress. It is likely that activation 

of the JNK pathway leads to decreased PDX-1 and Mafa activity; these cellular actions are 

associated with suppression of insulin gene transcription found in the diabetic state. In this 

context, PDX-1 and Mafa are two important pancreatic transcription factors [113, 114]. Mafa 

overexpression in the liver, together with PDX-1 dramatically ameliorated glucose tolerance 

[115]. 

Beta-cell dysfunction is the result of either chronic exposure to hyperglycemia or FFA, or a 

combination of both. In cells exposed to sustained high glucose concentrations, more glucose 

is being oxidized in the TCA cycle, which leads to an increase in ROS generation. In IR 

syndrome, there is an increased FFA flux from adipocytes into arterial endothelial cells that 

might result in increased FFA oxidation by the mitochondria. In vitro elevated levels of FFA 

induce numerous adverse effects on mitochondrial function including the uncoupling of 

oxidative phosphorylation and the generation of ROS [116]. In vitro, long-term exposure to 

FFA inhibits insulin mRNA and synthesis, and a distinct effect of saturated and 

monounsaturated fatty acids on beta-cell turnover and function has been reported [117].  

The etiology of IR is complex, and the endoplasmic reticulum (ER) appears to be implicated. 

The ER is the primary intracellular organelle responsible for protein folding, maturation, and 

trafficking [118]. The ER serves as a dynamic pool of calcium, and governs intracellular 

calcium homeostasis [119]. ER stress is defined as the accumulation of unfolded or misfolded 

proteins in the ER, which triggers an adaptive program called the unfolded protein response 
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(UPR). Protein folding in the ER and production of ROS are closely linked events. In this 

context, the relationship between calcium and oxidative stress has been evoked [120]. 

Trace elements such as selenium and zinc might act as antioxidants. Zinc is important for 

insulin release as it is packed into co-crystals with insulin in the exocytotic vesicles. Zinc is 

released from insulin when it reaches the higher pH of blood, and zinc has recently been 

shown to negatively regulate α-cell secretion [121]. Zinc, despite being redox-inert and 

therefore not itself an antioxidant, exhibits a variety of indirect antioxidant effects. On the 

other hand, zinc enhances the antioxidant capacity of the cell through direct competition with 

metals such as copper and iron that catalyze the Fenton reaction. Zinc depletion of the insulin 

molecule appears to leave insulin vulnerable to structural modifications, suggesting that the 

zinc in insulin may serve to protect it against oxidative damage. The relatively high levels of 

ROS and electrophiles produced by persistent hyperglycemia and hyperlipidemia, which 

typically accompany type 2 diabetes, result in β-cell dysfunction and glucose toxicity. the 

transient receptor potential (TRP) channel superfamily, which mediates Ca
2+

 influx in β-cells, 

is activated by oxidative stress [122]. 

 

4.2. Adipose and skeletal tissue, insulin resistance and oxidative stress: 

Adipose tissue consists of a variety of cell types, including adipocytes, immune cells 

(macrophages and lymphocytes), preadipocytes, and endothelial cells. Adipokines, such as 

leptin and adiponectin, are secreted by adipocytes and these adipokines promote insulin 

sensitivity and the release of proteins, such as resistin [123] and retinol-binding protein 4 

(RBP4), which impair insulin sensitivity [124] Adipokines such as adiponectin and adipocyte 

fatty acid binding protein (A-FABP) are prognostic biomarkers for cardiovascular disease and 

even promising therapeutic target for its treatment.  
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Obesity and the associated increase in body fat mass are the consequences of long-term 

(months to years) positive energy balance. Pathways intrinsic to the cell can acutely detect or 

“sense” changes in energy balance or nutrient availability. Chronic activation of pro-

inflammatory pathways within insulin target cells can lead to obesity-related IR. Elevated 

levels of the pro-inflammatory cytokines TNF-α, IL-6, and CRP have been demonstrated in 

patients with IR and diabetes [125]. Peptides, including pro-inflammatory cytokines, 

chemokines and hormones can function in both an endocrine or paracrine mode in adipose 

tissue. In this field, TNF-a and IL-6 impair insulin signaling in insulin-sensitive tissues and 

raise IR [126].  

Oxidative stress and IR are two intimately-linked processes. [111]. As we previously reported, 

p66ShcA was a gene that regulated the apoptotic responses to oxidative stress and it a major 

mediator of IR. P66shc has been shown to participate in insulin signaling and in particular to 

promote insulin-induced fat accumulation [32]. Although p66shc elicits the formation of 

oxygen species and increases cell oxidative stress in several pathophysiological settings. 

P66shc may operate as an adaptor molecule by participating in the assembly of 

supramolecular complexes relevant to the propagation of insulin signaling [127].  

 One of the targets of oxidative stress is the activation of multiple serine kinase cascades. 

These kinases are implicated in the insulin signaling pathway, including the insulin receptor 

(IR) and the insulin receptor substrate (IRS) family of proteins. It has been reported that H2O2 

inhibited insulin-stimulated glucose transport [128, 129]. The activation of different pathways 

such as NF-B, p38 MAPK, and JNK/SAPK appears sensitive to oxidative stress and linked 

to impaired insulin action, suggesting that they are associated with a role in oxidative stress-

induced IR [128]. The relationship between the potent insulin sensitizing activity of 

adiponectin, the circulating proteins secreted from adipocytes and the inhibition of NF-B 

activation has been reported. Exposure of adipocytes to oxidative stress decreases anti-
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inflammatory adiponectin and increases pro-inflammatory adipocytokines [130]. Cellular 

protection by adiponectin is at least in part mediated by an antioxidative/nitrosative effect. 

Adiponectin reduces oxidative/nitrosative stress by inhibiting NADPH oxidase and iNOS 

expression [131, 132]. The relationship between oxidative stress and IR appears to be 

multifactorial. Involvement of a local renin-angiotensin aldosterone system (RAAS) has also 

been proposed as a potential mediator of oxidative stress to adipocytes [133]. 

In conclusion, adipose tissue inflammation is characterized by changes in immune cell 

populations giving rise to altered adipo/cytokine profiles, which in turn induces IR in skeletal 

muscle and the liver. 

 

4.3. Liver, insulin resistance and oxidative stress 

Following a meal, the intestine becomes the major source of glucose, which increases the 

availability of glucose to the pancreas. This, in turn, stimulates the pancreas to secrete insulin. 

One of the states of IR is characterized by the impairment of insulin-mediated suppression of 

hepatic glucose production. Therefore, IR individuals initially maintain normoglycemia by the 

overproduction of insulin by the pancreas. Long-term nd hypersecretion can lead to the 

dysfunction of pancreatic beta cells [134]. 

In the liver, macrophages are also key players in metabolic homoeostasis. Macrophages can 

be found in many tissues, where they respond to metabolic cues and produce pro- and/or anti-

inflammatory mediators to modulate metabolite program. Although it is evident that 

metabolic stress (e.g. fatty acids, ceramides and oxLDL/cholesterol) induces macrophage 

inflammation, the detailed mechanisms through which pro-inflammatory signaling pathways 

cause metabolic diseases, notably in the setting of IR, remain unclear. Resident macrophages 

in an organ such as the liver adapt to their local microenvironment and exhibit diverse 

functional and morphological phenotypes. Macrophages possess the ability to engulf and 
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metabolize lipids and this way connect lipid metabolism with inflammation. Increased lipid 

deposition in the liver is also considered a factor in the pathogenesis of IR . Increased lipid 

accumulation in the liver is associated with increased FFA flux, which leads to the excessive 

accumulation of fatty acid intermediates such as ceramide. Lipid intermediates activate 

intracellular serine kinases, which can lead to the inhibition of insulin signaling. Rates of 

ceramide synthesis depend largely on the availability of long-chain saturated fats, which 

participate in the initial, rate-limiting step in de novo ceramide synthesis [135, 136]. Ceramide 

induces the activation of ROS-generating enzymes, including NADPH oxidase, xanthine 

oxidase and NO synthase. In addition, ceramide has also been shown to interact with the 

mitochondrial electron transport chain, thereby leading to the generation of ROS [137]. In this 

field, early reports suggested that ceramide inhibited insulin activation of upstream signaling 

events. Manipulation of the enzymes that control sphingolipid synthesis or degradation in 

mice has a potent effect on IR and ameliorates lipotoxic responses associated with obesity. 

Ceramides contributed to IR. It has been suggested that in addition to ceramides, a number of 

other lipid intermediates may modulate insulin sensitivity [138]. Ceramide is now considered 

an important metabolite able to alter cellular metabolism and promote apoptosis. A major 

mechanism through which ceramide alters cellular metabolism is its dramatic inhibition of 

Akt, a serine/threonine kinase that is an obligate intermediate in the signaling pathway linking 

insulin and other growth factors to the expression, action, and subcellular distribution of 

nutrient transporters [139]. In this context, it has been suggested that inhibitors of ceramide 

synthesis or activators of ceramide degradation may provide new therapeutic options for 

diabetes [140]. 
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5. Antioxidant strategies to control oxidative stress in diabetes  

 

The complex and intimate association between increased oxidative stress and increased 

inflammation in related disorders such as type-2 diabetes makes it difficult to establish the 

temporal sequence of the relationship [141, 142]. In diabetic patients, the increase in oxidative 

stress is associated with a decline in cellular antioxidant defenses. Several attempts have been 

made to reduce oxidative stress-dependent cellular changes in patients with diabetes by 

antioxidant supplementation. The rationale for using certain vitamins and other compounds in 

the prevention and management of diabetes mellitus is based largely on experimental and 

epidemiologic studies. Various dietary compounds including long chain omega-3 fatty acids, 

antioxidants and pharmacological agents have the potential to modulate predisposition to 

inflammatory conditions. These components act through a variety of mechanisms that include 

decreasing the production of inflammatory mediator through effects on cell signaling and 

gene expression. 

 

In this part of this review, we report that oxidative stress can be modified by enzymatic action 

(e.g., superoxide dismutase, thioredoxin, catalase, and glutathione peroxidase) and/or by non-

enzymatic antioxidants, for example, vitamins (A, C, E), folate, glutathione, coenzyme Q10, 

α-lipoic acid, carotenoids, flavonoids and trace elements (Cu, Zn, Mg and Se). In addition, we 

will highlight antioxidant compounds that show promise in improving vascular function in 

diabetic settings. 

 

5.1. Enzymatic antioxidants 

The hypothesis that by interrupting the overproduction of superoxide radicals and hydrogen 

peroxides it should be possible to normalize most alterations that contribute to metabolic 



 

33 
 

dysfunction has been difficult to accomplish using conventional antioxidants. Antioxidants 

like vitamin E act on a one-to-one basis; while the hyperglycemia-induced overproduction of 

superoxide radicals is continuous. This has led to the use of catalytic antioxidants such as 

superoxide dismutase (SOD)/catalase (CAT) mimetics and functional mimics of glutathione 

peroxidase (GPx) [143, 144]. 

 

The role of ROS in the development of diabetic endothelial dysfunction has been underlined 

by a number of functional studies, demonstrating that diabetic blood vessels exhibit an 

improved endothelium-dependent relaxant response when treated with SOD. SOD entrapped-

liposomes restore the impaired endothelium-dependent relaxation of resistance arteries in 

experimental diabetes. One of the mechanisms relates to the fact that the reaction of NO with 

superoxide anion results in its inactivation and therefore induces a reduction in the biological 

availability of NO [145, 146]. ROS not only reduce nitric oxide bioavailability but also 

facilitate the production and/or action of endothelium-dependent contracting factors [147]. 

New therapeutic drugs such as SOD-like mimics are being developed [148]. 

Metalloporphyrins, Mn cyclic polyamines, Mn salen derivatives and nitroxides have been 

synthetized as SOD mimics. The most potent mimics have been cationic meso Mn(III)-N-

substituted pyridylporphyrins and N,N'-disubstituted imidazolylporphyrins (MnPs) [149]. The 

metalloporphyrin-based SOD mimics had protective effects on the progression of T-cell-

mediated autoimmune diabetes. These results support the model of free-radical generation as 

a pathogenic mechanism in type 1 diabetes [150]. Although SOD and SOD mimetics have 

displayed efficacy in experimental models of diabetes, their role in improving the vascular 

complications of diabetes remains controversial in patients. This may be due to the fact that in 

pathological conditions, dismutation of superoxide by SOD is linked to the excess production 

of hydrogen peroxide, an oxidative agent known to cause irreversible endothelial damage. 
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Increased understanding of the role of mitochondria and its enzyme, MnSOD, has motivated 

researchers to explore existing and new compounds for their ability to enter mitochondria and 

mimic MnSOD. Compounds such as MitoQ were developed to enter cells driven by plasma 

membrane potential, and mitochondria driven by mitochondrial membrane potential [151]. In 

MitoQ, a redox-cycling quinone, an analog of the ubiquinone of the mitochondrial electron 

transport chain, was coupled to a cationic triphenylphosphonium ion via long lipophilic alkyl 

chain [152]. An optimized MitoQ10 molecule, with a 10-carbon atom-alkyl chain, has the 

capacity to suppress mitochondrial oxidative stress, improving endothelial function [153]. 

 

CAT or GPx mimetics as a way to treat inflammation associated with the pathophysiology of 

many human disorders such as diabetes. One of the best studied GPx-like mimics is 2-phenyl-

1,2- benzisoselenazol-3(2H)-one, better known as ebselen or PZ51. Ebselen was one of the 

first selenium-based GPx mimics developed. Ebselen has been extensively studied for its 

therapeutic potential in various experimental models of diabetes. Gpx1-mimetics show 

promise as a targeted antioxidant approach and an alternative adjunct therapy to reduce 

diabetic complications [154]. 

 

The administration of trace elements and other antioxidants has been proposed as a 

therapeutic adjuvant in the treatment of diabetes [155, 156]. Clinical trials have evaluated the 

use of nutritional supplements, such as selenium, in the prevention of cardiovascular and 

metabolic diseases, but these have yielded conflicting results (positive, neutral and negative). 

The treatment of diabetic rats with sodium selenite could protect the diabetic heart against 

dysfunction [157]. Several mechanisms are thought to mediate the biological effects of Se and 

these include a number of systems, and the synthesis and stability of metabolites that act as 

intermediates in the expression of diverse selenoprotein pathways and gene expression. 
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5.2. Non enzymatic antioxidants 

Non-enzymatic antioxidants are represented by ascorbic acid (Vitamin C), tocopherol 

(Vitamin E), glutathione (GSH), carotenoids, flavonoids, and other antioxidants. Under 

normal conditions, there is a balance between the activities and the intracellular levels of these 

antioxidants. 

 

5.2.1. Antioxidant vitamins 

Vitamin C 

Vitamin C (ascorbic acid) is an essential cofactor for α-ketoglutarate-dependent dioxygenases, 

such as prolyl hydroxylases, which play a role in the biosynthesis of collagen and in the 

down-regulation of hypoxia-inducible factor (HIF)-1, a transcription factor that regulates 

many genes responsible for tumor growth, energy metabolism, and neutrophil function and 

apoptosis [158]. Vitamin C has an important role in the immune function and various 

oxidative/inflammatory processes, such as scavenging ROS and RNS, preventing the 

initiation of chain reactions and protecting cell membranes against lipid peroxidation. The 

oxidized products of vitamin C, ascorbyl radical [23, 159, 160] and dehydroascorbic acid, are 

easily transformed back to ascorbic acid by glutathione, NADH, or NADPH. Ascorbate can 

recycle vitamin E and glutathione back from their oxidized forms. Vitamin C might be used 

as a therapeutic agent against the oxidative stress in DM patients. Trials assessing the effect of 

vitamin C supplementation on various markers of DM have yielded inconsistent results [161].  
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Vitamin E 

Vitamin E refers to a group of compounds that include tocopherols and tocotrienols. Alpha-

tocopherol is the most abundant and biologically active. As for its mechanism of action, 

vitamin E is a potent lipophilic antioxidant. It is able to neutralize free radical species 

produced during normal cellular metabolism, thus protecting cellular membranes [162] and 

lipoproteins. The interaction of vitamins E and C has led to the idea of “vitamin E recycling”, 

whereby the antioxidant function of oxidized vitamin E is continuously restored by other 

antioxidants. This “antioxidant network” depends on the supply of aqueous antioxidants and 

the metabolic activity of cells. Free metals, such as iron or copper, can reinitiate 

lipoperoxydation by reaction with peroxides to form an alkoxy radical [158]. Low levels of 

vitamin E are associated with the increased incidence of diabetes, suggesting that patients 

with diabetes have decreased levels of antioxidants. In addition, diabetic patients may also 

have greater antioxidant requirements because of the increased hyperglycemia-related free 

radical production. Improvement in glycemic control decreases markers of oxidative stress, as 

does vitamin E supplementation. In 2007, a review focused [163] on a number of small trials 

showed that vitamin E had beneficial cardiovascular effects.  

Clinical trials on a larger scale include the Heart Outcomes Prevention Evaluation (HOPE) 

trial and Secondary Prevention with Antioxidants of Cardiovascular Disease in End Stage 

Renal Disease (SPACE) [164]. Further long-term clinical trials with a large patient population 

are needed to assess whether vitamin E supplementation to diabetic patients lowers the 

incidence of the development and progression of complications, such as retinopathy, 

nephropathy, and neuropathy. The overwhelming consensus from these studies is that vitamin 

E supplementation does not provide cardiovascular benefits [165-168]. In contrast, a meta-

analysis of these studies suggested that high-dose vitamin E supplementation may increase 

mortality [167], and several opinion articles have called for a moratorium on the prescription 
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of high-dose vitamin E supplements [169]. A possible explanation for the failure of these 

studies in spite of solid preclinical data is the inadequate nature of patient selection. 

Inflammation rather than oxidative stress may be the principal contributor to diabetic vascular 

dysfunction. In agreement with this concept is the finding that endothelial function improves 

in type 2 diabetic patients treated with rosiglitazone, an agent that reduces inflammation but 

not oxidative stress [170]. These findings may partially explain the inconsistent and mostly 

disappointing results with antioxidant use in diabetic patients [171]. A pharmacogenomic 

strategy of screening DM individuals for the Hp genotype and treating those with Hp 2-2 with 

vitamin E appears to be highly clinically effective [172].  

 

Folic acid  

Folic acid (vitamin B9) is widely used to lower homocysteine concentrations and prevent 

adverse cardiovascular outcomes. However, the effect of folic acid on cardiovascular events is 

not clear. The influence of folic acid on diabetes has also been investigated. In a recent study, 

it was reported that folic acid supplementation decreased plasma levels of homocysteine and 

improved glycemic control, IR and folate and B12 levels in type 2 diabetic patients treated 

with high doses of metformin [173]. A systematic review and meta-analysis to assess the 

effects of folic acid supplementation on cardiovascular outcomes has been recently published. 

[174]. The findings of this study suggested that folic acid supplementation had no significant 

effects on major cardiovascular events, stroke, myocardial infarction or all-cause mortality. 

Furthermore, high-dose folic-acid supplementation may increase the risk of cancer cell 

growth and impair renal function. Importantly, folic acid and B vitamins are water-soluble 

and excreted by the kidney; therefore, therapy toxicity may be of great concern in patients 

with impaired renal function. 
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5.2.2. Non-vitaminic antioxidants 

N-Acetylcysteine 

Among chronic diseases, diabetes mellitus is the most common cause of peripheral 

neuropathy (PN). The oral administration of N-acetylcysteine (NAC), a biosynthetic precursor 

of GSH, to streptozotocin-diabetic rats resulted in the prevention of diabetes-induced deficits 

such as PN. Motor nerve conduction velocity was shown to be significantly decreased by 

diabetes; NAC inhibited the atrophy of myelinated fibers [175]. In another study, 

experimentally-induced diabetes for two months in rats resulted in a 48% reduction in 

endoneurial blood flow; this effect was corrected by NAC supplementation [176]. Clinical 

studies are warranted to determine applications for NACs in the treatment of diabetic PN 

[177]. Another deleterious effect of diabetes is platelet hyperaggregability. Platelet 

hyperaggregability is a pro-thrombotic feature of type-2 diabetes, associated with low levels 

of the antioxidant glutathione (GSH). The clinical delivery of NAC may help redress a GSH 

shortfall in platelets, thereby reducing thrombotic risk in type-2 diabetes patients [178]. 

 

Lipoic acid 

Alpha-lipoic acid (ALA) is a dietary supplement and a therapeutic agent. It modulates redox 

potential because of its ability to equilibrate between different subcellular compartments as 

well as extracellularly. Both the oxidized (disulphide) and reduced (di-thiol: dihydro-lipoic 

acid, DHLA) forms of ALA show antioxidant properties. ALA and DHLA scavenge hydroxyl 

radicals, hypochlorous acid and singlet oxygen [179]. In our laboratory, we also observed that 

DHLA was able to diminish the superoxide-driven oxidation of a sensitive spin probe, in a 

manner comparable to that of superoxide dismutase [180]. It has the ability to directly quench 

ROS in biological systems. ALA as a potent chelator of divalent metal ions also exerts 

antioxidant effects by acting on transition metal chelation. The ALA/DHLA redox couple 
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enhances both the antioxidant defenses and the function of endothelial cells, thus preserving 

nitric oxide-dependent vascular relaxation in humans [181]. The interaction between LA and 

regulatory components of the insulin signaling cascade has proved functionally beneficial to 

skeletal muscle glucose uptake, whole-body glucose tolerance, and helpful against IR 

resistance in animal models [182]. 

Given its potential antioxidant properties, the possible health benefits of ALA 

supplementation have been tested in patients suffering from cardiovascular and metabolic 

diseases such as diabetes. DM is associated with the overproduction of ROS and chronic 

inflammation. IR plays a significant role in the physiopathology of the vasculature. ALA 

possesses a number of beneficial effects both in the prevention and in the treatment of 

diabetes in several experimental conditions. The results in patients are contradictory [179]. In 

addition, in some studies, ALA presented beneficial effects in the treatment of symptomatic 

diabetic neuropathy, which is a major health problem. [183]. At the moment, it is agreed that 

antioxidants such as lipoic acid provide no established benefit in the management of diabetic 

complications.  

 

Coenzyme Q10 

CoQ10, or ubiquinone, is a lipid-soluble benzoquinone with a side-chain of 10 isoprenoid 

units endogenously synthesized in the body from phenylalanine and mevalonic acid. The 

fundamental role of CoQ10 in mitochondrial bioenergetics and its well-acknowledged 

antioxidant properties constitute the basis for its clinical applications. Its enzymatic processes 

facilitate electron transfer in the generation of adenosine triphosphate (ATP). A small increase 

in the concentration of coenzyme Q10 in mitochondrial membranes can lead to an increase in 

mitochondrial respiration. This observation may be the biochemical mechanism by which 

exogenous coenzyme Q10 has in some studies improved mitochondrial dysfunction. In 
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diabetes, the uncoupling of oxidative phosphorylation may also occur at the mitochondrial 

level as a consequence of hyperglycemia and elevated fatty acids. CoQ supplementation may 

also act synergistically with anti-atherogenic agents to improve endothelium function in 

diabetes. CoQ may also improve endothelial dysfunction by ‘recoupling’ eNOS. CoQ10 

supplementation improved endothelial dysfunction in statin-treated type 2 diabetic patients, 

possibly by altering local vascular oxidative stress [184]. The experimental and clinical 

studies on the effects of CoQ supplementation in diabetes require testing in clinical endpoint 

trials that include patients within the wider spectrum of metabolic syndrome. CoQ10 does not 

induce serious adverse effects in humans and new formulations have been developed that 

improve absorption [185]. 

 

Mitochondria-targeted antioxidants 

Mitochondria produce large amounts of free radicals, and mitochondrial oxidative damage 

can contribute to a range of degenerative conditions including CVDs. There is abundant 

evidence suggesting that mitochondrial dysfunction is a main cause of IR and related 

cardiometabolic comorbidities. Consequently, the selective inhibition of mitochondrial 

oxidative damage is an obvious therapeutic strategy. Current strategies for delivering drugs to 

the mitochondria fall into two categories: active and passive targeting. A high number of 

antioxidants have been successfully targeted to mitochondria. MitoQ, which consists of a 

ubiquinone moiety linked to a triphenylphosphonium by a ten-carbon alkyl chain, is the most 

studied and widely used mitochondrial antioxidant [186]. Mitochondria-targeted molecules 

and their therapeutic potential have been described. XJB-5–131 is an ROS scavenger 

containing the Leu-D-Phe-Pro-Val-Orn fragment of gramicidin S, a membrane-active 

cyclopeptide antibiotic [187]. Mitochondria-targeted antioxidant peptides such as compounds 

XJB-5-131 or SS31 could be potential new treatment for diabetic diseases [188]. 
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5.2.3. Sequestration of metal ions such as iron 

Redox active metals like iron (Fe), copper (Cu), chromium (Cr), cobalt (Co) and other metals 

undergo redox cycling reactions and possess the ability to produce ROS and NO in biological 

systems. The homeostasis of iron results from a tightly coordinated regulation by different 

proteins involved in the uptake, excretion and intracellular storage/trafficking of iron. The 

redox state of the cell is predominantly dependent on an iron (and copper) redox couple and is 

maintained within strict physiological limits. Through the Fenton reaction, iron can generate 

various reactive oxygen or nitrogen species. Dysfunctions in the metabolism of iron lead to 

several chronic diseases. 

Oxidative stress is one of the major causative factors of diabetes. iron plays a pathogenic role 

in the complications of diabetes such as microangiopathy and atherosclerosis [189]. However, 

reliable methods need to be developed to measure the “free” iron implicated in the initiation 

and development of tissue injury. Iron chelation therapy may be a novel way to interrupt the 

cycle of catalytic iron–induced oxidative stress and tissue injury. Desferoxamine prevents 

diabetes-induced endothelial dysfunction. Randomized clinical trials of new agents such as 

deferiprone and deferasirone are needed to determine their effectiveness in treating/preventing 

diabetes and its complications [190]. Mutations in superoxide dismutase enzymes and iron-

uptake regulator may lead to excess levels of superoxide anion radicals and iron overload. 

New trends in clinical practice are towards combined chelation therapy treatments. 

Structurally different chelators in order to achieve the more effective removal of toxic metals 

are being studied. [191]. Clinical testing of several low-molecular-weight compounds that 

target oxidant/redox signaling, or quench oxidants and reactive aldehydes are currently being 

conducted. Lazaroids (21-aminsteroids, U75412E or tirilazad mesylate) are a group of 

nonglucocorticoid analogs of methylprednisolone which are able to penetrate hydrophobic 
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regions of the cell membrane, specifically to prevent peroxidation of membrane lipids in 

tissues [192]. 

 

5.2.4. Physiological approach: exercise 

Exercise produces a short-term inflammatory response that increases oxidative stress, and 

plasma levels of CRP, but this pro-inflammatory response is followed by a long-term anti-

inflammatory effect. It has been demonstrated that regular exercise reduces CRP, IL-6, and 

TNF-α levels and also increases anti-inflammatory substances such as IL-4 and IL-10. It is 

generally believed that even short-term endurance exercise training results in rapid increases 

in Mn-SOD and GPx activity in different tissues such as the liver, kidney, heart and skeletal 

muscle [193]. 

Regular exercise has a beneficial effect on the correction of risk factors for diabetes mellitus. 

Similarities between the effects of chronic exercise and a putative antidiabetic polypill were 

highlighted, though exercise, when practiced regularly, was shown to be better [194, 195]. 

 

 

5.3. Therapeutic approaches with classical agents: 

The effect of the two most prescribed antidiabetic drugs: metformin and glibenclamide, on 

oxidative stress associated with diabetes were examined. Various antioxidant effects due to 

their indirect actions were reported; for example: the ability of these drugs to activate 

different pathways such as AMPK-mediated signaling. The AMPK pathway reduces the ROS 

level by FOXO3, and subsequently upregulates the expression of thioredoxin [195]. One 

study investigated the incidence of hyperglycemia induced by honey as an adjunct to 

metformin and/or glibenclamide in relation to the activities of antioxidant enzymes and other 

markers of oxidative stress in the kidneys of streptozotocin (STZ)-induced diabetic rats. The 
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data suggested that metformin or glibenclamide, when administered alone, might not 

effectively arrest oxidative stress-mediated damage in the kidneys of diabetic rats [196]. The 

up-regulation of cardiac adiponectin induced by metformin could explain the beneficial 

effects of this drug [197]. Thus, an ideal therapy for diabetes mellitus would be a drug that not 

only possesses antihyperglycemic effect, but also enhances or protects the antioxidant defense 

system. 

 

5.4. Therapeutic approaches with new agents (Figure 4) 

5.4.1. Edaravone 

Edaravone (3-methyl-1-phenyl-2-pyrazolin-5-one) is a potent free-radical and carbonyl 

scavenger and inhibitor of lipid peroxidation [198, 199]. The effect of edaravone on diabetes 

has been examined in multiple low-dose STZ-treated mice [200]. Mice treated with low-doses 

of STZ for five consecutive days showed progressive hyperglycemia and an increased 

incidence of diabetes. Daily treatment with edaravone during the STZ injections counteracted 

the multiple low-doses STZ-induced-hyperglycemia in a dose-dependent manner. Multiple 

low-dose streptozotocin treatment also increased the lipid peroxidation product thiobarbituric 

acid reactive substance in pancreatic tissues of mice, and this effect was completely inhibited 

by edaravone. These findings suggest that edaravone counteracts the development of STZ-

induced diabetes by scavenging free radicals. 

 

5.4.2. Benfotiamine 

One new class of potential therapeutic agents is transketolase activators. In diabetes, the 

concentration of glycolytic intermediates is high, transketolase could reduce their 

concentration. This enzyme requires the vitamin thiamin as a cofactor. The thiamin derivate 

benfotiamine activates this transketolase in endothelial cells [201]. The beneficial effects of 
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benfotiamine on complication-causing pathways in rodent models of diabetes have been 

demonstrated [202]. In different kidney cell lines, benfotiamine prevented oxidative stress 

induced by mutagen4-nitroquinoline-1-oxide (NQO), uremic toxin indoxyl sulfate, and 

angiotensin II. Cell-free experiments showed a direct antioxidant effect of benfotiamine, 

which might account for the protective effect. Oxidative DNA damage, induced by 

angiotensin II, was completely prevented by benfotiamine. Treatment with high-dose thiamin 

reduced albuminuria in patients with type 2 diabetes [203]. 

 

5.4.3. Poly(ADP-ribose) polymerase inhibitors (PARP inhibitors) 

PARP-1 regulates the expression of various proteins such as inducible nitric oxide synthase 

(iNOS), intracellular adhesion molecule- 1 (iCAM-1) and COX-2 at the transcription level 

and has been linked with the development of inflammatory cell injury. Oxidative stress 

generates DNA strand breaks, which in turn activate PARP. PARP activation potentiates NF-

B activation and AP-1 expression, resulting in greater expression of AP-1 and NF-B-

dependent genes such as iNOS and iCAM-1 [204]. ROS and RNS are generated in 

cardiomyocytes and endothelial cells during diabetic complications and other CVD. These 

reactive species induce oxidative DNA damage and consequent activation of the nuclear 

enzyme poly(ADP-ribose) polymerase 1 (PARP-1), the most abundant isoform of the PARP 

enzyme family. PARP overactivation modulates important inflammatory pathways, and 

PARP-1 activity can also be modulated by several endogenous factors such as kinases, 

polyamines and hormones (estrogen). pharmacological inhibition of PARP provides 

significant benefits in animal models of cardiovascular disorders, and novel PARP inhibitors 

have entered clinical development for various cardiovascular indications [205].  

The development of a PARP-1-deficient mouse has allowed the direct examination of the role 

of PARP-1 in diabetes. However, the use of PARP inhibitors has shown that this enzyme is 
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implicated in the development of diabetes and beta-cell destruction. In this area, many of the 

inhibitors used have been shown to have additional actions besides inhibition of PARP. These 

include hydroxyl radical and hydrogen peroxide scavenging activities along with inhibition of 

iNOS expression and activity [206, 207]. Given that chronic neuropathic pain may occur in 

diabetic patients, treatments involve heavy pharmacological approaches. Pharmacological 

therapeutic options include agents that may hold some promise such as poly (adenosine 

diphosphate-ribose) polymerase inhibitors [208, 209]. After treatment with PARP inhibitors, 

increases in nuclear translocation of NF-B and the expression of Bax were significantly 

reduced in diabetic rat bladders [210]. These results suggest that activation of NF-B 

pathways promote apoptosis via an increase in Bax expression in diabetic rat bladders. 

However, the exact mechanisms involved in NF-B activation, which in turn increases Bax 

expression remain unclear. Recent findings support an important role for PARP activation in 

diabetic peripheral neuropathy and kidney hypertrophy associated with diabetes, and provide 

a rationale for the development and further studies of PARP inhibitors, for the prevention and 

treatment of these complications [208]. 
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5.4.4. Peroxynitrite decomposition catalysts 

In normal vascular physiology, endothelium-derived nitric oxide (NO) is one of the most 

potent endogenous vasodilators and, because of its anti-inflammatory, anti-proliferative and 

anti-thrombotic properties, it is an endogenous vasoprotective agent in diabetes [211]. Indeed, 

endothelial dysfunction with reduced NO production and/or bioavailability in high-risk 

patients with diabetes may contribute to the development and progression of vascular 

complications in these pathologies. However, high amounts of NO produced by inducible NO 

synthase (iNOS) and/or peroxynitrite (ONOO
−
) resulting from the interaction between NO 

and superoxide anion are involved in the development of pro-inflammatory reactions, tissue 

damage and organ dysfunction [212]. 

Broad antioxidant properties and the ability to scavenge superoxide, lipid peroxides, ONOO
-
, 

and H2O2 have been attributed to the metalloporphyrin-based catalytic antioxidant, MnTE-2-

PyP [Manganese (III) Meso-Tet- rakis-(N-methlypyridinium-2-yl) porphyrin] [213]. Over the 

last decade, a number of peroxynitrite decomposition catalysts (e.g. the metalloporphyrinic 

compounds FP-15, FeTPPS and FeTMPS) have been tested in a variety of experimental 

models of diabetic complications. Elevated glucose increased the formation of ONOO, which 

contributes to the induction of renal COX-2 in the diabetic rat. FeTMPyP treatment of 

diabetic rats reduced the elevated creatinine clearance and urinary excretion of TNF-α and 

transforming growth factor (TGF)-β, suggesting a renoprotective effect. The results of these 

studies demonstrated that peroxynitrite neutralization reduced the development of diabetic 

endothelial dysfunction and CVD [214, 215]. 

 

5.5. Other pharmacological approachs 

Another strategy for modulating oxidative stress in humans is via exploitation of the 

pleiotropic properties of drugs directed primarily at pathologies, these drugs being indirect 
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antioxidants. The ideal approach to antioxidant therapy requires stimulation of NO production 

and simultaneous inhibition of vascular superoxide production. Drugs such as statins [216-

218], angiotensin-converting enzyme inhibitors (ACEI) [26], and AT1-receptor blockers, 

possess such combined antioxidant properties [219]. 

 

5.5.1. Angiotensin-converting enzyme inhibitors (ACEI) 

Angiotensin II has long been known to increase vascular smooth muscle O2
-

 production by 

activation of a membrane-bound NAD(P)H oxidase. On the other hand, many studies of the 

role of the renin-angiotensin-aldosterone system (RAAS) in modulating glucose homeostasis 

have focused on insulin sensitivity [220]. There are different mechanisms by which ACEI 

may exert protective cardiovascular effects via the reduction and/or prevention of oxidative 

stress: 1) reduction of NADPH oxidase activity 2) Ang II is cleaved to Ang-(1–7) by ACE2, 

thereby attenuating Ang II induced actions 3) the production of NO is potently induced by 

Ang-(1–7), which might protect against endothelial dysfunction and oxidative stress [221, 

222]. 

Activation of the RAAS and subsequent signaling through AT1 receptors appear to contribute 

to the development of diabetic cardiomyopathy. Angiotensin converting enzyme (ACE) 

inhibitors improve the outcome of heart failure in patients with diabetes [223]. 

ACEIs and angiotensin II receptor blockers (ARBs) are the preferred therapies for 

hypertension, but invariably, a combination therapy with additional drugs can exacerbate the 

glycaemia of metabolic syndrome [224]. Activation of the RAAS with free radical production 

in perivascular adipose tissue may contribute to the vascular RAAS and influence vascular 

function [133]. Perivascular adipose tissues release a variety of substances that affect vascular 

tone and the infiltration of inflammatory cells. The mechanisms that control adipokine 

secretion from perivascular adipose tissue remain to be determined. As this adipose tissue is 
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located within insulin target tissues, it may well contribute to the pathogenesis of type 2 

diabetes [225]. 

 

5.5.2. Peroxisome proliferator-activated receptors (PPARs) such as thiazolidinediones 

PPARs are already considered an attractive therapeutic target for the treatment of metabolic 

disorders. PPAR agonists were shown to effectively attenuate oxidative stress, inflammation 

and apoptosis. PPARs play a key role in regulating whole body glucose homeostasis and 

insulin sensitivity. Although these receptors are expressed most highly in adipose tissues, they 

are also present at lower levels in many tissues. Cytosolic fatty-acid-binding protein 4 

(FABP4) provides the solubility and intracellular trafficking of long-chain fatty acids and 

other hydrophobic ligands. FABP4 is expressed in adipocytes, macrophages that infiltrate 

tissue beds, and skeletal muscle tissues. It is regulated by peroxisome proliferator-activated 

receptor-γ (PPAR-γ) agonists, insulin, and fatty acids [226]. Activators of PPAR (fibrates) 

and PPAR (thiazolidinediones or glitazones) antagonize angiotensin II effects in vivo and in 

vitro and have cardiovascular antioxidant and anti-inflammatory actions. 

Several preclinical and clinical studies indicate that PPAR agonists exert a protective effect in 

the treatment of vascular dysfunctions [227-229]. While it has been established that PPARγ 

compounds such as troglitazone and pioglitazone favorably alter lipid metabolism, as well as 

reduce inflammation, their effects on neurovascular inflammation are only modest. In 

contrast, PPARα agonists reduce fatty acids in plasma and cause a reduction in atherogenic 

LDL and triglyceride levels, as well as an increase in HDL-C [230]. PPARs have also been 

shown to decrease the expression of adhesion molecules ICAM-1 and VCAM-1. Furthermore, 

impaired vascular reactivity in diabetics was associated with elevated levels of VCAM-1. 

Moreover, PPARs also have negative effects on macrophage function, by inhibiting the 
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production of the inflammatory cytokines TNF- α, IL1-β and IL-6 and it has been reported 

that levels of TNF-α and IL-6 are raised in diabetic conditions [231]. 

Thiazolidinediones (TZDs), a major class of insulin-sensitizing drugs, are synthetic PPAR 

ligands that promote the transcriptional activity of this nuclear receptor. TZDs increase insulin 

sensitivity and to have an antioxidative effect. PPAR has a wide range of functions, but 

concerning insulin sensitivity, it is known to promote lipogenesis and adipocyte 

differentiation and to reduce the level of circulating free fatty acids. TZDs protected 

pancreatic beta-cells from oxidative stress, this effect being dependent largely on PPAR. In 

addition, the expression of catalase is increased by TZDs [232]. Vitamin E induced 

adiponectin expression indirectly through the upregulation of PPAR expression as well as 

increased 15d-PGJ2 levels. These two elements appear to work synergistically to enhance 

adiponectin expression [233, 234]. 

Pioglitazone improves arterial stiffness and CRP levels in diabetes independent of changes in 

glycemic control [235]. The anti-oxidant balance in pioglitazone-treated hearts was 

significantly bolstered by reduced (NADPH) oxidase (Nox1 and p22(phox) sub-units activity 

and the preservation of manganese SOD activity [236]. 

PPAR-α agonists are used as adjunct therapy in the treatment of diabetes. Fibrates act on 

PPAR-α to reduce the level of hypertriglyceridemia. PPAR-α agonists are used in the 

treatment of diabetes type 2, as well as in the treatment of retinopathy associated with 

diabetes type 1 because of its ability to improve the lipid profile [237]. In vivo, fibrates 

increase levels of fatty acid binding proteins (FABPs) through both enhanced transcription 

and enhanced mRNA stability. The modulation of L-FABP expression could be beneficial 

during periods of cellular oxidative stress associated with diabetes. L-FABP is an important 

member of the hepatocellular antioxidant defense system, reducing ROS levels during periods 

of oxidative stress [238]. Adipocyte/macrophage fatty acid binding protein (A-FABP)is 
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closely associated with metabolic syndrome, obesity and the development of atherosclerosis 

and diabetes [239]. 

 

5.6. Promising new clinical agents: 

5.6.1. FGF21 

It is very important to develop new compounds that target key vascular ROS producing 

enzymes and mimic endogenous antioxidants. This strategy may prove clinically relevant in 

preventing the development and/or retarding the progression of diabetes-associated vascular 

complications. As regulators of lipid and glucose metabolism, PPARs such as such as 

fibroblast growth factor 21 (FGF21) are of great interest [240]. FGF21 expression is induced 

in white adipose tissue by PPARgamma. FGF21 is a promising new clinical candidate for the 

treatment of IR and other aspects of metabolic syndrome [241, 242]. FGF21 enhances 

mitochondrial function and oxidative capacity via activation of AMPK and SIRT1 in 

adipocytes. Consequently, these changes improve insulin sensitivity and its beneficial 

metabolic effects underscore the potential of FGF21 as a therapeutic agent for obesity and 

type 2 diabetes [243]. 

 

5.6.2. Epoxide hydrolase inhibitors 

Soluble epoxide hydrolase (sEH, EPHX2) inhibitors effectively increase levels of 

epoxyeicosatrienoic acids (EETs) and reduce levels of dihydroxyeicosatrienoic acids, which 

may be translated to a therapeutic potential in many disease indications such as diabetes. 

Chalcones (1,3-diaryl-2-propen-1-ones) and their heterocyclic analogues belong to the 

flavonoid family. These compounds, naturally found in plants or of synthetic origin, are 

known to exhibit several biological activities. Chalcones isolated from plants have insulin-like 

activities and improve glucose uptake in adipocytes. Chalcones stimulate glucose uptake and 
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potentiate insulin-stimulated glucose uptake in adipocytes [244, 245]. Hydroxychalcones 

(2′,5′-dihydroxychalcone: 2′,5′-DHC ) are naturally occurring compounds with a therapeutic 

interest because of their anti-inflammatory and antiangiogenic properties. They inhibit the 

synthesis of inducible NO synthase and to induce the expression of heme oxygenase-1 (HO-1) 

[246, 247]. The potential involvement of Nrf2 signaling has been demonstrated in both the 

anti-inflammatory and the antioxidant activities elicited by a chalcone derivate: Licochalcone-

E. This compound induces nuclear translocation of Nrf2, ARE-promoter activation and the 

transcription of cytoprotective HO-1 in vitro and in vivo [248]. The most studied targets for 

sEH inhibitors are related to the reduction of inflammation, and these compounds, including 

one Phase II clinical candidate, appear promising [249]. A direct link between sEH and 

glucose homeostasis exists. Disrupting the Ephx2 gene or inhibiting its EH activity leads to 

improved systemic insulin sensitivity and enhanced glucose tolerance [250].  

 

5.6.3. Incretin mimetics and inhibitors of their metabolism 

Two gut peptides, glucose-dependent insulinotropic polypeptide (GIP: gastric inhibitory 

polypeptide) and glucagon-like peptide-1 (GLP-1) are widely recognized for their role as 

incretins, and mediate the increase in insulin secretion. The enzyme dipeptidyl peptidase-4 

(DPP-4) rapidly degrades GLP-1 and GIP to their inactive metabolites. Competitive inhibition 

of DPP-4 increases the half-life and bioavailability of active incretin hormones, enhancing 

their biological effect. The incretin effect has been estimated to account for 50–70% of total 

postprandial insulin secretion, which was primarily considered a response to oral glucose 

[251]. The development of novel anti-diabetic interventions that enhance endogenous incretin 

secretion appears to be an attractive therapeutic strategy. Both GLP-1 and GIP receptors are 

expressed on pancreatic alpha and beta-cells. Moreover, plasma GLP-1 levels were found to 

be lower in type 2 diabetic patients than in non-diabetic controls [252].  
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Incretin-based therapies for diabetes mellitus include GLP-1 receptor agonists (which are 

resistant to DPP-4 degradation) and DPP-4 inhibitors [253]; the mechanisms of action of both 

involve the potentiation of the endogenous effects of GLP-1 [254, 255]. DPP-4 inhibitors 

include sitagliptin, saxagliptin, linagliptin, vildagliptin and alogliptin [256]. In clinical 

practice, GLP-1 receptor agonists/analogues, such as exenatide, exendin-4 and liraglutide, are 

approved for the treatment of type-2 diabetes [257]. Recently, the protective properties of 

GLP-1 and liraglutide in endothelial cells have been demonstrated. GLP-1 reduced TNF-

alpha–mediated expression of adhesion molecules in human umbilical vein endothelial cells 

(HUVECs) [189], while pretreatment with liraglutide for 30 min could inhibit ROS generation 

in HUVECs exposed to TNF-alpha. Moreover, TNF-alpha-mediated upregulation of NADPH 

oxidase subunits gp91phox and p22phox was significantly reduced by liraglutide to the same 

levels as control HUVECs cultured in the absence of TNF-alpha. The results of this study 

suggest that liraglutide has pivotal antioxidant and anti-inflammatory effects on endothelial 

cells in concentrations that are biologically relevant [258]. 

Exendin- 4 has been reported to prevent the generation of ROS in INS-1 cells (a pancreatic 

beta-cell line) and in the liver [259]. In metformin-treated patients with type 2 diabetes, 

exenatide showed beneficial effects on postprandial glycaemia and lipidaemia. These effects 

were associated with better changes in oxidative stress markers such as malonedialhehyde and 

oxLDL during one year of treatment as compared to insulin Glargine [260].  

 

5.6.4. Inhibitors of ceramide synthesis or activators of ceramide degradation and 

sphingosine modulators 

Inhibitors of ceramide synthesis or activators of ceramide degradation may provide new 

therapeutic options for diabetes. Sphingosine kinases (SKs: SK1 and SK2) are promising new 

therapeutic targets because they regulate the balance between pro-apoptotic ceramides and 
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mitogenic sphingosine-1-phosphate. However, several small molecule inhibitors of SKs have 

been described in the literature [140]. Fingolimod (FTY720) is a first-in-class, orally active, 

sphingosine 1-phosphate (S1P)-receptor modulator with a structure closely related to 

sphingosine. The compound was discovered by the chemical modification of a natural 

product, myriocin. The phosphorylated form of FTY720 acts as a functional antagonist at S1P 

receptor type 1, inhibits lymphocyte egress from secondary lymphoid organs and shows 

immunomodulating effects [261]. The partial inhibition of glucosylceramide biosynthesis, and 

subsequent glycosphingolipids, not only restores insulin sensitivity of adipocytes in Lep
Ob

 

mice, but also improves adipocyte function and consequently reduces the number of 

macrophages and local inflammation [262]. Importantly, inhibition of de novo ceramide 

synthesis with myriocin has an effect on whole-body energy metabolism and is sufficient to 

reverse obesity-induced whole-body glucose intolerance and IR [263].  

 

           5.6.5. P66Shc/RAGE signaling:  a key effector and possible target  

The persistence of hyperglycemic stress despite glucose normalization has been defined as 

“hyperglycemic memory”. It was postulated that ROS may be critically involved in the 

persistence of hyperglycemic stress in endothelial cells and experimental diabetes. In the last 

few years, several studies have identified critical molecular determinants of vascular 

hyperglycemic memory. In this context, it has been evoked the possible role of p66Shc, the 

modulator of intracellular redox state; its downregulation reverses the pathological features of 

hyperglycemic memory in vascular tissues. Increased AGE formation has been considered a 

key factor underlying the glycemic memory [264]. Soluble forms of AGE receptors 

(sRAGEs) bind ligands including AGEs and can antagonize RAGE signaling, thus 

prospecting an interesting therapeutic option to reverse hyperglycemic memory. In this 
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context, the ligand families of RAGE, such as amphoterin, S100/calgranulin family and high-

mobility group box 1 (HMGB1), were investigated [265].  

Interestingly, recent results suggest that p66Shc controls methylglyoxal levels and it exists a 

link between p66Shc and the methylglyoxal/AGEs pathway; methylglyoxal, a dicarbonyl 

metabolite, being a major precursor of AGEs [35]. These data, together with earlier findings, 

point cellular events that link p66Shc to AGE-pathway-responses and represent therapeutic 

targets. It is well-established that blockade or genetic deletion of RAGE suppresses 

acceleration of vascular disease and inflammation [266]. Metformin may protect against 

tubular cell injury in diabetic nephropathy by blocking the AGEs-RAGE-ROS axis [267].  

 

 

6. Conclusions 

 

In type 2 diabetic patients, oxidative stress induced by the presence of excessive ROS and 

RNS is closely associated with chronic inflammation leading to potential tissue damage. The 

role of oxidative stress in the development of diabetic endothelial dysfunction is underlined 

by a number of studies. The development of inhibitors against the main sources of ROS 

generation could be an alternative approach to conventional antioxidant therapies. One of the 

main challenges of research in recent years has been finding ways to attenuate oxidative stress 

in order to improve diabetes. However, the lack of evidence to prove the beneficial effects of 

antioxidant vitamins in the prevention of several oxidative-stress-related diseases has led to 

the development of new strategies, for example target antioxidants to mitochondria. The 

angiotensin II system is another factor to be considered in the process of diabetic endothelial 

dysfunction. As discussed above, ROS produced following angiotensin II-mediated 

stimulation of NADPH oxidases can exert direct oxidative effects and induce peroxynitrite 
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formation. On the other hand, it is not clear whether or not the benefits of antioxidant 

supplementation depend on baseline antioxidant status, because currently there are no reliable 

biomarkers of oxidative stress suitable for large population studies. 

In conclusion, as regards therapy, it appears important to develop new compounds that 

target key vascular ROS-producing enzymes and mimic endogenous antioxidants. This 

strategy may prove clinically relevant in preventing the development and/or retarding the 

progression of diabetes-associated vascular complications. 
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1; L-Arg; L-arginine; LDL, low-density lipoprotein; LOOHs, Lipid hydroperoxides; MAO, 
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factor B; NO, nitric oxide; NOX, NADPHoxidase; Nrf2, nuclear factor erythroid 2-related 

factor 2; NT-proBNP, prohormone B-type natriuretic peptide (BNP); 8-OHdG, 8-hydroxy-2-

deoxyguanosine; 4-ONE, 4-oxononenal; PARP-1, Poly(ADP-ribose) polymerase inhibitors; 

PPARs, Peroxisome proliferator-activated receptors; Prx, peroxyredoxin; RAAS, renin-

angiotensin-aldosterone system; Ref-1, redox factor-1; ROS, reactive oxygen species; RNS, 
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transforming growth factor; Th, T Helper; TNF, tumor necrosis factor; Treg, Regulatory T; 
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Table 1: ANTIOXIDANT STRATEGIES TO CONTROL OXIDATIVE STRESS 

IN DIABETES 

 

Enzymatic antioxidants 

SOD / Catalases / GXP mimetics 

SOD mimetics: metaloporphyrins, tempol  

Cationic meso Mn(III)-N-substituted pyridylporphyrins, N,N'-disubstituted 

imidazolylporphyrins (MnPs) 

Mito Q10  

Catalases mimetics 

Salen-manganese complex 

GXP mimetics: 

Ebselen: 2-phenyl-1,2-benzisoselenazol-3(2H)-one  

Diphenyl diselenide (DPDS) 

 

Antioxidant vitamins 

Vitamin C (ascorbic acid) 

Vitamin E (tocopherols), trolox (an analog of alpha-tocopherol) 

Folic acid (vitamin B9) 

Non-vitamin antioxidants 

N-acetylcysteine 

Lipoic acid: alpha-lipoic acid 

Coenzyme Q10 

Mitochondria-targeted antioxidants: MitoQ, XJB-5-131, SS31 
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Sequestration of ions: Lazaroids: 21-aminosteroids, U75412E, tirilazad mesylate 

Xanthine oxido-reductase inhibitors: allopurinol and its metabolite: oxypurinol 

 

Drugs with antioxidant properties  

Classical agents 

Metformin: 1,1-Dimethylbiguanide 

Glibenclamide: 1-[4-[2-(5-Chloro-2-methoxybenzamido)ethyl]phenylsulfonyl]-3-

cyclohexylurea 

 

Therapeutic approaches with new agents  

Edaravone: 3-Methyl-1-phenyl-2-pyrazolin-5-one  

Benfotiamine: S-[2-{[(4-amino-2-methylpyrimidin-5-yl)methyl] (formyl)amino}-5-

(phosphonooxy)pent- 2-en-3-yl] benzenecarbothioate 

Poly(ADP-ribose) polymerase inhibitors (PARP inhibitors) 

Classical PARP inhibitors: nicotinamide and its 5-methyl derivates; benzamide (3- 

aminobenzamide: 3-AB; 3-methoxybenzamide)  

Newer PARP inhibitors: dihydroisoquinolinones, isoquinolinones, Zinc finger PARP 

inhibitors: 6-nitroso 1,2-benzopyrone,3,3-nitrosobenzamide and iodo-nitro-benzamide 

(INO2BA) 

 

Peroxynitrite decomposition catalysts 

FP-15: FeIIItetrakis-2-(triethylene glycol monomethyl ether)pyridyl porphyrin 

FeTTPS, FeTMPs  

 

Other pharmacological approaches 
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 Angiotensin-converting enzyme inhibitors (ACEI) 

 Peroxisome proliferator-activated receptors (PPARs): 

Thiazolidinediones (glitazones): troglitazone, pioglitazone, rosiglitazone  

 

Promizing new clinical agents 

FGF21: fibroblast growth factor 21 

Epoxide hydrolase inhibitors: sorafenib (N-[4-Chloro-3-(trifluoromethyl)phenyl]-N'-[4-[2-(N-

methylcarbamoyl)-4-pyridyloxy]phenyl]urea ) and derivates  

Incretin mimetics and inhibitors of their metabolism 

Glucagon-like peptide-1 (GLP-1) receptors agonists: exenatide, exendin-4, liraglutide, 

Dipeptidyl Peptidase -4 (DPP-4) inhibitors: sitagliptin, saxagliptin, linagliptin, vildagliptin, 

alogliptin 

 

Inhibitors of ceramide synthesis or activators of ceramide degradation and sphingosine 

modulators 

S1P1,3,4,5 R agonist: Fingolimod (2-amino-2-2-(4-octylphenyl)ethyl) propane-1,3-diol 

hydrochloride) (FTY720) 

S1P1R-specific agonist: (2-amino-2-{3-[4-(3-benzyloxy-phenylsulfanyl)-2-chloro-phenyl]-

ethyl}-propan-1,3 diol hydrochloride): KRP203:  
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Figure Legends 

Figure 1: Schematic representation of glucose metabolism and oxidative stress coupled to 

three major pathways: polyol, diacyglycerol and AGE 

Radicals derived from oxygen: O2
-

, superoxide; 

OH, hydroxyl; nitric oxide: 


NO. Main 

antioxidant enzymes: CAT, catalase; Cu-SOD, copper SOD; Mn-SOD, manganese SOD; 

GPx, glutathione peroxidase; GR, glutathione reductase; GSH, glutathione; GSSG, GSH 

disulfide; H2O2, hydrogen peroxide; HO-1, heme oxygenase-1; NAD(P)H, nicotinamide 

adenine dinucleotide phosphate; eNOS: endothelial nitric oxide synthase; iNOS: inducible 

nitric oxide synthase; peroxynitrite: ONOO
-
/ ONOOH: Trx, thioredoxin; Prx, peroxiredoxin. 

 

Figure 2: The molecular basis of the diabetic process. 

Intracellular high-glucose metabolism is associated with mitochondrial Reactive Oxygen 

Species and oxidative stress. PARP modifies GAPDH, thereby reducing its activity. 

Decreased GAPDH activity increases glycolytic intermediates that, in turn, activate the polyol 

pathway, increase intracellular AGEs and DAG formation, activate PKC and subsequently 

NF-B. These metabolic pathways elicit alterations in gene expression, inflammatory 

responses (activated neutrophils), and structural changes in cellular constituents. 

 

Figure 3: Diagram showing elements of the unifying mechanism of hyperglycemia-induced 

cellular damage and adaptative response to oxidative and electrophile stress. 

ROS, RNS and endogenous and exogenous electrophiles/ activators (see text for more details) 

can alter the AP-1, HSF1, NF-B/IB, Nrf2–Keap1 and Bach-1 signaling complexes. 

Subsequent nuclear translocation and the induction of antioxidant response element (ARE)-

driven genes result in upregulated environmental stress reponse and cell survival.  
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Figure 4: Anti-diabetes targets: pharmacological options (shaded parts) to modulate the 

oxidative stress with classical agents and new agents.This schema presents the sources and 

consequences of the production of nitric oxide (NO)) and reactive oxygen species in 

intracellular and extracellular compartments in diabetes. (see the details in the text).  
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1. Introduction 

2. Free radicals and antioxidants (Figure 1) 

3. Metabolic stress and diabetes (Figure 2) 

3.1. Oxidative and nitroxidative stress 

3.2. Intracellular signaling (Figure 3) 

     3.2.1. FOXO 

     3.2.2. NRF2 

     3.2.3. AP-1 

     3.2.4. NF-  

     3.2.5. PPARS 

     3.2.6. Bach1 

     3.2.7. Other transcription factors implicated in oxidative stress regulation and diabetes 

3.3. Electrophile stress (Figure: 3) 

3.4. Sphingolipid signaling 

 

4. Insulin resistance and oxidative stress 

4.1. Pancreas, insulin resistance and oxidative stress: 

4.2. Adipose and skeletal tissue, insulin resistance and oxidative stress: 

4.3.Liver, insulin resistance and oxidative stress 

 

5. Antioxidant strategies to control oxidative stress in diabetes  

5.1.Enzymatic antioxidants 

5.2. Non enzymatic antioxidants 

5.2.1. Antioxidant vitamins 

     Vitamin C 
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     Vitamin E  

     Folic acid  

5.2.2. Non-vitaminic antioxidants 

     N-Acetylcysteine 

     Lipoic acid 

     Coenzyme Q10 

     Mitochondria-targeted antioxidants:  MitoQ, XJB-5-131, SS31 

5.2.3. Sequestration of metal ions such as iron 

5.2.4. Physiological approach: exercise 

5.3. Therapeutic approaches with classical agents: 

5.4. Therapeutic approaches with new agents (Figure 4) 

5.4.1. Edaravone 

5.4.2. Benfotiamine 

5.4.3. Poly(ADP-ribose) polymerase inhibitors (PARP inhibitors) 

5.4.4. Peroxynitrite decomposition catalysts 

5.5. Other pharmacological approachs 

5.5.1. Angiotensin-converting enzyme inhibitors (ACEI) 

5.5.2. Peroxisome proliferator-activated receptors (PPARs) such as thiazolidinediones 

5.6. Promising new clinical agents: 

     5.6.1. FGF21 

     5.6.2. Epoxide hydrolase inhibitors 

     5.6.3. Incretin mimetics and inhibitors of their metabolism 

     5.6.4. Inhibitors of ceramide synthesis or activators of ceramide degradation and    

sphingosine modulators 

       5.6.5. P66Shc:  a key effector and possible target 
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6. Conclusions 

 


