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Abstract: The Greek physician, Aretaios, coined the term “diabetes” in the 1st Century A.D. “Melli-
tus” arose from the observation that the urine exhibits a sweetness due to its elevated glucose levels.
Diabetes mellitus (DM) accounted for 6.7 million deaths globally in 2021 with expenditures of USD
966 billion. Mortality is predicted to rise nearly 10-fold by 2030. Oxidative stress, an imbalance
between the generation and removal of reactive oxygen species (ROS), is implicated in the patho-
physiology of diabetes. Whereas ROS are generated in euglycemic, natural insulin-regulated glucose
metabolism, levels are regulated by factors that regulate cellular respiration, e.g., the availability of
NAD-linked substrates, succinate, and oxygen; and antioxidant enzymes that maintain the cellular
redox balance. Only about 1–2% of total oxygen consumption results in the formation of superoxide
anion and hydrogen peroxide under normal reduced conditions. However, under hyperglycemic
conditions, about 10% of the respiratory oxygen consumed may be lost as free radicals. Under
hyperglycemic conditions, the two-reaction polyol pathway is activated. Nearly 30% of blood glucose
can flux through this pathway—a major path contributing to NADH/NAD+ redox imbalance. Under
these conditions, protein glycation and lipid peroxidation increase, and inflammatory cytokines are
formed, leading to the further formation of ROS. As mitochondria are the major site of intracellular
ROS, these organelles are subject to the deleterious effects of ROS themselves and eventually become
dysfunctional—a milestone in Metabolic Syndrome (MetS) of which insulin resistance and diabetes
predispose to cardiovascular disease.
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1. Introduction

Although the Egyptians were aware of the disease nearly 3500 years earlier, it was
the Greek physician, Aretaios (1st Century A.D.) who coined the term “diabetes” and
was the first to describe the disease as an entity [1–3]. The term “mellitus” arose from
the observation that the urine exhibits a sweetness resulting from its elevated glucose
concentration [1,2,4]. This disease, diabetes mellitus (DM), accounted for 6.7 million
deaths globally in 2021 as reported by the IDF Diabetes Atlas, 10th edition [5]. In the U.S.,
37.3 million people suffer from DM, incurring an annual cost of $379 billion USD [6]. This
disease results when the body does not synthesize adequate insulin, the hormone that
facilitates the transport of blood sugar into cells where it is metabolized and converted
to energy or does not respond to insulin sufficiently [6]. The Centers for Disease Control
(CDC) in the U.S. lists three main types of diabetes [6]. Type I diabetes results from
autoimmune destruction of beta-cells (pancreatic insulin-producing cells). The American
Diabetes Association [7] also lists non-autoimmune idiopathic diabetes that has no known
etiology and is strongly inherited. This is a Type I diabetes that requires insulin therapy for
survival. Type II diabetes (T2DM) is due to insulin secretary defect, “insulin resistance”
or insensitivity. T2DM is the major form of diabetes affecting about 90–95% of people
with diabetes in the U.S. [2]. The CDC lists gestational diabetes as a third type. This type
develops in pregnant women who have not been previously diagnosed as diabetic, and
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although the disorder usually subsides after the baby’s birth, both mother and child are
predisposed to T2DM diabetes later in life [7].

It was demonstrated, almost 90 years ago, that many diabetic patients were “insulin in-
sensitive”, and it was suggested that patients should be classified as insulin sensitive (later
classified as Type 1 DM) and insulin insensitive or non-insulin-dependent diabetes (classi-
fied as Type 2 DM) [8]. Extensive research has shown that common to insulin resistance, a
number of physiologic variables including hyperglycemia, hyperinsulinemia, increased
plasma VLDL, higher triglycerides, decreased plasma HDL-cholesterol and high blood
pressure increased the risks of T2DM and cardiovascular disease (CVD) [9]. This variable
cluster of physiologic abnormalities was given the term Syndrome X [10,11]. Indeed, as it
became clear that CVD risks, e.g., insulin resistance/hyperglycemia, obesity, dyslipidemia
and hypertension, were not independent of one another and shared underlying and inter-
related mechanisms and pathways, they were considered as a “syndrome” and given the
term Metabolic Syndrome (MetS) [12]. The World Health Organization (WHO) defined the
term in 1998 after consultations with experts in DM research [13] and required the presence
of DM [14]. One problem that arose with the WHO definition of MetS was that all risk
factors were weighed equally, although the underlying pathophysiology was thought to be
related to insulin resistance. Consequently, various groups developed their own version of
the definition, and some even questioned whether the clustering of risk factors should be
considered a “syndrome” [15]. Comparisons of the definitions for MetS from the WHO, the
National Cholesterol Education Program Adult Treatment Panel III (NCEP ATP III) and the
International Diabetes Federation (IDF) show considerable variability in the selection and
parameters of risk factors, although all allow the inclusion of diabetic patients [15]. Further
complication is introduced when some risk factors must be adjusted for specific ethnic
populations and country-specific cut-points [16]. Overall, MetS is defined as a cluster of
metabolic high-risk factors, including T2DM, high blood pressure, dyslipidemia, elevated
LDL cholesterol, low HDL, and elevated triglycerides—which are all conditions found in
T2DM resulting from insulin resistance. “When diabetes becomes clinically apparent, CVD risk
rises sharply” [17].

2. Oxidative Stress, ROS, and Antioxidants

Oxidative stress, via the production of Reactive Oxygen Species (ROS) and Reactive
Nitrogen Species (RNS), is characterized by an imbalance between the generation and
removal of these species. This redox imbalance has been proposed as an etiologic factor
involved in insulin resistance, beta-cell dysfunction, and impaired glucose intolerance that
ultimately results in T2DM [18]. Oxidative stress can arise from excess food intake and a
sedentary lifestyle. Indeed, it has been shown that an intake of excessive calories can lead
to a 5–10-fold increase in ROS that escape from normal respiratory chain regulation [19].
Moreover, evidence has been obtained from T2DM patients that demonstrate increased
oxidative stress in response to post-prandial hyperglycemia [20].

3. ROS Formation

Super-oxide anion is the primary radical formed by the univalent reduction in molec-
ular oxygen. Subsequent reductions from super oxide anion to hydrogen peroxide and
hydroxyl ion are spin-forbidden, and the non-enzymatic reactions proceed very slowly
unless catalyzed by a heavy ion such as the metal catalyzed Haber/Weiss cycle [21]. These
reactions are depicted in Figure 1.

ROS are known to damage nucleic acids, proteins and lipids and are implicated in the
pathophysiology of diabetes. Whereas ROS are generated in euglycemic, natural insulin-
regulated glucose metabolism (Figure 2), levels are regulated by factors that regulate
cellular respiration, e.g., the availability of NAD-linked substrates, succinate, and oxygen,
and antioxidant enzymes that maintain the cellular redox balance. The latter include
super oxide dismutase (SOD), which is a metalloprotein that dismutes superoxide anion to
hydrogen peroxide. Other important enzymes are catalase and peroxidases. Catalase and
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glutathione (GSH) peroxidase reduce hydrogen peroxide to water. Oxidized glutathione
(GSSG) is re-reduced to GSH by glutathione reductase in the presence of NADPH [21,22].
A simplified depiction of these reactions is shown in Figure 3. Under normal reduced
conditions, only about 1–2% of the total oxygen consumption results in the formation of
superoxide anion and hydrogen peroxide [19].
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Figure 1. Reductive Pathway of Molecular Oxygen. An important alternate step is shown where an
excited state species, singlet oxygen, is produced either via the interaction of molecular oxygen with
the excited triplet state of another molecule or an energy exchange reaction upon the absorption of
energy from another source, e.g., ultraviolet light [22].
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Figure 2. Euglycemic, normal insulin-regulated glucose metabolism. F Sites in the respiratory
sequence at which low levels of superoxide may be formed through the transfer of electrons via the
electron transport chain (ETC). Once glucose moves into the cell, it is retained though phosphorylation
by hexokinase and ATP. The product, glucose-6-phosphate, is phosphorylated again to form fructose-
1,6-diphosphare prior to splitting into 3-carbon fragments. These 3-carbon fragments are converted
to pyruvic acid. All these reactions occur in the cell cytosol. Pyruvic acid enters the mitochondrial
matrix and is decarboxylated and oxidized to the 2-carbon, acetyl CoA. This oxidization results in the
formation of 2 NADH and the potential formation of low levels of superoxide as the electrons are
passed through the ETC. Acetyl CoA enters the Krebs cycle by condensation onto oxaloacetate to
form citrate that is decarboxylated and oxidized in the Krebs cycle to form 6 NADH and 2 FADH.
These are potential ROS sources as the electrons are passed through the ETC. Flavin mononucleotide
(FMN) is a highly oxidative cofactor associated with NADH and FADH dehydrogenases that can
accept two electrons to become reduced. The figure depicts GLUT-2, an intestinal glucose transporter
that allows effective glucose transport at high glucose concentrations. There are now a wide range of
glucose transporters that are tissue specific [23].
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Figure 3. Schema Depicting Major Antioxidant Enzymes Involved in Maintaining Intracellular Redox
Balance [22].

However, if the respiratory chain is highly reduced, as under hyperglycemic condi-
tions, or if reduced cofactors accumulate, about 10% of the respiratory oxygen consumed
may be lost as ROS [19]. This is depicted in Figure 4.
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Figure 4. Hyperglycemic, insulin-resistant glucose metabolism. Although ROS are shown being
formed at the starred sites of glucose metabolism, the actual formation of ROS occurs as electrons are
being transferred from NADH and FADH2 down the ETC through complexes I, II, III and IV.

4. Electron Transport Chain, ROS Production, and Proton Pump Potential

Superoxide is released only into the matrix of the mitochondria when electrons are
transferred through Complexes I and II of the ETC [24]. NADH formed in glycolysis and the
Krebs cycle are oxidized in Complex I (ubiquinone oxidoreductase) that is composed of
NADH dehydrogenase, FMN and iron–sulfur (Fe-S) clusters [25]. As electrons are transferred
from Fe-S to coenzyme Q, four hydrogen ions pass from the mitochondrial matrix to
the intermembrane space, thus increasing the proton motive force (∆p) [26]. This occurs
in a reasonably tightly coupled phosphorylated-oxidative (P/O) system. Interestingly,
superoxide formation is strongly dependent on ∆p, and mitochondrial P/O uncoupling
has been considered as a cytoprotective strategy in diabetes by reducing mitochondrial
superoxide formation [26].

Complex II, succinate dehydrogenase, accepts electrons from succinate oxidation in
the Krebs cycle and transfers two electrons to FAD. In turn, FADH2 transfers these electrons
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to Fe-S and then to coenzyme Q (ubiquinone). This process is similar to Complex I except
that no protons are translocated into the intermembrane space.

Complex III, cytochrome c reductase, is composed of cytochrome b, Rieske proteins
that contain two Fe-S clusters, and cytochrome c [27]. The latter can only accept a single
electron at a time, and the process occurs in two steps; the Q cycle that produces superoxide
has been comprehensively described [24]. The result is that Complex III releases four
protons into the intermembrane space, thus contributing to ∆p, and it transfers the electrons,
one at a time, to Complex IV [28].

Complex IV, cytochrome c oxidase, is the final electron carrier in aerobic cellular
respiration and catalyzes the transfer of electrons to dioxygen to yield H2O [28].

5. Polyol Pathway

Persistent hyperglycemia leads to the activation of the Polyol pathway as depicted in
Figure 4. It is estimated that around 30% of glucose in the body is metabolized through this
pathway, leading to a NADH/NAD+ redox imbalance that contributes to oxidative stress
in diabetes [29]. The first of the two-step reaction is glucose reduced to sorbitol that is then
oxidized to fructose, depicted here:
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As aldose reductase reduces the high levels of intracellular glucose to sorbitol, the
reaction consumes NADPH, which is a cofactor that is essential for regenerating the critical
antioxidant, reduced glutathione (refer to Figure 3). Decreasing the level of reduced glu-
tathione increases intracellular oxidative stress potential [29]. Increased ROS production
from the polyol pathway contributes to diabetes complications [30]. The loss of glutathione
found in the ocular lens under hyperglycemic conditions, the accumulation of sorbitol
leading to the faster development of cataracts, and increased osmotic stress due to sor-
bitol accumulation demonstrate that the polyol pathway plays an important part in the
pathophysiology contributing to diabetic complications [31,32]. Furthermore, also con-
tributing to NADH/NAD+ redox imbalance resulting from the Polyol pathway are two
NAD+ degradative pathways [33]. A mitochondrial family of signaling proteins (Sirtuins),
histone deacetylase, and an ADP ribosyl transferase are NAD+ dependent and couple
nutrient status, e.g., hyperglycemia, with stress responses—obviously impacting the redox
balance as shown here [33,34]:

Antioxidants 2022, 11, x FOR PEER REVIEW 9 of 22 
 

 
 
 

 

 
Indeed, it has been demonstrated in lymphatic muscle cells (LMC) that insulin re-

sistance impairs glucose uptake, mitochondrial function, oxygen consumption rates, gly-
colysis, and ATP production [35]. As expected, acute insulin treatment activated insulin 
signaling, increased glucose uptake, and increased intracellular ATP in these cells. How-
ever, in insulin-resistant LMC, mitochondrial respiration, glycolysis, and ATP decreased. 
The decreased glucose uptake observed in insulin-resistant cells was, in part, attributable 
to changes in glucose transporter, GLUT4, translocation, the latter impaired by insulin 
signaling pathways [23]. Insulin-resistant LMC exhibited a significantly higher level of 
mitochondrial superoxide as the major source of ROS in these cells. As glucose uptake 
and glycolysis in these insulin-resistant cells was decreased, the elevated ROS levels sug-
gest that activation of the polyol pathway is initiated as well as an increased flux through 
the hexosamine pathway, as depicted here (Figure 5) [30,36]: 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Indeed, it has been demonstrated in lymphatic muscle cells (LMC) that insulin re-
sistance impairs glucose uptake, mitochondrial function, oxygen consumption rates, gly-
colysis, and ATP production [35]. As expected, acute insulin treatment activated insulin



Antioxidants 2022, 11, 2003 6 of 16

signaling, increased glucose uptake, and increased intracellular ATP in these cells. How-
ever, in insulin-resistant LMC, mitochondrial respiration, glycolysis, and ATP decreased.
The decreased glucose uptake observed in insulin-resistant cells was, in part, attributable
to changes in glucose transporter, GLUT4, translocation, the latter impaired by insulin
signaling pathways [23]. Insulin-resistant LMC exhibited a significantly higher level of
mitochondrial superoxide as the major source of ROS in these cells. As glucose uptake and
glycolysis in these insulin-resistant cells was decreased, the elevated ROS levels suggest
that activation of the polyol pathway is initiated as well as an increased flux through the
hexosamine pathway, as depicted here (Figure 5) [30,36]:
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Figure 5. Hexosamine Pathway. GFAT, glutamine:fructose-6-phosphate-aminotransferase; UDP-
GlucNAc, Uridine-5-diphosphate-N-acetylglucosamine c; GlutN, Glutamine; Glu, Glutamic acid;
UDP, Uridine 5′-diphosphate; Pi, inorganic phosphate.

UDP-GlucNAc is the precursor of all amino sugars required for the synthesis of
proteoglycans, glycolipids and glycoproteins. GFAT regulates flux through the hexosamine
pathway and is thought to be causally involved in diabetic nephropathy [36].

6. Protein Kinase C (PKC) Pathway and Cell Signaling

Intracellular ROS can be produced on the inner and outer sides of the mitochondrial
inner membrane as electrons are being transferred down Complex III of the ETC—allowing
them to act more easily as signaling molecules than those produced in the matrix [24].
Hyperglycemia causes repeated acute changes in cellular metabolism that ultimately result
in diabetic tissue damage. As many of these tissues’ cells, e.g., ocular cells, are insulin
independent, the response to hyperglycemia-induced signaling is complex and tissue
specific. Thus, we limit our discussion here to cellular metabolism that is insulin dependent
that occurs in mitochondrial respiration and its effect on ROS production.

Glucose-6-P metabolism may be diverted to the pentose phosphate shunt to yield
fructose-6-P when the rate of reoxidation of NADPH is limited. The metabolism of fructose-
6-P, the starting point of the PKC pathway, is depicted in Figure 6. This results in the
upregulation of dihydroxyacetone phosphate (DHAP, α-glycerol-P, and diacylglycerol,
DAG). PKC comprises about 2% of the human kinome [37], and although its effects
are cell type specific, it is generally activated by the formation of DAG [38]. The DAG
precursor, α-glycerol phosphate, is the obligating acyl acceptor for lipogenesis in adipose
tissue [39]. Long-term activation of the PKC pathway involves the DAG precursor, α-
glycerol phosphate that is the obligating acyl acceptor for lipogenesis in adipose tissue [40].
Long-term activation of the PKC pathway involves translocation to the cell membrane. It
plays an important role in the immune system through the activation of NF-kB, which is
an important mediator of vascular permeability and is associated with hyperglycemia in
diabetes. It also plays a pivotal role in cell regulation through the activation of a protein
cascade, leading to the activation of mitogen-activated kinases (MAP Kinases). The PKC
pathway with physiological consequences is depicted in Figure 6.
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Figure 6. PKC Pathway and Pathogenic Effects. DHAP, dihydroxyacetone phosphate; DAG, diacyl-
glycerol [41]; PKC, Protein Kinase C. Diagram depicts effects of isoforms ß and ð, which are both
activated by DAG. The upregulation of PAI-1, Plasminogen activator inhibitor-1 (serpin E1), is a
risk factor for thrombosis and atherosclerosis [40]; the downregulation of eNOS, Endothelial nitric
oxide synthase, leads to vasodilation and upregulation of ET-1, Endothelin-1, a vasoconstrictor [42];
upregulation of VEGF, Vascular endothelial growth factor (a glycoprotein), mediating retinopathy
and nephropathy [43]; TGF-ß, Transforming growth factor-beta (a multifunctional cytokine) that is
pro-inflammatory and affects host immunity [44]; NF-kß, Nuclear factor-kappa B, a DNA binding
protein factor required for the transcription of pro-inflammatory gene expression [45]; NADPH
Oxidase, nicotinamide adenine dinucleotide phosphate oxidase (a flavocytochrome B heterodimer),
a major source of ROS [46].

Increased metabolic ROS activates poly (ADP-ribose) polymerase (PARP) that impacts
the pathophysiology of diabetes [30,47]. PARP acts to decrease glyceraldehyde-3-phosphate
dehydrogenase (GADPH) that results in an increase in methylglyoxal, a powerful glycating
agent that is an important source of advanced glycation end-products (AGE) that contribute
to diabetic complications [30,38]. ROS are generated when AGE are bound to receptor
sites (RAGE). The overall role of these pathways and their resultant impact on diabetic
complications are depicted in Figure 7 [30].
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Figure 7. The influence of hyperglycemia on ROS level and activation of polyol pathway, hexosamine
pathway, advanced glycation end products, and the PKC pathway, leading to tissue damage and
diabetic complications [30]. Acute or chronic hyperglycemia upregulation of ROS production elevates
PARP levels and downregulates GADPH levels. The latter activates and upregulates polyol and
hexosamine pathways, accelerates the formation of AGE and activate PKC. These actions increase
oxidative stress and ultimately impact the diabetic complications depicted.
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7. Lipid Oxidation, Peroxidation, Inflammation, and Immunity

Dyslipidemia is a hallmark of DM and a major risk factor for CVD [9,30,48]. The
clinical manifestations of dyslipidemia include high plasma triglyceride levels, low HDL
cholesterol, and increased plasma VLDL. The lipid changes associated with T2DM are
thought to be a consequence of systemic free fatty acid (FFA) flux secondary to insulin
resistance [48,49]. The relationship between FFA regulation and gluconeogenesis in diabetes
has been elusive. It has been shown that at least 35% of gluconeogenesis in T2DM patients
is FFA dependent [50]. An early effort to explain the competitive oxidation between glucose
and fatty acids resulted in what became known as the glucose–fatty acid cycle, or Randle
cycle [51]. This cycle was based on two lines of evidence. First, there is evidence for changes
in the rate of release of FA under different experimental conditions, and second, there is
evidence that FA induces changes in carbohydrate metabolism in normal animals similar to
those seen in muscle tissue in DM. A schematic of the cycle is shown in Figure 8 [52]. FFA
are transported across the cell membrane by fatty acid transport protein 1 (FATP1); a fatty
acid acyl-CoA synthase (FACS) yields Acyl-CoA. These reactions occur in the cytosol of the
cell. Acyl-CoA is transported across the mitochondrial membrane by carnitine palmitoyl
transferase 1 (CPT1).
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Figure 8. Lipid Oxidation and Cell Signaling [52]. FFA, free fatty acid; FATP, free fatty acid transport
protein; FACS, free fatty acid acyl-CoA synthase; CPT1, carnitine palmitoyl transferase 1; DAG,
diacylglycerol (refer to Figure 5); PDH, pyruvate dehydrogenase; PFK, phosphofructokinase; HK,
hexokinase; GLUT 4, glucose transporter 4; PKC, protein kinase C; IKKß, inhibitory kß kinase ß;
NFkß, nuclear factor kß; P13K, phosphoinositide 3-kinase; PkB/Akt, protein kinase B; IRS-1/IRS-2,
Insulin receptor substrate 1 and 2.
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Acyl-CoA induces ß-oxidation in both the cytosol and the mitochondria. The former
promotes gluconeogenesis. In the mitochondria, ß-oxidation results in an upregulation of
acetyl-CoA that feeds into the Krebs cycle, increasing citrate that inhibits hexokinase and
pyruvate dehydrogenase activities. The hexokinase inhibition results in the downregulation
of glucogenesis. It also results in the formation of FADH2 and NADH that yields ROS as
electrons are passed through the ETC.

As with other pathophysiological responses to insulin resistance and T2DM, dys-
lipidemia has been shown to be both complex and cell specific. Thus, several deviations
from the glucose–fatty acid cycle have been reported, and the influence of cell signaling
may hold the key to some of these varied responses [52]. As depicted in Figure 8, cellular
Acyl-CoA leads to the metabolism of diacylglycerol (DAG) and ceramides. DAG activates
PKC, IKKB, and NFkB that act to suppress PKB/Akt and IRS-1/IRS-2. IRS-1 inhibition
decreases insulin-stimulated glucose transport, GLUT 4, and glucose uptake [52]. Ceramide
increases free radical generation that, in turn, downregulates Akt, and GLUT 4 as well as
causes insulin resistance [53].

Acyl CoA formation in the cytosol, or within the mitochondria, both may stimulate
the ß-oxidation of fatty acids [52]. Beta-oxidation in the cytosol occurs in the peroxisome
and upregulates the glyoxylate cycle through which glucose is synthesized. Beta-oxidation
in the mitochondria results in 2-carbon acetyl-CoA that enters the Krebs cycle, producing
ATP and NADH; the latter may increase ROS through the ETC [54]. A general depiction
of these reactions is seen in Figure 8. A generalized summary reaction of ß-oxidations is
shown here:

R (16) CH2-COOH + acyl-CoA → 8 acetyl-CoA → 8 FADH2 + 8 NADH

The equation depicts a 16-carbon saturated fatty acid undergoing complete ß-oxidation
with two carbon fragments reacting with acyl-CoA to form eight acetyl-CoA molecules
that enter the Krebs cycle. Complete oxidation yields eight FADH2 and eight NADH that,
under hyperglycemic conditions, produce ROS in the ETC.

It has been known that under hyperglycemic conditions, as in T2DM, elevation in
circulating triglycerides and free fatty acids occurs that represent a serious dysfunction
in lipid dynamics [55]. Thus, lipid oxidation plays a significant role in the development
of DM.

Polyunsaturated fatty acids (PUFA) are particularly susceptible to free radical attack.
The radical, e.g., a hydroxyl radical, attacks a PUFA to yield a PUFA radical (PUFA•)
that, in turn, reacts with molecular oxygen to form a PUFA peroxy radical (PUFA-O-
O•). The latter, by hydrogen abstraction from an adjacent PUFA, yields an unsaturated
hydroperoxide (PUFA-O-OH). In addition, the reactions of lipid peroxidation show how the
newly formed PUFA• radical propagates a chain reaction that results in extensive disruption
of the cell’s membranes. Persistent disorder and imbalance of free radical lipid oxidation
products, as manifested by lipid hydroperoxides, leads to membrane dysfunction and
disease development. It has been shown that diabetic patients with higher blood glucose
level had an association with free radical-mediated lipid peroxidation [56]. There was also
an imbalance in oxidant and antioxidant systems in T2DM. Such an imbalance between lipid
hydroperoxide (LHP) level and decline in antioxidant activity (AOA), as reflected in the
LHP/AOA ratio, has been shown to reflect the progress of disease [57]. Lipid peroxidation
has been positively associated with complications occurring in T2DM and with systemic
inflammation. Increased lipid peroxidation aggravates systemic inflammation [58].
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Whereas the mechanism(s) by which chronic inflammation promotes the development
of T2DM is unclear, adipose tissue synthesizes pro-inflammatory cytokines, e.g., interleukin
(IL)-6, IL-1, and tumor necrosis factor TNF-α, indicating that inflammation and innate
immunity are etiological factors in the pathogenesis of T2DM [59]. Furthermore, several
vasoactive agents and immunopotentiators, important participants in the inflammatory
process, are dependent on PUFA peroxidation (Figures 9 and 10) [60].
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Figure 9. Acute Inflammatory Response. EC, endothelial cells; M, monocyte/macrophage; RBC, red
blood cell; ECJ, endothelial cell junction. Upon tissue insult, several vasoactive and chemotactic
substances are released at the injury site. The vasoactive substances act upon the endothelial cells of
the venule, producing vascular effects. The activated macrophages escape through the endothelial
cell junctions and are attracted to the inflammatory site where cytokines are released [60–62].

As ROS is a mediator for the activation of pro-inflammatory signaling pathways;
hyperglycemia-induced ROS production favors the induction of M1-like pro-inflammatory
macrophages at onset and during the progression of DM [61].

It is evident that dyslipidemia is a major factor in the pathophysiology in T2DM and
that the overproduction of ROS is directly, or indirectly, responsible for many of the subse-
quent clinical complications. Under hyperglycemic conditions, there occurs an increased
flux of FFAs that are oxidized by the mitochondria. When acetyl CoA is derived from
the ß-oxidation of FFA and oxidized in the Krebs cycle, it leads to NADH and FADH2
formation and the overproduction of ROS. Polyunsaturated lipids are particularly subject
to attack by radicals, e.g., hydroxyl radical, leading to their peroxidation. Lipid peroxi-
dation is associated with systemic inflammation. Activated macrophages are attracted to
inflammatory sites where a respiratory burst occurs, and cytokines are released. As ROS is
a mediator for activation of pro-inflammatory signaling pathways, hyperglycemia-induced
ROS production favors the induction of pro-inflammatory macrophages at onset and during
the expression of DM. ROS also activates some isoforms of phospholipase A2 that cleave
arachidonic acid (AA) from the cell membrane phospholipid. AA is then oxidized through
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the lipoxygenase and cyclooxygenase pathways to form pro-inflammatory leukotrienes
and prostaglandins as well as ROS and free radical intermediates.
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Figure 10. Pro-Inflammatory Leukotrienes (LT) and Prostaglandins (PG) Metabolized from Arachi-
donic Acid (AA). Isoforms of phospholipase A2 have been reported to be activated by ROS [63].
phospholipase A2 cleaves AA from cell membrane phospholipids. AA is oxidized through the lipoxy-
genase pathway to yield leukotrienes, eicosanoid inflammatory mediators, which are released by
macrophages and are involved in the inflammatory reactions [64]. LTB4 is a potent chemotactic agent.
The prostaglandins are derived from AA and metabolized through the cyclooxygenase pathway.
They are involved in the inflammatory response as well as other pathogenic mechanisms [65]. PGE2

is a potent pro-inflammatory PG and is involved in all the signs of inflammation, although it also can
exert anti-inflammatory effects during neuroinflammation.

8. Some Complex Considerations

Mitochondrial uncoupling proteins (UCP) catalyze a regulated proton leak across the
inner mitochondrial membrane without the generation of ATP [66]. Five UCP have thus far
been identified, each with specific functions [67]. Superoxide activates these mitochondrial
uncoupling UCP [68]. UCP-1 can also be activated by long-chain FA and inhibited by purine
nucleotides, e.g., ATP. UCP-2 and UCP-3 inhibit ROS production. Indeed, chronic hyper-
glycemia results in an upregulation of UCP-2 that reduces ROS production, resulting in
reduced ATP production and insulin secretion that is consequently expressed as T2DM [67].
As chronic inflammation is associated with excessive ROS production in diabetic vascu-
lopathy, UCP-2 may play a protective role by inhibiting excessive ROS formation. UCP-2
can also regulate FA and lipid metabolism related to obesity, which is an independent risk
factor for DM. An interesting confluence of theories arise here. One pertains to chronic
inflammation playing a crucial role in the development of obesity-related insulin resistance
and T2DM [69]. The second involves the downregulation of ETC genes in visceral adipose
tissue in T2DM that is independent of obesity [70]. Both evoke TNF-α. The first proposes
that chronic inflammation is partially responsible for insulin resistance in T2DM. The
second proposes that the downregulation of oxidative phosphorylation genes occurs, in
part, by TNF-α regulation of ETC gene expression in visceral adipose tissue. The role of
UCP-2 in affecting signaling pathways that lead to inflammation and vasoconstriction by



Antioxidants 2022, 11, 2003 12 of 16

reducing ROS may be a crucial factor not considered in these two theories. UCP must be
considered in the complex milieu of metabolic reactions reflected in DM.

Insulin receptor (IR) is a membrane-bound glycoprotein found in all mammalian cells
and functions in transmembrane insulin signaling. There are two known isoforms [71].
Although there is a single gene (INSB) expressing IR, alternative splicing produces the
two isoforms. IR is primarily concerned with maintaining glucose homeostasis. When
activated, IR induces glucose uptake. Insulin resistance represents a decrease in insulin
signaling and results in hyperglycemia and T2DM (see Figure 7) [52]. Mutations in the IR
gene or alterations in the abundance of the two isoforms would be expected to contribute
to insulin resistance, glucose uptake, and, indirectly, influence FA uptake.

These factors must be interwoven into the complex milieu of metabolic and signaling
responses represented in the pathophysiology of T2DM.

9. Antioxidants

The various pathways by which ROS are generated have been discussed, as has the
overwhelming of the scavenging abilities of natural antioxidant defenses. An obvious
approach to upgrade ROS defenses would be through supplementation with antioxidants.
Among the antioxidants derived from the diet that have been considered for a therapeutic
role are vitamins C, E, and carotenoids [72]. There have been mixed results with vitamin
E showing no effect and vitamin C producing positive effects on diabetic complications.
However, supplemental vitamin C has been associated with increased risk of CVD mortality
in postmenopausal women with diabetes [73]. Vitamin C, like carotenoids, may, under
certain conditions, act as a pro-oxidant [74].

Epidemiological studies have suggested that diets rich in polyphenols are associated
with a significant reduction in risk for developing T2DM [75]. Aside from antioxidant
activity, some polyphenols decrease glucose uptake and may attenuate postprandial hyper-
glycemia. Results from studies of specific polyphenols are still controversial.

Flavonoids are polyphenolic compounds, of at least 6000 phenolic compounds, found
in fruits, vegetables, teas, cocoa and chocolate [76]. Flavonoids exert their anti-diabetic ef-
fects by targeting cellular signaling pathways in specific tissues, influencing ß-cell function,
insulin sensitivity, glucose metabolism, and lipid profile [77].

N-Acetylcysteine (NAC) is a stable form of l-cysteine that is necessary to produce
glutathione, which is a major antioxidant. NAC has been reported to be effective in reduc-
ing diabetic complications—presumably by affecting glucose homeostasis and reduction
in ROS production [72]. However, in hyperglycemic T2DM patients receiving NAC sup-
plementation, no benefit on markers of glucose metabolism, ß-cell response, or oxidative
status was observed, and it was concluded that NAC supplementation was unlikely to be a
valuable therapeutic approach [78]. It has been reported that when glycine was added to
the NAC supplement (GlyNAC) and provided to T2DM patients, GlyNAC improved mito-
chondrial dysfunction, insulin resistance, improved glutathione synthesis, and lowered
oxidative stress. [79].

Generally, antioxidant supplementation of T2DM patients have been less than en-
couraging. Brownlee [30] posits that to reduce direct oxidative damage, the amount of
superoxide must be reduced and that conventional antioxidants are unlikely to do this
effectively. Conventional antioxidants neutralize ROS on a one-for-one basis, whereas
hyperglycemia-induced ROS is a continuous process. He suggests a new type of antiox-
idant, a catalytic antioxidant such as an SOD/catalase mimetic that works continuously.
While not acting to reduce superoxide directly, GlyNAC does work continuously to regen-
erate glutathione to help restore the redox balance.

10. Discussion and Conclusions

An online search of published papers on diabetes lists slightly over 49 million in the
past 30 years with over two million being research papers. The current synopsis is obviously
not a comprehensive review but aspires to serve as a primer of how and where ROS are



Antioxidants 2022, 11, 2003 13 of 16

formed in the cell and their role in the etiology and pathophysiology of DM. Most remarks
refer to T2DM as it comprises about 95% of all DM and is the fastest developing disease
globally. This effort draws heavily upon the herculean undertaking of Michael Brownlee in
presenting an “unifying mechanism” for the pathobiology of diabetic complications in the
Banting Lecture of 2004. Whereas the cited literature in this synopsis generally supports the
underlying basis of a unified approach to our understanding of the pathogenesis of DM, it
must be emphasized that exceptions to this generalized approach have been reported and
that diabetic pathophysiological responses are cell and tissue specific.

Oxidative stress, via the production of ROS, is characterized by an imbalance between
the generation and removal of these radicals. However, under hyperglycemic conditions,
or if reduced respiratory cofactors accumulate, it is estimated that around 10% of the
respiratory oxygen consumed may be lost as ROS. Superoxide anion is the major radical
formed and occurs when electrons are transferred from reduced cofactors NADH and
FADH2 through Complexes I and II (and the Q cycle of Complex III) of the ETC. Persistent
hyperglycemia leads to the activation of four of the pieces of Brownlee’s puzzle, i.e.,
the polyol pathway, the hexosamine pathway, the protein kinase C pathway and to the
formation of advanced glycation end products. The upregulation of hyperglycemic-induced
ROS production downregulates glyceraldehyde-3-phosphate dehydrogenase that activates
the polyol, hexosamine, and PKC pathways and accelerates the formation of advanced
glycation end products, all of which contribute to diabetic complications and impact the
redox balance.

Dyslipidemia is a hallmark of DM and a major risk factor for CVD. The lipid changes
associated with T2DM result as a consequence of systemic FFA flux that results subse-
quently in insulin resistance. An FA acyl-CoA synthase yields acyl-CoA that induces
ß-oxidation that, in turn, yields higher levels of Acetyl-CoA. The latter feeds into the
Krebs cycle, increasing citrate that inhibits hexokinase and pyruvate dehydrogenase activi-
ties. Hexokinase inhibition downregulates glucogenesis. ß-oxidation in the mitochondria
results in the formation of FADH2 and NADH that yields ROS as electrons are passed
through the ETC. The ROS attack of PUFA leads to lipid peroxidation and autocatalysis.
Increased lipid peroxidation aggravates systemic inflammation. Adipose tissues synthesize
pro-inflammatory cytokines, particularly IL-6, Il-1, and TNF-α, indicating that inflamma-
tion and innate immunity are etiological factors in the pathogenesis of T2DM. Several
vasoactive agents and immunopotentiators involved in the inflammatory process are de-
pendent on PUFA peroxidation. ROS also activates phospholipase A2 that cleaves AA,
which is then oxidized through the lipoxygenase and cyclooxygenase pathways, produc-
ing pro-inflammatory leukotrienes and prostaglandins, as well as ROS and other radical
intermediates. It is evident that the lipid oxidation of FFA and lipid peroxidation are major
factors in the pathophysiology of T2DM and that the overproduction of ROS is directly,
and/or indirectly, responsible for many of the subsequent clinical complications.

Whereas antioxidant therapy remains as a potential therapy, or co-therapy with DM
drugs, the root of the problem lies with obesity and sedentary lifestyle. The more obese
and sedentary an individual, the greater the degree of insulin resistance and dyslipidemia—
hallmarks of T2DM and MetS [80]. Introducing changes in diet and lifestyle is a tough nut
to crack!

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.

References
1. Ahmed, A.M. History of Diabetes Mellitus. Saudi Med. J. 2019, 23, 373–378.
2. Polonsky, K.S. The Past 200 Years in Diabetes. N. Engl. J. 2012, 367, 1332–1340. [CrossRef] [PubMed]
3. Sarton, G. A History of Science. In Ancient Science through the Golden Age of Greece; Harvard University Press: Cambridge, MA,

USA, 1952; p. 191.
4. Dobson, M. Experiments and Observations on Urine in Diabetes; Medical Observations and Enquiries; T. Cadell: London, UK, 1776;

pp. 298–316.

http://doi.org/10.1056/NEJMra1110560
http://www.ncbi.nlm.nih.gov/pubmed/23034021


Antioxidants 2022, 11, 2003 14 of 16

5. International Diabetes Federation. IDF Diabetes Atlas, 10th ed.; International Diabetes Federation: Brussels, Belgium, 2021;
Available online: https://www.diabetesatlas.org (accessed on 25 January 2022).

6. Centers for Disease Control and Prevention. National Diabetes Statistics Report; Centers for Disease Control and Prevention, U.S.
Dept of Health and Human Services: Atlanta, GA, USA, 2020. Available online: https://cdc.gov/diabetes/data/statistics-report/
index.html (accessed on 25 January 2022).

7. American Diabetes Association. Diabetes Care. J. Clin. Appl. Res. Educ. 2022, 45 (Suppl. S1), S17–S36. Available online:
https://www.diabetes.org/dibetescare (accessed on 11 February 2022).

8. Himsworth, H. Diabetes mellitus: A differentiation into insulin-sensitive and insulin-insensitive types. Lancet 1936, 1, 127–130.
[CrossRef]

9. Reaven, G.M. Role of Insulin Resistance in Human Disease. Diabetes 1988, 37, 15951607. [CrossRef]
10. Reaven, G.N. Syndrome X: A Short History. Ochsner J. 2001, 3, 124–125.
11. Reaven, G.M. Role of Insulin Resistance in Human Disease (Syndrome X): An Expanded Definition. Annu. Rev. Med. 1993, 44,

121–131. [CrossRef]
12. Hung, P.L. A Comprehensive definition for Metabolic Syndrome. Dis. Models Mech. 2009, 2, 231–237. [CrossRef]
13. Alberti, K.G.M.M.; Zimmet, P.Z. Definition, diagnosis and classification of diabetes mellitus and its complications. Part 1:

Diagnosos and Classification of Diabetes mellitus Provisional Report of a WHO Consultation. Diabet. Med. 1998, 15, 539–553.
[CrossRef]

14. Alberti, K.G.M.M.; Zimmet, P.; Shaw, J.; IDF Epidemiology Task Force Consensus Group. The Metabolic Syndrome—a New
Worldwide definition. Lancet 2005, 366, 1059–1062. [CrossRef]

15. Kahn, R.; Buse, J.; Ferrannini, E.; Stern, M. The Metabolic Syndrome: Time for a Critical AppraisaL Joint Statement from the
American Diabetes Association and the European Association for the Study of Diabetes. Diabetes Care 2005, 28, 2289–2304.
[CrossRef]

16. Punthakee, Z.; Goldenberg, R.; Katz, P. Definition, Classification and Diagnosis of Diabetes, Prediabetes and Metabolic Syndrome.
Can. J. Diabetes 2018, 42, 510–515. [CrossRef]

17. Grundy, S.M.; Brewer, H.B., Jr.; Cleeman, J.I.; Smith, S.C., Jr.; Lenfant, C.; Conference Participants. Definition of Metabolic
Syndrome. Arteriosclerosis, Thrombosis, and Vascular Biology. J. Am. Heart Assoc. 2004, 24, e13–e18. [CrossRef]

18. Wright, E., Jr.; Scism-Bacon, J.L.; Glass, L.C. Oxidative stress in type 2 diabetes: The role of fasting and postprandial glycaemia.
Int. J. Clin. Pract. 2006, 60, 308–314. [CrossRef]

19. Turrens, J.F.; Freeman, B.A.; Crapo, J.D. Hyperoxia increases H2O2 release by lung mitochondria and microsomes. Biochem.
Biophys. 1982, 217, 411–421. [CrossRef]

20. Ceriello, A.; Quagliaro, L.; Catone, B.; Pascon, R.; Piazzola, M.; Bais, B.; Marra, G.; Tonutti, L.; Taboga, C.; Motz, E. Role of
hyperglyceria in nitrotyrosine postprandial generation. Diabetes Care 2002, 25, 1439–1443. [CrossRef]

21. Proctor, P.H.; Reynolds, E.S. Free radicals and disease in man. Physiol. Chem. Phys. Med. NMR 1984, 16, 175–195.
22. Black, H.S. Potential involvement of free radical reactions in ultraviolet light-mediated cutaneous damage. Photochem. Photobiol.

1987, 46, 213–221. [CrossRef]
23. Stringer, D.M.; Zahradka, P.; Taylor, C.G. Glucose transporters: Cellular links to hyperglycemia in insulin resistance and diabetes.

Nutr. Rev. 2015, 73, 140–154. [CrossRef]
24. Hamanaka, R.B.; Chandel, N.S. Mitochondrial reactive oxygen species regulate cellular signaling and dictate biological outcomes.

Trends Biochem. Sci. 2010, 35, 505–513. [CrossRef]
25. Hirst, J. Energy transduction by respiratory complex I—an evaluation of current knowledge. Biochem. Soc. Trans. 2005, 33,

525–529. [CrossRef] [PubMed]
26. Cardenas, S. Mitochondrial uncoupling, ROS generation and cardioprotection. Bioenergetics 2018, 1859, 940–950. [CrossRef]

[PubMed]
27. Trumpower, B.L. Cytochrome bc1 complex (Respirator Chain Complex III). In Encyclopedia of Biological Chemistry I; Elsevier Inc.:

Amsterdam, The Netherlands, 2004; pp. 528–534. [CrossRef]
28. Ahmad, M.; Wolberg, A.; Kahwaji, C.I. Biochemistry, Electron Transport Chain; StatPearls: Treasure Island, FL, USA, 2022. Available

online: https://www.ncb.n1m.nih.gov/books/NBK526105/ (accessed on 1 February 2022).
29. Yan, L.J. Redox imbalance stress in diabetes mellitus: Role of the polyol pathway. Anim. Model Exp. Med. 2018, 1, 7–13. [CrossRef]

[PubMed]
30. Brownlee, M. The Pathology of Diabetic Complications: A Unifying Mechanism. Diabetes 2005, 54, 1615–1625. [CrossRef]
31. Lee, A.Y.; Chung, S.S. Contributions of polyol pathway to oxidative stress in diabetic cataract. FASEB J. 1999, 13, 23–30. [CrossRef]
32. Chung, S.S.M.; Ho, E.C.M.; Lam, K.S.L.; Chung, S.K. Contribution of polyol pathway to diabetes-induced oxidative stress. J. Am.

Soc. Nephrol. 2003, 14, S233–S236. [CrossRef]
33. Wu, J.; Jin, Z.; Zheng, H.; Yan, L.J. Sources and implications of NADH/NAD+ redox imbalance in diabetes and its complications.

Diabetes Metab. Syndr. Obes. 2016, 10, 145–153. [CrossRef]
34. Turkmen, K.; Karagoz, A.; Kucuk, A. Sirtuins as novel players in the pathogenesis of diabetes mellitus. World J. Diabetes 2014, 5,

894–900. [CrossRef]

https://www.diabetesatlas.org
https://cdc.gov/diabetes/data/statistics-report/index.html
https://cdc.gov/diabetes/data/statistics-report/index.html
https://www.diabetes.org/dibetescare
http://doi.org/10.1016/S0140-6736(01)36134-2
http://doi.org/10.2337/diab.37.12.1595
http://doi.org/10.1146/annurev.me.44.020193.001005
http://doi.org/10.1242/dmm.001180
http://doi.org/10.1002/(SICI)1096-9136(199807)15:7&lt;539::AID-DIA668&gt;3.0.CO;2-S
http://doi.org/10.1016/S0140-6736(05)67402-8
http://doi.org/10.2337/diacare.28.9.2289
http://doi.org/10.1016/j.jcjd.2017.10.003
http://doi.org/10.1161/01.ATV.0000111245.75752.C6
http://doi.org/10.1111/j.1368-5031.2006.00825.x
http://doi.org/10.1016/0003-9861(82)90519-7
http://doi.org/10.2337/diacare.25.8.1439
http://doi.org/10.1111/j.1751-1097.1987.tb04759.x
http://doi.org/10.1093/nutrit/nuu012
http://doi.org/10.1016/j.tibs.2010.04.002
http://doi.org/10.1042/BST0330525
http://www.ncbi.nlm.nih.gov/pubmed/15916556
http://doi.org/10.1016/j.bbabio.2018.05.019
http://www.ncbi.nlm.nih.gov/pubmed/29859845
http://doi.org/10.1016/bO-12-443710-9/00589-5
https://www.ncb.n1m.nih.gov/books/NBK526105/
http://doi.org/10.1002/ame2.12001
http://www.ncbi.nlm.nih.gov/pubmed/29863179
http://doi.org/10.2337/diabetes.54.6.1615
http://doi.org/10.1096/fasebj.13.1.23
http://doi.org/10.1097/01.ASN.0000077408.15865.06
http://doi.org/10.2147/DMSO.S106087
http://doi.org/10.4239/wjd.v5.i6.894


Antioxidants 2022, 11, 2003 15 of 16

35. Lee, Y.; Fluckey, J.D.; Chakraborty, S.; Muthuchamy, M. Hyperglycemia and hyperinsulinemia-induced insulin resistance causes
alterations in cellular bioenergetics and activation of inflammatory signaling in lymphatic muscle. FASEB J. 2017, 31, 2744–2759.
[CrossRef]

36. Schleicher, E.D.; Weigert, C. Role of hexosamine biosynthetic pathway in diabetic nephropathy. Kidney Int. 2000, 58 (Suppl. S77),
S13–S18. [CrossRef]

37. Cameron, A.J.M.; Escribano, C.; Saurin, A.T.; Kostelecky, B.; Parker, P.J. PKC maturation is promoted by nucleotide pocket
occupation independently of intrinsic kinase activity. Nat. Struct. Mol. Biol. 2009, 16, 624–630. [CrossRef]

38. Szabo, C.; Biser, A.; Benko, R.; Bottinger, E.; Susztak, K. Poly (ADP-Ribose) Polymerase Inhibitors Ameliorate Nephropathy of
Type 2 Diabetic Leprdb/db Mice. Diabetes 2006, 55, 3004–3012. [CrossRef]

39. Galton, D.J.; Bray, G.A. Metabolism of α-glycerol phosphate in human adipose tissue in obesity. J. Clin. Endocrinol. Metab. 1967,
27, 1573–1580. [CrossRef]

40. Nishizuka, Y. Protein kinase C and lipid signaling for sustained cellular responses. FASEB J. 1995, 9, 484–496. Available online:
https://faseb.onlinelibrary.wiley.com/doi/epdf/10.1096/fasebj.9.7.7737456 (accessed on 20 April 2022). [CrossRef]

41. Takase, H. Metabolism of diacyl glycerol in humans. Asia Pac. J. Clin. Nutr. 2007, 16 (Suppl. S1), 398–403.
42. Marasclulo, F.L.; Montagmani, M.; Potenza, M.A. Endotheliiiiin-1: The yin and yang of vascular function. Curr. Med. Chem. 2006,

13, 1655–1665. [CrossRef]
43. Aiello, L.P.; Wong, J.S. VEGF—Vascular endothelial growth factor in diabetic vascular complications. Kidney Int. Suppl. 2000, 77,

S113–S119. [CrossRef]
44. Gomes, K.B.; Rodrigues, K.F.; Fernandes, A.P. The role of transforming growth factor-beta in Diabetic Nephropathy. Int. J. Med.

Genet. 2014, 2014, 180270. [CrossRef]
45. Madambath, I.; Appu, A.P. Role of NF-kapa B (NF-kB) in diabetes. Forum Immunopathol. Dis. Ther. 2013, 4, 111–132.
46. Gao, L.; Mann, G.E. Vascular NAD(P)H oxidase activation in diabetes: A double-edged sword in redox signalling. Cardiovasc. Res.

2009, 82, 9–20. [CrossRef]
47. Beisswenger, P.J.; Howell, S.K.; Smith, K.; Szwergold, B.S. Glyceraldehyde-3-phosphate dehydrogenase activity as an independent

modifier of methylglyoxal levels in diabetes. Biochim. Biophys. Acta 2003, 1637, 98–106. [CrossRef]
48. Mooradian, A.D. Dyslipidemia in type 2 diabetes mellitus. Nat. Clin. Prac. Endocrinol. Metab. 2009, 5, 150–159. [CrossRef]
49. Korac, B.; Kalezic, A.; Pekovic-Vaughan, V.; Koras, A. Redox changes in obesity, metabolic syndrome, and diabetes. Redox Biol.

2021, 42, 101887. [CrossRef]
50. Boden, G.; Cheu, X.; Capulong, E.; Mozzoli, M. Effects of free fatty acids on gluconeogenesis and auto regulation of glucose

production in Type 2 diabetes. Diabetes 2001, 50, 810–816. [CrossRef]
51. Randle, P.J.; Garland, P.B.; Hales, C.N.; Newsholme, E.A. The glucose fatty-acid cycle. Its role in insulin sensitivity and the

metabolic disturbances of diabetes mellitus. Lancet 1963, 1, 785–789. [CrossRef]
52. Delarue, J.; Magnan, C. Free fatty acids and insulin resistance. Curr. Opin. Clin. Nutr. Metab. Care 2007, 10, 142–148. [CrossRef]
53. Galadari, S.; Rahman, A.; Pallichankandy, S.; Galadari, A.; Thayyuilathil, F. Role of ceramide in diabetes mellitus: Evidence and

mechanisms. Lipids Health Dis. 2013, 12, 98. [CrossRef]
54. Houten, S.M.; Wanders, R.J.A. General introduction to the biochemistry of mitochondrial fatty acid ß-oxidation. J. Inherit. Metab.

Dis. 2010, 33, 469–477. [CrossRef]
55. McGarry, J.D. Banting Lecture 2001: Dysregulation of fatty acid metabolism in the etiology of Type 2 diabetes. Diabetes 2002, 51,

7–18. [CrossRef]
56. Likidilid, A.; Patchanans, N.; Peerapatdit, T.; Sriratanasathavorn, C. Lipid peroxidation and antioxidant enzyme activities in

erythrocytes of type 2 diabetic patients. J. Med. Assoc. Thail. 2010, 93, 682–693.
57. Chaikovskaia, N.; Khmil, N.V.; Black, H.S. A novel theory of classifying disease with potential for diagnosis, prophylaxis, and

therapeutic approaches. Ann. Integr. Oncol. 2022, 2, 1011.
58. De Souza Bastros, A.; Graves, D.T.; de Melo Loureiro, A.P.; Junior, C.R.; Corbi, S.C.T.; Frizzera, F.; Orrico, S.R.P. Diabetes and

increased lipid peroxidation are associated with systemic inflammation even in well-controlled patients. J. Diabetes Complicat.
2016, 30, 1593–1599. [CrossRef] [PubMed]

59. Oguntibeju, O.O. Type 2 diabetes mellitus, oxidative stress and inflammation: Examining the links. Int. J. Physiol. Pathophysiol.
Pharmacol. 2019, 11, 45–63. Available online: https://d.docs.live.net/d89a4d69f41936fc/Documents/ (accessed on 10 June 2022).
[PubMed]

60. Black, H.S. Role of reactive oxygen species in inflammatory process. In Nonsteroidal Anti-Inflammatory Drugs; Hensby, C.,
Lowe, N.J., Eds.; Karger: Basel, Switzerland, 1989; Volume 2, pp. 1–20.

61. Rendra, E.; Riabov, V.; Mossel, D.M.; Sevastyanova, T.; Harmsen, M.C.; Kzhyshkowska, J. Reactive oxygen species (ROS) in
macrophage activation and function in diabetes. Immunobiology 2019, 224, 242–253. [CrossRef]

62. Pickup, J.C. Inflammation and activated innate immunity in the pathogenesis of type 2 diabetes. Diabetes Care 2004, 27, 813–823.
Available online: https://diabetesjournals.org/care/article/27/3/813/22995/Inflammation-and-Activated-Innate-Immunity-
in-the (accessed on 10 June 2022). [CrossRef]

63. Jezek, J.; Jaburek, M.; Zelenka, J.; Jezek, P. Mitochondrial phospholipase A2 activated by reactive oxygen species in heart
mitochondria induces mild uncoupling. Physiol. Res. 2010, 59, 737–747. [CrossRef]

64. Hammarstrom, S. Leukotrienes. Annu. Rev. Biochem. 1983, 52, 355–377. [CrossRef]

http://doi.org/10.1096/fj.201600887R
http://doi.org/10.1046/j.1523-1755.2000.07703.x
http://doi.org/10.1038/nsmb.1606
http://doi.org/10.2337/db06-0147
http://doi.org/10.1210/jcem-27-11-1573
https://faseb.onlinelibrary.wiley.com/doi/epdf/10.1096/fasebj.9.7.7737456
http://doi.org/10.1096/fasebj.9.7.7737456
http://doi.org/10.2174/092986706777441968
http://doi.org/10.1046/j.1523-1755.2000.07718.x
http://doi.org/10.1155/2014/180270
http://doi.org/10.1093/cvr/cvp031
http://doi.org/10.1016/S09254439(02)00219-3
http://doi.org/10.1038/ncpendmet1066
http://doi.org/10.1016/j.redox.2021.101887
http://doi.org/10.2337/diabetes.50.4.810
http://doi.org/10.1016/S0140-6736(63)91500-9
http://doi.org/10.1097/MCO.0b013e328042ba90
http://doi.org/10.1186/1476-511X-12-98
http://doi.org/10.1007/s10545-010-9061-2
http://doi.org/10.2337/diabetes.51.1.7
http://doi.org/10.1016/j.jdiacomp.2016.07.011
http://www.ncbi.nlm.nih.gov/pubmed/27497685
https://d.docs.live.net/d89a4d69f41936fc/Documents/
http://www.ncbi.nlm.nih.gov/pubmed/31333808
http://doi.org/10.1016/j.imbio.2018.11.010
https://diabetesjournals.org/care/article/27/3/813/22995/Inflammation-and-Activated-Innate-Immunity-in-the
https://diabetesjournals.org/care/article/27/3/813/22995/Inflammation-and-Activated-Innate-Immunity-in-the
http://doi.org/10.2337/diacare.27.3.813
http://doi.org/10.33549/physiolres.931905
http://doi.org/10.1146/annurev.bi.52.070183.002035


Antioxidants 2022, 11, 2003 16 of 16

65. Ricciotti, E.; FitzGerald, G.A. Prostaglandins and inflammation. Arterioscler. Thromb. Vasc. Biol. 2011, 31, 986–1000. [CrossRef]
66. Hagen, T.; Vidal-Puig, A. Mitochondrial uncoupling proteins in human physiology and disease. Minerva Med. 2002, 93, 41–57.
67. Zhao, R.-Z.; Jiang, S.; Zhang, L.; Yu, Z.-B. Mitochondrial electron transport chain, ROS generation and uncoupling (Review). Int. J.

Mol. Med. 2019, 44, 3–15. [CrossRef]
68. Echtay, K.S.; Roussel, D.; St-Pierre, J.; Jekabsons, M.B.; Cardenas, S.; Stuart, J.A.; Harper, J.A.; Roebuck, S.J.; Morrison, A.;

Pickering, S.; et al. Superoxide activates mitochondrial uncoupling proteins. Nature 2002, 415, 96–99. [CrossRef]
69. Xu, H.; Barnes, G.T.; Yang, Q.; Tan, G.; Yang, D.; Chou, C.J.; Sole, J.; Nichols, A.; Ross, J.S.; Tartaglia, L.A.; et al. Chronic

inflammation in fat plays a crucial role in the development of obesity-related insulin resistance. J. Clin. Investig. 2003, 112,
1821–1830. [CrossRef]

70. Dahlman, I.; Forsgren, M.; Sjogren, A.; Nordstrom, E.A.; Kaaman, M.; Naslund, E.; Arner, P. Downregulation of electron transport
chain genes in visceral adipose tissue in Type 2 diabetes independent of obesity and possibly involving tumor necrosis factor—α.
Diabetes 2006, 55, 1792–1799. [CrossRef]

71. Sesti, G. Insulin receptor variant forms and type 2 diabetes mellitus. Pharmacogenomics 2000, 1, 49–61. [CrossRef]
72. Bajaj, S.; Khan, A. Antioxidants and diabetes. Indian J. Endocrinol. Metab. 2012, 16 (Suppl. S2), S267–S271. [CrossRef]
73. Lee, D.-H.; Folsom, A.R.; Harnack, L.; Halliwell, B.; Jacobs, D.R., Jr. Does supplemental vitamin C increase cardiovascular disease

risk in women with diabetes? Am. J. Clin. Nutr. 2004, 80, 1194–1200. [CrossRef]
74. Black, H.S.; Boehm, F.; Edge, R.; Truscott, T.G. The benefits and risks of certain dietary carotenoids that exhibit both anti- and

pro-oxidative mechanisms—A comprehensive review. Antioxidants 2020, 9, 264. [CrossRef]
75. Da Porto, A.; Cavarape, A.; Colussi, G.U.; Casarsa, V.; Catena, C.; Sechi, L.A. Polyphenols rich diets and risk of Type 2 diabetes.

Nutrients 2021, 13, 1445. [CrossRef]
76. Babu, P.V.A.; Liu, D.; Gilbert, E.R. Recent advances in understanding the anti-diabetic actions of dietary flavonoids. J. Nutr.

Biochem. 2013, 24, 1777–1789. [CrossRef]
77. AL-Ishag, R.K.; Abotaleb, M.; Kubatka, P.; Kajo, K.; Busselberg, D. Flavonoids and their anti-diabetic effects: Cellular mechanisms

and effects to improve blood sugar levels. Biomolecules 2019, 9, 430. [CrossRef]
78. Szkudlinska, M.A.; von Frankenberg, A.D.; Utzschneider, K.M. The antioxidant N-Acetylcysteine does not improve glucose

tolerance or ß-cell function in type 2 diabetes. J. Diabetes Complicat. 2016, 30, 618–622. [CrossRef]
79. Sekhar, R.V. GlyNAC (Glycine and N-Acetylcysteine) supplementation improves impaired mitochondrial fuel oxidation and

lowers insulin resistance in patients with type 2 diabetes: Results of a pilot study. Antioxidants 2022, 11, 154. [CrossRef]
80. Johnson, L.W.; Weinstock, R.S. The metabolic syndrome: Concepts and controversy. Mayo Clin. Proc. 2006, 81, 1615–1620.

[CrossRef]

http://doi.org/10.1161/ATVBAHA.110.207449
http://doi.org/10.3892/ijmm.2019.4188
http://doi.org/10.1038/415096a
http://doi.org/10.1172/JCI200319451
http://doi.org/10.2337/db05-1421
http://doi.org/10.1517/14622416.1.1.49
http://doi.org/10.4103/2230-8210.104057
http://doi.org/10.1093/ajcn/80.5.1194
http://doi.org/10.3390/antiox9030264
http://doi.org/10.3390/nu13051445
http://doi.org/10.1016/j.jnutbio.2013.06.003
http://doi.org/10.3390/biom9090430
http://doi.org/10.1016/j.jdiacomp.2016.02.003
http://doi.org/10.3390/antiox11010154
http://doi.org/10.4065/81.12.1615

	Introduction 
	Oxidative Stress, ROS, and Antioxidants 
	ROS Formation 
	Electron Transport Chain, ROS Production, and Proton Pump Potential 
	Polyol Pathway 
	Protein Kinase C (PKC) Pathway and Cell Signaling 
	Lipid Oxidation, Peroxidation, Inflammation, and Immunity 
	Some Complex Considerations 
	Antioxidants 
	Discussion and Conclusions 
	References

