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Abstract

Reactive oxygen species (ROS) are produced as a result of biochemical processes that are not in balance
with the body's antioxidant defense mechanisms. This metabolic dysfunction is referred to the oxidative stress
(0S). Metabolic dysfunction-associated diseases are affected by changes in the redox balance. It is now widely
recognized that oxidative stress significantly affects diabetes mellitus (DM), particularly type 2 diabetes. The
biochemical changes associated with DM could disturb the oxidative milieu, leading to several microvascular
complications in diabetic patients. Thus, DM is a perfect disease to explore the harmful consequences of oxidative
stress and how to treat it. Oxidative stress triggered by hyperglycemia is an important contributor to the effects of
diabetic microvascular diseases. Uncontrolled hyperglycemia carried by deficiencies in insulin secretion or action
produces a number of problems, such as peripheral vascular disorders, nephropathy, neuropathy, retinopathy,
increased morbidity and/or mortality, as well as the incidence of DM are rising globally. The development and
progression of diabetic problems are strongly correlated with ROS and oxidative stress, according to a wide body
of research. Antioxidant supplementation may be a helpful tactic for controlling diabetic complications and
enhancing antioxidant capacity. This review aims to explore various markers of oxidative stress and the role of
ROS in the pathogenesis and progression of late diabetic microvascular complications.
Keywords: Diabetes Mellitus, Hyperglycemia, Microvascular Diseases, Oxidative Stress, ROS.
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Introduction

High levels of blood glucose are a hallmark glycemia. . Diabetes mellitus  morbidity and
of diabetic mellitus (DM), which is metabolic mortality are greatly enhanced by the vascular
illness. An abnormality in insulin action, secretion, complications that arise from the disease. Because
or both could possibly be the origin of this Hyper- of this, identifying diabetes complications is

extremely important.
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While acute problems such hypoglycemia,
hyperglycemia with ketoacidosis, or hyperosmolar
hyperglycemia can occur unexpectedly and pose
significant risks to life, chronic consequences are
correlated with the length of DM and glycemic
management. Chronic complications are divided
into microvascular complications, which affect
small blood vessels involving retinopathy,
nephropathy, and neuropathy, and macrovascular
complications, which affect arteries and encompass
ischemic heart disease, peripheral vascular disease,
as well as stroke @,

Both microvascular and macrovascular
complications are frequently associated with Type 2
DM ©, Vascular problems can be identified in the
early stages of Type 2 DM or even in the prediabetes
stage, which makes it difficult to diagnose because
the illness is frequently moderate or asymptomatic
@, Finding biomarkers that can forecast the
beginning, progression, and occurrence of Type 2
Diabetes Mellitus and its accompanying
comorbidities can be useful for early recognition and
intervention, which can halt the disease's course @,
The onset of diabetes and its complications have
frequently been linked to oxidative stress, which is
characterized by an imbalance between the
generation of reactive oxygen species (ROS) and the
antioxidant defense systems ©,

Hyperglycemia induces the overproduction of ROS
through  different  metabolic  abnormalities.
Excessive and sustained ROS production can
jeopardize the integrity and physiological functions
of macromolecules, which contribute to the
pathogenesis of secondary complications in diabetes
mellitus ©.

Advanced glycation products (AGES),
oxidative stress, the release of pro-inflammatory
cytokines, and cellular death are all consequences of
the disruption of signaling pathways caused by
hyperglycemia in different organs. It is becoming
more and clearer that the main processes underlying
the cellular damage associated with diabetic
complications in both Type 1 and Type 2 diabetes
mellitus are oxidative stress and inflammation ).
This review focuses on exploring the oxidative
stress biomarkers in diabetes mellitus and evaluates
the essential role of ROS participation in the
development and genesis of advanced microvascular
problems.

Diabetic Complications

Several organs, including the heart, kidneys,
eyes, nerves, and blood vessels, might suffer
damage and reduced performance as a result of
persistent hyperglycemia ®. Microvascular effects
(related to small blood vessels) and macrovascular
effects (related to bigger blood vessels like arteries
and veins) are two ways that diabetes can have
negative impacts on the body. Diabetic nephropathy,
retinopathy, and neuropathy are examples of
microvascular problems, whereas coronary artery
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disease, peripheral arterial disease, and stroke (heart
attack) are examples of  macrovascular
complications ©)

A reduction in glomerular filtration rate, proximal
tubular epithelial cells hypertrophy, and albuminuria
are all signs of diabetic nephropathy. This syndrome
may be accompanied by mesangial enlargement and
an accumulating amount of extracellular matrix
proteins (ECM), which can progress to end-stage
renal failure ©. Changes in glomerular filtration lead
to abnormal albuminuria, which progresses through
various stages, including microalbuminuria and
macroalbuminuria. This can ultimately result in end-
stage renal disease 9. In addition, diabetic
retinopathy is a leading cause of visual impairment
worldwide. It arises due to injury to the light-
sensitive tissue and small blood vessels in the retina
at the back of the eye M9, The ongoing degradation
of neuronal activity, deterioration of the sensory
nerves, and injury to the motor nerves are
characteristics of diabetic neuropathy. Endothelial
cell destruction, reduced blood supply to the nerves,
and neuronal injury all contribute to this and
decrease impulse conduction @A lack of
perspiration, numbness, a warm feeling, and slowed
movements are among the common symptoms of
diabetic neuropathy ¢,

Vascular problems in diabetes can be avoided by
maintaining intense treatment at relatively normal
glycemic control levels. Several large-scale
randomized controlled studies have looked at
whether intensive glycemic control minimizes the
risk of long-term microvascular complications,
including the Diabetes Control and Complications
Trial (DCCT), United Kingdom Prospective
Diabetes Study (UKPDS), Action in Diabetes and
Vascular Disease: Preterax and Diamicron Modified
Release Controlled Evaluation (ADVANCE), and
Action to Control Cardiovascular Risk in Diabetes
(ACCORD) ®319),

One commonly used marker to assess glycemic
management is HbAlc, which is produced through
the non-enzymatic glycation of hemoglobin.
Maintaining an almost normal level of glycemic
monitoring with glycated Alc (HbAlc) levels below
6.5-7.0% will help prevent microvascular
complications in  diabetes mellitus ~ (13-16),
Hyperglycemic metabolic memory's long-term
effects may be lessened with early DM therapy. In
order to prevent the microvascular manifestations of
DM, it is emphasized that achieving strict glucose
management in the early phases of DM is a
successful preventative strategy .

Furthermore, there is an agreement on the
importance of maintaining optimal glycemic control
(with HbA1c levels below 6.5%) and suggestions to
personalize HbAlc goals based on individual factors
@0, Higher levels of HbAlc have been linked to
diabetic complications, making it a well-established
standard for assessing glycemic control @8, Since
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mean HbAlc does not give a thorough picture of
glycemic fluctuation, long-term glycemic exposure,
and the underlying causes of diabetes' adverse
consequences and indicators of those problems that
take the duration of hyperglycemia into account are
being studied @9, Therefore, due to the drawbacks
of using HbAlc, there is a shift towards exploring
alternative approaches for forecasting diabetic
complications 9,

Oxidative Stress's Sources

During typical physiological processes,
reactive oxygen species (ROS) are created and
removed in a balanced way (Figure 1). To keep the
balance between ROS production and elimination,
which prevents oxidative damage, a cell's
intracellular compartments must maintain a
reducing environment with high amounts of
glutathione (GSH). This redox balance is crucial for
downstream signaling processes that require an
oxidative state to activate secondary messengers.
The electron transport chain (ETC) in mitochondria,
which takes part in the process of oxidative
phosphorylation, is one of the main sources of
superoxide, which can be converted to hydrogen
peroxide by the catalytic activity of superoxide
dismutase (SOD). Mitochondria are a vital
component of a cell since they are the main ATP-
producing energy producers. The ability of
mitochondria to produce energy can gradually
decline as a result of age-related somatic mutations
in mitochondrial DNA (mtDNA) @Y, It is believed
that mtDNA mutations occur 10-100 times more
frequently than nuclear genome mutations.
Numerous factors contribute to lower replication
fidelity, such as the oxidative environment in
mitochondria, the lack of protective histones for
mtDNA, and the restricted capacity of DNA
polymerase for proofreading 223,
For physiological activities, low ROS levels
produced by oxygen metabolism are beneficial. The
ETC generally maintains a voltage gradient across
the inner mitochondrial membrane in order to
activate  ATP-synthase and promote ATP
production. Oxygen is crucial because it serves as
the process' last electron acceptor and forms water
when combined with two protons. The partial
reduction of oxygen results in the formation of
superoxide (02), which can then combine with
protons to produce further reactive species such as
hydrogen peroxide (H202) and the hydroxyl radical
(OH). A variety of protein complexes (complexes 1
IV) that are involved in the oxidative
phosphorylation pathway are found in the
mitochondrial membrane @4,
While hydrogen ions are driven across the
mitochondrial membrane, electron donors including
nicotinamide adenine dinucleotide (NADH2) and
flavin adenine dinucleotide (FADH2) transfer
electrons between these protein complexes @4,
When oxygen and electrons from complexes | and
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Il mix, hydrogen peroxide, hydroxy! radicals, and
other reactive oxygen and nitrogen species are
created @, Free radicals are also produced by the
cytochrome P450 system and nitric oxide synthase
activities, among other things @®. When a cell
creates an excessive amount of ROS, various
biological components, including DNA, proteins,
lipids, and metabolites, can oxidize. Protein
clumping, altered gene and protein expression
patterns, and cellular dysfunction may all be
consequences of this oxidative stress. Endogenous
ROS can also promote the lipid hydroperoxide
synthesis that is necessary for ROS-mediated
activities. Free radicals and non-radical oxidants are
neutralized by the majority of cells' antioxidant
defense system, which combines enzymatic and
non-enzymatic elements to avert negative effects
@

Metal-binding proteins (such as albumin, ferritin,
and lactoferrin), retinol (Vitamin A), ascorbic acid
(Vitamin C), tocopherol (Vitamin E), coenzyme
Q10, and polyamines (such as spermine, spermidine,
and putrescine) are a few intracellular non-
enzymatic defenses against excessive ROS. The
enzymes that respond to ROS in protective
mechanisms include superoxide dismutase (SOD),
catalase, peroxiredoxins, glutathione peroxidase,
and glutathione reductase, to name just a few. The
three main SOD isoforms are: cytosolic (SOD-1 or
CuZn-SOD), mitochondrial (SOD-2 or Mn-SOD),
and extracellular (SOD-3 or EC-CuzZn-SOD), each
of which is characterized by its cellular location.
Despite the retina's high CuzZn-SOD activity, the
EC-SOD and Mn-SOD activities were modest 8.
The nuclear factor erythroid-related factor-2 (Nrf2)
is an essential component of the cellular antioxidant
response @, When a change in redox equilibrium
activates the transcription factor nuclear factor
erythroid-related factor-2 (Nrf2), it binds to
enhancer areas located in the promoters of
antioxidant genes known as antioxidant response
elements. Fighting intracellular ROS is aided by the
antioxidant proteins that produce it and the
transcription that they support ©0.
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A homeostatic balance of
antioxidants (AOX) and
reactive oxygen species

(ROS) is required for normal
cellular functions.
Antioxidants protect against
excessive oxidative stress
while basal levels of ROS
serve as second
messengers in signal
transduction pathways.

Antioxidants Sources of ROS
Enzymatic Endogenous
» Glutathione peroxidase = Mitochondrial ETC
« Catalase = ER stress
* Superoxide dismutase e Cytochrome P450
Non-Enzymatic = NO synthase
* Reduced glutathione = Fenton reaction
e Carotenoids Exogenous
e Vitamins A, C,E = UV light
= lonizing radiation
= Cigarette smoke
= Heavy metals (Pb, As, Hg)

Figure 1. Redox homeostasis Y Reactive oxygen species {ROS}, Antioxidants {AOX} ,Lead {Pb}, Arsenic {As}, and

Mercury {Hg}.

Role of Oxidative Stress in Diabetes

Free radicals are highly reactive chemical
entities with a brief half-life and one or more
unpaired electrons. They can damage cells by
oxidizing molecules and cellular parts ©?. Free
radicals are an essential component in the growth
and development of life, while often being
extremely reactive and unstable. They may be
created by ionizing radiation, non-enzymatic
oxidation processes of organic molecules, or both
external and endogenous sources from the
environment and the cell. Free radicals can also be
produced via the mitochondrial process of oxidative
phosphorylation. Cellular damage may eventually
arise from the buildup of free radicals and the
oxidative stress that follows %),

Free radical generation might be triggered by
high blood glucose levels. A damaged immune
system makes it difficult for the body to properly
combat the production of ROS, which causes an
imbalance between ROS and cellular defenses and
oxidative stress. ROS and antioxidant ratio
disturbances can have negative consequences for
health. During the respiratory burst process, ROS
may also be produced by macrophages and
neutrophils, which helps neutralize antigens ¢4, The
Extracellular-Signal-Regulated Kinase (ERK) and
Mitogen-Activated  Protein  Kinase (MAPK)
pathways, which are activated by free radicals, can
alter gene expression and result in cell death that is
mediated by Superoxide Dismutase (SOD). These

radicals' decreased capacity to activate insulin-
dependent insulin signaling elements and glucose
transport function leads to insulin resistance 9.
The formation of ROS is influenced by oxidized
glucose, increased lipid peroxidation, and non-
enzymatic protein glycation in diabetes. As a result,
the cellular machinery is harmed, oxidative stress is
increased, and enzymes are harmed, all of which
result in insulin resistance ©®. There is emerging
evidence that oxidative stress plays a significant role
in the systemic inflammation that underlies the
pathogenesis of many macro and microvascular
problems. Cells with diabetes mellitus have different
lipid compositions, which increases their
susceptibility to lipid peroxidation G7).
Additionally, the production of free radicals
can activate signaling pathways that boost the
expression of antioxidant enzymes 3. Only a few
of the mechanisms by which hyperglycemia harms
tissue include the development of Advanced
Glycation End Products (AGESs), overexpression of
the AGEs receptor and its activating ligands,
activation of Protein Kinase-C isoforms, and
increased activity of the hexosamine pathway ©8).
Free radicals are important in the emergence and
development of diabetes problems because of their
capacity to harm lipids, proteins, and DNA. Changes
in oxidative marker levels increase the susceptibility
of tissues to oxidative stress, which leads to the
development of diabetes complications. Among the
oxidative stress-related consequences of diabetes
mellitus are neuropathy, nephropathy, retinopathy,



Iraqi J Pharm Sci, Vol.33(3) 2024

coronary artery disease, and stroke. In addition,
vascular disease, not hyperglycemia, is the main
factor contributing to diabetic death ©®®), The effects
of ROS exposure can change both biomolecules and
the molecules of the antioxidant system. These
altered substances are also known as "oxidative
stress biomarkers.” ©9. Numerous investigations
have demonstrated that oxidative stress markers are
particularly concentrated in high levels in persons
with diabetes mellitus “0 4V,

ROS is among several indicators that can be
detected, including oxidative stress. Nevertheless,
due to the high reactivity and short-lived nature of
ROS, it is more advantageous to assess the oxidation
products resulting from ROS activity in order to
evaluate the extent of oxidative stress. Damage to
oxidative nucleic acids, oxidized proteins, and lipid
peroxidation may result from these oxidation target
products “2. Following are examples of oxidative
stress biomarkers in diabetes.

Lipid peroxidation and their products

Diabetes mellitus frequently results in the
disturbance of the lipid profile, which raises the
levels of lipid peroxidation. Highly reactive
aldehydes produced by this mechanism include
malondialdehyde (MDA) and 4-hydroxynonenal (4-
HNE). In plasma, serum, and other diabetic tissues,
MDA, a biomarker of oxidative stress brought on by
lipid peroxidation, is routinely tested “3. Because
oxidative damage plays a crucial role in the
development of diabetes complications, diabetic
individuals have elevated MDA levels, especially in
cases of atherosclerosis and brain diseases “4. In
addition, hydroperoxides, conjugated dienes,
dicarboxylic acids, and F2-isoprostanes are
examples of lipid peroxidation byproducts “),
Protein oxidation and their products

The proteins, which are crucial cellular
macromolecules, are engaged in a variety of
physiological processes, such as cellular transport
and signaling. Proteins can undergo ROS-mediated
alterations as well, which can have a detrimental
effect on both their structure and function. Just a few
examples of side chains that can be targeted for
protein oxidation include cysteine, methionine, and
tyrosine. Carbonyls, which are results of protein
oxidation, are reliable signs of oxidative stress (“6),
Stable end products are developed after transient
radical species are produced as a result of oxidant
stimuli such chloramines and nitrogen/carbon
radicals. Glycation has been shown to trigger the
formation of protein carbonyls such ketoamine
derivatives, which generate reactive radicals and
sustain a destructive cycle “”. The accumulation of
protein oxidation products caused by protein
damage can have negative effects on cellular
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function. One of the key factors contributing to the
accumulation of damaged proteins that are unable to
function is the increased glycol- and lipooxidation.
“®  The importance of protein oxidative and
glycoxidative damage in individuals with
prediabetes and type 2 diabetes was the focus of
Gradinaru et al.'s investigation. In order to ascertain
how protein status in diabetic patients related to
diabetes, it was shown that AGEs, low-density
lipoprotein oxidation susceptibility (oxLDL), and
products of the nitric oxide metabolic pathway
(NOx) were crucial indications “%.  The non-
enzymatic interactions between proteins, amino
phospholipids, or nucleic acids and reducing sugars
or oxidized lipids are known as amino-carbonyl
reactions, and they result in the production of AGE
G0, The production of AGEs may have an
intracellular impact on a protein's capacity to control
gene expression Y, The development of AGE,
oxidative stress, and hyperglycemia have all been
linked in several investigations on both humans and
animals ®2-53), Advanced oxidation protein products
(AOPPs) are regarded as a useful indicator of
protein oxidation during oxidative stress because
they reflect the overall state of proteins in the cell or
tissue 44 59),

Protein oxidation can have a major impact on
a number of physiological processes in diabetic
patients. The higher amounts of protein carbonyls
and AOPPs in these people demonstrate the
relevance of protein conformational changes in the
genesis of diabetic nephropathy ®9. Patients with
age-related diabetes have a propensity to accumulate
AOPPs, also known as pro-inflammatory and pro-
oxidative compounds, which may be significantly
contributing to the increased incidence of
endothelial ~ dysfunction and the ensuing
cardiovascular diseases. Dityrosines, which are
abundant in AOPPs and enable disulfide bridges,
carbonyl groups, and crosslinking. The primary
catalyst for the production of hypochlorous acid and
chloramines is myeloperoxidase ©7. Numerous
studies have demonstrated that adult participants
with type 2 diabetes have greater levels of both
AOPPs and oxidative stress markers, regardless of
whether they have micro- or macrovascular issues
(49, 58).
Antioxidants

Antioxidants are essential for maintaining
stable free radicals and preventing the onset of
oxidative stress, which strengthens our defense
system. They can be taken from a variety of dietary
sources. Reactive oxygen species removal
techniques both enzymatic and non-enzymatic exist
in nature. Ascorbic acid, retinol, glutathione,
carotenoids, tocopherols, trace minerals like
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selenium, copper, zinc, and coenzyme Q10, uric
acid, folic acid, riboflavin, and thiamine are all
components of the non-enzymatic antioxidant
system. While serum superoxide dismutase (SOD),
catalase (CAT), and glutathione peroxidase (GPx)
are the primary antioxidant enzymes . Hydrogen
peroxide is transformed into water and oxygen by
the enzymes GPx (located in the mitochondria) and
lysosomes. GSH reductase, GSH S-transferase,
peroxiredoxin, thioredoxin, and thioredoxin
reductase are other antioxidant enzymes ©.
Antioxidants are present in human plasma, which
can be utilized as a marker to assess oxidative stress.
Plasma contains a variety of substances that shield
cells and cellular biomolecules from oxidative
damage. The total activity of all plasma molecules
serves as a proxy for the plasma's antioxidant
capacity. A rise in oxidative stress and a decline in
antioxidant capacity are two effects of diabetes
mellitus that are linked to insulin resistance and
DNA damage. The weak antioxidant defense in
plasma can lead to a number of problems, including
blindness, nerve damage, cardiovascular disease,
and nephropathy ©9),

Mechanisms Involved in The
Pathogenesis of Oxidative Stress in

Diabetes Mellitus

All cells in any tissue are affected by
diabetes-induced hyperglycemia, but some cell
types are more vulnerable to being endangered
because they are unable to regulate the amount of
glucose taken up by the cell. These delicate cells
include the mesangial cells in the Kidney
glomerulus, the neuronal and Schwann cells in
peripheral nerves, and the retinal capillary
endothelial cells. Due to their inability to maintain a
stable glucose concentration in the cell under
hyperglycemic  conditions, these cells are
consequently  disproportionately — affected by
problems resulting from diabetes-induced tissue
damage €9,
1. Polyol pathway flux
The enzyme aldose reductase's typical function is to
transform harmful aldehydes into inert alcohol. The
catalyst induces a reaction that changes glucose into
sorbitol instead of consuming the NADPH cofactor
when there is an excessive amount of glucose
present in the cell. Sorbitol is consequently changed
into fructose ®. The formation of glutathione, an
essential antioxidant for the cell, is decreased as
NADPH levels drop. As a result, the cell's internal

milieu becomes more conducive to oxidative agents
(62)
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2. Intracellular production of AGE precursors
These products are connected through three
different mechanisms: The most important
mechanism is that they alter intracellular proteins
first 3, particularly those that control gene
transcription. Second, AGE precursors have the
ability to disrupt cellular function via disrupting
extracellular matrix and intercellular signaling.
Thirdly, these AGE precursors may interact with
circulating proteins including albumin and AGE
receptors to produce inflammatory cytokines and
growth factors that damage vascular tissue 4.
3. Protein Kinase-C (PKC) activation
Increased synthesis of diacylglycerol results from
PKC isoform activation spurred on by intracellular
hyperglycemia. As a result of this molecule's impact
on gene expression, less of the essential products for
healthy cellular function and more detrimental ones
are produced. Reduced generation of endothelial
nitric oxide and increased production of the
vasoconstrictor endothelin-1 are two examples of
this ©9),
4. Increased Hexosamine Pathway activity
A considerable amount of glucose enters the
glycolysis process when the cell's glucose levels
rise. A portion of the generated fructose 6-phosphate
makes its way into the signaling pathway during this
step, where it is eventually converted into
glucosamine 6-phosphate by the enzyme glutamine-
fructose 6-phosphate amidotransferase. Following
its conversion, this glucosamine becomes uridine
diphosphate (UDP) N-acetyl glucosamine, which
binds to serine and threonine residues found in
transcription factors. In the end, this glucosamine
might cause pathogenic alterations in gene
expression (6667

The common pathway, which is indicated by
an excess of superoxide in the mitochondrial
electron transport chain, is followed by all of the
pathogenic  mechanisms  brought on by
hyperglycemia despite the fact that each one has its
own distinctive effects. All cell types that are
hyperglycemic create more reactive oxygen species
(ROS) ®®), High glucose levels cause the synthesis
of mitochondrial superoxide and the activation of
Poly ADP-ribose Polymerase (PARP). The
polymerase subsequently inhibits glyceraldehyde-3
phosphate dehydrogenase (GAPDH), which causes
the onset of all four pathogenic processes ©.

Inhibition of GAPDH results in an increase
in the glycolytic intermediates that precede
GAPDH, such as 3-phosphate glyceraldehyde. This
glyceraldehyde 3-phosphate is the main intracellular
precursor of AGE, which starts the AGE pathway.
Additionally stimulating PKC, glyceraldehyde 3-
phosphate also promotes the conventional PKC
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pathway. Inhibition of GAPDH results in the
activation of the hexose amine pathway, which is
initiated by fructose 6-phosphate and leads to the
synthesis of UDP-N-acetylglucosamine (UDP-
GIcNAc). This pathway ultimately increases
glucose levels, which are then lowered by aldose
reductase with concurrent NADPH consumption 64,
DNA strand breaks and the production of ROS,
which activates PARP, are brought on by elevated
glucose levels. The resulting ADP-ribose binds to
GAPDH and other nuclear proteins, inhibiting
GAPDH (0,

Adipocytes with insulin resistance, on the other
hand, contain larger levels of free fatty acids (FFAS).
These FFAs build up inside macrovascular
endothelial cells, which triggers mitochondrial
oxidation and boosts the production of FADH and
NADH. As a result, ROS production increases 9.

The Role of Nrf2 in Oxidative Stress-

Induced Diabetes

The oxidative stress is significantly
controlled by the nuclear factor erythroid-2-related
factor -2 (NRF2 or NFE2L2), which also has anti-
inflammatory characteristics. More than 50 genes
involved in redox homeostasis and almost 200 genes
impacting metabolism and repair are regulated by
this factor (2, Cells are protected by Nrf2 and are
helped while responding to stress from the
environment. Keapl, a protein connected to the cap-
n-collar homology factor generated from erythroid
that resembles kelch, controls Nrf2
negatively. Numerous  research  teams  have
thoroughly investigated the roles of Nrf2 and Keapl,
both of which are essential in cellular redox
signaling ®. While Nrf2 is constitutively expressed
in the cytoplasm under normal physiological
circumstances, Keapl simultaneously inhibits this
expression. However, free radicals and other cellular
stressors cause Nrf2 to translocate into the nucleus,
increasing the production of antioxidant proteins.
Additionally, Nrf2 has been linked to a number of
chronic conditions like diabetic, vascular,
metabolic, and neurological disorders that are
brought on by oxidative stress and inflammation. As
a result, scientists are interested in finding out how
Nrf2 and Nrf2 activators might be used to treat and
prevent diabetes and its consequences. Due to the
Nrf2-Keapl system's essential function in cellular
protection by releasing antioxidant and drug-
metabolizing enzyme genes, it has received much
research into its crucial role in diabetes. In a diabetic
mouse model, Yagishita etal. showed that Nrf2
protects pancreatic -cells from oxidative and
nitrosative damage (Y. Under ROS/RNS-induced
stress conditions in transgenic animal models,
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induced NO synthase (iNOS) is overexpressed in
pancreatic beta-cells. However, it has been
demonstrated that activating Nrf2 in cell lines
greatly reduces ROS/RNS levels and guards against
-cell damage. Nrf2 is essential for shielding
pancreatic -cells from damage caused by arsenate in
addition to suppressing ROS/RNS-mediated
deterioration ®). In cells, activation of Nrf2 has
been demonstrated to support glucose homeostasis
and improve insulin sensitivity (. Researchers
examine Nrf2's role in diabetes using both
computational and experimental models. According
to a large body of research 789, pterostilbene has
been discovered to activate Nrf2 and reduce
oxidative stress and pro-inflammatory cytokine
toxicity via regulating the Nrf2 signaling network.

Numerous studies have demonstrated the
protective effects of a variety of Nrf2 activators,
including resveratrol 9, sulforaphane @2, curcumin
@) quercetin ®¥9, and CDDO (2-cyano-3,12-
dioxooleana-1,9(11)-dien-28-oic acid) ®®. These
substances help to restore the function of the -cells
while also protecting them against oxidative stress-
induced apoptosis and necrosis. The critical
involvement of Nrf2 in activating a series of genes,
including heme oxygenase-1 (HO-1), superoxide
dismutase (SOD), NAD(P)H quinone
oxidoreductase (NQO1), and glutathione S-
transferase (GST), which play a significant role in
antioxidant activity, detoxification, cellular redox
homeostasis, glutathione homeostasis, etc. has been
well documented (77:78),

Potential Nrf2 activators have demonstrated
promise as a therapeutic target for managing
diabetic complications. Numerous studies have
shown that the overexpression of Nrf2-dependent
phase 2 genes protects cells, animals, and people
from numerous hazardous substances such ROS,
RNS, carcinogens, electrophiles, and radiation 9.
Chronic Complications of Diabetes
Diabetic nephropathy
Diabetic nephropathy (DN) is a common
microvascular diabetic complication. Albuminuria,
a persistent reduction in glomerular filtration rate
(GFR), and elevated blood pressure are symptoms of
this disorder ©7). A significant number of individuals
with DM experience diabetic kidney disease (DKD),
which is a prevalent consequence of DM. Studies
have revealed that 20-40% of DM patients develop
DKD, and that the interaction between
hyperglycemia and hypertension is responsible for
80% chronic renal failure in those individuals ®. As
a result, DKD is very intimately related to
cardiovascular disease (CVD). Mesangial expansion
and sclerosis, glomerular endothelial cell
dysfunction, glycocalyx degradation, thickening of
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the basement membrane, effacement of the podocyte
foot process, tubular basement membrane
thickening, elevated apoptosis, and interstitial
fibrosis are pathological changes that contribute to
DKD. These modifications may result in ongoing
proteinuria and a gradual GFR decline 9, DKD
involves a variety of components, including
hereditary factors, oxidative stress, inflammatory
response, cytokines, glycolipid metabolic problem,
insulin resistance, and hemodynamic changes. It
should be noted that the development of DKD is
heavily influenced by oxidative stress, which can be
brought on by the activation of the polyol pathway,
the buildup of AGEs, and a variety of cytokines.
These elements cause lesions in the Kidney's tiny
blood veins, aggravating kidney damage ©9.
Numerous free radicals are formed when the body
and the environment are exposed to hazardous
stimuli. These species cannot be completely
scavenged by the antioxidant defense system, which
causes physiological and pathological reactions in
cells and tissues ©9. Additionally, a number of
variables, including hemodynamic changes and
disorders of glycolipid metabolism, activate
pathways including the polyol and hexosamine
pathways, leading to significant ROS generation and
an oxidative stress response in  Kidney.
Inflammation, autophagy, and fibrosis are
subsequently brought on by the activation of the
downstream cellular signaling pathways, hastening
the pathological alterations and functional
abnormalities that result in DKD ©9,

Numerous tissue cells commonly have dormant NF-
jB. In response to activators (such as
proinflammatory cytokines, Toll-like receptors,
p38-MAPK, HO-1, and ROS), NF-jB dimers are
released into the nucleus, which regulate target gene
expression and result in inflammatory and
immunological responses in the body ©Y. The
development of DKD is linked to NF-jB
hyperactivation. For instance, the NF-jB signaling
pathway is activated by high glucose stimulation,
which also results in the generation of ROS and
inflammatory molecules (such as TNF-a and IL-6).
Following this, the activated NF-jB encourages the
transcription and translation of TGF-bl, adhesion
molecules, proinflammatory  cytokines, and
chemokines. This causes tissue fibrosis and cell
death and necrosis, which expedites the
development of DKD ©2, Hofmann et al.'s study
demonstrated a positive correlation between
proteinuria in the general population and the amount
of NF-jB expression, which was shown to be
significantly greater in DKD patients compared to
non-diabetic people. Therefore, regulating the
activation of the NF-jB signaling pathway may be
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the main focus of research into the prevention and
treatment of DKD %),
Diabetic retinopathy

Over 80% of individuals with type 1 or type
2 diabetes have diabetic retinopathy after 15 to 20
years of living with the disease. The length of
diabetes and the intensity of hyperglycemia have
major roles in the progression of the illness. An
individual has a higher risk of developing
retinopathy the longer they have diabetes. The
condition is asymptomatic in its early stages and has
no impact on vision. However, retinal examination
reveals progressively more serious retinal damage as
the illness worsens, starting with tiny bulges in the
retinal blood vessels known as microaneurysms. The
development of lipid deposits, cotton-wool patches,
hemorrhages, and intraretinal microvascular
abnormalities may then occur. These signs may
eventually result in neovascularization, in which
weak new blood vessels grow and may rupture,
obstructing vision. Blindness may arise from
neovascularization's ability to lift and detach the
retina 4.

Even though diabetic retinopathy is regarded
as a microvascular complication of diabetes,
nonvascular cells including retinal neurons and glial
cells are also impacted. These cells are susceptible
to quick apoptosis because of their abnormal
metabolism ©),

Numerous  metabolic  pathways and
molecular alterations brought on by hyperglycemia
are blamed for the onset of diabetic retinopathy. The
production of AGEs, activation of the polyol
pathway, activation of PKC, and the hexosamine
pathway are the primary mechanisms included in the
multifactorial pathophysiology of this illness. These
pathways both create and are activated by ROS,
which damages the mitochondria and increases
capillary cell death ©®. Diabetic retinopathy begins
as a result. Additionally, because oxidative stress
increases inflammatory cytokines, there is a direct
connection  between  oxidative stress  and
inflammation., which in turn raise ROS. As a result,
an unhealthy loop of oxidative stress develops,
speeding up the onset and progression of diabetic
retinopathy ©7,

Intracellular antioxidants serve to maintain a
balance between ROS and antioxidants in the body,
which creates ROS naturally during normal
metabolic activities ©®. Free radicals can
accumulate when there is an imbalance between the
two, which can happen when there are metabolic
disturbances. This might be brought on by an
increase in the formation of free radicals, a decrease
in antioxidants, or even both. When free radical
levels are out of control, they can damage proteins,



Iraqi J Pharm Sci, Vol.33(3) 2024

lipids, and nucleic acids, which can cause cellular
dysfunction, altered cell signaling, genetic
alterations, higher utilization of energy, and
inflammation. Free radicals are necessary for crucial
redox signaling ©9. The retina is particularly
vulnerable to diabetes because it produces more free
radicals and has a weaker antioxidant defense
mechanism, making it more difficult for it to
neutralize them @ Diabetes results in retinal
damage from both cytosolic and mitochondrial
ROS, and NADPH oxidases (Noxs) catalyze the
generation of superoxide anion by oxidizing
cytosolic NADPH to NADP (0,

The excess reactive oxygen species (ROS) produced
by diabetes-related imbalances between free radicals
and antioxidants can activate the matrix
metalloproteinases MMP-2 and MMP-9, which can
damage the mitochondrial membrane. This damage
can cause the apoptotic process by allowing
cytochrome c to leak into the cytoplasm @9, In the
etiology of diabetic retinopathy, cytosolic ROS
generation is followed by mitochondrial damage and
apoptosis activation. As a result of increased
glucose-derived pyruvate oxidation, diabetes
increases electron donors entering the electron
transport chain, which in turn increases superoxide
production %), Damage to the mitochondria
compromises the mechanism of the electron
transport chain, and mitochondrial DNA is also
affected. MtDNA biogenesis tries to repair
mitochondrial damage in the early stages of
retinopathy, but as the condition worsens, it is
finally overpowered and the injured mitochondria
continue to self-replicate the ROS cycle @09,
Diabetes negatively affects the retina's efficient
enzymatic and non-enzymatic defense systems (109,
The antioxidant GSH is decreased, the superoxide
scavenger MnSOD is inhibited, and the master
transcription factor Nrf2, which regulates the ARE-
mediated transcription of antioxidant enzymes, is
less active. Therefore, oxidative stress plays a
significant role in the progression of diabetic
retinopathy (106),

Diabetic neuropathy

Diabetic neuropathy is a condition that affects
sensory neurons and can result in neurological pain
accompanied by central or peripheral symptoms
(107, 1t's important to note that, despite any related
neurological abnormalities, about one-third of
diabetes patients report experiencing pain. Diabetes
severity and levels of HbAlc are key indicators of
diabetic neuropathy (%),

Vascular endothelial cells, glial cells, and nerve
cellsin the central as well as peripheral nervous
systems are among the cells affected by diabetes
because they have a restricted capacity to regulate
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their glucose consumption. It is unknown if high
hyperglycemia triggers axonal degeneration by
activating intrinsic programs within axons, or if
peripheral axons or the glial cells that accompany
them are the primary targets of axonal degeneration.
Clinical studies, however, suggest that patients with
diabetic neuropathy might specifically target
glial cells (109:110),

Hyperglycemia affects vascular permeability
and blood circulation in the initial phases of
diabetes., while defective glucose metabolism
lowers intracellular NADPH levels and diminishes
the production of myo-inasitol, which is necessary
for neurons to function normally @9, Therefore,
hyperglycemia may directly damage cells and
indirectly impair cellular functioning, both of which
may contribute to diabetic neuropathy. Peripheral
nerve degeneration results from microvascular cell
loss occurring concurrently with  decreased
endothelial and neuronal cell formation t12),

In diabetic mice with diabetic neuropathy, free
radical accumulation and decreased antioxidant
enzyme activity were seen, supporting the opinion
that oxidative stress contributes to diabetic
neuropathy progression. Antioxidant therapy has
been shown to alleviate diabetic neuropathy
symptoms in diabetic mice @3, Impairment of
mitochondrial glucose oxidation is regarded to be
one of the primary causes of ROS production in
diabetes. Axons filled with mitochondria have
immediate links to the blood supply of the nerve.
Due in part to their reliance on local mitochondria
for energy, axons are particularly susceptible to
ROS-mediated damage in hyperglycemia. This
leads to axonal degeneration as a result of the
neuron's lacking the capacity to eliminate excessive
ROS and inadequate ATP synthesis 14,

Targeting Oxidative Stress as A

Treatment for Diabetic Mellitus
Numerous research has been conducted to
explore the antioxidant effects of various
substances,  including  naturally  occurring
antioxidants of plant origin, owing to the
significance of OS in a range of disorders associated
with DM @ Numerous antioxidants,
encompassing glutathione, CoQ10, and o-lipoic
acid, have been shown to help restore insulin
sensitivity 16, Additionally, it has been discovered
that a number of antioxidants, including lutein,
zeaxanthin, lycopene, - and -tocopherol, retinol, -
cryptoxanthin, ascorbic acid, - and -carotene, might
dramatically lessen DM problems #7120, Due to
their potent anti-radical and anti-inflammatory
properties as well as their capacity to control the
activities of -glucosidase and lipase, lower blood
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sugar levels, enhance pancreatic function, and
interact  synergistically  with  hypoglycemic
medications, phytochemical components of food
and medicinal plants are highly effective in treating
DM @2, Anthocyanins and polyphenols are
antioxidants perform their antioxidant action by
inhibiting the production of prostaglandins,
inflammatory cytokines, and transcription factors
like NF-B. Because of its anti-inflammatory and
antioxidant effects, curcumin is regarded to be
suitable for both avoiding and reducing the risk of
DM complications ¢22,

Diabetes has been demonstrated to benefit from
several specific antioxidants. For instance, the
antioxidant polyphenol butein, which has been
demonstrated to protect pancreatic -cells from
excessive inflammation and limit the generation of
NO in vitro, may be helpful in halting the course of
DM1 (2 Resveratrol affects the expression of
genes related to the development of DM2 by
enhancing the activity of many -cell genes and
insulin in pancreatic -cells @24 . Experimental
research has been done on the effects of different
antioxidant-active ingredients on the development
of DM. For instance, it has been demonstrated that
adding coenzyme Q10 and L-arginine together can
suppress OS, significantly increase NO content, and
increase the availability of NO because pro-
atherogenic cholesterol components are less
concentrated, which in turn promotes the production
of eNOS (129,

Clinical studies have also demonstrated the efficacy
of coenzyme Q10 129, and the synthetic biguanide
derivative N-imino(1-piperidinyl) methyl guanidine
has been demonstrated to have favorable effects on
free radical levels homeostasis, aconitate hydratase
activity, and citrate content in the liver and blood
serum of DM2 rats *?). Due to their antioxidant
qualities, phytochemicals control the activity of -
glucosidase and lipase, lower blood sugar levels,
enhance pancreatic function, and work in
conjunction with hypoglycemic medications to treat
diabetes %9,
Overall, the antioxidant characteristics of
vegetables, fruits, and seeds make them useful in
reducing diabetes problems. Antioxidants can be
used as a part of the treatment process, but there isn't
enough data to say that using them alone can have a
fully therapeutic effect (128),
Conclusions

Oxidative stress is a possible target for
pharmacotherapy since it plays a role in the onset,
progression, and complications of T2DM. Oxidative
stress markers may be helpful as early warning signs
of problems from diabetes. T2DM is intimately
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linked to metabolic conditions where there is an
excess of mitochondrial superoxide, which causes
tissue damage. Oxidative stress plays a role in
insulin secretion malfunction and resistance, which
ultimately results in diabetic complications.
Enzymatic antioxidants like SOD, CAT, GR, and
GPX and non-enzymatic antioxidants like vitamins
E and C, GSH, and GSSH are important actors in
scavenging ROS. A possible therapeutic target, the
Keapl-Nrf2-ARE pathway is a crucial defensive
mechanism against oxidative stress and xenobiotic
damage. DM and other conditions linked to
oxidative stress may be prevented and treated with
the aid of small medicines that target the
Nrf2/Keapl pathways. To be certain that Nrf2-
associated pathways play a role in reducing diabetic
complications, more research is required.
A promising strategy to stop oxidative damage
brought on by hyperglycemia is activating Nrf2 with
natural substances. Additionally, it's conceivable
that foods that interact with Nrf2 could balance
insulin resistance. Antioxidant supplementation
may be a helpful tactic for controlling diabetic
complications and enhancing antioxidant capacity.
Despite the potential advantages of antioxidant
medication, more thorough, randomized studies are
required to examine the effectiveness and safety of
this therapeutic strategy.
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