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Abstract

Oxidative stress is one of the most important causes of type 2 diabetes; it impairs the functioning of lipids, proteins, and DNA
and can disrupt insulin secretion. Endoplasmic reticulum stress is involved in B-cell dysfunction, and a number of pathways,
known as the unfolded protein response, are activated to reduce this stress and protect B-cells from death. Increased autophagy
provides a preventative mechanism, protecting against oxidative stress in pancreatic B-cells. Mitochondrial adenosine triphosphate
regulates insulin levels, and mitochondrial reactive oxygen species can disrupt insulin secretion. Inflammation is caused by cell
damage and is specified by the invasion of immune cells and the local release of cytokines and chemokines. Tumor necrosis
factor-a is a proinflammatory cytokine that is produced by adipose tissue during islet inflammation in patients with obesity and
insulin resistance, which is associated with lipid peroxidation and oxidative damage to DNA. Inflammation plays a role in the
development of insulin resistance, leading to type 2 diabetes. There is a connection between vitamin D deficiency, and
decreased insulin secretion, and the pathogenesis of type 2 diabetes. The oxidative damage is also associated with low-grade
chronic inflammation and is a risk factor in the pathogenesis of diabetes, which is reviewed in this article.
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Introduction

Diabetes is a group of metabolic disorders that result
from chronic hyperglycemia as a result of changes in
insulin levels. Factors involved in type 2 diabetes
(T2D) include a combination of genetic factors associated
with impaired insulin secretion, environmental factors,
and insulin resistance. T2D is not an autoimmune
disease, and the genes that cause T2D are not yet found
in many patients.> T2D is one of the most common
diseases worldwide? and is projected to affect more
than 300 million people around the world by 2025.°
The number of T2D patients around the world is
increasing owing to aging, urbanization, and dietary
and lifestyle changes.* This metabolic disease is
defined by damaged insulin secretion, glucose intolerance,
and hyperglycemia.® The development of T2D is
accompanied by pancreatic B-cell dysfunction, which is
associated with peripheral and hepatic insulin
resistance (IR).® Offspring of parents with IR and T2D

are at increased risk of T2D.” For therapeutic
approaches, further knowledge of the major risk factors
and molecular mechanisms in T2D pathogenesis and
its related complications is essential® (Table 1).
Oxidative stress is the main reason for the development
of IR and impaired B-cell function, leading to the
development of diabetes.® Reactive oxygen species
(ROS) induce non-specific lipid, protein, and DNA
damage, resulting in an alteration or lack of cellular
function.® A significant amount of evidence links
mitochondrial function to IR." Unlike B-cells in
normal patients, mitochondria in T2D p-cells show
both morphologic and functional abnormalities.*
Studies have indicated that obesity stimulates endoplasmic
reticulum (ER) stress, which plays an important role in
the development of IR.* T2D is also closely linked to
the activation of the inflammatory signaling pathway.*®
One of the most important epidemiological factors
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predisposing to T2D is obesity.*** Autophagy is a
common term for the destruction of the cytoplasmic
component within lysosomes.™ Autophagy machinery
has also been implicated in the pathophysiology of
T2D, regulating the physiology of pancreatic p-cells.'®
From the standpoint of therapy and to understand all
aspects of the disease, we need to know the causative
mechanisms. Therefore, it is essential to recognize the
factors that are implicated in the pathogenesis of T2D.
In this paper, the main factors that cause T2D by
collecting practical information are discussed.

Role of Reactive Oxygen and Nitrogen Species in
Protein Oxidation and the Pathogenesis of type 2
Diabetes

Oxidative stress plays a key role in the beginning and
development of T2D.' Oxidative stress can be defined
as a large amount of ROS. This excessive amount can
cause oxidative stress, and damage the body's cells,
and result in their death.® Oxidative stress has been
extensively identified as a significant contributing
factor in the development of diabetes, as well as its
advancement and tolls'® (Table 1). The mitochondrial
respiratory chain is the main source of ROS in
pancreatic  cells. By oxidizing NAD(P)H, ROS are
produced directly through the reduction of molecular
oxygen. Cytosolic and plasma membrane oxidoreductases
do this.® It has previously been reported that the
development of insulin resistance and metabolic
syndrome can be predicted by markers of oxidative
stress and inflammation.?® Insulin resistance and B cell
dysfunction are often present in prediabetes, a
condition in which plasma sugar is elevated but not to
the extent that diabetes is considered, which can lead to
T2D and cardiovascular disease. Hyperglycemia in
pre-diabetes can itself cause oxidative stress. On the
other hand, oxidative stress impairs the absorption of
glucose from fat and muscle cells and reduces insulin
secretion from P cells. Using a nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase inhibitor can
reduce systemic oxidative stress and improve glucose
metabolism in a mouse model.?* The interesting point
is that, in addition to the constant rise in blood sugar,
fluctuations in circulating glucose can also increase
oxidative stress.® Some lactic acid bacteria have
antioxidant activity, such as Lactobacillus rhamnosus,
Lactobacillus lactics, and Lactobacillus plantarum.?%
The lack of homeostasis in diabetesis a result of the

endogenous antioxidants and enzymes being
downregulated, generating ROS and reactive nitrogen
species (RNS), resulting in the loss of cellular
adaptation activity.”® An imbalance in the redox state
caused by hyperglycemia can also cause damage to
biomolecules, such as lipids and peptides, including
DNA. The body's various antioxidant production
mechanisms protect cells from free radicals damage
and help prevent disease. In addition, enzymes such as
superoxide dismutase, catalase, and glutathione
peroxidase, decreased glutathione levels, and vitamins
C and E act as antioxidants in the body by optimizing
the physiological usage of oxygen via mitochondria.
However, if the capacity of the defense system is
undermined by damage and the formation of oxidative
products, it can lead to cardiovascular disease, cancer,
diabetes, neurological, immune, and eye diseases,
atherosclerosis, and premature death.”>* Elevated
levels of lipid peroxidation, *+2 oxidative damage to
DNA, %3 and protein oxidation®** have been documented
in T2D caused by hyperglycemia, which leads to the
production of ROS. There are different mechanisms
involved in the formation of ROS, namely glucose
autoxidation, stimulation protein glycation, and the
formation of advanced glycation end products®®*
Hyperinsulinemia and impaired insulin action also lead
to elevated ROS.?2* High levels of protein oxidation
can lead to diabetes, cardiovascular diseases, and
cancer.®” Nitrotyrosine, produced by the oxidation of
tyrosine amino acids, is an essential biomarker for
RNS that can be used to estimate oxidative damage to
proteins.® Nitrotyrosine is not found in healthy
subjects but has been found in T2D patients.®
Myeloperoxidase is also a convenient biomarker for
protein oxidation.?’

Role of DNA Oxidation and Diagnostic Biomarkers
in Oxidative Stress and Pathogenesis of Type 2
Diabetes

ROS and RNS are major sources of DNA damage
because they either modify DNA directly or cause
damage indirectly, both of which affect cell viability
(Figure 1). The major targets of oxidative stress are the
mitochondrion and the nucleus. They contain a variety
of enzymes to repair DNA changes induced by
oxidants. Hydroxyl radicals cause a change in the
deoxyribose sugar by reacting with and cross-linking
DNA. Thymine glycol and 8-hydroxy guanosine (8-
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Figure 1. Factors Involved in B-cell Dysfunction and the Pathogenesis of Type 2 Diabetes.

OHdG) are metabolites resulting from oxidative damage
to DNA. ROS easily attacks guanine bases in DNA and
forms 8-OHdG, which can bind to thymidine instead of
cytosine, which is the most common product of
oxidative DNA damage. 8-OHdG has also been
documented as an important source of oxidative
damage in diabetes. Several different ROS, including
hydroxyl radicals, singlet oxygen, peroxyl radicals,
peroxynitrite, and ONOO", are also responsible for
DNA damage. Removal of damaged proteins and
organelles by autophagy is one of the protective
mechanisms against oxidative stress. Autophagy is a
catabolic mechanism that is caused by oxidative stress
through lysosomal vesicle formation to protect cells
from various stress factors and regular degradation.
Several studies have shown that autophagy can
postpone apoptotic cell death by supplying the energy
required to support DNA repair. 28304044

Effects of Mitochondrial Dysfunction on the
Pathogenesis of Type 2 Diabetes

Since mitochondrial DNA (mtDNA) encodes proteins
that are part of the electron transport chain (ETC),
ROS exposure increases the likelihood of an ETC
deficiency and further increases the levels of ROS
produced.” Oxidative stress is generally associated with
diabetes, and diabetes is characterized by mitochondrial
disorders (Figure 1).° Mitochondria produce ROS through
the ETC and ER, mainly through the formation of
disulfide bonds during the process of protein folding.*
Interestingly, T2D patients have been shown to have
reduced levels of mtDNA, suggesting a possible role of
mitochondria in downstream cell signaling disorders.*®
The role of mitochondria is of significant importance
for many aspects of cell metabolism in tissues
implicated in the pathogenesis of diabetes mellitus,
especially in pancreatic 3 cells. Mitochondrial oxidative
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activity inside these tissues must be appropriate for the
maximum oxidation of nutrient loads, especially fatty
acids. Total oxidation failure will result in the aggregation
of lipid mediators, fatty acid oxidation of the
incomplete products, and the production of ROS,
causing IR in muscles, liver, and adipose tissue and
altered secretion of B-cells (Figure 2).*” Many studies
have shown changes in the number and morphology of
mitochondria in diabetes.®**° Insulin deficiency
also occurs in diabetes and is related to changes in
mitochondrial numbers and morphology.® Basal
adenosine triphosphate (ATP) levels are elevated in the
islets of T2D patients. This rise in the ATP: ADP ratio
usually triggers insulin secretion; however, this is not
seen in T2D.** Microarray results in T2D patients and
their first-degree relatives support this hypothesis.’

Peroxisome proliferator-activated receptor-coactivator
a (PGCla) is one of the nuclear-encoded genes
responsible for regulating the biogenesis of mitochondria
and has been identified as a determinant factor in T2D
in many studies. It should be noted that mitochondrial
biogenesis and its density do not necessarily determine
the oxidative function of muscular mitochondria.
Different aspects of mitochondria should be considered
in the study of mitochondrial function. However,
many reports have claimed that the methodologies
used in vivo or ex vivo were able to assess the oxidative
activity of muscular mitochondria. The early hypothesis
that reductions in mitochondrial function result in
the accumulation of increased intramyocellular lipid
and IR has not been confirmed by all published
reports.>

Increasein ROS level

Damage to mtDNA

Mitochondrial Dysfunction

Mitochondrial Oxidative
Activity Failure

Insulin Resistance (muscle, liver,
adipose)

Altered secretion ([ cells)

Figure 2. Factors Causing Mitochondrial Oxidative Activity Failure and its Consequences.

The Role of ER Stress in Type 2 Diabetes
ER plays a significant role in storing and secreting
Ca®*. A broad range of cellular functions, including

organogenesis,  transcriptional  operation,  stress
responses, and apoptosis, are therefore regulated by ER
through the use of Ca?.** Of all the specialized
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secretory cells in the body, B-cells are one of the most
sensitive to ER stress, as they are heavily involved in
the synthesis of proteins (including insulin). ER stress
is regularly and frequently observed in diabetes and its
complications.® In diabetic conditions, ER stress is
also elevated, which results in c-Jun N-terminal kinase
(JNK) pathway activation. JNK system activation has
been suggested to occur in both IR and pancreatic -
cell dysfunction found in diabetes® (Table 1). About
one-third of the proteome consists of soluble and
transmembrane proteins that are first inserted into the
ER during their biogenesis. Such proteins also undergo
different posttranslational modifications within the ER.
Enzymatic processes improve the possibility of
correctly folding, modifying, and assembling secretory
proteins into ER multiprotein complexes until they
traffic into the secretory pathway further downstream.
Given the availability of such protein-folding devices,
a significant fraction of secretory proteins in the ER
usually do not fold properly. Under ER stress
conditions,  secretory  proteins accumulate in
incompletely modified and unfolded forms inside the
ER.*® During ER stress, an intracellular signaling
pathway called the unfolded protein response (UPR) is
activated by the presence of unfolded proteins in the
ER.% A study has demonstrated that oxidative stress of
the B-cells and ER are the main pathological features in
T2D, resulting in inadequate insulin synthesis and

secretion, immune activation, and apoptosis of [-
cells.”” Studies have revealed that both chronic
hyperglycemia and hyperlipidemia cause insoluble
UPR activation and B-cell death.®® If ER stress
continues at irremediably high levels, the UPR
switches from promoting adaptation to promoting self-
destruction of its physiological outputs.®® The
development of inflammatory signals is an important
consequence of oxidative and ER stress with strong or
prolonged UPR signaling. ROS and RNS can both
result in the activation of nuclear transcription factor
kappa B (NF-kB) in B-cells and, in the inflammatory
pathway, the activation of B-cell interleukin (IL)-1B
secretion. A probable important regulator of this
function is the thioredoxininteracting protein, which
binds thioredoxin, thus inhibiting its capacity to
suppress  thiol and scavenge oxidants.”’ ER
homeostasis results from reactions of unfolded protein
with molecular markers such as C/EBP homologous
protein, spliced X-box binding protein 1 and activating
transcription factor 4, which improves stressed ER.
However, ongoing ER stress activates the
inflammatory response by stimulating NF-xB and
generating tumor necrosis factor (TNF)-0.*® NF-kB is
an important inflammatory signaling regulator, and
thus ER stress can activate genes in B-cells that encode
cytokines and chemokines.>

Table 1. Effects and Consequences of Factors Involved in B-cell Dysfunction and the Pathogenesis of Type 2 Diabetes

Mechanism Effect(s)

Result(s)

Oxidative Stress Produce reactive oxygen species
Mitochondrial

dysfunction impaired

ER stress Secretory proteins at significant levels in the
ER begin to accumulate in incompletely
modified and unfolded forms

Autophagy Protect ER against stress and facilitate
mitochondrial turnover

Inflammation Changes in levels of specific cytokines and

chemokines, changes in the number and
activation state of different populations of
increased apoptosis and

leukocyte and
tissue fibrosis

ATP level that regulates by mitochondria is

Develop insulin resistance, B-cell dysfunction,
impaired glucose tolerance and type 2 diabetes

The release of insulin that regulates by mitochondrial
ATP level is impaired

The presence of unfolded proteins stimulates
unfolded protein response (UPR). The UPR changes
its physiological outputs from promoting adaptation
to promoting self-destruction if ER stress remains at
irremediably high levels

Altered autophagy might lead to the loss of the
functional mass of B cells

The increased concentration of circulatory cytokines
as a result of inflammation is observed in T2D.
inflammation participates in the pathogenesis of T2D

Autophagy in Type 2 Diabetes

Autophagy failure in B-cells was reported in mice
with a B-cell-specific defect for a key enzyme in
autophagosome biogenesis, autophagy-related gene 7
(ATG7). The ATG7 knockout mice exhibit reduced f-

cell mass owing to increased apoptosis and decreased
proliferation, which ultimately leads to reduced insulin
secretion and impaired glucose tolerance.®® The p-cells
are specialized to secrete insulin in reaction to elevated
amounts of plasma glucose; they can boost their insulin

International Journal of Medical Reviews. 2024;11(1):660-668 | 664



Aghayan et al

synthesis and secretion by several folds to maintain
glucose homeostasis. Consequently, they have to handle
a high protein load on an ongoing basis. This is a
challenge for their ER, so B-cells are especially
susceptible to ER stress. It has been shown that
autophagy has a protective role against ER stress and
promotes mitochondrial turnover.®* In T2D, autophagy
not only provides nutrients for the maintenance of
cellular energy during fasting but also removes damaged
organs, lipids, and misfolded proteins. Autophagy in
T2D pancreatic B-cell death may act as a protective and
prosurvival mechanism. Metformin protects against
damage to B-cells in the pancreas through activating
autophagy via AMP-activated protein kinase pathways.®
There is only limited knowledge of the molecular
pathway that governs autophagy. Mammalian target of
rapamycin, a key kinase in the insulin receptor signaling
pathway, is an autophagy regulator that prevents
autophagosome formation by inhibiting ULK1.%
Studies results raise the likelihood that a deficiency in
B-cell autophagy may be a factor in the progression
from obesity to diabetes.®* People with T2D have a
large amount of a protein called islet amyloid
polypeptide (IAPP). The accumulation of this protein
is associated with the loss of pancreatic B-cells that
produce insulin. Autophagy prevents the accumulation
of toxic forms of IAPP in people without T2D, while in
those with T2D, it appears that this process does not
work properly.%

Role of Obesity and Inflammation in Pathogenesis
of Type 2 Diabetes

The rise in the mass of adipose tissue found in
obesity can lead to IR and T2D over time (Figure 1).%
The first correlation between obesity, inflammation,
and insulin activity is that the production of TNF-a
mRNA in the obese animal’s adipose tissue increases,
and TNF-o neutralization has increased the effect of
insulin on glucose absorption.®”% It has been shown
that TNF-a is generated by adipose tissue and promotes
IR. In addition to TNF-a, a variety of inflammatory
cytokines, including adiponectin, leptin, IL-1p, IL-6,
resistin, monocyte chemo-attractant protein 1, plasminogen
activator inhibitor 1, angiotensinogen, visfatin, retinol-
binding protein 4, and serum amyloid A, have been
reported to be elevated in obese tissues.®” There is
increasing evidence associating obesity and IR with
inflammation. T2D is now being redefined as an
immune disorder, given the important role inflammation
plays in its pathogenesis.®® In the case of obesity,

adipose and muscle tissue, the liver, and the pancreas
are themselves sources of inflammation. In these
tissues, it has been observed that cell populations
change from an anti-inflammatory profile to a pro-
inflammatory profile, allowing for the infiltration of
macrophages and other immune cells. Such cells are
highly involved in the processes for the generation of
proinflammatory cytokines that interfere with insulin
signaling in peripheral tissues or cause B-cell dysfunction,
resulting in insulin shortage. Specifically, the pro-
inflammatory protein IL-1 is implicated in the
pathogenesis of T2D by triggering the activation of the
nucleotide-binding oligomerization domain, like the
receptor family pyrin domain-containing 3.° Gram-
negative bacterial cell walls include lipopolysaccharides
(LPS), which are among the most powerful and well-
studied inflammatory inducers. LPS are recognized by
the innate immune system through their association
with special proteins that complex with toll-like
receptor (TLR)-4 (the CD14/TLR4 complex). A study
has shown that mice without functioning LPS receptors
(CD14 knockout mice) are resistant to diet-induced
obesity and associated disorders, such as hepatic IR."
Helicobacter pylori (H. pylori) infection is also strongly
associated with the pathogenesis of T2D, which is
associated with general activation of the innate
immune system and a chronic, cytokine-mediated state
of low-grade inflammation. The host’s immune response
to H. pylori infection is complicated and involves the
regulation of multiple proinflammatory cytokines, such
as C-reactive protein, IL-6, and TNF-o. H. pylori
infection infiltrates and activates neutrophils and
macrophages. Increased ROS levels have been reported
owing to neutrophil infiltration and increased DNA
oxidative damage in H. pylori-infected patients.*

The Role of Vitamin D in Type 2 Diabetes

Evidence indicates that vitamin D (VTD) plays roles
in different mechanisms. 1,25(0OH)2D3 has a defensive
role for VTD and its respective metabolites against
T2D.”” VTD seems to be important for various
endocrine, autocrine, and paracrine functions. There
are several lines of evidence strongly suggesting a
connection between VTD deficiency, reduced insulin
secretion, and T2D pathogenesis.”*™ Analysis indicated
that VTD deficiency could be vulnerable to glucose
intolerance, altered insulin secretion, and T2D, either
through direct or indirect intervention through activation
of the vitamin D receptor (VDR)™ (Ca-mediated),”
through calcemic hormones, and by inflammation.
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VTD supplementation restores insulin secretion in
models of both humans and animals, decreasing IR and
plasma glucose levels. A human study showed an
inverse link between dairy use and T2D risk.”? VTD
deficiency is associated with obesity, IR, and T2D."
Human studies have shown an inverse correlation
between dairy use and T2D risk.”*™ In vitro and in
vivo studies have proved that 1,25(0OH)2D3 is vital for
insulin secretion and glucose homeostasis. VDR
mutant mice, indicating that insulin synthesis might
also require 1,25(0H)2D3.” A research paper shows
that low rates of 25(OH)D may have contributed to the
prevalence of prediabetes or T2D."

Conclusion

Various factors can cause T2D in patients. ROS are
involved in the pathogenesis of T2D via the oxidation
of biological molecules, such as lipids, proteins, and
DNA. Increased levels of oxidation of these biological
molecules have been observed in T2D. Elevated ROS
levels can damage the mitochondria and ER in B-cells,
which can lead to T2D. Autophagy prevents ER stress
and promotes mitochondrial turnover. Autophagy may
act as a protective mechanism against the death of
pancreatic f-cells and oxidative stress; thus, autophagy
can be thought of as a mechanism to prevent the
development of diabetes and B-cell dysfunction.
Chronic inflammation plays an important role in T2D
pathogenesis due to its relationship with obesity and
IR. TNF-a, a proinflammatory cytokine, has been
shown to boost IR. VTD deficiency reduces insulin
secretion and the pathogenesis of T2D, as it contributes
to glucose intolerance and altered insulin secretion.
Obesity is linked to IR and T2D. Therefore, obesity,
ER stress, lipid peroxidation elevation, oxidative DNA
damage, inflammation, autophagy depression in j-
cells, and VTD deficiency are important factors for the
development of diabetes.
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