Research Paper

The Relationship Among Mitochondria, Oxidative Stress and Advanced

Glycation End Products in Diabetes

Mehdi Goudarzi', Hamidreza Khalili?, Mohammadreza Rashidi Nooshabadi?, Alireza

Malayeri”

1. Assistant professor, Medicinal Plant Research Center, School of Pharmacy, Ahvaz Jundishapur University of Medical

sciences, Ahvaz, Iran

2. Assistant professor, Department of Pharmacology, School of Pharmacy, Ahvaz Jundishapur University of Medical

sciences, Ahvaz, Iran

3. Associate professor, Department of Pharmacology, School of Pharmacy, Ahvaz Jundishapur University of Medical

sciences, Ahvaz, Iran

Received: 2020/04/18

Accepted: 2020/06/26

Abstract

Diabetes is a metabolic disease that can cause neuropathy,
retinopathy, and nephropathy. Considering the vital role of mitochondria in aerobic
metabolism, its function is significantly related to the pathophysiology of diabetes.
In addition, mitochondria produce reactive oxygen species (ROS) from organic fuel
molecules during the process of oxidative phosphorylation; according to evidence,
ROS and the oxidative stress caused by them are very important for the
pathophysiology of diabetes and its complications. In addition to causing oxidative

*Corresponding Author: Alireza
Malayeri

Address: Associate professor, Department
of Pharmacology, School of Pharmacy,
Ahvaz Jundishapur University of Medical
sciences, Ahvaz, Iran

Tel: 06133368546

E-mail:
Alireza.malaeiri@yahoo.com

stress, advanced glycation end products (AGEs) impair mitochondrial function and
are responsible for major complications of diabetes, such as nephropathy and
retinopathy.
: This review was written based on findings from a search
of the Web of Science, PubMed and Google Scholar databases from 1974 to 2019.
: Mitochondria, due to their essential role in energy production and cell
survival, lead to impaired cell function leading to oxidative stress and apoptosis. On
the other hand, free radicals and AGEs due to their specific functional properties
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Conclude that the reduction of free radicals, inhibition of AGEs, and
protection of the proper function of mitochondria can be considered as the strategy
to treat and improve the diabetes complications.
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Introduction

Diabetes is a metabolic disease that can cause
neuropathy, retinopathy and nephropathy.
Diabetes, which is characterized by high blood
sugar (hyperglycemia), is one of the most
common endocrine and metabolic diseases in
which the production or function of insulin or
both is impaired.

This disease is one of the leading causes of
death in developed countries. The prevalence of
diabetes worldwide is estimated to increase from
approximately 285 million adults in 2010 to 439
million by 2030.

Mitochondria are the center of cellular
metabolism and an important site for the
production of ATP, which provides over 90% of
cell energy. In addition to providing cellular
energy, mitochondria are involved in a range of
other processes, including signaling, calcium
concentration regulation, cell death, heat
production, apoptosis control, and as cell cycle
control and cell growth.

One of the byproducts of ATP production
through mitochondrial oxidative
phosphorylation is the production of reactive
oxygen species. Complexes I and III are among
the most important sources of active oxygen
species due to the release of electrons into the
electron transfer chain. Due to the vital role of
mitochondria in aerobic metabolism, the
function of this organelle is significantly related
to the pathophysiology of diabetes.

In addition, mitochondria produce reactive
oxygen species as a result of fuel oxidation,
evidence that these radicals and their oxidative
stress are important in the pathophysiology of
diabetes and its complications. Oxidative stress
occurs as a result of the imbalance between the
mechanisms of production and elimination of
free radicals. Free radicals can cause oxidative
damage to membranes, proteins and genes by
reacting with cellular macromolecules.

Free radicals can cause oxidative damage to
membranes, proteins and genes by reacting with
cellular macromolecules. Free radicals, often
derived from oxygen and having a single
electron, are low molecular weight molecules
found inside the cell.

ROS can react with DNA, RNA, proteins, and
lipids, and these reactions play an important role
in the development of diseases such as diabetes,
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and

disorders,
cardiovascular disease. Under hyperglycemic

cancer, neurological
conditions, protein glycation and glucose
autoxidation increase, resulting in the formation
of toxic metabolites such as glyoxal and methyl
glyoxal.

Advanced glycation end products, in addition
to causing oxidative stress, also disrupt
mitochondrial function and can be said to be
responsible for the major complications of
diabetes such as nephropathy and retinopathy.

Methodology

In this review study, after searching the
databases of Web of Science, PubMed and
Google Scholar, the findings of more than 70
articles related to the years 1974 to 2021
obtained with the keywords diabetes,
mitochondria, oxidative stress, end products of
advanced glycation reviewed and summarized.

Result
In this section, first the relationship between
stress and mitochondria, diabetes and

mitochondria and sources of oxidative stress in
diabetes and finally the final products of
advanced glycation and its relationship with
mitochondria were presented.

1. Mitochondria are one of the main sources of
active oxygen species. In the mitochondrial
oxidative phosphorylation process, about 1-1.5%
of the oxygen consumed to produce ATP is
converted to ROS. In contrast, mitochondrial
endogenous antioxidant enzymes such as
superoxidase  dismutase, which converts
superoxide to H>O,, and catalase and glutathione
peroxidase, which convert HO, to oxygen and
oxygen. Protect against the risk of ROS. Any
disturbance in the function of these protective
enzymes leads to the accumulation of H,O, and
eventually the formation of hydroxyl radicals.

2. In 1992, the role of mitochondria in blood
glucose stabilization was first revealed, and in
1996, mitochondrial diabetes was identified. In
clinical trials, mitochondrial diabetes generally
presents itself as a significant form of diabetes.
The cause of this type of diabetes was identified
using molecular methods, A3243G tRNAleu
mutation and 5 kb deletion in mitochondrial
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DNA. It is worth noting that depending on the
amount of mutation in the mtDNA, a person
develops MELAS, Leigh and diabetes.
Mitochondrial diabetes is usually first seen in
middle age, which is transmitted through
maternal DNA and is often associated with
hearing loss, especially for loud noises. Almost
all carriers of this gene develop diabetes or IGT
before the age of 70. Therefore, the penetration
of this mutation is almost 100%. In addition, all
mtDNA mutations that affect ATP synthesis are
expected to lead to diabetes. Interestingly, this
syndrome is mild at first and gets worse over
time. One possible cause of this disorder is
mitochondrial dysfunction caused by ROS
caused by high blood pressure, oxidative
damage, and worsening blood sugar. Unlike the
specific mutations that cause mitochondrial
diabetes, the role of mitochondria in the
pathophysiology of type 1 and type II diabetes is
highly thought-provoking. In this regard,
impaired mitochondrial biogenesis has been
suggested as a reason for reducing the number of
mitochondria and also reducing the capacity of
oxidative phosphorylation in diabetes. It has also
been observed that insulin deficiency seen in
type 1 diabetes is associated with changes in
mitochondrial morphology.

3. Various studies have shown that diabetes, in
addition to disrupting the antioxidant defense
system, also increases the production of free
radicals. Several mechanisms intersect in the
development of diabetes mellitus, and many of
these mechanisms, as well as some unexpected
mechanisms, play a role in causing
complications. ROS and RNS can be a
significant risk factor for the onset of type 2
diabetes mellitus, especially through insulin
resistance and obesity, and may play a role in the
development of diabetes complications by
causing chronic oxidative stress. Sources of free
radical production in diabetes include enzymatic
pathways,  non-enzyme  pathways, and
mitochondrial pathways. Non-enzymatic sources
are derived from the biochemistry of glucose
itself. Hyperglycemia causes oxidative stress
through spontaneous oxidation of glucose,
formation of advanced glycation end products
(AGEs), activation of the polyol pathway,
increase in free fatty acids, and increase in leptin.
Enzymatic sources of oxidative stress in diabetes
include NOS, NAD (P) H oxidase,
cyclooxygenase and xanthine oxidase.
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4. Under hyperglycemic conditions, protein
glycation and glucose autoxidation increase,
resulting in the formation of toxic metabolites
such as glyoxal and methyl glyoxal. These active
dicarbonyls increase oxidative stress and can
cause a number of cellular damage, including
covalent changes in amine and thiol groups of
proteins and the formation of AGEs. Diabetes,
like several other diseases, is associated with the
accumulation of carbonylated proteins in tissues.
Carbonilization is a non-enzymatic and
irreversible change of proteins by carbonyls. In
diabetes, dicarbonyls formed by the oxidation of
reducing sugars react with proteins and
eventually lead to the formation of AGEs. AGEs
are responsible for most of the complications of
diabetes such as neuropathy, nephropathy,
retinopathy, cataract, etc., through their effects
on intracellular and extracellular proteins, as
well as effects on arterial walls, renal mesangium
and other basement membranes. In addition to
being cellular pathogens themselves, AGEs can
exert their toxic effects of increasing ROS and
oxidative stress by producing ROS that causes
lipid peroxidation, protein breakdown, and
nucleic acid oxidation. Also reduces the function
of endogenous antioxidant enzymes. This factor
accelerates diabetes and its complications.

5. Glycation occurs in the extracellular or
intracellular environment in the cytosol and in
organs such as mitochondria. In this regard, it
has been observed in several studies that
phospholipids of inner and outer membranes of
mitochondria, membrane and matrix proteins
and mitochondrial DNA are affected by
mitochondrial glycation. A, B dicarbonyls can
also enter the cell and mitochondria through
diffusion and form AGEs outside the cell, inside
the cytosol and inside the mitochondria. The
exact correlation between glycation and
mitochondrial dysfunction and mitochondrial
glycation-related disease is not yet fully
understood, but it has been observed that
glycation of mitochondrial membrane lipids can
affect electron transport chain activity and cause
mitochondrial  dysfunction.  Glycation of
mitochondrial proteins and changes in
mitochondrial protein expression also impair
mitochondrial function and cause oxidative
damage, which can be seen in hyperglycemia in
old age. It has also been observed that AGEs
disrupt the dynamics of the mitochondrial
network and cause mitophagy. Goudarzi et al.
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showed that glyoxal had a toxic effect on
mitochondria isolated from rat liver, and glyoxal

increased mitochondrial ROS, decreased
mitochondrial membrane potential difference,
increased oxidative stress biomarker

(malondialdehyde), and Inhibition of complex 2
mitochondria.

6. In diabetes, glycation damage due to high
glucose levels and inhibition of glycolytic enzyme
increases phosphate triose levels, which non-
enzymatically increases the formation of
methylglyoxal. AGEs also reduce insulin synthesis
and secretion. AGEs decrease phosphorylation (P)
of the transcription factor FoxO1 and increase its
acetylation (AC). Thus, FoxOl1 is transported into
the nucleus and is protected against proteasome
degradation. In addition, AGEs induce the transfer
of PDX-1 transcription factor from the nucleus into
the cytoplasm and reduce PDX-1 protein
expression. Finally, it affects insulin gene
transcription and insulin synthesis. AGEs inhibit
insulin secretion by activating iNOS, thereby
inhibiting cytochrome ¢ oxidase activity and ATP
depletion. In addition, AGEs inhibit insulin
secretion by altering the Krebs cycle and limiting
ATP production. ATP depletion inhibits the
closure of voltage-dependent potassium channels,
thereby reducing membrane depolarization and
intracellular calcium concentrations, thereby
inhibiting insulin secretion (Figure 1). AGEs also
induce insulin tolerance and directly affect insulin,
reducing glucose uptake and reducing insulin
clearance. AGEs also increase insulin tolerance by
increasing RAGE expression and decreasing
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AGERI1 and SIRT1 expression. AGEs decrease
insulin signaling and increase inflammation by
stimulating PKCa and increasing TNF-a. Figure 2
shows the role of AGEs in insulin resistance.

Conclusions

Given the above, mitochondria play a vital role in
the pathophysiology of diabetes because of their
number or functional characteristics, or both.
Mitochondria also play an important role in the
etiology of genetic variants of "mitochondrial
diabetes" due to their susceptibility to mutations in
mtDNA. On the other hand, free radicals and
AGEs, each of which, due to their specific
mechanisms, are involved in type 1, type 2 diabetes
and mitochondrial diabetes, and in addition, cause
mitochondrial dysfunction. Due to the important
role of mitochondria in energy production and cell
survival, impaired mitochondrial function leads to
oxidative stress and apoptosis. In general, these
factors can be said to endanger cell life and, to a
greater extent, tissue structure and function, so they
can reduce oxygen free radicals, inhibit AGEs and
the AGEs-RAGE axis, and protect function.
Properly focused on mitochondria as a strategy for
treating diabetes.
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