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Abstract

Currently, one of the most significant health problems is the increased incidence of obesity and type 2 Diabetes
mellitus (DM2). The most recent epidemiological and clinical research studies have indicated that low physical
activity, as well as many genetic and environmental factors are the main causes of these metabolic disorders. It is
widely recognized that insulin resistance plays a key role in the development of DM2, disrupting not only the
functioning of peripheral tissues, but also the brain. Insulin plays a critical role in the central nervous system
participating in neuronal survival, neuroplasticity, memory and cognitive functions. In addition, peripheral insulin
resistance results in loss of brain function, which indicates a strong relationship between metabolic disorders,
cognitive impairment and the emergence of neurodegenerative diseases. There are links between these different
pathologies, such as increased oxidative stress, neuroinflammation, changes in glucose metabolism as well as insulin
resistance. Advances in the knowledge of these links may contribute to the development of treatments for the
prevention of these pathological events. Based on the above, this study aimed to review the mechanisms associated
with DM2 in the development of neurodegenerative diseases, such as Alzheimer’s and Parkinson’s diseases.
Keywords: Neurodegeneration; Type 2 diabetes mellitus; Insulin resistance; Oxidative stress; Neuroinflammation;
Hyperglycemia; Brain.

Resumo

Atualmente, um dos problemas de salde mais significativos é o aumento da incidéncia de obesidade e Diabetes
mellitus tipo 2 (DM2). Os estudos epidemioldgicos e clinicos mais recentes indicam que a baixa atividade fisica,
assim como muitos fatores genéticos e ambientais, sdo as principais causas desses distdrbios metabdlicos. E
amplamente reconhecido que a resisténcia a insulina desempenha um papel fundamental no desenvolvimento do
DMZ2, interrompendo ndo apenas o funcionamento dos tecidos periféricos, mas também do cérebro. A insulina
desempenha um papel critico no sistema nervoso central, participando da sobrevivéncia neuronal, neuroplasticidade,
memodria e fungBes cognitivas. Além disso, a resisténcia periférica a insulina resulta em perda da fungdo cerebral, o
que indica uma forte relacdo entre distirbios metabolicos, comprometimento cognitivo e o surgimento de doencas
neurodegenerativas. Existem ligacGes entre essas diferentes patologias, como aumento do estresse oxidativo,
neuroinflamacdo, alteragBes no metabolismo da glicose e também resisténcia & insulina. Avangos no conhecimento
dessas ligacGes podem contribuir para o desenvolvimento de tratamentos para a prevenc¢do desses eventos patoldgicos.
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Com base no exposto, este estudo teve como objetivo revisar os mecanismos associados ao DM2 no desenvolvimento
de doencas neurodegenerativas, como Doenca de Alzheimer e Doenca de Parkinson.

Palavras-chave: Neurodegeneracdo; Diabetes mellitus tipo 2; Resisténcia a insulina; Estresse oxidativo;
Neuroinflamacdo; Hiperglicemia; Cérebro.

Resumen

Actualmente, uno de los problemas de salud mas importantes es el aumento de la incidencia de obesidad y Diabetes
mellitus tipo 2 (DM2). Los estudios epidemiolégicos y clinicos mas recientes indican que la baja actividad fisica, asi
como muchos factores genéticos y ambientales, son las principales causas de estos trastornos metabdlicos. Es
ampliamente reconocido que la resistencia a la insulina juega un papel clave en el desarrollo de DM2, alterando no
solo el funcionamiento de los tejidos periféricos, sino también el cerebro. La insulina juega un papel fundamental en
el sistema nervioso central, participando en la supervivencia neuronal, neuroplasticidad, memoria y funciones
cognitivas. Ademas, la resistencia a la insulina periférica da como resultado la pérdida de la funcién cerebral, lo que
indica una fuerte relacion entre los trastornos metabélicos, el deterioro cognitivo y la aparicién de enfermedades
neurodegenerativas. Existen vinculos entre estas diferentes patologias, como aumento del estrés oxidativo,
neuroinflamacion, cambios en el metabolismo de la glucosa y también resistencia a la insulina. Los avances en el
conocimiento de estos vinculos pueden contribuir al desarrollo de tratamientos para la prevencién de estos eventos
patoldgicos. Con base en lo anterior, este estudio tuvo como objetivo revisar los mecanismos asociados a la DM2 en
el desarrollo de enfermedades neurodegenerativas, como la Enfermedad de Alzheimer y Enfermedad de Parkinson.
Palabras clave: Neurodegeneracion; Diabetes mellitus tipo 2; Resistencia a la insulin; Estrés oxidative;
Neuroinflamacion; Hiperglucemia; Cerebro.
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Over the years there were changes in the lifestyle of world population due to increased consumption of industrialized

1. Introduction

products. These foods containing high levels of fat and sugars, which together with a decrease in the practice of physical
exercises, contribute to emergence of chronic diseases, especially in elderly population.

In fact, as population ages, chronic diseases become a concern for health systems as well as for the economy (Prince
et al., 2013). The World Health Organization (WHO) estimates that in the year 2050 the elderly population will be composed
of 2 billion people, about 22% of the world population. In addition to the aging process that triggers a decline in physiological
functions, the high consumption of hypercaloric foods stimulates the appearance of metabolic disorders, such as Type 2
Diabetes mellitus (DM2) (Flor & Campos, 2017).
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DM2 has become extremely common due to obesity prevalence in elderly population. Several strategies have been
developed so that patients with DM2 have a better quality of life and longer survival, however there are other complications.
We highlighted that patients with DM2 develop between 50 and 150% more neurodegenerative diseases than general
population (Li et al., 2015; Schernhammer et al., 2011). Indeed, Alzheimer's (AD) and Parkinson's diseases (PD) are the most
prevalent neurodegenerative diseases in the world. They affect about 2% of the world elderly population, and are characterized
by cognitive decline of affected patients (Schernhammer et al., 2011). Recent studies seek to understand mechanisms, in
addition to the genetic factor, that are involved in the onset, pathophysiology and progression of these diseases.

In this context, have evidences that insulin:

e Plays a very important role in the pathophysiology of DM2 (Donath & Shoelson, 2011; Timper & Donath, 2012);
e Has neuromodulatory and neurotrophic effects (Blazquez et al., 2014; Maciejczyk et al., 2019);

e It’sinvolved in the neurodegeneration process (Macauley-Rambach et al., 2015; Maciejczyk et al., 2019).

Based on the above, this study aimed to review the mechanisms associated with DM2 in the development of

neurodegenerative diseases, such as AD and PD.

2. Methodology

This study is an exploratory bibliographic research with a qualitative approach and developed based on material
already prepared, consisting mainly of books and scientific articles. Although the studies require some type of review, there is
research developed exclusively from bibliographic sources. Thus, our exploratory study obtain the main advantage of the fact
that it allows the researcher to cover a range of phenomena much wider than that which he could research directly (Gil, 2002;
Pereira et al., 2018).

In this context, the main research steps occurred between October 2019 and May 2020. We highlighted that to carry
out this study was consulted PubMed database for search materials using the combination of the following keywords:
Parkinson AND Alzheimer AND diabetes AND “insulin resistance”. There were searches based in the title, abstract and key-
words of articles published from 2002 until 2020. This process resulted in a total 3061 papers in PubMed. Lastly, our filtering
(Figure 1) reduced the number of articles from 3061 to 132.
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Figure 1. Flowchart showing criteria for selecting articles.
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3. Type 2 Diabetes mellitus (DM2)

DM2 covers about 90% of diagnosed DM cases in the population. Approximately 20% of individuals between 65 and
75 years old have DM (Iser et al., 2015). This metabolic disorder is characterized by a condition of hyperglycemia, in which
insulin is not effective in maintaining glucose levels, caused by resistance to hormone. Among the risk factors are genetic
predisposition, besides environmental factors as unhealthy eating habits and physical inactivity (Seino et al., 2010).
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The onset of DM2 usually has mild symptoms, because pancreatic B cells produce a greater amount of insulin to
compensate the hormonal resistance. However, the insulin-producing cells belatedly fail, showing hyperglycemia and making
the diagnosis possible (Timper & Donath, 2012).

Insulin resistance is a consequence of several intracellular changes that are related to numerous mechanisms resulting
from obesity. First, adiposity release cytokines and produce oxidative stress. Moreover, the increase in circulating free fatty
acids causes a competition with glucose, which generates a decrease in uptake by insulin-dependent tissues through the glucose
transporter GLUT-4 (Donath & Shoelson, 2011).

There is a greater secretion of insulin when glucose concentrations increase, in order to try increase the transport of
this glucose to muscle and fat tissues. However, in situations like this, insulin may not bind to its receptor, therefore it does not
promote the autophosphorylation of insulin receptors (IR), nor the phosphorylation of tyrosine residues. Thus, the uptake of
glucose into the tissues does not occur. The progression and permanence of this condition leads to the exhaustion of pancreatic
B cells and generating irreversible damage (Atkinson et al., 2013).

In DM2 there is an increase in the production of reactive oxygen species (ROS), this can occur due to the increased
flow in the polyol pathway, increased formation of advanced glycation end products (AGEs) (Salgueiro et al., 2016), activation
of protein kinase C (PKC) isoforms, and increased flow of the hexosamine pathway (Brownlee, 2005; Silva et al., 2011). In
fact, studies with in vitro and in vivo hyperglycemic models demonstrate that there is an increase in the production of free
radicals and consequent oxidative stress in high glucose conditions (Folmer et al., 2002; Salgueiro et al., 2013; Salgueiro et al.,
2016).

When the polyol pathway is activated it contributes to oxidative stress as it causes depletion of NADPH and a
consequent decrease in the levels of intracellular glutathione (Pitocco et al., 2010). In addition, with the occurrence of
hyperglycemia, aldose reductase reduces glucose to sorbitol, which is later oxidized to fructose. In the process of reducing the
high content of intracellular glucose, aldose redutase consumes the NADPH cofactor. However, NADPH is also the essential
cofactor for the regeneration of the intracellular antioxidant glutathione (Silva et al., 2011).

AGEs are mainly observed in structural proteins; However they are also commonly formed in hemoglobin, catalase
and SOD proteins, altering their normal functions (Niedowicz & Daleke, 2005). The increase in PKC activity and the AGEs
formation resulting from chronic hyperglycemia are involved in the response that induces endothelial cells to enter an
inflammatory state, leading to production of pro-inflammatory cytokines (Brownlee, 2005; Pitocco et al., 2010).

In DM2, there is an increase in nuclear factor kappa B (NFkB) pathway activation, due to high glucose levels. NFkB
stimulates the production of cytokines, such as TNF-a (tumor necrosis factor alpha), IL-1, IL-6, IL-2 and I1L-12. In addition to
increasing the expression of molecules involved in the regulation of cell proliferation, apoptosis and cell cycle progression
(Francés et al., 2013).

4. Characterization of Neurodegenerative Diseases
4.1 Alzheimer

AD is a chronic neurodegenerative disorder, being the most common form of dementia in the elderly, which
represents 50 to 75% of all cases. It is characterized by degeneration of neurons in specific brain regions, mainly the
hippocampus. Consequently, leads to a clinical picture of progressive loss of memory and impairments in cognitive functions
(Choi et al., 2014).

Among the multiple causes associated with the onset of AD, three stand out: The &4 allele of apolipoprotein E (apoE),

one of the major risk factors for the onset of AD and also an important indicator of its development (Poirier et al., 2014).
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Another cause for development of this disease is the accumulation of beta-amyloid plaques, the third cause being
neurodegeneration mediated by tau (Alves et al., 2012; Sun et al., 2011).

Regarding the ¢4 allele of apoE, in the human body this gene is located on the long arm of chromosome 19 (19913.2).
Information contained in this gene is important for the apoE protein formation, since this protein is fundamental in the
mechanism of redistribution of triglycerides and cholesterol in the various tissues of human organism (Poirier et al., 2014). The
second most important organ in apoE synthesis is the brain, assuming a specific role in the formation of amyloid plaques.
Happens an interaction between soluble beta-amyloid (AB) and apoE, creating an apoE-AB complex. Later it is digested
enzymatically and gives rise to two portions, one is degraded and the other promotes the accumulation of amyloid plaques that
will be excreted into the extracellular medium (Castellani et al., 2014; Holtzman et al., 2011).

AB is a proteolytic fragment formed from a larger transmembrane glycoprotein, APP, which undergoes the action of
the proteolytic enzymes B- and y-secretases. Mechanisms responsible for Ap neurotoxicity are complex, but it is believed to
involve breaking down intracellular calcium and potassium homeostasis, inducing oxidative stress and activating the cell death
process and neuroinflammation via caspases (Nelson & Schmitt, 2011; Reddy, 2011).

AP is the major constituent of plaques and is characterized as the major agent of AD pathology. Levels of amyloid
precursor protein (APP) in AD are increased, which causes an extracellular increase in Ap amyloid fiber plaques. Along with
amyloid fibers, there are also disordered neurocellular fibers. Deposition of these amyloid plaques leads to a large decrease in
neurons in the brain (Castellani et al., 2014; Reddy, 2011). Intracellular neurofibrillary tangles (NFTs) and senile plaques can
be present in normally senile brains, but in lesser quantities and with less extensive distribution (Nelson & Schmitt, 2011).

NFTs are made up primarily of tau proteins associated with microtubules (Nelson & Schmitt, 2011). Tau proteins
provide stability to the microtubules of the neural cytoskeleton, and this function is regulated by a process of phosphorylation
and dephosphorylation. In neurons that undergo degeneration, the tau proteins associated with microtubules become
abnormally hyperphosphorylated and accumulate in the form of paired helical tangled filaments. In turn, senile plaques consist
of the deposition of amyloid fragments in the brain parenchyma (Alves et al., 2012; Holtzman et al., 2011; Nelson & Schmitt,
2011).

Patients in the initial stage of the disease, experience initial memory loss and difficulty to understanding new events.
During the development of the pathology, patients present: motor alterations, speech impairment, eating disorders, and mainly

impaired memory (Aradjo & Nicoli, 2010; Montufar et al., 2017).

4.2 Parkinson

PD is the second most common neurodegenerative disease, affecting approximately 2% of the elderly population
(Pringsheim et al., 2014). Common features of PD include neuronal loss in specific areas of the substantia nigra and
widespread intracellular protein a-synuclein (a-Syn) accumulation, loss of dopaminergic neurons with subsequent
depigmentation and the presence of Lewy bodies (Athauda & Foltynie, 2016; Braak et al., 2003). However, neither the loss of
pigmented dopaminergic neurons in the substantia nigra nor the deposition of a-Syn in neurons is specific for PD (Balestrino
& Schapira, 2020; Poewe et al., 2017).

Loss of dopaminergic neurons, in early PD stage, is restricted to the ventrolateral substantia nigra with relative sparing
of other midbrain dopaminergic neurons, but becomes more widespread by end-stage disease. The dramatic loss of these
dopaminergic neurons even early in the disease suggests that degeneration in this region starts before the onset of motor
symptoms (Balestrino & Schapira, 2020; Poewe et al., 2017).

Other characteristic is deposition of a-Syn in cytoplasm of certain neurons in several different brain regions. Lewy

bodies are which are largely made up of aggregated a-Syn. The Lewy pathology initially occurs in cholinergic and
6
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monoaminergic brainstem neurons and in neurons in the olfactory system, but is also found in limbic and neocortical brain
regions with disease progression (Balestrino & Schapira, 2020; Dickson, 2018).

Motor characteristics, such as stiffness, tremors, postural instability and bradykinesia are due to loss of dopaminergic
innervation in the striatum. In addition to motor characteristics, PD also presents hyposmia, cognitive impairment, depression,
anxiety and even psychosis (Vicente Miranda et al., 2016).

Although AD and PD are clinically distinct, they share common resources. Studies report that there is a significant
occurrence of Lewy bodies and Lewy neuritis in the brain of patients with AD. In addition, a-Syn is present in amyloid plaques
in brains with AD and its levels increase in cerebrospinal fluid (CSF). On the other hand, it is suggested that tau and A play a
role in PD, and the presence in CSF is used as an early diagnosis of PD (Koehler et al., 2013; Mattsson et al., 2013; Murphy &
Levine, 2010).

Genetic causes represent less than 5% of cases. The vast majority of AD and PD cases are sporadic, suggesting that
non-genetic factors may contribute to beginning and progression of these diseases. Environmental factors, such as contact with
pesticides, herbicides and heavy metals, as well as diet, are considered risk factors for the development of neurodegenerative
diseases (Gao et al., 2007).

Observational studies have shown that the diet composition is extremely important for the prevention or emergence of
diseases such as AD and PD. In this sense, diets rich in sugars and fats are factors that compromise the normal functioning of

the CNS, contributing to the development of these diseases (Compta et al., 2014; Irwin et al., 2013).

5. The Role of Insulin in the Brain

Insulin is a hormone that regulates glucose homeostasis throughout the body. Most IR are located in target tissues,
such as liver, skeletal muscles and adipose tissue. However, its expression in the brain has also been reported, mainly in the
hippocampus, hypothalamus, cerebral cortex and olfactory bulb (Cole et al., 2007; Maciejczyk et al., 2019).

The origin of insulin in the brain is not only from pancreatic 3 cells, but can also be synthesized again in neurons and
glial cells. However, it has a similar molecular mechanism in the brain and the periphery (Blazquez et al., 2014; Gray et al.,
2014). Insulin and insulin-like growth factor (IGF) are very important signaling mechanisms in the stability of synaptic
plasticity for cognitive functions in the brain (Bitel et al., 2012; Pham et al., 2013).

We know that insulin binds to IR and several tyrosine residues are activated by self-phosphorylation. These phospho-
residues are important for the insulin receptor substrate (IRS) because they activate several signaling cascades, such as
phosphatidylinocytol 3-kinase (PI3K), GSK3p, mitochondrial regulation for energy production and wnt signaling cascade. The
metabolic actions of insulin are mainly associated with PI3K, protein responsible for the conversion of phosphatidylinositol 4,5
bisphosphate (PIP2) to phosphatidylinositol 3,4,5 triphosphate (PIP3) (Fisher & White, 2004; Pardeshi et al., 2017).

In addition, PIP3 recruits protein kinase B (Akt), in which will be phosphorylated and activated by specific protein
kinases. Akt has several cellular targets, such as GSK3pB phosphorylation. This path connects IR on the cell surface with
enzymes of glycogen metabolism occurs (Fisher & White, 2004; Lizcano & Alessi, 2002).

Insulin affects the density of neurotransmitter receptors, inhibits norepinephrine and stimulates the reuptake of
serotonin in the synapses of the CNS (Maciejczyk et al., 2019). Also has the ability to regulate synaptic plasticity by
internalizing neurotransmitter receptors as alpha-amino-3-hydroxy-methyl-5-4-isoxazole propionic receptors (AMPA), causing
long-term depression. It is also responsible for gamma-aminobutyric acid (GABA) receptor-mediated synaptic transmission by
recruiting GABA receptors to postsynaptic membranes. As well as controls the internalization of receptors B-adrenergics
(Alberdi et al., 2010; Blazquez et al., 2014; Maciejczyk et al., 2019).
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Insulin also has the ability to model the concentration of neurotransmitters, such as acetylcholine and norepinephrine,
which is a possible influence of insulin on cognitive function. The effects of insulin on norepinephrine were studied in an
animal model study in which it was concluded that this hormone inhibits the uptake of norepinephrine (Ghasemi et al., 2013).
It has also been reported that systemic administration of insulin produces an increase in the levels of dopamine and serotonin in
the CSF, causing the underexpression of a2-adrenergic receptors in the hypothalamus (Blazquez et al., 2014).

In DM2, TNF-a signaling activates the enzyme serine kinase JNK, which acts on insulin receptor substrate 1 (IRS-1),
providing phosphorylation making it inactive and blocking the action of insulin. This is supported by several studies that show
high levels of IRS-1 in the hippocampus and cortex of patients with AD, as well as in patients and animal models of PD (Zhao
et al., 2008).

Another factor that can influence the inactivation of IRS-1 is a-Syn, suggesting that it is able to negatively regulate
insulin signaling. However, the mechanisms underlying this process aren’t still well established. These data suggest that
maintaining the stability of IRS-1 may play an important role in the etiology of insulin resistance in these diseases (Athauda &
Foltynie, 2016; Duka et al., 2009).

Glucose transport in the human brain affected by AD is reduced in cerebral cortex, hippocampus and microvessels.
Post-mortem investigations of the brain of AD patients showed decreased protein levels of GLUT1 and GLUT3, especially in
the cerebral cortex, with significant loss of GLUT3 (Gejl et al., 2017; Szablewski, 2017).

It was also considered that insulin signaling in the CNS may be involved in the formation of declarative memory and
that insufficient cerebral insulin signaling plays a critical role in the loss of memory functions associated with AD (Morita et
al., 2019). Craft et al., (2003) analyzed the degree of brain sensitivity to insulin action in patients with AD and insulin
resistance. Was administered endogenous insulin in these patients and verified improved memory, suggesting that insulin acts
as a neuromodulator and assist to release neurotransmitters linked to memory. Moreover, it is able to stimulate glucose uptake
in brain regions, such as the hippocampus, responsible for memory.

Insulin resistance in diabetic patients is characterized by an impaired ability to inhibit glucose output, leading to
glucose toxicity. Decreased insulin signaling affects glucose uptake in the substantia nigra and glucose metabolism, affecting
neuron function. The release of dopamine from dopaminergic neurons is affected by glucose levels and is modulated by these
actions in potassium channels sensitive to ATP (K ATP) (Macauley-Rambach et al., 2015). In PD patients, insulin resistance is
associated with a severe phenotype, accelerated disease progression and increased risk of cognitive decline, while in
experimental models it is associated with dopaminergic degeneration, motor and cognitive deficits (Reagan, 2012).

Another factor linked to insulin resistance is the inhibition of the phosphorylation process of IRS-1, by JNK, reducing
the expression of IDE, which concomitant with the greater secretion of TNF-a generates the accumulation of NFTs. This
whole process promotes the phosphorylation of the tau protein, through the activity of glycogen synthase kinase-3 (GSK-3),
interfering in the development of neuronal cells, impairing synaptic plasticity, cognitive capacity and memory (Pardeshi et al.,
2017). The cerebral insulin/IGF resistance leads to increased activation of GSK-3p. It was shown that stimulation of GSK-3p
promotes hyperphosphorylation of tau protein, and therefore induces tau misfolding and fibril aggregation in the brain
(Maciejczyk et al., 2019; Tumminia et al., 2018).

The condition of hyperinsulinemia present in DM2 impairs the degradation of AP, since the same enzyme (IDE) that
degrades it also degrades insulin, having greater affinity for the latter, thus generating an accumulation of AP in the brain
(Gudala et al., 2013). This evidence suggests that insulin resistance is a cellular link between DM2 and neurodegenerative

diseases (Figure 2).


http://dx.doi.org/10.33448/rsd-v10i1.XX

Research, Society and Development, v. 10, n. 1, 23410111673, 2021
(CC BY 4.0) | ISSN 2525-3409 | DOI: http://dx.doi.org/10.33448/rsd-v10i1.11673

Figure 2. Neurodegeneration pathways associated with DM2.
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These characteristics lead us to believe that insulin is not only involved in glucose metabolism for neuronal survival,
but also in the regulation of synaptic transmission to establish synaptic plasticity. Therefore, it is extremely important to

investigate whether DM2 is associated with abnormal neuronal function.

6. Advanced Glycation end Products (AGEs) in AD and PD

AGEs are molecules formed by Maillard reaction (non-enzymatic glycation of amino group of proteins). These
molecules are accumulated with aging and are found in both types of diabetes. The formation of these molecules in diabetes
occurs due to hyperglycemia, which usually generate many complications that are initiated or potentiated by the accumulation
of specific AGEs forms and their interaction with RAGE receptors (Kandimalla et al., 2017; Sato et al., 2006).

Glycation is involved with pH, temperature and protein half-life, besides glycation agents. It is noteworthy that the

proteins involved in neurodegeneration processes have a long half-life and, because this, are preferred targets for glycation.
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Proteins associated with PD and AD share this resource and have already been reported as targets for glycation (Koehler et al.,
2013).

Hyperglycemia directly increases methylglyoxal (MGQO) levels, a potent glycation agent. MGO plays an important
role in both AD and PD, increasing the formation of toxic oligomeric and aggregated forms of a-Syn and AP (Figure 3). In
addition, by increasing the phosphorylation of tau, it promotes the formation of neurofibrillary tangles of tau. The glycated
species activate RAGE, consequently inducing an extensive inflammatory response. Thus, glycation contributes to
neurodegeneration in both AD and PD (Vicente Miranda et al., 2016).

Figure 3. AGEs contribute to neurodegeneration in AD and PD and can be a link between DM2.
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A direct consequence of hyperglycemia is the increased formation of glycation agents. A high glycemic index induces
an increase of 34 times in AGEs in the brain (Vicente Miranda et al., 2016). Studies showed that glycation occurs in proteins
that are directly involved in AD, such as AB and tau (Chen et al., 2006; Woltjer et al., 2003). Furthermore, findings in the
brains of patients with AD, confirm that they contained 3 times more AGEs in senile plaques and NFTs (Faure et al., 2005;
Vicente Miranda et al., 2016). These data suggest that glycation promotes the formation of AB and tau aggregates.

In AD, glycation not only plays a role in the formation of protein aggregates, but also regulates the expression of APP,
thus increasing AP 1-42 levels, as well as directly modulating the increase in tau phosphorylation (Ko et al., 2010). In addition,
the levels of glycated proteins are increased in CSF in patients with AD, which may become a biomarker for this disease
(Vicente Miranda et al., 2016).

In order to clarify the role of glycation on AP, was assessed the toxicity of normal and glycated AP on primary

hippocampal neurons. The authors of this assessment confirmed the hypothesis that glycation increases A toxicity. Therefore,
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glycation may be responsible for increasing the binding of these proteins and consequently the formation of stable oligomeric
forms (Wang et al., 2010).

There is an increase of protein glycation in both diseases, AD and PD. AGEs have been found in cerebral cortex,
amygdala, substantia nigra and periphery of Lewy bodies, as well as newly formed Lewy bodies of patients with PD. This
suggest that they could encourage the formation of Lewy bodies in patients considered pre-PD (Y. G. Choi & Lim, 2010; Dalf6
et al., 2005).

AGE:s also have been found in dopaminergic neurons, as well as in oligomeric species of a-Syn in animal models of
parkinsonism. There are reports that glycation has the ability to accelerate a-Syn aggregation through cross-link induction and
formation of a-Syn oligomers. However, the role that glycation plays on PD is still unclear (Y. G. Choi & Lim, 2010; Lee et
al., 2009).

Diets rich in fats are used to mimic this phenomenon in animal models, showing they are capable of increasing the
depletion of dopaminergic neurons. In addition, it accelerates the onset of locomotor impairment and promotes -
synucleinopathy in the brain of genetically modified mice. However, further studies are needed to elucidate the effects of diets
on PD progression (Morris et al., 2010). These findings highlight the importance of glycation in the context of AD and PD and

suggest that inhibition of protein glycation may be a potential target for therapeutic interventions in these diseases.

7. The Involvement of Oxidative Stress in DM2, AD and PD

Excessive glucose generates the production of NADH (nicotinamine adenine dinucleotide reduced) exacerbated, as
well as promoting the oxidation of low-density lipoproteins via an O?-dependent pathway, resulting in a cascade of free
radicals generation. The oxidative reaction is a fundamental process that occurs in aerobic metabolism of each mammalian cell.
These reactions are essential for life, however, if unregulated they can become harmful to the organism, as already seen in
several processes of different diseases (Kandimalla et al., 2017).

Oxidative stress occurs when there is an imbalance between ROS and reactive nitrogen species (RNS) production and
the inability of antioxidant compounds to neutralize them. These reactive species are formed by breaking a covalent bond
between two atoms or through oxy-reduction reactions, resulting in atoms with an unpaired electron in the last valence layer
(Gottlieb, 2010).

These formed atoms are unstable and reactive molecules, interacting with other molecules in order to reintegrate an
electron and with this action causes them to undergo oxidation (Giacco & Brownlee, 2010). As soon as these reactive species
are formed, antioxidants act in order to prevent possible injuries generated. However, when antioxidants are not able to combat
oxidative damage caused by oxidative species, the body suffers from oxidative stress (Cobb & Cole, 2015).

Aerobic cellular respiration uses glucose and oxygen to produce energy and is one of the main physiological sources
of reactive species production. Among the free radicals, the superoxide anion (O? + -) and hydroxyl radicals (OH *) stand out.
Among the non-radical species stand out hydrogen peroxide (H?02?) and hypochlorous acid (HOCI). The latter do not have
electronic mismatches, however, due to their high instability, they are classified as reactive species (Baglietto-Vargas et al.,
2016; Radi et al., 2014).

The high production of ROS and RNS induce the phosphorylation of IRS proteins (insulin receptor substrate), through
the activation of serine kinases. Above all, the kB necrosis factor inhibitor kinase (IKkB) is activated by the reactive species,
phosphorylating serine residues from the insulin signaling chain. These processes impair insulin signaling, generating
resistance to this hormone. For this reason, muscle and fat cells induce resistance to the action of insulin in an attempt to

contain glucose intake, which is a defense mechanism against oxidative stress (Giacco & Brownlee, 2010).
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Due to damage caused by oxidative stress, cellular machinery is prepared with powerful antioxidant systems that
capture, neutralize and even prevent ROS formation. In addition, they are also able to repair already damaged structures.
Antioxidants are defined by three lines of defense, whether they are exogenous or endogenous (Barbosa et al., 2006; Nowotny
etal., 2015).

In the first line, are vitamins C and E, carotenoids, flavonoids and glutathione (GSH), the latter being the most
important and most abundant cellular antioxidant (Barbosa et al., 2006). The second line is enzymatic antioxidants, responsible
for converting highly reactive species into less reactive molecules. Enzymes superoxide dismutase (SOD) and catalase (CAT)
are the most important. Finally, the third line is composed of proteasomes, proteases, lipases, DNAses and RNAses (Nowotny
et al., 2015; Pisoschi & Paop, 2015).

Hyperglycemia promotes the overactivation of the three cellular energy production pathways. The hyper-stimulation
of glycolysis and the Krebs cycle, will result in the exacerbated production of reduced flavin adenine dinucleotide (FADH2)
and NADH, supercharging the Electron Transport Chain, which is a source of ROS generation. Stimulation of hyperpolarized
mitochondria with a high redox potential produces more adenosine triphosphate (ATP) and releases higher levels of O? - «. O? -
« will give rise to the other types of ROS and RNS (Ahmad et al., 2017; Amorim et al., 2019).

The CNS does not have a powerful antioxidant system and requires high oxygen consumption, in addition to have
lipid components that can contribute to lipid peroxidation. All of these characteristics favor the CNS to be prone to damage
resulting from reactive species (Figure 4). Like aging, DM2, through hyperglycemia, exacerbates the effects of free radicals on

the brain, which is one of the factors in the pathogenesis of neurodegenerative diseases (Sims-robinson et al., 2011).

Figure 4. Characteristics that favor the brain to be prone to damage resulting from reactive species.
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Source: Adapted from de Maciejczyk et al. (2019).

12


http://dx.doi.org/10.33448/rsd-v10i1.XX

Research, Society and Development, v. 10, n. 1, 23410111673, 2021
(CC BY 4.0) | ISSN 2525-3409 | DOI: http://dx.doi.org/10.33448/rsd-v10i1.11673

Several hypotheses have described oxidative stress as the main factor in the pathophysiology of neurodegenerative
diseases. In PD, oxidative stress causes damage to substantia nigra, due to its highly susceptible to contain a high population of
dopaminergic neurons that produces significant amounts of ROS. In addition, being post-mitotic, neurons in the brain, once
damaged, may be permanently dysfunctional (Tsang & Chung, 2009; Tuon, 2012).

Although the nature of the neurodegenerative process seen in PD is not known, the involvement of the high oxidative
potential of dopamine in H20? generation and other ROS has been suggested, as well as the high concentration of iron and its
altered homeostasis, and low levels of glutathione (Barbosa et al., 2006; Perfeito et al., 2012; Tsang & Chung, 2009; Tuon,
2012). Another characteristic of PD is the accumulation of iron in the substantia nigra (Perfeito et al., 2012). Previous studies
in individuals with PD have identified an increase in iron concentration in post-mortem examinations, and animal models of
the disease induce iron accumulation. This evidence indicates that there is a direct relationship between iron and PD (He et al.,
2003; Mochizuki & Yasuda, 2012).

Free radicals, when they affect the a-Syn protein, cause a change in its conformation that prevents it from being
degraded, generating accumulation of aggregates and being the main component of Lewy corpuscles (Tsang & Chung, 2009).
In addition, undegraded a-Syn is possibly exociated to prevent further intracellular damage, but ends up causing an
inflammatory reaction in the extracellular environment, causing the body to produce more free radicals (Schildknecht et al.,
2013).

In AD, decline in synaptic activities, low energy metabolism and increase amount of ROS, reduced levels of
antioxidant enzymes in the frontal and temporal cortex, and presence of AP and NFTs together lead to mitochondrial
dysfunction and neuronal cell death (Ahmad et al., 2017; De Felice & Ferreira, 2014). The production of free radicals is
closely associated with the disease pathology in patients with AD. It has been shown that AB produces H?0? and releasing
substances reactive to thiobarbituric acid (TBARS) associated mainly with OH ¢ via reduction of metal ions. AP also induces
neurodegeneration targeting microglial NADPH oxidase, however, the mechanism behind this destruction is poorly understood
(Ahmad et al., 2017).

Elevated levels of AP 140 and AP 142 have been reported to be associated with increased levels of protein, lipid and
nucleic acid oxidation products in AD hippocampus and cortex (Cheignon et al., 2018). Mitochondrial dysfunction was also
involved in the pathogenesis of AD, through mitochondrial generation of ROS (De Felice & Ferreira, 2014).

The tau protein is also a target for oxidative stress in AD. 4-hydroxinonenal (4-HNE) is capable of inducing changes
in the conformation of the tau protein, favoring the formation of NFTs (Cheignon et al., 2018; Hardas et al., 2013). It is also
worth mentioning that the apoE genotype, the main cholesterol-carrying protein in the brain, affects oxidative stress, since the
plasma of AD apoe4 carriers was more oxidized than the plasma of non-apog4 AD carriers (Cheignon et al., 2018; Chico et al.,
2013).

8. Neuroinflammation Associated with the Pathophysiology of DM2, AD and PD

Insulin resistance present in DM2 generates mitochondrial dysfunction and consequently stimulates the inflammatory
process. For a long time, this process was associated only with responses to injuries, such as tissue repair and defense against
infections. Today, inflammation is considered an important factor in the pathogenesis of diseases such as AD and PD (Rees et
al., 2011).

In DM2, the inflammatory process is triggered by an increase in the secretion of adipokines, especially TNF-o and IL-
6 (Francés et al., 2013). With the increase of these adipokines, there is an inhibition of adiponectins, which are proteins that act
to assist the uptake of circulating glucose and oxidation of fatty acids in the muscles (Letra et al., 2014; Perrotta et al., 2019).

They are also responsible for inhibiting TNF-o secretion. Therefore, in diabetic patients who have increased adiposity,
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adiponectins are reduced, demonstrating their correlation with insulin resistance, as well as with hyperglycemia (Balsan et al.,
2015).

IL-6 is a pro-inflammatory cytokine secreted in response to increased liver visceral fat, responsible for increasing
production of C-reactive protein (CRP) in this tissue. TNF-a is involved in chronic inflammation process, as well as
stimulating IL-6 production through nuclear transcription factor kappa B (NF-kB) activation. In this sense, obesity is a risk
factor for DM2 development, since with the increase in adiposity there is a greater secretion of pro-inflammatory cytokines,
which act in insulin resistance process (Calle & Fernandez, 2012; Kang et al., 2016).

In AD and PD, neuroinflammation is an initial event in the development of these diseases due to neurodegenerative
process. Microglia cells are recruited in response to inflammatory process and have a similar function to macrophages, being
the main CNS defense system. These cells migrate to deposition sites of substances such as AP, and in response they secrete
pro-inflammatory cytokines such as IL-6, TNF-a, Interferon-y, CRP, in addition to ROS and RNS (Mandrekar-Colucci &
Landreth, 2012; Tumminia et al., 2018).

Although microglial activation may initially be a protective system, prolonged activation is severely harmful since
cytokines secreted in response to inflammation induce increased rates of apoptosis, as well as neuronal death. Thus, impairing
synaptic function (Sekiyama et al., 2012). In addition, TNF-a and Interferon-y have neurotoxic effects on the CNS. They
impair AP degradation by the IDE, promoting senile plaques deposition (Mandrekar-Colucci & Landreth, 2012).

Another factor that highlights the neurotoxic effect of TNF-a is the ability to make the blood-brain barrier more
permeable by suppressing the expression of tight junction proteins (JA), exposing the CNS to pro-inflammatory cytokines (De
Felice & Ferreira, 2014) (Figure 5). Studies have shown that use of non-steroidal anti-inflammatory drugs (NSAIDs) decreased
the risk of developing AD and PD (Coté et al., 2012; Rees et al., 2011).

Figure 5. In DM2, the inflammatory process is triggered by an increase in the secretion of adipokines, especially TNF-a and
IL-6.
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A recent study demonstrated that positive regulation of the Akt pathway, a specific endogenous inhibitor of NF-kB,
results in reduced neuroinflammation. That suggests a possible link between insulin signaling and neuroinflammation
(Khasnavis et al., 2012). Insulin resistance, as previously mentioned, is associated with AGEs formation, and the interaction of
its RAGE receptor triggers multiple intracellular signaling pathways, including NF-kB activation, which consequently leads to
increased oxidative stress, inflammation and neuronal death, as well as it is associated with increased a-Syn aggregation and
formation of Lewy Bodies in PD patients (Dalfd et al., 2005; J. Li et al., 2012).

Apparently, insulin resistance and inflammation have a reciprocal relationship, since insulin resistance can induce the
production of pro-inflammatory cytokines that lead to cell death and further reduce insulin sensitization by inhibiting its
receptor. Simultaneously, inflammation induces mitochondrial dysfunction, resulting in an exacerbated ROS production and

providing an increase in neurodegenerative process (Dineley et al., 2014).

9. Experimental Models

Experimental models in research can be defined as a means of materializing a part of reality. Development of
experimental models becomes important as they help in the understanding of natural phenomena, allowing greater knowledge
of physiology, etiopathogenesis of diseases, action of medicines and even surgical interventions (Ferreira & Ferreira, 2003;
Hochman et al., 2004).

Animal models can be used in all fields of biological research. In the case of experimental models, it is important to
conceptualize animal disease, which is one whose pathological mechanisms are sufficiently similar to human diseases, thus
acting as a model. This animal model must necessarily allow the assessment of natural biological phenomena, induced or
behavioral, that can be compared to human phenomena (Ferreira et al., 2005).

Due to complex interaction between genetic susceptibility and environmental factors, the pathogenesis of diabetes is
often difficult and poorly understood in humans. In addition, clinical studies in diabetic patients are often unfeasible for ethical
reasons, making animal models extremely useful and advantageous for biomedical research (Ribeiro Cesaretti & Kohlmann,
2006). Since the literature has brought DM2 as a possible factor for the emergence of neurodegenerative diseases, using the
models of induction of DM2 to assess the relationship of diabetes with the appearance of neurological changes is an interesting

proposal.

9.1 Type 2 Diabetes mellitus models
Models of DM2 induction in animals can be basically divided into 3 groups: spontaneously induced models (usually

genetically modified), diet induced models and chemically induced models (Srinivasan & Ramarao, 2012).

9.1.1 Spontaneously induced

Spontaneously induced models may be due to monogenic or polygenic changes in chromosomes involved with the
production of anorexigenic or orexigenic peptides, or the production of transgenic models and / or knockout of candidate genes
(Ribeiro Cesaretti & Kohlmann, 2006). Examples of this are the ob / ob mice, which helped to clarify the mechanism of leptin
action and the insulin resistance associated with its dysfunction. This occurs through a mutation of chromosome 6 that encodes
the leptin synthesis gene, the gene ob (Marques-Lopes et al., 2004). Other models that fit this category are db / db mice and
Zuker rats (fa / fa), because through their use it can be shown that mutations in the gene that determines leptin receptor
synthesis also determined insulin resistance in animals (Mlnzberg & Myers, 2005).

In addition to these models, transgenic animals or knockouts are also used. Among the most used are the knockouts of

insulin receptors in pancreas B cells, which showed the counter-regulatory role of insulin secretion mediated by insulin itself.
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Another example are mice deleting the intracellular signaling complexes IRS-1, IRS-2 and IRS-3, which highlighted the role of
IRS-1 in mediating the physiological effects of insulin on skeletal muscle and IRS-2 on liver, muscle, adipose tissue,

reproductive system and pancreatic B cells (Nandi et al., 2004).

9.1.2 Induced by diets

Animals used in research are kept in laboratory under strictly controlled conditions, consuming a controlled diet and
kept free of pathogens and germs. However, the fact that laboratory animals also spontaneously become diabetic, feeding on
commercial feed, it opened new horizons for research in this area. Diets high in carbohydrates or lipids, in addition to a
cafeteria diet, have been used to develop obesity and insulin resistance in animals. These experimental models were developed
in order to clarify the effects of modern lifestyle and food on metabolism (Srinivasan & Ramarao, 2012).

Rodent models have proven to be invaluable in supporting basic knowledge about human diseases. In the fields of
obesity and DM2, rodents proved to be of great value in the basic science of diseases, identifying the role of inflammation,
insulin resistance, fat content of the diet, exercise and potential treatments. This physiological similarity between the two
species is due to genetic homology. Learning as a result of using these models was transferred to human patients (Heydemann,
2016).

Sand rats remain normal when in their normal habitat, but develop obesity and diabetes when fed high-calorie diets.
This model can develop obesity, hyperinsulinemia, glucose intolerance leading to a picture of degeneration and necrosis of
pancreatic B cells, resulting in profound insulin deficiency and evident diabetes, which can lead to death (Srinivasan &
Ramarao, 2012).

Healthy mice of C57BI/6 strain become obese when fed high-fat diets, in addition to presenting hyperglycemia,
hyperinsulinemia and hyperlipidemia. They also develop peripheral resistance to leptin and manifest most of the characteristics
of patients with a genetic predisposition for the development of DM2 when they become obese (Ribeiro Cesaretti &
Kohlmann, 2006; Srinivasan & Ramarao, 2012).

According to White et al., (2013) research, in which a model of obesity induced over a 10-week period using high-fat
diets with 60% lipids was used, there was an association between obesity and insulin resistance, glucose intolerance and
hyperglycemia. In protocols that use rodents, the lineage of the animal must be taken into account, as it is known that isogenic
strains (C57BL/6, C57BL/6J, AKR/J, A/J) are the most conducive to obesity development due to its genetic uniformity
(Heydemann, 2016).

However, when using this type of induction model, some factors must be taken into account, such as the variability in
the composition of the fat and sugar used, the diet offer, whether made intermittently or continuously. Other important aspects
are the protocol induction time and the individual consumption of each animal. Another factor to be taken into account is the
difference in response between genders and also the animals age (Baker et al., 2017; Heydemann, 2016).

These genetic predispositions for the development of obesity and diabetes through diets with high energy density
serve as more realistic and appropriate models for the study of human DM2 than the alteration of a single gene. Through the
use of models like these, it was possible to broaden the knowledge about several factors that contribute to DM2 development,

and the endocrine and metabolic consequences of this syndrome.

9.1.3 Chemically induced
Chemically induced diabetes in animals has been widely used as an experimental model to study the complications
caused by diabetes. Several chemical agents are cytotoxic to beta cells in the pancreas, but treatments with alloxane and

streptozotocin (STZ) are the most used to induce diabetic complications in vertebrates (Alvarez-Rendén et al., 2018;
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Arulmozhi et al., 2004). Both chemicals are toxic analogues of glucose transported to cells via Glut 2 transporter. Both
treatments lead to insulin-producing cells necrosis, but by different mechanisms (Alvarez-Rendén et al., 2018).

Alloxane is a pyrimidine with a structure similar to uric acid and glucose. Scientific literature on alloxane as a
diabetogenic agent is extensively revised (Carvalho et al., 2003). The site of its diabetogenic action is the beta cell of the
pancreas, the binding of this substance being very fast, generating toxic free radicals, leading to cell death by necrosis
(Alvarez-Rendon et al., 2018; Rohilla & Ali, 2012).

STZ is synthesized by the yeast Streptomycetes achromogenes and was initially identified as antimicrobial, however,
preclinical studies revealed that its administration in high doses caused the destruction of B-pancreatic cells (Delfino et al.,
2002; Furman, 2015). STZ is cleaved, generating free methylnitrosourea which induces DNA fragmentation and deterioration
of necrotic cells. Although STZ can also have toxic effects on other organs, its effectiveness and side effects depend mainly on
tissue-specific Glut 2 expression, animal age and nutritional status (Alvarez-Rendodn et al., 2018).

Induction of DM2 by STZ is a well-documented experimental model (Szablewski, 2017) and, in addition to
hyperglycemia, treated animals develop most diabetic complications mediated by oxidative stress, such as neuropathy and
diabetic retinopathy (Comelli et al., 2009), and others, such as loss of body mass (Ramkumar et al., 2011; Wang et al., 2010)
and dyslipidemia (Damasceno et al., 2004). Alloxane is less used than STZ, due to the difficulties shown by some research

groups in inducing diabetes and keeping animals in good condition.

9.2 Complementary experimental models

Most experimental tests are carried out on rodents. However, in the scientific community there is a search to decrease
the use of mammals in research, making complementary experimental models more targeted (Prado et al., 2020). In this sense,
to study insulin signaling and metabolic pathways relevant to human diseases such as DM2, the Drosophila melanogaster fly,
popularly known as the fruit fly, can be used as an experimental model (Alfa & Kim, 2016). This use is justified by the
similarity between D. melanogaster neuroendocrine system and mammalian neuroendocrine system (S. N. S. Morris et al.,
2012).

Circulating glucose levels in Drosophila are under the control of insulin-like peptides (ILPs) and the glucagon-like
peptide adipokinetic hormone (AKH). Insulin-producing cells (IPCs) in adult flies synthesize three ILPs (l1p2, 1lp3 and 11p5),
and the genetic exclusion of 1lp2 causes hyperglycemia (Alfa & Kim, 2016). In addition, they also have seven insulin-like
peptides, known as DILPS, with DILP2 being the closest to insulin in humans (Alfa & Kim, 2016; Prado et al., 2020). Several
manipulations can lead to DM2: mutations in the insulin pathway components downstream from the ILPs, dietary
manipulations leading to obesity, metabolic imbalance, and hyperglycemia (Alvarez-Rendoén et al., 2018).

Mutant flies homozygous for genes in the insulin pathway are born diabetic. There are advantages to this approach:
the nature of the defect is known and the genetic context and environmental conditions can be strictly controlled. Defective
insulin signaling due to mutations can be used to explore genes that regulate insulin secretion and also DM2, with loss-of-
function mutations in the signaling pathway, in which it generates insulin resistance (Alvarez-Rendon et al., 2018).

Drosophila that are heterozygous for the mutant InR allele InR%54 (InR%5#/InR*) exhibit reduced InR activity but
otherwise have normal circulating carbohydrates (Alfa & Kim, 2016; Park et al., 2014). Although ILP production is unchanged
in these flies, circulating ILP levels are elevated, indicating an isolated increase in ILP secretion. Targeted reduction of InR
transcript in the fat body alone is sufficient to recapitulate these phenotypes (Park et al., 2014). However, whether
compensatory ILP secretion in this context is mediated by a fat-body-derived signal or an increase in glucose-stimulated

secretion from the IPCs secondary to the reduction in glucose disposal by the fat body remains unknown (Alfa & Kim, 2016).
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Providing diets for Drosophila with an increase or decrease in nutrients causes the metabolism and insulin signaling to
be deregulated (Alvarez-Rendon et al., 2018). Insulin resistance in Drosophila can be generated by the creation of flies on a
high sugar diet (HSD) (S. N. S. Morris et al., 2012) or a high fat diet (HFD) (Birse et al., 2010). HSD causes ILP-compensated
insulin resistance. However, after sustained HSD, ILP expression decreases and these flies develop hyperglycemia-like
condition (Alfa & Kim, 2016; S. N. S. Morris et al., 2012). When flies are overfed, the fat body secondarily reduces its
response to insulin to the increase in circulating ILPs, and this decrease decreases significantly over time, making flies
completely resistant at advanced ages (Alvarez-Rendon et al., 2018).

In addition to DM models using the fruit fly Drosophila melanogaster, another invertebrate model widely used in
experiments is the nematode Caenorhabditis elegans. In this nematode, genes of insulin pathway were discovered due to their
control of the formation and longevity of the dauer larva, showing a relationship between aging / nutrition / life expectancy.
The insulin receptor homolog is daf-2, the IRS homolog is ist-1, the PI3K catalytic subunit is age-1, and the regulatory subunit
is aap-1 (Alvarez-Rendon et al., 2018; Wolkow et al., 2002).

Experimental models in which the genetic strains are homogeneous and the environment is properly controlled, are of
extreme value for the knowledge of diseases of multifactorial causes. However, even if there are different models for DM2
induction in animals, some error or inadequate choice at this stage of the research can lead to an inadequate interpretation of
the data and even erroneous conclusions.

10. Conclusion

It is known that DM2 is characterized by chronic inflammation and insulin resistance, associated with an increase in
oxidative stress. Just as it is known that these factors are also associated with the processes of neurodegeneration, as occurs in
AD and PD. Because the incidence of DM2 continues to increase and its multifactorial etiology is still a target for debate,
current studies aim to try to better elucidate the correlation among these multiple factors.

As previously discussed, insulin is responsible for glucose metabolism and its uptake. However, it also acts as a
neuromodulator, helping to release neurotransmitters. Resistance to this hormone in diabetic patients is characterized by an
impaired ability to inhibit glucose output, affecting neuronal function and survival as well as the stability of synaptic plasticity.

Insulin resistance can also induce the production of proinflammatory cytokines that lead to cell death and also reduce
insulin sensitization by inhibiting its receptor. Consequently, inflammation induces mitochondrial dysfunction, resulting in
exacerbated ROS production. Another factor associated with insulin resistance is the association in AGEs formation and the
interaction of its RAGE receptor. Triggering multiple intracellular signaling pathways that lead to increased oxidative stress,
inflammation and neuronal death, providing an increase in the neurodegenerative process.

These data lead us to believe that insulin, or resistance to this hormone, has a central role as a key factor that links
these different pathologies. Because through it, other factors such as increased oxidative stress, increased production of AGEs
and exacerbated inflammation are triggered, favoring the emergence of events related to the process of neurodegeneration.
Bringing light to the connection between DM2 and neurodegenerative diseases.

In the previous sections, we highlight the correlations between DM2 and neurodegenerative diseases. Experimental
studies increasingly bring DM2 induction models as a possibility not only to better understand the endocrine and metabolic
changes resulting from DM2, but also to investigate whether these same changes are capable of triggering characteristics
similar to neurodegeneration. This provides a new research possibility for neurodegenerative diseases. It brings further
clarification about environmental factors, such as the modern lifestyle, about the emergence of diseases such as DM2 and its

association with neurodegenerative diseases, such as AD and PD (Figure 6).
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Figure 6. It appears that insulin plays a central role in the neurodegeneration process, because other factors such as increased

oxidative stress, increased AGES production and exacerbated inflammation are triggered by it.
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Further studies are needed to better understand the mechanisms that involve DM2 and the neurodegeneration
processes. Since insulin resistance seems to be the main link between these pathologies, it is extremely important to develop
research that evaluates the role of resistance to this hormone as a factor that contributes to the emergence of neurodegenerative
diseases. Thus, there will be a better clarification of these mechanisms that involve these different pathologies providing

possible improvements in their treatments.
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