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HD - Huntington’s disease

MCI - Mild cognitive impairment
T1DM - Type 1 Diabetes mellitus
T2DM - Type 2 Diabetes mellitus
AGEs - Advanced glycation end products
ROS - Reactive oxygen species
BBB - Blood brain barrier

CNS - Central nervous system
T3DM - Type 3 Diabetes mellitus
HbA1c - Glycated hemoglobin

APP - amyloid precursor protein
PSEN1 - presenilin1

PSEN2 - presenilin 2

RNS - Reactive nitrogen species



APOE - Apolipoprotein E
VEGEF - Vascular Endothelial Growth Factor

WMH - White matter hyperintensity



Contents

Summary

Sazetak

Introduction

Diabetes Mellitus
2.1. Definition and classification
2.2. Type 2 Diabetes Mellitus
2.3. Complications of diabetes

Neurodegenerative diseases
3.1. Definition
3.2. Alzheimer’s disease
3.3. Parkinson’s disease

Diabetes mellitus and the brain

4.1. Insulin resistance in the brain
4.1.1. Effects of insulin, glycemic control and cognition
4.2. Microvascular changes in Diabetes mellitus

4.2.1. Endothelial dysfunction

4.2.2. Cerebral neovascularization dysfunction and neurogenesis
4.4. Macrostructural brain changes in diabetes

4.4.1. Cerebral atrophy
4.4.2. Neuronal dysfunction

4.4.3. White matter tract abnormalities
4.5. Common underlying processes in Alzheimer’s, Parkinson's and Diabetes
4.5.1. Oxidative stress and Inflammation
4.5.2. Advanced Glycation End-products (AGES)
4.5.3. Mitochondrial dysfunction

Conclusion
Acknowledgments
References

Biography

-—

O NNSN O+ 0w



Summary

Title: Diabetes as a risk factor for neurodegenerative diseases
Author: Laura Tomi¢

Both diabetes mellitus and neurodegenerative diseases have become major health
challenges worldwide. Diabetes mellitus is now known to be a major risk factor for
cognitive decline, dementia and Parkinson’s disease. It has also been shown that the
risk of cognitive decline and neurodegeneration is not only seen in diabetic patients, but
it is also increased in patients with prediabetes and metabolic syndrome. Chronic
hyperglycemia suppresses substantia nigra dopaminergic neuronal firing and decreases
dopamine turnover, as well as induces chronic brain insulin resistance, ultimately
leading to impaired brain insulin signaling. Recent studies have focused on the role of
insulin and impaired insulin signaling as a link between diabetes and neurodegenerative
diseases. Impairments in brain insulin signaling mechanisms, together with
hyperglycemia, might induce the molecular and biochemical changes such as
dysfunction of the mitochondria, oxidative damage, and inflammatory responses,
ultimately leading to pathological lesions seen in neurodegenerative diseases, as well
as in diabetes mellitus. In addition, microvascular changes are also a critical factor
involved in the etiology of diabetes mellitus and neurodegenerative diseases. Taken
together, the complex systemic effects of diabetes mellitus on neurodegenerative

diseases require further investigation.

Keywords: diabetes, neurodegenerative diseases, Alzheimer’s, Parkinson’s



Sazetak

Naslov: Dijabetes kao rizik za razvoj neurodegenerativnih bolesti
Autor: Laura Tomi¢

Seéerna bolest i neurodegenerativne bolesti postale su velikim zdravstvenim izazovima
danasnjice. Seéerna bolest poznata je kao glavni faktor rizika za kognitivne poremeéaje,
demencije i Parkinsonovu bolest. Rizik za razvoj neurodegenerativnih bolesti i
kognitivnih poremecaja nije samo povecan kod Seéerne bolesti, vec i kod pacijenata s
predijabetesom ili metabolickim sindromom. Kroni¢na hiperglikemija potiskuje “paljenje”
dopaminergickih neurona substantije nigre i smanjuje omjer dopamina i njegovih
metabolita, te inducira kroni¢nu inzulinsku rezistenciju u mozgu i dovodi do
promijenjene signalizacije inzulina u mozgu. Nedavne studije usmjerene su na ulogu
inzulina i promijenjenu signalizaciju inzulina kao poveznicu izmedu dijabetesa i
neurodegenerativnih bolesti. OsteCenja u mehanizmima signalizacije inzulina u mozgu,
zajedno s hiperglikemijom, mogu izazvati molekularne i biokemijske promjene kao Sto
su disfunkcija mitohondrija, oksidativni stres, i upalni odgovori, $to u konacénici dovodi
do patoloskih lezija u neurodegenerativnim bolestima, kao i do Secerne bolesti. Osim
navedenih promjena, mikrovaskularne promjene klju€ni su ¢imbenik u etiologiji Secerne
bolesti i neurodegenerativnih bolesti. Stoga, s obzirom na vrlo kompleksnu pozadinu
ovih procesa, slozeni sistemski ucinci Secerne bolesti na razvoj neurodegenerativnih

bolesti zahtijevaju daljnje istrazivanje.

Klju€ne rijeci: Secerna bolest, neurodegenerativne bolesti, Alzheimer, Parkinson



1. Introduction

Diabetes mellitus (DM) is one of the fastest growing health challenges of the 21st
century, with the number of adults living with it having more than tripled over the past 20
years (International Diabetes Federation, 2017), resulting in the global prevalence of
DM in persons older than 18 years of 8,5% (World Health Organization, 2014). This
prevalence rises to 12-15% in persons older than 65 years (Wild et al, 2004).

With the aging population, neurodegenerative diseases (NDD) have also become a
major burden. Alzheimer’s disease (AD) and Parkinson’s disease (PD), the most
common types of NDDs, affect more than 50 million people worldwide (Global burden of
disease study, 2015). Out of more than a 100 neurodegenerative disorders known
(McKusick et al, 2004), 20% are associated with DM (Ristow, 2004). Comparing this to
the prevalence of DM of 8,5% in the general population, the prevalence of DM among
persons suffering from NDDs is substantially higher, although there is not enough
information on the exact, overall statistics.

The effects of DM on the brain are now well recognized. It is known to be a major risk
factor for cognitive decline, dementia and PD (Verdile et al, 2015, De Pablo-Fernandez
et al, 2018). Many studies show that the risk of cognitive decline and neurodegeneration
is also increased in patients with prediabetes and metabolic syndrome (Luchsinger et al,
2004). Most intriguing is the possibility that PD, AD and type |l diabetes share common
abnormal cellular processes in the brain. For example, new evidence demonstrates that
insulin signaling may be abnormal in AD, PD and neurodegenerative diseases in

general. In addition, dysfunction of the mitochondria (the cell’'s energy producing


https://pubmed.ncbi.nlm.nih.gov/?term=De+Pablo-Fernandez+E&cauthor_id=29898968

center), oxidative damage, and inflammatory responses, may all play a role in diabetes
as well as in neurodegenerative diseases (De Pablo-Fernandez et al 2018, Barilar et al
2020). Etiology of diabetes and neurodegenerative diseases is quite complex, but
based on literature data, we will try to summarize potential mechanisms underlying

hypoglycemia/hyperglycemia-induced impairment of brain function.



2. Diabetes Mellitus

2.1. Definition and classification

Diabetes mellitus is a clinical syndrome characterized by inappropriate glucose
metabolism resulting in hyperglycemia caused by relative or absolute deficiency of
insulin, most commonly due to Type 1 (T1DM), or Type 2 Diabetes Mellitus (T2DM).
Lack of insulin affects the metabolism of carbohydrates, proteins and fats, and can
cause significant disturbance of water and electrolyte homeostasis.

DM is associated with an array of microvascular, macrovascular, and neuropathic
complications, most commonly affecting the eye (retinopathy), the kidney
(nephropathy), the cardiovascular system (coronary artery disease, cerebrovascular
disease, peripheral artery disease) and the nervous system (neuropathy) (Davidson,
2010).

According to the World Health Organization (WHO), the vast maijority of diabetic
patients are classified into one of two main categories: type 1 diabetes mellitus, which is
caused by an absolute or near absolute deficiency of insulin, or type 2 diabetes mellitus,
which accounts for 90-95% of all cases of DM worldwide (Zheng et al, 2017) and is
characterized by the presence of insulin resistance with an inadequate response of
insulin secretion. In addition, diabetes during pregnancy is classified as gestational
diabetes, and finally, there is a variety of rare and diverse types of diabetes, caused by
infections, drugs, endocrinopathies, pancreatic destruction, and genetic defects. These

unrelated forms of diabetes are classified as “Other Specific Types”.



2.2. Type 2 Diabetes Mellitus

Type 2 Diabetes Mellitus is a more complex condition than T1DM because there is a
combination of resistance to the actions of insulin in the liver and muscle together with
impaired pancreatic B-cells, which leads to “relative” insulin deficiency. Insulin
resistance comes first, which means that there is an elevated insulin secretion in order
to maintain normal blood glucose levels. In the setting of insulin resistance, the liver
inappropriately releases glucose into the blood. However, other potentially important
mechanisms associated with type 2 diabetes and insulin resistance include increased
breakdown of lipids within adipocytes, resistance to and lack of incretin, high glucagon
levels in the blood, increased retention of salt and water by the kidneys, and
inappropriate regulation of metabolism by the central nervous system. However, not all
people with insulin resistance develop T2DM since an impairment of insulin secretion by
pancreatic B-cells is also required.

Unlike T1DM, T2DM is commonly associated with visceral obesity, hypertension and
dyslipidemia - all of these conditions predispose to cardiovascular disease, which
altogether, is referred to as “insulin resistance syndrome” or “metabolic syndrome”.

At the time of diagnosis, around half of B-cell function has been lost, and it worsens with
time, with a slow onset of “relative” insulin deficiency. In T2DM hyperglycemia develops
slowly, over months, or even years and there is a rise in the renal threshold for glucose,
so that the glycosuria is limited. Thus, patients are often asymptomatic and only present
with a long history of fatigue. If they, however, do present with symptoms, the classic

symptoms are polyuria, polydipsia, polyphagia and weight loss. T2DM is usually



diagnosed based upon plasma glucose criteria obtained during fasting or a 2-h plasma
glucose value following an oral glucose tolerance test where fasting plasma glucose is
>7.0 mmol/L after at least an 8-h fast, or 2-h plasma glucose =11.1mmol/L during an
oral glucose tolerance test. More recently, hemoglobin A1C (HbA1c) values 26.5% have
been added as a third option in the diagnosis of T2DM (Standards of Medical Care in

Diabetes, 2014).

2.3. Complications of diabetes

Diabetes is associated with an array of both acute and chronic complications. Here, |
will focus only on the chronic complications affecting the microcirculation and the brain.
Microvascular complications are characterized by the basement membrane thickening,
due to hyperglycemia, of the smallest vessels and those include diabetic retinopathy,
nephropathy, neuropathy and neurodegeneration, whereas damage to the large blood
vessels leads to macrovascular complications such as coronary artery disease,
peripheral artery disease and cerebrovascular disease.

The main focus of this thesis is the effect of diabetes on the brain, and more specifically
on cognition, memory and motor function.

Hyperglycemia appears to be related to abnormalities in cognitive and motor function in
patients with both type 1 and type 2 diabetes. However, the mechanisms through which
hyperglycemia might mediate this effect are less than clear.

In other organs, hyperglycemia alters function through a variety of mechanisms



including polyol pathway activation, increased formation of advanced glycation end-
products (AGEs), diacylglycerol activation of protein kinase C, and increased glucose
shunting in the hexosamine pathway (Brownlee, 2001). These same mechanisms may
be operative in the brain and induce the changes in cognitive and motor function that
have been detected in patients with diabetes (Kodl and Seaquist, 2008).

In a study performed by Nunley et al. there has been found a higher white matter
hyperintensity (WMH) on MRI in patients suffering from DM compared with healthy
individuals indicating the damage of small vessels in periventricular and subcortical
areas (Nunley et al., 2015, Tamura and Araki 2015). Also, slower information
processing speed progression of cognitive decline and functional disability is associated
with white matter hyperintensities (Nunley et al., 2015,Wardlaw et al., 2013 Tamura and
Araki 2015). Additionally it has been reported that markers of insulin resistance and
WMH are related in patients with DM (Anan et al 2010, Tamura and Araki 2015).
Furthermore the WMH commonly observed on brain imaging of patients with
Parkinson's disease (PD) are associated with balance, gait impairment and cognition

(Herman et al 2013, Bohnen et al 2010).



3. Neurodegenerative diseases

3.1. Definition

Neurodegenerative diseases are characterized by a progressive loss of structure and
function of neurons. The main feature in neurodegenerative brain disorders are loss of
neurons and as a consequence we can see degeneration of one part of the brain (e.g.
hypothalamus or substantia nigra) and in the end, we see the atrophy of the whole
brain. Also, in neurodegenerative disorders, the deposition of proteins showing altered
physicochemical properties in the brain and in the peripheral organs (also known as
misfolded proteins) can be seen (Kovacs, 2017).

This heterogeneous group of chronic ilinesses includes Alzheimer’s disease,
Parkinson’s disease, motor neuron disease, the trinucleotide repeat disease (i.e. the
autosomal dominant spinocerebellar ataxias and Huntington’s disease (HD)), and many

others. However, | will briefly describe the most common neurodegenerative disorders.

3.2. Alzheimer’s disease

Alzheimer’s disease is the most common cause of dementia, accounting for 60-70% of
all cases. AD affects approximately 15% of individuals of age 65 years or older and
approximately 45% of those aged 85 or more (Aminoff et al, 2015). Its prevalence is
estimated to be more than 45 million cases worldwide (Global burden of disease study,

2015).



AD is a progressive, neurodegenerative disorder that is usually divided into late onset
sporadic AD (95% of all AD cases) and rare early onset familial form that accounts for
5% of all cases. The familial form is due to mutations in three major genes (amyloid
precursor protein (APP) gene, presenilin1 (PSEN1) gene and presenilin 2 (PSEN2)
gene) (Piaceri et al, 2013).

On the other hand the etiopathology of sporadic AD is complex and not yet elucidated.
People with one €4 allele have 3-4 times more chance to develop AD than those who do
not have it and the risk of developing AD linked to apolipoprotein E (APOE) €4 allele is
two times greater in diabetic €4 carriers (Sims-Robinson et al., 2010, Peila et al., 2002)
AD is defined by characteristic histopathologic features, especially neuritic (senile)
plaques - extracellular deposits mainly containing B-amyloid but also other proteins, like
APOE and synuclein. Plaques can also be found in the walls of cerebral and meningeal
blood vessels, producing cerebral amyloid angiopathy. Another distinct histopathologic
feature of AD are neurofibrillary tangles - intracellular deposits containing
hyperphosphorylated tau protein and ubiquitin (Weller and Budson 2018. Aminoff et al,
2015).

The clinical progression of AD is thought to have a presymptomatic phase of about
10-15 years, which is characterized by the glucose hypometabolism, loss of neurons,
increased phosphorylation of tau protein and increased amyloid beta 1-42 in
cerebrospinal fluid, followed by a symptomatic phase during which amyloid plaques and
neurofibrillary tangle formation occurs accompanied by extensive neuronal loss which

is, at the end of the disease, seen as brain atrophy and enlarged ventricles (Mathis et

al., 2003, Aminoff et al, 2015).


https://pubmed.ncbi.nlm.nih.gov/?term=Piaceri+I&cauthor_id=23276979
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5830188/%23R68
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5830188/%23R68

Early in the course of the disease, a term mild cognitive impairment (MCI) is often used
to describe cognitive decline in patients who are later diagnosed with AD. It usually
presents with impairment of recent memory and may be noticed only by family
members. As the time goes by, the patients can become disoriented to time and place,
and develop aphasia, anomia and acalculia, which forces them to stop working (Weller
and Budson 2018, Aminoff et al, 2015).

In the late stages, psychiatric symptoms ensue, such as psychosis with paranoia,
hallucinations and delusions. Rare features in the late stages of the disease include
incontinence, spasticity and myoclonus. In the terminal phase of the disease
complications like eating problems, dyspnea, febrile episodes and pneumonia start to
occur (Aminoff et al, 2015).

Currently available treatment options haven’t shown to reverse symptoms or to stop the
progression of the disease. However, some drugs such as memantine (an NMDA-type
glutamate receptor antagonist) and acetylcholinesterase inhibitors may produce modest

improvements (Weller and Budson 2018).
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Figure 1: Progression of Alzheimer’s disease



3.3. Parkinson’s disease

Parkinson’s disease (PD) is the second most common chronic neurodegenerative
disorder, after Alzheimer’s disease. Currently, the cause(s) of the majority of PD cases
remains unknown. Less than 10% of PD cases can be directly linked to monogenic
mutations. Environmental factors, or a combination of both environment and genetic
susceptibility, have been proposed to play a role in sporadic PD (Dauer and
Przedborski, 2003). PD is diagnosed at advanced stages when more than 80% of
dopaminergic neurons in substantia nigra is lost (Dauer and Przedborski, 2003) .
Histopathologic findings present with loss of pigmentation and cells in the substantia

nigra and other brainstem centers, cell loss in the globus pallidus and putamen, and

Lewy bodies containing a-synuclein in the basal ganglia, brain stem, spinal cord and

sympathetic ganglia (Dauer and Przedborski, 2003).

The most prominent clinical findings are the motor abnormalities, including tremor,
rigidity, hypokinesia and abnormal gait and posture, which appear to result from altered
patterns of inhibition and excitation within the basal ganglia and its connection via direct
and indirect pathways. Dopamine and acetylcholine act as neurotransmitters in this
region, and in PD, the normal balance between these two antagonistic
neurotransmitters is disturbed because of dopamine depletion in the dopaminergic
nigrostriatal system (Aminoff et al, 2015).

PD also affects many other areas of the central nervous system, such as the dorsal
motor nucleus of the vagus, the nucleus basalis of Meynert, the locus coeruleus, and
the hypothalamus (Braak et al. 2004). Affection of those regions accounts for

Non motor manifestations like cognitive decline, executive dysfunction and personality

10
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changes, depression, anxiety and sleep disturbances (Chaudhuri et al, 2005).
Furthermore, recent evidence suggests that non motor manifestation such as
constipation, olfaction, rapid eye movement, behavior disorder, fatigue, and depression
may be markers of a preclinical stage of PD (Chaudhuri et al, 2005) (Fig. 2).

Currently there is no curative treatment for PD and all of the therapy is oriented towards
symptoms relief. Treatment of the motor symptoms is directed towards enhancing
dopaminergic transmission by levodopa, dopamine agonist and monoamine oxidase-B
inhibitors, catechol-O-methyltransferase inhibitors. Also, clozapine is effective for
hallucinations, cholinesterase inhibitors may improve symptoms of dementia and
antidepressants and pramipexole may improve depression. As for the sporadic forms of

AD and PD, the etiology is complex and the therapy is only symptomatic.

Motor symptoms Non-motor symptoms
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Figure 2: Progression of Parkinson’s disease
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4. Diabetes mellitus and the brain

4.1. Insulin resistance in the brain

Insulin was first isolated in 1922 by Banting and Best, and it is a major regulator of
blood glucose levels, stimulating the uptake of glucose by the muscles, liver and
adipose tissue. However, the uptake of glucose by the brain cells and its transport to the
brain is almost entirely independent of insulin. The non-insulin sensitive glucose
transporters GLUT-1 for blood brain barrier (BBB) and astrocytes, GLUT-3 for neurons
and GLUT-5 for microglia are responsible for the majority of glucose uptake by the
central nervous system (CNS) (McEwen and Reagan, 2004).

One would then assume that the CNS is an insulin-insensitive tissue, especially
knowing that insulin, being a protein, shouldn’t be crossing the BBB. Yet, there are
many insulin receptors distributed throughout the brain, and insulin, in fact, is
transported across the BBB using a saturable transport system (Schwartz et al., 1991;
Baura et al., 1993; Poduslo et al., 1994; Banks et al., 1997). Some cells in the
hypothalamus, hippocampus and cerebellum actually do possess the insulin-sensitive
transporters such as GLUT-4 (Grillo et al, 2009) and GLUT-8, but it still doesn’t change
the fact that glucose uptake in the brain is largely independent of insulin. Therefore,
insulin must have other functions in the brain.

One of the first actions found for insulin in the CNS is its effect on feeding and serum
glucose. CNS insulin has opposite effects comparing to peripheral insulin - it increases

blood glucose levels, decreases feeding and body weight and even decreases blood

levels of insulin (Debons et al., 1970; Hatfield et al., 1974; Strubbe & Mein, 1977; Ajaya

12



& Haranath, 1982; Woods & Porte, 1983; Brief & Davis, 1984; Florant et al., 1991;
Schwartz et al., 1992; Figlewicz et al., 1995; Bruning et al., 2000).

Even though peripheral increase in insulin and insulin resistance are known risk factors
for the development of AD (Luchsinger et al., 2004), it seems that in the brain, it is the
insulin deficiency that occurs in AD (Banks et al, 2012). There are many mechanisms
explaining the connection between AD and insulin, one of them being the insulin’s role
as a growth factor in the CNS, affecting synaptogenesis and nerve growth (Nelson et al,
2008), meaning that insulin resistance could lead to cognitive decline (Hoyer, 2004).
Furthermore, insulin has been suggested to have some other effects in the brain. For
example, in rats, it has been found that down regulation of insulin receptor expression in
hypothalamus results in depressive-like behavior (Grillo et al, 2011). Insulin receptors
are distributed throughout the brain, especially in the olfactory bulb, cerebral cortex,
hypothalamus, hippocampus and cerebellum (Havrankova et al, 1978;Unger et al.,
1989; Wozniak et al., 1993). Insulin receptor levels are also higher in neurons than in
glial cells (Unger et al., 1989) and these levels decrease with aging, suggesting its role
in the aging process (Frolich et al., 1998; Chung et al., 2002; Bosco et al., 2011). Aging
is also one of the biggest risk factors for PD, and normal aging is associated with a
decrease in peripheral insulin receptor sensitivity. Studies indicate that mRNA levels of
insulin receptors in the brain decline with age, particularly in the hypothalamus, cortex
and hippocampus, and this leads to chronic secondary hyperinsulinemia (Kushner,
2013; Zhao et al., 2004). However, this physiological age-related decline in insulin
signalling seems to be enhanced in PD. Studies show marked loss of insulin receptor

mMRNA in the substantia nigra pars compacta of patients with PD and increased insulin

13



resistance compared with age matched controls (Duarte et al., 2012; Morris et al., 2014;
Takahashi et al., 1996). Furthermore, it has been shown that these changes may
precede the death of dopaminergic neurons (Moroo et al., 1994).

Resistance to insulin at peripheral tissue receptors is called T2DM, and by extension, a
resistance to insulin at the brain receptors is referred to as diabetes mellitus type 3
(T3DM). A few studies have reported resistance to insulin at the CNS receptors,
showing less activation of cellular machinery when the cells are exposed to insulin
(Banks et al., 2012).

William Banks and others have suggested that resistance to insulin at the peripheral
receptors (T2DM) and at the CNS receptors (T3DM) may occur together, as well as
independently (Banks et al., 2012). It remains unclear whether the effects of T2DM and
T3DM on cognitive functions are similar and whether resistance to insulin in the CNS is
an immediate result of insulin resistance at the peripheral tissues (Banks et al., 2012).
However, it is clear that insulin action is very important for the health of the CNS and for

the development of neurodegenerative diseases.

4.1.1. Effects of insulin, glycemic control and cognition

The term pre-diabetes is used when there is a presence of insulin resistance, although
enough insulin is still produced to prevent a definite diabetes, but it results in impaired
glucose tolerance and impaired fasting glucose levels (Luchsinger et al., 2004; Cole et
al., 2007). In pre-diabetes, there is an abnormally high level of insulin, persisting for
many years or even decades (Roriz-Filho et al., 2009). An excessively high level of

insulin in the blood is correlated with neurodegeneration and cognitive decline

14



(Luchsinger et al., 2004), which was supported by studies evaluating
neuropsychological performance in pre-diabetic individuals (Yaffe et al., 2004).
Hyperinsulinemia and impaired glucose tolerance were correlated with reduced Mini
Mental State of Examination scores (Folstein et al., 1975) and associated with an
increased risk for mild cognitive impairment. In a study done by Convit and others,
decreased glucose tolerance was linked with lower general cognitive performance,
memory impairment and hippocampal atrophy on the MRI (Convit et al., 2003).
Cognitive tests performed in people with high glycated hemoglobin compared to
individuals having normal levels of HbA1c, showed decline in memory regardless of
diabetes status (Zheng et al., 2018).

Impaired glucose tolerance is one of the components of metabolic syndrome, together
with central obesity, hypertension, hyperlipidemia and hypercholesterolemia. Each of
these is an individual risk factor for stroke, but when it comes to the pathogenesis of the
peripheral or central neuropathy, hyperglycemia is more important than the other
components (Singleton and Smith, 2006).

The detrimental effects of hyperglycemia on the brain are mediated through high levels
of glucose activating the polyol and hexose pathways, inducing hyperosmotic stress in
cells and generation of reactive oxygen species (ROS) and advanced glycation end
products (AGEs) (Brownlee, 2001). ROS and AGEs are directly implied in aging, but all
of these mentioned phenomena take part in inducing microvascular changes, leading to
microinfarctions and brain atrophy and resulting in cognitive decline and dementia
(White et al., 2002). There may also be an important relationship between

neurodegeneration, insulin signalling and glucose utilisation in the brain. Using PET
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imaging, Borghammer et al. have shown that patients with PD present with widespread
cortical hypometabolism compared to control subjects, which is seen even in the early
stage (Borghammer et al., 2010).

Similarly, abnormal cerebral glucose metabolism may also be linked to cognitive decline
in PD. Significantly pronounced glucose hypometabolism in the frontal and parietal
cortices is seen in PD patients with mild cognitive impairment and dementia, compared
to controls of the same age (Hosokai et al., 2009; Huang et al., 2008; Liepelt et al.,
2009; Yong et al., 2007) and may predict cognitive decline (Dunn et al., 2014; Peppard
et al., 1992).

Also, studies have found that in healthy individuals peripheral insulin resistance is
associated with cerebral glucose hypometabolism in the parietotemporal, frontal, and
cingulate cortices (Baker et al., 2011) and that it may predict worse outcomes in
memory (Willette et al., 2015b). Since PD has a diverse nature of pathophysiology
underlying cognitive impairment, these patterns of cerebral regional hypometabolism
are also seen in early stage AD, suggesting that insulin resistance may act as a
predicting biomarker for identifying patients at risk of developing cognitive decline and
AD (Baker et al., 2011; Willette et al., 2015a, 2015b)

Decreased cerebral glucose metabolism causes a rise in intracellular ATP/ADP, which,
in turn, inactivates potassium channels - which modulate dopamine release from
dopaminergic neurons (Levin, 2000), and increase the risk of cognitive decline (Willette
et al., 2015b). Although this hypometabolism may not directly be related to insulin
resistance in the neurons, as insulin does not directly affect neuronal glucose uptake,

but this reduced cerebral glucose metabolism may occur as a secondary consequence
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of reduced postsynaptic neurotransmission (resulting from reduced insulin signalling),

as glutamate and other agents stimulate glucose uptake in the brain (Talbot and Wang,

2014).

4.2. Microvascular changes in Diabetes mellitus

Diabetes is associated with both functional and structural changes in the cerebral
vascular system, which can, for example, increase the risk of neuronal damage and
dysfunction in brain neurogenesis (Brands et al 2004). Microvascular changes affect the
small arteries, arterioles, venules, and capillaries of the brain (Wardlaw et al., 2013).
Early microvascular pathophysiological changes in DM comprise of the reduced
availability of vasodilating molecules, in particular nitric oxide due to its binding to
superoxide forming peroxynitrite, which plays a central role (Hosseini and Abdollahi,
2013). Additional vasoconstrictive factors, such as sympathetic tone and angiotensin I
levels, are increased (Cameron et al 2001). Secondly, there are changes in endothelial
function and neovascularization, which leads to blood—brain barrier hyperpermeability
(Prakash et al., 2012; Horani and Mooradian, 2003). Thirdly, increased arterio-venous
shunting reduces endoneurial blood flow (Cameron et al 2001). Later on, structural
changes such as pericyte degeneration, capillary membrane thickening and decreased
capillary density may occur in the brain (Johnson et al., 1982). All of the above
mentioned changes have a significant impact on microvascular integrity in the brain of
patients with T2DM. Furthermore, all of these changes in microvascular integrity can be

seen on neuroimaging as recent small subcortical infarcts, lacunes, white matter
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hyperintensities, perivascular spaces, microbleeds (Wardlaw et al., 2013, Imamine et
al., 2011). The clinical manifestation can be presented as stroke or cognitive decline, or
can be asymptomatic. As mentioned above, there are numerous studies reports on
white matter hyperintensity in patients with T2DM, which is also related to impaired
cognition in the patients with T2DM, (Manschot et al., 2006; Jongen et al., 2007; van
Harten et al., 2007; Imamine et al., 2011) especially when it comes to processing speed,

memory, attention and motor speed.

4.2.1. Endothelial dysfunction

As stated above, there are many pathways contributing to vascular changes leading to
endothelial dysfunction. Dysfunctional endothelial cells have defective vasodilatory
responses after agonist stimulation, and can not maintain barrier integrity leading to the
formation of edema (Bonds et al., 2016). Loss of function of endothelial cells may
contribute to the etiology of cardiovascular disease characterized by vascular
hyperpermeability, chronic inflammation, and hypertension (Bonds et al., 2016).
Therefore, disruption of the ability of the endothelial cells microenvironment to maintain
homeostasis of partner cells may be linked to neuropathologies such as AD (Bonds et
al., 2016).

The possible connection between functional changes in the vascular network and the
viability of neural tissue impacting cognition, motion, and memory, as indicated in this
study, is that inflammation affects the capacity of endothelium to transport peptides from
the circulation to the surrounding tissues (Bonds et al., 2016). The endothelium is

crucial in transporting a number of compounds through the blood vessel wall. Oxidative
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stress accompanies inflammation and is significantly enhanced in diabetic patients
(Brouwers et al., 2010; Giacco & Brownlee, 2010; Kohen Avramoglu et al., 2013; Pi et
al., 2009; Stadler, 2012), providing a possible connection between chronic inflammation
and changes in the endothelium that impact cerebrovascular homeostasis. It is, thus,
very probable that reduced access of insulin to these areas would produce notable
deficits in the ability of these cells to sustain themselves, function normally, and survive

stress (Lazarov and Tesco, 2016).

4.2.2. Cerebral neovascularization dysfunction and

neurogenesis

Several studies have shown that there is an increase in cerebral neovascularization in
T2DM (Silvestre & Levy, 2006; Li et al., 2010; Prakash et al., 2013). However, these
new, small vessels do not mature properly, resulting in an increase of non perfusable
tissue and blood-brain barrier hyperpermeability (Prakash et al., 2012). Actually, this
creates a hypoxic environment where the metabolic demands of the surrounding tissue
cannot be met. However, it must be taken into account that these studies focused on
neovascularization in the cerebral cortex and not on the neurogenic areas of the brain
that are associated with learning and memory: the subgranular layer of the
hippocampus and the subventricular zone.

Neurogenesis plays a role in the process of learning and memory (Zhao et al., 2008).
Beauquis et al. showed that vascularization of the hippocampus is significantly
decreased in T2DM (Beauquis et al., 2010). This same study also shows that, while

there is a significant increase in the number of proliferating neuroblasts, these cells do
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not survive to incorporate into the granular cell layer. Their findings propose that the
survival of new neurons depends markedly on the brain's ability to provide functional
vasculature. The formation of new neurons in both the subventricular zone and the
subgranular layer are crucial to brain plasticity (Lazarov et al., 2010). This process of
neurogenesis has been shown to be defective in AD (Demars et al., 2010; Lazarov et
al., 2010) and this compromised vascular function observed in T2DM can also
compromise the regenerative capacity of the brain, eventually causing and/or

accelerating the onset of AD and PD.

4.4. Macrostructural brain changes in diabetes

As discussed before, many studies, using the conventional magnetic resonance
imaging (MRI), have detected macrostructural brain changes occurring in the brains of
diabetic patients (van Bussel et al., 2017).

In this subheading, | will briefly go through the recent evidence using brain imaging for
cognitive impairment in T2DM, summarizing the studies investigating cognitive

performance in patients with T2DM, using different MRI techniques.
4.4.1. Cerebral atrophy

Brain atrophy is defined as the shrinkage of brain tissue, which is a result of neuronal
loss and its connection (Jobst et al., 1994). Many studies on T2DM, with the help of
various MRI techniques, reported on brain atrophy (den Heijer et al., 2003; de Bresser

et al., 2010; van Elderen et al., 2010). It has been found that there are associations
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between brain atrophy and decreased cognitive performance in different aspects
(Tiehuis et al., 2009; Hayashi et al., 2011; Moran et al., 2013; Zhang Y. et al., 2014),
including memory, attention and higher executive function, speed of processing, motor

and sensory speed.

4.4.2. Neuronal dysfunction

Neuronal dysfunction refers to a disorder in the central nervous system and it affects the
brain processes, including reduced function in certain brain regions and connectivity
between different brain regions (Zhou et al., 2010). Functional MRI has the ability to
connect the increased neuronal activities to increased blood flow and oxygenation (van
Bussel et al., 2017). Different studies, using a measure of spontaneous neuronal activity
reported abnormal brain activity in diabetic patients (Zhou et al., 2010; Musen et al.,

2012; Xia et al., 2013; Cui et al., 2014).

4.4.3. White matter tract abnormalities

White matter tract abnormalities refer to impaired integrity or altered organization of
axonal bundles and can be studied using diffusion MRI. Diffusion MRI studies imply that
patients with type 2 diabetes exhibit white matter tract, microstructure and network
abnormalities (Yau et al., 2009; Falvey et al., 2013; Zhang J. et al., 2014, 2016; van
Bussel et al., 2016b; Xiong et al., 2016).

Abnormalities in diffusion MRI were found in different tracts, including the superior
longitudinal fasciculus (Reijmer et al., 2013), uncinate fasciculus (Reijmer et al., 2013;

Hoogenboom et al., 2014), inferior longitudinal fasciculus (Reijmer et al., 2013), corpus
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callosum (Reijmer et al., 2013), and cingulum bundle (Hoogenboom et al., 2014). These
abnormalities were linked to defective processing speed and memory (Reijmer et al.,
2013; Hoogenboom et al., 2014) and they point to an underlying glucose-mediated
mechanism, as HbA1c hemoglobin and fasting blood glucose were also associated with
these tract abnormalities (Hoogenboom et al., 2014). Moreover, altered hippocampal
white matter connectivity appears to be associated with memory decline and type 2

diabetes (van Bussel et al., 2016b).

4.5. Common underlying processes in Alzheimer’s,

Parkinson’s and Diabetes

Multiple studies have shown that diabetic patients have an increased risk of developing
AD, compared with individuals who are not diabetic, but are of the same sex and age
(Brands et al., 2005; Biessels et al., 2006). According to a study published in the journal
Diabetes, more than 80% of AD cases presented with either T2DM or an impaired
glucose metabolism disorder (data collected from the Mayo Clinic Alzheimer Disease
Patient Registry) (Janson et al., 2004). In patients with T2DM, there was a significant
positive correlation between the duration of diabetes and the density of AB plaques
(Janson et al., 2004). Studies performed in diabetic animal models, which have been
studied for AD pathology, discovered the presence of AD pathology in diabetes (Jash et
al., 2019). Increase in tau phosphorylation was observed in post-mortem brains from
patients with T2DM (Liu et al., 2009). There are several molecular connections which

have been investigated to find a link between DM and AD. As mentioned above,
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hyperglycemia can lead to many pathophysiological processes including ROS and
AGEs formation causing damage to the brain (Biessels et al., 2002).

Besides its well-known role in AD, recent studies suggest that insulin resistance also
occurs in the brains of patients with PD, probably as the contributing factor in the
pathology of PD (Athauda and Foltynie, 2016). However, it was almost 60 years ago
when scientists started to explore the possible connection between DM and PD. Studies
showed that DM worsens both motor and cognitive deficits in patients with PD (Schwab,
1960), and that parkinsonian patients without DM present with glucose intolerance
(Barbeau et al., 1961) and hyperglycemia (Boyd et al., 1971). Also, a diet rich in
carbohydrates with high glycemic index has been associated with greater chances of
developing PD (Cheng et al., 2009; Murakami et al., 2010; Yang and Cheng, 2010;
Stafstrom and Rho, 2012).

Furthermore, both insulin resistance and downregulation of the insulin receptors in the
substantia nigra have been found in PD patients (Moroo et al., 1994; Takahashi et al.,

1996; Duarte et al., 2012). Possible mechanisms linking insulin resistance and PD might

include a-synuclein aggregation, inflammation in the neurons and defects in

mitochondrial function (Athauda and Foltynie, 2016). Insulin signalling can affect the

degradation of a-synuclein and inhibit a-synuclein fibril formation by activating the

insulin-degrading enzyme (Sharma et al., 2015).

4.5.1. Oxidative stress and Inflammation

Hyperglycemia assists in the glycation of many proteins which can enhance antigenic

responses. Also, glycation promotes inflammatory responses by increasing the
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production of pro-inflammatory cytokines and decreasing the production of anti-
inflammatory molecules. Thus, DM can produce a state of inflammation that leads to
vascular and neurovascular disease. It is now well known that inflammation in the brain
eventually activates microglia, and after the activation of microglia, inflammation
persists for long periods of time. Studies trying to understand this mechanism have
shown that, although peripheral inflammation resolves in a matter of a few days,
microgliosis takes weeks, and even months to resolve completely, therefore, causing
long lasting alterations to the neural outlook (Bonds et al., 2016). Also, inflammation is
associated with enhanced oxidative stress via increased production of ROS and
decreased antioxidant responses, which is a hallmark of both T1DM and T2DM and a
contributing factor to the development of diabetic neuropathy (Vincent et al., 2004;
Russel et al., 2008; Sims-Robinson et al., 2010). Reactive oxygen species are important
in the regulation of cell signaling, but when produced chronically at high levels, they
alter the chemical composition of proteins, lipids, and DNA, resulting in their
dysfunction. In that way, the accumulation of dysfunctional biomolecules can also lead
to the impairments in the brain. Protein and lipid peroxidation induced by the action of
ROS and reactive nitrogen species (RNS) results in cell damage possibly leading to
neuronal death, and it is found to be increased in both DM and AD patients compared
with healthy individuals (Giugliano et al., 1996; Pratico et al., 2004). Even in patients
with MCI, levels of oxidized protein were found to be increased in the frontal lobe,
parietal lobe and the hippocampus, compared with healthy controls (Butterfield et al.,

2007). Also, it is widely accepted that the increase in the production of ROS is a leading
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cause responsible for the loss of dopaminergic neurons in PD (Kim et al., 2015;

Sanders & Greenamyre, 2013; Subramaniam & Chesselet, 2013).

4.5.2. Advanced Glycation End-products (AGEs)

Moreover, abnormal glucose metabolism and oxidative stress contribute to the
formation of AGEs, which form normally during aging, but these processes are more
pronounced in patients with diabetes, and have a special role in causing diabetic
complications (Singh et al., 2001). Advanced glycation end-products (AGEs) are
believed to participate in the development and progression of complications of T2DM
through Receptor for AGE (RAGE) interactions. AGEs form as a result of nonenzymatic
glycoxidation. This process is greatly accelerated in conditions such as T2DM and
impaired glucose tolerance where there is hyperglycemia (Bonds et al., 2016).

AGEs play a significant role in the pathogenesis of chronic diabetic complications by
altering cellular structure and function (DeGroot et al., 2001). Formation of AGEs on
proteins causes structural distortion, loss of side chain charge, and functional
impairment (Ahmed et al., 2005). AGE deposits are commonly found in atherosclerotic
plaques, vascular smooth muscle, and in myocardial tissues (Sakata et al., 1995).
Similarly, both AGEs and RAGE have been found in the brain of patients with AD (Smith
et al., 1994; Yan et al., 1996).

In a study conducted by Sasaki et al. it has been found that AGE immunoreactivity is
present in both B-amyloid and neurofibrillary tangles in patients with AD (Sasaki et al.,
1998). What's more, the same study has shown that neurons from the hippocampus of

these patients contain B-amyloid positive and AGE positive granules (Sasaki et al.,
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1998).

AGEs have also been found intracellularly, in the alpha-synuclein-positive Lewy bodies
in the brains of both PD as well as incidental Lewy body disease patients, implicating a
role of AGEs in alpha-synuclein cross-linking and Lewy body formation (Shaikh &

Nicholson, 2008).

4.5.3. Mitochondrial dysfunction

Both PD and AD, as well as DM are associated with decreased mitochondrial activity
(Moreira et al., 2007). Mitochondria are the main cell organelles for various cellular
processes, including ATP production, intracellular Ca2* signaling, free-radical
scavenging, etc. Neurons largely depend on mitochondrial function because of the
establishment of membrane excitability and execution of the complex processes of
neurotransmission and plasticity (Kann et Kovacs, 2007).

The calcium hypothesis says that there is dysregulation of calcium homeostasis in
normal aging of the brain and in age-related diseases (Khachaturian, 1994; Kostyuk et
al., 2001). Uncontrolled uptake of calcium by the mitochondria leads to ROS production,
inhibition of ATP synthesis, cytochrome c release and an abrupt increase in permeability
of the inner mitochondrial membrane (Brustovetsky et al., 2002), leading to
mitochondrial impairment and ultimately to neurodegeneration and cell death (Sims-
Robinson et al., 2010).

Tissue from the brain of patients with AD showed an increase in the calcium
concentration, especially in neurons containing neurofibrillary tangles, compared with

healthy individuals (Murray et al., 1992).
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Abnormal calcium metabolism is common in patients with diabetes, in fact, in both
T1DM and T2DM there is an increase in intracellular calcium levels (Levy et al., 1994).
The studies, and their findings presented here explain how cellular processes in both
diseases affect one another, and even overlap frequently.

The relationship between mitochondrial dysfunction in neurons and hyperglycemia is
another possible mechanism in the pathogenesis of PD. There’s a theory that
hyperglycemia metabolically damages the mitochondria, which leads to a defect in
oxidative phosphorylation (Nishikawa et al., 2000; Brownlee, 2005; Giacco and
Brownlee, 2010). Defective mitochondrial oxidative phosphorylation induces oxidative
stress and ROS, which then contribute to the damage of mitochondrial DNA
themselves, and it also compromises ATP synthesis capacity. Neurons largely rely on
oxidative metabolism to obtain energy efficiently for their physiological functions, and
mitochondria have a main role in this process (Sergi et al., 2019). Therefore,
mitochondrial impairment compromises neuronal energy availability, particularly in
nigrostriatal neurons, with a high energy demand, which could explain their increased
susceptibility to hyperglycemia (Renaud et al., 2018).

The role of these pathways as mediators of hyperglycemia effects in the pathogenesis

of PD is yet to be fully understood (Sergi et al., 2019).
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5. Conclusion

The brain is a glucose-dependent organ that can be damaged by both hypoglycemia/
hyperglycemia, and if we add the insulin resistance in the picture, everything becomes
very complicated. Diabetes is a lifelong disease which affects multiple organ systems
starting from the kidneys, to peripheral neurons to the cardiovascular system. However,
we also have to take the brain into consideration and the changes that can be expected
on both, the macrostructural and microstructural levels. The incidence of type 2
diabetes mellitus (T2DM) increases with age as well as neurodegeneration increases
with advanced age. Recent studies have revealed that T2DM is a risk factor for
cognitive and motor dysfunctions, especially those related to AD and PD. Insulin
resistance, which is often associated with T2DM, may induce a deficiency of insulin
effects in the central nervous system. Insulin may have a neuroprotective role and may
have some impact on acetylcholine and dopaminergic signalling. Additionally,
microvascular changes leading to asymptomatic ischemic lesions and damage to
neurons in T2DM subjects may lower the threshold for the development of
neurodegenerative diseases (Fig. 3). Taken together, insulin resistance, ischemia and
irregular glucose control can all lead to the formation of AGEs, oxidative stress,
mitochondrial dysfunction, inflammation and, finally, to neuronal damage. Nevertheless,
the nature of brain changes in patients with diabetes is still poorly understood. Taken
together, the complex systemic effects of T2DM on neurodegenerative disease such as
AD and PD cannot be ignored and require further investigation. This could lead to the

discovery of new treatments or preventive methods such as the incretins GLP-1
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(glucagon-like peptide-1) and GIP (glucose-dependent insulinotropic polypeptide),

hormones that re-sensitize insulin signalling and are already showing promising results

in clinical trials.
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Figure 3: Microvascular changes and insulin resistance, together with hypo and

hyperinsulinemia are considered to be key factors linking diabetes and neurodegenerative

diseases
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