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Abstract
Diabetes mellitus has become a global epidemic. Etiologically, diabetes can
be classified in two main forms, type 1 and type 2 diabetes (T1D and T2D,
respectively). Both forms of diabetes have been associated with a number of
complications including neurodegeneration. Additionally, increasing evidence
supports the idea that diabetes increases the risk of cognitive decline and
dementia. Insulin, a widely used therapeutic agent in the treatment of diabetes,
which assumes critical importance in the treatment of T1D, has also been proved
to exert beneficial effects in the brain.
Mitochondria sit at a strategic position in brain cells, particularly in
neurons, that present a high energy demand. Besides energy production,
mitochondria play other key roles such as cell life or death decision and
homeostasis of second messengers (Ca2+ and reactive oxygen species). The
maintenance of a healthy mitochondrial pool requires an equilibrium between
mitochondrial fission/fusion, biogenesis and degradation by autophagy
(mitophagy).
Although previous studies demonstrated the involvement of mitochondrial
dysfunction in diabetes‐associated brain damage, the knowledge concerning the
role of mitochondrial fission/fusion and biogenesis and autophagy in diabetic
brains is insufficient. So, the main aim of this work was to elucidate these
mitochondrial parameters in T1D and T2D rat brain.
Studies were conducted in brain cortices of six‐month‐old Wistar (control)
and Goto‐Kakizaki (GK) rats (Chapter 4). GK rats are a model of nonobese T2D
considered by some authors a good animal model of prediabetes or initial stages
XI

of T2D since it does not present the full clinical setting of this pathology. In fact,
these rats are characterized by mild hyperglycemia and insulin resistance.
Concerning brain cortical mitochondria, no significant differences were observed
in respiratory chain function and oxidative phosphorylation efficiency. Despite
the inexistence of functional alterations, increased mitochondrial fission was
observed in T2D rats. Furthermore, autophagy was significantly decreased,
whereas mitochondrial biogenesis remained unaltered in the brain cortex of T2D
rats. These observations suggest the occurrence of compensatory mechanisms
that may help prevent alterations in mitochondrial function.
Insulin is critical for the survival of T1D individuals and has proven to have
beneficial effects in the brain. Therefore, to evaluate the effects of T1D and
insulin treatment in mitochondrial function, fission/fusion and biogenesis,
autophagy and tau protein phosphorylation we used streptozotocin (STZ)‐
induced T1D rats (3 months of diabetes duration) and STZ rats treated with a
daily injection of insulin during the last month of the experimental protocol
(Chapter 5). Vehicle‐treated Wistar rats were used as control animals. STZ‐
induced T1D and insulin treatment did not affect mitochondrial function. No
significant changes were observed in brain cortical levels of glucose and
pyruvate in T1D rats. However, insulin treatment increased significantly brain
cortical glucose levels, despite no significant alterations in pyruvate levels
occurred in the brains of these animals. An increase in mitochondrial biogenesis
as well as a shift towards increased mitochondrial fission were observed in the
brain cortex of T1D animals.

T1D animals also presented, an increased

phosphorylation of the tau protein at Ser396 residue, this effect being partially
reversed by insulin treatment. This effect of insulin was associated with a
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modest decrease in the active form of glycogen synthase kinase 3β (GSK3β) and
significant increase in protein phosphatase 2A (PP2A) activity. Insulin was also
able to slightly decrease LC3‐II levels, a marker of autophagy. No significant
alterations were found in apoptotic cell death and synaptic integrity.
Overall the results presented in this thesis suggest the existence of
mitochondrial readjustments in brain cortex of diabetic rats in order to preserve
mitochondrial function and, consequently, the integrity and functionality of brain
cells. In general, insulin therapy was shown to have positive effects against T1D‐
induced brain cortical alterations reinforcing the idea that insulin is an effective
therapeutic agent against diabetes‐associated complications. Further research
must be done to evaluate the behavior of the brain mitochondrial network in
later stages of diabetes since it has been described that mitochondrial
dysfunction is intimately associated with diabetes‐associated neurodegenerative
conditions.
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Resumo
A diabetes mellitus já atingiu proporções epidémicas. Etiologicamente, a
diabetes pode ser classificada em duas formas principais, diabetes tipo 1 e
diabetes tipo 2. A diabetes tipo 2 é a forma mais comum da doença. Ambas as
formas de diabetes têm sido associadas a várias complicações, incluindo eventos
neurodegenerativos. Adicionalmente, um número crescente de evidências apoia
a ideia de que a diabetes aumenta o risco de declínio cognitivo e demência. A
administração de insulina, um agente terapêutico amplamente usado no
tratamento da diabetes, sendo essencial no tratamento da diabetes tipo 1,
mostrou exercer efeitos benéficos no cérebro.
As mitocôndrias assumem uma posição de particular importância nas
células cerebrais, particularmente nos neurónios devido à sua elevada exigência
energética. Além da produção de energia, as mitocôndrias também são
determinantes na decisão de vida ou morte celular e na homeostase de segundos
mensageiros (Ca2+ e espécies reactivas de oxigénio). Para que as células
mantenham uma população mitocondrial “saudável” é necessário haver um
equilíbrio entre fusão/fissão e biogénese mitocondrial e mitofagia (degradação
das mitocôndrias por autofagia).
Apesar de estudos anteriores mostrarem o envolvimento da disfunção
mitocondrial no dano cerebral associado à diabetes, o conhecimento acerca do
papel da fusão/fissão e biogénese mitocondrial e da autofagia no cérebro
diabético é insuficiente. Desta forma, este trabalho teve como objectivo elucidar
o envolvimento destes parâmetros mitocondriais nos cérebros diabéticos tipo 1
e tipo 2.

XV

Foram feitos estudos em córtex cerebral de ratos Goto‐Kazikaki (GK) com
seis meses de idade e Wistar controlo da mesma idade (Capítulo 4). Os ratos GK
são um modelo não obeso de diabetes tipo 2 considerado por alguns autores um
modelo animal de pré‐diabetes uma vez que não apresentam todas as
características da diabetes tipo 2. De facto, estes animais apresentam
hiperglicemia moderada e resistência à insulina. No que diz respeito às
mitocôndrias de córtex cerebral, não se observaram alterações significativas na
função da cadeia respiratória e na eficiência da fosforilação oxidativa. No entanto,
verificou‐se um aumento significativo da fissão mitocondrial e uma diminuição
significativa da autofagia nos cérebros dos ratos GK. A biogénese mitocondrial
não sofreu qualquer alteração. Estas observações sugerem a ocorrência de
mecanismos compensatórios que podem contribuir para a manutenção da
função mitocondrial.
A insulina é essencial para a sobrevivência dos pacientes com diabetes tipo
1 e vários estudos têm descrito os efeitos benéficos da insulina no cérebro. Como
tal, para avaliar os efeitos da diabetes tipo 1 e do tratamento com insulina na
função, fissão/fusão e biogénese mitocondrial, autofagia e fosforilação da
proteína tau, usámos ratos injectados com estreptozotocina (STZ), de forma a
induzir diabetes tipo 1 (diabetes com duração de 3 meses), e ratos diabéticos
tipo 1 injectados diariamente com insulina durante o último mês do protocolo
experimental (Capítulo 5). Ratos Wistar tratados com a solução veículo foram
usados como animais controlo. Tanto a diabetes tipo 1 como o tratamento com
insulina não alteraram significativamente a função mitocondrial. Os níveis
cerebrais de glicose e piruvato em ratos diabéticos tipo 1 também
permaneceram inalterados. Contudo, o tratamento com insulina aumentou os
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níveis cerebrais de glicose, não alterando os níveis cerebrais de piruvato.
Também se observou um aumento significativo da biogénese e da fissão
mitocondrial no córtex cerebral de animais diabéticos tipo 1. Relativamente à
proteína tau, foi observado um aumento da fosforilação do resíduo Ser396 em
ratos diabéticos tipo 1, sendo este efeito parcialmente revertido pelo tratamento
com insulina. Este efeito da insulina mostrou estar associado a um decréscimo
ligeiro da forma activa da cinase GSK3β e a um aumento significativo da
actividade da proteína fosfatase 2A. O tratamento com insulina também reduziu
ligeiramente os níveis de LC3‐II, um marcador de autofagia. Não se encontraram
alterações significativas nos marcadores de morte celular por apoptose e de
integridade sináptica.
Globalmente, os resultados apresentados nesta tese sugerem uma
remodelação da rede mitocondrial no córtex cerebral de ratos diabéticos de
forma a preservar a função mitocondrial e, consequentemente, a integridade e a
funcionalidade das células cerebrais. No geral, a terapia com insulina
demonstrou ter efeitos positivos nas alterações que ocorrem no córtex cerebral
de animais diabéticos tipo 1, reforçando a ideia de que a insulina é um agente
terapêutico eficaz contra as complicações associadas à diabetes nomeadamente a
nível cerebral. No entanto, mais estudos devem ser feitos para avaliar o
comportamento da rede mitocondrial cerebral em fases mais avançadas da
diabetes uma vez que está descrito que a disfunção mitocondrial desempenha
um papel chave na neurodegenerescência associada à diabetes.
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CHAPTER 1
General Introduction

CHAPTER 1 – General introduction

1.1. Diabetes mellitus: epidemiology, etiology, and
clinical symptoms
Between 2010 and 2030 there will be a 69% increase in the number of
adults with diabetes mellitus (DM) in developing countries and a 20% increase
in developed countries (Shaw et al., 2010). These increases are much higher than
the increase in total number of adult population in the same period, which will
be of 36% for developing countries and 2% for developed countries (Shaw et al.,
2010). Therefore, it is not surprising that DM is gaining epidemic proportions
worldwide. Globally, the number of people with DM by the year of 2030 is
predicted to be 439 million, which represents 7.7% of the total adult population
of the world aged 20–79 years (Chen et al., 2011). Data regarding the Portuguese
population shows that in 2012, 12.9% of the population aged between 20 and 79
years old had diabetes (Relatório Anual do Observatório Nacional da Diabetes,
2013). Indeed, the Portuguese population has one of the highest rates of
prevalence among the European countries (Relatório Anual do Observatório
Nacional da Diabetes, 2013). According to the International Diabetes Federation,
in 2011 the healthcare costs with individuals with DM represented 11% of the
total healthcare expenditures in the world, which illustrates the economic
burden of this disorder (http://www.idf.org/diabetesatlas/5e/healthcare‐
expenditures).
Regarding the prevalence of the main types of DM, type 1 diabetes (T1D)
accounts for 5‐10%, while type 2 diabetes (T2D) accounts for the remaining 90‐
95% of the total cases of DM worldwide (Maahs et al., 2010; American Diabetes
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Association, 2012). The most common type of DM in children and adolescents is
T1D, although T2D is diagnosed in older people (Maahs et al., 2010).
T1D is subdivided in two categories: type 1a, which represents the vast
majority of the cases and is originated by an autoimmune‐mediated destruction
of pancreatic beta cells, and type 1b, that represents the minority of cases and
results from the idiopathic destruction or failure of pancreatic beta cells (Maahs
et al., 2010). The combination of genetic risk factors and environmental triggers
is involved in T1D development (Todd, 2010). So far, ten genes have been
identified as being involved in T1D pathophysiology while viral infections also
play a key role in disease onset (Todd, 2010). Nevertheless, the exact cause(s) of
T1D is (are) still largely obscure.
In type 2 diabetes (T2D) insulin resistance and pancreatic beta‐cell
dysfunction are known to be the major pathophysiological factors driving this
disorder (Maahs et al., 2010). Insulin resistance results from several factors
including overweight and obesity, high calorie diets, sedentary habits, and
genetics, among others (Chen et al., 2011).
Despite the disparities involving the etiology and the epidemiology of T1D
and T2D, according to the World Health Organization (WHO), both types of
diabetes share some clinical phenotypic features such as polyuria (excessive
excretion of urine), polydipsia (extreme thirst), polyphagia (excessive hunger),
vision

changes

and

(http://www.who.int/mediacentre/factsheets/fs312/en/index.html

fatigue
accessed

July, 2013). In the case of T2D the referred symptoms are often less marked. The
American Diabetes Association (ADA) (American Diabetes Association, 2012),
defined clear criteria for the diagnosis of diabetes: (1) glycated hemoglobin
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(HbA1c) ≥ 6.5%; or (2) fasting plasma glucose ≥ 126 mg/dL (fasting is defined
as no caloric intake for at least 8 h); or (3) 2 h plasma glucose ≥ 200 mg/dL
during an oral glucose tolerance test (using a glucose load containing the
equivalent of 75 g anhydrous glucose dissolved in water); or (4) in a patient with
classic symptoms of hyperglycemia or hyperglycemic crisis, a random plasma
glucose ≥ 200 mg/dL.
Long‐term complications associated with DM include retinopathy with
potential loss of vision; nephropathy leading to renal failure; peripheral
neuropathy with risk of foot ulcers, amputations, and Charcot joints; and
autonomic

neuropathy

causing

gastrointestinal,

genitourinary,

and

cardiovascular symptoms and sexual dysfunction. DM also presents increased
incidence

of

atherosclerotic

cardiovascular,

peripheral

arterial,

and

cerebrovascular disease (American Diabetes Association, 2014). In sub‐chapter
1.2 it will be discussed in further detail the relation between DM and the
increased incidence of neurodegenerative diseases, particularly Alzheimer’s
disease (AD).

1.2. Diabetes increases the risk of cognitive
decline and dementia: a focus on Alzheimer’s
disease
1.2.1. An overview about Alzheimer’s disease
The classical histopathological hallmarks of AD are the senile plaques,
extracellular deposits formed mainly of amyloid β (Aβ) protein, and the
neurofibrillary tangles (NFTs), intracellular deposits composed mostly of
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hyperphosphorylated tau protein (Fig. 1.1.) (Castellani et al., 2010; Querfurth
and LaFerla, 2010).

Figure 1.1. – Classical histopathological hallmarks of Alzheimer’s disease. Left panel:
Cerebral cortex immunohistochemistry of senile plaques. Right panel: Immunohistochemical
stain of neurofibrillary tangles. Adapted from Castellani et al., 2010.

AD has either an age‐associated, late onset sporadic form, which is the
more common form of disease, or an early‐onset familial form with a genetic
origin involving mutations in the amyloid‐β protein precursor (AβPP) and
presenilin 1 and 2 (PS1 and PS2) genes (Querfurth and LaFerla, 2010). The
etiopathogenesis of sporadic AD remains largely unclear and several competing
hypotheses have been proposed. Whereas the hypothesis that still drives the
investigation of most authors is the amyloid cascade hypothesis pointing the
oligomeric Aβ as the most toxic entity and culprit of the disease (Haass and
Selkoe, 2007; LaFerla et al., 2007), some authors implicate cerebrovascular
damage as a potential cause of AD (Humpel and Marksteiner, 2005; Brenner,
2008). Others center their efforts on hyperphosphorylation of cytoskeletal
proteins (Pei et al., 2008; Chung, 2009), oxidative stress (Smith et al., 2000),
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abnormal cell cycle re‐entry (Raina et al., 2000a; 2000b), and inflammation
(Pasinetti, 1996). Mitochondrial dysfunction is also one of the earliest and most
prominent features of AD and recent developments in the field support an
involvement of mitochondrial‐dependent mechanisms in the pathogenesis of AD
(Swerdlow and Khan, 2004; 2009).
Clinically, AD is characterized by a decline in several cognitive domains
such as memory, speech, personality and judgment, vision, association sensory‐
motor function, and culminates in the death of the individual typically within 3–9
years after diagnosis (Santos et al., 2011).

1.2.2. The interrelation between diabetes mellitus and
Alzheimer’s disease
The number of studies associating DM with the development of dementia
and AD is much higher for T2D than for T1D. Even so, cognitive deficits, such as
impaired learning, memory, problem solving, and mental flexibility have been
recognized as being more common in T1D subjects than in the general
population (Biessels et al., 2008; Ryan et al., 1985) suggesting a negative effect of
hyperglycemia and/or hypoinsulinemia on central nervous system (CNS).
Noteworthy, degeneration of cerebral cortex (Reske‐Nielsen and Lundbaek,
1963), and neuronal loss (DeJong, 1977) are observed at autopsy and are more
pronounced in patients suffering from T1D than in age‐matched non‐diabetic
patients. In agreement, the streptozotocin (STZ)‐induced animal model of T1D
presented decreased exploratory activity, short‐ and long‐term memory
impairment and increased depression‐like symptoms (Haider et al., 2013).
Moreover, it has been demonstrated that the presence of learning deficits are
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associated with increased glycogen synthase kinase‐3 (GSK3) activity, increased
tau protein phosphorylation and increased Aβ protein levels in the brain of a
STZ‐induced mouse model of T1D (Jolivalt et al., 2008). Similar changes were
observed in a rat model of spontaneous T1D (Li et al., 2007). Increased tau
protein phosphorylation, which was correlated with decreased activity of
protein phosphatase 2A (PP2A), was observed in the brains of the non‐obese
diabetic (NOD) mice, a genetic model of spontaneous T1D (Papon et al 2013).
Interestingly, the STZ‐induced T1D in the AβPP transgenic mice exacerbated the
accumulation of Aβ and phosphorylated tau protein, which was accompanied by
an increase in the activity of GSK3β (Jolivalt et al., 2010). Insulin therapy
partially prevented behavioral and biochemical changes observed in the STZ‐
induced mouse model of T1D (Jolivalt et al., 2008), suggesting that insulin
deficiency plays a pathogenic role in the development of AD‐like features.
Hoyer and Nitsch (1989) were the first to propose that defective insulin
signaling, such as occurs in T2D, contributes to AD pathogenesis. Since then
several epidemiological studies have associated diabetes and dementia. Indeed,
an early prospective follow‐up study positively associated T2D and dementia,
particularly vascular dementia and AD (Ott et al., 1999). It has been estimated
that T2D is associated with a 1.5‐2.5‐fold increased risk of dementia (Strachan et
al., 2011). Moreover in a 9‐years follow up study, T2D has been shown to
accelerate the progression from mild cognitive impairment (MCI, a prodromal
stage of AD) to dementia by 3.18 years (Xu et al., 2010). In 2005, Suzanne de la
Monte and collaborators (2005) introduced the term “type 3 diabetes” in
reference to AD. Indeed, AD present several pathogenic features (e.g. insulin
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resistance, abnormal glucose metabolism, mitochondrial dysfunction) that
overlap with T2D.
Insulin resistance can mechanistically explain, at least in part, the cognitive
impairment that occurs in diabetes and AD (Sato et al., 2011). The mRNA levels
of insulin, insulin‐like growth factor (IGF) and their receptors and downstream
signaling are reduced in postmortem AD brains compared with the controls
(Rivera et al., 2005; Steen et al., 2005), these alterations being positively
correlated with Braak staging (Rivera et al., 2005). Indeed, phosphorylation of
insulin receptor substrate 1 (IRS1) at serine residue 616 or 636 is a recognized
marker of insulin resistance and is elevated in AD brains (Morino et al., 2008;
Fröjdö et al., 2009; Sun and Liu, 2009; Talbot et al., 2012). Interestingly, the same
observations were made in the hippocampus and temporal cortex of a non‐
human primate model of AD, resulting from intracerebroventricular infusions of
Aβ oligomers (Bomfim et al., 2012). Insulin signaling inactivates GSK3β, which is
a serine/threonine kinase that is constitutively active (Cross et al., 1995).
Therefore, it is not surprising that insulin resistance reduces signaling through
phosphatidylinositol‐3‐kinase (PI3K)‐Akt pathway, resulting in increased
activation of GSK3β and hyperphosphorylation of tau protein (Schubert et al.,
2003; 2004; Grunblatt et al., 2007). Likewise, overexpression of GSK3β in the
CNS of rodents leads to tau protein hyperphosphorylation and cognitive deficits
(Lucas et al., 2001). In contrast, inhibition of GSK3β decreases Aβ production and
reduces hyperphosphorylated tau protein‐associated neurodegeneration both in
vivo and in vitro (Phiel et al., 2003; Noble et al., 2005; Qing et al., 2008; Ly et al.,
2013). Strikingly, both diabetes (Kaidanovich and Eldar‐Finkelman, 2002; Lee
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and Kim, 2007) and AD (Balaraman et al., 2006) are characterized by a
dysregulation of GSK3 activity.
Another molecular link between T2D and AD is the insulin‐degrading
enzyme (IDE). IDE is a metalloprotease with a molecular weight of 110 KDa,
being ubiquitously expressed and predominantly localized, at the subcellular
level, in the cytosol and peroxisomes (Qiu and Folstein, 2006). IDE primary
function is to catabolize insulin, nevertheless it has also been found to degrade
Aβ (Vekrellis et al., 2000; Farris et al., 2003). Indeed, due to its higher affinity to
IDE, insulin competes with Aβ for the binding to the catalytic site of the enzyme.
Therefore, if the insulin levels increase in the brain (i.e. brain hyperinsulinemia),
it will affect the degradation of Aβ via IDE, which could cause Aβ accumulation
potentiating the occurrence of neurodegenerative events (Qiu and Folstein,
2006). Indeed, a recent study suggested that IDE is the main peptidase involved
in the degradation of soluble monomeric Aβ in AD brains (Stargardt et al., 2013).
Notably, the degradation capacity by IDE was found to inversely correlate with
the Braak stages of sporadic AD, diminishing already during the earliest Braak
stages (Stargardt et al., 2013). These results suggest that a decreased IDE
degrading capacity of Aβ occurs early in the progression of AD contributing to Aβ
deposition.
Abnormal glucose metabolism underscores both T2D and AD, reinforcing
the notion that AD may be a particular type of diabetes of the CNS. Brain region‐
specific alterations in glucose metabolism have been detected in the brains of
individuals at risk of developing or suffering from AD (Sims‐Robinson et al.,
2010). In such cases, reductions in glucose metabolism have been observed in
temporal and parietal brain regions (Small et al., 2000). Furthermore, reductions
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in glucose metabolism have also been observed in the hippocampus of AD
individuals (Garrido et al., 2002). Indeed, tricarboxylic acid (TCA) cycle enzymes
such as α‐ketoglutarate dehydrogenase, pyruvate dehydrogenase, and isocitrate
dehydrogenase exhibit reduced activity in the brains of AD individuals (Ahmad,
2013). Also the animal model of sporadic AD characterized by central insulin
resistance, generated by the intracerebroventricular injection of STZ, presents a
reduction in the activity of α‐ketoglutarate dehydrogenase and pyruvate
dehydrogenase (Correia et al., 2013). These studies support the observation that
ATP production from glucose is reduced by 50% in early AD (Ahmad, 2013).
Neurons are not capable of store glucose, thus there is the need of a
constant supply of glucose through the blood‐brain barrier (BBB) by glucose
transporters (GLUTS). GLUTS isoforms 1, 3, 4 and 8 are abundant in the brain
(Ahmad, 2013). Several studies have shown a decrease in the levels of GLUTS 1
and 3 in the brains of AD patients (Simpson et al., 1994; Harr et al 1995). The
decrease

in

the

levels

of

GLUTS

correlates

with

tau

protein

hyperphosphorylation (Liu et al., 2008). In parallel, also in the brains of T2D
patients a reduction in the levels of neuronal GLUT3 was observed in comparison
to the control and AD brain (Liu et al., 2009a). Concomitantly, an increase in the
levels of tau protein phosphorylation in the brains of T2D individuals was also
observed, predisposing these subjects to the development of AD (Liu et al.,
2009a).
As it will be further discussed in sub‐chapter 1.4, mitochondria play a
decisive role in cell life‐death decisions since they regulate a number of
processes that include energy production and homeostasis of important second
messengers (reactive oxygen species ‐ ROS and calcium ‐ Ca2+). Mitochondrial
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dysfunction has been proposed as a pivotal link between diabetes and AD
(Moreira et al., 2007). Neurons have limited glycolytic capacity, therefore highly
depending on ATP synthesis by mitochondria to survive, rendering them
particularly susceptible to disturbances in mitochondrial function (Han et al.,
2011). Mitochondrial dysfunctions have been reported to occur in the brains of
both T1D and T2D animal models. It has been demonstrated that brain
mitochondria isolated from STZ diabetic rats have lower levels of coenzyme Q9
(CoQ9), which is suggestive of an impaired antioxidant system (Moreira et al.,
2005). CoQ has been demonstrated to serve the dual functions of an electron
carrier/proton translocator in the respiratory chain (Crane, 1989) and an
antioxidant by directly scavenging radicals (Takayanagi et al., 1980) or indirectly
by regenerating vitamin E (Stoyanovsky et al., 1995). Indeed, sensory neurons
and peripheral nerves from animal models of both types of diabetes show
increased ROS production, lipid peroxidation, protein nitrosylation, and
decreased levels of glutathione (GSH) and ascorbate (Fernyhough et al., 2010).
Moreover, it has been shown in brain mitochondria isolated from diabetic STZ
rats a reduction in the activity of mitochondrial complexes III, IV and ATP
synthase, culminating in decreased ATP synthesis, associated with an increase in
oxidative and nitrosative stress (Mastrocola et al., 2005). An age‐related decay of
the respiratory chain efficiency and an uncoupling of oxidative phosphorylation
system in brain mitochondria isolated from Goto‐Kakizaki (GK) rats, an animal
model of T2D, was also reported (Moreira et al., 2003). In addition, brain
mitochondria isolated from 12‐ and 24‐month‐old male GK rats were more
susceptible to the toxicity of Aβ peptide when compared to mitochondria
isolated from age‐matched control rats (Moreira et al., 2003). It was recently
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showed that 11‐month‐old sucrose‐induced T2D and AD mice present similar
brain mitochondrial abnormalities (Carvalho et al., 2012), cognitive defects and
vascular anomalies (Carvalho et al., 2013). Interestingly, sucrose‐induced T2D
mice presented a significant increase in Aβ levels in both cortex and
hippocampus (Carvalho et al., 2012; 2013). These observations reinforce the
idea that T2D and AD share common features.
Mitochondria have been implicated in the pathogenesis of AD as: 1)
triggers of disease (Nunomura et al., 2001; Pratico et al., 2001; Swerdlow and
Khan, 2004; Hauptmann et al., 2009; Swerdlow and Khan, 2009); 2) mediators
and targets of the harmful effects of Aβ (LaFerla et al., 2007), causing
mitochondrial dysfunction and increased ROS production; and 3) potential sites
of Aβ production, since AβPP and an active γ‐secretase enzymatic complex were
found in mitochondrial membranes (Keil et al., 2004; Hansson et al., 2004).
In summary, DM has been pointed out as a risk factor for the development
of AD. This notion is supported by the existence of several epidemiological and
mechanistic studies that show a close interrelation between both disorders.
Indeed, diabetes seems to precipitate the appearance of AD‐like features, which
may be partly explained by shared mechanisms such as insulin resistance,
abnormal glucose metabolism and mitochondrial dysfunction.

1.3. An overview of the role of insulin in the brain
and its neuroprotective effects
The classical view that the brain is insulin insensitive has been challenged
by several lines of evidence, namely: 1) the presence of insulin and insulin
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receptors (IR) in the brain and expression of insulin‐sensitive GLUT‐4 in neurons
(El Messari et al., 2002; Sankar et al., 2002); and 2) the presence of proinsulin I
and II mRNA showing that there is a local production of insulin (Devaskar et al.,
1993; Schechter et al., 1996). Furthermore, a number of effects of insulin on the
brain

have

been

documented,

including

metabolic,

neurotrophic,

neuromodulatory, and neuroendocrine actions. The binding of insulin to IR leads
to the phosphorylation of several tyrosine residues resulting in receptor
autophosphorylation and phosphorylation of intracellular substrates, including
IRS and the Src‐homology‐2‐containing protein (Shc) (Fig. 1.2.) (Paz et al., 1996).
The phosphorylation of these intracellular substrates initiates two main
downstream signaling pathways, PI‐3K and mitogen‐activated protein kinase
(MAPK) pathways (Fig. 1.2.) (Candeias et al., 2012). After PI‐3K activation,
downstream signaling proteins, such as the serine/threonine kinase protein
kinase B (PKB)/Akt, are recruited to the plasma membrane, being then
translocated to the cytosol and nucleus causing the phosphorylation of target
proteins (e.g. GSK‐3β) (Fig. 1.2.) (Lizcano and Alessi, 2002; Kim and Feldman,
2012). The insulin‐mediated activation of Akt, protein kinase C, or c‐AMP‐
dependent protein kinase triggers multiple effects via the inactivation of GSK‐3β,
including synthesis of proteins involved in neuronal glucose metabolism,
antiapoptotic mechanisms, and antioxidant defense (Cross et al., 1995; van der
Heide et al., 2006). It was also described that overexpression of a constitutively
active GSK‐3β promotes cell death, while its inhibition prevents apoptosis
(Duarte et al., 2012). Other known molecules targeted by PI‐3K/Akt signaling are
FoxO3, nuclear factor‐kB (NF‐kB), and cAMP response element‐binding protein
(CREB). In fact, Akt may also phosphorylate and inhibit FoxO3, preventing the
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disruption of mitochondrial membrane potential and cytochrome c release, thus
promoting neuronal survival (van der Heide et al., 2006; Cole et al., 2007). NF‐kB
phosphorylation by Akt has been shown to protect against oxidative stress and
apoptosis by increasing Cu/Zn superoxide dismutase (Cu/Zn SOD) mRNA and
protein levels (Duarte et al., 2012; Cole et al., 2007). Moreover, Akt‐mediated
CREB phosphorylation has been involved in the stimulation of neuronal glucose
metabolism and enhancement of mitochondrial membrane potential, ATP levels,
nicotinamide adenine dinucleotide phosphate (NADPH) redox state, and
hexokinase activity (Candeias et al., 2012). The activation of MAPK pathway
seems to promote the expression of genes involved in cell and synapse growth as
well as in cell repair and maintenance (Li and Holscher, 2007; Kim and Feldman,
2012). Interestingly, several studies suggest a crosstalk between PI‐3K/Akt and
MAPK pathways that, by converging at Bad phosphorylation, may play an
antiapoptotic role (Fang et al., 1999). Thus, both PI‐3K/Akt and MAPK pathways
appear to underlie both neurotrophic and neuroprotective actions of insulin.
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Figure 1.2. – Neuronal insulin signaling pathways. Binding of insulin to extracellular α‐
subunits of insulin receptors (IRs) induces a conformational change of these receptors, activating
tyrosine kinase activity of the β‐subunits and promoting receptor autophosphorylation (pY) at
several tyrosine residues located inside the cell, thereby recruiting docking proteins (as Shc and
IRS) to the cell membrane. Insulin receptor substrate (IRS) phosphorylation, namely at the Src
homology 2 (SH2) domain of the p85 regulatory subunit of phosphatidylinositol 3‐kinase (PI‐3K),
stimulates the catalytic subunit p110, with subsequent recruitment of downstream signaling
proteins (e.g., Akt). Once activated, Akt phosphorylates target proteins like the proapoptotic
factors Bad and caspase‐9, glycogen synthase 3‐beta (GSK‐3β), and insulin‐degrading enzyme
(IDE). Alternatively, phosphorylated Shc recruits the growth factor receptor binding protein
(Grb2)/son of sevenless initiating downstream signals, namely from the Ras‐Raf‐mitogen‐
activated protein kinase (MAPK) cascade. Furthermore, Grb2 can be also recruited by IRS,
promoting the crosstalk between PI3K/Akt and MAPK. Activation of these pathways may
ultimately mediate several biological responses in the central nervous system such as apoptosis
inhibition, regulation of gene transcription and glucose metabolism, modulation of
neurotransmission, regulation of amyloid β protein (Aβ) clearance, and tau protein
phosphorylation (pTau). GLUT, glucose transporters. Adapted from Candeias et al., 2012.
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Previous studies showed that insulin improves cognitive performance in
healthy and AD individuals, and in experimental animal models of insulin
resistance (Kern et al., 2001; Reger et al., 2008; Cardoso et al., 2009). In rodents
the intracerebroventricular administration of insulin improves memory for a
passive avoidance task (Park et al., 2000). It was further suggested that
intrahippocampal injections of insulin could have a dose‐dependent effect on
spatial learning and memory (Moosavi et al., 2006). Moreover, in humans,
euglycemic intravenous infusions of insulin enhance verbal memory (Craft et al.,
1996; Craft et al., 1999a; Craft et al., 1999b; Kern et al., 2001; Craft et al., 2003;
Watson et al., 2003). However, peripheral insulin administration is not feasible
for long‐term treatment of memory deficits due to the increased risk of
hypoglycemia. In fact, systemic administration of insulin is associated with
memory deficits in animals, possibly due to hypoglycemia that occurs when
exogenous insulin is not supplemented with glucose to maintain euglycemia
(Izumi et al., 2003). Indeed, it has been demonstrated that both acute (Cardoso et
al., 2010) and recurrent (Cardoso et al., 2012) insulin‐induced hypoglycemia
exacerbate diabetic brain mitochondrial dysfunction and oxidative imbalance,
which may compromise the function, and integrity of brain cells. Nevertheless,
Reger and collaborators (2006) suggested that intranasal administration of
insulin provides an effective way to deliver this hormone into the brain, by
passing the BBB and circumventing systemic side effects. Elevated insulin levels
can be detected in cerebrospinal fluid within 10 minutes after intranasal insulin
administration, but plasma insulin and glucose levels remain unchanged (Craft
and Watson, 2004). Previous studies have demonstrated the beneficial effects of
acute and long‐term intranasal administration of regular human insulin (RH‐I)
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on declarative memory in humans (Craft and Watson, 2004; Benedict et al.,
2004). Benedict and co‐workers (2007) also reported that the beneficial effects
of intranasal insulin treatment in memory deficits in humans can be enhanced by
using insulin aspart (ASP‐I). ASP‐I enhanced efficiency when compared to RH‐I
can be explained by its reduced tendency to form hexamers facilitating its
absorption and therefore its action (Benedict et al., 2007). Recently, in a
randomized, double‐blind, placebo‐controlled trial with AD and MCI patients,
intranasal delivery of insulin has been proven to have beneficial effects in
cognition and in AD biochemical marker levels in the CSF (Craft et al., 2012).
Regarding animal studies, intranasal insulin has also been demonstrated to
ameliorate tau protein hyperphosphorylation in a rat model of T2D (Yang et al.,
2013).

1.4. Mitochondria
Mitochondrial function is far from solely being energy production, due to
the coupling of the electron transport chain (ETC) and the phosphorylative
system. In fact, mitochondria are also involved in the production and buffering of
second messengers and are the master regulators of the apoptotic cell death
pathway. Mitochondrial physiology and function are highly dependent on
mitochondrial dynamics and biogenesis.
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1.4.1. Mitochondrial functions and oxidative stress
Mitochondria account for more than 90% of the cellular energetic
production (Chance et al., 1979). Mitochondrial energy production assumes its
maximum importance in the brain since neurons, which have a high energy
demand, have a limited glycolytic capacity making them greatly dependent on
aerobic

oxidative

phosphorylation

(oxphos)

(Moreira

et

al.,

2010a).

Mitochondria generate a proton gradient as electrons flow through the ETC, from
donors with lower redox potentials to acceptors with higher redox potentials.
During the flux of electrons across the mitochondrial respiratory chain, the
mitochondrial complexes I, III, and IV pump protons across the inner
mitochondrial membrane to the intermembrane space generating potential
energy that drives the phosphorylation of ADP to ATP by the FoF1‐ATP synthase
(mitochondrial complex V) (Nelson and Cox, 2004; Scheffler, 2008).
Despite the high efficiency of mitochondrial respiration, 0.4‐4.0% of all
oxygen consumed is converted to superoxide anion (O2‐), a short‐lived free
radical that results from the electron leak mostly in mitochondrial complexes I
and III (Shigenaga et al., 1994; Fridovich, 1995; Droge, 2002; Evans et al., 2002;
Carreras et al., 2004; Balaban et al., 2005). O2‐ can be converted/dismutated to
nonradical derivatives such as hydrogen peroxide (H2O2) either spontaneously
or catalyzed by superoxide dismutase (SOD) (Weisiger and Fridovich, 1973a;
Weisiger and Fridovich, 1973b; Turrens, 2003). H2O2 is relatively stable and
membrane permeable. It diffuses within the cell and can be breakdown by
cytosolic antioxidant systems such as catalase, glutathione peroxidase, and
thioredoxin (TRX) peroxidase (Holmgren, 2000;Nordberg and Arner, 2001). If
the excess of ROS is not properly neutralized, it can induce lipid peroxidation,
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and protein and DNA oxidation processes. In the presence of nitric oxide (NO),
O2‐generates peroxynitrite (ONOO‐) that can react with proteins interfering with
their function and/or can be decomposed in nitrogen dioxide radical (NO2),
which further reacts with tyrosine residues, resulting in 3‐nitrotyrosine
formation (Hillet al., 2010).
As by‐products of mitochondrial respiration, ROS assume a role as
signaling messengers or harmful oxidizing agents depending on their rate of
production, and the imbalance between ROS production and scavenging. ROS
dual role reflects on the activation of cytoprotective pathways when low to
moderate levels are present, while higher levels of ROS exacerbate oxidative
stress and activate pro‐death pathways.
The role of ROS as physiological signals is increasingly recognized, as for
instance in chemotaxis, stem cell proliferation, neurogenesis and circadian
rhythm (Dickinson et al., 2011). Correia et al. (2012c) recently demonstrated
that moderate levels of mitochondrial ROS protected brain endothelial and
neuron‐like cells against glucotoxicity. Others have elegantly demonstrated that
the responsiveness of the insulin signaling pathway is diametrically opposed
depending on the levels of ROS, further identifying C‐Jun N‐terminal kinase (JNK)
and phosphatases, such as protein tyrosine phosphatase (PTP) 1B, as candidate
molecules responsible for the switch between the opposite effects (Iwakamiet al.,
2011). Whereas low levels of ROS inhibit PTP1B activity, high levels of ROS
stimulate JNK activity (Iwakami et al., 2011). Among the ROS effectors, PTP, TRX
and peroxiredoxin (PRX) family proteins possess special domains/motifs where
cysteine residues, which are easily modified by oxidation, directly sense and
respond to fluctuations in ROS levels (Miki and Funato, 2012).
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Oxidative stress can be concomitantly considered cause and consequence
of mitochondrial dysfunction, as mitochondria are both generators and targets of
ROS (Murphy, 2009). When ROS interact with mitochondrial DNA, they can lead
to mutations, rearrangements, and transcriptional errors that impair important
mitochondrial components leading to more oxidative stress and, eventually, cell
death (Facecchia et al., 2011; Santos et al., 2013).
ROS also modulate mitochondrial Ca2+ homeostasis and apoptotic
pathways by controlling the opening of permeability transition pore (PTP),
which enables the release of some small pro‐apoptotic proteins, such as
cytochrome c and apoptosis‐inducing factor (AIF) to the cytosol (Hengartner,
2000;Tayloret al., 2008). Although the exact nature of the PTP is uncertain, it is
known that cyclophilin D (CypD), a protein with a regulatory role in the pore,
senses the oxidative status (Wallace and Fan, 2009).
As buffers of cytoplasmic Ca2+, mitochondria play a key role in normal
neurotransmission, short‐ and long‐term plasticity, excitotoxicity, and regulation
of gene transcription, processes that are highly dependent on Ca2+ levels
(Zimmermann, 1990; Rizzuto et al., 1999; Zucker, 1999; Rizzuto et al., 2000;
Soderling, 2000; Sabatini et al., 2001; Wojda et al., 2008; Celsi et al., 2009). Ca2+ is
internalized into mitochondria via the Ca2+ uniporter, a protein that is still to be
fully identified and biochemically characterized. Nevertheless, a candidate
protein, which was named MCU (from ‘‘mitochondrial Ca2+ uniporter’’), proved
to be essential for high‐capacity Ca2+ transport into mitochondria in a number of
in vitro and in vivo experimental models (Baughman et al., 2011; De Stefani et al.,
2011). On the other hand, Ca2+ release is mediated by Na+/Ca2+ or H+/Ca2+
exchangers (Wojda et al., 2008). It was shown that mitochondria are involved in
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cells’ Ca2+ buffering impairment, a situation that occurs in the aging brain and AD
(Buchholz et al., 2007; Camandola and Mattson, 2011).

1.4.2. Mitochondrial fission/fusion
A group of GTPases mediates the processes of mitochondrial fission and
fusion however, the mechanisms by which they govern those processes remain
to be completely elucidated. Dynamin‐like protein 1 (DLP1, also referred as
DRP1) and Fis1 are fission‐related proteins (Fig. 1.3.) (Su et al., 2010a; 2010b).
DRP1 is a member of the conserved dynamin large GTPase superfamily that
controls membrane fission, existing constitutively in a cytosolic pool and being
recruited to the mitochondrial membrane where it is often detected as a pattern
of punctated spots. The putative mechanistic action of DRP1 on mitochondrial
membrane relies on the formation of a ring‐like complex structure within the
mitochondrial surface that constricts the organelle upon the hydrolysis of GTP,
initiating fission (Smirnova et al., 2001). Fis1 is a mitochondrial outer membrane
protein suggested to act as a receptor for DRP1 (James et al., 2003). However,
this is controversial since two recent studies revealed that DRP1 interact with
two factors present in the mitochondrial outer membrane, mitochondrial fission
factor (MFF) (Otera et al., 2010) and mitochondrial elongation factor 1 (MIEF1)
(Zhao et al., 2011). Most interestingly, while MFF/DRP1 interaction induces
mitochondrial fission (Gandre‐Babbe and van der Bliek, 2008; Otera et al., 2010),
MIEF1/DLP1 interaction prevents mitochondrial fission due to the inhibition of
DRP1 activity mediated by MIEF1 (Zhao et al., 2011).
Regarding the proteins involved in the process of mitochondrial fusion,
three large GTPase proteins assume different functions and ultrastructural
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locations. The fusion of the outer membrane is mediated by two mitofusins –
Mfn1 and Mfn2 – that interact by their coiled‐coil domains, forming homo‐ and
hetero‐oligomeric complexes, thus connecting the mitochondrial outer
membranes of neighboring mitochondria (Fig. 1.3.) (Zuchner et al., 2004; Chen et
al., 2005; Ishihara et al., 2006). However, the inner mitochondrial membrane also
needs to be fused, and OPA1, being an inner membrane protein that faces the
intermembrane space, is implicated in this event, requiring Mfn1, but not Mfn2,
to mediate this process (Fig. 1.3.) (Cipolat et al., 2004; Chen et al., 2005).

Figure 1.3. – Mechanisms of mitochondrial fusion and fission. Mitochondrial outer
membrane fusion (upper part of the image) is mediated by homo‐ and hetero‐oligomers formed
between mitofusins 1 (Mfn1) and 2 (Mfn2). Fusion of the mitochondrial inner membrane (upper
part of the image) is mediated by optic atrophy 1 (OPA1). Mitochondrial fission (lower part of the
image) involves the recruitment of dynamin‐related protein 1 (DRP1) to discrete foci in the
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mitochondrial surface and also requires Fis1, a protein located in the outer mitochondrial
membrane. Adapted from Mattson et al., 2008.

Mitochondria divide and fuse in response to several stimuli (Chan, 2006a;
Knott et al., 2008) however, the precise mechanisms controlling these events are
largely unclear. Some studies have examined post‐translational modifications of
mitochondrial dynamics‐related proteins such as DRP1 and OPA1. DRP1 is
known to undergo post‐translational modifications such as phosphorylation
(Chang and Blackstone, 2007; Cribbs and Strack, 2007;Taguchi et al., 2007),
ubiquitinylation (Nakamura et al., 2006), s‐nitrosylation (Cho et al., 2009), and
sumoylation (Harder et al., 2004). Whereas phosphorylation at Ser616 (Chang
and Blackstone, 2007; Cribbs and Strack, 2007; Taguchi et al., 2007),
sumoylation (Harder et al., 2004), and s‐nitrosylation are known to potentiate
mitochondrial fission, ubiquitinylation (Nakamura et al., 2006) decreases the
rate of mitochondrial fission.
For mitochondrial fusion to occur, the proteolytic cleavage of OPA1 into
long and short isoforms is critical (Song et al., 2007). The machinery that cleaves
OPA1 is not completely clear nevertheless, several proteases of the inner
mitochondrial membrane have been associated with its processing (Cipolat et al.,
2004;Ishihara et al., 2006; Griparic et al., 2007; Song et al., 2007; Ehses et al.,
2009). However, low mitochondrial ATP levels, the dissipation of the membrane
potential across the inner membrane (ΔΨm), or apoptotic stimuli (Griparic et al.,
2007) induce OPA1 cleavage resulting in the loss of long isoforms and impairing
mitochondrial fusion (Ishihara et al., 2006; Duvezin‐Caubet et al., 2006; Baricault
et al., 2007; Guillery et al., 2008).
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Mitochondrial dynamics is critical for maintaining various mitochondrial
functions: fusion‐deficient cells demonstrate greatly reduced endogenous and
uncoupled respiratory rates and demonstrate reversible interorganellar
heterogeneity in ΔΨm and inhibition of cell growth (Chen et al., 2003; Chen et al.,
2005). Fission deficiency also causes a reduced rate of mitochondrial ATP
synthesis due to a significant decrease in complex IV activity and an inefficient
oxphos system (Benard et al., 2007). On the other hand it has been demonstrated
that the maintenance of mitochondrial fusion was correlated with increased
levels of dimerization and activity of ATP synthase, and ATP production (Gomes
et al., 2011).
Excessive mitochondrial fission is also correlated with increased ROS
production (Yu et al., 2006; Wang et al., 2008; Wang et al., 2009). Likewise, it has
been reported that ROS are overproduced along with mitochondrial
fragmentation when neuronal cells are exposed to hyperglycemic conditions (Yu
et al., 2006). The genetic inhibition of mitochondrial fission by the dominant
negative mutant form of DRP1 has been shown to prevent ROS production in
hyperglycemic conditions, suggesting that mitochondrial fragmentation plays a
critical role in ROS overproduction and oxidative imbalance (Yu et al., 2006). It
has also been demonstrated that mitochondrial ETC complex inhibitors such as
rotenone, 1‐methyl‐4‐phenylpyridinium, and 3‐nitropropionic acid cause
fragmentation of the mitochondrial network along with increased ROS
production (Benard et al., 2007; Liot et al., 2009; Wang et al., 2011). Antioxidants
can only partially alleviate ETC complex inhibitor‐induced mitochondrial
fragmentation (Liot et al., 2009; Wang et al., 2011), while inhibition of
mitochondrial fission significantly reduces ROS overproduction and block
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mitochondrial/cellular dysfunction (Wang et al., 2011), further suggesting that
mitochondrial morphological dynamics are essential for the maintenance of ROS
balance.
A fragmented mitochondrial network is less efficient in mitochondrial Ca2+
uptake and intramitochondrial Ca2+ diffusion, and the formation of a
mitochondrial network facilitates Ca2+ propagation within interconnected
mitochondria suggesting that the balance of mitochondrial fission/fusion can
significantly impact cellular Ca2+ ion homeostasis (Frieden et al., 2004; Szabadkai
et al., 2004). Mitochondrial fragmentation is also an early event during apoptosis
preceding cytochrome c release and caspases activation (Frank et al., 2001).

1.4.3. Mitochondrial biogenesis
Mitochondria cannot be made de novo (Arduíno et al., 2011). Several
paradigmatic processes are involved in the formation of new mitochondria,
called mitochondrial biogenesis. These include the synthesis, import, and
incorporation of proteins and lipids to the existing mitochondrial reticulum, as
well as the replication of the mtDNA (Arduíno et al., 2011). Indeed, not all the
protein components involved in the assembly of these organelles are locally
encoded and synthesized; thereby the coordination between the transcription of
nuclear and mitochondrial genes is crucial. Mitochondrial genome only encodes
13 proteins, 22 transfer RNAs (tRNAs) and 2 ribossomal RNAs (rRNAs) required
for the translation within the mitochondrial matrix (Taanman, 1999; Wallace,
2005). Thus, the vast majority of mitochondrial proteins are nuclear‐encoded as
is the case of the protein subunits that comprise the five inner membrane
complexes of the ETC and oxphos system (Fig. 1.4.) (Scarpulla, 2008). The
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involvement of two distinct genomes compels for an elaborate coordination of
gene expression that involves a coordinate machinery of transcription factors.
The machinery underlying mitochondrial biogenesis is mainly constituted by the
nuclear respiratory factor 1 (NRF 1) and nuclear respiratory factor 2 (NRF 2),
which control the nuclear genes that encode mitochondrial proteins, and
mitochondrial transcription factor A (TFAM) that drives transcription and
replication of mtDNA. The expression of NRF 1, NRF 2, and TFAM is regulated by
the peroxisome proliferator activator receptor gamma‐coactivator 1α (PGC‐1α)
(Correia et al., 2012b).

Figure 1.4. – Schematic representation of the five mitochondrial respiratory complexes in
the inner mitochondrial membrane and the dissociable electron carriers cytochrome c (Cyt. c)
and coenzyme Q (CoQ). Green arrows show the electron flow through the mitochondrial
complexes. Blue arrows show the proton (H+) pumping from the matrix to the intermembrane
space. The red arrow shows the flow of protons through mitochondrial complex V (FoF1‐ATP
synthase) from the intermembrane space to the mitochondrial matrix with consequent
production of adenosine triphosphate (ATP). It is indicated the number of subunits for each
complex that are nuclear (nDNA) and mitochondrial (mtDNA) encoded. NADH: nicotinamide
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adenine dinucleotide; ADP: adenosine diphosphate; Pi: inorganic phosphate. Adapted from
Scarpulla, 2008.

1.5. Autophagy
Macroautophagy (hereafter referred to as autophagy) is an evolutionarily
conserved housekeeping process within the cells, in which a double‐membrane
vesicle engulfs a portion of cytoplasmic content and ultimately fuses with a
lysosome in order to expose its content to the action of hydrolases (Kundu and
Thompson, 2008). Autophagy enables cells to get nutrients through the digestion
of their own components and, at the same time, degrades misfolded proteins,
damaged organelles and invading microorganisms (Mizushima et al., 2008).
Since Christian De Duve, who coined the term autophagy in the CIBA Foundation
Symposium on Lysosomes in 1963 (Klionsky, 2007), this process has received
growing attention. Several breakthroughs emerged from the scientific literature,
namely the elucidation of the molecular basis of autophagy and the knowledge
that this process rather than being a random mechanism of degradation of
cellular constituents, it degrades them selectively (Klionsky, 2007). Indeed, it
was only in the early 1990s that genetic screenings performed in yeast mutants
allowed the identification of several autophagy‐related (Atg) genes essential in
different stages of the assembly of the autophagic vacuoles (AVs) or
autophagosomes (Tsukada and Ohsumi, 1993; Thumm et al., 1994).
The formation of the autophagic vesicle goes through a progressive process
involving several steps such as regulation and nucleation, in which a signal
triggers the formation of an isolation membrane that engulfs dysfunctional
organelles and/or misfolded proteins in a first structure called phagophore.
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When the membrane edges of the phagophore fuse the autophagosome is formed
(Chu, 2006; Cherra and Chu, 2008). The newly formed autophagosome
undergoes a maturation process, which follows in three stages, dissolution of the
inner membrane, fusion with lysosomes and acidification, cargo degradation and
release of macromolecules (Chu, 2006; Cherra and Chu, 2008).
Since autophagy is a tightly regulated process involving a complex cascade
of signal transduction, it provides many possible targets for its modulation. The
autophagic process is typically activated during nutrient deprivation (Fig. 1.5.),
becoming the major source of several basic macromolecules. Several other
natural and pharmacological modulators of autophagy are known such as
glucagon, insulin, rapamycin and 3‐methyladenine (Fig. 1.5.) (Cuervo, 2004).
The overall process is activated by a stress signal triggering the vesicle
nucleation that is the first step on the autophagosome formation (Yue et al.,
2009). At this stage two kinases assume importance, the serine/threonine
protein kinase target of rapamycin (TOR) and the class III phosphatidylinositol
3‐kinase (PI3K) complex (Fig. 1.5.). TOR is an evolutionarily conserved kinase
involved in the initial steps of the signal transduction, acting upstream the Atg
proteins. Autophagy is inhibited upon stimulation of TOR; conversely, the
inhibition of TOR stimulates autophagy (Pattingre et al., 2008). When TOR is
normally active, it phosphorylates Atg13 blocking its ability to associate with
Atg1, the yeast homologue of the mammalian unc‐51‐like kinase 1 (ULK1) (Fig.
1.5.). Atg13 is a regulatory subunit of the Atg1 complex (Kamada et al., 2000).
Atg1 and ULK1 are essential for autophagosome formation in Drosophila and
mammalian cells, respectively (Scott et al., 2004; Young et al., 2006). It is known
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that ULK1 acts downstream of TOR in mammalian cells (Chan et al., 2007),
although little is known about this signaling pathway.
PI3K is a key regulator at the nucleation stage of the AVs formation. This
enzymatic complex contains three highly conserved proteins, the protein kinase
vacuolar protein sorting 15 (Vps15), the phosphatidylinositol 3‐kinase Vps34
and Beclin 1/Atg6 (Fig. 1.5.) (Todde et al., 2009). The role of the PI3K enzymatic
complex in the assembly of the AVs is not well understood. However, since PI3K
is involved in phosphatidylinositol 3‐phosphate (PI3P) formation, it presumably
enables the recruitment of Atg proteins to the membrane because these proteins
bind to this phospholipid (Xie and Klonsky, 2007; Todde et al., 2009). Beclin 1 is
the mammalian homologue of Atg6 and is part of a multiprotein complex acting
as a platform for the recruitment of activators or repressors of Beclin 1/Vps34‐
dependent autophagy (Pattingre et al., 2008).
As discussed above, the activity of the PI3K complex is required for the
recruitment of Atg proteins. Indeed, those proteins are part of two evolutionarily
conserved ubiquitin‐like conjugation systems and are essential for the vesicle
elongation and vesicle completion processes in both yeast and mammals (Kundu
and Thompson, 2008). Atg5/Atg12 and Atg16 are one of the conjugation systems
and the other is composed by lipidated LC3, the mammalian homologue of yeast
Atg8. The first conjugation system requires the activity of the ubiquitin‐like
conjugating enzymes Atg7 and Atg10 to enable the covalent linking of Atg5 to
Atg12. The second conjugation system requires the activity of the ubiquitin‐like
conjugating enzymes Atg7 and Atg3 followed by a LC3 modifying protease (Atg4)
to convert LC3‐I to LC3‐II enabling its binding to phosphatidylethanolamine (PE)
in the membrane (Fig. 1.5.) (Reggiori, 2006). LC3‐PE associates with both
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surfaces of the double membrane of the autophagosome, unlike the complexes of
Atg5/Atg12 and Atg16 that are found only on the cytosolic surface. However,
both complexes are critical for membrane expansion. Despite the relevance of
the proteins Atg5 and Atg7 in the autophagic process, a recent work performed
by Nishida and co‐workers (2009) demonstrated the existence of an alternative
process independent of Atg5/Atg7 in which the lipidation of LC3 to form LC3‐II
(a marker widely used as an indicator of autophagy) does not occur. Additionally,
the same authors found that this alternative process of autophagy is regulated by
several autophagic proteins including ULK1 and Beclin1 (Nishida et al., 2009).
The final step of the autophagic process involves the fusion of the
autophagosome with the lysosome (autolysosome), exposing the content of the
AVs to the action of hydrolases. Two families of proteins are critical for the
fusion between the autophagosome and the lysosome; the soluble N‐
ethylmaleimide‐sensitive factor attachment protein receptors (SNAREs) and Rab
proteins (specifically Rab7) (Jager et al., 2004; Eskelinen, 2005).

31

CHAPTER 1 – General Introduction

Figure 1.5. ‐ Autophagy is triggered by a number of stress signals: nutrient deprivation,
insulin and other growth factors. When the tyrosine kinase receptor is activated, insulin receptor
substrate 1 (IRS1) is phosphorylated followed by the activation of a class I phosphatidylinositol
3‐kinase (PI3K) that subsequently activates AKT/protein kinase B (PKB) and the mammalian
target of rapamycin (TOR). The activation of TOR inhibits autophagy through the inhibition of a
functional group of autophagy‐related (Atg) proteins, phosphorylating Atg13 and disabling it to
associate to Atg1, the yeast homologue of the mammalian ULK1. Other functional branch of
autophagy proteins involves the activation of a class III PI3K, to generate phosphatidylinositol‐3‐
phosphate (PI3P). The activation of this multiprotein enzyme depends on the formation of a
complex with Beclin1 and leads to the activation of two functional Atg protein groups. The first
group involves the conjugation of Atg12 to Atg5 and Atg16, with the help of the E1‐like enzyme
Atg7 and the E2‐like enzyme Atg10. The second group involves the conjugation of LC3 (LC3 is
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one of the mammalian homologues of Atg8) to phosphatidylethanolamine (PE) by the sequential
action of the protease Atg4, the E1‐like enzyme Atg7 and the E2‐like enzyme Atg3. The final step
involves the action of soluble NSF attachment protein receptors (SNAREs) and Rab proteins,
particularly Rab7. Adapted from Santos et al., 2010b.
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2.1. Objectives
Mitochondria are key organelles controlling a number of processes that
ultimately determine cells’ fate. Mitochondria were once seen has bean‐shaped
and isolated organelles however, currently, mitochondria are known to form a
reticulum with the capability of fuse and divide and move within the cell. These
events are crucial to maintain mitochondrial homeostatic processes such as
energy production, generation of physiological levels of ROS and buffering of
cytosolic Ca2+. Furthermore, mitochondria have a life cycle controlled by
mitochondrial biogenesis and mitophagy (the specific autophagic degradation of
mitochondria).
Evidence shows that diabetes precipitates neurodegenerative events, being
considered an important risk factor for vascular dementia and AD. Furthermore,
it is known that mitochondrial alterations play a key role in diabetes as well as in
several neurodegenerative diseases. Although it is known that mitochondrial
dysfunction is involved in diabetes‐associated complications, the full spectrum of
mitochondrial alterations that occur in the diabetic brain, from early to later
stages of the disease, remains unclear.
This work was mainly devoted to evaluate the alterations occurring in
mitochondrial parameters considered essential for the maintenance of a healthy
mitochondrial population in the brains of T2D and T1D rats. The reason for the
use of two different animal models of diabetes relates to the fact that the two
types of diabetes are etiologically different which may yield divergent
observations in light of the parameters evaluated. To closely mimic humans
suffering from T1D, who need exogenous insulin administration to survive, and
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to evaluate the potential protective effects of insulin in the brain, we also
performed experiments in T1D rats treated with insulin.
We started by evaluating brain mitochondrial function, fission/fusion and
biogenesis and autophagy in 6‐month‐old male GK and Wistar control rats
(Chapter 4). GK rats are a nonobese animal model of T2D mainly characterized
by mild hyperglycemia and insulin resistance. At this age, GK rats are considered
a model of prediabetes or early stage of T2D.
In Chapter 5, we performed experiments in male STZ‐induced T1D rats (3
months of diabetes duration) treated or not with insulin during the last month.
Vehicle‐injected rats were used as control group. Several parameters were
evaluated: mitochondrial function, fission/fusion and biogenesis, autophagy, tau
protein phosphorylation state, cell death and synaptic integrity.
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3.1.Reagents
Streptozotocin (STZ), bacterial protease from Bacillus licheniformis ‐ type
VIII, bovine serum albumin (BSA), phenylmethylsulfonyl fluoride (PMSF),
dithiothreitol (DTT) and Tween 20 were obtained from Sigma Aldrich (St. Louis,
MO, USA). Insulin (Humulin NPH) was obtained from Eli Lilly and Company
(USA). Digitonin was obtained from Calbiochem. Polyvinylidene difluoride
(PVDF) Immobilon‐P membranes were obtained from Millipore (Billerica, MA,
USA). Enhanced chemifluorescence (ECF) reagent was obtained from Amersham
Biosciences (Little Chalfont, UK). All the other chemicals used were of the highest
grade of purity commercially available.

3.2. Animal models housing and treatment
3.2.1. Animal model of T2D
The GK rat is a nonobese, spontaneously T2D animal (Moreira et al., 2003)
produced by selective breeding of glucose intolerant Wistar rats and first
characterized by Goto and Kakizaki (Goto and Kakizaki, 1981). GK rats exhibit
moderate but stable fasting hyperglycemia evident from 6 weeks of age (Ferreira
et al., 1999). GK and respective Wistar control rats were obtained from our
animal colony (Laboratory Research Center, Faculty of Medicine, University of
Coimbra) and maintained under controlled light (12 h day/night cycle) and
humidity with ad libitum access to water and powdered rodent chow. Following
procedures approved by the Federation of European Laboratory Animal Science
Associations (FELASA), fasted 6‐month‐old animals were sacrificed by
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decapitation.

3.2.2. Animal model of T1D
2‐month‐old male Wistar rats purchased from Charles River were housed
in our animal facility (Laboratory Research Center, Faculty of Medicine and
Center for Neuroscience and Cell Biology, University of Coimbra) and maintained
under controlled light (12 h day/night cycle) and humidity with ad libitum access
to water and powdered rodent chow (except in the fasting period).
The STZ animal model of T1D is characterized by the ablation of insulin
production due to the selective destruction of the pancreatic beta cells followed
by STZ administration that results in severe hyperglycemia (Wei et al., 2003).
Before STZ administration, rats were deprived of food overnight and randomly
divided into two groups. One group received an intraperitoneal (i.p.) injection of
STZ (50 mg/kg body weight) freshly dissolved in 100 mM citrate, pH 4.5. The
volume administered was always 0.5 ml/200 g body weight. The control group
received an i.p. injection with an equal volume of citrate (vehicle). In the
following 24 h, animals were provided with free access to glycosylated serum in
order to avoid hypoglycemia resulting from the massive destruction of
pancreatic β‐cells and consequent release of intracellular insulin associated with
STZ treatment (Moreira et al., 2005). 3 days after STZ administration, the tail
vein blood glucose levels were measured in all animals and those presenting
levels above 250 mg/dl were considered diabetic. After 3 months of the
induction of diabetes, and following procedures approved by FELASA, Wistar
controls and STZ‐induced diabetic rats were sacrificed by decapitation.
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3.2.3. Insulin‐treated T1D animals
Two months after the induction of diabetes with STZ, diabetic rats were
randomly divided into two groups and one group of animals was subjected to
daily subcutaneous (s.c.) injections of INS, in order to lower the systemic levels of
glucose (dose adjusted to blood glucose levels as follows: if blood glucose levels
≤ 200 mg/dL, 2U INS were administered to rats; if blood glucose levels > 200
mg/dL an extra 2U INS per each 100 mg/dL blood glucose were given to rats),
during one month. After insulin treatment period, rats were sacrificed by
decapitation.

3.3. Measurement of biochemical parameters
Blood glucose was determined immediately after sacrifice by a glucose
oxidase reaction, using a glucometer (Glucometer‐Elite, Bayer). Hemoglobin A1C
(HbA1c) levels were determined using Systems SYNCHRON CX 4 (Beckman).
This system utilizes two cartridges, Hb and A1c to determine A1c concentration
as a percentage of the total Hb. The hemoglobin was measured by a colorimetric
method and the A1c concentration by a turbidimetric immunoinhibition method.

3.4. Measurement of brain insulin, glucose and
pyruvate levels
Brain cortical tissues were homogenized in radioimmunoprecipitation
assay (RIPA) buffer containing 0.1 M phenylmethylsulfonyl fluoride (PMSF), 0.2
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M dithiothreitol (DTT), and protease and phosphatase inhibitors (commercial
protease and phosphatase inhibitor cocktails from Roche Applied Science). The
crude homogenate was incubated on ice for 15 minutes, frozen and defrozen 3
times to favor disruption, centrifuged at 14000 rpm (Eppendorf centrifuge
5415C) for 10 minutes, at 4°C, and the resulting supernatant collected and stored
at ‐80°C.
INS quantification was performed using an ELISA kit (BertinPharma,
France) according to manufacturers’ instructions. The principle of the kit is
based on the competition between unlabeled rat insulin and acetylcholinesterase
(AChE) linked to rat insulin (tracer) for limited specific Guinea‐Pig anti‐rat
insulin antiserum sites.
Glucose quantification was performed using a PicoProbe™ glucose
fluorometric assay kit (BioVision, USA) according to manufacturers’ instructions.
The principle of the kit is based on the enzymatic oxidation of D‐glucose to form
a product which reacts with a colorless probe to generate fluorescence. The
fluorescence generated is directly proportional to the amount of glucose present
in the sample.
Pyruvate quantification was performed using a pyruvate colorimetric assay
kit (BioVision, USA) according to manufacturers’ instructions. The principle of
the kit is based on the enzymatic oxidation of pyruvate by pyruvate oxidase to
generate color upon reaction with a pyruvate probe. The color intensity is
proportional to pyruvate content; therefore the pyruvate concentration can be
accurately measured.
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3.5. Preparation of mitochondrial fraction
Brain cortical mitochondria were isolated from rats by the method of
Moreira et al. (2001), using 0.02% digitonin to allow the release of mitochondria
from the synaptosomal fraction. Briefly, after animal decapitation, the cortex was
immediately separated and homogenized at 4°C in 10 ml of isolation medium
(225 mM mannitol, 75 mM sucrose, 5 mM HEPES, 1 mM EGTA, 1 mg/ml BSA, pH
7.4) containing 5 mg of the bacterial protease (Sigma). Single brain homogenates
were brought to 30 ml and then centrifuged at 2500 rpm (Sorvall Evolution RC
Superspeed Refrigerated Centrifuge) for 5 minutes. The resulting supernatant
was then centrifuged at 10000 rpm for 10 minutes. The pellet, including the
fluffy synaptosomal layer, was resuspended in 10 ml of the isolation medium
containing 0.02% digitonin and centrifuged at 10000 rpm for 10 minutes. The
brown mitochondrial pellet without the synaptosomal layer was resuspended
again in 10 ml of medium and centrifuged at 10000 rpm for 5 minutes. The pellet
was resuspended in 10 ml of washing medium (225 Mm mannitol, 75 mM
sucrose, 5 mM HEPES, pH 7.4) and centrifuged at 10000 rpm for 5 minutes. The
final mitochondrial pellet was resuspended in the washing medium and the
protein amount determined by the biuret method calibrated with bovine serum
albumin (BSA)(Gornall et al., 1949).
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3.6. Measurement of mitochondrial respiration
Oxygen consumption of mitochondria was registered polarographically
with a Clark oxygen electrode (Estabrook, 1967) connected to a suitable
recorder in a thermostated water‐jacketed closed chamber with magnetic
stirring. The reactions were carried out at 30°C in 1 ml of standard respiratory
medium (100 mM sucrose, 100 mM KCl, 2 mM KH2PO4, 5 mM Hepes and 10 μM
EGTA; pH 7.4) with 0.5 mg of protein. State 3 of respiration (consumption of
oxygen in the presence of substrate and ADP) was initiated with ADP (50
nmol/mg protein). States 3 and 4 (consumption of oxygen after ADP
phosphorylation) of respiration, respiratory control ratio (RCR=state 3/state 4),
and ADP/O index (a marker of the mitochondrial ability to couple oxygen
consumption to ADP phosphorylation during state 3 of respiration) were
determined according to Chance and Williams (Chance and Williams, 1956).

3.7.

Measurement

of

mitochondrial

transmembrane potential
The transmembrane potential (ΔΨm) was monitored by evaluating the
transmembrane distribution of the lipophilic cation tetraphenylphosphonium
(TPP+) with a TPP+‐selective electrode prepared according to Kamo et al. (1979)
using an Ag/AgCl‐saturated electrode (Tacussel, model MI 402) as reference.
TPP+ uptake has been measured from the decreased TPP+ concentration in the
medium sensed by the electrode. The potential difference between the selective
electrode and the reference electrode was measured with an electrometer and
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recorded continuously in a Linear 1200 recorder. The voltage response of the
TPP+ electrode to log[TPP+] was linear with a slope of 59±1, which is in a good
agreement with the Nernst equation. Reactions were carried out in a chamber
with magnetic stirring in 1 ml of the standard medium (100 mM sucrose, 100
mM KCl, 2 mM KH2PO4, 5 mM Hepes and 10 μM EGTA; pH 7.4) containing 3 μM
TPP+. This TPP+ concentration was chosen in order to achieve high sensitivity in
measurements and to avoid possible toxic effects on mitochondria (Jensen and
Gunter, 1984). The ΔΨm was estimated by the equation: ΔΨm (mV)=59
log(v/V)−59 log(10ΔE/59−1), as indicated by Kamo et al. (1979)and Muratsugu et
al.(1977). v, V, and ΔE stand for mitochondrial volume, volume of the incubation
medium and deflection of the electrode potential from the baseline, respectively.
This equation was derived assuming that TPP+ distribution between the
mitochondria and the medium follows the Nernst equation, and that the law of
mass conservation is applicable. A matrix volume of 1.1 μl/mg protein was
assumed. No correction was made for the “passive” binding contribution of TPP+
to the mitochondrial membranes because the purpose of the experiments was to
show relative changes in potentials rather than absolute values. As a
consequence, we can anticipate a slight overestimation on ΔΨm values. However,
the overestimation is only significant at ΔΨm values below 90 mV, therefore, far
from our measurements. Mitochondria (0.5 mg/ml) were energized with 5 mM
succinate (substrate of mitochondrial complex II) in the presence of 2 μM
rotenone (inhibitor of mitochondrial complex I) in order to activate the
mitochondrial electron transport chain. After a steady‐state distribution of TPP+
had been reached (ca. 1 min of recording), ΔΨm fluctuations were recorded.
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3.8. Protein extraction for Western blot analysis
Brain cortical tissue was homogenized in RIPA buffer containing 0.1 M
PMSF, 0.2 M DTT, and protease and phosphatase inhibitors (commercial
protease and phosphatase inhibitor cocktails from Roche Applied Science). The
crude homogenate was incubated on ice for 15 minutes, frozen and defrozen 3
times to favor disruption, centrifuged at 14000 rpm (Eppendorf centrifuge
5415C) for 10 minutes, at 4°C, and the resulting supernatant collected and stored
at ‐80°C. The amount of protein content in the samples was analyzed by the
bicinchoninic acid (BCA) protein assay using the BCA kit (Pierce Thermo Fisher
Scientific, Rockford, IL).

3.9. Western blot analysis
The samples (50‐75 μg per lane) were resolved by electrophoresis in 8‐
15% sodium dodecyl sulfate (SDS)–polyacrylamide gels and transferred to
polyvinylidene difluoride (PVDF) membranes. Non‐specific binding was blocked
by gently agitating the membranes in 5% non‐fat milk or 5% BSA for
phosphoproteins and 0.05% Tween in Tris‐buffered saline (TBS) for 1 hour at
room temperature. The blots were subsequently incubated with specific primary
antibodies, overnight at 4 °C, with gentle agitation. Blots were washed three
times (3x15 minutes), with Tris buffer containing 0.05% Tween (TBS‐T) and
then were incubated with secondary antibodies for 1 hour at room temperature
with gentle agitation. After three washes with TBS‐T specific bands of
immunoreactive proteins were visualized after membrane incubation with
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enhanced chemifluorescence (ECF) for 5 minutes in a VersaDoc Imaging System
(Bio‐Rad), and the density of protein bands was calculated using the Quantity
One Program (Bio‐Rad).
In some cases, the same membrane was used to detect other proteins with
very different molecular weights. In these situations, the membranes were gently
washed with 40% methanol (30 minutes) and 3 times (15 minutes) with TBS‐T
and then incubated with the primary antibody. The following steps are identical
to those described above.
Total and respective phosphorylated protein levels were examined in two
distinct membranes. To preserve data accuracy the following procedures were
adopted: 1) the same sample was used to analyze total and phosphorylated
protein levels; 2) all samples had the same cycles of freezing and thawing
(reduced to a minimum); 3) the two gels were prepared and ran at the same
time; 4) after proteins have been transferred onto PVDF membranes and stained
with specific antibodies, each band of interest were normalized with respect to
the loading control (actin); 5) the ratio between phosphorylated and total
protein levels was obtained by the formula (phosphorylated protein/actin
membrane 1)/(total protein/actin membrane 2).
The antibodies used in our studies are listed in table 3.1.
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Table 3.1. – List of primary and secondary antibodies used in the western
blots (alphabetically ordered).
Antibody

Catalog No.

Supplier

Host

Dilution

Specie
Anti‐Beclin1

612113

BD Biosciences

Mouse

1:1000

Anti‐DRP1

611113

BD Biosciences

Mouse

1:1000

Anti‐ERK

9102

Cell Signaling

Rabbit

1:1000

Anti‐Fis1

IMG‐5113A

Imgenex

Rabbit

1:750

Rabbit

1:2500

Mouse

1:500

Anti‐Goat IgG alkaline

Santa Cruz
sc‐2771

phosphatase conjugate

Biotechnology
Santa Cruz

Anti‐GSK3β

sc‐81462
Biotechnology

Anti‐JNK

9258

Cell Signaling

Rabbit

1:1000

Anti‐LC3

L7543

Sigma Aldrich

Rabbit

1:1000

Anti‐Mfn1 (H‐65)

sc‐50330

Rabbit

1:1000

Anti‐Mfn2

sc‐100560

Mouse

1:1000

Goat

1:10000

Mouse

1:1000

Goat

1:500

Rabbit

1:500

Santa Cruz
Biotechnology
Santa Cruz
Biotechnology
Anti‐Mouse IgG alkaline

Amersham
NIF1316

phosphatase conjugate

Pharmacia Biotech

Anti‐mTOR

4517

Anti‐ND1

sc‐20493

Cell Signaling
Santa Cruz
Biotechnology
Santa Cruz

Anti‐NRF1

sc‐33771
Biotechnology

Anti‐NRF2

ab31163

Abcam

Rabbit

1:500

Anti‐OPA1

612607

BD Biosciences

Mouse

1:1000

Anti‐p38 MAPK

9212

Cell Signaling

Rabbit

1:1000

Anti‐p62

P0067

Sigma Aldrich

Rabbit

1:1000

Anti‐PSD95

3450

Cell Signaling

Rabbit

1:1000

Anti‐Pser2448 mTOR

2971

Cell Signaling

Rabbit

1:1000
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Santa Cruz
Anti‐Pser396 Tau

sc‐101815

Rabbit

1:1000

Biotechnology
Anti‐Pser616 DRP1

4494

Cell Signaling

Rabbit

1:1000

Anti‐Pser9 GSK3β

9336

Cell Signaling

Rabbit

1:1000

Anti‐Pthr180/182 p38 MAPK

9216

Cell Signaling

Mouse

1:1000

Anti‐Pthr181 Tau

sc‐101816

Rabbit

1:250

Santa Cruz
Biotechnology
Anti‐Pthr183/tyr185 JNK

9255S

Cell Signaling

Mouse

1:2000

Anti‐Pthr202/tyr204 ERK

4377

Cell Signaling

Rabbit

1:1000

Anti‐Ptyr216 GSK3β

sc‐135653

Rabbit

1:500

Goat

1:10000

Santa Cruz
Biotechnology

Anti‐Rabbit IgG alkaline

Amersham
NIF1317

phosphatase conjugate

Pharmacia Biotech

Anti‐Synaptophysin

S5768

Sigma Aldrich

Mouse

1:20000

Anti‐Tau (BT2)

MN1010

Thermo Scientific

Mouse

1:1000

Anti‐TFAM

sc‐23588

Goat

1:1000

Santa Cruz
Biotechnology
Anti‐α‐Tubulin

2125

Cell Signaling

Rabbit

1:1000

Anti‐β‐Actin

A5441

Sigma Aldrich

Mouse

1:5000

3.10. Measurement of phosphatase 2A activity
Phosphatase 2A (PP2A) activity was measured using a PP2A DuoSet IC kit
(R&D Systems) according to the manufacturer’s instructions. Briefly, a portion of
brain tissue was homogenized in ice cold lysis buffer (Cell Signaling) and 75 μg of
protein were loaded onto 96‐well plates coated with a capture antibody specific
for PP2A (R&D Systems) for immunocapture at 4 °C for 3 h. After washing twice,
synthetic

phosphopeptide

substrates

(200

μM)

were

added

for

the

dephosphorylation reaction catalyzed by PP2A. The level of free phosphate was
determined by a sensitive dye‐binding assay using malachite green and molybdic
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acid according to the manufacturer’s instructions followed by measurement of
the absorbance at 620 nm.

3.11. Measurement of caspases 3 and 9 activation
Caspases 3 and 9 activation was measured using a colorimetric method.
Brain cortical tissues were homogenized in cold RIPA buffer and frozen and
defrozen three times. The lysates were centrifuged for 10 minutes at 14000 rpm
(5417R, Eppendorf) at 4°C. The resulting supernatant was stored at −80 °C.
Protein concentrations were measured by using the BCA protein assay kit
(Pierce, Rockford, IL).
Samples (50 μg of protein) were incubated at 37 °C for 2 h in 25 mM Hepes,
pH

7.5,

containing

0.1%

3‐[(3‐cholamido‐propyl)

dimethylammonio]‐1‐

propanesulfonate (CHAPS), 10% sucrose, 2 mM DTT, and40 μM Ac‐DEVD‐pNA
for caspase 3 or 40μM Ac‐LEHD‐pNA for caspase 9. Caspase 3‐ and caspase 9‐like
activity was determined by measuring substrate cleavage at 405 nm in a
microplate reader (SpectraMax Plus 384, Molecular Devices).

3.12.Total DNA extraction
Total DNA was extracted from brain cortical tissue using the TRIzol
Reagent (Sigma‐Aldrich) according to the manufacturer’s instructions.
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3.13. Determination of mtDNA Copy Number
Real‐time polymerase chain reaction (qPCR) analysis was performed to
determine mtDNA copy number in brain cortical samples, as described by Fuke
and collaborators (2011), with slight modifications. Relative quantification of
mtDNA levels was determined by the ratio of the mitochondrial ND1 (mt‐Nd1)
gene to the single‐copy, nuclear‐encoded beta‐2‐microglobulin (β2MG) gene.
Reactions were carried out in an iQ5 system (Bio‐Rad), and efﬁciency of the
reactions was determined for the selected primers using serial dilutions of DNA
samples. Primer concentration and annealing temperature were optimized, and
the speciﬁcity of the amplicons was determined by melting curve analysis. The
reactions mixture consisted of Maxima SYBR Green qPCR Master Mix
(Fermentas), sense and antisense primers (see Table 3.2. for details), and 20 ng
of DNA. Each reaction was run in triplicate to calculate relative mtDNA copy
number. Control (Ct) values of all samples were within the linear range. Ct value
differences were used to quantify mtDNA copy number relative to the beta‐2‐
microglobulin gene with the following equation: Relative copy number = 2ΔCt,
where ΔCt is Ctβ2MG ‐CtND1.

Table 3.2. – Oligonucleotides and cycling conditions for qPCR amplification of
ND1 and β-2-microglobulin.
Gene
ND1
β2MG

Sequence (5'‐ 3')
Sense: GAG CCC TAC GAG CCG TTG CC

AT (ºC)

Amplificon
Size (bp)

C

58

271

30

58

264

30

Antisense: GCG AATG GTC CTG CGG CGT A
Sense: GCG TGG GAG GAG CAT CAG GG
Antisense: CTC ATC ACC ACC CCG GGG ACT

Abbreviations: AT ‐ annealing temperature; C ‐ Number of cycles of amplification
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3.14. Statistical analysis
Data presented in Chapter 4 are presented as mean ± SEM of the indicated
number of animals. Statistical significance was determined using the unpaired
two‐tailed student t‐test.
Data presented in Chapter 5 and regarding the characterization of the
experimental animal groups and mitochondrial function parameters are
presented as mean ± SEM of the indicated number of animals and differences
between groups were analyzed using one‐way ANOVA followed by Tukey’s post‐
hoc test. All other data presented in Chapter 5 are expressed as median ±
interquartile range of the indicated number of animals and statistical
significance was determined using the non‐parametric test of Kruskal‐Wallis
followed

54

by

the

posthoc
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4.1. Abstract
Mitochondria have a crucial role in the supply of energy to the brain.
Mitochondrial alterations can lead to detrimental consequences on the function
of brain cells and are thought to have a pivotal role in the pathogenesis of several
neurological disorders. This study was aimed to evaluate mitochondrial function,
fusion‐fission and biogenesis and autophagy in brain cortex of 6‐month‐old Goto‐
Kakizaki (GK) rats, an animal model of non‐obese type 2 diabetes (T2D). No
statistically significant alterations were observed in mitochondrial respiratory
chain and oxidative phosphorylation system. A significant decrease in the
protein levels of optic atrophy 1 (OPA1), a protein that facilitates mitochondrial
fusion, was observed in brain cortex of GK rats. Furthermore, a significant
decrease in the protein levels of LC3‐II and a significant increase in protein levels
of mTOR phosphorylated at serine residue 2448 was observed in GK rats
suggesting a suppression of autophagy in diabetic brain cortex. No significant
alterations were observed in the parameters related to mitochondrial biogenesis.
Altogether, these results demonstrate that during the early stages of T2D brain
mitochondrial function is maintained in part due to a delicate balance between
mitochondrial fusion‐fission and biogenesis and autophagy. However, future
studies are warranted to evaluate the role of mitochondrial quality control
pathways in late stages of T2D.
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4.2. Introduction
Diabetes mellitus has become a worldwide epidemic with a substantial
social and economic burden (Lam and LeRoith, 2012). As a matter of fact the
prevalence of this disorder is rising dramatically, being estimated that 370
million people worldwide will be suffering from diabetes in 2030 (Wild et al.,
2004). Based on its etiology and clinical presentation, diabetes is mainly
categorized in type 1 (T1D) or type 2 (T2D) diabetes (Umegaki, 2012). T2D is the
most prevalent form of diabetes and is marked by chronic hyperglycemia as a
consequence of insulin resistance and partial insulin deficiency (Umegaki, 2012).
Amongst the wide range of chronic complications associated with diabetes, brain
degenerative events, cognitive deterioration and dementia have assumed a
pivotal importance in the last decades (J et al., 2009). Particularly, diabetes is
considered a major risk factor for the development of Alzheimer’s and
Parkinson’s diseases (Correia et al., 2012a; Santiago and Potashkin, 2013). While
the mechanistic link between diabetes and neurodegeneration remains
enigmatic, scientific advances revealed that mitochondria could be in the basis of
this interrelation (Carvalho et al., 2012; Correia et al., 2012a; Santiago and
Potashkin, 2013). In fact, mitochondria take center stage in the brain since
neurons have a limited glycolytic capacity, making them highly dependent on
aerobic oxidative phosphorylation to fulfill their energetic requirements (Santos
et al., 2010a). Aside from their role in ATP generation, these organelles are also
involved in the homeostasis of important cellular second messengers such as
reactive oxygen species (ROS) and Ca2+ as well as in the control of apoptotic cell
death (Santos et al., 2010a).
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To ensure the maintenance of a healthy mitochondrial population, brain
cells are equipped with mitochondrial quality control systems to regulate
mitochondrial shape, function and mass. These mitochondrial quality control
systems include, but are not restricted to mitochondrial fusion‐fission,
biogenesis and autophagy (Zhu et al., 2013). The frequent and balanced cycles of
fusion and fission are crucial for neurons, given their unique architecture and
special energy and Ca2+‐buffering requirements at the synapse (DuBoff et al.,
2013). The core molecular machinery involved in mitochondrial fusion includes
optic atrophy 1 (OPA1) and mitofusins 1 and 2 (Mfn1 and Mfn2, respectively).
Whereas OPA1 can be found and is responsible for mitochondrial inner
membrane fusion, Mfn1 and Mfn2 are found and are responsible for
mitochondrial outer membrane fusion (Chan, 2006b). On the other hand,
dynamin‐related protein 1 (DRP1) and fission protein 1 (Fis1) are involved in
mitochondrial fission (Chan, 2006b). Degradation of mitochondria through
autophagy, usually termed as mitophagy, constitutes an important quality
control process that degrades damaged/dysfunctional mitochondria (Twig et al.,
2008a).
So far, the role of mitochondrial quality control mechanisms has not been
investigated in the early stages of diabetic brain. Taking into account that the
maintenance of a healthy mitochondrial pool is crucial for normal brain
functioning, the present study was aimed to uncover the impact of moderate T2D
on brain cortical mitochondrial function, fission‐fusion and biogenesis and
autophagy. For that, several parameters were determined in the brains of 6‐
month‐old Goto‐Kakizaki (GK) rats: respiration chain function, oxidative
phosphorylation

system,

mitochondrial

fusion‐fission

proteins

levels,
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mitochondrial mtDNA copy number, protein levels of mitochondrial biogenesis‐
related transcription factors and markers of autophagy.

4.3. Results
4.3.1. Characterization of the experimental animals
As shown in Table 4.1, GK rats presented a significant increase in HbA1c
and postprandial glucose levels when compared to the respective control rats,
which confirms the diabetic state of this animal model. Additionally, a marked
reduction in body weight was also detected in GK rats (Table 4.1). No alterations
in brain weight were observed (Table 4.1).

Table 4.1. – Characterization of the experimental animals.

Data are the mean ± SEM of 5 animals from each condition studied.
Statistical significance: *p<0.05 when compared to the respective wistar control
rats; ***p<0.001 when compared to the respective wistar control rats.

4.3.2. T2D does not affect mitochondrial bioenergetics in brain cortex
In a first approach to investigate the impact of T2D on mitochondrial
bioenergetic function, mitochondrial respiration and oxidative phosphorylation
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were evaluated in freshly isolated brain cortical mitochondria energized with
succinate, a complex II substrate. Our results revealed that mitochondrial
coupling and oxidative phosphorylation efficiency given by the RCR and ADP/O
indexes, respectively, remained unaltered in brain cortical mitochondria from GK
rats when compared to the respective control mitochondria (Table 4.2).
Mitochondrial membrane potential (ΔΨm) is generated through the
respiratory chain pumping of protons from the mitochondrial matrix to the
intermembrane space. The proton gradient originates an electrochemical
potential (Δp) resulting in a pH (ΔpH) and a voltage gradient (ΔΨm) across the
inner membrane. Lag phase represents the time necessary to mitochondria
phosphorylate the exogenous ADP into ATP. As shown in Table 4.2, no statistical
differences were found in the oxidative phosphorylation system parameters
(ΔΨm, ADP‐induced depolarization and lag phase) of brain cortical mitochondria
from GK rats when compared to the respective control mitochondria.
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Table 4.2. – Effect of type 2 diabetes (GK rats) in brain cortical
mitochondrial respiratory and oxidative phosphorylation parameters.

Mitochondrial

respiration

and

oxidative

phosphorylation

system

parameters were evaluated in freshly isolated brain cortical mitochondria (0.5
mg) in 1 ml of the reaction medium supplemented with 3µM TPP+ and energized
with 5 mM succinate in the presence of 2 μM rotenone. Data are the mean ± SEM
of 3‐4 animals from each condition studied.

4.3.3. Mitochondrial fission prevails in the early stages of T2D
Maintenance of mitochondrial functionality in response to metabolic stress
requires fission and fusion of these dynamic organelles. Therefore, we next
analyzed by Western blot the levels of mitochondrial fusion (Mfn1, Mfn2 and
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OPA1) and fission‐related proteins (Fis1 and DRP1). Interestingly, a significant
decrease in OPA1 protein levels was observed in the brain cortex of GK rats
when compared with the respective control rats (Fig. 4.1C), whereas the levels of
Mnf1 (Fig. 4.1A) and Mnf2 (Fig. 4.1B) proteins remained unchanged. Concerning
the mitochondrial fission‐related proteins, our results revealed that the protein
levels of Fis1 (Fig.4.2A) and DRP1 phosphorylated at serine residue 616 (Fig.
4.2B) remained statistically unchanged in the brain cortices of GK rats when
compared with the respective control rats.

Figure 4.1. – Effect of T2D in the levels of mitochondrial fusion‐related
proteins: Mfn1 (A), Mfn2 (B) and OPA1 (C). Data are the mean ± SEM of 8 GK
(and control) animals. Statistical significance: **p<0.01 when compared to the
respective control rats.
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Figure 4.2. – Effect of T2D in the levels of mitochondrial fission‐related
proteins: Fis1 (A) and pser616‐DRP1/DRP1 (B). Data are the mean ± SEM of 8
GK (and control) animals.

4.3.4. Autophagy is decreased in the early stages of T2D
Autophagy is an essential pro‐survival response to stress conditions (e.g.
nutrient limitation) that allows the maintenance of cellular homeostasis by
promoting the timely turnover of long‐lived proteins and organelles, including
mitochondria. However, under certain circumstances, autophagy can also trigger
a cell death program (Santos et al., 2010b). Given this duality of autophagy and in
an effort to dissect how autophagy behaves under diabetic conditions, the next
step of this study was to determine the levels of some key proteins (mTOR,
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Beclin 1, p62 and LC3) associated to the autophagic process. Briefly, mTOR and
Beclin 1 exert opposite effects on the regulation of autophagy. While mTOR acts a
potent repressor, Beclin 1 functions as an inducer of the autophagic pathway.
The autophagic substrate p62 binds directly to LC3, which is known to be a
classic marker of autophagy and a participant in autophagosomal membrane
elongation (Santos et al., 2010b). A significant decrease in LC3‐II protein levels
(Fig. 4.3C) was detected in the brain cortex of GK rats when compared to the
respective control rats. Accordingly, GK rats exhibited a significant increase in
the active form of mTOR (pser2448mTOR/mTOR) (Fig. 4.3A). Meanwhile, beclin 1
(Fig. 4.3B), and p62 (Fig. 4.3D) proteins levels remained unchanged in the brain
cortex of GK rats. Overall, these findings suggest that in early stages of T2D
autophagy is decreased in the brain cortex.

Figure 4.3. – Effect of T2D in the levels of autophagy-related proteins: pser2448mTOR/mTOR (A), Beclin1 (B), LC3-II (C), p62 (D). Data are the mean ± SEM of 8
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GK (and control) animals. Statistical significance: **p<0.01 when compared to the
respective control rats.

4.3.5. Mitochondrial biogenesis is maintained in early stages of T2D
Preservation of normal mitochondrial function is known to depend, in part,
on mitochondrial biogenesis. In this context, real‐time PCR was used to quantify
the copy number ratio of mtDNA to nuclear DNA (nDNA) in brain cortex samples.
No significant alterations were observed in mtDNA copy number (Fig. 4.4A). Also
the protein levels of a ND1, a mitochondrial subunit coded by mtDNA, (Fig. 4.4B),
and nuclear respiratory factor 1 (NRF1) and mitochondrial transcription factor A
(TFAM), two transcription factors involved in mitochondrial biogenesis,
remained statistically unchanged in the brains of GK rats when compared to the
controls (Fig. 4.4C and 4.4D).
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Figure 4.4. – Effect of T2D in (A) mtDNA copy number, and protein levels
of (B) ND1, a mitochondrial subunit coded by mtDNA, and (C) NRF1, and (D)
TFAM, two transcription factors involved in mitochondrial biogenesis. Data are
the mean ± SEM of 5 animals.

4.4. Discussion
Although the molecular basis underlying cognitive deterioration and
neurodegeneration in diabetes mellitus remains elusive, it has been attributed a
central role to mitochondrial dysfunction (Correia et al., 2012a). Due to the
characteristics of GK rats (non‐obese, mild hyperglycemia and insulin resistance)
the present study extends our knowledge on the role of quality control systems
in the maintenance of mitochondrial bioenergetics in the early stages of T2D.
Particularly, this study revealed that in the early stages of T2D: 1) mitochondrial
fission prevails; 2) mitochondrial biogenesis is maintained; and 3) autophagy
decreases. Collectively, these alterations seem to constitute an adaptive
metabolic strategy to preserve mitochondrial bioenergetic function and restrict
brain cells damage.
Within

the

brain,

mitochondria

regulate

synaptic

transmission,

neurotransmitter recycling, dendritic and axonal transport, ion channels, and ion
pump activity, which are processes with high energetic requirements (Kann and
Kovacs, 2007). In this sense, mitochondrial bioenergetic failure has been
pinpointed as a mechanistic event underlying brain malfunction and
neurodegeneration in diabetes mellitus (Correia et al., 2012a). Using isolated
brain cortical mitochondria from 6‐month‐old GK rats, this study revealed that
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neither respiratory chain function nor oxidative phosphorylation efficiency was
compromised in early stages of T2D‐like pathology (Table 4.2). An age‐related
impairment of the respiratory chain and an uncoupling of oxidative
phosphorylation were documented in brain mitochondria isolated from 12‐ and
24‐month GK rats (Moreira et al., 2003). So, it is tempting to speculate that in
young T2D animals compensatory mechanisms exist involving mitochondrial
quality control systems. Integration of mitochondrial fusion‐fission, biogenesis
and autophagy forms a surveillance mechanism to maintain a healthy
mitochondrial population (Twig et al., 2008a; Westermann, 2010). Mitochondria
form a dynamic, interconnected network within a cell, and frequent cycles of
fusion and fission are crucial for mitochondrial respiration, mitochondrial
trafficking and distribution, formation and function of synapses and dendritic
spines, and mitochondrial quality control, particularly in post‐mitotic cells such
as neurons (Detmer and Chan, 2007; Chen and Chan, 2009). A significant
decrease in OPA1 protein levels was observed in the brain cortex of GK rats (Fig.
4.1C). This observation points for a remodeling of brain mitochondrial network
in T2D, where the balance of mitochondrial fusion‐fission events seems to be
shifted towards fission. The first evidence of an altered mitochondrial structure
in “diabetic neurons” was provided by Schmeichel et al. (2003). Subsequent
studies revealed that dorsal root ganglia (DRG) neurons from a T1D animal
model or DGR neurons exposed to high glucose levels exhibit smaller
mitochondria

as

a

consequence

of

an

excessive

mitochondrial

fragmentation/fission (Leinninger et al., 2006; Edwards et al., 2010; Vincent et
al., 2010). Remarkably, Leinninger and collaborators (2006) sophisticatedly
proposed that early mitochondrial fission promoted by the up‐regulation of
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DRP1 represents a protective or metabolic fission in order to cope with
hyperglycemia. However, in a later stage excessive mitochondrial fission is
associated with the activation of Bim and Bax, culminating in apoptosis
(Leinninger et al., 2006). More recently, it was also found an increase in the
levels of mitochondrial fission protein DRP1 in cultured DRG neurons made
insulin resistant by chronic exposure to hyperinsulinemic conditions (Kim et al.,
2011). Under hyperglycemic conditions, mitochondrial fission is also increased
in pancreatic‐β cells, hepatocytes, skeletal muscle cells, and endothelial cells,
promoting the disruption of mitochondrial network and accumulation of small
mitochondria (Yoon et al., 2011).
Mitochondrial fission is involved in mitochondrial motility and efficient
dissemination of energy across cell structure – metabolic fission (Cagalinec et al.,
2013). Distressing fission or fusion mechanisms either by inhibiting expression
of the fission protein DRP1 or by overexpressing the fusion protein Mfn1 has
been shown to prevent mitochondria from distributing to synapses due to
defective mitochondrial trafficking, leading to the loss of mitochondria from
dendritic spines and, consequently, to a reduction of synapse formation (Santel
et al., 2003; Tondera et al., 2005; Verstreken et al., 2005; Hoppins et al., 2007).
Cardoso and collaborators (Cardoso et al., 2012) have previously reported that
synaptic integrity, given by the protein levels of synaptophysin, is preserved in
the brain cortex of STZ‐treated rats, a model of T1D. The maintenance of synaptic
integrity was also documented in animal models of T2D (Belanger et al., 2004).
Thereby, we hypothesize that mitochondrial fission could somehow facilitate the
recruitment and transport of mitochondria to critical subcellular compartments
with high energy demand, such as synaptic terminals, where these organelles
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remain stationary and preserve synaptic and neuronal function and integrity, in
part by supplying ATP.
Mitochondrial fission together with autophagy form a surveillance
mechanism to maintain a pool of healthy mitochondria by isolating and targeting
damaged organelles for removal (Liesa and Shirihai, 2013). Autophagy assumes
particular importance in post‐mitotic cells, such as neurons, since it constitutes a
way of “cleaning” cells from metabolic debris (Terman et al., 2010). During the
last decade, autophagy has received increasing attention due to its involvement
in various aspects of cell physiology, especially cell survival and maintenance of
energy homeostasis under conditions of nutrient or energy deprivation‐
starvation (Mizushima, 2005). However, autophagy can also trigger cell death,
underscoring its nature as a double‐edged sword that could be either protective
or injurious depending on the cellular environment, the nature and intensity of
the stimulus, and the levels of autophagy (Kang and Avery, 2008). Our study
revealed that autophagy is decreased in GK rats. Particularly, it was observed a
decrease in LC3‐II protein levels (Fig. 4.3C) and an increase in the protein levels
of mTOR phosphorylated at serine residue 2448 (Fig. 4.3A). GK rats exhibit an
insulin resistant state that in an initial phase is accompanied by
hyperinsulinemia resulting from a compensatory increase in insulin secretion in
response to increased insulin demand (King, 2012). Since insulin activates the
class I phosphatidylinositol 3‐kinase (PtdIns3K) and mTOR not only to stimulate
glucose uptake and protein synthesis but also to inhibit autophagy, this could be
a possible explanation for the diminished autophagy observed in the brain cortex
of GK rats (Fig. 4.3) (Meijer and Codogno, 2006). It has been documented that
diminished autophagy is an adaptive response that limits cardiac dysfunction in
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T1D (Xu et al., 2013). Inhibition of autophagy is a beneficial adaptive response
that protects cardiomyocytes against high glucose toxicity (Kobayashi et al.,
2012). In accordance with our data, these authors found that increased mTOR
signaling underlies the inhibition of autophagy (Kobayashi et al., 2012).
Our observations also revealed no significant alterations in mtDNA copy
number and protein levels of ND1 and NRF1 and TFAM (Fig. 4.4). These results
supports the notion that mitochondrial biogenesis is spared in the early stages of
T2D. According to our hypothesis, it was previously demonstrated that
mitochondrial biogenesis and function are negatively affected by hyperglycemia
in a time‐dependent manner (Palmeira et al., 2007).
Taken together, our results suggest that mitochondrial fusion‐fission and
biogenesis and autophagy act as “mitocheckpoints” to sustain brain
mitochondrial bioenergetics during the early stages of T2D in order to maintain
brain cells health. However, it is of utmost importance to evaluate how these
mechanisms interact during the progression of T2D. Within this scenario, future
studies involving the genetic manipulation of key proteins involved in
mitochondrial quality control will be crucial to gain further insights on the role
of these mechanisms during the development of T2D.
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5.1. Abstract
The main purpose of this study was to examine whether streptozotocin
(STZ)‐induced type 1 diabetes (T1D) and insulin (INS) treatment affect
mitochondrial function, fission/fusion and biogenesis, autophagy and tau protein
phosphorylation in cerebral cortex from diabetic rats treated or not with INS. No
significant alterations were observed in mitochondrial function as well as
pyruvate levels, despite the significant increase in glucose levels observed in INS‐
treated diabetic rats. A significant increase in DRP1 protein phosphorylated at
Ser616 residue was observed in the brain cortex of STZ rats. Also an increase in
NRF2 protein levels and in the number of copies of mtDNA were observed in STZ
diabetic rats, these alterations being normalized by INS. A slight decrease in LC3‐
II levels was observed in INS‐treated rats when compared to STZ diabetic
animals. An increase in tau protein phosphorylation at Ser396 residue was
observed in STZ diabetic rats while INS treatment partially reversed that effect.
Accordingly, a modest reduction in the activation of GSK3β and a significant
increase in the activity of phosphatase 2A were found in INS‐treated rats when
compared to STZ diabetic animals. No significant alterations were observed in
caspases 9 and 3 activity and synaptophysin and PSD95 levels. Altogether our
results show that mitochondrial alterations induced by T1D seem to involve
compensation mechanisms since no significant changes in mitochondrial
function and synaptic integrity were observed in diabetic animals. In addition,
INS treatment is able to normalize the alterations induced by T1D supporting the
importance of INS signaling in the brain.
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5.2. Introduction
Type 1 diabetes (T1D) is a metabolic disease that originates from the
autoimmune destruction of β‐cells due to lymphocytic infiltration of pancreatic
islets, resulting in the permanent dependency of patients on exogenous insulin
(INS) to survive (Gan et al., 2012).
Cognitive deficits, such as impaired learning, memory, problem solving, and
mental flexibility have been recognized as being more common in T1D subjects
than in the general population (Biessels et al., 2008; Ryan et al., 1985). It has also
been demonstrated that T1D exacerbates tau protein hyperphosphorylation and
amyloid beta (Aβ) formation contributing to the deposition of neurofibrillary
tangles and Aβ plaques, the two major pathological hallmarks of Alzheimer’s
disease (AD), in the amyloid precursor protein (APP) transgenic mice (Jolivalt et
al., 2010).
INS has been proven to exert a role in synaptic plasticity and memory
consolidation through the modulation of the activity of excitatory and inhibitory
receptors such as those for glutamate and GABA, and by triggering signal
transduction cascades leading to the alteration of gene expression (Cardoso et al.,
2009; Zhao et al., 2004). Furthermore, INS and insulin‐like growth factors (IGFs)
have been shown to protect neurons against Aβ toxicity (Dore et al., 1997;
Takadera et al., 1993). Likewise, insulin reduced tau protein phosphorylation
and promoted its binding to microtubules, the effects of insulin being mediated
through the inhibition of glycogen synthase kinase‐3β (GSK‐3β) via the
phosphoinositide 3‐kinase (PI3‐K)/Akt signaling pathway (Hong and Lee, 1997).
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Mitochondria account for more than 90% of the cellular energy production
(Chance et al., 1979). This bioenergetic production assumes its maximum
importance in the brain since neurons have a high energy demand and a limited
glycolytic capacity, making them highly dependent on aerobic oxidative
phosphorylation (Moreira et al., 2010a).
Mitochondrial network is maintained through the fine balance between
mitochondrial fission and fusion. Mitochondrial fission is governed by dynamin‐
like protein 1 (DRP1), a large cytosolic GTPase that is recruited to the
mitochondrial membrane upon a fission‐like stimuli, and by Fis1, a small
mitochondrial molecule located in the outer membrane (Santos et al., 2010a). In
turn, mitochondrial fusion is directed by three large GTPases, Mitofusin 1 (Mfn1)
and Mitofusin 2 (Mfn2), both located in the mitochondrial outer membrane, and
optic atrophy 1 (OPA1) protein, located in the inner mitochondrial membrane
(Santos et al., 2010a).
Mitochondrial biogenesis results from an intricate crosstalk between both
nuclear and mitochondrial genomes. The molecular machinery underlying
mitochondrial biogenesis is constituted by the nuclear respiratory factor 1 (NRF
1) and nuclear respiratory factor 2 (NRF 2), which control the nuclear genes that
encode mitochondrial proteins, and mitochondrial transcription factor A (TFAM)
that drives transcription and replication of mitochondrial (mt) DNA (Correia et
al., 2012b; Virbasius and Scarpulla, 1994). The expression of NRF1, NRF2, and
TFAM is regulated by the peroxisome proliferator activator receptor gamma‐
coactivator 1α (PGC‐1α) (Wu et al., 1999).
Autophagy is an evolutionarily conserved housekeeping process that
enables cells to get nutrients through the digestion of their own components and,
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at the same time, degrades misfolded proteins and aggregates, damaged
organelles and invading microorganisms (Santos et al., 2010b). Autophagy is a
tightly regulated process in a multistep manner. To the level of vesicle
nucleation/initiation two main proteins are involved: the mammalian target of
rapamycin (mTOR), which is an autophagic repressor; and Beclin1, which is an
autophagic inducer (Moreira et al., 2010b). Regarding membrane elongation,
cytosolic LC3‐I is transformed to a membrane‐bound form, LC3‐II (Moreira et al.,
2010b). In the autophagic degradation of ubiquitinated protein aggregates in
mammalian cells, LC3 interacts with p62, which is an ubiquitin‐binding protein
therefore being considered an autophagic substrate (Moreira et al., 2010b).
The main aim of this study was the evaluation of the effects of
streptozotocin (STZ)‐induced T1D and INS treatment on brain cortical
mitochondria, autophagy and tau protein phosphorylation. We evaluated several
mitochondrial parameters: respiration [respiratory control ratio (RCR), and
ADP/O index], phosphorylation system [transmembrane potential (∆Ψm), ADP‐
induced depolarization, repolarization lag phase], fission/fusion protein levels
(DRP1, Fis 1 and OPA1, MFN1, MFN2, respectively), biogenesis (NRF1, NRF2,
TFAM and the number of copies of mtDNA). Autophagy (mTOR, Beclin1, LC3 and
p62 protein levels), the activity of several kinases and phosphatase 2A that
modulate tau protein phosphorylation, activity of caspases 3 and 9 and protein
levels of synaptophysin and PSD95 were also evaluated.
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5.3. Results
5.3.1. Characterization of the experimental animal models
STZ animals present a significant reduction in their body weight, and a
significant increase in glycemia and glycated hemoglobin (HbA1c), when
compared to Wistar (W) control rats (Table 5.1), confirming their diabetic state.
Compared to untreated STZ diabetic rats, diabetic rats treated with INS present a
statistically significant increase in body weight and a significant reduction in
glycemia and HbA1c levels, which demonstrates the effectiveness of INS
treatment in the amelioration of the diabetic phenotype. Additionally, a decrease
in INS brain cortical levels is observed in STZ animals, an effect that is partially
reversed by INS treatment (Fig. 5.1A). INS‐treated rats show an increase in the
levels of brain glucose (Fig. 5.1B), although no statistically significant alterations
are observed in pyruvate levels (Fig. 5.1C).

Table 5.1. – Characterization of the experimental animal models

Data are the mean ± SEM of 6 animals from each condition studied.
Statistical significance: ***p<0.001 when compared to the respective wistar
control rats;

#p<0.05,

##p<0.001

and

###p<0.001

when compared to the

respective STZ diabetic rats.
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Figure 5.1. – Effects of T1D (STZ-induced diabetes) and insulin (INS)
treatment in brain cortical insulin (A), glucose (B) and pyruvate (C) levels. Data are
the mean ± SEM of 5-6 animals from each condition studied. Statistical significance:
$$

p<0.01 when compared to the respective wistar (W) control animals.

5.3.2. Neither T1D nor insulin treatment affect mitochondrial function
RCR is a measure of the coupling between substrate oxidation and
phosphorylation and is a good indicator of mitochondrial integrity. ADP/O index
shows the efficiency of the mitochondrial phosphorylative system (Silva and
Oliveira, 2012). Both mitochondrial indexes present no significant differences
between the experimental groups (Table 5.2). Also FCCP and oligomycin
respiratory states show no significant differences between the experimental
groups (Table 5.2).
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Mitochondrial membrane potential (ΔΨm) is generated through the
respiratory chain pumping of protons from the mitochondrial matrix to the
intermembrane space. The proton gradient originates an electrochemical
potential (Δp) resulting in a pH (ΔpH) and a voltage gradient (ΔΨm) across the
inner membrane. No statistically significant differences are observed in ΔΨm and
ADP‐induced depolarization between the three experimental groups of animals
(Table 5.2). Lag phase is the time necessary for mitochondria to phosphorylate
the added ADP into ATP. Again, no statistically significant differences are
observed between the experimental groups (Table 5.2).
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Table 5.2. – Effects of T1D (STZ‐induced diabetes) and insulin (INS)
treatment

in

brain

cortical

mitochondrial

respiration

and

oxidative

phosphorylation system

Data are the mean ± SEM of 6 animals from each condition studied.

5.3.3. INS reverses mitochondrial fission promoted by T1D
Regarding mitochondrial fusion, no significant alterations are observed in
Mfn1 (Fig. 5.2A), Mfn2 (Fig. 5.2B) and OPA1 (Fig. 5.2C) protein levels. The
mitochondrial fission‐related protein Fis1 is statistically unaltered between the
experimental groups (Fig. 5.3A) however, the active form of the fission protein
DRP1 (PSer616‐DRP1) is significantly increased in diabetic animals when
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compared to control animals, this effect being reversed by INS treatment (Fig.
5.3B).

Figure 5.2. ‐ Effects of T1D (STZ‐induced diabetes) and insulin (INS)
treatment in the levels of mitochondrial fusion‐related proteins: Mfn1 (A), Mfn2
(B) and OPA1 (C). Data are the median ± interquartile range of 6 animals from
each condition studied.
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Figure 5.3. – Effects of T1D (STZ-induced diabetes) and insulin (INS)
treatment in the levels of mitochondrial fission-related proteins: Fis1 (A) and Pser616DRP1/DRP1 (B). Data are the median ± interquartile range of 6 animals from each
condition studied. Statistical significance: *p<0.05 when compared to the respective
wistar (W) control animals.

5.3.4. Insulin treatment reverses T1D‐induced mitochondrial biogenesis
alterations
Several transcription factors have been enrolled in the transcription of
genes that are crucial to mitochondria. To ascertain the role of T1D in brain
cortical mitochondrial biogenesis the protein levels of NRF1 (Fig. 5.4A), NRF2
(Fig. 5.4B) and TFAM (Fig. 5.4C) were evaluated. STZ‐induced T1D induces a
significant increase in the levels of NRF2 (Fig. 5.4B) and a slight increase in the
levels of TFAM (Fig. 5.4C), these effects being reversed by INS treatment (Fig.
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5.4A‐C). Accordingly, a significant increase in the relative number of mtDNA
copies is observed in STZ diabetic animals (Fig. 5.5). Again, INS treatment tends
to normalize the increase in the number of mtDNA copies induced by STZ‐
induced T1D (Fig. 5.5).

Figure 5.4. – Effects of T1D (STZ‐induced diabetes) and insulin (INS)
treatment in the levels of transcription factors related with mitochondrial
biogenesis: NRF1 (A); NRF2 (B) and TFAM (C). Data are the median ±
interquartile range of 6 animals from each condition studied. Statistical
significance: *p<0.05 when compared to the respective wistar (W) control
animals.
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Figure 5.5. – Effects of T1D (STZ‐induced diabetes) and insulin (INS)
treatment in the number of copies of mitochondrial DNA (mtDNA). Data are the
median ± interquartile range of 5 animals from each condition studied. Statistical
significance: **p<0.01 when compared to the respective wistar (W) control
animals.

5.3.5. Insulin therapy modulates autophagy
mTOR is a recognized repressor of the autophagic pathway. As shown, the
active form of mTOR (PSer2448‐mTOR) (Fig. 5.6A) is not significantly altered in the
three experimental groups. The same occurs with the autophagic inducer Beclin1
(Fig. 5.6B) and the autophagic substrate p62 (Fig. 5.6D). However, the levels of
LC3‐II, a gold‐standard marker of autophagic vesicle elongation, are
tendentiously decreased by INS treatment (Fig. 5.6C).
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Figure 5.6. ‐ Effects of T1D (STZ‐induced diabetes) and insulin (INS)
treatment in the levels of autophagy‐related proteins: Pser2448‐mTOR/mTOR (A),
Beclin1 (B), LC3‐II (C), p62 (D). Data are the median ± interquartile range of 6
animals from each condition studied.

5.3.6. INS partially reverses tau protein phosphorylation promoted by T1D
by the increase in PP2A activity
To investigate whether T1D and INS treatment affect tau protein
phosphorylation, we evaluated the levels of tau protein phosphorylated at
residues Ser396 and Thr181. T1D increases the protein levels of PSer396‐Tau and
decreases the protein levels of PThr181‐Tau, while INS partially reverses these
effects (Fig. 5.7). The protein levels of some kinases involved in tau protein
phosphorylation were also assessed. T1D does not significantly alter the levels of
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the active form of GSK3β (PTyr216‐GSK3β) (Fig. 5.8A and 5.8B), however INS
treatment tends to reduces the active form of this enzyme when compared to
diabetic animals. A slight decrease in the levels of the inactive form of GSK3β
(PSer9‐GSK3β) is also observed in INS‐treated rats (Fig. 5.8A and 5.8B). No
significant alterations are observed in other kinases (JNK, ERK and p38 MAPK)
known to modulate tau protein phosphorylation (Fig. 5.8A and 5.8B). Although
not statistically significant, T1D decreases the activity of PP2A (Fig. 5.9) while
INS treatment significantly increases the activity of this phosphatase when
compared to diabetic animals (Fig. 5.9).

Figure 5.7. – Effects of T1D (STZ‐induced diabetes) and insulin (INS)
treatment on the ratio between phosphorylated (Thr181 and Ser396 residues)
tau and total tau protein levels. Data are the median ± interquartile range of 6
animals from each condition studied. Statistical significance: *p<0.05 when
compared to the respective Wistar (W) control animals.
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Figure 5.8. – Effects of T1D (STZ‐induced diabetes) and insulin (INS)
treatment in the phosphorylation of several kinases: GSK3β, JNK, ERK and p38
MAPK (A and B). Data are the median ± interquartile range of 6 animals from
each condition studied.

Figure 5.9. – Effects of T1D (STZ‐induced diabetes) and insulin (INS)
treatment in the activity of protein phosphatase 2A (PP2A). Data are the median
± interquartile range of 6 animals from each condition studied. Statistical
significance: ##p<0.01 when compared to the respective STZ diabetic animals.

5.3.7. Neither T1D nor insulin treatment alter brain cells survival and
synaptic integrity
The initiator caspase 9 is responsible for the mitochondrial‐dependent
apoptotic cell death. Caspase 3 is an effector caspase involved in both extrinsic
and intrinsic (i.e. mitochondrial pathway) apoptosis pathways. Both STZ‐induced
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diabetes and INS treatment do not alter caspases 9‐ and 3‐like activities (Fig.
5.10A and 5.10B, respectively), which is indicative of no effects on apoptotic cell
death. Likewise, synaptophysin and PSD95 levels are not altered in the three
experimental groups (Fig. 5.11A and 5.11B, respectively), which suggest that
there is no significant loss of synaptic integrity.

Figure 5.10. – Effects of T1D (STZ‐induced diabetes) and insulin (INS)
treatment in the caspase 9‐ (A) and caspase 3‐like (B) activities. Data are the
median ± interquartile range of 5 animals from each condition studied.
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Figure 5.11. – Effects of T1D (STZ‐induced diabetes) and insulin (INS)
treatment in the protein levels of synaptophysin (A) and PSD95 (B). Data are the
median ± interquartile range of 6 animals from each condition studied.

5.4. Discussion
T1D patients critically depend on lifelong INS treatment to survive. Indeed,
T1D leads to several long‐term complications due to the extremely high levels of
blood glucose, which is expected to be controlled by INS therapy (Reichard et al.,
1993; Brussee et al., 2004; Francis et al., 2009).
STZ administration significantly increased glycemia and HbA1c levels and
avoided body weight gain (Table 5.1). The daily s.c. administration of INS
ameliorated the levels of blood glucose and HbA1c. Strikingly, INS treatment also
induced a significant body weight gain when compared to diabetic animals
(Table 5.1). The phenotypic effects induced by STZ injection are comparable to
those described by others in STZ‐induced diabetic animals (Moreira et al., 2005;
Cardoso et al., 2010, 2012) and T1D patients (Cooke and Plotnick, 2008).
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Nevertheless, the levels of glucose (Fig. 5.1B) and pyruvate (Fig. 5.1C) in cerebral
cortex of diabetic rats remained statistically unchanged suggesting that glucose
uptake and its metabolism by glycolysis are unaffected in this animal model of
T1D. It was previously reported that the function of glucose transporter 1 (GLUT
1), the main glucose transporter found in the blood‐brain barrier (BBB), is not
altered in cerebral microvessels of diabetic rats (Shah et al., 2012). In addition, it
was reported an increase in glucose use throughout the brain 1 week after STZ
administration in rats, while normal rates were found 4 weeks after diabetes
induction (Mans et al., 1988). The systemic characterization of the INS‐treated
animals (Table 5.1) and the levels of INS found in the brains of these animals (Fig.
5.1A) show the effectiveness of the INS treatment. The increase in glucose levels
in INS‐treated diabetic rats is not related with alterations in glucose utilization
since the levels of pyruvate (Fig. 5.1C) and mitochondrial function (Table 5.2)
remained statistically unaltered. The increase in glucose levels in INS‐treated
diabetic brains may represent a stimulatory action of INS in promoting glucose
uptake into brain.
INS treatment partially reversed the increase in the ratio of tau
phosphorylated at Ser396 to total tau promoted by STZ‐induced diabetes (Fig.
5.7). Our results converge with other studies showing an increased
phosphorylation of tau protein in the brains of STZ diabetic animals (Planel et al.,
2007; Qu et al., 2011). In vitro, pseudophosphorylation of Ser396 and Ser404
generates tau that is more ﬁbrillogenic (Abraha et al., 2000). Mutational studies
with human tau also showed that phosphorylation of tau at Ser396 is primarily
responsible for the functional loss of tau‐mediated tubulin polymerization
(Evans et al., 2000). Interestingly, the ratio of tau phosphorylated at Thr181 to
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total tau is decreased in the brain cortices of STZ diabetic animals (Fig. 5.7). A
protective role for tau phosphorylation could be suggested when that
modification takes place at Thr181 (Simón et al., 2012), which could facilitate its
binding to exosomes and the release of tau excess (Johnson et al., 1989). Under
these circumstances, the decrease in the ratio of tau phosphorylated at Thr181 to
total tau observed in the brains of STZ‐induced diabetic rats may indicate an
increased probability for an over accumulation and deposition of tau.
Several mechanisms modulate tau protein phosphorylation levels, such as
the decrease in the activity of PP2A, as observed in the brains of STZ animals and
spontaneous model of T1D, the nonobese diabetic (NOD) mouse (Planel et al.,
2007; Qu et al., 2011; Papon et al., 2013). Accordingly, we observed a non‐
statistically significant decrease of PP2A activity in the cerebral cortex of STZ
diabetic rats (Fig. 5.9). It was also reported that the active form of p38‐MAPK
was increased in neurons from the olfactory bulb of STZ diabetic rats, which was
accompanied by an increase in tau protein phosphorylation (Sharma et al., 2010).
Moreover, Clodfelder‐Miller et al. (2006) reported that STZ diabetic animals
present an increase in p38 MAPK and JNK active forms while ERK remains
unchanged. However, in our study, no significant alterations were observed in
the active forms of p38‐MAPK and JNK (Fig. 5.8A and 5.8B).
The decrease in the levels of phosphorylated tau protein promoted by INS
treatment can be explained, at least in part, by the slight decrease in the levels of
the active form of the Ser/Thr kinase GSK3β (PTyr216‐GSK3β) (Fig. 5.8A and 5.8B).
Duarte

et

al.

(2008)

showed

that

insulin

decreased

PTyr216‐GSK3β

phosphorylation in vitro. Additionally, INS treatment significantly increased the
activity of PP2A (Fig. 5.9), contributing to the normalization of the levels of
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phosphorylated tau protein. Ho and collaborators (Ho et al., 2004) demonstrated
that insulin and IGF‐1 reduce tau protein phosphorylation via the PI3‐K pathway
promoting its binding to microtubules. It was also shown that intranasal
administration of insulin ameliorated tau protein phosphorylation in type 2
diabetic mice (Yang et al., 2013a).
Also, the slight decrease in LC3‐II levels observed in INS‐treated animals
(Fig. 5.6C), which suggest a decrease in autophagy, can be correlated with the
decrease in tau protein phosphorylation via stimulation of tau proteolysis by
activation of calpains (Zhang et al., 2009). Indeed, Zhang et al (2009)
demonstrated that inhibition of autophagy with 3‐methyladenine (3‐MA) elicited
an increased calpain activity and, concomitantly, a reduction in the levels of
phosphorylated tau protein. The decrease in LC3‐II levels in INS‐treated animals
may result from the stimulation of mTOR activity by INS (Scott et al., 1998).
However, unexpectedly, the levels of both Pser2448‐mTOR (Fig. 5.6A), an active
form of the autophagy repressor, and Beclin1 (Fig. 5.6B), an autophagy inducer,
remained unaltered. Nonetheless, it is noteworthy that mTOR phosphorylation
does not always correlate with its activity (Caccamo et al., 2010). It has been also
reported that the activation of mTOR may occur when one of the three residues
(T2446, S2448 and S2481) is phosphorylated (Copp et al., 2009). Additionally,
p62, an autophagic substrate, also remained unchanged in both experimental
groups when compared to the control group (Fig. 5.6D). This result regarding the
levels of p62 is quite surprising taking into account the levels of LC3‐II (Fig. 5.6).
Indeed, it is expectable that when autophagy is inhibited, as suggested by the
decrease in LC3‐II in INS‐treated animals (Fig. 5.6C), the levels of p62 increase
(Klionsky et al., 2012). However, p62 is also involved in proteasomal degradation
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(Seibenhener et al., 2004), which indicate that the relation between autophagy
and p62 levels is not always straightforward.
It has been described that tau protein hyperphosphorylation causes
mitochondrial dynamics abnormalities such as changes in mitochondrial
distribution (Kopeinika et al., 2011), and mitochondrial enlargement (DuBoff et
al., 2012), which is putatively due to an abnormal interaction between the
mitochondrial fission protein DRP1 and hyperphosphorylated tau protein
(Manczak and Reddy, 2012). In our model of T1D, the expression pattern of the
proteins involved in mitochondrial fusion and fission is more compatible with
enhanced mitochondrial fragmentation due to increased phosphorylation of
DRP1 at Ser616 (Fig. 5.3B). In agreement with our observations, increased
mitochondrial fission associated to increased protein levels of Fis1 and DRP1
was observed in venous endothelial cells from patients with diabetes (Shenouda
et al., 2011). INS treatment reversed the increase in Pser616‐DRP1 (Fig. 5.3B)
promoted by STZ‐induced T1D. Also the observation that OPA1 protein levels
remained unaltered (Fig. 5.2C) in both STZ‐ and INS‐treated animals is consistent
with the unaltered activity of caspases 9 and 3 (Fig. 5.10). Only 10–15% of
cytochrome c is found free in the intermembrane space, while the major fraction
can be found in the cristae (Bernardi and Azzone, 1981; Scorrano et al., 2002).
OPA1 complexes are involved in cristae remodeling, and the assembly and
disassembly of such complexes regulates cytochrome c release from inside the
cristae, and therefore caspase‐dependent apoptotic cell death (Yamaguchi and
Perkins, 2009; Scarpulla, 2006).
There is scarce evidence about the role of hyperglycemia in mitochondrial
biogenesis, particularly in the central nervous system. A nuclear‐mitochondrial
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crosstalk

regulates

mitochondria

biogenesis

via

PGC1α‐NRF1/2‐TFAM

(Scarpulla, 2006, 2008). Indeed, Edwards et al. (2010) demonstrated in a mouse
model of type 2 diabetes (T2D) with well‐established diabetic neuropathy, that
neurons from the dorsal root ganglia (DRG) presented greater mitochondrial
biogenesis, when compared with non‐diabetic mice. Also in vitro experiments
demonstrated that cultured DRG exposed to hyperglycemic conditions exhibited
increased mitochondrial biogenesis (Edwards et al., 2010; Vincent et al., 2010).
The authors proposed that the increase in mitochondrial biogenesis is occurring
in an attempt to overcome the metabolic load induced by the hyperglycemic
status as well as to compensate for the enhanced mitochondrial fragmentation
(Edwards et al., 2010; Vincent et al., 2010). Accordingly, we also observed an
increase in mitochondrial biogenesis through the increase in the levels of NRF2
(Fig. 5.4B) and TFAM levels (Fig. 5.4C) and mtDNA copy number (Fig. 5.5) in T1D
animals, those effects being normalized by INS treatment. Studies performed in
primary cultures of mice hepatocytes revealed that prolonged exposure to INS
decreased the levels of NRF1, TFAM and the cellular mitochondrial content (Liu
et al., 2009). The alterations in mitochondrial biogenesis occurring in the
cerebral cortex of T1D animals may represent a compensation mechanism
against mitochondrial fragmentation, since there is no alteration of
mitochondrial function (Table 5.2) and no activation of the apoptotic cascade
(Fig. 5.10A and 5.10B), which protect synapse integrity, as demonstrated by the
maintenance of synaptophysin and PSD95 levels (Fig. 5.11), two proteins crucial
for neurotransmission and synaptic plasticity (Valtorta et al., 2004). Accordingly,
it has been recently demonstrated by our group, that mitochondria isolated from
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the cortex of T1D animals did not show significant alterations neither in the
respiratory chain nor in the phosphorylation system (Cardoso et al., 2012).
Altogether our results support the idea that T1D modulates brain cortical
mitochondria through possible compensatory mechanisms avoiding the decline
of mitochondrial function, which is crucial for brain cells integrity and survival.
Nevertheless, STZ‐induced diabetes increases the abnormal phosphorylation of
tau protein that in short‐ or medium‐term may predispose to neurodegenerative
events. Our study also shows beneficial effects of INS therapy that is able to
normalize or attenuate brain cortical alterations promoted by STZ‐induced T1D.
However, longer‐term studies must be done to elucidate the impact of T1D in
brain biochemistry, structure and function. It would be also interesting to study
the effectiveness of INS therapy after a longer period of time.
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6.1. General Conclusion
Overall the results presented in this thesis demonstrate for the first time
that in the brain cortices of T2D (Chapter 4) and T1D (Chapter 5) rats, at the
studied stages of disease, mitochondrial dynamics is shifted towards
mitochondrial fission, which may alter mitochondrial morphology. An alteration
of mitochondrial morphology towards smaller mitochondria can have several
implications, on the one side damaged mitochondrial components are possibly
being segregated to smaller mitochondria that are subsequently degraded by
mitophagy in order to maintain a healthy mitochondrial pool, and on the other
side increased mitochondrial fission can impact mitochondrial motility.
Considering our results about autophagy, a decrease in T2D and insulin‐treated
T1D rats, we suspect that mitochondrial fission is aimed to facilitate
mitochondrial motility. Taking into consideration that neurons are polarized
cells that have a complex and unique morphology, with long processes (axons
and dendrites) extending far from the cell body, mitochondrial motility has a
critical importance.
Curiously, we found that the alterations in mitochondrial fission/fusion are
different in both types of diabetes, despite both pointing towards increased
mitochondrial fragmentation. Although the reason for this difference is yet to be
explored it most likely resides in the different etiologies of the metabolic
disorders.
A significant increase in mitochondrial biogenesis was also found in T1D
brains. An increase in mitochondrial number may be advantageous in organs
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with high energy demand such as the brain rendering it more resistant against
deleterious events such as promoted by diabetes.
What is most interesting is that despite the alterations in mitochondrial
dynamics and/or biogenesis, brain mitochondrial function is sustained in both
diabetic animal models. These observations suggest that the diabetic brain, at
initial and mild stages of the disease, triggers adaptive mechanisms in an attempt
to avoid structural and functional alterations. This hypothesis is supported by
our observations concerning the maintenance of synaptic integrity and lack of
apoptotic signs in T1D.
We also found that insulin reverses T1D‐induced brain changes supporting
the notion that insulin is an effective agent for the management of diabetes and
associated complications. These observations also suggest that the amelioration
of insulin signaling in the brain may prevent cognitive decline and dementia.
Future studies should focus on the evaluation of mitochondrial dynamics
and autophagy in the brains of aged diabetic rats or subjected to a longer
duration of diabetes since it is known that mitochondrial dysfunction is
associated with long‐term diabetic complications. As previously discussed,
diabetes is a main risk factor for AD, an idea supported by the increase in tau
protein phosphorylation found in the brains of T1D rats.
In addition, the genetic manipulation of mitochondrial biogenesis‐related
proteins in the brains of diabetic animals would certainly provide further
insights into the role of this process during disease development. Also in vitro
studies may help elucidate the mechanistic basis underlying mitochondrial
dynamics, biogenesis and autophagy in hyperglycemic and/or insulin resistance
conditions since it is easier to manipulate key individual molecules.
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Since tau protein is involved in microtubules stabilization and an increase
in tau protein phosphorylation may negatively impact this function, it would also
be interesting to correlate tau pathology (e.g. excessive phosphorylation) with
mitochondrial motility and function.
The clarification of the role of the mitochondrial processes discussed above
in the brains of T2D and T1D subjects will spur the search of effective therapies
against diabetes‐associated neurodegeneration.
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