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SUMMARY 

 Alzheimer’s disease, the most common form of dementia, is a leading cause of 

morbidity and mortality in the elderly. Existing in both genetic and sporadic forms, this 

disease is characterized by severe neurodegeneration associated with the occurrence of 

two specific pathological hallmarks: the extracellular deposition of amyloid-β in brain 

parenchyma and cerebral blood vessels and the intracellular accumulation of 

neurofibrillary tangles composed of hyperphosphorylated tau protein. Several risk 

factors have been identified that may shed light on the mechanisms that may trigger or 

facilitate the development of Alzheimer’s disease. Among them, type 2 diabetes mellitus 

has emerged as a major risk factor for sporadic Alzheimer’s disease. These two disorders 

share several common abnormalities including impaired brain glucose and energy 

metabolism, defective brain insulin signaling and brain mitochondrial dysfunction and 

oxidative stress. Despite all scientific efforts in Alzheimer’s disease field, there are still 

no effective treatments to prevent or, at least, to effectively modify the course of the 

disease. 

  The quote "what does not kill you makes you stronger" perfectly describes the 

preconditioning phenomenon - a paradigm that affords robust brain tolerance in face of 

neurodegenerative insults. During the last decades, considerable progress has been 

made to decipher the mechanistic basis of preconditioning-mediated brain tolerance. 

However, the knowledge concerning the role of structural and functional adaptations of 

the brain mitochondrial network in the preconditioning process remained unclear. In 

this regard, the two major goals of this doctoral research project were to investigate the 

potential protective effects of preconditioning against diabetes mellitus- and 
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Alzheimer’s disease-related brain malfunction and to unveil the role of mitochondria in 

this phenomenon.  

 Data derived from the first part of this study (Chapter 4), revealed that the in 

vitro model of preconditioning induced by sub-lethal doses of cyanide (a cytochrome c 

oxidase inhibitor) was effective in protecting both brain endothelial and neuronal cells 

against high glucose-induced damage by modulating mitochondrial function and 

network organization and activating the hypoxia-inducible factor-1α signaling pathway. 

Cyanide preconditioning was reliant on functional mitochondria and mitochondrial 

reactive oxygen species production, since its cytoprotective effects were abrogated by 

treating the cells with the antioxidant N-acetyl-L-cysteine and absent in mitochondrial 

DNA-depleted ρ0 cells, characterized by the absence of functional mitochondria. This 

study also strength the existence of a crosstalk between mitochondrial-derived reactive 

oxygen species and hypoxia-inducible factor-1α, which is believed to be the master 

regulator of the adaptive and pro-survival response underlying the preconditioning 

process. 

 In order to validate the rat intracerebroventricularly injected with streptozotocin 

as a model of sporadic Alzheimer’s disease, we evaluated the impact of central insulin 

resistance induced by streptozotocin in brain mitochondrial dysfunction and oxidative 

stress, which are considered early events in sporadic Alzheimer’s disease (Chapter 5). 

The intracerebroventricular administration of streptozotocin resulted in cognitive 

deficits and increased levels of amyloid-β peptide 1-42 and hyperphosphorylated tau 

protein.  As expected, the insulin-resistant brain state that characterizes this animal 

model was intimately associated with impaired brain cortical and hippocampal 

mitochondrial bioenergetics and increased oxidative stress, highlighting the interplay 
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between insulin signaling and mitochondria in sporadic Alzheimer’s disease pathology. 

Further, these results support the idea that the rat intracerebroventricularly injected 

with streptozotocin is a reliable animal model for the study of sporadic Alzheimer’s 

disease. 

 Then, we tested the hypothesis that hypoxic preconditioning is able to prevent 

the sporadic Alzheimer’s disease-like phenotype induced by the intracerebroventricular 

administration of streptozotocin in rats (Chapter 6). Particularly, our results 

demonstrated that hypoxic preconditioning avoided learning and memory deficits, brain 

hypometabolism, mitochondrial dysfunction and oxidative stress. Mechanistically, 

mitochondrial-derived reactive oxygen species and hypoxia-inducible factor-1 alpha 

played a role in mediating the hypoxic preconditioning-related protective response. 

 To further investigate the role of mitochondria in hypoxic preconditioning-

triggered brain tolerance, we performed a time-course analysis of the mitochondrial 

behavior and function in response to hypoxia preconditioning, characterized by 

repetitive periods of hypoxia-reoxygenation (Chapter 7). Interestingly, hypoxic 

preconditioning induced a more efficient mitochondrial population that could represent 

a major adaptive strategy in the preconditioning phenomenon. Both brain cortical and 

hippocampal preconditioned mitochondria displayed an enhanced bioenergetic 

function, which might be the result of a coordinated interaction between mitochondrial 

biogenesis and fusion-fission. We observed that immediately after hypoxic 

preconditioning mitochondrial biogenesis was stimulated, whereas in a latter phase the 

mitochondrial fusion-fission balance was shifted towards fusion favoring the generation 

of elongated mitochondria. 
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 Taken together, the results obtained from the in vitro and in vivo/ex vivo studies 

revealed that brain mitochondria act as signaling organelles in the preconditioning 

realm, with reactive oxygen species playing the role of “redox signaling messengers”. 

During preconditioning, mitochondria undergo functional and structural alterations that 

allow brain cells to survive upon a subsequent, potentially lethal stimulus. So, the 

reprogramming of mitochondrial biology underlying preconditioning-triggered tolerance 

represent a potential therapeutic strategy against pathologies associated to central 

insulin resistance such as diabetes mellitus and Alzheimer’s disease. 
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SUMÁRIO 

 A doença de Alzheimer, a forma mais comum de demência, é uma das principais 

causas de morbidade e mortalidade em idosos. Existindo nas formas genética e 

esporádica, esta doença é caracterizada por uma neurodegenerescência severa 

associada à presença de dois marcadores patológicos específicos: a deposição 

extracelular do peptídeo β-amilóide no parênquima cerebral e vasos sanguíneos 

cerebrais e a acumulação intracelular de tranças neurofibrilares compostos de proteína 

tau hiperfosforilada. Foram identificados vários fatores de risco, os quais poderão ser 

uma mais-valia na descoberta dos mecanismos que desencadeiam ou facilitam o 

desenvolvimento da doença de Alzheimer. A diabetes tipo 2 é um dos principais fatores 

de risco para a doença de Alzheimer do tipo esporádico. Estas duas doenças partilham 

várias anomalias, tais como a diminuição do metabolismo energético e da glucose, 

alteração das vias de sinalização da insulina, disfunção mitocondrial e stress oxidativo. 

Apesar de todos os esforços científicos feitos na área da doença de Alzheimer, ainda não 

existem tratamentos eficazes para prevenir ou, pelo menos, modificar o curso da 

doença. 

  A citação "o que não nos mata torna-nos mais fortes" descreve perfeitamente o 

fenómeno do pré-condicionamento - um fenómeno que aumenta significativamente a 

tolerância do cérebro a estímulos lesivos. Durante as últimas décadas, foram feitos 

progressos consideráveis para decifrar a base mecanística da tolerância cerebral 

mediada pelo pré-condicionamento. No entanto, pouco se sabe sobre o papel das 

adaptações estruturais e funcionais da rede mitocondrial durante o pré-

condicionamento. Deste modo, os principais objetivos deste projeto de doutoramento 

foram: investigar os potenciais efeitos protetores do pré-condicionamento na disfunção 
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cerebral associada à diabetes e doença de Alzheimer, e desvendar o papel da 

mitocôndria cerebral neste fenómeno. 

 Na primeira parte deste estudo (Capítulo 4), observámos que o no nosso modelo 

in vitro de pré-condicionamento induzido por doses subletais de cianeto (um inibidor da 

citocromo c oxidase) foi eficaz a proteger as células endoteliais cerebrais e neuronais 

dos danos causados por níveis elevados de glucose, através da modulação da função e 

organização da rede mitocondrial e da indução da via de sinalização mediada pelo fator 

de transcrição induzido por hipóxia 1α. O pré-condicionamento induzido por cianeto é 

dependente de mitocôndrias funcionais e da produção de espécies reativas de oxigénio, 

uma vez que os seus efeitos protetores foram inibidos na presença do antioxidante N-

acetil-L-cisteína e inexistente em células depletadas de ADN mitocondrial. Este estudo 

também mostra a existência de uma interação entre as espécies reativas de oxigénio 

produzidas pelas mitocôndrias e o fator de transcrição induzido por hipóxia 1α, sendo 

este fator considerado o regulador da resposta adaptativa associada ao fenómeno do 

pré-condicionamento. 

 De forma a validar o uso do modelo animal com insulino-resistência central como 

uma boa ferramenta experimental para o estudo da doença de Alzheimer do tipo 

esporádico, fomos avaliar o estado redox e a função de mitocôndrias isoladas de 

cérebros de ratos sujeitos a uma injeção intracerebroventricular de uma dose sub-

diabetogénica de estreptozotocina (Capítulo 5). É amplamente reconhecido que a 

disfunção mitocondrial e o stress oxidativo são alterações que ocorrem na fase inicial da 

doença de Alzheimer do tipo esporádico. A insulino-resistência central induzida pela 

administração intracerebroventricular de estreptozotocina induziu défices cognitivos e 

aumentou os níveis do peptídeo β-amilóide e proteína tau hiperfosforilada. Como 
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esperado, observámos uma diminuição da bioenergética mitocondrial e stress oxidativo 

no córtex e hipocampo, comprovando a existência de uma interação entre a via de 

sinalização da insulina e a função mitocondrial na doença de Alzheimer do tipo 

esporádico. Este estudo mostrou que este modelo animal é uma boa ferramenta para 

estudar não só os mecanismos iniciais subjacentes à doença mas também a eficácia de 

possíveis estratégias terapêuticas.  

 Desta forma, fomos avaliar o efeito do pré-condicionamento por hipóxia em 

ratos sujeitos à administração intracerebroventricular de estreptozotocina (Capítulo 6). 

Observámos que o pré-condicionamento por hipóxia preveniu os defeitos de 

aprendizagem e memória, o hipometabolismo cerebral, a disfunção mitocondrial e o 

dano oxidativo em ratos tratados com estreptozotocina. Mecanisticamente, as espécies 

reativas de oxigénio produzidas pelas mitocôndrias e o fator de transcrição induzido por 

hipóxia 1α parecem desempenhar um papel chave neste efeito do pré-condicionamento 

por hipóxia. 

 De forma a clarificar o papel da mitocôndria na tolerância cerebral induzida pelo 

pré-condicionamento, avaliaram-se as alterações temporais que as mitocôndrias 

cerebrais sofreram em resposta ao pré-condicionamento por hipoxia, caracterizado por 

períodos de hipoxia e reoxigenação (Capítulo 7). Curiosamente, este estudo mostrou 

que o pré-condicionamento por hipoxia originou uma população mitocondrial mais 

eficaz do ponto de vista bioenergético, o que poderá representar uma importante 

estratégia adaptativa no fenómeno do pré-condicionamento. O pré-condicionamento 

causou um aumento da função bioenergética, e alterações ao nível da biogénese e da 

fusão e fissão mitocondrial. Imediatamente após o pré-condicionamento por hipóxia, 

observou-se que a biogénese mitocondrial foi estimulada, enquanto numa fase mais 
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tardia o equilíbrio entre fusão e fissão mitocondrial foi alterado a favor da fusão, 

originando mitocôndrias alongadas. 

 Em conjunto, os resultados obtidos a partir dos estudos in vitro e in vivo/ex vivo 

mostraram que as mitocôndrias cerebrais funcionam como organelos sinalizadores 

durante o pré-condicionamento, sendo as espécies reativas de oxigénio os mensageiros 

envolvidos neste processo. Durante o pré-condicionamento, as mitocôndrias sofrem 

alterações funcionais e estruturais que permitem às células do cérebro sobreviver 

quando expostas a estímulos potencialmente letais. Assim, podemos especular que a 

reprogramação da biologia mitocondrial associada à tolerância induzida pelo pré-

condicionamento pode representar uma estratégia terapêutica contra a disfunção 

cerebral associada à diabetes e doença de Alzheimer. 
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1.1 ALZHEIMER’S DISEASE 

 First described by Alois Alzheimer in 1907, Alzheimer’s disease (AD) is the most 

prevalent age-related neurodegenerative disorder, affecting approximately 35 million 

people worldwide (Querfurth and LaFerla, 2010). The prevalence of AD increases 

exponentially with age, rising from 3% in people aged 65-74 to almost 50% in people 

aged 85 or older (Pahnke et al., 2009). Additionally, it has been predicted that in 2050 

more than 140 million people worldwide will suffer from AD (Pahnke et al., 2009). 

 The clinical symptoms of AD are characterized by a progressive cognitive 

deterioration, together with impairments in behavior, language, and visuospatial skills, 

culminating in the premature death of the individual typically 3-9 years after diagnosis 

(Querfurth and LaFerla, 2010). These traits are accompanied by two distinctive 

pathological hallmarks, the extracellular deposition of amyloid-β peptides (Aβ) in brain 

parenchyma (senile plaques, SP) and walls of cerebral arteries and capillaries (cerebral 

amyloid angiopathy, CAA), and the presence of intracellular neurofibrillary tangles 

(NFTs), mainly composed of hyperphosphorylated tau protein (Weller et al., 2009) (Fig. 

1.1). AD is also characterized by severe neuronal atrophy, which initially occurs in the 

entorhinal region and the temporal lobe progressing to the limbic system and, 

subsequently, extending to major areas of the neocortex (Braak and Braak, 1995). 

 

 

 

 

 

Figure 1.1. Microscopic examination showing the neuropathologic changes in a postmortem 

hippocampus of a patient with Alzheimer’s disease. Left: amyloid-β protein deposits (length 1–42 amino 

acids; brown staining). Right: phosphorylated tau protein (brown staining). Adapted from Small et al., 

2008. 
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 Despite the indistinguishable clinical dementia symptoms, AD cases can be 

categorized in two main forms, the sporadic late-onset AD (sAD) and the early-onset 

familial AD (fAD). The great majority of AD cases (95% or more)  are sporadic in origin, 

with aging, type 2 diabetes (T2D) and apolipoprotein E4 (APOE 4) as the main risk factors 

(Hoyer, 2004a). In a small proportion (5% or less), the disease has a genetic origin and is 

caused by missense mutations in three genes: amyloid-β protein precursor (APP), 

presenilin-1 (PSEN1), and presenilin-2 (PSEN2) (Rocchi et al., 2003). Consequently, there 

is an abnormal and permanent generation of Aβ fragments that aggregate into plaques. 

  The etiology of AD is complex and multifactorial, and several hypotheses have 

been proposed over the last decades to answer one of the most intriguing questions: 

What is the “culprit” of AD? The “amyloid cascade” hypothesis proposes that 

pathological assemblies of Aβ are the cause of both forms of AD, whereas other 

neuropathological alterations are downstream consequences of an abnormal Aβ 

accumulation (Hardy and Selkoe, 2002) (Fig. 1.2). However, Aβ has not been proven to 

be required for the onset of the sAD (Hoyer, 2004b; Joseph et al., 2001). In this regard, 

the involvement of brain hypometabolism, defective insulin signaling and mitochondrial 

dysfunction have been considered potential triggers of AD pathology, a topic that is 

discussed in detail in the sub-chapter 1.3 of the General Introduction. 
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Figure 1.2. Amyloid cascade hypothesis. The amyloid cascade hypothesis posits that the deposition of the 

amyloid-β (Aβ) peptide in the brain parenchyma is a crucial step that ultimately leads to Alzheimer's 

disease. Autosomal dominant mutations that cause early onset familial Alzheimer's disease (fAD) occur in 

three genes: presenilin-1 (PSEN1), presenilin-2 (PSEN2), and amyloid-β precursor protein (APP). This 

hypothesis has been modified over the years as it has become clear that the correlation between 

dementia or other cognitive alterations and Aβ accumulation in the brain in the form of amyloid plaques is 

not linear. The concept of Aβ-derived diffusible ligands or soluble toxic oligomers has been proposed to 

account for the neurotoxicity of Aβ. These intermediary forms lie somewhere between free, soluble Aβ 

monomers and insoluble amyloid fibrils, but the exact molecular composition of these oligomers remains 

elusive. Further, the amyloid cascade hypothesis now suggests that synaptotoxicity and neurotoxicity may 

be mediated by such soluble forms of multimeric Aβ species. Aβ aggregation leads to the formation of 

paired helical filaments (PHFs) of tau aggregates and, ultimately, results in neuronal loss. Aβ42, the 42-

amino acid form of Aβ. Adapted from Karran et al., 2011. 
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1.2 DIABETES MELLITUS 

 Diabetes mellitus is a common metabolic disorder caused by a complex 

interaction between genetics and environmental factors (Adeghate et al., 2006). The 

worldwide prevalence of this disorder is rising dramatically, being estimated that 370 

million people will be suffering from diabetes in 2030 (Wild et al., 2004) (Fig. 1.3). 

 

Figure 1.3. Worldwide prevalence of diabetes mellitus. The prevalence of diabetes in 2000 and the 

projected prevalence in 2030 are shown by geographical region. Adapted from Wild et al., 2004. 

 

 Diabetes mellitus is recognized as a group of heterogenous disorders 

characterized by chronic hyperglycemia and glucose intolerance due to insulin 

deficiency, impaired effectiveness of insulin action, or both (Umegaki, 2012). Based on 

its etiology and clinical presentation, diabetes mellitus is classified into two major forms: 

type 1 (T1D) and type 2 (T2D) diabetes.  T1D results from the specific destruction of 

pancreatic β-cells by the immune system, culminating in hypoinsulinemic and 

hyperglycemic states. On the other hand, T2D is characterized by insulin resistance and 

partial insulin deficiency (Umegaki, 2012).  
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Diabetes mellitus has been posited as a cause of brain atrophy, white matter 

abnormalities, cognitive impairment (Table 1.1), and is considered a risk factor for 

dementia (Akisaki et al., 2006; den Heijer et al., 2003; Manschot et al., 2006; Schmidt et 

al., 2004; Toth et al., 2007). 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; Brands et al., 2005), 

suggesting a detrimental effect of hyperglycemia, and/or hypoinsulinemia on the brain. 

Along with these deficits, postmortem studies revealed a pronunced degeneration of 

cerebral cortex and neuronal loss in T1D patients compared to age-matched nondiabetic 

patients (DeJong, 1977; Reske-Nielsen and Lundbaek, 1963). T2D is related with a 

greater rate of specific and global cognitive deficits (i.e. decreased executive functions, 

memory skills and, processing speed) in comparison with the general population (Allen 

et al., 2004; Roriz-Filho et al., 2009). Moreover, studies on the cerebral structure have 

evidenced a pronounced cortical, subcortical, and hippocampal atrophy in T2D patients 

(Roriz-Filho et al., 2009). Thus, diabetes mellitus per se can predispose to 

neurodegenerative conditions, such as AD. 

 

 

 

 

 

 

 

 

TABLE 1.1 COGNITIVE PROCESSES AFFECTED BY DIABETES MELLITUS 

TYPE 1 DIABETES      TYPE 2 DIABETES 

Information processing    Psychomotor speed 
Psychomotor efficiency    Fontal lobe and executive function 
Attention      Attention 
Visuoconstruction     Verbal fluency 
Memory      Memory 
Visual-motor skills     Processing speed 
Visual-spatial skills     Complex psychomotor functio 
Motor speed 
Vocabulary 
General intelligence 
Motor strength 

 
 



Chapter 1 

 
8 

1.2.1 TYPE 2 DIABETES AS A RISK FACTOR FOR ALZHEIMER’S DISEASE 

 Since the first Rotterdam study suggesting an increased risk to develop dementia 

and AD in patients with T2D, numerous clinical and epidemiological studies were 

undertaken to further strengthen the interplay between both diseases (Kroner, 2009; 

Ott et al., 1999). In fact, it was revealed that individuals with T2D have nearly a twofold 

higher risk of AD, independent of the risk for vascular dementia, than nondiabetic 

individuals (Kroner, 2009). Notably, a study of the Mayo Clinic Alzheimer Disease Patient 

Registry reported that greater than 80% of AD patients exhibit T2D or abnormal blood 

glucose levels (Janson et al., 2004), thus AD and T2D could share a common 

pathogenetic mechanism responsible for the loss of brain cells and β-cells, respectively.  

Prospective and cross-sectional analyses proposed that diabetes may accelerate the 

onset of AD, rather than increasing the long-term risk (Pasquier et al., 2006). Meanwhile, 

some studies failed to demonstrate a correlation between T2D and AD (Bucht et al., 

1983; Heitner and Dickson, 1997; Nielson et al., 1996; Wolf-Klein et al., 1988). A 

postmortem study performed in brains of diabetic patients found no evidence of 

increased AD pathology compared to age-matched controls (Heitner and Dickson, 1997). 

However, taking into account that brain functions are extremely reliant on both glucose 

and insulin levels, we believe that T2D constitute a major risk factor for the 

development of AD by disrupting cerebral glucose metabolism and insulin signaling and, 

consequently, promoting brain dysfunction. Furthermore, the risk of AD associated with 

the APOE ε4 allele has been suggested to be exacerbated by diabetes, as patients with 

diabetes who are ε4 carriers are twofold more prone to develop AD than nondiabetic 

individuals who harbor the ε4 allele (Peila et al., 2002). The presence of the ApoE ε4 

allele is considered to drastically increase the risk of developing AD by modulating APP 
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trafficking and processing, and inhibiting Aβ clearance (Sjogren et al., 2006). Overall, this 

ample epidemiological evidence supports the ideia that T2D is a major risk factor for AD. 

 

1.3 ALZHEIMER’S DISEASE AND TYPE 2 DIABETES: COMMON 

PATHOGENIC MECHANISMS 

 In the last decades it has been identified that brain hypometabolism, defective 

brain insulin signaling and mitochondrial dysfunction are common denominators in AD 

and diabetes mellitus, and it was proposed that AD may be a brain specific form of 

diabetes. In this context, this sub-chapter is intended to discuss the most relevant data 

demonstrating that insulin signaling, glucose metabolism and mitochondria could be 

mechanistic linkages between AD and T2D.    

1.3.1 BRAIN GLUCOSE AND ENERGY METABOLISM 

 Brain glucose metabolism and utilization are vital for normal neuronal function. 

Neurons are unable to synthesize or store glucose, which make these cells highly 

dependent on glucose transport across the blood-brain barrier (BBB), a process 

mediated by glucose transporters (GLUTs) (Scheepers et al., 2004). GLUT-1 and -3 are 

the predominant GLUT isoforms found in the brain, with GLUT-1 located in the neurons, 

cerebrovascular endothelial cells, astrocytes, and oligodendrocytes, while GLUT-3 is 

specifically expressed in neurons (Vannucci et al., 1997). Compelling evidence 

demonstrates an association between diabetes-associated abnormal glucose 

metabolism and memory and synaptic function impairment (Zhao and Townsend, 2009), 

fostering the idea that disruption of glucose supply, transport, and utilization affects 

cognitive function. It was recently reported that a reduction in cerebral glucose 
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metabolism and insulin resistance accompany memory deficits in pre-diabetic and T2D 

patients (Baker et al., 2011). 

  Positron emission tomography (PET) studies have demonstrated that brain 

glucose metabolism is severely impaired in AD pathology, suggesting that the 

hypometabolic state precedes cognitive symptoms (Mosconi et al., 2008) (Fig. 1.4). 

Moreover, the hypometabolism is most prominent in the posterior cingulate and 

parieto-temporal regions in early stages, but spreads to the prefrontal cortex as the 

disease progresses (Zhao and Townsend, 2009).  

 

 

Figure 1.4. Glucose metabolism in normal and Alzheimer’s disease brains. a) Compared with the brain of 

a healthy person, the brain of an AD patient exhibits marked shrinkage of gyri in the temporal lobe 

(located beneath the Sylvian fissure on both cerebral hemispheres) and frontal lobes (located at the front 

of the cerebral hemispheres); b) positron emission tomography (PET) images showing glucose uptake (red 

and yellow indicate high levels of glucose uptake) in a normal control subject. The brain of the Alzheimer’s 

patient exhibits a pronounced decline in energy metabolism in the frontal cortex and temporal lobes. 

Adapted from Mattson, 2004. 
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 In the early stages of AD the cerebral glucose utilization is reduced by 45%, and 

cerebral blood flow (CBF) by approximately 20%. However, in the later stages of the 

disease, metabolic and physiological abnormalities aggravate, resulting in 55-65% 

reductions in CBF (Hoyer and Nitsch, 1989). Interestingly, a similar hypometabolic state 

was detected in young and middle aged individuals carrying the apolipoprotein APOE H4 

allele (Reiman et al., 2004). It was also found a reduction in brain glucose metabolism in 

transgenic animal models of AD (Valla et al., 2008). The decrease in the cerebral glucose 

metabolism correlated with the altered expression and decreased activity of proteins 

related to mitochondrial energy metabolism, including pyruvate dehydrogenase (PDH), 

isocitrate dehydrogenase (IDH), and α-ketoglutarate dehydrogenase (α-KGDH); as 

observed in fibroblasts, platelets, lymphocytes and brain tissue from AD patients 

(Bubber et al., 2005; Huang et al., 2003). These enzymes are known to be highly 

susceptible to oxidative modifications and are altered by exposure to a range of pro-

oxidants  (Tretter and Adam-Vizi, 2000). Bubber and collaborators (2005) observed that 

all the changes in the activities (specifically that of PDH complex) of tricarboxylic acid 

cycle (TCA) enzymes were correlated with the degree of clinical disability in AD, 

suggesting a coordinated mitochondrial alteration. Another decisive pathophysiological 

consequence of the altered brain glucose metabolism is a decrease in ATP production 

from glucose by around 50% at the beginning of sAD, compromising the ATP-dependent 

processes crucial for the normal cell functioning (Mattson et al., 2001; Moreira et al., 

2007) Evidence of impaired glucose distribution and utilization in AD was reinforced by 

the observation that GLUT-1 is significantly reduced in aged humans and in AD 

transgenic mice, which coincides with hippocampal atrophy (Hooijmans et al., 2007). 

Similarly, it was demonstrated that both GLUT-1 and -3 were decreased in AD brain, this 
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decrease being associated with decreased O-GlcNAcylation, the hyperphosphorylation 

of tau protein, and the density of NFTs (Liu et al., 2008).   

  The formation of advanced glycation end products (AGEs), as a consequence of 

impaired glucose metabolism, is also involved in the pathogenesis of AD. Hyperglycemia 

is known to enhance the formation of AGEs, which are senescent protein derivatives 

that result from the auto-oxidation of glucose and fructose (Bucala and Cerami, 1992) 

(Fig. 1.5). The formation and accumulation of AGEs in various tissues occur during 

normal aging, these processes being extremely accelerated by diabetes mellitus (Goh 

and Cooper, 2008). AGEs have been detected in vascular walls, lipoproteins and lipid 

constituents, leading to macro- and microangiopathy and amyloidogenesis (Gasser and 

Forbes, 2008). It was previously reported that AGEs immunoreactivity is present in both 

senile plaques and NFTs in AD patients (Sasaki et al., 1998). Indeed, AGE-induced 

glycation of Aβ and tau protein has been shown to cause Aβ aggregation and the 

formation of NFTs, respectively, suggesting that AGEs are active participants in the 

progression of AD pathology (Ledesma et al., 1994). It was also shown that the receptor 

for AGEs (RAGE) binds Aβ (Yan et al., 1996) increasing its influx into the brain through 

the BBB (Takuma et al., 2009). A clinical study reported an increase in AGEs 

immunostaining in postmortem brain slices from diabetic AD patients compared with 

non-diabetic AD subjects (Girones et al., 2004). Furthermore, diabetic mice exhibiting 

cognitive deficits, showed increased RAGE expression in neuronal and glial cells when 

compared with wild-type control mice. It was also demonstrated that RAGE null diabetic 

mice had significantly less neurodegenerative changes when compared to wild-type 

diabetic mice (Toth et al., 2006). 
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Figure 1.5 Metabolic pathways activated by hyperglycemia. The normal fate of intracellular glucose is the 

phosphorylation of the number-six-position carbon by hexokinase and entry into glycolysis. However, if 

high glucose levels saturate hexokinase, glucose is diverted into the polyol pathway, leading to increased 

consumption of reduced nicotinamide adenine dinucleotide phosphate (NADPH). This can compromise the 

recycling of glutathione disulphide (GSSG) to glutathione (GSH), which in turn can compromise the 

conversion of hydrogen peroxide (H2O2) to water. Further, fructose-6-phosphate can drive the synthesis of 

uridine diphosphate-N-acetylhexosamine (UDP-GlcNAc), which can combine with serine and threonine 

residues on intracellular proteins and compromise the proteins' function (hexosamine pathway). 

Glyceraldehyde-3-phosphate can be converted to highly reactive methylglyoxal, which is one of the main 

precursors of AGEs. Adapted from Tomlinson and Gardiner, 2008. 

 

 In summary, evidence shows that cerebral glucose metabolism is a mechanistic 

link between diabetes mellitus and AD. AD is associated with a profound hypometabolic 

state characterized by reduced cerebral glucose and energy metabolism in highly insulin-

sensitive areas, suggesting a role for central insulin resistance in AD pathogenesis. The 

impairment of cerebral glucose metabolism potentiates AGEs formation, and 
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consequently Aβ accumulation, tau protein hyperphosphorylation and oxidative stress. 

In turn, abnormal systemic glucose and insulin metabolism impair cerebral insulin 

transport and function, which may lead to a deficient cerebral glucose uptake and 

metabolism predisposing neurons to an energetic crisis and dysfunction. Diabetes-

associated AGEs formation exacerbates brain oxidative stress and contributes to the 

development of AD-related neuropathological hallmarks. 

 

1.3.2 BRAIN INSULIN SIGNALING 

 Insulin is predominantly involved in the regulation of glucose metabolism in 

peripheral tissues. However, this hormone also affects numerous brain functions 

including cognition, memory and synaptic plasticity through complex insulin/insulin 

receptor (IR) signaling pathways (Zhao and Alkon, 2001) (Fig. 1.6). 
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Figure 1.6. Schematic illustration of the potential molecular mechanisms of insulin signaling in the brain. 

Insulin binds to the insulin receptor activating the intrinsic tyrosine kinase, which phosphorylates 

endogenous substrates, such as the insulin receptor substrates (IRS) and Src-homology-2-containing 

protein (Shc), leading to the activation of two major downstream signaling pathways: 1) the 

phosphatidylinositol 3-kinase (PI-3K) and 2) mitogen-activated protein kinases (MAPK/ERK1/2) pathways. 

PI-3K mediates the activation of the protein kinase-B (PKB/Akt) favoring neuronal survival. Activated 

PKB/Akt can interfere with the apoptotic machinery, inactivating the proapoptotic proteins, BAD, and 

caspase-9. Furthermore, PI-3K/Akt activation inhibits glycogen synthase kinase-3β (GSK-3β). When active, 

GSK-3β triggers the apoptotic cascade, inhibits the activation of several cell survival transcription factors, 

and promotes tau protein hyperphosphorylation, and amyloid-β protein precursor (APP) maturation and 

processing. The PI-3K/Akt signaling cascade also induces the translocation of insulin-sensitive glucose 

transporter 4 (GLUT-4) to the membrane surface, enhancing glucose uptake. Insulin-mediated PI-3K 

signaling pathway is implicated in learning and memory, as well as in synaptic plasticity through the 

regulation of glutamate and GABA (γ-aminobutyric acid) receptors trafficking and channel activity. While 

the GABAergic receptors mediate the inhibitory synaptic transmission and the glutamatergic receptors 

mediate the vast majority of the excitatory synaptic transmission, the balance of glutamatergic and 

GABAergic transmissions is required to maintain normal brain function. Moreover, activation of excitatory 

glutamatergic synapses induces Ca2+ influx at postsynaptic sites, where it acts as a second messenger. 

Insulin is also able to active the MAPK/ERK1/2 signaling pathway, which is responsible for the activation of 

several transcription factors that alter protein expression. In summary, insulin has an important role in the 

regulation of neuronal cell survival/death, synaptic plasticity, learning and memory. Adapted from 

Cardoso et al., 2009. 

 

 Disturbances in insulin function and signaling have been proposed as common 

mechanistic links between diabetes and AD (Fig. 1.7). Indeed, insulin deficiency 

contributes to the cognitive deficits found in T1D diabetic patients (Brands et al., 2005). 

An impaired cognitive performance associated with impaired hippocampal plasticity was 

observed in the rat model of T1D induced by streptozotocin (STZ) administration 

(Biessels et al., 1998). The progressive impairment of cognitive function observed in T1D 

BB/Wor rats was associated with impaired insulin and insulin-like growth factor-1 (IGF-1) 

actions and neuronal apoptosis in the hippocampus (Li et al., 2002). These alterations 

were shown to be significantly prevented by the pro-insulin C-peptide, which is known 
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to modulate the insulin signaling pathway with no effect on glucose levels (Sima and Li, 

2005). Studies performed in BBZDR/Wor (a model of T2D) and BB/Wor (a model of T1D) 

rats showed neuronal loss, neurite degeneration accompanied by perturbations of APP 

metabolism, hyperphosphorylation of tau protein, and impaired signaling of insulin and 

IGF-1  (Li et al., 2007a). However, those alterations were more severe in the T2D model, 

which appear to be associated with insulin resistance. 

 AD-associated neurodegeneration and cognitive decline are also believed to be 

partially caused by brain insulin signaling impairment (de la Monte and Wands, 2005). 

The hypothesis that the disruption of insulin signaling pathway participates in AD 

etiopathogenesis is supported by the following evidence: 1) reduced insulin levels and IR 

expression were observed in AD brains (Frolich et al., 1998; Steen et al., 2005), 2) 

increasing AD Braak stage was associated with progressively reduced levels of mRNA 

corresponding to insulin, IGF-1, IGF-2 and their receptors (Rivera et al., 2005), 3) AD 

patients showed increased fasting plasma insulin levels, decreased insulin levels in 

cerebrospinal fluid (CSF), and/or decreased CSF/plasma insulin ratio, associated with an 

increase in Aβ levels (Watson and Craft, 2004), which suggest a decrease in insulin 

clearance that may provoke an elevation of plasma Aβ levels (Li and Holscher, 2007), 

and 4) administration of insulin and glucose enhanced the memory of AD patients 

(Manning et al., 1993). 

 This evidence poses a fundamental question: does abnormal insulin signaling 

function as a bridge between diabetes mellitus and AD? As aforementioned, peripheral 

hyperinsulinemia and insulin resistance characterize T2D.  High peripheral insulin levels 

are associated with increased levels of insulin in CSF (Watson et al., 2003). A clear 

relationship between insulin and Aβ metabolism has been documented (Gasparini et al., 
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2002; Phiel et al., 2003; Qiu and Folstein, 2006). It was demonstrated that insulin 

increased the extracellular Aβ concentration by enhancing its trafficking from the 

endoplasmic reticulum (ER) and trans-Golgi network, the main site for Aβ generation, to 

the plasma membrane, which significantly reduces the intracellular concentration of Aβ 

derivatives (Gasparini et al., 2001). Insulin also increased the extracellular Aβ levels by 

modulating γ-secretase activity (Phiel et al., 2003). On the other hand, insulin-degrading 

enzyme (IDE), a major Aβ-degrading enzyme, might be competitively inhibited by insulin, 

resulting in decreased Aβ degradation (Qiu and Folstein, 2006) (Fig 1.6). It was shown 

that elevated insulin levels in T2D induced Aβ accumulation through competition 

between insulin and Aβ for IDE (Gasparini and Xu, 2003). Ho and collaborators (2004) 

observed that AD mice exposed to a dietary regimen that induced insulin resistance and 

a hyperinsulinemic state present a significant increase in Aβ and a reduction in IDE 

levels. Conversely, treatment with rosiglitazone, an insulin sensitizer, was shown to 

reduce Aβ1-42 levels and improve learning and memory deficits (Pedersen et al., 2006), 

suggesting that insulin sensitizers might increase insulin signaling and decrease the 

levels of insulin available to compete with Aβ for degradation by IDE. Accordingly, the 

enhancement of IDE activity in IDE and APP double transgenic mice decreased the levels 

of Aβ in the brain, and prevented the development of AD pathology (Leissring et al., 

2003). Prolonged peripheral hyperinsulinemia downregulated BBB functions and IR 

activity and reduced insulin transport into the brain, leading to an “insulin-resistant 

brain state”, which may explain the lower concentrations of insulin in the CSF of AD 

patients (Craft et al., 1998; Steen et al., 2005). Brain insulin resistance is known to 

decrease IDE activity, and it was reported that IDE expression and activity were 

significantly decreased in the brain of AD patients (Leal et al., 2009), which may result in 
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insufficient degradation of Aβ and consequent formation of toxic species of this peptide. 

Thus, the co-existence of brain insulin resistance and insulin deficiency, instead of insulin 

excess, could be responsible for AD pathology, suggesting that AD may represent a 

brain-specific form of diabetes, i.e., type 3 diabetes (Kroner, 2009). 

  

 

Figure 1.7. Altered insulin signaling in diabetes mellitus contributes to Alzheimer’s disease 

pathophysiology. In type 1 diabetes (T1D), insulin deficiency attenuates long term potentiation (LTP) and 

might lead to deficits in spatial learning and memory. In type 2 diabetes (T2D), insulin resistance leads to 

both Aβ plaque formation and tau protein hyperphosphorylation. During hyperinsulinemia, insulin and Aβ 

compete for insulin-degrading enzyme (IDE), leading to Aβ accumulation and plaque formation. A 

decrease in insulin receptor signaling leads to inhibition of Akt and dephosphorylation (activation) of 

glycogen synthase kinase-3β (GSK-3β), which results in tau protein hyperphosphorylation. Adapted from 

Sims-Robinson et al., 2010. 

 The regulation of tau protein phosphorylation is another potential mechanism by 

which insulin links diabetes to AD pathology (Fig. 1.7). Hyperphosphorylated tau protein 

fails to be transported into axons, accumulating and aggregating into NFTs in neuronal 

perikarya, which contribute to neurodegeneration by enhancing oxidative stress, and 

trigger pathophysiological cascades that lead to increased mitochondrial dysfunction, 
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apoptosis, and necrosis (Sima and Li, 2005). Disturbances in insulin and/or IGF-1 

signaling cascades were shown to increase tau protein hyperphosphorylation, 

potentiating NFTs formation (Cheng et al., 2005). Indeed, primary cortical neurons 

exposed to insulin or IGF-1 presented a transient increase in the phosphorylation of 

specific tau residues (Lesort and Johnson, 2000). In insulin receptor substrate-2 (IRS-2)-

disrupted mice, a model of T2D, an accumulation of NFTs was detected in the 

hippocampus (Schubert et al., 2003). Furthermore, neuronal/brain-specific deletion of IR 

in mice (NIRKO mice) led to tau protein hyperphosphorylation (Schubert et al., 2004). 

Freude and collaborators (2005) also found that peripherally injected insulin directly 

targeted the brain causing a rapid cerebral IR signal transduction and site-specific tau 

protein phosphorylation. Importantly, in insulin-stimulated NIRKO mice, cerebral IR 

signaling and tau protein phosphorylation were completely abolished (Freude et al., 

2005). More recently, it was hypothesized that tau protein modifications caused by 

insulin signaling dysfunction and hyperglycemia may contribute to the increased 

incidence of AD in diabetic subjects. Indeed, T1D and T2D contribute to the 

development of AD pathology through different mechanisms: in T1D insulin deficiency 

seems to be the major contributing factor for the increased tau protein phosphorylation, 

whereas the combined effects of hyperglycemia on tau pathology (increased tau protein 

phosphorylation and cleavage) along with insulin resistance may serve as important 

linkages between T2D and AD (Kim et al., 2009). 

 Insulin activates two major signaling pathways implicated in AD pathogenesis: 

the mitogen-activated protein kinase (MAPK) and the phosphoinositide 3-kinase (PI3-

K)/Akt signaling pathways (Cardoso et al., 2009). Postmortem studies in human AD 

brains revealed that MAPK activation occurred at a very early stage of the disease (Pei et 
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al., 2001; Sun et al., 2003). Moreover, the intense MAPK immunoreactivity was 

associated with senile plaques and NFTs-bearing neurons. Indeed, MAPK co-localizes 

with NFTs in hippocampal and cortical regions in AD brains (Hensley et al., 1999; Munoz 

and Ammit, 2010). It was also found that transgenic mice with hyperphosphorylared tau 

protein exhibited a positive correlation between activated MAPK and aggregates of tau 

protein (Kelleher et al., 2007). Additionally, oligomeric Aβ peptides impaired long-term 

potentiation (LTP) through RAGE-mediated activation of MAPK (Origlia et al., 2008), an 

effect that was blocked by antibodies directed against RAGE (Origlia et al., 2008). 

 A correlation between Akt activity/protein levels and Braak staging has also been 

documented in human AD postmortem analyses, indicating a pattern of changes relying 

on PI-3K signaling, which depends on time and insulin stimulation  (Pei et al., 2003). PI3-

K/Akt phosphorylates and inhibits GSK-3β (Cross et al., 1995) modulating tau protein 

phosphorylation and Aβ peptide metabolism (Phiel et al., 2003). Loss of insulin-mediated 

activation of PI3-K and subsequent reduction of phosphorylation of Akt and GSK-3β 

were shown to cause a substantial increase in the levels of phosphorylated tau protein 

in the brains of NIRKO mice (Schubert et al., 2004). On the other hand, insulin 

stimulation reduced tau protein phosphorylation and promoted its binding to 

microtubules; these effects of insulin were mediated through the inhibition of GSK-3β 

via the PI3-K/Akt signaling pathway (Hong and Lee, 1997). It was also reported that 

insulin regulated soluble APP release via PI3-K-dependent pathway, suggesting that PI3-K 

involvement in APP metabolism may occur at vesicular trafficking level (Noble et al., 

2005, Solano et al., 2000). Numerous in vitro and in vivo studies have also convincingly 

established that GSK-3β inhibition attenuates the amyloidogenic processing of APP and 
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inhibits hyperphosphorylated tau protein-associated neurodegeneration (Noble et al., 

2005; Phiel et al., 2003; Solano et al., 2000).  

 Using a mouse model of T1D, Jovialt and colleagues (2008) evaluated the effect 

of peripheral insulin deficiency on brain insulin signaling, the parallels with AD, and the 

effect of insulin treatment. The authors observed that reduced insulin signaling, 

characterized by diminished phosphorylation of Akt and GSK-3β, was associated with a 

concomitant increase in tau protein phosphorylation and Aβ levels (Jolivalt et al., 2008). 

Treatment with insulin from onset of diabetes partially restored the phosphorylation of 

GSK-3β, reduced the level of phosphorylated tau protein, and improved learning ability 

(Jolivalt et al., 2008). It was recently demonstrated a decreased IR activity and an 

increased GSK-3β activity associated with an increase in tau protein phosphorylation 

levels and number of senile plaques in the brain of APP transgenic mice that have 

concurrent insulin-deficient diabetes (T1D) (Jolivalt et al., 2010). 

 Overall, diabetes mellitus by compromising insulin metabolism constitutes a risk 

factor for the development of AD pathology. Peripheral hyperinsulinemia and insulin 

resistance or deficiency result in an inefficient transport of insulin to the brain as well as 

reduced IR activity potentiating the deposition of Aβ and hyperphosphorylated tau 

protein and leading to neuronal and synaptic dysfunction and cognitive decline.  

 

1.3.2.1 CENTRAL ADMINISTRATION OF STREPTOZOTOCIN AS AN EXPERIMENTAL APPROACH TO THE 

STUDY OF SPORADIC ALZHEIMER’S DISEASE 

 The development of reliable experimental models is critical to uncover the exact 

pathological events underlying AD and, thus, to design more efficient therapeutic 

strategies to counteract the progression of the disease. Transgenic mouse models 
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harboring mutations found in fAD constitute the most widely used in vivo approach to 

study AD (Gotz and Ittner, 2008; Torres-Aleman, 2008, Woodruff-Pak, 2008). In the 

search for a non-transgenic animal model for sAD, the intracerebroventricular (icv) 

injection of the diabetogenic agent STZ in rats has emerged as an experimental model 

mimicking the early pathophysiological changes that occur in sAD (Hoyer, 2004b). As 

aforementioned, brain insulin signaling dysfunction is a causative event underlying the 

neurodegenerative events that occur in sAD. In this sense, targeting insulin cascade with 

icv administration of STZ, inducing an “insulin-resistant brain state”, is a suitable strategy 

to mimic the early alterations that occur in sAD.  

  In the periphery, the administration of STZ induces a selective destruction of the 

pancreatic β-cells. It has been postulated that this selective β-cell toxicity induced by STZ 

is related to the glucose moiety in its chemical structure, which enables STZ to enter into 

these cells via GLUT-2 (Elsner et al., 2000). Moreover, STZ exerts β-cell toxicity effects 

mostly by causing alkylation of DNA, which triggers the activation of poly ADP-

ribosylation consequently leading to depletion of cellular NAD+ and ATP, and damaging 

the main β-cell function - insulin production and secretion (Szkudelski, 2001). Even 

though the mechanism of action of STZ in the brain is still unknown, it has been 

speculated to be similar to that occurring in the periphery. Indeed, GLUT-2 is distributed 

throughout the rat brain, especially in the limbic areas and related nuclei, most 

concentrated in the ventral and medial regions close to the midline, and involved in 

glucose sensing and regulation of neurotransmitters release (Arluison et al., 2004a; 

Arluison et al., 2004b). Compelling evidence demonstrates that a single or multiple 

injections of low doses of STZ, either uni- or bilaterally into the lateral cerebral 

ventricles: 1) induces biochemical alterations, characterized by impaired cerebral 
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glucose and energy metabolism, reduction in CBF, oxidative stress and cholinergic 

dysfunction; 2) causes morphological alterations resulting in neuronal and 

oligodendroglial cell damage and loss; and 3) results in a progressive deterioration of 

learning and memory. That said, the icvSTZ rat model represent a feasible experimental 

approach to explore the underlying cellular and molecular mechanisms involved in the 

initial stages of sAD pathology, which are difficult to analyse in the human postmortem 

brain, and allows the study of novel therapeutic approaches aimed to halt AD 

progression (Correia et al., 2011a; Grunblatt et al., 2007; Salkovic-Petrisic and Hoyer, 

2007). 

 

1.3.3 MITOCHONDRIAL (DYS)FUNCTION 

 Mitochondria are essencial for neuronal function and survival. Indeed, these 

organelles are involved in the production of ATP through oxidative phosphorylation and 

regulation of intracellular calcium (Ca2+) homeostasis (Correia et al., 2010a).  Neurons 

are extremely metabolically active cells with a high energy requirement for synaptic 

transmission, axonal/dendritic transport, ion channels, and ion pump activity, which are 

processes with high energy demand (Kann and Kovacs, 2007; Moreira et al., 2009). 

Functional mitochondria are supplied to the synaptic terminals along microtubules by 

kinesin (anterograde transport), whereas dysfunctional mitochondria are returned to 

the soma by dynein (retrograde transport) (Chang et al., 2006; Hollenbeck and Saxton, 

2005; Li et al., 2004). The mechanisms that govern mitochondrial dynamics seem to 

interact with the mitochondrial transport apparatus to control mitochondrial 

morphology, mass and quality in neurons. During mitochondrial life cycle, new 

mitochondria result from the division of pre-existing organelles (mitochondrial 
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biogenesis) and are removed through selective degradation by autophagy (mitophagy), 

these two processes occurring in the soma. In-between, mitochondria experience 

successive cycles of fusion and fission that allow the generation of a heterogeneous 

mitochondrial population (Fig. 1.8). Fusion events are also crucial for the exchange of 

contents between mitochondria and enable damaged mitochondria to acquire 

components from healthy mitochondria, while fission is essential for mitochondrial 

trafficking along axons and sequestration of irreversibly damaged organelles to 

subsequent degradation by autophagy (Sheng and Cai, 2012; Westermann, 2010). 

Disruption of mitochondrial dynamics (fission, fusion, motility and turnover) has been 

postulated to be critically involved in neurodegeneration by inducing distinctive defects 

in neurons (Chen and Chan, 2009). In addition, the brain is particularly vulnerable to 

oxidative damage as a consequence of its high levels of polyunsaturated fatty acids, high 

oxygen consumption, high content in transition metals and poor antioxidant defenses 

(Nunomura et al., 2006). Therefore, the purpose of this section is to highlight the role of 

mitochondrial abnormalities in diabetes- and AD-associated neurodegeneration.  

 Figure 1.8. Mitochondrial life cycle. The 

mitochondrial life cycle starts with growth 

and division of pre-existing organelles 

(biogenesis) and ends with degradation of 

impaired or surplus organelles by 

mitophagy (turnover). In-between, 

mitochondria undergo frequent cycles of 

fusion and fission that allow the cell to 

generate multiple heterogeneous 

mitochondria or interconnected 

mitochondrial networks, depending on the physiological conditions. Adapted from Seo et al., 2010. 
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1.3.3.1 MITOCHONDRIAL BIOENERGETICS IN AD AND DIABETES MELLITUS 

 Accumulating evidence shows that defective mitochondrial metabolism sets up a 

cascade of pathological events that underlies neuronal degeneration in AD pathology 

(Correia et al., 2012a; Moreira et al., 2010; Santos et al., 2010a). In AD, the most 

consistent defect at the level of mitochondrial electron transport chain (ETC) is the 

decline in cytochrome c oxidase (COX) activity. In 1990, Parker and collaborators 

reported for the first time the existence of an impaired COX activity in the platelets of 

AD patients, this observation being confirmed by subsequent studies performed in 

lymphocytes and postmortem brain tissue from AD patients (Bosetti et al., 2002; 

Cardoso et al., 2004; Curti et al., 1997; Kish et al., 1992; Valla et al., 2006). Swerdlow and 

co-workers (1997) also reported that AD cybrids (a cytoplasmic hybrid cell line 

generated by the transfer of mitochondria from platelets obtained from AD patients into 

mitochondrial DNA (mtDNA)-depleted recipient neuron-based cells) presented a 

widespread defect in mitochondrial function characterized by reduced COX activity and 

increased free radical production. The impairment in the activities of respiratory chain 

complexes I and III has also been documented in platelets, lymphocytes, and brain tissue 

from AD patients (Bosetti et al. 2002, Kish et al. 1992, Parker et al. 1994,  Valla et al. 

2006). The decline in mitochondrial metabolism is also coupled with exacerbated 

oxidative damage. Moreira and collaborators (2007a) had depicted a relationship 

between mitochondrial dysfunction and oxidative damage. The authors observed that 

AD fibroblasts presented high levels of oxidative stress and apoptotic markers compared 

to young and age-matched controls. Moreover, AD-type changes could be generated in 

control fibroblasts by using N-methylprotoporphyrine to inhibit COX assembly, these 

effects being significantly attenuated by lipoic acid and N-acetyl-L-cysteine (NAC) 
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(Moreira et al., 2007). These results foster the idea that in AD oxidative damage is 

associated with mitochondrial dysfunction. 

 In an attempt to decipher the mechanisms underlying mitochondrial 

abnormalities, in vitro studies demonstrated that the exposure of cultured neurons to 

Aβ resulted in increased production of mitochondrial superoxide anion (O2
-•), ATP 

depletion, and increased mitochondrial Ca2+ uptake potentiating mitochondrial 

permeability transition pore (mPTP) opening (a voltage-dependent, high-conductance, 

non-selective pore located in the inner mitochondrial membrane that is permeable to 

solutes smaller than 1.5 kDa) and apoptosis (Hashimoto et al., 2003). It was also found 

that Aβ induced membrane lipid peroxidation and the production of 4-hydroxynonenal 

(Bruce-Keller et al., 1998) impairing the function of synaptic mitochondria (Keller et al., 

1997). Aβ also increased the hydrolysis of membrane sphingomyelin by 

sphingomyelinases, resulting in the production of ceramides (Cutler et al., 2004), and 

consequent mitochondria-mediated neuronal death by a mechanism involving 

dephosphorylation of Akt, Bcl-2-associated death promoter (BAD), and GSK-3β (Stoica et 

al., 2003). However, one major question for the mitochondria lovers is how 

mitochondria functioning is further impaired during the course of AD? One possible 

explanation emerged from the fact that Aβ is able to cross mitochondrial membranes 

and interact with mitochondrial components, thus exacerbating mitochondrial 

dysfunction in AD. Aβ was classically documented to be deposited extracellularly; 

however, cellular and biochemical studies carried out in different models of AD have 

provided evidence that Aβ can also accumulate inside neurons and target mitochondria 

(Caspersen et al., 2005; Crouch et al., 2005; Devi et al., 2006; Du et al., 2008; Lin and 

Beal, 2006; Manczak et al., 2006; Pagani and Eckert, 2011). Hansson-Petersen and 
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collaborators (2008) demonstrated that Aβ peptide is imported into mitochondria via 

the translocase of the outer membrane (TOM) import machinery and localizes within the 

mitochondrial cristae. It was also reported an accumulation of full-length and carboxy-

terminally truncated APP across mitochondrial import channels in brain tissue from AD 

patients, which inhibited the entrance of nuclear-encoded COX subunits IV and Vb 

proteins leading to a decrease in COX activity and an increase in hydrogen peroxide 

(H2O2) levels (Devi et al., 2006). Anandatheerthavarada and colleagues (2003) also found 

an accumulation of full-length APP in the mitochondrial compartment in a 

transmembrane-arrested form that impaired mitochondrial functionality and energy 

metabolism. Conversely, Aβ is able to bind and interact with different molecules upon 

entering the mitochondria. Aβ also interacts with the mitochondrial protein Aβ-binding 

alcohol dehydrogenase (ABAD) potentiating mitochondrial failure by increasing the 

mitochondrial membrane permeability and reducing the activities of enzymes involved 

in mitochondrial respiration (Lustbader et al., 2004). Aβ can also interact with cyclophilin 

D (CypD), a critical molecule involved in mPTP formation and cell death, enhancing 

mitochondrial, neuronal and synaptic stress. Meanwhile, CypD ablation protected 

neurons from Aβ-induced mPTP formation and mitochondrial and cellular stress (Du et 

al., 2008), supporting the idea that Aβ interacts with CypD leading to cell damage. The 

interplay between Aβ and mitochondria was also supported by the observation that Aβ 

can be produced in mitochondria. In fact, it was reported that APP is a substrate for the 

mitochondrial γ-secretase and that APP intracellular domain (AICD) is produced inside 

mitochondria, providing a mechanistic view of the mitochondria-associated APP 

metabolism where AICD, P3 peptide and potentially Aβ are produced locally and may 

contribute to mitochondrial dysfunction (Pavlov et al., 2010). Overall, these findings 
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support the hypothesis that mitochondrial bioenergetics decline associated to an 

exacerbated oxidative damage play a key role in AD pathogenesis (Fig. 1.9). 

 

 

Figure1.9. Mitochondrial abnormalities in Alzheimer’s disease. Alzheimer’s disease is characterized by a 

decrease in cytochrome c oxidase (COX) activity that can be partially explained by the blockage of the 

mitochondrial translocase of the outer mitochondrial membrane (TOM40) and translocase of the inner 

mitochondrial membrane (TIM23) by amyloid-  precursor protein (APP), which prevents the entry of 

the nuclear encoded subunits of COX. Furthermore, Aβ also enters mitochondria through the TOM 

complex and interacts with heme groups in the redox centers of COX decreasing its catalytic activity. The 

decrease in electron transport chain efficiency increases the production of reactive oxygen species (ROS), 

which in turn, enhances Aβ production and the cyclophilin D (CypD)-mediated opening of permeability 

transition pore (mPTP). The opening of mPTP leads to the release of pro-apoptotic factors such as 

cytochrome c (Cyt c) and apoptosis-inducing factor (AIF) to the cytosol activating the apoptotic cell death. 

Additionally, Aβ may also induce s-nitrosylation of the dynamin-related protein 1 (Drp1), impairing 

mitochondrial fission. CI, CII, CIII, mitochondrial electron transport chain complexes I, II and III, 

respectively; F0F1, ATP synthase. Adapted from Santos et al., 2010. 

 

m 
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 T1D and T2D are also associated with mitochondrial dysfunction and exacerbated 

oxidative stress levels.  It is now well accepted that inherited defects in mitochondrial 

DNA cause an insulin-deficient form of diabetes mellitus that resembles T1D (Sims-

Robinson et al., 2010). Moreover, the involvement of mitochondria in T2D is emphasized 

by the finding that mtDNA mutations in humans, as well as pancreatic β-cell-specific 

deletion of mitochondrial genes in animal models, reduced oxidative phosphorylation 

capacity and caused diabetes (Silva et al., 2000). Abnormal mitochondrial morphology 

and function was observed in postmortem pancreatic β-cells from T2D patients (Anello 

et al., 2005). Additionally, in both types of diabetes, compromised mitochondrial 

function and morphology, as well as exacerbated mitochondrial oxidative stress, are 

major mediators of neurodegeneration. This notion is supported by studies showing that 

sensory neurons and peripheral nerves of animal models of T1D and T2D are 

characterized by increased ROS generation, lipid peroxidation, protein nitrosylation, and 

diminished levels of glutathione (GSH) and ascorbate (Fernyhough et al., 2010).   

Accordingly, it was also demonstrated that brain mitochondria isolated from STZ 

diabetic rats, a model of T1D, displayed lower levels of coenzyme Q9 (CoQ9), which 

suggests an impairment of the antioxidant system in diabetic animals (Moreira et al., 

2005). Mastrocola and collaborators (2005) showed that brain mitochondria isolated 

from diabetic STZ rats presented an impairment of the respiratory chain and increased 

oxidative and nitrosative stress contributing to neuronal injury. The authors observed 

that hyperglycemia-associated oxidative and nitrosative stress contributed to 

mitochondrial dysfunction by decreasing the activity of complexes III, IV and V of the 

respiratory chain and ATP synthesis (Mastrocola et al., 2005). Moreira and collaborators 

(2006) reported that brain mitochondria isolated from 12-weeks STZ-induced diabetic 
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rats presented a lower ATP content and ability to accumulate Ca2+. An age-related 

decline 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, were also observed (Moreira et al., 2003). 

 

1.3.3.2 MITOCHONDRIAL DYNAMICS AND MORPHOLOGY IN AD AND DIABETES MELLITUS 

 Mitochondria are highly dynamic organelles that move and continuously fuse and 

divide in response to different stimuli and changes in neuronal metabolic demands by 

two opposing processes, fusion and fission (Chan, 2006; Chen and Chan, 2005). A shift 

towards fusion favors the generation of an elongated and interconnected mitochondrial 

network, whereas a shift towards fission produces a fragmented and disconnected 

mitochondrial phenotype. The antagonistic and balanced activities of the mitochondrial 

dynamics machinery are essential to ensure proper neuronal functioning. Indeed, this 

equilibrium is needed for the maintenance of the respiratory capacity and mtDNA, 

recruitment of mitochondria to critical subcellular compartments, such as synaptic 

terminals, content exchange between mitochondria, and control of mitochondrial 

quality, shape and number (Chen and Chan, 2009). Mitochondrial dynamic morphologic 

changes are finely orchestrated by at least four conserved dynamin-related GTPases. 

Mitochondrial fission is regulated by a large cytosolic GTPase that is recruited to the 

mitochondrial membrane upon a fission-like stimuli, dynamin-like protein 1 (DRP1), and 

a small mitochondrial molecule located in the outer membrane, denominated 

mitochondrial fission protein 1 (Fis1). The core components of the mitochondrial fusion 

machinery are mitofusins 1 and 2 (Mfn1, Mfn2) in the outer membrane and optic 
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atrophy protein 1 (OPA1) in the inner membrane (Correia et al., 2011b; Santos et al., 

2010b) (Fig. 1.10).  

  

 

 

Figure 1.10. Dynamics of the mitochondrial network in mammalian cells. Confocal time-lapse images of 

mitochondria labelled with mitochondrial-matrix-targeted photoactivatable green fluorescent protein. a) 

Mitochondrial fusion is shown in the green box and fission is shown in the red box following a single 

mitochondrion photoactivation. The lower panels show schematic cross-sections through mitochondrial 

fusion b) and fission c). During fusion, two mitochondria dock through coiled-coil-domain interactions 

between mitofusins that are anchored into the outer mitochondrial membrane (OMM; their GTPase 

domains face the cytosol), whereupon optic atrophy protein 1 (OPA1), which is anchored partially on the 

inner mitochondrial membrane (IMM), participates in the membrane fusion process b). During fission, 

fission protein 1 (Fis1) circumscribing the outer mitochondrial membrane recruits the large GTPase and 

dynamin-like protein 1 (DRP1) through its tetratricopeptide repeats (TPR), which subsequently coalesces 

into foci at mitochondrial scission sites c). Adapted from Youle and Karbowski, 2005. 
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 Abnormal mitochondrial dynamics with detrimental effects on synaptic and 

neuronal function have been implicated in the pathogenesis of AD. Ultrastructural 

alterations in mitochondrial morphology such as reduced size and broken internal 

membrane cristae were observed in brain tissue from AD patients, suggesting an 

excessive mitochondrial fragmentation (Baloyannis, 2006; Hirai et al. 2001). In vitro 

studies showed that Aβ oligomers induced excessive mitochondrial fission and neuronal 

damage in a nitric oxide (NO●)-mediated manner (Barsoum et al., 2006; Yuan et al., 

2007). Consistently, long-term exposure of PC12 cells to Aβ25–35 induced an increase in 

mitochondrial number and a decrease in mitochondrial length and size, corroborating 

the existence of mitochondrial fragmentation in AD (Liu et al., 2010). An exhaustive work 

of Wang an collaborators (2008a,b; 2009a,b) aimed to dissect the contribution of 

mitochondrial dynamics to AD pathology revealed a dramatic imbalance in 

mitochondrial fusion and fission characterized by increased mitochondrial fragmentation 

and abnormal mitochondrial distribution. A marked reduction of DRP1 levels and 

elongated mitochondria forming collapsed perinuclear networks were found in 

fibroblasts from sAD patients (Wang et al., 2008a; 2009a). Further, a reduction in the 

expression levels of DRP1, OPA1, Mfn1 and 2 and an increase in Fis1 levels were 

observed in hippocampal tissue from AD subjects (Wang et al., 2009b). Accordingly, APP 

overexpression in M17 neuroblastoma cells resulted in predominantly fragmented 

mitochondria, decreased DRP1 and OPA1 levels, and defective neuronal differentiation 

(Wang et al., 2008b). Manczak and colleagues (2011) documented an increased 

immunoreactivity of DRP1 in the brains of AD subjects. Interestingly, it was observed 

that DRP1 interacted with Aβ monomers and oligomers in AD brains, a phenomenon 

positively correlated with the severity of the disease. These findings suggest that the 
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interaction of Aβ and DRP1 may initiate mitochondrial fragmentation in neurons 

affected in AD, a situation that was potentiated by the progression of the disease 

(Manczak et al., 2011). More recently, a physical interaction between phosphorylated 

tau protein and DRP1 was observed in human brain tissue and transgenic mouse models 

of AD (Manczak and Reddy, 2012). 

  Structural abnormalities in mitochondria were observed in dorsal root ganglion 

neurons of long-term STZ diabetic rats (Schmeichel et al., 2003). Accordingly, it was 

reported that treatment of cultured dorsal root ganglion neurons with high glucose 

levels resulted in fragmentation/fission of mitochondria. In an initial phase the up-

regulation of the mitochondrial fission protein DRP1 resulted in a protective fission, but 

in a more advanced stage mitochondrial fragmentation resulted in the activation of Bim 

and Bax and, subsequently, apoptosis (Leinninger et al., 2006). Edwards and 

collaborators (2010) demonstrated that diabetes regulated mitochondrial biogenesis 

and fission in mouse neurons. It was found that dorsal root ganglion neurons from 

diabetic mice exhibited greater mitochondrial biogenesis in comparison with non-

diabetic mice (Edwards et al., 2010). However, the rapid increase in the number of 

mitochondria appeared to result, at least in part, from mitochondrial fission, since the 

diabetic state generated small, fragmented mitochondria (Edwards et al., 2010). 

Accordingly, in vitro experiments also revealed that short-term exposure to high glucose 

increased DRP1 protein levels. Importantly, the inhibition of DRP1-induced 

fragmentation was neuroprotective and resulted in decreased neuronal susceptibility to 

high glucose damage (Edwards et al., 2010). 

 In sum, this sub-chapter provided evidence that mitochondrial dysfunction may 

constitute a downstream event of diabetes mellitus- and/or AD-associated abnormal 
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brain insulin and glucose metabolism. Indeed, defective insulin signaling induces a 

neuronal energy crisis that renders neurons more vulnerable to oxidizing insults, which 

could promote structural and functional alterations of mitochondria. Aβ and 

hyperphosphorylated tau protein synergistically impair mitochondrial bioenergetics and 

potentiate oxidative stress, accelerating the neurodegenerative mechanisms. Overall, 

central insulin resistance, impaired cerebral glucose metabolism and mitochondria 

failure may represent a dangerous trio in AD pathophysiology (Fig. 1.10). 

 

 
 
Figure 1.10. Schematic illustration of the pathological mechanisms linking diabetes mellitus and 

Alzheimer’s disease. Abnormalities in systemic glucose/insulin metabolism, characteristic of diabetes 

mellitus, are amongst the major pathological factors thought to mechanistically influence the onset 

and/or progression of Alzheimer's disease (AD). Systemic insulin deficiency in type 1 diabetes (T1D) 

contributes to cognitive deficits. Hyperglycemia, chronic peripheral hyperinsulinemia and insulin 

resistance, which characterize type 2 diabetes (T2D), result in reduced transport of insulin into the brain 

and insulin receptors (IRs) activity, compromising brain glucose metabolism and insulin signaling pathway. 
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Insulin resistance and reduced cerebral glucose metabolism seem to occur in pre-diabetic and T2D 

patients. Insulin metabolism abnormalities and hyperglycemia-induced glucose auto-oxidation promote 

the formation of advanced glycation end products (AGEs) and potentiate the occurrence of AD-like 

neuropathological hallmarks. In the early stages of the disease, AD is also characterized by an impaired 

brain glucose/energy metabolism in insulin-sensitive areas, suggesting a role for insulin signaling in the AD 

etiopathogenesis. An "insulin-resistant brain state" has been proposed to form the core of the 

neuropathological events that occur in AD, including abnormal amyloid-β peptide (Aβ) deposition and tau 

protein hyperphosphorylation. Abnormal Aβ deposition and tau protein hyperphosphorylation, in turn, 

promote mitochondrial dysfunction and exacerbate oxidative stress, in a vicious cycle. Mitochondrial 

impairment and oxidative stress are also contributing factors to diabetes-mediated neuronal damage. 

Altogether, these neuropathological events contribute to neuronal and synaptic dysfunction, cell death 

and cognitive decline, characteristics of AD. Adapted from Correia et al., 2012. 

 

1.4 PRECONDITIONING AS A NEUROPROTECTIVE STRATEGY 

1.4.1 AN OVERIEW 

 Preconditioning is an innate protective and adaptive mechanism, whereby a 

sublethal insult protects against a subsequent lethal insult, a phenomenon remembering 

one of Nietszche’s most memorable quotes "What does not kill you, makes you 

stronger". The first in vivo evidence of preconditioning and tolerance in the brain was 

provided in 1960's (Dahl and Balfour, 1964). In the late 1980’s, several reports again 

drew attention to ischemic tolerance in the brain (Chopp et al., 1989; Schurr et al., 

1986). Since then, the preconditioning phenomenon has been confirmed in many animal 

models of global (Kitagawa et al., 1991) and focal (Stagliano et al., 1999) ischemia, in 

vitro brain slice preparations (Xu et al., 2002), cultured primary neurons (Bruer et al., 

1997), and human beings in the form of short episodes of ischemia without infarction, 

known as a transient ischemic attack (TIA) (Moncayo et al., 2000). Brain tolerance can be 

induced by several distinct preconditioning stimuli, such as ischemia, oxidative stress, 

hypothermia, hypoxia, and low doses of endotoxin (Cadet and Krasnova, 2009). The 
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existence of multiple, diverse preconditioning stimuli that confer protection result in the 

well-known phenomenon of "cross-tolerance" (Kirino, 2002). Preconditioning induces 

two phases of brain tolerance with different temporal profiles and, to some extent, with 

different mechanisms of protection: early and delayed tolerance. Early tolerance is a 

short-lasting protection induced within minutes of exposure to preconditioning and 

wanes within hours. Rapid changes in the activity and posttranslational modifications of 

existing proteins are involved in this phenomenon. Conversely, preconditioning-induced 

delayed tolerance needs several hours our even days to manifest and requires gene 

induction and de novo protein synthesis, representing a long-term response through 

genetic reprogramming (Barone et al., 1998; Correia et al., 2010b, 2011b; Gidday, 2006; 

Kirino, 2002; Stenzel-Poore et al., 2007). 

  

1.4.2 PRECONDITIONING AND BRAIN TOLERANCE: WHERE DO MITOCHONDRIA FIT 

IN?  
 Multiple molecular pathways and protective mechanisms have been identified 

and continue to be studied in an effort to clarify the mechanisms underlying 

preconditioning-mediated brain tolerance. In the preconditioning realm, mitochondria 

have been proposed to be master regulators of preconditioning-triggered endogenous 

neuroprotection (Busija et al., 2008). The next sub-chapters are aimed to discuss the role 

of mitochondrial components in the preconditioning paradigm. 

1.4.2.1 MITOCHONDRIAL-DERIVED ROS 

The mitochondrial respiratory chain is one of the primary sources of cellular ROS. 

In the mitochondrial respiratory chain, the primary sites of ROS production and release 

are complexes I and III (Zhang and Gutterman, 2007). While an exacerbated production 
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of mitochondrial ROS induces mitochondrial dysfunction potentiating cell degeneration 

and death, evidence shows that low or mild levels of mitochondrial ROS are critically 

involved in preconditioning-mediated brain tolerance (Dirnagl et al., 2009; Dirnagl and 

Meisel, 2008; Jou, 2008; Ravati et al, 2000, 2001). In fact, Ravati and collaborators 

(2001) demonstrated that preconditioning stimulated by moderate ROS levels protected 

cultured neurons against different damaging agents and prevented the subsequent 

massive oxygen radical formation, whereas the presence of a radical scavenger 

abolished ROS-mediated neuronal preconditioning (Ravati et al., 2000). Also, 

preconditioning with low concentrations of H2O2 protected PC12 cells against 

subsequent lethal oxidative stress levels (Tang et al., 2005a). The mechanisms behind 

H2O2-induced neuroprotective effects involved the maintenance of mitochondrial 

membrane potential (∆Ψm), a mild increase in ROS levels and overexpression of Bcl-2 

(Tang et al., 2005b). It was also demonstrated that the generation of H2O2 during a brief 

oxygen-glucose deprivation (OGD) episode was the main trigger involved in the 

mechanism of preconditioning-induced neuronal protection (Furuichi et al., 2005). More 

recently, Simerabet and collaborators (2008) reported a preconditioning effect 

promoted by an in situ administration of H2O2 in the brain cortex, which suggests a 

direct implication of ROS during the triggering phase of cerebral preconditioning. A 

relationship between mitochondrial ATP-sensitive potassium (mitoKATP) channels and 

ROS has been postulated, since the protection induced by H2O2 against cerebral 

ischemia-reperfusion injury was blocked by mitoKATP channels antagonists and the 

antioxidant NAC blocked the protection induced by diazoxide, a mitoKATP channels 

opener (Simerabet et al., 2008). The strong relationship between ROS and mitoKATP 
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places mitochondria centre stage in the neuroprotection induced by cerebral 

preconditioning (Simerabet et al., 2008).  

Inhibition of succinate dehydrogenase (SDH) by 3-nitropropionic acid (3-NPA), an 

agent known to increase the production of ROS, probably at mitochondrial complex I, 

was shown to promote tolerance against focal cerebral ischemia (Wiegand et al., 1999), 

implicating mitochondrial ROS in cerebral preconditioning. It was also shown that 3-NPA 

was able to induce delayed preconditioning in rats when administered 3 days after 

transient middle cerebral artery occlusion (MCAO) by reducing infarct volume by about 

20% (Horiguchi et al., 2003). NS1619, which inhibits the complex I of mitochondrial 

respiratory chain, also induced neuronal preconditioning by increasing ROS production 

and promoting a mild mitochondrial depolarization (Gáspár et al., 2008a; 2009). The 

neuroprotective effects of NS1619 were significantly reduced in the presence of a ROS 

scavenger (Gáspar et al., 2009). The same authors also reported that immediate 

NS1619-mediated preconditioning involved a decrease in Ca2+ influx through glutamate 

receptors, an increase in superoxide dismutase (SOD) activity, a reduced ROS response 

during glutamate stimulation, and a better preservation of ATP levels (Gáspar et al., 

2009). It was also proposed that “minor” mitochondrial ROS generation induced fission 

and fusion of mitochondria and relocated the mitochondrial network to form a 

mitochondria free gap, which may play a role in mitochondrial ROS-mediated protective 

“preconditioning” by preventing the propagation of ROS during the oxidative insult. 

Among the multiple signaling pathways that have been proposed to participate 

in the preconditioning phenomenon, the induction of the hypoxia signaling pathway 

with the concomitant stabilization and transcriptional activation of the transcription 

factor hypoxia-inducible factor (HIF)-1 has emerged as one of the major cellular 
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pathways responsible for brain tolerance. HIF-1 belongs to the basic helix-loop-helix 

transcription factor family. It is a heterodimeric transcription factor comprised of the 

constitutively expressed HIF-1β subunit and the oxygen-tension-regulated HIF-1α 

subunit (Wang et al., 1995; Huang et al., 1996, 1998; Semenza, 2002). HIF-1α 

accumulates in response to hypoxia and is rapidly degraded upon reoxygenation (Wang 

et al., 1995). Under normal oxygen conditions, HIF-1α is hydroxylated at two proline 

residues, Pro402 and Pro564, within the oxygen-dependent degradation domain by a 

family of prolyl hydroxylase enzymes (PHDs) (Huang et al., 1996; Pugh et al., 1997). 

Hydroxylation of HIF-1α requires molecular oxygen (O2), iron in ferrous form (Fe2+), and 

2-oxoglutarate as cofactors (Huang et al., 1996; Pugh et al., 1997). The requirement of 

iron explains the hypoxic-mimetic effects of iron chelators and iron antagonists, such as 

cobalt chloride (CoCl2). The hydroxylated prolines are recognized by the von Hippel–

Lindau protein (VHL), which acts as the recognition component of a multiprotein 

ubiquitin E3 ligase complex. Then, VHL binds to both hydroxylated HIF-1α and to 

Elongin-C, which recruits Elongin-B and other subunits of the E3 ubiquitin ligase, 

targeting the HIF-1α subunit for rapid ubiquitin-mediated proteasomal degradation by 

the 26S proteasome (Maxwell et al., 1999; Ivan et al., 2001; Jaakkola et al., 2001; Safran 

and Kaelin, 2003). Under hypoxic conditions or iron chelation, enzymatic inhibition of 

PHDs abrogates HIF-1α recognition by VHL and proteasomal degradation, resulting in 

the stabilization of HIF-1α. Consequently, HIF-1α protein translocates and accumulates 

in the nucleus, where dimerizes with HIF-1β subunits, and recruits the transcription co-

activator p300/cAMP-response element-binding protein-binding protein (CBP), forming 

the active HIF complex (Carrero et al., 2000; Kung et al., 2000; Mole et al., 2001). This 

complex binds to the hypoxia-responsive element (HRE) in the promoter, up-regulating a 
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repertoire of target genes, including metabolic enzymes, cytokines, growth factors, 

receptors, and other signaling proteins (Correia and Moreira, 2010) (Fig. 1.11).  

 

 

Figure 1.11. Hypoxia-inducible factor 1 (HIF-1) and its targets genes. HIF-1 is a transcriptional complex 

involved in the molecular and cellular adaptation to hypoxia. HIF-1 regulates the expression of a wide 

range of genes involved in vasomotor control, angiogenesis, erythropoiesis, iron metabolism, control of 

cell cycle, cell proliferation and death, and energy metabolism. Adapted from Correia and Moreira, 2010. 

 

HIF-1α activation seems to be strictly bound to the mitochondrial function. 

Indeed, under hypoxic conditions, mitochondria act as oxygen sensors and convey 

signals to HIF-1, mitochondrial ROS being the putative signaling molecules between a 

cellular O2-sensor and HIF-1. ROS generated by the Q0 site of mitochondrial complex III 

have been shown to be critical in the hypoxia-mediated survival signaling (Bell et al., 

2007). In accordance, previous studies reported  that mitochondrial ROS generation 

prevented the hydroxylation of HIF-1α, stabilizing HIF-1α and promoting its translocation 

to the nucleus and dimerization with HIF-1β, initiating the transcription of target genes 

(Guzy et al., 2005; Bell et al., 2007) (Fig. 1.12). Conversely, mtDNA-depleted (ρ0) cells, 

without a functional mitochondrial respiratory chain, failed to increase ROS generation 

and HIF-1α accumulation under hypoxic conditions (Chandel et al., 1998, 2000). The 
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exogenous application of H2O2 induced HIF-1α under normoxic conditions, whereas ROS 

scavengers blocked the induction of HIF-1 mediated by hypoxia, which further confirm 

the involvement of ROS in HIF-1 induction (Guzy et al., 2005; Mansfield et al., 2005). 

Additionally, the exposure of ρ0 cells to low levels of H2O2 stabilized HIF-1α protein 

during normoxia (Chandel et al., 2000). These findings show that mitochondrial ROS play 

a key role in HIF-1α stabilization and activity, a transcriptional regulator of 

preconditioning-mediated neuroprotective events. 

 

Figure 1.12. Schematic illustration of the involvement of mitochondrial reactive oxygen species (ROS) in 

hypoxia-inducible factor 1 (HIF-1) stabilization. HIF-1 is a heterodimeric protein composed of a 

constitutively expressed HIF-1β subunit and an inducible HIF-1α subunit. In the presence of molecular 

oxygen (O2), HIF-1α is hydroxylated by prolyl hydroxylase enzymes (PHDs) and rapidly degraded by 

ubiquitin-proteasome system. Under hypoxic conditions, the generation of ROS by the mitochondrial 

respiratory chain inhibits PHDs activity, preventing the hydroxylation of HIF-1α, resulting in HIF-1α 

stabilization and translocation to the nucleus. Consequently, HIF-1α dimerizes with HIF-1β, initiating the 

transcription of HIF-1-responsiveness genes. Adapated from Correia et al., 2010a. 
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A crosstalk between mitochondrial ROS and HIF-1 has been proposed to underlie 

preconditioning-mediated protective events (Correia and Moreira, 2010). It was 

previously demonstrated that hypoxic preconditioning-induced neuroprotection was 

associated with ROS production and subsequent induction of HIF-1 and its downstream 

gene erythropoietin (EPO) (Liu et al., 2005). Accordingly, Chang and co-workers (2008) 

reported that low levels of exogenous H2O2 increased HIF-1α expression and protected 

primary cortical neurons against the deleterious effects promoted by ischemia.  

 Collectively, these data indicate that mitochondrial ROS are required for the 

initiation and maintenance of neuronal preconditioning. As signaling molecules, 

mitochondrial ROS seem to be triggers and mediators of neuronal preconditioning, by 

activating important signaling pathways involved in brain tolerance, namely the HIF-1 

signaling pathway.  

 

1.4.2.2 MITOCHONDRIAL ATP-SENSITIVE POTASSIUM CHANNELS 

 There is an ongoing debate about the role of mitoKATP channels in the 

preconditioning phenomenon in the brain (Busija et al., 2008). These channels are 

localized in the inner mitochondrial membrane and regulate mitochondrial function in 

several tissues, including the brain (Bajgar et al., 2001; Debska et al., 2001; Kulawiak and 

Bednarczyk, 2005). Brain mitochondria contain seven times more mitoKATP channels than 

liver or heart mitochondria, which reflect the importance of these channels in neuronal 

functionality and integrity (Bajgar et al., 2001). Recent findings suggest that mitoKATP 

channels have a key role as both triggers and end effectors in acute and delayed 

preconditioning-mediated neuroprotection (Busija et al, 2008; Dirnagl and Meisel, 

2008). Indeed, the activation of mitoKATP channels with pharmacological agents 
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mimicked the preconditioning-associated protective effects (Garlid et al., 1997; 

Szewczyk and Wojtczak, 2002). Conversely, physiological or chemical preconditioning 

was abrogated by mitoKATP channels blockers, such as glibenclamide and 5-

hydroxydecanoate (5-HD) (Szewczyk and Wojtczak, 2002). Some progress has been 

made in the elucidation of the mechanisms underlying mitoKATP channels-mediated 

preconditioning. Inoue and collaborators (1991) hypothesized that mitoKATP channels 

opening may decrease ∆Ψm, promoting an increase in the electron transport chain rate, 

and, consequently, increasing ATP production. In addition, the activation of mitoKATP 

channels induced cerebroprotection by attenuating mitochondrial Ca2+ overload and, 

thus, preventing mPTP induction. It was recently shown that the signal transduction 

pathways initiated by epsilon protein kinase C (εPKC) mediated preconditioning-induced 

neuroprotection through the activation of mitoKATP channels (Raval et al., 2007). 

Further, the inhibition of mitoKATP channels or εPKC abolished the beneficial effects of 

preconditioning (Raval et al., 2007).  

 It has been reported that diazoxide, a selective mitoKATP channels opener, induced 

mild oxidative stress and preconditioning-like neuroprotection (Samavati et al., 2002). 

However, high doses of diazoxide also inhibited SDH, the complex II of the mitochondrial 

respiratory chain, leading to the production of ROS in a mitoKATP channel-independent 

manner (Kis et al., 2003). It was recently proposed that diazoxide is the most potent 

inducer of preconditioning-mediated protection due to the combined effects involving 

mitochondrial membrane depolarization and enhanced ROS production through SDH 

inhibition (Busija et al., 2008). The immediate preconditioning induced by low doses of 

diazoxide also protected neuronal and vascular function against the deleterious effects 

of cerebral ischemia (Domoki et al., 1999). Additionally, this immediate preconditioning 
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with diazoxide protected against ischemia-reperfusion injury by preventing 

mitochondrial swelling and Ca2+ accumulation in brain cells (Domoki et al., 2004). 

Diazoxide also induced delayed preconditioning in neurons via acute generation of O2
•− 

and activation of protein kinases protecting against the oxidative stress induced by OGD, 

which is a well-established in vitro model of cerebral ischemia-reperfusion (Kis et al., 

2003). It was also demonstrated that diazoxide protected neurons against ischemia-

induced death by increasing mitochondrial Bcl-2 levels and suppressing Bax 

translocation to mitochondria and subsequent cytochrome c release, suggesting that 

mitoKATP channels activation may stabilize mitochondrial function by differentially 

modulating pro-apoptotic and anti-apoptotic proteins (Liu et al., 2002). Some in vivo 

studies also revealed that diazoxide-mediated acute and delayed preconditioning had a 

neuroprotective effect against transient focal cerebral ischemia (Shimizu et al., 2002; 

Mayanagi et al., 2007a). Goodman and Mattson (1996) also demonstrated that 

diazoxide was effective in protecting hippocampal neurons against oxidative injury 

induced by exposure to ferrous sulfate (FeSO4) and Aβ, due to the suppression of 

intracellular peroxide formation. Accordingly, it was observed a protective effect of 

diazoxide against Aβ-induced cytotoxicity in endothelial cells (Chi et al., 2000). Ma and 

Chen (2004) reported that diazoxide counteracted the effects of Aβ1-42, protecting 

neurons against the increase of ∆Ψm and intracellular ROS levels induced by this 

amyloidogenic peptide. A recent study reported that Aβ1-42 enhanced the expression of 

KATP channel subunits in cholinergic neurons, and it was suggested that the change in the 

composition of KATP channels may interfere with the function of KATP channels and 

membrane excitability (Ma et al., 2009). Moreover, it was demonstrated that neurons 

pretreated with diazoxide did not present an increase in the expression of KATP channels 
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subunits when exposed to Aβ1-42 (Ma et al., 2009). In an in vitro model of Parkinson’s 

disease (PD), diazoxide protected the neurons against MPP+-induced cytotoxicity via 

inhibition of ROS overproduction, which improved mitochondrial function (Xie et al., 

2009). Yang and collaborators (2006) also found that this mitoKATP opener improved 

both parkinsonian symptoms and neurochemistry alterations occurring in rats treated 

with rotenone, a model of PD. These results suggest that mitoKATP activation could 

represent a new therapeutic strategy for the treatment of early PD. The authors also 

observed that 5-HD abolished all neurorestorative effects of diazoxide (Yang et al., 

2006). This is consistent with previous studies showing that activation of mitoKATP 

channels with diazoxide in PC12 cells induced protection against the neurotoxic effects 

of rotenone, this protection being attenuated by 5-HD (Tai and Truong, 2002; Tai et al., 

2003). An in vitro study also revealed that diazoxide prevented rotenone-induced 

microglial activation and the subsequent production of pro-inflammatory factors, such 

as tumor necrosis factor alpha (TNF-α) and inducible isoform of nitric oxide synthase 

(iNOS) (Liu et al., 2006). 

BMS-191095, a selective mitoKATP channels opener, is able to induce both 

immediate and delayed preconditioning in neurons. Kis and collaborators (2004) 

demonstrated that BMS-191095 led to a remarkable neuroprotection under stress 

conditions via mechanisms that involved mitochondrial depolarization, PKC activation 

and attenuated free radical production. It was also found that BMS-191095 depolarized 

mitochondria without ROS generation, activated the PI3-K signaling pathway, and 

increased ATP content and catalase expression; these mechanisms playing an important 

role in the neuroprotective effect afforded by this mitoKATP channels opener (Gáspár et 

al., 2008b). Similarly, Mayanagi and collaborators (2007b) examined the effects of BMS-
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191095 pretreatment on transient ischemia induced by MCAO in rats and concluded 

that BMS-191095 afforded protection against cerebral ischemia by delayed 

preconditioning via selective opening of mitoKATP channels without ROS generation. 

In summary, the activation of mitoKATP channels seems to be a key event that 

elicits preconditioning-mediated neuroprotection; these channels representing 

promising therapeutic targets to counteract neurodegeneration. 

1.4.2.3 MITOCHONDRIAL PERMEABILITY TRANSITION PORE 

Mitochondria have a high capacity for Ca2+ sequestration, which contributes for 

normal neuronal function (Babcock and Hille, 1998; Rizzuto et al., 2000; Nicholls, 2002). 

Conversely, mitochondrial Ca2+ overload leads to the induction of the mPTP, resulting in 

osmotic swelling and collapse of the outer mitochondrial membrane. The mPTP, a 

dynamic multiprotein complex located at the contact site between the mitochondrial 

inner and outer membranes, is comprised of the voltage-dependent anion channel 

(VDAC), the adenine nucleotide translocator (ANT), and the regulatory protein CypD. 

Once open, mPTP allows the release of pro-apoptotic proteins, including cytochrome c 

and apoptosis-inducing factor (AIF), from the mitochondrial intermembrane space into 

the cytoplasm. Consequently, released cytochrome c binds the apoptotic protease-

activating factor 1 (Apaf-1) and activates the caspase cascade (Hengartner, 2000; 

Martinou and Green, 2001; Valko et al., 2007).  

Compelling evidence indicates that the inhibition of mPTP opening and its 

signaling cascade represent crucial events responsible for preconditioning-mediated 

cytoprotection in both heart and brain (Hausenloy et al., 2002; Javadov et al., 2003; 

Halestrap et al., 2007; Dirnagl and Meisel, 2008;). Despite the molecular mechanisms 

underlying these effects are still under investigation, nitrite (NO2
−), a known endogenous 



Chapter 1 

 
47 

mediator of preconditioning as well as protein kinases, has been proposed as a possible 

mPTP regulator (Zhao et al., 2006; Shiva et al., 2007). More recently, Halestrap and 

collaborators (2007) also proposed that a decrease in the oxidation of critical thiol 

groups of the mPTP, which facilitate the pore opening induced by Ca2+, could be involved 

in preconditioning-mediated inhibition of mPTP opening. In contrast to heart, the role of 

mPTP in brain preconditioning remains unclear. However, it was reported that the 

activation of mitoKATP channels protected the brain against injury through the 

attenuation of mitochondrial Ca2+ overload and, consequently, prevention of mPTP 

induction (Wu et al., 2006). It has been proposed that the increase in K+ conductance 

following mitoKATP opening alkalinizes the mitochondrial matrix and increases the 

generation of H2O2, which in turn activates an mPTP-associated PKCε.  In addition, Pérez-

Pinzón (2004) and coworkers suggested a pivotal role for PKCε in the tolerance induced 

by ischemic preconditioning in experimental models of cerebral ischemia. Indeed, 

ischemic preconditioning promoted a significant increase in synaptic mitochondrial 

respiration and phosphorylation of respiratory proteins via PKCε (Dave et al., 2008). It 

was also shown that neurons preconditioned with short periods of OGD contain large 

mitochondria with dense matrices, increased respiration and an elevated Ca2+ loading 

capacity (Iijima et al., 2008). In accordance, a recent study demonstrated that 

mitochondrial hyperpolarization that occur after short periods of OGD increased the 

mitochondrial Ca2+ buffering capacity in hippocampal neurons, which suggest that 

enhanced buffering capacity of the mitochondria may be linked to preconditioning after 

short-term ischemic episodes (Tanaka et al., 2009). Overall these findings point to a 

potential role of mPTP in preconditioning-induced brain tolerance.  
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1.4.2.4 MITOCHONDRIAL UNCOUPLING PROTEINS 

In the brain, as well as in the heart, preconditioning is related with a moderate 

uncoupling of the mitochondrial respiratory chain (Sack, 2006; Dirnagl and Meisel, 

2008). Thus, uncoupling proteins (UCPs) are one of the mitochondrial elements believed 

to be involved in this phenomenon. These proteins, which are located in the inner 

mitochondrial membrane, dissipate the proton electrochemical gradient between the 

intermembrane space and the mitochondrial matrix, which uncouple electron transport 

from ATP synthesis. Thus, UCPs play a critical role in energy balance (Kim-Han and 

Dugan, 2005). UCP2 is expressed in the brain, essentially in neurons, and it has been 

proposed to contribute to neuroprotection by reducing mitochondrial ROS generation 

(Duval et al., 2002; Brand and Esteves, 2005). Indeed, Mattiasson and colleagues (2003) 

provided evidence of an increased UCP2 mRNA expression in the brain, measured by in 

situ hybridization, after ischemic preconditioning. It was also found that UCP2 prevented 

neuronal death and diminished brain dysfunction after stroke and brain trauma, which 

suggest that UCP2 is an inducible protein whose neuroprotective actions may be due to 

the activation of cellular redox signaling or induction of mild mitochondrial uncoupling 

that prevents the release of apoptogenic proteins. Accordingly, in vitro and in vivo 

experiments performed by Diano and collaborators (2003) revealed that the up-

regulation of UCP2 is part of a neuroprotective set of responses to various cellular 

stresses involved in preconditioning. It was observed that PC12 cells overexpressing 

UCP2 were protected against free radical-induced cell death. Moreover, in transgenic 

mice that express UCP2 constitutively in the hippocampus presented a robust reduction 

in cell death induced by seizures. Since UCP2 increased the number of mitochondria and 

ATP levels, with a concomitant decrease in free radical-induced damage, the authors 
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proposed that neuronal preconditioning induced by UCPs involve the dissociation of 

cellular energy production from that of free radicals generation withstanding the 

harmful effects of cellular stress occurring in a variety of neurodegenerative disorders 

(Diano et al., 2003). More recently, it was confirmed that ischemic preconditioning 

caused increased expression of UCP2 protein in vivo preventing ischemia/reperfusion 

injury in the hippocampus (Liu et al., 2009). In addition, the increase in UCP2 expression 

in preconditioned brains was blocked by ROS scavengers, which demonstrate an 

interplay between UCP2 expression and ROS production. These findings are in 

accordance with previous studies that demonstrated that an excess of ROS production 

can induce UCP2 overexpression and activation (Busquets et al, 2001; Kim-Han and 

Dugan, 2005; Echtay and Brand, 2007). Finally, it was shown that both resveratrol and 

ischemic preconditioning induced neuroprotection against cerebral ischemic damage 

through an alteration in mitochondrial function via sirtuin1 (SIRT1)-UCP2 pathway 

(Della-Morte et al., 2009). 

1.4.2.5 MITOCHONDRIAL SUPEROXIDE DISMUTASE 

To protectmitochondria from O2
•−-mediated oxidative damage, cells express a 

nuclear-encoded mitochondrial enzyme, the manganese superoxide dismutase (Mn 

SOD) that scavenges O2
•− generated by the mitochondrial electron-transport chain (Hirai 

et al., 2004). Indeed, previous reports demonstrated that overexpression of MnSOD 

protected mice against focal cerebral ischemia (Murakami et al., 1998; Noshita et al., 

2001). More recently, Scorziello and collaborators (2007) proposed that MnSOD may 

represent the crucial step through which the NO/Ras/ERK1/2 pathway promoted 

neuroprotection during preconditioning. 
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 In sum, the sub-chapter 1.3 provides evidence of the critical involvement of 

mitochondrial biology in preconditioning-triggered brain tolerance. 
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2.1 OBJECTIVES 

 Mitochondria are fascinating organelles that control cell fate! On the one hand, 

under physiological conditions, mitochondria are the main producers of ATP and 

function as signaling organelles orchestrating several intracellular processes through the 

generation of moderate levels of ROS, among others. On the other hand, defective 

mitochondrial functioning may initiate a cascade of deleterious events that contribute to 

cerebrovascular and neuronal degeneration. Mitochondrial abnormalities are 

considered an upstream event in AD pathology and a mechanistic linkage between AD 

and diabetes mellitus.  

 As outlined in Chapter 1, preconditioning is a paradigm that affords robust brain 

tolerance in face of neurodegenerative insults. This tolerance is in part due to the 

activation of an adaptive reprogramming of mitochondrial biology in response to a 

noxious stimulus, which in turn will contribute to augment brain adaptive mechanisms. 

The preconditioning-mediated neuroprotective effects have been extensively reported 

in experimental models of ischemic stroke; however, little is known about the 

effectiveness of preconditioning in diseases associated with central insulin resistance 

such as diabetes and AD.  

 In this scenario, we hypothesized that preconditioning triggers adaptive 

mechanisms by stimulating mitochondrial ROS production with the concomitant 

induction of HIF-1α signaling pathway, which activates protective/survival mechanisms 

that sustain brain integrity and functionality under potentially lethal conditions. 
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The general aims of this work were: 1) to investigate if preconditioning is able to 

induce tolerance against diabetes and AD-associated brain endothelial and neuronal 

degeneration, and 2) to uncover whether mitochondria act as both signaling organelles 

and ultimate targets of the protective machinery underlying preconditioning.  

 Specifically, the aims of this work were as follows: 

  In Chapter 4, we explored the role of mitochondrial ROS and HIF-1α signaling 

pathway in cyanide-mediated preconditioning of brain endothelial and neuronal cells 

against hyperglycemia-induced cell damage. Using an in vitro approach of 

preconditioning, rat brain endothelial (RBE4) and human teratocarcinoma (NT2) neuron-

like cells were firstly exposed to non-toxic concentrations of cyanide (inhibitor of COX), 

to produce a mild increase in mitochondrial ROS production, and subsequently exposed 

to a lethal insult of glucose. To further strength the role of mitochondria and 

mitochondrial-derived ROS on cyanide preconditioning, we also took advantage of the 

mtDNA-depleted NT2 cell line (NT2 ρ0) – cells void of functional mitochondria. 

 To gain additional insights into the role of mitochondria in sAD pathology and 

their close association with brain insulin resistance, in Chapter 5 the hippocampal and 

cortical mitochondrial bioenergetics and oxidative status in the rat model of sAD 

generated by the icv injection of a sub-diabetogenic dose of STZ were analysed.  

 In Chapter 6, the potential neuroprotective effect of hypoxic preconditioning 

(HP) against the sAD-like phenotype induced by the icv administration of STZ in rats was 

evaluated. Particularly, it was ascertained the effect of HP on cognitive function, and 

brain energy and glucose metabolism in the icvSTZ rat. Preconditioning was achieved by 

exposing the animals to brief periods of moderate hypoxia (10% O2 for 2 hours) during a 
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period of three days. Twenty-four hours after the last episode of hypoxia animals 

received the icv injection of STZ.  

 Finally, the study presented in Chapter 7 aimed to answer the question: What 

happens to brain mitochondria during HP? A time-course analysis of the brain cortical 

and hippocampal mitochondrial changes that occurred immediately, 6 and 24 hours 

after the last hypoxic episode was performed.This investigation focused on the impact of 

HP on mitochondrial bioenergetics, biogenesis and fusion-fission machinery.  
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3.1 IN VITRO STUDIES 
 

3.1.1 CHEMICALS 

 
TABLE 3.1. CHEMICALS 

PRODUCT CATALOG # SUPPLIER 

N-acety-L-cysteine (NAC) A-7250 

SIGMA 
D-Glucose G-8270 

D-Mannitol M-9546 

2-Methoxyestradiol (2-ME2) M-6383 

Potassium cyanide (KCN) 60178 FLUKA 

 
All the other chemicals were of the highest grade of purity commercially available. 

 

3.1.2 CELL CULTURE AND CELL MEDIA 

  The rat brain endothelial cell line (RBE4) was kindly provided by Dr. Jon Holy 

(University of Minnesota, Duluth, USA). RBE4 cells were maintained as monolayer 

cultures in collagen-coated T-75 flasks in a humidified atmosphere of 5% CO2–95% air at 

37 °C. RBE4 cells were grown in α-MEM:Ham's F-10 nutrient mixture (1:1), 

supplemented with 10% FBS, 1 ng/ml bFGF and 300 μg/ml Geneticin (Roux et al., 1994). 

The medium was changed every 2-3 days until cells reached confluence. Human 

teratocarcinoma NT2 cells, a committed neuronal precursor cell line, containing mtDNA, 

and NT2 cells depleted of mtDNA (NT2 ρ0) were grown in T-75 flasks in Optimen 

Medium containing 10% heat inactivated fetal calf serum, penicillin (50 U/ml), and 

streptomycin (50 μg/ml); the media for the NT2 ρ0 cells was further supplemented with 
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uridine (50 μg/ml) and pyruvate (200 μg/ml) (Swerdlow et al., 1997). Both cell lines were 

maintained in a humidified atmosphere of 5% CO2-95% air at 37 °C. The medium was 

changed every 2-3 days until cells reached confluence.  

 

3.1.3 CELL TREATMENTS  

 Cells were exposed to cyanide (0.01-1 μM) during 1 hour at 37°C. For the 

evaluation of cell viability, ROS levels and caspase 3 activity, some experiments involved 

cells pre-treated with 200 μM of NAC or 5 μM of 2-methoxyestradiol (2-ME2) for 24 

hours or 30 minutes, respectively, before cyanide exposure. Concerning the experiments 

with high glucose levels, cells were pre-treated or not with cyanide and then washed 

with phosphate-buffered saline (PBS) and exposed to 30 mM of D-glucose for 12 hours. 

Osmotic controls were done with 30 mM mannitol. 

 

3.1.4 CELL VIABILITY ASSAYS 

3.1.4.1 ALAMAR BLUE ASSAY 

 For Alamar blue assay, cells were seeded in 48-well plates at a density of 0.5 × 

105 cells/well. After the incubation period, the cells’ medium was aspirated and replaced 

by culture medium containing 10 % (v/v) alamar blue. After 1-2 hours incubation at 

37°C, the supernatant was collected and the absorbance was measured at 570 nm and 

600 nm using a microplate reader (SpectraMax Plus 384, Molecular Devices) (Neves et al., 

2006). Cell viability (% of control) was calculated according to the formula (A570 – A600) of 

treated cells x 100 / (A570 – A600) of control cells. 



Chapter 3 

 
61 

3.1.4.2 LACTATE DEHYDROGENASE RELEASE  

 In order to evaluate plasma membrane integrity, lactate dehydrogenase (LDH) 

activity was measured spectrophotometrically in the cell culture medium and cell lysates 

as described by Bergmeyer and Bernt (1974), which follows the conversion of NADH to 

NAD+ at 340 nm. Briefly, cells were seeded in 12-well plates at a density of 2 × 105 

cells/well. After the treatments, the cell culture medium was collected to determine the 

extracellular LDH, and cells were scrapped in a 15 mM Tris solution (pH 7.4) to 

determine the intracellular LDH. LDH released to the extracellular medium was 

expressed as the percentage of total LDH activity (intracellular plus extracellular). 

 

3.1.5 MEASUREMENT OF REACTIVE OXYGEN SPECIES LEVELS 

 3.1.5.1 2′-7′-DICHLORODIHYDROFLUORESCEIN DIACETATE (DCF H2-DA) PROBE 

 Intracellular ROS levels were quantified using the probe DCFH2-DA. This probe is 

accumulated by cells and hydrolyzed by cytoplasmic esterases to become 2′-7′-

dichlorodihydrofluorescein, which then reacts with ROS to generate the fluorescent 

product 2′-7′-dichlorofluorescein (DCF). Cells were seeded in 48-well plates at a density 

of 0.5 × 105 cells/well. After that, cells exposed or not to cyanide, in the presence or 

absence of NAC, were loaded with 20 μM DCFH2-DA in sodium medium containing 132 

mM NaCl, 4 mM KCl, 1.2 mM NaH2PO4, 1.4 mM MgCl2, 6 mM glucose, 10 mM HEPES-Na, 

1 mM CaCl2, pH 7.4, for 30 min at 37°C. After DCFH2-DA incubation, cells were washed 

and sodium medium was added. Fluorescence was monitored for 1 hour, at 37°C, using 

a Spectramax GEMINI EM fluorocytometer (Molecular Devices), with excitation and 

emission wavelengths corresponding to 480 and 550 nm, respectively, with cutoff at 

530 nm. The values were expressed as percentage of control.  
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3.1.5.2 HYDROGEN PEROXIDE LEVELS 

  H2O2 levels were measured fluorimetrically using a modification of the method 

described by Barja (1999). Briefly, cell lines exposed or not to cyanide were washed 

twice with PBS and incubated at 37°C with reaction buffer, pH 7.4, containing 0.1 mM 

EGTA, 5 mM KH2PO4, 3 mM MgCl2, 145 mM KCl, 30 mM Hepes, 0.1 mM homovalinic acid 

and 6 U/ml horseradish. After 5 minutes, the reaction was stopped with cold stop 

solution (0.1 M glycine, 25 mM EDTA-NaOH, pH 12). The fluorescence of supernatants 

was determined at 312 nm excitation and 420 nm emission wavelengths. The H2O2 levels 

were expressed as percentage of control. 

 

3.1.6 ANALYSIS OF MITOCHONDRIAL MEMBRANE POTENTIAL  

 3.1.6.1 RHODAMINE 123 PROBE 

 Rhodamine 123, a fluorescent cationic dye, was used to monitor changes in 

∆Ψm. RBE4 cells were seeded in 48-well plates at a density of 0.5 × 105 cells/well. After 

treatments, cells were washed with PBS and incubated with 1 μM rhodamine 123 in 

sodium medium for 45 minutes at 37°C, using a Spectramax GEMINI EM fluorocytometer 

(Molecular Devices). Basal fluorescence was monitored at 505 nm excitation and 525 nm 

emission wavelengths. At the end of the incubation period, FCCP (6 μM) and oligomycin 

(0.25 μg/ml) were added in order to establish the maximum retention of Rh123. The 

difference between the final fluorescence (after oligomycin and FCCP exposure) and the 

initial fluorescence was used to evaluate ∆Ψm. The results were expressed as 

percentage of control fluorescence. 
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3.1.7 ANALYSIS OF MITOCHONDRIAL OXYGEN CONSUMPTION  

 Mitochondria oxygen consumption was determined using the BD Oxygen 

Biosensor System (BD Biosciences) as previously described (Wilson-Fritch et al., 2004). 

Cells were resuspended in sodium medium and subsequently transferred to a 96-well 

plate where the same number of cells (1 × 106) was placed in each well. Levels of oxygen 

consumption were measured under baseline conditions and in the presence of FCCP (5 

μM). Fluorescence was recorded using a Spectramax GEMINI EM fluorocytometer 

(Molecular Devices) at 1 minute intervals for 60 minutes at an excitation wavelength of 

485 nm and emission wavelength of 630 nm.  

 

3.1.8 NUCLEAR HIF-1α ACTIVATION 

 HIF-1α activation was determined in nuclear extracts. Briefly, RBE4 cells were 

centrifuged for 5 minutes at 1700 rpm at 4°C (5417R, Eppendorf). The cell pellet was 

resuspended in nuclear extraction hypotonic buffer (20 mM Hepes, pH 7.5, containing 5 

mM NaF, 100 μM Na2MoO4, 1 mM EDTA, 0.5 mM dithiothreitol (DTT), and 0.5 mM 

phenyl-methylsulfonyl fluoride (PMSF)), adjusted to 1% Nonidet P-40, and homogenized.  

The nuclear cell pellet was resuspended in extraction buffer (10 mM Hepes, pH 7.9, 

containing 0.1 mM EDTA, 1.5 mM MgCl2, 420 mM NaCl, 0.5 mM DTT, and 0.5 mM PMSF, 

20 mM NaF, 1 mM β-glycerophosphate, 10 mM Na3OV4, and 20% glycerol) and 

centrifuged for 15 minutes at 11500 rpm (5417R, Eppendorf), and the supernatant was 

collected. After that, activation of HIF-1α was quantified by a DNA-binding ELISA kit 

(Cayman Chemical, France) based on the binding of activated HIF-1 to a specific double 

stranded DNA (dsDNA) sequence containing the HRE (5'-ACGTG-3').  
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3.1.9 WESTERN BLOT ANALYSIS  

 For whole cell extracts, RBE4 cells were plated in petri dishes (10 cm) at a density 

of 1 × 106 cells/dish. After treatments,  cells were washed twice with PBS, scraped and 

resuspended in ice-cold lysis buffer (25 mM Hepes-Na, 2 mM MgCl2, 1 mM EDTA, and 1 

mM EGTA) supplemented with 0.1 M PMSF, 0.2 M DTT, and 1:1000 of a protease 

inhibitor cocktail (containing chymostatin, pepstatin A, leupeptin, and antipain, 

1mg/ml). The cellular extracts were frozen and defrozen three times to favor cells 

disruption. For the isolation of cytosolic and mitochondrial fractions, RBE4 cells were 

scrapped and homogenized in a buffer containing 250 mM sucrose, 20 mM Hepes, 1 mM 

EDTA, 1 mM EGTA, 0.1 M PMSF, 0.2 M DTT, and 1:1000 protease inhibitor cocktail. Cells 

were frozen and defrozen three times and the lysate was centrifuged at 2200 rpm 

(5417R, Eppendorf) for 12 minutes at 4°C. The resulting supernatant was centrifuged at 

9600 rpm for 10 minutes at 4°C. The supernatants represent the cytosolic fractions and 

the resulting pellets the mitochondrial fractions. The amount of protein content in the 

samples was measured using the Bio-Rad protein dye assay reagent. The samples were 

resolved by electrophoresis in 8-12% SDS–polyacrylamide gels and transferred to PVDF 

membranes. Non-specific binding was blocked by gently agitating the membranes in 5% 

non-fat milk and 0.1% 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 (15 minutes), 

with Tris buffer containing 0.1% non-fat milk and 0.1% Tween (TBS-T) and then were 

incubated with secondary antibodies for 2 hours at room temperature with gentle 

agitation. After three washes with TBS-T specific bands of immunoreactive proteins 

were visualized after membrane incubation with ECF for 5 min in a VersaDoc Imaging 
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System (Bio-Rad), and the density of protein bands was calculated using the Quantity 

One Program (Bio-Rad). The antibodies used are listed in Table 3.2. 

 

 

3.1.10 IMMUNOCYTOCHEMISTRY 

 RBE4 cells were grown on coverslips in 12-well plates at a density of 2 × 105 

cells/well. After incubation with the experimental conditions previously outlined, cells 

were washed twice with PBS and fixed with 4% paraformaldehyde for 30 minutes at 

room temperature. Then, cells were permeabilized for 2 minutes at room temperature 

with 0.2% Triton-X100 in PBS and blocked for 30 minutes in PBS containing 3% bovine 

serum albumin (BSA). Cells were incubated for 1 hour with primary antibodies prepared 

in PBS containing 3% of BSA and then washed with PBS and incubated with secondary 

antibodies conjugated with Alexa Fluor for 1 hour at room temperature. Finally, the cells 

were washed twice with PBS and treated with Dako Cytomation Fluorescent mounting 

solution on a microscope slide. Images were acquired on a Zeiss LSM510 META confocal 

microscope (63× 1.4NA plan-apochromat oil immersion lens) by using Zeiss LSM510 v3.2 

software. The antibodies used are listed in Table 3.2. 
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TABLE 3.2. LIST OF PRIMARY AND SECONDARY ANTIBODIES USED IN THE IN VITRO STUDIES 
 

ANTIBODY CATALOG # SUPPLIER HOST 
 SPECIE 

DILUTION 

Anti-BAX 2772 Cell Signaling Rabbit 1:7000 (WB); 1:100 (ICC) 

Anti-eNOS sc-654 Santa Cruz Rabbit 1:200 (WB) 

Anti-EPO sc-7956 Santa Cruz Rabbit 1:200 (WB);  1:75 (ICC) 

Anti-HIF-1α 
 

ab1 
 

Abcam Mouse 1:400 (WB) 

Anti-MTCO1 ab14705 Abcam Rabbit 1:1000 (WB); 1:50 (ICC) 

Anti-TOM 20 sc-11415 Santa Cruz Rabbit 1:100 (ICC) 

Anti-VEGF PC315 Calbiochem Rabbit 1:200 (WB) 

Anti-α-Tubulin T-6199 Sigma Rabbit 1:400 (ICC) 

Anti-β-actin A-5441 Sigma Mouse 1:5000 (WB) 

Alexa Fluor 488 anti-

rabbit IgG conjugate 
A-11005 Molecular Probes Goat 1:200 (ICC) 

Alexa Fluor 594 anti-

mouse IgG conjugated 
A-11008 Molecular Probes Goat 1:200 (ICC) 

Anti-mouse IgG alkaline 

phosphatase conjugate 
NIF1316 

Amersham Pharmacia 

Biotech 
Goat 1:20000 (WB) 

Anti-rabbit IgG alkaline 

phosphatase conjugate 
NIF1317 

Amersham Pharmacia 

Biotech 
Goat 1:20000 (WB) 

 
WB - WESTERN BLOT 

ICC - IMMUNOCYTOCHEMISTRY 
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3.1.11 MEASUREMENT OF CASPASE 3-LIKE ACTIVITY 

  Caspase 3 activation was measured using a colorimetric method described by 

Cregan et al. (1999).   Cells were plated in 6-well plates at a density of 5 × 105 cells/well. 

After treatment, cells were washed twice with PBS and lysed in cold lysis buffer. Cells 

were harvested by scraping 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 

Bio-Rad protein dye assay reagent. Cell extracts (50 μg of protein) were incubated at 

37°C for 2 hours in 25 mM HEPES, pH 7.5 containing 0.1% CHAPS, 10% sucrose, 2 mM 

DTT, and 40 μM Ac-DEVD-pNA. Caspase-3-like activity was determined by measuring 

substrate cleavage at 405 nm in a microplate reader (SpectraMax Plus 384, Molecular 

Devices). 

 

 

3.1.12 STATISTICAL ANALYSIS  

 Results are presented as mean ± SEM of the indicated number of experiments. 

Statistical significance was determined using the unpaired two-tailed student t-test and 

one-way ANOVA test for multiple comparisons, followed by the posthoc Tukey- Kramer 

test. 
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3.2 IN VIVO STUDIES 
 

3.2.1 CHEMICALS  

  STZ was obtained from Sigma (Portugal). All the other chemicals were of the 

highest grade of purity commercially available. 

 

3.2.2 ANIMAL HANDLING AND PROCEDURES 

3.2.2.1 ANIMAL HOUSING  

 3-month-old male Wistar rats purchased from Charles River were used. Animals 

were group-housed upon arrival and provided ad libitum access to food and water and 

maintained under controlled light (12-h day/night cycle), temperature (22-24°C) and 

humidity (50-60%). Animal handling and sacrifice followed the procedures approved by 

the Federation of European Laboratory Animal Science Associations (FELASA) (Chapters 

5 and 7) and the Institutional Animal Care and Use Committee (IACUC) of Case Western 

Reserve University (Chapter 6). 

3.2.2.2 HYPOXIC PRECONDITIONING PROTOCOL  

 Wistar rats were randomly divided into two groups: a preconditioned and a non-

preconditioned control group. In the HP paradigm, rats were exposed to 2 hours of 10% 

normobaric hypoxia per day during 3 consecutive days. Non-preconditioned control rats 

were also placed in the chamber under normoxic conditions. For the experiments 

described in Chapter 6, animals received an icv administration of STZ or vehicle solution 

24 hours after the last hypoxic session.  For the experiments described in Chapters 6 and 

7, animals were sacrificed immediately, 6 and 24 hours after the last hypoxic session. 
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3.2.2.3 INTRACEREBROVENTRICULAR ADMINISTRATION OF STREPTOZOTOCIN 

 Preconditioned and non-preconditioned Wistar rats were anesthetized with an 

intraperitonal injection of ketamine (100 mg/kg)/ xylazine (5 mg/kg) (Chapter 5) or with 

isoflurane (2.5% in O2) in an induction chamber and maintained with 1-2% isoflurane 

through a nasal cone (Chapter 6) and randomly divided into two groups: one group 

received a single bilateral icv injection of STZ and the other group received the vehicle 

solution (citrate buffer). The animals were positioned in a stereotaxic apparatus (David 

Kopf Instruments, Tujunga, CA) and icv injection was given using the following 

coordinates: 0.8 mm posterior to bregma; 1.5 mm lateral to saggital suture; 3.6 mm 

ventral from the surface of the brain (Noble et al., 1967). STZ at the dosage of 3 mg/kg 

and vehicle solution (5 μl) were slowly infused into each cerebral ventricle using a 

Hamilton microsyringe. 5 weeks after the icv injection, rats were sacrificed and the 

brains immediately removed. 

 

3.3.3 BEHAVIORAL TESTS  

 All the behavioral tests were performed at Case Western Reserve University in 

Cleveland, under the supervision of Prof. Gemma Casadesus. 

3.3.3.1 MORRIS WATER MAZE TEST 

 The Morris water maze test was employed to assess learning and memory of the 

animals at 4 weeks after icvSTZ injection (Morris, 1984). The Morris water maze is a 

swimming-based model in which animals learn to escape a pool of water (120 cm in 

diameter, 50 cm in height, filled to a depth of 30 cm with water at 24 ± 1°C) by a hidden 

platform.  The water was colored with a non-toxic black dye to hide the location of the 

submerged platform. 4 equally spaced points around the edge of the pool were 
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designed as North, East, South and West. The rats could climb on the platform to escape 

from the necessity of swimming. Briefly, rats did 4 trials during 3 daily acquisition 

sessions. The trial was terminated automatically as soon as the rat reached the platform 

or when 120 seconds had elapsed. The rat was allowed to stay on the platform for 15 

seconds. Mean latency time to reach the platform of each session is shown in Chapters 5 

and 6.  24 hours after the completion of the acquisition trials, the rats received a single 

60 seconds probe trial for memory retention. The rats had one trial with the platform 

removed from the pool for testing the functioning of long-term memory. At this time, 

the percentage of time spent in the target area was recorded. 

 

3.3.4 DETERMINATION OF BLOOD GLUCOSE LEVELS 

 Blood glucose was determined immediately after sacrifice by a glucose oxidase 

reaction, using a glucometer (Glucometer-Elite, Bayer).  

 

3.3.4 BRAIN TISSUE PROCESSING 

 After the sacrifice of the animals, the brains were quickly removed and the 

hippocampus and the cerebral cortex were dissected out on ice. For experiments 

described in Chapter 6, acetylcholine esterase (AChE) activity, oxidative stress 

parameters, antioxidant defenses and glycolytic enzymes activity were measured in 

cortical and hippocampal samples homogenized in phosphate buffer (pH 7.4). All the 

other parameters evaluated in Chapter 5, 6 and 7 were performed in mitochondrial 

preparations from cerebral cortex and hippocampus. 
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3.3.4.1 PREPARATION OF MITOCHONDRIAL FRACTION  

 Brain cortical and hippocampal mitochondria were isolated from rats by the 

method of Moreira et al. (2001), with slight modifications, using 0.02% digitonin to free 

mitochondria from the synaptosomal fraction. Briefly, after animal decapitation, the 

hippocampus and cortex were 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 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 BSA (Gornall et al., 1949). 

 

3.3.5 MITOCHONDRIAL RESPIRATION MEASUREMENTS  

 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 the standard medium (100 mM sucrose, 100 mM KCl, 2 

mM KH2PO4, 5 mM Hepes and 10 µM EGTA, pH 7.4) with 0.8 mg of protein. States 4 and 
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3 respiration were initiated with 5 mM glutamate/2.5 mM malate (mitochondrial 

complex I energization) or 5 mM succinate in the presence of 2 μM rotenone 

(mitochondrial complex II energization). Exogenous ADP (155 nmol/mg protein) was 

added to initiate state 3. In some experiments, oligomycin (2 μg/ml) and FCCP (1 μM) 

were also added to inhibit passive flux through the ATP synthase and to uncouple 

respiration, respectively. 

 

 

 

 

 

 

 

 

 

3.3.6 MITOCHONDRIAL MEMBRANE POTENTIAL MEASUREMENTS  

 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 and reference electrodes was measured with an 

electrometer and 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, in a good agreement 

FUNDAMENTAL CONCEPTS: 

STATE 2 - mitochondrial respiration in the presence of substrate but in the absence of 
exogenous ADP 

STATE 3 - mitochondrial respiration in the presence of substrate and exogenous ADP 

STATE 4 - mitochondrial respiration after ADP phosphorylation 

RCR - ratio between State 3 and State 4  

ADP/O - ratio between the amount of exogenous ADP and the oxygen consumed 
during State 3  
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with the Nernst equation. Reactions were carried out in a chamber with magnetic 

stirring in 1 ml of the standard medium 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 (0.8 mg/ml) 

were energized with 5 mM glutamate/2.5 mM malate or 5 mM succinate in the 

presence of 2 μM rotenone. After a steady-state distribution of TPP+ had been reached 

(ca. 1 min of recording), ΔΨm fluctuations were recorded. For the mPTP experiments, 

mitochondria (0.5 mg/ml) were energized with 5 mM succinate, submitted to two or 

three pulses of Ca2+(first pulse, 20 nmol Ca2+; second and third pulses, 10 nmol Ca2+), and 

ΔΨm was recorded.  For the inhibition of mPTP, oligomycin (2 μg/ml) plus ADP (100 μM) 

were added 2 min before Ca2+ addition. 
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3.3.7 DETERMINATION OF ATP LEVELS 

 For the experiments described in Chapter 5, at the end of each ΔΨm 

measurement, 250 μl of each sample was promptly centrifuged at 14000 rpm 

(Eppendorf centrifuge 5415C) for 2 minutes with 250 μl of 0.3 M perchloric acid (HClO4). 

The supernatants were neutralized with 10 M KOH in 5 M Tris and again centrifuged at 

14000 rpm for 2 minutes. For the experiments reported in Chapter 7, brain cortical and 

hippocampal homogenates were used. ATP levels in the resulting supernatants were 

determined with a luminescence assay kit (Invitrogen-Molecular Probes) according to 

the manufacturer’s instructions. The concentration of ATP was calculated using an ATP 

standard curve and expressed in pmol/mg protein. 

 

3.3.8 NAD+/NADH DETERMINATION  
 

 The NAD+/NADH ratio was determined by using the NAD+/NADH Quantification 

kit (MBL International Corporation). Briefly, brain cortical and hippocampal tissue was 

homogenized in NAD+/NADH extraction buffer, and centrifuged at 14000 rpm 

(Eppendorf centrifuge 5415C) for 5 minutes at 4°C. The supernatants corresponded to 

total NAD+ samples. To detect NADH 200 μl of the supernatants were heated at 60°C for 

FUNDAMENTAL CONCEPTS: 

ADP-INDUCED DEPOLARIZATION - drop in ΔΨm of energized mitochondria after ADP 
addition 

REPOLARIZATION LEVELS - capacity of mitochondria to re-establish the ΔΨm, after ADP 
phosphorylation 

REPOLARIZATION LAG PHASE - the time required for mitochondria to phosphorylate the 
amount of ADP added to the reaction medium 
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30 minutes. Following the kit instructions, 50 μl of total NAD+ and NADH cell lysates 

were incubated with the NAD+ cycling mix for 5 minutes. Then 10 μl of NADH developer 

was added and the reaction developed for 3 hours. Total NAD+ and NADH were detected 

at 450nm, and NAD+/NADH ratio was calculated as: Total NAD+ – NADH. 

                             NADH  
 

3.3.9 ANALYSIS OF MITOCHONDRIAL RESPIRATORY CHAIN ENZYME COMPLEXES 

ACTIVITIES 

3.3.9.1 NADH-UBIQUINONE OXIDOREDUCTASE (COMPLEX I) ASSAY 

 NADH-ubiquinone oxidoreductase activity was assayed spectrophotometrically in 

25 mM potassium phosphate buffer (pH 7.2) supplemented with 5 mM MgCl2, 5 mg/ml 

BSA, 0.8 mM NADH, 240 μM KCN, and 4 μM antimycin A, at 30°C (Barrientos et al., 

2009). Briefly, thawed brain cortical mitochondria (50 μg/mL) were added to the 

reaction medium and the assay was started by the addition of 50 μM of ubiquinone-1 

and followed at 340 nm [molar extinction coefficient (ε) = 6.22 mM−1cm−1].  

 

3.3.9.2 CYTOCHROME C OXIDASE (COMPLEX IV) ASSAY 

 Cytochrome c oxidase activity was measured polarographically, at 30°C, in 1 ml of 

reaction medium (130 mM sucrose, 5 mM KH2PO4, 5 mM MgCl2, 50 mM KCl, 5 mM 

Hepes-Tris, pH 7.4) supplemented with 2 μM rotenone, 10 μM cytochrome c and 100 μg 

of thawed brain cortical mitochondria. The reaction was initiated by the addition of 5 

mM ascorbate plus 0.25 mM N,N,N',N'-tetramethyl-p-phenylenediamine (TMPD) and 

finished with 1 mM KCN (Moreira et al., 2004).  
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3.3.10 DETERMINATION OF ATPASE ACTIVITY 

 ATPase activity was determined spectrophotometrically at 660 nm (Teodoro et 

al., 2006). The reaction was carried out at 37°C, in 2 ml reaction medium (100 mM NaCl, 

25 mM KCl, 5 mM MgCl2, and 50 mM HEPES, pH 7.4). After the addition of thawed brain 

cortical mitochondria (0.25 mg), the reaction was initiated by adding 2 mM Mg2+-ATP, in 

the presence or absence of oligomycin (1 μg/mg protein). After 10 minutes, the reaction 

was stopped by adding 1 ml of 40% trichloroacetic acid and the samples centrifuged for 

5 minutes at 3000 rpm (Sigma 3-16K Refrigerated Centrifuge). 2 ml of ammonium 

molybdate plus 2 ml of distilled water were then added to 1 ml of supernatant. ATPase 

activity was calculated as the difference in total absorbance and absorbance in the 

presence of oligomycin. A standard curve was obtained by adding potassium phosphate 

to the reaction medium. 

 

3.3.11 ANALYSIS OF TRICARBOXYLIC ACID CYCLE ENZYME ACTIVITIES 

3.3.11.1 ACONITASE ASSAY 

 Aconitase activity was determined according to Krebs and Holzach (1952). Briefly, 

brain mitochondrial fractions (200 μg) were diluted in 0.6 ml buffer containing 50 mM 

Tris-HCl and 0.6 mM MnCl2 (pH 7.4), and sonicated for 10 seconds. Aconitase activity 

was immediately measured spectrophotometrically by monitoring at 240 nm the cis-

aconitase after addition of 20 mM isocitrate at 30°C. The activity of aconitase was 

calculated using a ε of 3.6 mM-1 cm-1 and expressed as U/mg protein/min. One unit was 

defined as the amount of enzyme necessary to produce 1 μM cis-aconitate per minute.  
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3.3.11.2 PYRUVATE DEHYDROGENASE ASSAY  

 Pyruvate dehydrogenase (PDH) activity was measured spectrophotometrically, as 

described previously (Humphries and Szweda, 1998). In brief, brain cortical 

mitochondria (100 μg) were added to the reaction medium (35 mM KH2PO4, 5 mM 

MgCl2, 2 mM KCN, 0.5 mM EDTA, 0.25% X-Triton, pH 7.2) supplemented with 2.5 μM 

rotenone, 0.5 mM of NAD+, 0.2 mM thiamine pyrophosphate (TPP), 0.13 mM coenzyme 

A (CoA), and 1 mM cysteine. The reaction was started by the addition 4 mM sodium 

pyruvate, and followed at 340 nm at 30°C (ε= 6.22 mM−1cm−1).  

3.3.11.3 α-KETOGLUTARATE DEHYDROGENASE ASSAY 

 -ketoglutarate dehydrogenase (α-KGDH) activity, brain cortical mitochondria 

(100 μg) were added to the reaction medium (25 mM KH2PO4, 5 mM MgCl2, 2 mM KCN, 

0.5 mM EDTA, 0.25% X-Triton, pH 7.25) supplemented with 10 mM CaCl2, 2.5 μM 

rotenone, 0.2 mM of NAD+, 0.3 mM TPP, 0.13 mM CoA, and 1 mM cysteine (Starkov et 

al., 2004). The reaction was started by adding 5 mM of α-ketoglutarate, and the 

reduction of NAD+ was followed at at 30°C (ε= 6.22 mM−1cm−1).  

 

3.3.11.4 MALATE DEHYDROGENASE ASSAY 

 Malate dehydrogenase (MDH) activity was determined by the addition of 0.6 mM 

oxaloacetic acid to the reaction mixture containing 100 mM potassium phosphate (pH 

7.4), 0.2 mM NADH and 100 μg of brain cortical mitochondria, at 30°C (Robinson et al., 

1987). Changes in absorbance were monitored at 340 nm (ε= 6.22 mM−1cm−1). 



Chapter 3 

 
78 

3.3.11.5 ISOCITRATE DEHYDROGENASE ASSAY 

 Isocitrate dehydrogenase (IDH) activity was measured spectrophotometrically at 

340 nm at 30°C (Robinson et al., 1987). Briefly, brain cortical mitochondria (100 μg) were 

added to the reaction medium (50 mM Tris, 1 mM MnCl2, 0.5 mM EDTA, pH 7.4) 

supplemented with 0.25 mM NADP+. The reaction was started by adding 1.6 mM 

isocitrate (ε= 6.22 mM−1cm−1). 

3.3.11.6 SUCCINATE DEHYDROGENASE ASSAY 

 Succinate dehydrogenase activity was assayed by adding brain cortical 

mitochondria (100 μg) to the reaction medium (100 mM Tris-HCl pH 7.5)  supplemented 

with 0.5 mM EDTA, 2 μM antimycin A, 2 μM rotenone, 10 mM sodium azide and 

0.25mM nitroblue tetrazolium (NBT). The reaction was started with 20 mM succinate 

and the absorbance monitored at 500 nm at 37°C for 60 minutes  (ε= 21 mM−1cm−1) 

(Munujos et al., 1993). 

 

3.3.12 ANALYSIS OF GLYCOLYTIC ENZYMES ACTIVITIES 

3.3.12.1 LACTATE DEHYDROGENASE ASSAY 

 Lactate dehydrogenase (LDH) activity was measured spectrophotometrically as 

described by Bergmeyer and Bernt (1974), which follows the conversion of NADH to 

NAD+. Briefly, 100 μg of brain cortical homogenate was added to the reaction medium 

(0.2 mM NADH and 0.76 mM pyruvate in Tris-NaCl; pH 7.2). Changes in absorbance were 

monitored at 340 nm at 30 °C (ε= 6.22 mM−1cm−1). 

3.3.12.2 HEXOKINASE ASSAY  

 Hexokinase activity was determined by adding 300 μg of brain cortical 

homogenate to the reaction medium [10 mM MgCl2, 216 mM glucose, 1.2 mM 
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nicotinamide adenine dinucleotide phosphate (NADP+), 1.1 mM ATP, and 2 U glucose-6-

phosphate dehydrogenase in 50 mM Tris–HCl (pH 8)], and following the production of 

NADPH at 340 nm, 25°C (ε= 6.22 mM−1cm−1) (Leong et al., 1981). 

3.3.12.3 GLUCOSE-6-PHOSPHATE DEHYDROGENASE ASSAY 

 Glucose-6-phosphate dehydrogenase activity was determined by measuring the 

rate of NADPH production according to Lohr and Waller (1974). Briefly, brain cortical 

homogenates (25 μg) were added to the reaction medium [5 mM MgCl2, 0.3 mM NADP, 

and 10 mM glucose-6-phosphate in 50 mM Tris-HCl (pH 7.5)]. NADPH production was 

continuously monitored at 340 nm, 25°C (ε= 6.22 mM−1cm−1). 

 

3.3.13 OXIDATIVE STRESS EVALUATION 

3.3.13.1 NITRITE LEVELS  

 The levels of nitrite, an indicator of NO• production, were estimated using the 

Griess reagent (Green et al., 1981). Brain cortical homogenates (0.1 mg) were added to 

the Griess reagent (0.1% N-(1-naphthyl) ethylenediamine dihydrochloride, 1% 

sulfanilamide, and 2.5% phosphoric acid), and the absorbance was determined 

spectrophotometrically at 540 nm. Nitrite concentration was calculated using a standard 

curve for sodium nitrite and expressed as μM/mg protein. 

3.3.13.2 HYDROGEN PEROXIDE PRODUCTION RATE 

 H2O2 levels were measured fluorimetrically using a modification of the method 

described by Barja (1999). Briefly, brain cortical mitochondria (0.2 mg) were incubated 

at 37°C in 1.5 ml of phosphate buffer, pH 7.4, containing 0.1 mM EGTA, 5 mM KH2PO4, 3 

mM MgCl2, 145 mM KCl, 30 mM Hepes, 0.1 mM homovalinic acid and 6 U/ml 
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horseradish peroxidase. After 15 minutes, the reaction was stopped with 0.5 ml cold 

stop solution (0.1 M glycine, 25 mM EDTA-NaOH, pH 12). Fluorescence was determined 

at 312 nm excitation and 420 nm emission wavelengths. The H2O2 levels were calculated 

using a standard curve of H2O2 and expressed as pmol/mg protein/15 minutes. 

3.3.13.3 THIOBARBITURIC ACID REACTIVE SUBSTANCES LEVELS  

 Thiobarbituric acid reactive substances (TBARS) levels were determined by using 

the thiobarbituric acid assay (TBA), according to a modified procedure described by 

Ernster and Nordenbrand (1967). 0.5 mg of protein was added to 1 ml of reaction 

medium (175 mM KCl, 10 mM Tris-HCl; pH 7.4) and incubated at 30°C, during 15 

minutes, with constantly stirring. After that period the reaction was stopped with 0.5 ml 

of tricarboxylic acid 40% and 2 ml of TBA 0.67% and the mixture was boiled during 15 

minutes. Before reading at 530 nm, the mixture was centrifuged for 7 minutes at 4000 

rpm. The measures were made against blanks prepared similarly but in the absence of 

protein. The amount of TBARS formed was calculated using a ε of 1.56 x 105 mol-1 cm-1 

and expressed as nmol TBARS/mg protein. 

3.3.13.4 MALONDIALDEHYDE LEVELS 

 Malondialdehyde (MDA) levels were determined by high-performance liquid 

chromatography (HPLC) (Wong et al., 1987). Liquid chromatography was performed 

using a Gilson HPLC apparatus with a reverse phase column (RP18 Spherisorb, S5 OD2). 

The samples were eluted from the column at a flow rate of 1 ml/min and detection was 

performed at 532 nm. The MDA content of the samples was calculated from a standard 

curve prepared using the thiobarbituric acid-MDA complex and was expressed as 

nmol/mg protein. 
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3.3.14 ANTIOXIDANT DEFENSES EVALUATION 

3.3.14.1 NON-ENZYMATIC ANTIOXIDANT DEFENSES 

3.3.14.1.1 GLUTATHIONE AND GLUTATHIONE DISULFIDE LEVELS  

 Glutathione (GSH) and glutathione disulfide (GSSG) levels were determined with 

fluorescence detection after reaction of the supernatant containing H3PO4/NaH2PO4-

EDTA or H3PO4/NaOH, respectively, of the deproteinized mitochondria solution with o-

phthalaldehyde (OPT), pH 8.0, according to Hissin and Hilf (1976). In brief, 0.5 mg of 

each sample was resuspended in 1.5 ml phosphate buffer (100 mM NaH2-PO4, 5 mM 

EDTA, pH 8.0) and 500 Pl H3PO4 4.5% were rapidly centrifuged at 50000 rpm (Beckman, 

TL-100 Ultracentrifuge) for 30 minutes. For GSH determination, 100 Pl of supernatant 

was added to 1.8 ml phosphate buffer and 100 Pl OPT. After thorough mixing and 

incubation at room temperature for 15 minutes, the solution was transferred to a quartz 

cuvette and the fluorescence was measured at 420 nm and 350 nm emission and 

excitation wavelengths, respectively. For GSSG determination, 250 μl of the supernatant 

were added to 100 μl of N-ethylmaleymide and incubated at room temperature for 30 

minutes. After the incubation, 140 μl of the mixture were added to 1.76 ml NaOH (100 

mM) buffer and 100 μl OPT. After mixing and incubation at room temperature for 15 

minutes, the solution was transferred to a quartz cuvette and the fluorescence was 

measured at 420 nm and 350 nm emission and excitation wavelengths, respectively. The 

GSH and GSSG contents were determined from comparisons with a linear GSH or GSSG 

standard curve, respectively. 

3.3.14.1.2 VITAMIN E CONTENT  

 Extraction and separation of vitamin E (D-tocopherol) from brain mitochondria 

were performed by following a previously described method by Vatassery and Younoszai 



Chapter 3 

 
82 

(1978). Briefly, 1.5 ml sodium dodecyl sulfate (10 mM) was added to 0.5 mg freshly 

isolated brain mitochondria, followed by the addition of 2 ml ethanol. Then 2 ml hexane 

and 50 Pl of KCl 3M were added, and the mixture was vortexed for about 3 min. The 

extract was centrifuged at 2000 rpm (Sorvall RT6000 Refrigerated Centrifuge) and 1 ml 

of the upper phase, containing n-hexane (n-hexane layer), was recovered and 

evaporated to dryness under a stream of N2 and kept at -80°C. The extract was dissolved 

in n-hexane, and vitamin E content was analyzed by reverse-phase HPLC. A Spherisorb 

S10w column (4.6 x 200 nm) was eluted with n-hexane modified with 0.9% methanol, at 

a flow rate of 1.5 ml/min. Detection was performed by an UV detector at 287 nm. The 

levels of vitamin E were calculated as nmol/mg protein. 

3.3.14.2 ENZYMATIC ANTIOXIDANT DEFENSES 

3.3.14.2.1 GLUTATHIONE PEROXIDASE ACTIVITY 

 Glutathione peroxidase (GPx) activity was determined spectrophotometrically at 

340 nm by following the method of Flohé and Günzler (1984). Briefly, the activity of GPx 

was measured upon 5 minutes of incubation, in the dark, of 0.1 mg of each sample with 

0.5 mM phosphate buffer (0.25 M KH2PO4, 0.25 M K2HPO4 and 0.5 mM EDTA, pH 7.0), 

0.5 mM EDTA, 1 mM GSH and 2.4 U/ml glutathione reductase (GRed). The quantification 

occurred after the addition of 0.2 mM NADPH and 1.2 mM tert-butyl hydroperoxide, at 

30°C with continuous magnetic stirring, for 5 minutes, in a Jasco V560 UV/VIS 

Spectrophotometer. The measurements were made against blanks prepared in the 

absence of NADPH. GPx activity was determined using the ε 6.22 mM−1 cm−1 and 

expressed as nmol/min/mg protein. 
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3.3.14.2.2 GLUTATHIONE DISULFIDE REDUCTASE ACTIVITY 

 For the activity of glutathione disulfide reductase (GRed), 0.1 mg of the sample 

was incubated for 1 minute with 0.2 mM phosphate buffer (containing 0.2 M K2HPO4 

and 2 mM EDTA, pH 7.0) and 2 mM NADPH. The measurements were made at 340 nm 

and initiated with the addition of 20 mM GSSG, at 30°C, with continuous magnetic 

stirring, for 4 minutes, against blanks prepared in the absence of GSSG, using a Jasco 

V560 UV/VIS Spectrophotometer (Carlberg and Mannervik, 1984). GRed activity was 

determined using the molar extinction coefficient ε 6.22 mM−1 cm−1 and expressed as 

nmol/min/mg protein. 

3.3.14.2.3 CATALASE ACTIVITY   

 Catalase activity was assayed by the method of Claiborne (1985). Briefly, the 

assay mixture consisted of 50 mM phosphate buffer (pH 7.0), 19 mM H2O2, and 0.1 mg 

of each sample. The change in absorbance was recorded at 240 nm, using a Jasco V560 

UV/VIS Spectrophotometer. Catalase activity was calculated as nmol H2O2 

consumed/min/mg protein using the ε of 4.36 mM−1 cm−1.  

 

3.1.15 DETERMINATION OF Aβ LEVELS  

 Cortical and hippocampal Aβ1-42 levels were assayed using sensitive ELISA 

detection kits, following the manufacturer’s instructions (Invitrogen). Levels of Aβ1-42 

were expressed in pg/mg protein as deduced from the appropriate standard curve run in 

parallel with the assay.  
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3.1.16 HIF-1α ACTIVATION 

 The determination of HIF-1α activation was performed as described in 3.1.8. 

However, in this case, brain cortical and hippocampal homogenates were used.  

 

3.1.17 WESTERN BLOT ANALYSIS  

 Brain cortical and hippocampal samples were homogenized in RIPA buffer (150 

mm NaCl, 0.1% sodium dodecyl sulfate (SDS), 1% sodium deoxycholate (DOC), 1% nonyl 

phenoxypolyethoxylethanol (NP-40), 50 mm Tris, pH 7.4) containing 0.1 M PMSF, 0.2 M 

DTT, and proteases and phosphatases inhibitors (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). The Western blot procedure 

was conducted as described in 3.1.9. The antibodies used are listed in Table 3.3. 
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TABLE 3.3. LIST OF PRIMARY AND SECONDARY ANTIBODIES USED IN THE IN VIVO STUDIES 
 

ANTIBODY CATALOG # SUPPLIER HOST 
 SPECIE 

DILUTION 

Anti-DRP1 611113 BD Biosciences Mouse 1:1000 (WB) 

Anti-Fis1 IMG-5113A ImGenex Rabbit 1:750 (WB) 

Anti-Mfn1 (H-65) sc-50330 Santa Cruz Rabbit 1:1000 (WB) 

Anti-Mnf2 
 

sc-100560  
Santa Cruz Mouse 1:1000 (WB) 

Anti-MTCO1 ab14705 Abcam Rabbit 1:1000 (WB) 

Anti-OPA1  612607 BD Biosciences Mouse 1:1000 (WB) 

Anti-PGC-1 sc-13067 Santa Cruz Rabbit 1:1000 (WB) 

Anti-TFAM sc-23588 Calbiochem Goat 1:1000 (WB) 

Anti-NRF-1 sc-33771 Sigma Rabbit 1:1000 (WB) 

Anti-NRF-2 ab31163 Abcam Rabbit 1:1000 (WB) 

Anti-p-Tau (Ser 396) sc101815 Santa Cruz  Rabbit 1:750 (WB) 

Anti-Tau MN1010 Thermo Scientific Mouse 1:1000 (WB) 

Anti-β-actin A-5441 Sigma Mouse 1:5000 (WB) 

Anti-NeuN MAB377 Millipore Mouse 1:200 (IHC) 

Anti-GFAP AB5804 Chemicon Rabbit 1:500 (IHC) 

Alexa Fluor 488 anti-

rabbit IgG conjugate 
A-11005 Molecular Probes Goat 1:200 (IHC) 

Alexa Fluor 594 anti-

mouse IgG conjugated 
A-11008 Molecular Probes Goat 1:200 (IHC) 

Anti-mouse IgG alkaline 

phosphatase conjugate 
NIF1316 

Amersham Pharmacia 

Biotech 
Goat 1:20000 (WB) 

Anti-rabbit IgG alkaline 

phosphatase conjugate 
NIF1317 

Amersham Pharmacia 

Biotech 
Goat 1:20000 (WB) 

 

WB - WESTERN BLOT 

IHC - IMMUNOHISTOCHEMISTRY 
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3.1.18 IMMUNOHISTOCHEMISTRY 

 Hemibrain tissue was rinsed in a saline solution and fixed in formalin, at 4°C, 

overnight. Following fixation, tissue was dehydrated in ethanol gradient, embedded in 

paraffin wax, and serial sagital sections of 6-μm thickness were obtained. For 

immunohistochemical staining, tissue sections were deparaffinized in xylene, and 

rehydrated in a series of graded ethanol. Non-specific binding sites were blocked with 

10% normal goat serum during 1 hour. Thereafter, sections were incubated with primary 

antibodies, at 4°C, for 16 hours. Then, brain sections were stained with secondary 

antibodies conjugated with Alexa Fluor and the nuclei were counterstained with DAPI. 

Finally, sections were treated with Dako Cytomation Fluorescent mounting solution on a 

microscope slide. The antibodies used are listed in Table 3.3. 

 

3.3.19 ELECTRON MICROSCOPY  

 Mitochondrial pellets obtained after Ca2+ experiments or brain cortical and 

hippocampal tissue were fixed overnight with 3% glutaraldehyde in 0.1 M phosphate 

buffer (pH 7.3), at 4°C, post-fixed with 1% osmium tetroxide, dehydrated, and 

embedded in Spurr. Sections were cut on a LKB ultramicrotome Ultrotome III, and 

stained with a methanolic solution of uranyl acetate plus lead citrate. Electron 

micrographs were obtained using a Jeol Jem-100SV electron microscope operated at 80 

kV. 

 

3.2.20 STATISTICAL ANALYSIS  

 Results are presented as mean ± SEM of the indicated number of 

animals/experiments. Statistical significance was determined using the unpaired two-
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tailed student t-test or the one-way ANOVA test for multiple comparisons, followed by 

the posthoc Tukey- Kramer test. 
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       CHAPTER 4 

MITOCHONDRIAL ROS, HIF-1α AND THE PROTECTIVE ROLE 

OF CYANIDE PRECONDITIONING



 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4 

 
91 

4.1. ABSTRACT 
 The current study was undertaken to address the role of ROS, and HIF-1α 

signaling pathway in the protection against high glucose levels in brain endothelial and 

NT2 neuron-like cells. RBE4 treated with non-toxic concentrations of cyanide (d 1 μM; 1 

hour) exhibited an increase in ROS levels, particularly H2O2. Cyanide also induced a 

modest mitochondrial depolarization, an increase in oxygen consumption and a 

structural (smaller mitochondria) and spatial (perinuclear region) reorganization of the 

mitochondrial network. The stabilization and nuclear activation of HIF-1α in the 

presence of cyanide was also observed, which resulted in an increase in vascular 

endothelial growth factor (VEGF), endothelial nitric oxide synthase (eNOS) and EPO 

protein levels reflecting an adaptive response. Importantly, preconditioning induced by 

cyanide protected brain endothelial cells against high glucose-mediated damage by the 

prevention of apoptotic cell death. In NT2 ρ0 cells, cyanide (0.1 μM) was unable to 

stimulate ROS production and, consequently, protect against glucotoxicity. Conversely, 

in NT2 cells, the parental cells with functional mitochondria, cyanide significantly 

increased ROS levels protecting against high glucose-induced neuronal cell loss and 

activation of caspase-3. The free radical scavenger NAC and the specific HIF-1α inhibitor 

2-ME2 completely abolished the protective effects of cyanide preconditioning. 

Altogether our results demonstrate that mitochondrial preconditioning induced by 

cyanide triggered a protective response mediated by mitochondrial ROS and HIF-1α 

activation and signaling, which render brain endothelial and neuronal cells resistant 

against glucotoxicity.  
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4.2. INTRODUCTION 
 Diabetes mellitus is one of the most prevalent metabolic disorders that affects 

approximately 250 million people worldwide (Cole et al., 2007) and is associated with 

cognitive deterioration and changes in cerebral anatomy in humans (Biessels et al., 

2006, 2008). Indeed, mild-to-moderate impairments of cognitive function have been 

reported in both T1D and T2D patients (Awad et al., 2004; Biessels et al., 2008). T1D, 

characterized by a deficit in the production of insulin by the pancreatic β cells, increases 

cognitive dysfunction and decreases the speed of mental processing (Brands et al., 

2005). T2D, which presents as major pathological features peripheral insulin resistance 

and chronic hyperglycemia, is related with a faster rate in the decline of cognition in 

comparison with the general population (Allen et al., 2004). In addition, hemoglobin A1c 

level, a marker of the long-term hyperglycemia, was shown to correlate with cognitive 

decline in humans (MacLullich et al., 2004). In fact, chronic hyperglycemia has also been 

proposed to be one of the determinants of diabetes-related cognitive dysfunction by 

inducing structural and neurochemical abnormalities in the brain and thus, leading to 

the development of diabetic end-organ damage to the brain (Biessels et al., 2002; 

Gispen and Biessels, 2000; Kumagai, 1999; Mankovsky et al., 1996).  

Preconditioning is a well accepted phenomenon, in which small doses of a noxious 

stimulus are required to afford robust protective responses against future injury (Correia 

et al., 2010b). Although the molecular mechanisms underlying the induction and 

maintenance of preconditioning-induced brain tolerance are complex and remain largely 

unclear, mitochondrial-centered mechanisms have been proposed to be critical 

mediators of the preconditioning response (Busija et al., 2008). In fact, compelling 

evidence indicates that a slight rise of mitochondrial ROS triggers preconditioning-
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mediated brain tolerance, suggesting a role for mitochondria on endogenous 

neuroprotection (Correia et al., 2010b; Dirnagl et al., 2009; Jou, 2008). Conversely, the 

induction of the hypoxia signaling pathway with the concomitant stabilization and 

transcriptional activation of the transcription factor HIF-1α has emerged as one of the 

major cellular pathways responsible for preconditioning-induced neuroprotection (Sharp 

et al., 2004). HIF-1 is a heterodimeric protein composed of a constitutively expressed 

HIF-1β subunit and an inducible HIF-1α subunit. Under hypoxic conditions, HIF-1α 

translocates to the nucleus and recruits HIF-1β, modulates the expression of a wide 

range of protective genes involved in angiogenesis, metabolism, apoptosis and cell 

survival, including EPO, VEGF and eNOS (Correia and Moreira, 2010). Additionally, HIF-

1α activation seems to be strictly bound to mitochondrial function. Indeed, under 

hypoxic conditions, mitochondria act as oxygen sensors and convey signals to HIF-1, 

mitochondrial ROS being the putative signaling molecules between a cellular O2-sensor 

and HIF-1 (Correia et al., 2010a, 2010b). 

 Given the wide scientific evidence that highlights mitochondria as the key 

regulators of preconditioning (Correia et al., 2010a, 2010b; Correia and Moreira, 2010), 

we hypothesized that mitochondrial preconditioning induced by cyanide (hereafter 

called cyanide preconditioning) may afford protection against glucotoxicity by 

modulating mitochondrial function and network organization and induction of HIF-1α 

signaling pathway. In the present study, we demonstrated that cyanide preconditioning 

is effective in protecting both brain endothelial and NT2 neuron-like cells against high 

glucose-induced damage. Additionally, the cytoprotective effects of cyanide 

preconditioning are reliant on functional mitochondria, mitochondrial ROS generation 

and induction of HIF-1α signaling pathway. Elucidation of the role of the mitochondrial 
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ROS and HIF-1α in the protective mechanisms triggered by preconditioning may offer 

new avenues for the treatment of diabetes-associated neuronal and endothelial 

dysfunction. 

 

4.3. RESULTS 

4.3.1. CYANIDE STIMULATES MITOCHONDRIAL ROS PRODUCTION IN BRAIN ENDOTHELIAL CELLS 

WITHOUT AFFECTING CELL VIABILITY 

 RBE4 cells were subjected to increasing concentrations of cyanide, a specific 

inhibitor of mitochondrial COX, to stimulate mitochondrial ROS generation. As shown in 

Fig. 4.1, concentrations of cyanide higher than 0.01 μM significantly increase ROS levels 

(Fig. 4.1A), particularly H2O2 levels (Fig. 4.1B). The free radical scavenger NAC abrogates 

the increase in ROS levels induced by cyanide (Fig. 4.1A). Interestingly, we observed that 

all the concentrations of cyanide tested (0.01-1 μM) do not significantly affect either cell 

viability (Fig. 4.2A) or membrane integrity (Fig. 4.2B). Other mitochondrial modulators 

were also tested, namely rotenone and antimycin A. Similarly to cyanide, rotenone and 

antimycin A increase ROS levels without interference with cell viability (data not shown). 

However, cyanide revealed to be the most efficient mitochondrial modulator. 
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Figure 4.1. Effect of cyanide on intracellular ROS (A) and H2O2 (B) levels in RBE4 cells. Cells were 

incubated with cyanide (0.01 - 1 μM) for 1 hour at 37°C. ROS production was measured using the H2DCF-

DA probe, as described in Material and Methods section. In some experiments cells were pre-treated with 

the ROS scavenger NAC (200 μM) for 24 hours before mitochondrial modulator exposure. Data are 

expressed as mean ± SEM of 5-6 independent experiments, performed in triplicate. ** p<0.01; *** 

p<0.001 when compared with untreated cells. ## p<0.01 when compared with the highest concentration 

of cyanide.  

 

 

 

 

 

Figure 4.2. Effect of cyanide on RBE4 cells viability. Cells were incubated with increasing concentrations 

of cyanide (0.01 - 1 μM) for 1 hour at 37°C. Cell viability was determined by following the changes in cell 

reduction capacity by the Alamar Blue assay (A) or by the analysis of plasma membrane integrity through 

the analysis of LDH release (B). Data are expressed as mean ± SEM of 5-6 independent experiments, 

performed in triplicate.  
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4.3.2. CYANIDE INDUCES A MODEST MITOCHONDRIAL DEPOLARIZATION AND ACCELERATES 

OXYGEN CONSUMPTION IN BRAIN ENDOTHELIAL CELLS 

 To look more closely at the effect of cyanide on the functioning of mitochondria, 

we measured ΔΨm and basal oxygen consumption as well as FCCP-stimulated maximal 

oxygen consumption. Figure 4.3 shows that 1 μM cyanide causes a modest but 

significant decrease of ΔΨm. Moreover, RBE4 cells submitted to 0.01 and 1 μM cyanide 

present a higher rate of basal oxygen consumption in comparison with non-treated cells 

(Fig. 4.4A). However, for these cyanide concentrations the maximal respiratory capacity 

remains unaltered (Fig. 4.4B). However, concentrations of cyanide above 1 μM induce a 

significant decrease of both basal and FCCP-stimulated maximal oxygen consumption 

(Figs. 4.4A and 4.4B). These findings could be explained by the fact that approximately 

60% inhibition of COX is necessary to induce a decrease of cellular respiration (Leavesley 

et al., 2008). Furthermore, a marked increase in oxygen consumption under conditions 

of enhanced ROS generation has been attributed to dismutase reactions (Martinez-

Redondo et al., 2010).  

Figure 4.3. Effect of cyanide on mitochondrial 

membrane potencial in RBE4 cells. Cells were 

incubated with cyanide (0.01 - 1 μM) for 1 hour at 

37°C. Mitochondrial membrane potential was 

expressed as the percentage of control cells. Data 

are expressed as mean ± SEM of 5-6 independent 

experiments, performed in triplicate.* p<0.05 

when compared with untreated cells. 
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Figure 4.4. Effect of cyanide on mitochondrial oxygen consumption in RBE4 cells. Basal oxygen 

consumption (A) and FCCP-stimulated maximal oxygen consumption (B) were monitored at 37°C, in the 

absence or presence of cyanide (0.1 - 100 μM). Data are expressed as mean ± SEM of 3 independent 

experiments, performed in triplicate. * p<0.05; ** p<0.01; *** p<0.001 when compared with untreated 

cells. 

 

 

4.3.3. CYANIDE INDUCES SPATIAL AND STRUCTURAL MITOCHONDRIAL NETWORK REORGANIZATION 

IN BRAIN ENDOTHELIAL CELLS 

 In order to ascertain whether cyanide influences mitochondrial network, we next 

determined the sequence of changes on mitochondrial distribution and morphology. As 

seen in Fig. 4.5, non-treated RBE4 cells contain mostly long tubular mitochondria, 

distributed evenly throughout the whole cell. Cyanide induces a fast alteration in the 

spatial distribution of mitochondria. Indeed, an asymmetric perinuclear distribution of 

smaller (fragmented) mitochondria is observed in RBE4 cells treated with both 

concentrations of cyanide (Fig. 4.5). These alterations in mitochondrial network are 

suppressed by NAC pre-treatment, implying a role for ROS in this phenomenon (Fig. 4.5).  
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Figure 4.5. Temporal effect of cyanide on mitochondrial network in RBE4 cells. Cells were treated with 

cyanide (0.1 - 1 μM) for different periods of time (15, 30 and 60 minutes), stained for TOM20 (green) and 

α-Tubulin (red), and visualized by confocal microscopy. In some experiments cells were pre-treated with 

the ROS scavenger NAC (200 μM) for 24 hours, before exposure to cyanide during 1 hour. Images are 

representative of three independent experiments. 
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4.3.4. CYANIDE PROMOTES HIF-1α EXPRESSION AND ACTIVITY IN BRAIN ENDOTHELIAL CELLS 

 Since one of the key cellular targets of mitochondrial ROS is the stress response 

mediated by the transcription factor HIF-1α, we then investigated whether cyanide 

treatment affects HIF-1α expression and activity as well as the protein levels of HIF-1α-

responsive genes: EPO, VEGF and eNOS. Western blot analyses show that the exposure 

of brain endothelial cells to cyanide for 1 hour results in a rapid activation and up-

regulation of HIF-1α protein levels (Fig. 4.6) when compared with non-treated cells 

(control cells). Cyanide also promotes a significant increase in EPO, VEGF and eNOS 

protein levels when compared with control cells (Figs. 4.6B and 4.6C). Cells exposed to 

CoCl2 for 4 hours were used as a positive control, since it has been reported that CoCl2 

stabilizes HIF-1α and induces HIF-1 responsive genes. Consistently, cyanide exposure 

also significantly enhances HIF-1α activation in nuclear extracts compared with non-

treated cells (Fig. 4.6A). The effects of cyanide on HIF-1α stabilization and EPO 

expression were abrogated in the presence of NAC (Fig. 4.6C), further indicating a role 

for mitochondrial ROS in HIF-1α activation. 

 

A. 
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Figure 4.6. Effect of cyanide on nuclear HIF-1α activation and HIF-1α, VEGF, eNOS and EPO protein levels 

in RBE4 cells. Cells were incubated with cyanide (0.1 or 1 μM) for 1 hour at 37°C. Cells exposed to CoCl2 

for 4 hours were used as positive control. Detection of HIF-1α DNA binding by ELISA (A). Western blot 

analyses of HIF-1α, VEGF, eNOS and EPO protein levels (B). Immunostaining for EPO (green) visualized by 

confocal microscopy (C). Data in the graph are expressed as mean ± SEM of 3 independent experiments. * 

p<0.05; ** p<0.01; *** p<0.001 when compared with control cells. 
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4.3.5. CYANIDE PRECONDITIONING AVOIDS BRAIN ENDOTHELIAL CELLS’ MEMBRANE DISRUPTION 

AND LOSS OF VIABILITY PROMOTED BY HIGH GLUCOSE  

 As shown in Fig. 4.7, incubation of cells with 30 mM glucose for 12 hours resulted 

in a significant decrease in cell viability and increase in LDH release when compared with 

control cells, indicating that this concentration of glucose is toxic to brain endothelial 

cells. As expected, cells exposed to equimolar concentrations of mannitol (30 mM - 

osmotic control) did not present significant differences in cell viability and LDH release 

when compared with control cells (data not shown). On the other hand, it was observed 

that cyanide preconditioning attenuates high glucose-induced RBE4 cell viability loss and 

decreases LDH release (Fig. 4.7). Pre-treatment with NAC abrogates the protective 

effects of cyanide preconditioning against high glucose-induced loss of cell viability and 

membrane integrity (Fig. 4.7). 

 

Figure 4.7. Effect of high glucose levels and cyanide preconditioning on RBE4 cells viability. Cells were 

pre-incubated with cyanide for 1 hour and then exposed to high levels of glucose (30 mM) during 12 

hours. Cell viability was determined by following changes in cell reduction capacity by the Alamar Blue 

assay (A) or by the analysis of plasma membrane integrity, evaluated by measuring the release of 

intracellular LDH (B). In some experiments cells were pre-treated with the ROS scavenger NAC (200 μM) 

for 24 hours before cyanide preconditioning. Data are expressed as mean ± SEM of 5-6 independent 

experiments, performed in triplicate. * p<0.05; ** p<0.01; *** p<0.001 when compared with untreated 

cells. # p<0.05; ### p<0.001 when compared with high glucose-treated cells. § p<0.05 when compared 

with preconditioned cells.  
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4.3.6. CYANIDE PRECONDITIONING SUPPRESSES THE ACTIVATION OF THE APOPTOTIC PATHWAY BY 

INHIBITING BAX TRANSLOCATION TO MITOCHONDRIA AND CASPASE-3 ACTIVATION INDUCED BY 

HIGH GLUCOSE LEVELS IN BRAIN ENDOTHELIAL CELLS 

 Confocal microscopy analyses revealed that exposure of endothelial cells to 30 

mM glucose increased the translocation of BAX to mitochondria (yellow fluorescence) 

when compared with control cells (Fig. 4.8C). However, the pre-incubation of cells with 

cyanide avoided the translocation of BAX to mitochondria promoted by glucose (Fig. 

4.8C). Accordingly, Western blotting analyses of cytosolic and mitochondrial fractions 

showed an increase in BAX levels in mitochondrial fractions of cells exposed to high 

glucose levels, this effect being significantly attenuated in cells pre-incubated with 

cyanide (Fig. 4.8A and 4.8B).  

To further verify the ability of cyanide preconditioning to protect against the 

activation of the apoptotic cascade induced by high glucose levels we analyzed caspase-

3 activation, a crucial executor of apoptosis. As shown in Fig. 4.9, endothelial cells 

exposed to high levels of glucose presented a significant increase in caspase-3 activation 

when compared with control cells, this effect being avoided by cyanide pre-treatment.  
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Figure 4.8. Effect of cyanide preconditioning on BAX translocation to mitochondria induced by high-

glucose levels. RBE4 cells were pre-incubated with cyanide for 1 hour and then exposed to high levels of 
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glucose (30 mM) during a period of 12 hours. Western blot analyses of BAX levels in cytosolic (A) and 

mitochondrial (B) fractions. Double immunostaining for BAX (green) and MTCO1 (mitochondrial marker - 

red) visualized by confocal microscopy (C). Data are the mean ± SEM of 3 independent experiments. * 

p<0.05; *** p<0.001 when compared with control cells. # p<0.05; ## p<0.01 when compared with high 

glucose-treated cells.  

 

 

 

Figure 4.9. Effect of high glucose levels and cyanide preconditioning on caspase-3-like activity. RBE4 cells 

were incubated with cyanide for 1 hour and then exposed to high levels of glucose (30 mM) during a 

period of 12 hours. In some experiments cells were pre-treated with the ROS scavenger NAC (200 μM) for 

24 hours before cyanide exposure. Caspase activity was measured as described in Material and Methods 

section. Data are expressed as mean ± SEM of 6 independent experiments, performed in triplicate. ** 

p<0.01 when compared with untreated cells. ## p<0.01 when compared with high glucose-treated cells. 

 

4.3.7. FUNCTIONAL MITOCHONDRIA AND ROS PRODUCTION ARE REQUIRED FOR CYANIDE 

PRECONDITIONING-INDUCED PROTECTION AGAINST GLUCOTOXICITY IN NEURONAL CELLS 

 To demonstrate the requirement of a functional mitochondrial population in 

cyanide preconditioning-induced protection against high glucose insult, we performed 

similar experiments using native human teratocarcinoma NT2 cells and mitochondrial 

DNA-depleted NT2 ρ0 cells, without functional mitochondria. Cyanide significantly 

increased ROS production in NT2 cells (Figs. 4.10A and 4.10B), an effect that was not 

observed in NT2 ρ0 (Figs. 4.10C and 4.10D). Consequently, cyanide preconditioning was 

able to protect NT2 cells against high glucose-induced neuronal cell loss and activation 
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of caspase-3 (Figs. 4.11A and 4.11B) but incapable to protect NT2 ρ0 against the same 

toxic insult (Figs. 4.11C and 4.11D). The protective effects induced by cyanide were 

abrogated by the antioxidant NAC (Figs. 4.10A, 4.10B, 4.11A and 4.11B). These data 

indicate that both functional mitochondria and mitochondrial ROS are required for the 

effectiveness of cyanide preconditioning to protect against glucotoxicity. 

 

 

 

Figure 4.10. Effect of cyanide on intracellular ROS (A) (C) and H2O2 (B) (D) levels in NT2 and NT2 ρ0 cell 

lines. Cells were incubated with cyanide (0.1 μM) for 1 hour at 37°C. ROS production was measured using 

the H2DCF-DA probe, as described in Material and Methods section. In some experiments cells were pre-

treated with the ROS scavenger NAC (200 μM) for 24 hours before cyanide exposure. Data are expressed 

as mean ± SEM of 5-6 independent experiments, performed in triplicate. * p<0.05; *** p<0.001 when 

compared with untreated cells. ## p<0.01; ### p<0.001 when compared with cyanide-treated cells.  
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Figure 4.11. Effect of cyanide preconditioning and high glucose levels on NT2 and NT2 ρ0 cells viability 

and caspase-3-like activity. Cells were pre-incubated with cyanide for 1 hour and then exposed to high 

levels of glucose (30 mM) during a period of 12 hours. Cell viability was determined by following changes 

in cell reduction capacity by the Alamar Blue assay (A) (C). Caspase 3 activity was measured as described 

in Material and Methods section (B) (D). In some experiments cells were pre-treated with the ROS 

scavenger NAC (200 μM) for 24 hours before cyanide exposure. Data are expressed as mean ± SEM of 5-6 

independent experiments, performed in triplicate. * p<0.05; *** p<0.001 when compared with untreated 

cells. § p<0.05; §§ p<0.01 when compared with high glucose-treated cells  

 

4.3.8. 2-ME2, A HIF-1α INHIBITOR, ABOLISHES THE PROTECTIVE EFFECTS OF CYANIDE 

PRECONDITIONING 

 HIF-1α plays a central stage in preconditioning-induced protection. In a 

pharmacological approach, we used the HIF-1α inhibitor, 2-ME2, to elucidate the role of 

HIF-1α signaling pathway in cyanide preconditioning-mediated protection against the 

deleterious effects induced by high glucose exposure. As shown in Fig. 4.12, pre-

treatment of cells with 2-ME2 completely abrogated the cyanide-induced protection 



Chapter 4 

 
107 

against cell loss and caspase-3 activation promoted by high glucose levels, in both RBE4 

(Figs. 4.12A and 4.12B) and NT2 (Figs. 4.12C and 4.12D) cells. 

 

 

 

Figure 4.12. Effect of 2-ME2 on cyanide preconditioning-induced protection against glucotoxicity. Brain 

endothelial and neuronal cells were treated with 2-ME2 (5 μM) before cyanide preconditioning. Cell 

viability was determined by following changes in cell reduction capacity by the Alamar Blue assay (A) (C). 

Caspase 3 activity was measured as described in Material and Methods section (B) (D). Data are expressed 

as mean ± SEM of 5-6 independent experiments, performed in triplicate. ** p<0.01; *** p<0.001 when 

compared with untreated cells. # p<0.05; ## p<0.01 when compared with high glucose-treated cells. § 

p<0.05; §§§ p<0.001 when compared with preconditioned cells.  
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4.4. DISCUSSION 

 The present study shows for the first time that preconditioning of brain 

endothelial and neuronal cells with the mitochondrial modulator cyanide resulted in 

protection against high glucose-induced cell damage, a phenomenon not only 

dependent on the generation of mitochondrial ROS but also dependent on the induction 

of HIF-1α signaling pathway. In our in vitro model of preconditioning, mitochondria 

seem to adapt to cyanide-induced redox changes by the production of moderate levels 

of ROS, increased basal oxygen consumption, mitochondrial network reorganization and 

HIF-1α induction, those alterations suggesting a “metabolic strategy” to restrict cell 

damage against a subsequent lethal insult. 

 Traditionally, ROS have been considered the culprit of deleterious events 

associated with neurovascular dysfunction, a feature of cerebrovascular diseases and 

neurodegenerative conditions (Iadecola, 2004; Lin and Beal, 2006). However, ROS 

signaling is a two-edged sword; high ROS levels are involved in processes of cell 

degeneration and death, while low/mild ROS levels appear to have protective actions 

involving the recruitment of prosurvival adaptive signaling pathways. Thus, 

mitochondria, as one of the major sources of intracellular ROS, can act as signaling 

organelles and are also recognized as master integrators of preconditioning-mediated 

endogenous protection (Correia et al., 2010b). To determine the possible contribution of 

mitochondrial ROS in triggering an endogenous defense response against high glucose 

levels in brain endothelial and neuronal cells, we exposed RBE4, NT2 and NT2 ρ0 cells to 

cyanide, with the primary purpose of modulating mitochondrial ROS production.  Since 

the sites of O2
x- generation in the ETC are the complexes I and III, the use of 
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mitochondrial inhibitors can maximize ROS production (Cadenas et al., 1977). 

Furthermore, it has been reported that mitochondria-derived O2
x- is rapidly dismutated 

to H2O2 by SOD within the mitochondrial matrix and intermembrane space (Loschen et 

al., 1974). Through dose-response tests we identified concentrations of cyanide (Figs. 

4.1A and 4.1B) that enhance ROS production in brain endothelial cells, particularly H2O2 

levels, without affecting cell integrity and viability (Fig. 4.2).  In the same line, we 

observed that cyanide also promoted a significant increase in intracellular ROS levels in 

NT2 cells (Figs. 4.10A and 4.10B), with no effects on NT2 ρ0 cells (Figs. 4.10C and 4.10D), 

indicating that mitochondria are the main source of cyanide-induced ROS generation. In 

agreement, it was previously shown that mitochondria may be the primary source of 

ROS, since cyanide inhibits COX that, in turn, stimulates ROS generation at mitochondrial 

complexes I and III (Chen et al., 2003). FCCP, an uncoupler of oxidative phosphorylation 

that causes loss of ΔΨm and abolishes ROS generation from mitochondria, was used to 

identify the sources of cyanide-induced intracellular ROS generation in dopaminergic 

neurons (Zhang et al., 2007). The authors observed that cyanide-induced ROS was 

significantly decreased by FCCP, suggesting that the majority of neuronal ROS had a 

mitochondrial origin (Zhang et al., 2007).  

 Mitochondria exist as a dynamic network that often changes shape, through 

fusion and fission mechanisms, and subcellular distribution. This mitochondrial plasticity 

allows mitochondria to quickly react to cellular signals (e.g. ROS), which regulate their 

cellular position, interconnectivity and function. Thus, the dynamic behavior and the 

precise positioning of mitochondria within the cell play an important role in the ability of 

these organelles to participate and propagate signaling events (Soubannier and McBride, 

2009). Prompted by this evidence, we set out to explore the effect of cyanide 
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preconditioning on mitochondrial network dynamics in brain endothelial cells. Our 

findings revealed that cyanide was able to change mitochondrial shape from a mainly 

tubular, highly interconnected network toward multiple, isolated singular structures (Fig. 

4.5). However, these alterations induced by cyanide were suppressed by NAC pre-

treatment, suggesting a role of ROS in cyanide-induced rearrangement of mitochondrial 

network (Fig. 4.5). Similarly, ROS were shown to induce changes in mitochondrial 

network morphology in endothelial cells and neurons (Barsoum et al., 2006; Jendrach et 

al., 2008). These observations beg the question: what is the functional meaning of 

cyanide-mediated mitochondrial fragmentation? It was previously shown that smaller, 

fragmented mitochondria are more easily transportable, potentiating the rapid 

mitochondrial trafficking to energy-demanding regions of the cell (Skulachev, 1999). 

Additionally, mitochondrial activity is reflected in ultrastructural changes of 

mitochondria, active mitochondria being proposed to be more condensed and to have 

an electron dense matrix (Hackenbrock, 1966). Moreover, it was previously 

hypothesized by Yu et al. (2006) that small spherical mitochondria formed after fission 

may represent condensed, metabolically active mitochondria. This hypothesis is 

corroborated by our findings, since cyanide treatment promoted an enhancement of 

ROS production (Fig. 4.1) and mitochondrial respiration (Fig. 4.4), despite the modest 

mitochondrial depolarization (Fig. 4.3), in parallel with mitochondrial fragmentation (Fig. 

4.5), which suggest that cyanide exposure potentiates the formation of smaller 

metabolically active mitochondria. Rapid fragmentation of mitochondria and 

concomitant increase of total mitochondrial surface area were also suggested to 

augment the accessibility of metabolic substrate, and thus facilitating the metabolic 

input into mitochondria (Yu et al., 2006). Additionally, we found that cyanide-promoted 
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decomposition of mitochondrial network is accompanied by the translocation of these 

small mitochondria to the perinuclear area, a situation prevented by the presence of 

NAC (Fig. 4.5). Thus, we propose that mitochondrial ROS generation during cyanide 

preconditioning triggers alterations in mitochondrial dynamics that, in turn, represent 

physiological events underlying cell resistance. As a matter of fact, “minor” 

mitochondrial ROS generation has been suggested to induce mitochondrial fission and 

fusion that relocates mitochondrial network to form a mitochondria free gap, i.e., “a 

firewall”, which may play a crucial role in mitochondrial ROS-mediated protective 

preconditioning (Jou, 2008).  

 Mitochondria have also been reported to intervene in cellular adaptation via a 

mitochondria-to-nucleus signaling pathway called retrograde regulation (Butow and 

Avadhani, 2004). ROS were proposed to act as “energy-state messengers”, and thus, 

retro-regulate the nuclear-encoded energy genes, including HIF-1α (Benard et al., 2010). 

The important functional link between HIF-1α and mitochondria in preconditioning 

paradigm is supported by the fact that the generation of ROS by the Q0 site of complex 

III is required for the induction of this transcription factor (Bell et al., 2007). Moreover, 

the use of the mitochondrial-targeted antioxidant mitoquinone (MitoQ) was shown to 

prevent the increase in cytosolic ROS and stabilization of the HIF-1α protein during 

hypoxia, which further strength the role for mitochondrial ROS in the activation of HIF 

pathway (Bell et al., 2007). In this context, we investigated the involvement of cyanide-

induced mitochondrial ROS in the expression and nuclear activation of HIF-1α as well as 

in the expression of its responsive genes: VEGF, eNOS and EPO. Our results 

demonstrated that cyanide induced nuclear activation of HIF-1α in endothelial cells, a 

phenomenon suppressed by the ROS scavenger NAC (Fig. 4.6A). These observations 
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suggest that cyanide-induced mitochondrial ROS serve as redox-signaling molecules that 

govern nuclear activity of HIF-1 α. Western blot analyses also revealed that endothelial 

cells under cyanide preconditioning have significantly higher protein levels of HIF-1α, 

VEGF, eNOS and EPO when compared with non-preconditioned control cells (Figs. 4.6B 

and 4.6C). Reinforcing the idea that mitochondrial ROS are directly involved in HIF-1α 

activation and expression of its responsive genes in brain endothelial cells, 

immunocytochemistry analyses showed the abrogation of cyanide-induced increased 

EPO expression in cells pre-treated with NAC (Fig. 4.6D). In agreement, Zhang et al. 

(2007) observed that cyanide induces a rapid surge of intracellular reactive ROS 

generation, followed by nuclear accumulation of HIF-1α. In addition, the exposure to 

NAC and catalase, an enzymatic H2O2 scavenger, reduced ROS accumulation and 

inhibited HIF-1 pathway activation, suggesting that ROS are the initiation signal for HIF-1 

activation by cyanide (Zhang et al., 2007). Accordingly, Chandel et al. (1998, 2000) also 

demonstrated that ρ0 cells, without a functional mitochondrial respiratory chain, failed 

to increase ROS generation and HIF-1α accumulation under hypoxic conditions. These 

authors also showed that low levels of exogenous H2O2 (40μM) stabilize HIF-1α protein 

during normoxia and increase HRE-luciferase expression in ρ0 cells (Chandel et al., 2000), 

thus attributing a role for ROS and mitochondria in the induction of HIF-1α signaling. 

Additionally, we hypothesize that the perinuclear distribution of mitochondria promoted 

by cyanide could in part facilitate the ROS-mediated HIF-1α induction observed in our 

experiments. This is supported by previous studies showing that retrograde signaling 

from de-energized mitochondria signals the nucleus to modulate additional adaptive 

responses (Giannattasio et al., 2005; Guzy et al., 2005). Indeed, it was shown that 

mitochondria function as oxygen sensors and stabilize HIF-1α and HIF-2α by releasing 
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ROS to the cytosol (Guzy et al., 2005). In accordance, hypoxic episodes are able to 

initiate a vectorial movement of mitochondria to the vicinity of the nucleus, which 

serves to create a ROS-enriched micro-domain important for cellular signaling (Swiger et 

al., 2007).  

It is clear that the brain is one of the targets of diabetic-end organ damage, chronic 

hyperglycemia emerging as a feasible pathogenetic mechanism underlying cognitive 

decline and brain structural and functional abnormalities, in both T1D and T2D (Biessels 

et al., 1994; Gispen and Biessels, 2000). Compelling evidence postulates that 

hyperglycemic conditions promote mitochondrial dysfunction, oxidative stress and 

ultimately neuronal dysfunction and death (Russell et al., 2002; Vincent and Feldman, 

2004; Vincent et al., 2004, 2005). Our findings demonstrate that exposure of cells to 30 

mM D-glucose resulted in a significant decrease in cell viability when compared with 

control cells (Figs. 4.7, 4.11A and 4.11C), which indicate that high glucose levels are 

deleterious to brain endothelial and neuronal cells. This is consistent with previous data 

demonstrating that hyperglycemia is a culprit of apoptosis in neurons (Russell et al., 

2002; Vincent et al., 2005) and cultured endothelial cells (Nakagami et al., 2001). It has 

been demonstrated that translocation of the pro-apoptotic molecule BAX from the 

cytosol to the mitochondrial membrane is a critical event in apoptosis (Gross et al., 

1998). Furthermore, BAX has been shown to induce rapid activation of caspases 

culminating in apoptosis (Rosse et al., 1998). We observed that high glucose levels 

induce the translocation of BAX to the mitochondria (Fig. 4.8) and potentiate caspase-3 

activation (Figs. 4.9, 4.11B and 4.11D). Accordingly, Lenninger et al. (2006) reported that 

high glucose causes BAX activation and translocation to mitochondria, and cytochrome c 

loss in dorsal root ganglia neurons. Moreover, a study using human aortic endothelial 
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cells also demonstrated that high glucose levels induce the expression of BAX protein 

and its translocation to the mitochondria leading to caspase-3 activation (Nakagami et 

al., 2002). As hypothesized, our data demonstrate that cyanide preconditioning protects 

both RBE4 and NT2 cells against high glucose-induced cell damage (Figs. 4.7 and 4.11A), 

these protective effects being abrogated by cells pre-treatment with the ROS scavenger 

NAC. However, cyanide preconditioning fails to protect NT2 ρ0 against glucotoxicity (Fig. 

4.11C), which further reinforce a role for functional mitochondria and mitochondrial ROS 

in cyanide preconditioning. Additionally, we also found that cyanide preconditioning 

blocked the apoptotic cascade activation promoted by high levels of glucose in RBE4 

(Figs. 4.8 and 4.9) and NT2 cells (Fig. 4.11B), but not in NT2 ρ0 cells (Fig. 4.11D). 

Similarly, in a previous study it was demonstrated that preconditioning with a non-toxic 

concentration of cyanide is able to protect neurons against cyanide-induced 

neurotoxicity by preserving mitochondrial function (Jensen et al., 2002). Overall, our 

data indicate that both functional mitochondria and mitochondrial ROS are required for 

the effectiveness of cyanide-induced preconditioning against glucotoxicity. To determine 

whether HIF-1α signaling pathway is implicated in cyanide preconditioning-mediated 

protective response against glucotoxicity in both brain endothelial and neuronal cells, 

we did a pharmacological approach by inhibiting HIF-1α induction with one of its specific 

pharmacologic inhibitors, the 2-ME2. Pre-treatment with 2-ME2 completely abolishes 

the cyanide-induced protection against cell loss and caspase-3 activation potentiated by 

high glucose levels, in both RBE4 and NT2 cells (Fig. 4.12). It has been proposed that the 

mechanism of preconditioning-triggered neuroprotection involves sublethal ROS 

production, which does not damage the neurons, yet may be enough to act as a signal to 

downregulate the threshold for expression of HIF-1α and its downstream targets (Liu et 
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al., 2005). Accordingly, Chang et al. (2008) showed that low levels of exogenous H2O2 

increase HIF-1α expression and induce protection against ischemia in primary cortical 

neurons. Overall, our data indicate that HIF-1α signaling pathway is a plausible 

downstream target of cyanide-induced mitochondrial ROS, being essential for the 

induction of the protective response mediated by cyanide preconditioning. 

 Altogether, our results show that cyanide preconditioning protects brain 

endothelial and neuronal cells against high-glucose induced cell damage. 

Mechanistically, cyanide seems to have a great capacity to mediate preconditioning-

induced tolerance through mitochondria-centered mechanisms, the moderate levels of 

ROS generated during the initial phase of preconditioning being the crucial step for the 

induction of stress-resistance events. Indeed, the cytoprotective effects of cyanide were 

completely abolished by the ROS scavenger NAC, which reinforce the idea that ROS are 

involved in the triggering phase of preconditioning. The lack of cyanide-induced 

cytoprotective response in cells depleted of mtDNA (NT2 ρ0 cells), indicate that the 

protection afforded by cyanide is reliant on the presence of functional mitochondria and 

mitochondrial ROS production. Our results also show that cyanide preconditioning 

involves a crosstalk between mitochondrial ROS and HIF-1α signaling pathway, whose 

activation contributes to minimize the deleterious effects of hyperglycemia. Therefore, 

mitochondria and HIF-1α signaling pathway could represent feasible therapeutic targets 

to counteract neuronal and vascular dysfunction promoted by diabetes and associated 

complications. Moreover, a deeper knowledge on the functional role and involvement of 

mitochondrial dynamics on preconditioning-triggered tolerance could be important to 

further improve the scientific basis of this new exciting research field. 
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MITOCHONDRIAL ABNORMALITIES IN A STZ-INDUCED RAT 

MODEL OF SPORADIC ALZHEIMER’S DISEASE
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5.1 ABSTRACT  
 This study aimed to show that the rat model of sAD generated by the icv injection 

of a sub-diabetogenic dose of STZ is characterized by brain mitochondrial abnormalities. 

Three-month-old male Wistar rats were investigated 5 weeks after a single bilateral icv 

injection of STZ (3mg/ Kg) or vehicle. icvSTZ administration did not affect blood glucose 

levels but induced a decrease in brain weight and cognitive decline. icvSTZ 

administration also resulted in a significant increase in the levels of Aβ1-42 in the 

hippocampus and hyperphosphorylated tau protein in both cortex and hippocampus. 

Brain mitochondria from icvSTZ rats revealed deficits in their function, as shown by a 

decrease in ΔΨm, repolarization level, ATP content, respiratory state 3, respiratory 

control ratio and ADP/O ratio and an increase in lag phase of repolarization. 

Mitochondria from icvSTZ rats also displayed a decrease in PDH, α-KGDH and COX 

activities and an increase in the susceptibility to Ca2+-induced mPTP. An increase in H2O2 

and lipid peroxidation levels and a reduction in GSH content were also observed in 

mitochondria from icvSTZ rats. These results demonstrate that the insulin-resistant brain 

state that characterizes this rat model of sAD is accompanied by the occurrence of 

mitochondrial abnormalities reinforcing the validity of this animal model to study sAD 

pathogenesis and potential therapies. 
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5.2. INTRODUCTION 
 AD is the most common form of dementia among older people, affecting 

approximately 35 million people worldwide (Querfurth and LaFerla, 2010). 

Neuropathologically characterized by extracellular SP, intracellular NFTs and progressive 

loss of neurons and synapses in selective brain regions, especially in the hippocampus 

and cortex, this fatal neurodegenerative disorder is also marked by an initial memory 

impairment that progresses unrelentingly to a total debilitating loss of mental and 

physical faculties (Moreira et al., 2009; Selkoe, 2001; Smith, 1998). Etiologically, there  

are two different types of origin-based AD, despite indistinguishable clinical dementia 

symptoms. In a small proportion (familial early-onset AD), the disease has a genetic 

origin, while the vast majority (more than 95%) of AD cases are sporadic in origin 

(Correia et al., 2011a). 

 Over the last decades, much effort has been devoted to uncover the “culprit” of 

sAD development. Although there are a myriad of hypotheses trying to explain sAD 

ethiopathogenesis, impaired brain insulin functions and glucose metabolism appear to 

be initial triggers of neurodegenerative events that occur in this disease (Hoyer, 2004a; 

Hoyer and Lannert, 2007). As a matter of fact, early abnormalities in brain 

glucose/energy metabolism have been documented in structures with both high glucose 

demands and high insulin sensitivity, including parietotemporal and frontal areas, in sAD 

(Henneberg and Hoyer, 1995; Hoyer, 2002, 2004b). Moreover, postmortem AD brain 

exhibits reduced insulin levels and insulin receptor expression and reduced tyrosine 

kinase activity (Frolich et al., 1999), reinforcing the idea that abnormalities in brain 

insulin function and insulin signal transduction are major factors that mechanistically 

influence the onset of sAD pathology.  
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 Mitochondria are vital organelles involved in energy metabolism and cell survival 

(Benard et al., 2007). The many functions of mitochondria comprise, but are certainly 

not restricted to: 1) production of cellular ATP; 2) Ca2+ buffering; 3) ROS generation; and 

4) the arbitration of apoptosis (Beal, 2005; Mattson et al., 2008). Neurons are 

particularly vulnerable to bioenergetic crisis and dysfunction of mitochondrial 

machinery, because of their highly metabolic rate dependence and morphological 

complexity (Benard et al., 2007). Taking into account that neurons are postmitotic cells 

with membranes enriched in polyunsaturated fatty acids, they are also highly sensitive 

to oxidative stress. Mitochondrial dysfunction is also a well documented early feature in 

vulnerable neurons in sAD (Blass et al., 2000; Bubber et al., 2005).  

It was recently shown that the disruption of brain insulin function in rats by icv 

injection of STZ leads to the development of numerous behavioral, neurochemical and 

structural features that resemble those found in human sAD (Grunblatt et al., 2007; 

Salkovic-Petrisic and Hoyer, 2007). However, brain mitochondrial function and oxidative 

status in this animal model of sAD has not yet been studied. Along this line, this study 

was undertaken to investigate brain cortical and hippocampal mitochondrial 

bioenergetics and oxidative status in the rat model of sAD induced by the icv 

administration of STZ. For this purpose we evaluated the respiratory chain activity 

[respiratory states 3 and 4, RCR, and ADP/O ratio], oxidative phosphorylation system 

[ΔΨm, ADP-induced depolarization, repolarization level, repolarization lag phase, and 

ATP levels], PDH, α-KGDH and COX activities, Ca2+-induced mPTP, H2O2 levels, MDA 

levels (a lipid peroxidation marker), and GSH content (a major non-enzymatic 

antioxidant defense). Our findings show that the insulin-resistant brain state that 
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characterizes this animal model is intimately associated with alterations in mitochondrial 

bioenergetics and oxidative status, considered early events in sAD.  

 

5.3. RESULTS 

5.3.1 CHARACTERIZATION OF THE EXPERIMENTAL ANIMALS  

  As shown in Table 5.1, icvSTZ rats presented a significant decrease in brain 

weight, and consequently, a decrease in brain-to-body weight ratio (Table 5.1).  As 

expected, the icv administration of STZ, in a sub-diabetogenic dose (3mg/kg), did not 

affect peripheral blood glucose levels (Table 5.1).  

 The Morris water maze test, which evaluates the capacity of rodents to learn and 

retrieve, showed a significant increase in latency times to reach platform, since the first 

trial session, in icvSTZ-treated rats indicating an impairment of cognitive functions (Fig. 

5.1).  

 Concerning the typical neuropathological hallmarks of AD, Aβ levels were 

determined by sandwich ELISA assays specific for Aβ1-42. As shown in Figure 5.2, five 

weeks after icv administration of STZ a significant increase in Aβ1-42 levels was observed 

in the hippocampus. In addition, Western blot analyses revealed that icv administration 

of STZ also promoted an overall increase in phosphorylated tau (p-tau) (Ser 396) protein 

levels when compared with control sham-operated rats (Figs. 5.3A and 5.3B). 

Furthermore, no statistically significant differences were found in total tau protein levels 

between the two experimental groups (Figs. 5.3C and 5.3D). Consequently, a significant 

increase in the ratio p-tau to total tau was observed in both brain cortex and 

hippocampus of icvSTZ-treated rats (Fig. 5.3E). 
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TABLE 5.1. CHARACTERIZATION OF EXPERIMENTAL GROUPS 

 SHAM STZ 

BLOOD GLUCOSE LEVELS (MG/DL) 163.4 ± 15.13 144.8 ± 10.93 

BRAIN WEIGHT (G) 2.250 ± 0.059 1.870 ± 0.166* 

BRAIN-TO-BODY WEIGHT RATIO 0.004733 ± 0.00019 0.003556 ± 0.00046 * 

 
Data are the mean ± SEM of 10 animals from each condition studied. Statistical significance: *p<0.05 when 

compared with sham control rats.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1. Effect of icvSTZ administration on cognitive performance. The capacity of rodents to learn and 

retrieve was evaluated by the Morris water maze test. Data are the means ± SEM of 8-9 animals from each 

condition studied. Statistical significance: *p<0.05; **p<0.01 when compared with sham control rats. 
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Figure 5.2. Effect of icvSTZ administration on Aβ1-42 content in brain cortex and hippocampus. Levels of 

Aβ1-42 from RIPA-extracted homogenates were detected using ELISA and expressed in pg of Aβ/mg of 

protein. Data are the means ± SEM of 5-7 animals from each condition studied. Statistical significance: 

*p<0.05 when compared with sham control hippocampus. 

Figure 5.3. Effect of icvSTZ administration on total and phosphorylated tau protein levels in cortex and 

hippocampus. Brain cortical and hippocampal samples were analyzed for protein levels of phosphorylated 

tau at serine 396 (p-Tau Ser396) (A,B) and total tau (C,D) by Western blot. (E) The ratio of p-tau to total 

tau was also calculated. Data are the means ± SEM of 4-5 animals from each condition studied. Statistical 

significance: #<0.05 when compared with sham control cortex *p<0.05 when compared with sham control 

hippocampus. 
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5.3.2 ICVSTZ ADMINISTRATION DRASTICALLY AFFECTS BRAIN CORTICAL AND HIPPOCAMPAL 

MITOCHONDRIAL RESPIRATORY CHAIN 

 In a first approach to evaluate the effect of icvSTZ administration on bioenergetic 

profile, mitochondrial respiration was determined in freshly isolated brain cortical and 

hippocampal mitochondria energized with substrates for mitochondrial complexes I and 

II. As shown in Table 5.2, brain cortical mitochondria from icvSTZ rats energized with 

glutamate/malate (substrates for complex I) displayed decreased respiratory state 3, 

RCR and ADP/O ratio, when compared with brain cortical mitochondria isolated from 

control sham-operated rats. Concerning hippocampal mitochondria from icvSTZ rats 

energized with glutamate/malate only a significant decrease in RCR was observed. 

Moreover, RCR and ADP/O ratio were also found to be decreased in both brain cortical 

and hippocampal mitochondria from icvSTZ rats energized with succinate (substrate for 

complex II), whereas respiratory state 3 remained unaltered. No significant alterations 

were observed in respiratory state 4 in brain cortical and hippocampal mitochondria 

between the two experimental groups with both respiratory substrates.  
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TABLE 5.2. EFFECT OF ICVSTZ ADMINISTRATION ON THE RESPIRATORY FUNCTION OF BRAIN CORTICAL 

AND HIPPOCAMPAL MITOCHONDRIA  

  
SHAM STZ 

  
Cortex Hippocampus Cortex Hippocampus 

Complex I 

State 3 (nAtgO/min/mg) 93.58 ± 9.19 46.93 ± 7.08 54.6 ± 5.14 * 32.9 ± 2.93 

State 4 (nAtgO/min/mg) 27.55 ± 1.78 18.6 ± 1.88 22.69 ± 1.46 20.35 ± 2.4 

RCR 3.43 ± 0.24 2.7 ± 0.26 2.56 ± 0.70 * 1.68 ± 0.21 & 

ADP/O 

(nmol ADP/AtgO/min/mg) 
2.91 ± 0.17 2.32 ± 0.24 2.08 ± 0.13 ** 1.81 ± 0.21 

Complex II 

State 3 (nAtgO/min/mg) 84.51 ± 7.24 51.15 ± 7.43 64.39 ± 4.95 33.35 ± 2.55 

State 4 (nAtgO/min/mg) 26.34 ± 1.7 19.1 ± 2.73 27.75 ± 2.71 21.33 ± 3.24 

RCR 3.09 ± 0.09 2.68 ± 0.19 2.34 ± 0.25 # 1.63 ± 0.17 § 

ADP/O 

(nmol ADP/AtgO/min/mg) 
2.28 ± 0.11 2.01 ± 0.04 1.72 ± 0.13 ## 1.46 ± 0.18 § 

 

Mitochondrial respiration parameters were evaluated in freshly isolated brain cortical and hippocampal 

mitochondrial fractions (0.8 mg) in 1 ml of the reaction medium energized with 5 mM glutamate/2.5 mM 

malate or with 5 mM succinate in the presence of 2 μM rotenone. Data are the means ± SEM of 3-5 

animals from each condition studied. Statistical significance: *p<0.05; **p<0.01, ***p<0.001 when 

compared with sham control cortical mitochondria energized with the substrate for complex I, 

glutamate/malate; &p<0.05 when compared with sham control hippocampal mitochondria energized with 

the substrate for complex I, glutamate/malate; #p<0.05; ##p<0.01 when compared with sham control 

cortical mitochondria energized with the substrate for complex II, succinate; § p<0.05 when compared 

with sham control hippocampal mitochondria energized with the substrate for complex II, succinate.  
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5.3.3 ICVSTZ ADMINISTRATION IMPAIRS BRAIN CORTICAL AND HIPPOCAMPAL OXIDATIVE 

PHOSPHORYLATION SYSTEM 

 In the course of electron transfer through the respiratory chain complexes, 

protons (H+) are pumped out of the mitochondrial matrix across the inner mitochondrial 

membrane, whose gradient can establish an electrochemical potential (∆p) resulting in a 

pH (∆pH) and a voltage gradient (∆Ψm). Thus, mitochondrial ΔΨm is fundamental for the 

phenomenon of oxidative phosphorylation, which results in the conversion of ADP to 

ATP via ATP synthase, being a highly sensitive indicator of the integrity of the 

mitochondrial inner membrane. In the presence of glutamate/malate or succinate, brain 

cortical mitochondria from icvSTZ rats exhibited a decrease in ∆Ψm, repolarization level 

and ATP content and an increase in lag phase of repolarization, when compared with 

brain cortical mitochondria isolated from control sham-operated rats (Table 5.3). 

However, no significant differences were observed on ADP-induced depolarization 

between the two experimental groups with both respiratory substrates. Additionally, 

hippocampal mitochondria from icvSTZ rats energized with glutamate/malate also 

presented a significant decrease in repolarization level and ATP content and an increase 

in lag phase of repolarization, whereas the other parameters remained statistically 

unchanged when compared with hippocampal mitochondria isolated from control sham-

operated rats. Concerning hippocampal mitochondria energized with succinate, no 

significant differences in the respiratory parameters were observed between the two 

experimental groups. 
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TABLE 5.3. EFFECT OF ICVSTZ ADMINISTRATION ON THE MITOCHONDRIAL OXIDATIVE PHOSPHORYLATION 

SYSTEM  

  
SHAM STZ 

  
Cortex Hippocampus Cortex Hippocampus 

Complex I 

ΔΨm (−mV) 212.5 ± 2.27 191.8 ± 3.36 202.4 ± 2.02** 179.3 ± 6.60 

ADP-induced 

depolarization (-mV) 

22.58 ± 1.32 21.91 ± 1.13 22.14 ± 1.12 23.53 ± 2.15 

Repolarization 

level (−mV) 

211.9 ± 2.85 190.5 ± 2.40 201.8 ± 2.16* 172.4 ± 5.79& 

Repolarization 

lag phase (min) 

0.44 ± 0.019 0.71 ± 0.066 0.60 ± 0.018*** 1.01 ± 0.090& 

ATP levels 

(pmol/ mg protein) 

41000 ± 2931 39500 ± 1594 31600 ± 2535* 30380 ± 1654&& 

Complex II 

ΔΨm (−mV) 219.5 ± 3.19 199.2 ± 2.61 208.2 ± 2.72# 192.6 ± 6.00 

ADP-induced 

depolarization (-mV) 

33.95 ± 2.46 28.35 ± 2.66 28.35 ± 1.54 24.88 ± 1.59 

Repolarization 

level (−mV) 

218.4 ± 2.85 201.7 ± 3.11 208.1 ± 2.44# 188.7 ± 5.37 

Repolarization 

lag phase (min) 

0.51 ± 0.020 0.73 ± 0.045 0.69 ± 0.026## 0.96 ± 0.083 

 ATP levels 

(pmol/ mg protein) 

44780 ± 1225 40620 ± 2452 33840 ± 1094### 34970 ± 2926 

The oxidative phosphorylation parameters were evaluated in freshly isolated brain cortical and 

hippocampal mitochondria (0.8 mg) in 1 ml of the reaction medium supplemented with 3 μM TPP+ and 

energized with 5 mM glutamate/2.5 M malate or with 5 mM succinate in the presence of 2 μM rotenone. 

Data are the means ± SEM of 5-6 animals from each condition studied. Statistical significance: *p<0.05; 

**p<0.01; ***p<0.001 when compared with sham control brain cortical mitochondria energized with the 

substrate for complex I, glutamate/malate; &p<0.05; &&p<0.01 when compared with sham control 

hippocampal mitochondria energized with the substrate for complex I, glutamate/malate; #p<0.05; 

##p<0.01; ###p<0.01 when compared with sham control brain cortical mitochondria energized with the 

substrate for complex II, succinate.  
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5.3.4 ICVSTZ ADMINISTRATION IS ASSOCIATED WITH DECREASED ACTIVITIES OF PDH, α-KGDH, 

AND COX 
 Mitochondrial bioenergetic deficits could result from altered activity of 

mitochondrial metabolic enzymes. Thus, to gain further insight into the effect of icvSTZ 

administration on mitochondrial bioenergetics, we assessed PDH, α-KGDH and COX 

activities in isolated brain cortical mitochondria. When compared with control sham-

operated rats, brain cortical mitochondria from icvSTZ rats presented a significant 

decrease in PDH (Fig. 5.4A), α-KGDH (Fig. 5.4B), and COX (Figs. 5.4C and 5.4D) activities, 

contributing for the “hypometabolic” state that characterizes this animal model of sAD. 

 Due to sample limitations we were unable to evaluate the activities of these 

enzymes in hippocampal mitochondria. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4. Effect of icvSTZ administration on brain cortical mitochondrial enzymatic activities (A) PDH, 

(B) α-KGDH and (C and D – typical traces) COX. Data are the means ± SEM of 5 animals from each 

condition studied. Statistical significance: *p<0.05;**p<0.01 when compared with sham control rats. 
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5.3.5 INCREASED SENSITIVITY OF BRAIN CORTICAL MITOCHONDRIA TO CA2+-INDUCED MPTP 

OPENING IN ICVSTZ RATS 

 Increased susceptibility to mPTP opening is linked with mitochondrial function 

decline. Indeed, excessive levels of ROS and Ca2+ could trigger mPTP opening, leading to 

mitochondrial swelling, membrane depolarization, rupture of mitochondrial membranes 

and cristae, and the destruction of defective mitochondria by autophagy (Du and Yan, 

2010; Kim et al., 2007). As shown in the typical traces (Fig. 5.5A), brain cortical 

mitochondria from control sham-operated rats energized with succinate presented a 

ΔΨm ≈ -217 mV. After the addition of the first pulse of exogenous Ca2+, a rapid 

depolarization was observed followed by an incomplete repolarization. Additionally, the 

second pulse of Ca2+ led to total depolarization of mitochondria followed by a small 

repolarization, indicating the induction of mPTP (Fig. 5.5A). Concerning brain cortical 

mitochondria from icvSTZ rats, the addition of succinate produced a ΔΨm ≈ -204 mV (Fig. 

5.5B). As in mitochondria from control sham animals, these mitochondria also 

completely depolarized following the addition of the same two pulses of Ca2+; however, 

they depolarized more rapidly and were not able to repolarize after the 2nd pulse of 

Ca2+ (Fig. 5.5B). As expected, the presence of the mPTP inhibitors, oligomycin plus ADP, 

was able to prevent the loss of ΔΨm after the addition of three pulses of Ca2+ in 

mitochondria of both experimental groups, thus preventing the induction of mPTP (Figs. 

5.5C and 5.5D). 

 Consistently, ultrastructural analysis of mitochondria after Ca2+ experiments 

revealed that preparations from icvSTZ rats presented significantly more swollen 

mitochondria characterized by volume enlargement, loss of typical cristae structure, and 
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non-dense matrix (Figs. 5.6B and 5.6C), while preparations from control sham-operated 

rats displayed a preponderance of orthodox mitochondria, with tightly packed thin 

cristae filling and expanded, more translucent mitochondrial matrix (Figs. 5.6A and 

5.6C). Since mitochondria were exposed to an exogenous Ca2+ insult, both mitochondrial 

preparations presented a little extent of mitochondria in a condensed configuration (Fig. 

5.6). 

 Again, and due to sample limitations, we were unable to evaluate these 

parameters in hippocampal mitochondria. 

 

 

Figure 5.5. Effect of icvSTZ administration on the loss of mitochondrial transmembrane potential ('<m) 

that characterizes Ca2+-induced mPTP. Freshly isolated brain cortical mitochondria (0.5 mg) in 1 ml of the 

reaction medium supplemented with 3 μl TPP+ were energized with 5 mM succinate. Oligomycin (0.2 

μg/ml) plus ADP (100 μM) were added 2 min before Ca2+ addition. The traces are typical of 5 experiments. 

A- Sham control brain cortical mitochondria, B- icvSTZ-treated brain cortical mitochondria, C- Sham 
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control brain cortical mitochondria in the presence of oligomycin plus ADP; D- icvSTZ-treated brain cortical 

mitochondria in the presence of oligomycin plus ADP. Ca2+ pulses: first pulse = 20 nmol Ca2+, second and 

third pulses = 10 nmol Ca2+.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6. Effect of icvSTZ administration on mitochondrial ultrastructure after a Ca2+ challenge. Images 

represent (A) sham control brain cortical mitochondria in the presence of Ca2+ (60 nmol/mg protein); and 

(B) brain cortical mitochondria from icvSTZ-treated rats in the presence of Ca2+ (60 nmol/mg protein) at 

10,000x magnification.  - Condensed mitochondria; U- Orthodox mitochondria; a- Swollen 

mitochondria. (C) Graphical representation of mitochondrial morphometric analysis. Statistical 

significance: ***p<0.001 when compared with sham control brain cortical mitochondria. 
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5.3.6 ICVSTZ ADMINISTRATION POTENTIATES OXIDATIVE STRESS AND DAMAGE 

 Mitochondria are one of the major producers of free radicals including H2O2, 

hydroxyl (HO•), and O2
•−. Thus, we assessed H2O2 production in brain cortical 

mitochondria as an indicator of the pro-oxidant state. As shown in Fig. 5.7A, 

mitochondria from icvSTZ-treated rats produced significantly higher levels of H2O2, when 

compared with control mitochondria. Accordingly, the levels of MDA, a marker of lipid 

peroxidation, were found to be significantly increased in icvSTZ rats (Fig. 5.7B). 

 GSH is a potent endogenous antioxidant scavenger of free radicals and protects 

against oxidative stress. Figure 5.8 shows that brain cortical and hippocampal 

mitochondria from icvSTZ-treated rats presented a significant reduction in GSH content 

and GSH/GSSG ratio compared with mitochondrial preparations from control sham-

operated rats.  

 

 

 

Figure 5.7. Effect of icvSTZ administration on oxidative stress markers: H2O2 (A) and MDA (B) levels. H2O2 

production and MDA levels were measured as described in Material and Methods chapter. Data are the 

means ± SEM of 5 animals from each condition studied. Statistical significance: *p<0.05; **p<0.01 when 

compared with sham control brain cortical mitochondria.  
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Figure 5.8. Effect of icvSTZ administration on glutathione 

content. Statistical significance: *p<0.05;**p<0.01 when 

compared with sham control brain cortical mitochondria; ## 

p<0.01 when compared with sham control hippocampal 

mitochondria. 

 

 

 

 

 

 

 

 

 

 

5.4 DISCUSSION 
 Extensive literature exists showing that the brains of sAD patients are 

characterized by a decline in glucose/energy metabolism, which is intimately associated 

to an impairment of insulin signaling and mitochondrial abnormalities (Lin and Beal, 

2006; Mattson et al., 2008; Moreira et al., 2009; Reddy, 2009; Wang et al., 2009b). 

Besides reflecting the insulin resistant brain state that characterizes sAD (Salkovic-

Petrisic and Hoyer, 2007), the icvSTZ rat model also presents extensive mitochondrial 

abnormalities, considered a key early event in the disease progression. Indeed, we show 

that the icv administration of a sub-diabetogenic dose of STZ promotes a significant 

decline in both brain cortical and hippocampal bioenergetic function as reflected by 
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impaired mitochondrial respiration, oxidative phosphorylation system and PDH, α-KGDH 

and COX activities. An increase in the susceptibility to Ca2+-induced mPTP opening and 

oxidative stress and damage was also observed in icvSTZ rats.  

 A significant reduction of gross brain weight and brain-to-body weight ratio was 

observed five weeks after icv administration of STZ (Table 5.1), probably reflecting brain 

atrophy. icvSTZ rats also present a cognitive impairment, namely learning deficits 

marked by the increase in latency time during trial sessions in Morris water maze test 

(Fig. 5.1), which is in conformity with previous findings (Lannert and Hoyer, 1998). The 

literature also shows that AD patients present a reduction in total brain weight and 

atrophy of specific brain regions (DeCarli, 2001). Brain atrophy associated with both 

synaptic and neuronal loss is a pathological finding in AD patients, reflecting the 

progressive neurodegeneration that culminates in cognitive decline (Fox et al., 2000). 

Furthermore, it was detected a significant increase in Aβ1-42 content in the hippocampus 

(Fig. 5.2) and p-tau protein levels in both cortex and hippocampus of icvSTZ-treated rats 

(Fig. 5.3), considered hallmarks of AD.  

   As previously indicated, early defects in cerebral glucose utilization and energy 

metabolism are consistent antecedents of AD development, suggesting that 

abnormalities in mitochondrial bioenergetics are present at the earliest symptomatic 

stages of the disease (Blass et al., 2002; Hoyer, 2000). Mitochondria are the central 

coordinators of energy metabolism, and are responsible for providing more than 90% of 

the energy required for cellular functions by two linked metabolic processes: the TCA 

cycle and the ETC (Wallace, 1997). Thus, it is plausible to speculate that “mitoenergetic 

failure” induced by icvSTZ is intimately associated with central insulin resistance. In fact, 

we observed that both brain cortical and hippocampal mitochondria from icvSTZ rats 
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present impaired respiratory chain activity (Table 5.2) and oxidative phosphorylation 

efficiency (Table 5.3), although the bioenergetic decline was more pronounced in brain 

cortical mitochondria. Consistently, impairment of mitochondria oxidative 

phosphorylation was reported in the brain of AD patients (Chagnon et al., 1995). In 

addition, evidence from the literature also reported decreased ∆Ψm and ETC activity in 

AD cybrids (Cardoso et al., 2004; Cassarino et al., 1998; Khan et al., 2000; Swerdlow et 

al., 1997), fostering the idea that compromised mitochondrial bioenergetics is a 

contributing factor in the pathogenesis of sAD. Mitochondrial dysfunction, characterized 

by decreased mitochondrial respiratory rates, ∆Ψm and ATP levels, has also been 

described in transgenic AD mice models even before extracellular deposition of Aβ, 

suggesting that mitochondrial function decline precedes the occurrence of AD-like 

neuropathological hallmarks and is substantially aggravated with aging (Dragicevic et al., 

2010; Hauptmann et al., 2009). It was recently shown that vascular Aβ deposits appear 

only 3 months after the icvSTZ administration (Salkovic-Petrisic et al., 2011). These 

observations together with our results allow us to suggest that in this non-transgenic 

animal model of sAD mitochondrial dysfunction is also an early event in AD pathology. It 

was also demonstrated that decreased mitochondrial bioenergetics triggers Aβ 

overproduction and nerve cell atrophy (Meier-Ruge and Bertoni-Freddari, 1997; 

Velliquette et al., 2005). These findings nicely fit in the elegant hypothesis advanced by 

Smith and colleagues (2002) that proposed that the accumulation of Aβ could represent 

a protective response to oxidative damage caused by mitochondrial dysfunction.  

 Another notable aspect of perturbed mitochondrial function induced by icvSTZ 

administration is the significant decrease observed in the activities of the three 

mitochondrial respiratory enzymes, PDH and α-KGDH, two enzymes in the rate-limiting 
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step of the TCA cycle, and COX, the terminal enzyme in the mitochondrial respiratory 

chain that is responsible for reducing molecular oxygen (Fig. 5.4). Thus, the decrease in 

the activity of these enzymes could constitute one of the myriad of factors involved in 

AD-related mitochondrial dysfunction, compromising ECT activity and ATP synthesis 

(Blass et al., 2000). Altered expression and decreased activity of PDH, α-KGDH and COX 

were also documented in fibroblasts from AD patients and postmortem AD brain 

(Bubber et al., 2005; Gibson et al., 1999; Maurer et al., 2000). The impairment in TCA 

cycle enzymes (specifically PDH) was shown to be correlated with disability in AD brains, 

suggesting a coordinated mitochondrial alteration (Bubber et al., 2005). Indeed, 

inactivation of PDH will result in the shortage of ATP and acetylcholine (ACh), which are 

crucial for neuronal survival and accurate cognitive function (Imahori, 2010). The 

reduction in α-KGDH activity is also responsible for the impaired brain metabolism; its 

activity being better correlated with the degree of cognitive impairment than the 

amount of SP or NFTs (Gibson et al., 1999). Interestingly, it was found that the loss of α-

KGDH-enriched neurons is related with the total loss of neurons, suggesting a possible 

reason for the selective vulnerability in AD brain (Ko et al., 2001). COX deficiency was 

also found in the regions of brain that show histopathological damage in AD (Schapira, 

1996). Finally, these mitochondrial respiratory enzymes are known to be highly 

susceptible to oxidative modification and are altered by exposure to a range of pro-

oxidants (Tretter and Adam-Vizi, 2000).  

 Mitochondrial bioenergetic metabolism is highly reliant on Ca2+. In the 

mitochondrial matrix, Ca2+ regulates the activity of dehydrogenases coupled to the TCA 

cycle (e.g. PDH and α-KGDH), promoting an enhanced respiratory chain activity (Gunter 

et al., 2000; Rizzuto et al., 2000). Mitochondrial matrix Ca2+ can also activate the F0F1-
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ATPase, thus directly determining the rate of ATP production (Rizzuto et al., 2000; 

Territo et al., 2000). Conversely, mitochondrial Ca2+
 overload can favor mPTP opening, 

resulting in mitochondrial depolarization, uncoupling of oxidative phosphorylation, 

overproduction of ROS, mitochondrial swelling and release of pro-apoptotic proteins to 

the cytosol. When mPTP opening is persistent and numerous mitochondria are 

continuously affected, neurons can no longer cope with the stress and apoptosis is 

initiated (Galluzzi et al., 2009). Persuasive evidence suggests that intracellular Ca2+ 

deregulation is involved in AD pathogenesis, and a sustained increase in cytosolic Ca2+ 

concentrations triggers neurodegeneration (Bezprozvanny and Mattson, 2008; LaFerla, 

2002). Our results demonstrate that brain cortical mitochondria from icvSTZ rats have a 

reduced capacity for Ca2+ uptake and, consequently, increased susceptibility for mPTP 

opening when challenged with several exogenous Ca2+ pulses (Figs. 5.5A and 5.5B). This 

increased susceptibility was further confirmed by ultrastructural analyses. Indeed, 

mitochondria from icvSTZ rats are more “sensitive” to a Ca2+ insult reflected by a higher 

percentage of swollen mitochondria containing disrupted cristae (Fig. 5.6). Accordingly, 

it was previously reported that mitochondria isolated from fibroblasts of AD patients 

have reduced Ca2+ uptake compared to age-matched controls, suggesting an impaired 

Ca2+ buffering ability of mitochondria (Kumar et al., 1994). In the “cybrid model” of AD, 

increased basal Ca2+ levels and enhanced inositol 1,4,5-triphosphate (IP3)-mediated Ca2+ 

release accompanied a decreased mitochondrial Ca2+ sequestration (Sheehan et al., 

1997). Studies in transgenic models of fAD also show an increased susceptibility of 

mitochondrial permeability transition evidenced by increased expression and 

translocation of CypD, a key component of mPTP, and impaired mitochondrial Ca2+-

handling capacity (Du et al., 2008, 2011). The failure in the capacity of mitochondria 
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from icvSTZ rats to retain Ca2+ could be correlated with the observed decrease in both 

PDH and α-KGDH activities (Figs. 5.4A and 5.4B). Notably, in the presence of the pair 

oligomycin plus ADP that efficiently inhibits the mPTP, mitochondria from both 

experimental groups are able to maintain ΔΨm in the presence of Ca2+, which indicates a 

higher Ca2+ retention capacity (Figs. 5.5C and 5.5D). This is in accordance with previous 

findings demonstrating an increased capacity of brain mitochondria to accumulate Ca2+ 

by preincubating these organelles with oligomycin plus ADP (Brustovetsky and Dubinsky, 

2000; Moreira et al., 2001, 2002, 2004a). Overall, it seems that an inauspicious shift in 

the sensitivity of mitochondria to Ca2+ load may be one deleterious event underlying 

mitochondrial dysfunction in this animal model of sAD.  

 Oxidative stress is another prominent pathogenic factor of AD that affects both 

neuronal and peripheral cells (Cecchi et al., 2002; Zhu et al., 2005). Mitochondrial 

abnormalities occurring in AD are believed to be a consequence of the complex nature 

and genesis of oxidative damage to key mitochondrial components (Aliev et al., 2003; 

Hirai et al., 2001). Mitochondrial oxidative damage impairs oxidative phosphorylation 

efficiency, promoting an increased electron leak and, consequently, an increased 

production of H2O2 potentiating oxidative stress and damage (Reddy and Beal, 2008). In 

turn, increased levels of ROS may lead to alterations in mitochondrial morphology and 

dynamics (Benard et al., 2007). It was proposed that oxidative stress coupled with 

disrupted Ca2+ homeostasis and apoptosis underlie synaptic dysfunction and cognitive 

decline in AD (Reddy and Beal, 2008). Aside from the decline in mitochondrial 

bioenergetic function, we also observed a significant increase in mitochondrial oxidative 

stress and damage in icvSTZ rats, characterized by a higher H2O2 production (Fig. 5.7A), 

lipid peroxidation extent (Fig. 5.7B) and a significant decrease in the antioxidant defense 
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GSH (Fig. 5.8). It was previously shown that postmortem AD brain present increased lipid 

peroxidation levels, particularly in the temporal lobe, where histopathologic alterations 

are very noticeable (Lovell et al., 1995; Marcus et al., 1998; Palmer and Burns, 1994). In 

a similar fashion, Cardoso et al. (2004) documented increased lipid peroxidation in AD 

cybrids, which likely reflects enhanced ROS production in this in vitro model of AD. In the 

triple-transgenic mouse model of AD, increased extent of lipid peroxidation and 

decreased GSH levels were also documented (Resende et al., 2008). A negative 

correlation between the total antioxidant capacity and disease duration has been 

proposed in AD patients (Guidi et al., 2006). As a matter of fact, oxidative stress-

mediated neuronal loss seems to be instigated by a decline in GSH, which acts as a 

scavenger of free radicals (Bains and Shaw, 1997). This is supported by evidence 

demonstrating altered GSH levels in specific regions of the central nervous system of AD 

patients (Gu et al., 1998). Therefore, the interplay among impaired mitochondrial 

bioenergetic metabolism, Ca2+ misregulation and oxidative damage may constitute a 

dangerous triangle underlying early mitochondrial abnormalities that occur in sAD. 

 Altogether, these results strongly suggest that functional and structural 

mitochondrial defects are mechanistically involved with the “insulin-resistant brain 

state” that characterizes this rat model of sAD, highlighting the central importance of 

mitochondrial (dys)function in the pathology of the disease. For these reasons, icvSTZ 

rats are a reliable tool to explore the mechanisms underlying sAD and evaluate the 

efficacy of potential therapeutic strategies.  
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6.1 ABSTRACT 

 Cerebral metabolic changes accompanying an “insulin-resistant brain state” have 

been hypothesized to form the core of the neurodegenerative events that occur in sAD 

pathology. This study was conducted to evaluate the effect of HP, one of the most 

powerful mechanisms of protection, on cognition, cerebral energy metabolism and 

oxidative status in the icvSTZ-induced model of sAD. For this purpose, male Wistar rats 

were randomly divided into four groups: 1- Control (sham operation/vehicle 

administration); 2- STZ (bilateral icv injection of STZ at a dose of 3mg/Kg); 3- HP 

[exposure to brief periods of moderate hypoxia (10% O2 for 2 hours) during 3 

consecutive days, followed by sham operation/vehicle administration]; 4- HP + STZ (as 

group 3, but submitted to icvSTZ injection). The severe deficits in learning and memory 

and the increased activity of AChE resulting from icvSTZ administration were 

antagonized by HP. HP was also able to significantly attenuate icvSTZ-induced increase in 

neuroinflammation and oxidative stress, as reflected by increased glial fibrillary acidic 

protein (GFAP) immunoreactiviy, nitrites, H2O2 and TBARS levels and a decrease in the 

antioxidant defenses. The energy hypometabolism and mitochondrial impairment 

induced by icvSTZ was also significantly prevented by HP. Mechanistically, 

mitochondrial-derived ROS and HIF-1α underlaid the pro-survival response triggered by 

HP. Collectively, these results demonstrate that the sAD-like features induced by icvSTZ 

administration can be effectively prevented by HP.  
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6.2 INTRODUCTION 
 AD is an age-related progressive neurodegenerative condition that affects 

approximately 35 million people worldwide and is the leading cause of dementia among 

the elderly (Castellani et al., 2010; Querfurth and LaFerla, 2010). Due to the increase in 

life expectancy and demographic changes in the population, AD is quickly becoming one 

of the major universal healthcare problems (Sloane et al., 2002). Currently, there is no 

cure for AD. So, it is of tremendous importance to provide new and feasible therapeutic 

targets and strategies capable of arresting or, at least, effectively modify the course of 

this disease. 

 Clinical signs of AD are manifested by a progressive decline in memory and 

cognitive function, and behavioral disturbances. From the neuropathological point of 

view, this disease is characterized by selective neuronal and synaptic loss in cortical and 

subcortical regions, deposition of extracellular SP, mainly composed of Aβ peptide, 

presence of intracellular NFTs containing hyperphosphorylated tau protein, and CAA 

(Moreira et al., 2009; Selkoe, 2001; Zlokovic, 2011). In general, there are two distinct 

forms of AD: fAD and sAD (Rocchi et al., 2003; Swerdlow, 2007). Despite the pathogenic 

road map leading to sAD pathology is still obscure, a large body of knowledge 

accumulated during the last decades suggests that brain insulin resistance contributes to 

the initiation and progression of the disease (Correia et al., 2011a). Human postmortem 

and animal studies revealed that sAD is associated with reduced brain IR density, and 

defective brain insulin signal transduction (Frolich et al., 1999; Lester-Coll et al., 2006; 

Moloney et al., 2010) Consistently, AD subjects also exhibit an early impairment in the 

brain glucose metabolism, fostering the idea that an abnormal brain insulin function 

occurs in sAD pathology (Azari et al., 1993; Silverman et al., 2001). In this context, the icv 
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injection of the diabetogenic drug STZ in rats brain has emerged as an experimental 

model of the early pathophysiological changes in sAD, since it induces an insulin 

resistant brain state, reproducing several behavioral, neurochemical and structural 

features that resemble those found in human sAD (Grunblatt et al., 2007; Salkovic-

Petrisic and Hoyer, 2007). 

 Among the existing neuroprotective strategies, the preconditioning phenomenon 

is currently the strongest procedure to afford robust neuroprotection against lethal 

insults by triggering endogenous adaptive mechanisms (Correia et al., 2010a,b, 2011b). 

One well-established model to induce “brain tolerance” relies on the exposure to brief 

episodes of sublethal hypoxia, known as HP (Dirnagl et al., 2009). In this line, the present 

study was designed to test the hypothesis that HP is able to prevent the AD-like 

phenotype induced by the icv administration of STZ in rats. For this purpose, we 

investigated the potential protective effect of HP on 1) cognitive function, 2) astrogliosis, 

3) brain energy/glucose metabolism, 4) brain mitochondrial bioenergetic function, and 

5) oxidative status in icvSTZ rats. The results presented herein demonstrate the 

effectiveness of HP in the protection against the deleterious effects promoted by the icv 

administration of STZ. From a therapeutic perspective, these data provide the first clue 

that HP-related molecular mechanisms might be feasible targets for the design of 

strategies aimed at preventing or delaying sAD pathology.  
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6.3 RESULTS 
 

6.3.1 HYPOXIC PRECONDITIONING PREVENTS ICVSTZ-INDUCED SPATIAL LEARNING AND MEMORY 

DEFICITS 

 In a first approach, the effects of icvSTZ administration and HP on spatial learning 

and memory were evaluated using the Morris water maze task. As shown in Fig. 6.1A, 

icvSTZ-treated rats exhibited significantly higher escape latencies (time to reach the 

platform), when compared with vehicle-treated controls, during the three training days. 

The cognitive decline in these animals was further confirmed in the retention trial, which 

showed that icvSTZ-treated rats spent less time in the target quadrant when compared 

with control sham-operated rats (Fig. 6.1B). HP significantly attenuated the icvSTZ-

induced rise in escape latencies time during the acquisition trials and abrogated the 

icvSTZ-induced decrease in the time spent in the target quadrant on day 4 in the 

retention trial, reflecting a preventive effect of HP against icvSTZ-induced learning and 

memory deficits (Fig. 6.1). Notably, HP per se did not affect cognitive function in control 

rats (Fig. 6.1). 
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Figure 6.1. Effects of HP and icvSTZ administration on training (A) and retention (B) trials of the Morris 

water maze task. Data are the means ± SEM of 8-9 animals from each condition studied. Statistical 

significance: *p<0.05; **p<0.01 when compared with sham control rats; #p>0.05 when compared with 

preconditioned STZ (HP STZ) rats.  

 

 

6.3.2 HYPOXIC PRECONDITIONING PREVENTS ICVSTZ-INDUCED INCREASE IN ACHE ACTIVITY 

 Since the cholinergic system influences cognitive function, we next examined the 

activity of brain cortical AChE. As shown in Fig. 6.2, icv administration of STZ in rats 

produced a significant increase in AChE activity when compared with control sham-

operated rats. However, HP significantly inhibited the icvSTZ-induced rise in AChE 

activity (Fig. 6.2). Additionally, HP per se had no significant effect on AChE activity (Fig. 

6.2). 
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Figure 6.2. Effects of HP and icvSTZ administration on brain cortical AChE activity. Data are the means ± 

SEM of 5 animals from each condition studied. Statistical significance:*p<0.05; **p<0.01 when compared 

with sham control rats; ##p<0.01 when compared with icvSTZ rats.  

 

 

 

 

6.3.3 HYPOXIC PRECONDITIONING PREVENTS ICVSTZ-INDUCED ASTROGLIOSIS  

 An invariant trait of AD is neuroinflammation, characterized by the presence of 

reactive astrogliosis. In order to explore the effects of icvSTZ administration and HP on 

astrogliosis extent, we performed double-immunostaining for NeuN (marker of 

differentiated mature neurons) and GFAP (marker of astrocytes). As shown in Fig. 6.3, 

immunohistochemistry analyses revealed that the icvSTZ administration promoted a 

robust increase in the intensity of GFAP-positive cells, an effect that was prevented by 

HP (Fig. 6.3). 
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Figure 6.3. Effects of HP and icvSTZ administration on neuroinflammation. Representative fluorescence 

microscopy images of sagital brain sections immunostained with glial fibrillary acidic protein (GFAP, 

marker for astrocytes -green) and NeuN (marker of neurons -red) at 40x magnification. Nuclei were 

counterstained with DAPI (blue). 

 

6.3.4 HYPOXIC PRECONDITIONING PREVENTS ICVSTZ-INDUCED IMPAIRED MITOCHONDRIAL 

ENERGY METABOLISM 

 Mitochondrial bioenergetic failure is a prominent feature of sAD pathology. We 

have previously observed that icvSTZ rats present mitochondrial abnormalities similar to 

those found in sAD. In the present study, we postulated that HP might prevent icvSTZ-

induced mitochondrial deficits. To prove this, we first measured mitochondrial 

respiration in both freshly isolated brain cortical and hippocampal mitochondria exposed 

to NADH- and FADH2-linked substrates; energization through mitochondrial complexes I 

and II, respectively. As shown in Table 6.1, HP prevented the icvSTZ-induced decrease in 

respiratory state 3, RCR, ADP/O ratio in brain cortical mitochondria energized with 
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glutamate/malate (substrates for complex I). HP also impeded the icvSTZ-induced 

reduction in RCR in hippocampal mitochondria energized with glutamate/malate (Table 

6.2). Consistently, we found that HP avoided the decrease in RCR and ADP/O ratio in 

both brain cortical and hippocampal mitochondria from icvSTZ-treated rats energized 

with succinate (substrate for complex II) (Tables 6.1 and 6.2). All the other parameters 

remained statistically unchanged among the experimental groups. Overall, these 

findings indicate that HP prevents the impairment of mitochondrial respiration induced 

by icvSTZ administration. 

 

TABLE 6.1 - EFFECTS OF HP AND ICVSTZ ON BRAIN CORTICAL MITOCHONDRIAL RESPIRATORY FUNCTION  

  
SHAM STZ HP SHAM HP STZ 

Complex I 

State 3 (nAtgO/min/mg) 93.58 ± 9.19  54.60 ± 5.14**  69.22 ± 5.64  78.02 ± 6.66  

State4 (nAtgO/min/mg) 27.55 ± 1.78  22.69 ± 1.46  23.18 ± 1.04  24.66 ± 1.89  

RCR 3.43 ± 0.24  2.56 ± 0.23*  3.14 ± 0.14  3.50 ± 0.17  

ADP/O 
(nmol ADP/AtgO/min/mg) 

2.91 ± 0.17  2.08 ± 0.13**  2.98 ± 0.17  2.60 ± 0.11  

Complex II 

State 3 (nAtgO/min/mg) 84.51 ± 7.24 64.39 ± 4.95 72.77 ± 5.15 81.60 ± 5.84 

State4 (nAtgO/min/mg) 26.34 ± 1.70 27.75 ± 2.71 23.74 ± 1.41 25.14 ± 1.35 

RCR 3.09 ± 0.09 2.34 ± 0.25 # 3.07 ± 0.12 3.30 ± 0.18 

ADP/O 
(nmol ADP/AtgO/min/mg) 

2.28 ± 0.11 1.72 ± 0.13 ## 2.25 ± 0.13  2.49 ± 0.11 

Mitochondrial respiration parameters were evaluated in freshly isolated brain cortical mitochondrial 

fractions (0.8 mg) in 1 ml of the reaction medium energized with 5 mM glutamate/2.5 mM malate 

(Complex I) or with 5 mM succinate in the presence of 2 μM rotenone (Complex II). Data are the means ± 

SEM of 5 animals from each condition studied. Statistical significance: *p<0.05; **p<0.01, when compared 

with sham control brain cortical mitochondria energized with the substrate for complex I, 

glutamate/malate; #p<0.05; ##p<0.01 when compared with sham control brain cortical mitochondria 

energized with the substrate for complex II, succinate. 
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TABLE 6.2 - EFFECTS OF HP AND ICVSTZ ON HIPPOCAMPAL MITOCHONDRIAL RESPIRATORY FUNCTION  

  
SHAM STZ HP SHAM HP STZ 

Complex I 

State 3 (nAtgO/min/mg) 46.93 ± 7.08  32.90 ± 2.93  50.00 ± 7.75  46.70 ± 10.42  

State 4 (nAtgO/min/mg) 18.60 ± 1.88  20.35 ± 2.4  21.10 ± 2.4  16.40 ± 2.24  

RCR 2.70 ± 0.26  1.68 ± 0,21*  2.80 ± 0.17  2.77 ± 0.28  

ADP/O 
(nmol ADP/AtgO/min/mg) 

2.32 ± 0.24  1.81 ± 0.21  2.41 ± 0.27  2.43 ± 0.40  

Complex II 

State 3 (nAtgO/min/mg) 51.15 ± 7.43 33.35 ± 2.55 50.00 ± 7.75 46.70 ± 10.42 

State 4 (nAtgO/min/mg) 19.10 ± 2.73 21.33 ± 3.24 15.17 ± 1.90 16.88 ± 1.35 

RCR 2.68 ± 0.19 1.63 ± 0.17 # 2.67 ± 0.28 2.75 ± 0.34 

ADP/O 
(nmol ADP/AtgO/min/mg) 

2.01 ± 0.04 1.46 ± 0.18# 2.08 ± 0.12 2.13 ± 0.09 

Mitochondrial respiration parameters were evaluated in freshly isolated hippocampal mitochondrial 

fractions (0.8 mg) in 1 ml of the reaction medium energized with 5 mM glutamate/2.5 mM malate 

(Complex I) or with 5 mM succinate  in the presence of 2 μM rotenone (Compex II). Data are the means ± 

SEM of 5 animals from each condition studied. Statistical significance: *p<0.05 when compared with sham 

control hippocampal mitochondria energized with the substrate for complex I, glutamate/malate; #p<0.05 

when compared with sham control hippocampal mitochondria energized with the substrate for complex 

II, succinate. 

 

 Additionally, we assessed the enzymatic activity of mitochondrial complex I, COX, 

and ATPase. As expected, icvSTZ administration promoted a significant decline in 

complex I, COX and ATPase activities, these decreases being prevented by HP (Fig. 6.4). 
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Figure 6.4. Effects of HP and icvSTZ administration on brain cortical mitochondrial enzymatic activities 

(A) Complex I, (B) Cytochrome c oxidase, and (C) ATPase. Data are the mean ± SEM of 5 animals from 

each condition studied. Statistical significance: *p<0.05;**p<0.01 when compared with sham control rats. 

 

 To gain further insight into the effects of icvSTZ administration and HP on brain 

mitochondrial energy metabolism we evaluated the activity of some enzymes of the TCA 

cycle. As shown in Table 6.3, diminished aconitase, PDH, α-KGDH and IDH activities 

occurred in the cortex of icvSTZ-treated rats, when compared with the vehicle-treated 

control rats. On the other hand, a significant increase in MDH activity was found in 

icvSTZ-treated rats (Table 6.3). Notably, HP completely abrogated the alterations 

induced by icvSTZ administration (Table 6.3).  
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 Due to sample limitations, we were unable to evaluate the activities of these 

enzymes in hippocampal mitochondria.  

 

TABLE 6.3 - EFFECTS OF HP AND ICVSTZ ON THE ACTIVITIES OF TCA CYCLE ENZYMES  

 SHAM STZ HP SHAM HP STZ 

Pyruvate dehydrogenase 
(nmol/min/mg protein) 

47.7 ± 5.33 25.9 ± 2.17 * 44.3 ± 4.93 41.3 ± 5.16 # 

Aconitase  

(U/min/mg protein) 
135.1 ± 27.49 61.9 ± 2.66 ** 174.6 ± 31.80 204.4 ± 12.67 ## 

Isocitrate dehydrogenase 
(nmol/min/mg protein) 

37.2 ± 3.81 19.2 ± 3.51 * 30.4 ± 1.76 32.5 ± 2.95 # 

α-Ketoglutarate dehydrogenase 
(nmol/min/mg protein) 

72.9 ± 5.38 24.4 ± 2.75 ** 46.3 ± 10.83 68.3 ± 7.47 ## 

Malate dehydrogenase  

(nmol/min/mg protein) 
264.8 ± 22.12 375.0 ± 21.99 ** 304.1 ± 23.55 324.4 ± 19.79 

Data are the mean ± SEM of 5 animals from each condition studied. Statistical significance: *p<0.05; **p<0.01 when 

compared with sham control rats; #p>0.05; ## p<0.01 when compared with icvSTZ-treated rats.  

 

6.3.5 HYPOXIC PRECONDITIONING PREVENTS ICVSTZ-INDUCED ALTERED ACTIVITY OF GLYCOLYTIC 

ENZYMES  

 Because glycolysis, TCA cycle and mitochondrial respiration are coupled 

processes; the next step was to evaluate the activity of some key glycolytic enzymes.   A 

marked increase in brain cortical LDH activity was detected in icvSTZ-treated rats (Table 

6.5), when compared with vehicle-treated control rats. Conversely, icvSTZ rats exhibited 

a significant decrease in the activities of hexokinase and glucose-6P dehydrogenase 

enzymes (Table 6.4), suggesting an impaired cerebral glucose metabolism. Again, HP was 
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able to counteract the effects of icvSTZ administration in the activity of these glucose-

metabolizing enzymes (Table 6.4). 

  Due to sample limitations we were unable to evaluate the activities of these 

enzymes in hippocampal samples.  

 

TABLE 6.4 - EFFECTS OF HP AND ICVSTZ ON THE ACTIVITIES OF GLYCOLYTIC ENZYMES  

 SHAM STZ HP SHAM HP STZ 

Lactate dehydrogenase  
(μmol/min/mg protein)  

8.1 ± 0.35 11.3 ± 0.58** 6.9 ± 1.35 8.0 ± 0.90# 

Hexokinase (nmol/min/mg protein)  
133.5 ± 5.25 87.6 ± 11. 88** 121.6 ± 12.97 140.8 ± 11.69# 

Glucose-6P-dehydrogenase 
(nmol/min/mg protein) 82.0 ± 4.08 48.9 ± 4.41** 66.9 ± 13.14 73.8 ± 5.24## 

Data are the mean ± SEM of 5 animals from each condition studied. Statistical significance: **p<0.01 when compared 

with sham control rats; #p>0.05; ##p<0.01 when compared with icvSTZ-treated rats.  

 

6.3.6 HYPOXIC PRECONDITIONING PREVENTS ICVSTZ-INDUCED OXIDATIVE IMBALANCE AND 

DAMAGE  

  Mitochondrial dysfunction potentiates oxidative damage in AD pathology, 

leading to a self-perpetuating vicious cycle. Thus, we next examined the impact of icvSTZ 

administration and HP on oxidative stress markers and non-enzymatic and enzymatic 

antioxidant defenses. When compared with control sham-operated rats, icvSTZ-treated 

rats exhibited a significant increase in brain cortical levels of nitrites (Fig. 6.5A), H2O2 

(Fig. 6.5B) and TBARS (Fig. 6.5C), an indicator of lipid peroxidation extent. All these 

alterations were efficiently prevented by HP (Fig. 6.5). 
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Figure 6.5. Effects of HP and icvSTZ administration on oxidative markers (A) nitrites (B) H2O2, and (C) 

TBARS levels. Data are the mean ± SEM of 5 animals from each condition studied. Statistical significance: 

*p<0.05;**p<0.01 when compared with sham control rats; # p<0.05 when compared with icvSTZ-treated 

rats . 

 

 Concerning the non-enzymatic antioxidant defenses, icvSTZ-treated rats 

presented a significant reduction in brain cortical GSH content, an effect that was 

significantly prevented by HP (Fig. 6.6A). Interestingly, it was observed a significant 
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increase in Vitamin E levels in icvSTZ-treated rats, when compared with control sham-

operated rats, which was partially prevented by HP (Fig. 6.7). 

 

 

Figure 6.6. Effects of HP and icvSTZ administration on GSH content. Statistical significance: **p<0.01 

when compared with sham control rats; ## p<0.01 when compared with icvSTZ-treated rats. 

 

  

 

Figure 6.7. Effects of HP and icvSTZ administration on vitamin E levels. Statistical significance: *p<0.05 

when compared with sham control rats. 

 

 icvSTZ administration also promoted a significant decrease in the activity of GRed 

(Fig. 6.8A) and catalase (Fig. 6.8C) and an increase in GPx (Fig. 6.8B) activity. HP 

prevented the decrease in the activity of GRed (Fig. 6.8A) and catalase (Fig. 6.8C) 

enzymes. 
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 Again, and due to sample limitations, we were unable to evaluate these 

parameters in hippocampal samples. 

 

 

Figure 6.8. Effects of HP and icvSTZ administration on (A) GPx, (B) GRed, and (C) catalase activities. 

Statistical significance: *p<0.05;**p<0.01 when compared with sham control rats; #p<0.05 when 

compared with icvSTZ-treated rats. 

 

6.3.7 THE PROTECTIVE EFFECTS EXERTED BY HYPOXIC PRECONDITIONING ARE MEDIATED BY 

HYDROGEN PEROXIDE AND HIF-1α ACTIVATION 

  Since mitochondrial ROS have been identified as signaling molecules that 

actively participate in the preconditioning phenomenon, we next evaluated the impact 
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of HP on H2O2 rate production in both brain cortical and hippocampal mitochondria. As 

shown in Figure 6.9, HP resulted in a significant increase in H2O2 levels in hippocampal 

mitochondria immediately after the last hypoxic episode, which progressively decline 

reaching the control levels at 24 hours after the last hypoxic episode (Fig. 6.9B). In brain 

cortical mitochondria, a slight increase in H2O2 levels was also observed immediately 

after the last hypoxic episode (Fig. 6.9A). 

 

 

Figure 6.9. Effects of HP on (A) brain cortical and (B) hippocampal mitochondrial H2O2 levels. H2O2 levels 

were measured as described in Material and Methods. Data are the means ± SEM of 5 animals from each 

condition studied. Statistical significance: &p<0.05 when compared with control brain hippocampal 

mitochondria.  

 

 Prompted by these findings, we investigated HIF-1α activation since this 

transcription factor is considered to be the master regulator of preconditioning-

triggered adaptive responses. As shown in Figure 6.10, immediately after the last 

episode of hypoxia, HIF-1α activation was significantly increased in the hippocampus 

while a modest increase in HIF-1α activation was observed in brain cortex. 
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Figure 6.10. Effects of HP on HIF-1α activation in the (A) brain cortex and (B) hippocampus. HIF-1α DNA 

binding was detected by ELISA. Statistical significance: *p<0.05 when compared with hippocampus from 

control rats.  

 

6.4 DISCUSSION 

 The cyclic exposure to moderate hypoxia with intervening periods of normoxia 

has been shown to increase brain resistance against subsequent injurious insults. 

Meanwhile, less is known about the potential protective effects of HP in AD pathology. 

In this context, data derived from this study provide evidence that HP prevents the AD-

like features induced by icvSTZ administration such as memory and learning deficits, 

cerebral hypometabolism, mitochondrial abnormalities and oxidative imbalance and 

damage. Mechanistically, immediately after the last hypoxic episode, an increase in 

mitochondrial H2O2 levels and HIF-1α activation in both brain cortex and hippocampus 

occur. This is in agreement with our working hypothesis that states that preconditioning 

triggers adaptive mechanisms, by immediate stimulation of mitochondrial ROS 

production and concomitant induction of HIF-1α signaling pathway, thereby sustaining 

brain integrity and functionality.  

 The impairment of memory is the cardinal and one of the earliest clinical 

symptoms of AD pathology (Kawas and Corrada, 2006). The icv administration of STZ in 
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rats produced an impairment in the acquisition and retrieval of memory, as reflected by 

the higher escape latencies to reach the hidden platform (Fig. 6.1A) and the decrease in 

the time spent in the target quadrant in the retention trial (Fig. 6.1B). These results are 

consistent with previous reports demonstrating that the bilateral icv administration of 

STZ caused learning and memory deficits (Ishrat et al., 2009a,b; Lannert and Hoyer, 

1998; Tota et al., 2011). Notably, HP prevented the memory and learning deficits in 

icvSTZ-treated rats, as demonstrated by the reduction of escape latencies (Fig. 6.1A) and 

the increase in the percentage of time spent in the target quadrant (Fig. 6.1B). It was 

previously demonstrated that HP attenuated memory and learning impairments 

resulting from severe cerebral ischemia (Rybnikova et al., 2005), these effects being 

related with HP-induced neurogenesis in the hippocampal dentate gyrus (Zhu et al., 

2005) and up-regulation of c-Fos, a transcription factor strongly implicated in memory 

formation (Rybnikova et al., 2009). The deterioration of the cortical cholinergic system is 

also related with memory failure and cognitive decline in AD (Coyle et al., 1983, 

Mesulam, 1996). Our icvSTZ-treated rats exhibited a robust increase in brain cortical 

AChE activity, which was partially prevented by HP (Fig. 6.2). This observation suggests 

that HP might preserve cognitive abilities in icvSTZ-treated rats, in part by maintaining 

the functional integrity of the cortical cholinergic system. In agreement, a previous study 

also demonstrated that HP promoted AChE inhibition and maintenance of ACh levels, 

which contributed for cell survival (Schetinger et al., 1999). 

 Glial cells and their resident GFAP integrate neuronal input, modulate synaptic 

activity and process signals related to learning and memory (Kurosinski and Götz, 2002). 

Acute and chronic brain insults trigger a specific glial reaction, generally known as 

reactive astrogliosis, represented by a complex morphofunctional remodelling of 
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astrocytes (Pekny and Nilsson, 2005). In AD, cognitive impairment due to a severe loss of 

synapses and neurons is generally believed to be associated with increased GFAP 

expression in activated astrocytes (Braak et al., 1999; Finch, 2003). Our 

immunohistochemistry analyses revealed that HP was able to prevent the robust 

reactive astrogliosis induced by the icv administration of STZ (Fig. 6.3). Accordingly, 

previous reports documented the ability of preconditioning to attenuate the 

inflammatory response in the brain during ischemia (Rosenzweig et al., 2004; Lin et al., 

2009).   

 Multiple levels of analysis and experimental paradigms indicate that abnormal 

glucose metabolism and mitochondrial function are consistent antecedents to the 

development of AD pathology (Correia et al., 2012a; Gibson and Shi, 2010; Nicholson et 

al., 2010). As a matter of fact, a decline in brain glucose metabolism and mitochondrial 

function can appear decades prior to the onset of the histopathological and/or clinical 

features of AD (Mosconi et al., 2008, 2009, 2011; Reiman et al., 2004). In agreement, the 

icv administration of STZ induced an impairment of the mitochondrial respiration in both 

brain cortex and hippocampus (Tables 6.1 and 6.2), accompanied by a drastic alteration 

in the activity of mitochondrial electron transport chain (Fig. 6.4), TCA cycle (Table 6.3) 

and glycolytic enzymes (Table 6.4). Remarkably, HP was able to preserve brain 

mitochondrial function. In accordance, Dave and collaborators (2001) reported that 

ischemic preconditioning preserved mitochondrial function after cerebral ischemia by 

maintaining the integrity of mitochondrial oxidative phosphorylation. Subsequent 

studies also documented that ischemic preconditioning protected mitochondrial energy 

metabolism during brain ischemia (Perez-Pinzon et al., 2002; Zhang et al., 2003). But, 

how preconditioning protects mitochondria? One possible explanation could be the up-
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regulation of genes related with mitochondria function. For instance, anoxia-induced 

resistance is associated to the up-regulation of the genes for NADH–ubiquinone 

oxidoreductase subunit 5 and COX subunit 1, both encoded by mitochondrial genes (Cai 

and Storey, 1996). Besides the direct effects on mitochondrial function, preconditioning 

prevented cytochrome c release from the mitochondria by maintaining ATP levels 

(Nakatsuka et al., 1999) and inhibited the translocation of p53 to mitochondria, avoiding 

mitochondrial-mediated neuronal death (Racay et al., 2007).  

 Mitochondrial bioenergetics decline is often closely associated with increased 

free radical production and consequent oxidative stress and damage. Mounting 

evidence has demonstrated the involvement of oxidative stress during the course of AD 

(Moreira et al., 2009).  Exacerbated free radicals generation and oxidative stress occur 

before the formation of SP and NFTs, which are partially responsible for memory deficits 

and hence behavioral impairments in AD (Gibson and Huang, 2005; Guglielmotto et al., 

2010; Sultana and Butterfield, 2010; Zafrilla et al., 2006). Data derived from this study 

demonstrate that icvSTZ-treated rats exhibited increased levels of oxidative markers, 

including nitrites (Fig. 6.5A), H2O2 (Fig. 6.5B), and TBARS (Fig. 6.5C) levels. Moreover, icv 

administration of STZ promoted an imbalance in both non-enzymatic (Figs. 6.6 and 6.7) 

and enzymatic (Fig. 6.8) antioxidant defenses. Once again, we found that HP was 

efficient in preventing both oxidative imbalance and damage. It was previously shown 

that HP attenuated oxidative damage by upregulating the antioxidant defense system, 

and attenuating the apoptotic process (Lin et al., 2002; Wang et al., 2005). Omata and 

collaborators (2006) documented that HP-mediated upregulation of antioxidant 

enzymes was region-specific, with an elevation of copper-zinc-containing superoxide 

dismutase (Cu-Zn SOD) and Mn SOD being observed only in the frontal cortex. 
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 The precise mechanisms underlying HP-mediated endogenous neuroprotection 

remain unclear however, we believe that the induction of the transcription factor HIF-1α 

mediated by mitochondrial ROS during the HP could represent the master regulator 

event responsible for the establishment of an adaptive response that increases brain 

tolerance. Our study revealed that HP resulted in a significant increase in mitochondrial 

H2O2 levels (Fig. 6.9B) and HIF-1α activation (Fig. 6.10B), which were more relevant in 

the hippocampus (Figs. 6.9A and 6.10A). It is known that physiological concentrations of 

ROS act as signaling molecules and these species are also recognized as master 

integrators of preconditioning-mediated endogenous protection (Correia et al., 2010a). 

Consistent with our results, intermittent hypoxia was found to increase ROS levels in the 

brain (Jung et al., 2008). Moreover, the administration of the antioxidant NAC during the 

intermittent hypoxic sessions abrogated the protective effects induced by intermittent 

hypoxia, suggesting that ROS play a pivotal role in producing brain tolerance (Jung et al., 

2008).  

We also evaluated the activation of HIF-1α because this transcription factor is a 

cellular oxygen-sensing, and thereby the central regulator of the hypoxia-mediated 

adaptive response (Semenza, 2012). Furthermore, under hypoxic conditions, HIF-1α 

activation was modulated by mitochondrial-derived ROS (Bell et al., 2007), which 

reinforces the existence of a crosstalk between mitochondrial-derived ROS and HIF-1α in 

the preconditioning phenomenon. Data from our laboratory also demonstrated that 

mitochondrial preconditioning induced by cyanide renders brain endothelial and 

neuronal cells resistant against glucotoxicity, through an adaptive response mediated by 

mitochondrial-derived ROS and HIF-1α signaling pathway (Correia et al., 2012b). 

Conversely, the protective effects mediated by cyanide preconditioning were absent in 
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ρ0 cells and completely abrogated by pre-treating cells with the specific HIF-1α inhibitor 

2-ME2, and the antioxidant NAC (Correia et al., 2012b), fostering the crucial involvement 

of both mitochondrial-derived ROS and HIF-1α in preconditioning-triggered tolerance. 

Additionally, it was also shown that HIF-1α modulated mitochondrial function and 

oxygen consumption by increasing the expression of COX subunit 4 to optimize oxidative 

phosphorylation efficiency (Fukuda et al., 2007). During preconditioning, HIF-1α was also 

shown to increase the expression and activity of glucose transporters (GLUT1 and 

GLUT3) and glycolytic enzymes (Jones and Bergeron, 2001) that could represent a 

mechanism by which HP prevents icvSTZ-induced impaired brain glucose metabolism. 

 In conclusion, the present study shows that HP exerts powerful neuroprotective 

effects against icvSTZ-induced sAD-like features. Future studies must be done to explore 

the mechanisms underlying HP-mediated endogenous neuroprotection, which may have 

significant implications for the development of novel therapeutic strategies for AD.  
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7.1 ABSTRACT 
 Brief episodes of sublethal hypoxia reprogram brain response to face subsequent 

lethal stimuli by triggering adaptive and pro-survival mechanisms - a phenomenon 

denominated by HP. Given the importance of mitochondria in determining cells fate, the 

present study was devoted to monitor the structural and functional alterations of brain 

mitochondria in response to a well-established protocol of HP induced by the cyclic 

exposure to moderate hypoxia (2 hours of 10% O2) with intervening 24 hours 

reoxygenation periods, during 3 consecutive days. Therefore, several parameters related 

with mitochondrial bioenergetic function, biogenesis, and fusion and fission machinery 

were evaluated in the cortex and hippocampus of adult rats immediately, 6 and 24 hours 

after the last hypoxic session. HP induced a decrease in respiratory state 2 and an 

increase in ADP/O ratio in both brain cortical and hippocampal mitochondria. HP also 

promoted an increase in total ATP content and NAD+/NADH ratio in brain cortex and 

hippocampus. Immediately after the last hypoxic episode, a significant increase in the 

protein levels of nuclear respiratory factor-1 (NRF-1), and mitochondrial transcription 

factor A (TFAM) was observed. After 24 hours after the last hypoxic episode, a shift in 

the mitochondrial fusion-fission balance towards fusion occurred, as evidenced by the 

significant increase in OPA1 protein levels and a decrease in DRP1 protein levels in the 

cortex, and the significant reduction in the Fis1 protein levels in the hippocampus. 

Consistently, the electron microscopy analysis revealed that HP generated mitochondria 

with an elongated phenotype in both brain cortex and hippocampus. Taken together, 

these results indicate that HP enhances mitochondrial bioenergetic function, probably 

due to a coordinated interplay between mitochondrial biogenesis and fusion/fission 

events, increasing brain tolerance.  
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7.2 INTRODUCTION 

 HP is a biological paradigm that provides insight into the multivalent protective 

responses in the brain (Dirnagl et al., 2003; Gidday, 2006; Ran et al., 2005). Mounting 

evidence demonstrates that cyclic exposure to mild hypoxia with intervening periods of 

normoxia bolsters brain resistance against noxious stimuli (Bernaudin et al., 2002; Prass 

et al., 2003; Sharp et al., 2004).  The induction of brain tolerance is accompanied by 

substantial alterations in gene expression and activates several intracellular signaling 

pathways, which indicates that the preconditioning stimulus arouses a fundamental 

genomic reprogramming of brain cells that confers protection and survival against 

subsequent potentially lethal stimuli (Dirnagl et al., 2009; Gidday, 2006; Pignataro et al., 

2009). A key regulator of the genomic response mediated by HP is the transcription 

factor HIF-1α (Semenza, 2000). When activated, this transcription factor modulates the 

expression of several protective target genes involved in energy metabolism, 

angiogenesis, erythropoiesis and cell survival (Correia and Moreira, 2010). 

 Mitochondria are ubiquitious and highly dynamic organelles that orchestrate an 

extensive repertoire of vital cellular functions, and it is recognized that the strict 

regulation of mitochondrial structure, function and turnover is an immutable control 

node for the maintenance of brain integrity and homeostasis (Correia et al., 2011b). 

These fascinating organelles have been proposed to be master regulators of 

preconditioning-triggered brain tolerance (Busija et al., 2008). As a matter of fact, 

mitochondria have been implicated in the transduction of the hypoxic signal, 

mitochondria-derived ROS being the putative signaling molecules between a cellular O2-

sensor and HIF-1α (Acker, 2005). Evidence from the literature also revealed that 
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transient exposure of mitochondria to physiological or pathological stimuli, intracellular 

events, or pharmacological agents, induces mitochondrial changes that ultimately 

protect neuronal cells and their mitochondria against a variety of lethal insults (Duchen, 

2004; Perez-Pinzon et al., 2005). In light of this evidence, it has been proposed that 

mitochondria constitute a convergence point in the preconditioning paradigm (Correia 

et al., 2011b). 

 Previously, we reported the requirement of both functional mitochondria and 

mitochondrial-derived ROS in an in vitro preconditioning-mediated brain endothelial and 

neuronal cells protection (Correia et al., 2012b). Also, the preservation of mitochondrial 

function by HP was observed in a STZ-induced rat model of sAD. However, a deeper 

knowledge on the mitoprotective mechanisms underlying the preconditioning 

phenomenon is still needed. To further clarify the participation of brain mitochondria in 

the preconditioning process, this study was conducted to appraise the behavior of 

mitochondria after HP. Thus, both time- and region-dependent mitochondrial adaptive 

responses triggered by HP were analyzed in the adult rat brain. Our HP protocol involves 

repetitive moderate hypoxia and reoxygenation, i.e., 10% O2 for 2 hours intercalated 

with 24 hours of reoxygenation, during three consecutive days. The mitochondrial 

analyses were performed immediately, 6 and 24 hours after the last hypoxic episode. 

We evaluated the respiratory chain [respiratory states 3 and 4, RCR, and ADP/O ratio], 

oxidative phosphorylation system [ΔΨm, ADP-induced depolarization, repolarization 

level, and repolarization lag phase], tissue ATP levels and NAD+/NADH ratio, and the 

expression of mitochondrial biogenesis-related proteins [NRF-1 and -2, TFAM, and 

peroxisome proliferator-activated receptor coactivator-1α (PGC-1α)] and mitochondrial 
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shaping proteins (Mnf1 and 2, OPA1, DRP1, and Fis1) in both brain cortex and 

hippocampus. 

7.3 RESULTS 

7.3.1 CHARACTERIZATION OF THE EXPERIMENTAL ANIMALS  

 As shown in Table 7.1, HP, characterized by repetitive moderate hypoxia and 

reoxygenation, did not alter peripheral blood glucose levels, body or brain weight, in 

comparison with control rats. 

TABLE 7.1 – CHARACTERIZATION OF EXPERIMENTAL ANIMALS 

                             TIME AFTER HP (HOURS)  

CONTROL 0 6 24 
Blood glucose levels (mg/dL) 127.0 ± 8.08 118.4 ± 3.09 110.6 ± 4.16 116.2 ± 3.43 

Body weight (g) 303.5 ± 4.14 305.5 ± 8.22 301.3 ± 7.73 306.6 ± 7.06 

Brain weight (g) 2.13 ± 0.03 2.11 ± 0.04 2.09 ± 0.04 2.05 ± 0.04 

Data are the mean ± SEM of 5 animals from each condition studied.  

 

7.3.2 HYPOXIC PRECONDITIONING ENHANCES BRAIN CORTICAL AND HIPPOCAMPAL RESPIRATORY 

CHAIN FUNCTION 

  To investigate whether HP affects brain mitochondrial bioenergetics, we firstly 

evaluated the effect of repetitive moderate hypoxia and reoxygenation on mitochondrial 

respiratory chain function. As shown in Table 7.2, a time-dependent decrease in 

mitochondrial respiration state 2 was observed in both brain cortical and hippocampal 

mitochondria after HP, reaching statistical significance at 24 hours after the last hypoxic 

episode. At the same time point, a significant increase in ADP/O ratio in both brain 

cortical and hippocampal mitochondria (Table 7.2) was also observed. Additionally, at 6 

hours after the last hypoxic episode, hippocampal mitochondria also exhibited a 

significant increase in RCR and ADP/O ratio and a significant decrease in oligomycin-
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inhibited respiration (Table 7.2). All the other parameters remained statistically 

unchanged. 

TABLE 7.2 – EFFECT OF HP ON BRAIN CORTICAL AND HIPPOCAMPAL MITOCHONDRIA RESPIRATORY 

FUNCTION 

 

  TIME AFTER HP (HOURS) 

CONTROL 0 6 24 

CORTEX 

State 2 (nAtgO/min/mg) 35.91 ± 2.85 29.41 ± 2.25 27.55 ± 2.33 22.82 ± 2.23** 

RCR 3.12 ± 0.28 3.38 ± 0.15 3.45 ± 0.26 3.05 ± 0.19 

ADP/O 

(nmol ADP/AtgO/min/mg) 
2.21 ± 0.14 2.28 ± 0.04 2.02 ± 0.1 2.89 ± 0.13** 

Oligomycin-inhibited 
respiration 

(nAtgO/min/mg) 

32.27 ± 3.51 32.37 ± 2.54 30.79 ± 1.57 31.48 ± 1.37 

FCCP-stimulated respiration 

(nAtgO/min/mg) 
97.9 ± 10.25 109.4 ± 12.86 110.2 ± 4.50 89.2 ± 4.04 

HIPPOCAMPUS 

 

State 2 (nAtgO/min/mg) 26.36 ± 2.68 33.05 ± 1.86 25.81 ± 2.26 22.35 ± 2.02& 

RCR 2.46 ± 0.51 3.16 ± 0.19 3.82 ± 0.21& 2.68 ± 0.20 

ADP/O 

(nmol ADP/AtgO/min/mg) 
2.20 ± 0.25 3.27 ± 0.28 3.39 ± 0.26 4.46 ± 0.25&&& 

Oligomycin-inhibited 
respiration 

(nAtgO/min/mg) 

42.50 ± 6.98 33.37 ± 2.14 24.55 ± 3.64& 27.70 ± 2.31 

FCCP-stimulated respiration 

(nAtgO/min/mg) 
93.8 ± 5.40 106.0 ± 7.41 103.9 ± 15.00 86.9 ± 5.64 

 

Mitochondrial respiration parameters were evaluated in freshly isolated brain cortical and hippocampal 

mitochondrial fractions (0.8 mg) in 1 ml of the reaction medium energized with 5 mM succinate in the 

presence of 2 μM rotenone. Data are the means ± SEM of 5 animals from each condition studied. 

Statistical significance: **p<0.01 when compared with control cortical mitochondria; &p<0.05; &&& 

p<0.001 when compared with control hippocamplal mitochondria. 
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7.3.3 HYPOXIC PRECONDITIONING DOES NOT AFFECT BRAIN CORTICAL AND HIPPOCAMPAL 

OXIDATIVE PHOSPORYLATION SYSTEM EFFICIENCY 

  To gain further insights into the effect of repetitive moderate hypoxia and 

reoxygenation on brain mitochondrial bioenergetics, we next evaluated the parameters 

of the oxidative phosphorylation system of brain cortical and hippocampal 

mitochondria. As shown in Table 7.3, no statistical differences were found in oxidative 

phosphorylation system parameters of both brain cortical and hippocampal 

mitochondria energized with succinate (substrate for complex II) among the four 

experimental groups. Only a modest, but not statistically significant, increase in ΔΨm 

and a decrease in the repolarization lag phase were observed in both brain cortical and 

hippocampal mitochondria at 24 hours after the last hypoxic episode, when compared 

with the respective control mitochondria (Table 7.3). 
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TABLE 7.3 – EFFECT OF HP ON BRAIN CORTICAL AND HIPPOCAMPAL OXIDATIVE PHOSPORYLATION 

SYSTEM 

  TIME AFTER HP (HOURS) 

CONTROL 0 6 24 

CORTEX 

ΔΨm (−mV) 
207.3 ± 5.03 207.0 ± 2.87 215.7 ± 0.63 212.5 ± 3.02 

ADP-induced 
depolarization (-mV) 

26.5 ± 0.62 26.4 ± 1.26 25.7 ± 0.61 25.6 ± 0.52 

Repolarization level 
(−mV) 

209.5 ± 5.35 209.9 ± 3.05 218.5 ± 0.75 215.3 ± 2.89 

Repolarization lag 
phase (min) 

0.71 ± 0.08 0.65 ± 0.06 0.69 ± 0.02 0.65 ± 0.02 

HIPPOCAMPUS 

ΔΨm (−mV) 
199.5 ± 1.74 201.7 ± 2.93 207.2 ± 3.51 211.4 ± 6.88 

ADP-induced 
depolarization (-mV) 

18.2 ± 2.09 17.6 ± 0.68 16.9 ± 1.02 18.7 ± 2.76 

Repolarization level 
(−mV) 

210.0 ± 6.66 204.8 ± 3.14 210.3 ± 3.52 214.0 ± 6.71 

Repolarization lag 
phase (min) 

1.06 ± 0.16 1.09 ± 0.08 1.16 ± 0.13 0.97 ± 0.18 

The oxidative phosphorylation system parameters were evaluated in freshly isolated brain cortical and 

hippocampal mitochondria (0.8 mg) in 1 ml of the reaction medium supplemented with 3 μM TPP+ and 

energized with 5 mM succinate in the presence of 2 μM rotenone. Data are the means ± SEM of 5 animals 

from each condition studied.  

 

7.3.4 HYPOXIC PRECONDITIONING INCREASES BRAIN CORTICAL AND HIPPOCAMPAL ATP LEVELS 

AND NAD+/NADH 

 Since brain cells generate most of the energy in the form of ATP through the 

oxidative phosphorylation system by the oxidation of NADH (and FADH2-linked 

substrates), we next determined the impact of HP on total brain cortical and 

hippocampal ATP content and NAD+/NADH ratio, two key indicators of the cellular 

energetic status and redox state. As shown in Figure 7.1, a significant increase in total 

ATP at all tested time points in the brain cortex and immediately and 6 hours after the 

last hypoxic episode in the hippocampus was observed (Fig. 7.1). An increase in the 
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NAD+/NADH ratio was observed at all time points, although only statistically significant 

immediately (in brain cortex) and 24 hours (both in brain cortex and hippocampus) after 

the last hypoxic episode (Fig. 7.2). 

 

 

Figure 7.1. Effect of HP on (A) brain cortical and (B) hippocampal ATP levels. Data are the means ± SEM 

of 5 animals from each condition studied. Statistical significance: *p<0.05 when compared with the brain 

cortex from control rats; &p<0.05 when compared with the hippocampus from control rats. 

 

 

 

 

Figure 7.2. Effect of HP on total (A) brain cortical and (B) hippocampal NAD+/NADH ratio. Data are the 

means ± SEM of 5 animals from each condition studied. Statistical significance: *p<0.05 when compared 

with the cortex from control rats; &p<0.05 when compared with the hippocampus from control rats. 
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7.3.5 HYPOXIC PRECONDITIONING POTENTIATES MITOCHONDRIAL ELONGATION BY MODULATION 

OF FUSION-FISSION MACHINERY 

 The functional state of mitochondria is accompanied by alterations in 

mitochondrial morphology. To test if changes in mitochondrial morphology participate 

in the adaptive response mediated by HP, we analyzed by immunoblotting the levels of 

the mitochondrial shaping proteins, Fis1 and DRP1, which regulate mitochondrial fission, 

and Mnf1 and 2 and OPA1 that control the mitochondrial fusion process. Interestingly, a 

selective and time-dependent increase in OPA1 protein levels was observed in the brain 

cortex after HP, reaching statistical significance at 24 hours after the last hypoxic 

episode (Fig. 7.3A). Also, a drastic reduction in brain cortical DRP-1 protein levels was 

observed at all the time points tested (Fig. 7.3B). No significant alterations occurred in 

the brain cortical levels of Fis1 protein (Fig. 7.3C). Conversely, only a significant 

reduction in Fis1 protein levels at 6 and 24 hours after the last hypoxic episode was 

observed in the hippocampus (Fig. 7.5C).  Hippocampal OPA1 and DRP-1 proteins levels 

remained statistically unchanged (Figs. 7.5A and 7.5B). The levels of Mnf1 and 2 proteins 

were also analysed in brain cortex and hippocampus but no significant changes were 

observed (data not shown). 

 Furthermore, this data was corroborated by electron microscopy analysis, which 

revealed that HP promoted mitochondrial elongation in both brain cortex (Fig. 7.4) and 

hippocampus (Fig. 7.6). 

 These data suggest that during HP, both brain cortical and hippocampal 

mitochondria acquire an enlarged phenotype however, through distinct mechanisms. 
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Figure 7.3. Effect of HP on (A) OPA1, (B) DRP1, and (C) Fis1 protein levels in the brain cortex. Data in the 

graph are expressed as mean ± SEM of 3-5 independent experiments. *p<0.05; **p<0.01 when compared 

with the cortex from the control rats. 
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Figure 7.4. Effect of HP on ultrastructural morphology of mitochondria in the brain cortex. Representaive 

electron microscopy images of brain cortical tissue derived from (A) non-preconditioned and 

preconditioned animals at (B) 0, (C) 6 and (D) 24 hours after the last hypoxic session. Magnification: 

8,000x. *- mitochondria. 
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Figure 7.5. Effect of HP on (A) OPA1, (B) DRP1, and (C) Fis1 protein levels in the hippocampus. Data in 

the graph are expressed as mean ± SEM of 3-5 independent experiments. *p<0.05 when compared with 

the hippocampus from the control rats. 
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Figure 7.6. Effect of HP on ultrastructural morphology of mitochondria in the hippocampus. 

Representaive electron microscopy images of brain hippocampal tissue derived from (A) non-

preconditioned and preconditioned animals at (B) 0, (C) 6 and (D) 24 hours after the last hypoxic session. 

Magnification: 8,000x. * - mitochondria. 

 

 

 

7.3.6 HYPOXIC PRECONDITIONING STIMULATES MITOCHONDRIAL BIOGENESIS  

 The mitochondrial quantity and quality control is known to be accomplished, in 

part, by mitochondrial biogenesis. Thus, this last set of experiments was aimed to unveil 

the contribution of this process in the mitochondrial adaptive response to HP 

characterized by repetitive moderate hypoxia and reoxygenation. To this end, we 

evaluated the protein levels of PGC-1α, NRF-1, NRF-2 and TFAM in the brain cortex and 

hippocampus. As shown in Figures 7.7A and 7.8B, a significant increase in NRF-1 protein 
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levels was detected immediately after the last hypoxic episode in the two brain regions. 

An increase in brain cortical TFAM protein levels at 6 hours (Fig. 7.7C) and immediately 

and at 6 hours after the last hypoxic episode in the hippocampus (Fig. 7.8C) was 

observed. Surprisingly, no statistically significant changes were observed in both brain 

cortical and hippocamal NRF-2 protein levels (Figs. 7.7B and 7.8B) and PGC-1α protein 

levels (data not shown). 

 

Figure 7.7 Effect of HP on (A) NRF-1, (B) NRF-2, and (C) TFAM protein levels in the brain cortex. Data in 

the graph are expressed as mean ± SEM of 3-5 independent experiments. *p<0.05 when compared with 

the brain cortex from the control rats. 
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Figure 7.8 Effect of HP on (A) NRF-1, (B) NRF-2, and (C) TFAM protein levels in the hippocampus. Data in 

the graph are expressed as mean ± SEM of 3-5 independent experiments. *p<0.05. **p<0.01 when 

compared with the hippocampus from the control rats. 

 

 

 



Chapter 7 

 
182 

7.4 DISCUSSION 
 Although the precise cellular mechanisms behind HP-triggered brain tolerance 

remain largely enigmatic, several lines of research have suggested that mitochondria 

actively participate in this phenomenon (Correia et al., 2011b). This study extended the 

current knowledge on the involvement of mitochondria in HP, demonstrating for the 

first time that HP preconditioning characterized by repetitive moderate hypoxia and 

reoxygenation: 1) improves brain cortical and hippocampal mitochondrial bioenergetic 

function, 2) increases tissue ATP content and NAD+/NADH ratio, 3) stimulates 

mitochondrial biogenesis by upregulating the levels of NRF-1 and TFAM proteins, and 4) 

modulates mitochondrial fusion/fission balance, favoring mitochondrial fusion and thus, 

generating mitochondria with an elongated phenotype in the brain cortex and 

hippocampus, although presenting a region-specific pattern. 

 Neurons critically rely on mitochondrial function and oxygen supply, since most 

of neuronal ATP is produced by the oxidative phosphorylation system (Rugarli and 

Langer, 2012). Although the mitochondrial phosphorylation system parameters did not 

change (Table 7.3), a significant increase in ADP/O ratio after HP in both brain cortical 

and hippocampal mitochondria occurred, indicating an increase in oxidative 

phosphorylation efficiency (Table 7.2). HP also induced a time-dependent decrease in 

respiratory state 2 in brain cortical and hippocampal mitochondria (Table 7.2). 

Furthermore, hippocampal mitochondria from HP animals displayed a reduced basal 

proton leak as reflected by the significant decrease in the mitochondrial respiration rate 

after oligomycin addition (Table 7.2).  Interestingly, our results demonstrated that total 

brain cortical and hippocampal ATP levels (Fig. 7.1) and NAD+/NADH ratio (Fig. 7.2) 

augmented after the last hypoxic episode. Consistent with our findings, it was reported 
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that resveratrol preconditioning, which is known to mimic ischemic preconditioning, also 

promoted an increase of 23% in ATP synthesis and ADP/O ratio in hippocampal 

mitochondria (Della-Morte et al., 2009). Moreover, preconditioned rat hippocampal 

slices displayed increased NAD+/NADH ratio (Centeno et al., 1999). Taken together, 

these data suggest that HP enhances brain cortical and hippocampal respiratory chain 

function as indicated by the increased mitochondrial coupling and decreased proton leak 

(Table 7.2) and improvement of the brain energetic status (Fig. 7.1) and redox state (Fig. 

7.2), which may underlie brain cells tolerance.  

 Mitochondrial function depends on mitochondrial mass, morphology, 

ultrastructure, and coupling efficiency (Hackenbrock et al., 1971; Arnoult et al., 2005; 

Chen et al., 2005; Gomes et al., 2011). As aforementioned, mitochondria are highly 

dynamic organelles that undergo continuous cycles of fusion and fission. A shift towards 

fusion favors the generation of interconnected mitochondria, whereas a shift towards 

fission produces numerous mitochondrial fragments (Westermann, 2010). 

Mitochondrial bioenergetics is affected by the degree of mitochondrial connectivity, 

with a highly connected mitochondrial network being correlated with increased ATP 

production efficiency (Otera and Mihara, 2012). Indeed, it was theorized that 

mitochondrial fusion would generate networks of elongated mitochondria with 

continuous membranes and matrix lumen, allowing a free diffusion of molecules such as 

ADP, NADH, FADH2, and thus resulting in optimal oxidative phosphorylation efficiency 

(Skulachev, 2001). Remarkably, our data demonstrated that repetitive moderate hypoxia 

and reoxygenation promotes a significant increase on OPA1 protein levels (Fig. 7.3A) and 

a decrease in DRP1 protein levels (Fig. 7.3B) in the brain cortex, and a significant 

reduction in Fis1 protein levels (Fig. 7.5C) in the hippocampus, which indicates that the 
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balance of mitochondrial fusion-fission is redirected towards fusion. Consistently, 

electron microscopy analysis revealed that HP provoked an elongated mitochondrial 

phenotype in both brain cortex (Fig. 7.4) and hippocampus (Fig. 7.6). Previous studies 

demonstrated that elongated mitochondria displayed higher levels of ATPase dimers, 

associated with increased efficiency in ATP production (Strauss et al., 2008). 

Morphologically, this is mirrored by an increase in the number of mitochondrial cristae, 

privileged compartments for ATP synthesis (Strauss et al., 2008). In accordance, it was 

recently demonstrated that under starvation, mitochondrial fission is repressed through 

DRP1 downregulation, resulting in the elongation of the mitochondria characterized by a 

higher density of cristae and efficiency of ATP production (Gomes et al., 2011). Further, 

elongated mitochondria are spared from autophagic degradation sustaining cell viability 

(Gomes et al., 2011; Rambold et al., 2011). When elongation was genetically or 

pharmacologically blocked, mitochondria consumed ATP, precipitating starvation-

induced cell death (Gomes et al., 2011). Tondera and collaborators (2009) also reported 

that mitochondria hyperfuse and form a highly interconnected network in cells exposed 

to modest levels of stress (UV irradiation and actinomycin D), a process designated by 

stress-induced mitochondrial hyperfusion (SIMH). SIMH is dependent on OPA1 levels, 

which is known to be responsible for inner mitochondrial membrane fusion and cristae 

organization (Sesaki et al, 2003; Wong et al, 2003; Cipolat et al, 2006; Frezza et al, 2006), 

and is accompanied by an increased mitochondrial ATP production, representing an 

adaptive pro-survival response to counteract stress (Tondera et al., 2009). Furthermore, 

mitochondria of hypoxic cells undergo a HIF-1α-dependent and Mnf1-mediated change 

in morphology, acquiring an enlarged phenotype, which make cells resistant to different 

apoptotic stimuli (Chiche et al., 2010). These enlarged mitochondria are functional and 
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conserve the ΔΨm and ATP production capacity (Chiche et al., 2010). In line with these 

findings, we speculate that the enhanced mitochondrial fusion and energy levels 

observed in our experimental conditions favor cell survival and, thereby represent a 

critical adaptive step underlying HP-mediated brain tolerance. However, further studies 

are required to determine whether mitochondrial fusion is critical to HP-mediated brain 

tolerance through the manipulation of fusion and/or fission proteins. This will elucidate 

the contribution of mitochondrial fusion/fission in the mitochondrial and cellular 

adaptive responses during HP. Another interesting aspect that deserves further 

clarification is the region-specific behavior of mitochondrial adaptive mechanisms.  

 Since mitochondrial function is also reliant on mitochondrial mass, a 

complementary explanation for the effects of HP on brain mitochondrial bioenergetics 

phenotype may be related with alterations in mitochondrial biogenesis. Indeed, 

induction of mitochondrial biogenesis could represent an attempt of cells to increase 

their aerobic set point or to maintain a pre-existing aerobic set point in face of a 

declining mitochondrial function (Onyango et al., 2010). Our findings revealed that NRF-

1 protein levels were increased immediately after the last hypoxic episode in both brain 

cortex and hippocampus (Figs. 7.7A and 7.8A). TFAM protein levels augmented 

immediately and at 6 hours after the last hypoxic episode in the hippocampus, and at 6 

hours after the last hypoxic episode in the brain cortex (Fig. 7.8C). In accordance, it was 

previously shown that HP stimulated mitochondrial biogenesis (Gutsaeva et al., 2008). 

Acute transient cerebral hypoxia stimulated mitochondrial biogenesis in the subcortex 

by activating the nuclear-encoded regulatory program for mitochondrial biogenesis, 

including the NRF-1 transcription factor, the PGC-1α coactivator, and the mitochondrial 

transcription factor TFAM. Consequently, this program led to a subsequent increase in 
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mtDNA transcription and content, followed by structural evidence of neuronal 

mitochondrial biogenesis (increased neuronal mitochondria number and/or volume 

density), especially in the hippocampus, a region that is particularly vulnerable to 

hypoxic injury (Gutsaeva et al., 2008). Overall, these cellular responses seem to 

participate in a regional adaptive program to optimize oxygen utilization, energy 

production, and/or mitochondrial phenotype during cerebral oxygen limitation 

(Gutsaeva et al., 2008). Yin and collaborators (2008) also documented a rapid boost in 

neuronal mitochondrial biogenesis after neonatal hypoxic-ischemic brain injury, and it 

was suggested that this phenomenon may constitute a novel component of the 

endogenous repair mechanisms of the brain. Indeed, it was detected that brain mtDNA 

content was markedly increased at 6 hours after hypoxic/ischemic stimuli, and 

continued to increase up to 24 hours (Yin et al., 2008). Paralleling the temporal change 

in mtDNA content, an increase in total mitochondria number and expression of the 

mitochondrial heat shock protein 60 (HSP60), COX, and transcription factors NRF-1 and 

TFAM was observed (Yin et al., 2008). Consistently, the role of mitochondrial biogenesis 

in the mitochondrial adaptive response to moderate hypoxia is further strength by 

evidence demonstrating an elevation in the expression and protein levels of nuclear 

NRF-1 and TFAM, as well as an increase in mtDNA content in the neonatal rat brain (Lee 

et al., 2008). Overall, these data suggest that the stimulation of mitochondrial biogenesis 

by repetitive moderate hypoxia and reoxygenation could represent a compensatory 

mechanism designed to meet the specific energetic demands and, thus to increase the 

ability of brain cells to survive under stressful conditions.   

 We have previously found that HP induced an increase in H2O2 rate production in 

both brain cortical and hippocampal mitochondria (Chapter 6). A series of studies 
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reported that mitochondria appear to respond to ROS production by undergoing 

morphological and/or functional adaptations. Mitochondrial ROS production resulting 

from complex I inhibition promoted mitochondrial elongation, leading to the formation 

of a more complex mitochondrial reticulum (Koopman et al., 2005). The antioxidant 

MitoQ prevented this ROS-mediated mitochondrial outgrowth, which reinforces the idea 

that mitochondrial morphological alterations represent an adaptive response to ROS 

generation. It was also reported that ROS-mediated mitochondrial morphological 

adaptations improved cell ATP production (Aon and Cortassa, 2004; Koopman et al., 

2005; Skulachev, 2001). Mitochondrial ROS can also stimulate mitochondrial biogenesis 

(Butow and Avadhani, 2004).  Indeed, mitochondrial-derived ROS trigger a retrograde 

response that is conveyed to the nucleus, causing the upregulation of nuclear genes 

encoding mitochondrial proteins and leading to the induction of mitochondrial 

biogenesis (Butow and Avadhani, 2004). Studies performed in in vitro models of 

oxidative stress, demonstrated that mitochondrial biogenesis, characterized by a 

marked increase in mitochondrial mass and mtDNA content, was an early response to 

H2O2 exposure (Lee et al., 2000). Compelling evidence provided insight into the 

mechanisms underlying the crosstalk between mitochondria-derived ROS and 

mitochondrial biogenesis. It was shown that ROS regulated TFAM expression through 

phosphorylation of NRF-1 via Akt activation, which promoted the nuclear translocation 

of NRF-1 and binding to the TFAM promoter (Piantadosi and Sulima, 2006). 

Mitochondrial ROS-dependent induction of NRF-1 mRNA expression occurred via NRF-2 

occupancy of NRF-1 promoter sites to increase NRF-1 expression and activity (Piantadosi 

et al., 2008). PGC-1α also appeared to be sensitive to the redox status of the cells, since 

it was demonstrated that exogenous H2O2 upregulated PGC-1α mRNA expression via the 
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transcriptional activation of the PGC-1α promoter, this effect being inhibited by the 

antioxidant NAC (Irrcher et al., 2009). Moreover, the effect of ROS on PGC-1α promoter 

activity occurred via AMPK activation (Irrcher et al., 2009). Mitochondrial ROS were also 

implicated in the induction of the transcription factor HIF-1α, which in turn has been 

coupled to PGC-1α in HP-mediated neuronal and vascular protection (Zhao et al., 2012). 

 In summary, we demonstrated herein that the dynamic interplay between 

mitochondrial biogenesis and mitochondrial fusion-fission in response to repetitive 

moderate hypoxia contributes to create a “stronger” mitochondrial population with an 

enhanced bioenergetic function, which can improve the chances of the cell to survive 

upon a lethal stimulus and thus, represent a major adaptive mechanism triggered by HP. 

Further studies aimed to understand the mitochondrial adaptive behavior in face to 

hypoxia-reoxygenation will help clarify the complexity of HP-mediated brain tolerance 

and may disclose targets for the design of novel therapeutic strategies to fight age-

related neurodegenerative diseases. 
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8.1 GENERAL CONCLUSION 
 The work presented in this thesis uncovers the role of mitochondria in 

preconditioning-triggered brain tolerance. Three major conclusions can be drawn: 1) 

mitochondria act as signaling organelles during preconditioning, mitochondrial-derived 

ROS representing key messengers in this process; 2) reshaping of mitochondria and 

stimulation of mitochondrial biogenesis are critical steps involved in the adaptive 

response mediated by the preconditioning phenomenon; and 3) mitochondria are also 

specific targets of the protective machinery underlying preconditioning, since 

preconditioned mitochondria preserve their functionality when exposed to a 

deleterious, potentially lethal insult. Taken together, the results of this thesis serve to 

clarify the brain mitochondrial adaptive response to a preconditioning paradigm.  

 By modulating mitochondrial ROS production, we developed an in vitro model of 

preconditioning that was able to protect brain endothelial and neuronal cells against 

high-glucose induced cell damage and death, which relies in a crosstalk between 

mitochondrial ROS and HIF-1α signaling pathway (Chapter 4). Foremost, mitochondrial 

adaption to cyanide-induced redox changes was characterized by mild ROS generation, 

increased basal oxygen consumption, mitochondrial network reorganization and HIF-1α 

induction. We hypothesize that these alterations might constitute a “metabolic strategy” 

to restrict cell damage and death against a subsequent lethal insult. However, it is 

important to emphasize that moderate mitochondrial ROS production during the initial 

phase of cyanide preconditioning seems to be the trigger of cells resistance, since the 

protective effects mediated by cyanide were abrogated in ρ0 cells or when cells were 

treated with the antioxidant NAC.  
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 To further strength the link between defective brain insulin signaling and 

mitochondrial dysfunction in AD, we used a rat model of sAD induced by the icv 

administration of STZ. Data described in Chapter 5 demonstrate that abnormal 

mitochondrial function occurs in both brain cortex and hippocampus of this rat model of 

sAD. Mitochondria from icvSTZ-treated rats displayed deficits in the respiratory chain 

and phosphorylation system. An increased susceptibility to Ca2+-induced mPTP opening 

and oxidative stress was also found in this animal model. These findings demonstrate 

that icvSTZ rats recapitulate the brain mitochondrial dysfunction described in sAD, 

reinforcing the idea that the icvSTZ rats is a reliable model to explore the early changes 

occurring in sAD.   

 Using a well-established model of HP, we evaluated its potential protective 

effects in the icvSTZ rat model (Chapter 6). Our analyses revealed that preconditioning 

prevented cognitive decline and brain hypometabolism in this animal model of sAD. 

Particularly, we found that HP was able to preserve both brain cortical and hippocampal 

mitochondrial function in the icvSTZ-induced rat model of sAD. Mechanistically, we 

observed a modest increase in H2O2 production rate in both mitochondrial populations 

and HIF-1α induction immediately after the last hypoxic episode, which reinforce our 

hypothesis that a crosstalk between mitochondrial-derived ROS and HIF-1α signaling 

pathway is the hub of the pro-survival response triggered by HP.  

 Incited by these exciting findings, a major question invaded our minds: What 

happens to brain mitochondria during HP? Our findings show that preconditioning could 

activate an adaptive reprogramming of mitochondrial biology in response to hypoxia-

reoxygenation. In fact, data from the Chapter 7 confirmed this idea, by demonstrating 

that hypoxia-reoxygenation per se improves mitochondrial bioenergetic function, 
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stimulates mitochondrial biogenesis and alters mitochondrial dynamics, favoring 

mitochondrial fusion and, thereby generating elongated mitochondria in both brain 

cortex and hippocampus. All these alterations could illustrate a mitochondrial adaptive 

response to hypoxia-reoxygenation characterized by a “stronger” mitochondrial 

population that will allow brain cells to survive upon receiving a lethal stimulus. 

 An important point that needs to be clarified is the differences at the 

mitochondrial dynamics observed in our in vitro (Chapter 4) and in vivo (Chapter 7) 

studies.  In vitro, cyanide preconditioning changed mitochondrial shape of rat brain 

endothelial cells from a mainly tubular, highly interconnected network toward multiple, 

isolated singular structures while, in vivo, HP increased mitochondrial fusion and 

generated elongated mitochondria in the adult rat brain cortex and hippocampus. Why 

this happens? Probably due to the fact that the preconditioning protocols used are 

different; cyanide exposure represents an immediate preconditioning while HP 

represents a delayed preconditioning. Thus, depending on the sub-lethal stimulus, 

duration of the exposure and time of recovery, mitochondria may behave differently. 

Regarding the importance of mitochondrial dynamics on the preconditioning 

phenomenon, more studies aimed to manipulate mitochondrial-shaping proteins are 

required to unveil the real contribution of fusion and fission processes in the 

preconditioning-mediated brain tolerance. 

 Despite the present evidences that strongly prove that mitochondrial biology is 

an integrant and critical component of the adaptive and pro-survival responses elicited 

by the preconditioning paradigm, further studies are required to achieve more 

mechanistic insights concerning the link between mitochondria and cell survival. Taking 

into account that mitochondrial quality and quantity are also regulated by the selective 
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degradation by autophagy, a process denominated mitophagy, it will be of great interest 

to decipher how mitochondrial turnover behaves during preconditioning. Evidence from 

the literature provides clues that mitophagy could be implicated in the preconditioning 

phenomenon. As a matter of fact, mitochondria-derived ROS, at low or moderate levels, 

may act as signaling molecules and trigger mitophagy by redox regulation of Atg4, an 

essential cysteine protease in the autophagic pathway (Scherz-Shouval et al., 2007). It 

was also reported that HIF-1α, the master regulator of the adaptive response to hypoxia 

and whose activity is modulated by mitochondrial ROS, enhanced autophagy (Brugarolas 

et al., 2004; Hardie, 2005; Zhang et al., 2008). In this way, mitophagy could represent an 

adaptive metabolic response required to eliminate damaged and/or dysfunctional 

mitochondria preventing a mitoenergetic crisis and bypassing cell death. However, it is 

plausible to ask ourselves if HP-induced elongated mitochondria are also spared from 

autophagic degradation. As discussed in the Chapter 7, under starvation conditions 

mitochondria escape from autophagic degradation through extensive fusion into 

mitochondrial networks, allowing the cells to sustain efficient ATP production and, 

thereby, to survive (Gomes et al., 2011; Rambold et al., 2011). Hence, more studies are 

needed to clarify this issue. 

 In sum, this work proves the crucial role of mitochondria in the preconditioning 

phenomenon. On the one hand, mitochondria, by acting as signaling organelles, actively 

participate in the initiation of the adaptive and pro-survival responses underlying brain 

tolerance. On the other hand, mitochondria are also targeted by preconditioning-related 

adaptive events. However, a deeper knowledge on the mitochondrial mechanisms 

underlying the preconditioning phenomenon is required. Future research advances on 

the role of mitochondrial biology in preconditioning will help to develop novel 
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therapeutic approaches with the primary goal of modulating mitochondria to enhance 

brain tolerance against neurodegenerative events.  
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