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Resumo 


Nas últimas duas décadas as vias de sinalização pela insulina no cérebro tornaram-se 


um novo tema de investigação. A disfunção da sinalização pela insulina tem sido 


associada a inúmeras doenças neurodegenerativas e a défices de aprendizagem e 


memória. O objectivo principal dos nossos estudos foi analisar o papel neuroprotector 


da insulina na neurotransmissão e na função e sobrevivência neuronal em condições de 


stresse oxidativo e de diabetes. Como modelos neuronais in vitro utilizámos fracções 


sinaptossomais de cérebro de rato adulto, obtidas de ratos Wistar não diabéticos e de 


ratos Goto-Kakizaki (GK), diabéticos tipo 2 (Capítulos 3 e 4), bem como neurónios 


corticais em cultura, obtidos de embriões de ratos Wistar (Capítulos 5, 6 e 7). 


Tanto em sinaptossomas como em neurónios corticais, o stresse oxidativo, induzido 


pelo par oxidante ascorbato/sulfato de ferro(II), causou um aumento da oxidação 


lipídica e proteica (Capítulos 3, 4 e 5). Em condições oxidantes, a insulina preveniu o 


decréscimo da tomada de ácido γ-aminobutírico (GABA) e glutamato e estimulou os 


níveis extra-sinaptossomais de ambos os aminoácidos em sinaptossomas de ratos não 


diabéticos (Capítulo 3). Estes resultados sugerem que a insulina modula o transporte de 


neurotransmissores, quer directamente, como parece ocorrer em condições controlo, 


quer através do decréscimo dos níveis de ATP e consequente reversão dos 


transportadores de aminoácidos, como parece ocorrer em condições de stresse 


oxidativo.  


Na diabetes tipo 2, a insulina não preveniu o aumento das substâncias reactivas ao 


ácido tiobarbitúrico (TBARS) induzido por ascorbato/Fe2+ (Capítulo 4), sugerindo que 


outros mecanismos, independentes de um efeito directo na peroxidação lipídica 


membranar, poderão mediar os efeitos induzidos pela insulina. Curiosamente, a 


diminuição do potencial de membrana e da razão ATP/ADP induzidos pela diabetes não 


foram acompanhados por alterações no transporte de GABA ou glutamato. Para além 


disso, a insulina aumentou a tomada de GABA e glutamato em sinaptossomas de ratos 


GK. Em condições de oxidação, observou-se um decréscimo da tomada de ambos os 


neurotransmissores e um aumento dos níveis extra-sinaptossomais de glutamato e da 


razão ATP/ADP em ratos GK. O tratamento com insulina preveniu a diminuição da 


tomada de GABA induzida pelo ascorbato/Fe2+ através do decréscimo do GABA extra-


sinaptossomal. Estes resultados sugerem que a insulina modula o transporte
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sinaptossomal de GABA e/ou glutamato podendo, desta forma, desempenhar um papel 


neuroprotector em condições de oxidação e/ou diabetes. 


Em culturas de neurónios corticais, a insulina preveniu a morte celular por apoptose 


e necrose induzida por stresse oxidativo (Capítulo 5). A insulina também inibiu a 


oxidação lipídica e proteica induzida por ascorbato/Fe2+, nomeadamente a formação de 


aductos de 4-hidroxinonenal no transportador de glucose GLUT3, sugerindo que este 


peptídeo poderá interferir com o metabolismo da glucose. Adicionalmente, o tratamento 


com insulina preveniu largamente a diminuição dos níveis intracelulares de ácido úrico 


e glutatião reduzido (GSH)/glutatião oxidado (GSSG) associada ao stresse oxidativo, 


num processo mediado pela cinase do inositol-3-fosfato (PI-3K) ou pela cinase regulada 


extracelularmente (ERK). A hormona também estimulou a actividade da redutase do 


glutatião (GRed) e inibiu a actividade da peroxidase do glutatião (GPx) em condições 


de stresse oxidativo, reforçando a hipótese de que a neuroprotecção pela insulina poderá 


estar relacionada com a modulação do ciclo redox do glutatião.  


A insulina também estimulou a tomada e metabolismo da glucose neuronal  em 


piruvato, contribuindo para a reposição dos níveis intracelulares de ATP e fosfocreatina 


(P~Cr) após stresse oxidativo (Capítulo 6). A hormona aumentou ainda os níveis 


intracelulares e diminuiu os níveis extracelulares de adenosina (ADO), 


contrabalançando assim o efeito do ascorbato/Fe2+, num processo aparentemente 


mediado pelas vias de sinalização da PI-3K e ERK. Em condições de stresse oxidativo, 


a ADO extracelular resultou preferencialmente da libertação e catabolismo do ATP, 


sendo amplamente inibida após o bloqueio da enzima ecto-5’-nucleotidase. A insulina 


também regulou os níveis extracelulares de ADO após stresse oxidativo através da 


interferência com a libertação de ATP. Isto sugere que a neuroprotecção pela insulina 


contra o stresse oxidativo envolve: 1) estimulação da tomada e metabolismo da glucose, 


aumentando os níveis energéticos e a ADO intracelular, culminando na formação de 


ácido úrico, e 2) decréscimo dos níveis extracelulares de ADO, podendo desta forma 


prevenir a activação de receptores facilitatórios para a ADO. 


Finalmente, estudaram-se as vias de sinalização mediadas pelos receptores para a 


insulina e o factor de crescimento insulínico-1 (IR e IGF-1R, respectivamente) em 


neurónios corticais. A exposição à insulina preveniu a diminuição da fosforilação de 


tirosina (Tyr) de ambos os receptores causada pelo stresse oxidativo (Capítulo 7). A 


insulina também promoveu a activação da Akt e diminuiu a forma activa da GSK-3β 


após oxidação neuronal. A inibição da GSK-3β pela PI-3K/Akt tem sido associada à 
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estimulação da síntese proteica e à inibição da apoptose. Desta forma, a insulina 


preveniu o aumento da expressão da GPx-1 e o decréscimo da expressão da hexocinase-


II (Hxk-II) provocado pelo stresse oxidativo, suportando as nossas evidências do 


aumento da actividade antioxidante do ciclo redox do glutatião e da estimulação da 


glicólise (Capítulos 5 e 6). A insulina também preveniu o decréscimo da expressão da 


Bcl-2 e o aumento da expressão da cysteine-aspartic acid protease-3 (caspase-3), 


abolindo a actividade da caspase-3 induzida pelo stresse oxidativo e protegendo contra a 


fragmentação do DNA. Nesta perspectiva, a activação do IR e IGF-1R mediada pela 


insulina estimula a via de sinalização da PI-3K/Akt e inibe a da GSK-3β, regulando a 


expressão de proteínas envolvidas nas defesas antioxidantes neuronais, no metabolismo 


da glucose e na prevenção da apoptose. Assim, a insulina poderá exercer um papel 


protector contra os efeitos deletérios do stresse oxidativo nos neurónios. 


Em conclusão, a insulina modula o transporte sinaptossomal de GABA e/ou 


glutamato, podendo ter um papel neuromodulador em condições oxidantes e/ou de 


diabetes. Os efeitos protectores da insulina poderão ser mediados pela activação do IR e 


IGF-1R neuronal, estimulando a via de sinalização da PI-3K/Akt e inibindo a da GSK-


3β. Assim, a alteração da expressão de proteínas envolvidas nas defesas antioxidantes 


neuronais (e.g. GPx), metabolismo da glucose (e.g. Hxk-II) e prevenção da apoptose 


(e.g. caspase-3, Bcl-2) poderá explicar a neuroprotecção induzida pela insulina contra o 


stresse oxidativo. 







 


   


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 







Summary 


 xxi   


Summary 


In the last two decades insulin signalling in the brain has emerged as a novel field of 


research. Dysfunction in insulin signalling has been linked to numerous 


neurodegenerative diseases and impairment in learning and memory. The main goal of 


our studies was to analyse the neuroprotective effect of insulin on neurotransmission 


and neuronal function and survival associated with oxidative stress and diabetes. As in 


vitro neuronal models we used adult rat brain synaptosomal fractions, obtained from 


non-diabetic Wistar and type 2 diabetic Goto-Kakizaki (GK) rats (Chapters 3 and 4), 


and cultured cortical neurons obtained from Wistar rat embryos (Chapters 5, 6 and 7). 


Oxidative stress, induced by the oxidant pair ascorbate/ferrous sulphate, in both 


synaptosomes and cortical neurons, yielded lipid and protein oxidation (Chapters 3, 4 


and 5). Under oxidizing conditions, treatment with insulin prevented the decrease in 


both γ-aminobutyric acid (GABA) and glutamate uptake and increased their 


extrasynaptosomal levels in non-diabetic rat synaptosomes (Chapter 3). This suggested 


that insulin modulates neurotransmitter transport, either directly, as occurs under control 


conditions, or via a decrease in ATP levels and the subsequent reversal of the amino 


acid transporters, as seems to occur under oxidative stress conditions.  


Under type 2 diabetes, insulin was not able to prevent ascorbate/Fe2+-induced 


increase in thiobarbituric acid reactive substances (TBARS) (Chapter 4), suggesting that 


other mechanisms, rather than a direct effect in membrane lipid peroxidation, may 


mediate insulin action. Interestingly, the decrease in membrane potential and ATP/ADP 


induced by diabetes was not accompanied by changes in GABA or glutamate transport. 


Moreover, insulin increased the uptake of both GABA and glutamate in GK rat 


synaptosomes. Upon oxidation, a decrease in the uptake of both neurotransmitters and 


an increase in extrasynaptosomal glutamate levels and in ATP/ADP ratio was observed 


in GK rats. Insulin treatment prevented ascorbate/Fe2+-induced decrease in GABA 


accumulation, by decreasing extrasynaptosomal GABA. These results suggest that 


insulin modulates synaptosomal GABA and/or glutamate transport under oxidizing 


and/or diabetic conditions. 


In cultured cortical neurons, insulin prevented both necrotic and apoptotic cell death 


induced by oxidative stress (Chapter 5). Insulin also inhibited ascorbate/Fe2+-mediated 


lipid and protein oxidation, namely the formation of 4-hydroxynonenal adducts on 


GLUT3 glucose transporter, suggesting that this peptide can interfere with glucose 
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metabolism. In addition, insulin treatment largely prevented oxidative stress-induced 


decrease in intracellular uric acid and reduced glutathione (GSH)/oxidized glutathione 


(GSSG) levels, in a process mediated by phosphatidylinositol 3-kinase (PI-3K) or 


extracellular-regulated kinase (ERK). The hormone also stimulated glutathione 


reductase (GRed) and inhibited glutathione peroxidase (GPx) activities under oxidative 


stress, further supporting that insulin neuroprotection was related with the modulation 


of the glutathione redox cycle.  


Interestingly, insulin also stimulated neuronal glucose uptake and metabolism into 


pyruvate, restoring intracellular ATP and phosphocreatine (P~Cr) after oxidative stress 


(Chapter 6). It also counteracted the effect of ascorbate/Fe2+ by increasing intracellular 


and decreasing extracellular adenosine (ADO), which was apparently mediated by PI-


3K and ERK signalling pathways. Extracellular ADO under oxidative stress derived 


preferentially from ATP release and catabolism, being largely inhibited after blockade 


of ecto-5’-nucleotidase. Insulin further regulated extracellular ADO after oxidative 


stress by interfering with ATP release. This suggested that insulin neuroprotection 


against oxidative stress-mediated damage involves: 1) stimulation of glucose uptake and 


metabolism, increasing energy levels and intracellular ADO and, ultimately, uric acid 


formation, and 2) a decrease in extracellular ADO, which may reduce the facilitatory 


activity of ADO receptors. 


Finally, both insulin and insulin-like growth factor-1 receptors (IR and IGF-1R, 


respectively) signalling pathways were studied in cortical neurons. Treatment with 


insulin prevented the decrease in tyrosine (Tyr) phosphorylation of IR and IGF-1R 


induced by oxidative stress (Chapter 7). Insulin also promoted Akt activation and 


decreased the active form of GSK-3β upon neuronal oxidative stress. Inhibition of 


GSK-3β by PI-3K/Akt has been reported to stimulate protein synthesis and decrease 


apoptosis. Hence, insulin prevented the increase in expression of GPx-1 and a decrease 


in expression of hexokinase-II (Hxk-II) caused by oxidative stress, supporting our 


findings of increased antioxidant activity of glutathione redox cycling and glycolysis 


stimulation (Chapter 5 and 6). Insulin also precluded the decrease in expression of Bcl-2 


and the increase in caspase-3 expression, thus abolishing caspase-3 activity induced by 


oxidative stress and protecting against DNA fragmentation. Hence, insulin-mediated 


activation of IR and IGF-1R stimulate PI-3K/Akt and inhibit GSK-3β signalling 


pathways, modifying the expression of proteins involved in neuronal antioxidant 
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defence, glucose metabolism and prevention against apoptosis, and thus protecting 


against deleterious effects induced by oxidative stress in neurons. 


Taken together, we can conclude that insulin modulates synaptosomal GABA and/or 


glutamate transport, thus having a neuromodulatory role under oxidizing and/or diabetic 


conditions. Protective effects of insulin may be mediated by the activation of neuronal 


IR and IGF-1R, thus stimulating PI-3K/Akt and inhibiting GSK-3β signalling pathways. 


Therefore, changes in expression of proteins involved in neuronal antioxidant defence 


(e.g. GPx), glucose metabolism (e.g. Hxk-II) and prevention against apoptosis (e.g. 


caspase-3, Bcl-2) may underlie insulin neuroprotection against oxidative stress.
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1.1 . Oxidative Stress in the Central Nervous System 
Oxygen is necessary for life but, paradoxically, as a by-product of its metabolism, it 


yields reactive oxygen species (ROS), which are highly toxic to cells [for review, 


Andersen, 2004]. The concept of oxidative stress refers to the imbalance between a state 


in which oxidant production surpasses the endogenous antioxidant capabilities, leading 


to oxidative damage of the tissue [Maccioni et al., 2001; Almeida et al., 2002; Orrenius 


et al., 2007].  


 


1.1.1. Reactive oxygen and nitrogen species and neuronal damage 


Both ROS and reactive nitrogen species (RNS) can react with cellular components, 


namely lipids, proteins and DNA, resulting in oxidative damage and loss of cell 


function and survival [Heck et al., 1999; Andersen, 2004; Moreira et al., 2006; Aschner 


et al., 2007]. Thus, chronic levels of oxidative stress will impact the cellular 


environment, which may predispose the cell to pathophysiological stimuli and 


conditions related to oxidative preconditioning [Crack and Taylor, 2005]. 


 


1.1.1.1. ROS and RNS: Intracellular formation and cellular targets 


ROS consist of both oxygen free radicals (containing highly reactive unpaired 


electrons), such as superoxide anion (O2
•-) and hydroxyl radical (HO•), and other 


molecular species, namely hydrogen peroxide (H2O2), and singlet oxygen (1O2) 


[Andersen, 2004; Chong et al., 2005; Aschner et al., 2007]. Nitric oxide (NO•) and 


peroxynitrite (ONOO-) have been classified as RNS [Chong et al., 2005; Aschner et al., 


2007].  


Generation of ROS and RNS is mostly attributed to metabolism and is well 


recognized for having both beneficial and deleterious effects [Valko et al., 2006, 2007]. 


Under physiological conditions (low/moderate levels), ROS and RNS act as signalling 


molecules to stimulate protein kinase cascades coupled to inflammatory gene 


expression, antioxidant responses or control of the cell cycle [for review, Moreira et al., 


2006; Valko et al., 2006, 2007]. Nevertheless, overproduction of ROS and RNS also 


represents an important pathway to both apoptotic and necrotic cell death in the central 


nervous system (CNS) [Kokoszka et al., 2001; Crack and Taylor, 2005; Chong et al., 


2005; Valko et al., 2006, 2007]. Indeed, ROS- and RNS-induced oxidation of proteins 


results in protein carbonyl derivatives and nitrotyrosine, thus disrupting protein 
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structure and enzyme activity. Moreover, oxidation of polyunsaturated fatty acids 


(PUFA) results in lipid peroxide formation, initiating a chain reaction that culminates in 


disruption of plasma and intracellular organelle membranes (including mitochondrial 


membrane) [Andersen, 2004; Chong et al., 2005]. The major products of lipid 


peroxidation are 4-hydroxynonenal (4-HNE), acrolein and malondialdehyde (MDA), 


which have been used as biomarkers of lipid oxidative damage [Block et al., 2002; 


Butterfield et al., 2002; Andersen et al., 2004]. DNA is another biologically important 


target for ROS and RNS. If oxidized DNA (e.g. hydroxylation of guanine or 


methylation of cytosine) is not efficiently repaired, mutations or cleavage occur, 


culminating in replication abnormalities, genomic instability and cell death [Andersen, 


2004; Chong et al., 2005; Shen et al., 2006; Valko et al., 2007]. The most studied 


oxidation product of DNA is 8-hydroxy-2-deoxy-guanosine (8-OHdG) [Andersen, 


2004; Valko et al., 2007].   


 


a) Superoxide anion 


The mitochondrial electron transport chain, namely complexes I and III, is one of 


the major sources of O2
•-, with up to 1% of the oxygen consumed in the mitochondria 


yielding O2
•-, the most abundant ROS [Langley and Ratan, 2004; Houstis et al., 2006; 


Orrenius et al., 2007; Valko et al., 2007]. Indeed, mitochondria incomplete metabolic 


reduction of molecular oxygen (O2) to water (H2O) constitutes the major pathway for 


O2
•- generation, through a sequential one-electron transfer to O2 [Andersen, 2004; Crack 


and Taylor, 2005; Orrenius et al., 2007; Valko et al., 2007]. However, O2
•- can be also 


produced by several cytosolic oxidases (e.g. NADPH oxidase, xanthine oxidase, 


monoamine oxidase and mieloperoxidase) [Sas et al., 2007]. The mitochondria is itself 


one of main targets of free radical attack [Yamamoto et al., 2002]. O2
•- can attack 


several enzymes that contain iron-sulfur centers [Flint et al., 1993].  


 


b) Hydrogen peroxide 


H2O2 is continuously generated by several enzymes, namely superoxide dismutase, 


glucose oxidase and monoamine oxidase [Baud et al., 2004]. As a ready diffusible 


molecule, H2O2 can cross membranes and accumulate in the cytosol or mitochondria, 


thus depleting intracellular ATP, glutathione and NADPH and increasing free cytosolic 


calcium (Ca2+). H2O2 (and also NO• or ONOO-)-mediated mitochondrial dysfunction 


can also trigger NAD+ release from mitochondria. Additionally,
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overactivation of the nuclear poly(ADP-ribose) polymerase (PARP) repair system under 


these conditions further depletes its substrate NAD+, leading to subsequent energy 


failure, changes in transcriptional regulation and gene expression, culminating in DNA 


damage and neuronal death [for review, Chong et al., 2005; Obrosova et al., 2005; 


Moncada and Bolaños, 2006; Shen et al., 2006]. Interestingly, PARP overactivation has 


been associated with neuronal necrosis, whereas its cleavage by proteases (e.g. 


caspases) into 89 and 24 kDa fragments, which is accompanied by energy maintenance, 


may underlie neuronal apoptosis [Fonnum and Lock, 2004]. 


Cytotoxic effects of H2O2 may also arise from HO•, the most reactive ROS [Dringen 


and Hamprecht, 1997; Baud et al., 2004; Chong et al., 2005; Crack and Taylor, 2005], 


which is generated through the Haber-Weiss and Fenton reactions, in the presence of 


reduced transition metals, namely ferrous iron (Fe2+) or copper(I) (Cu+) [Langley and 


Ratan, 2004; Chong et al., 2005; Orrenius et al., 2007; Valko et al., 2007]. The resulting 


oxidized transition metal ions (Fe3+ or Cu2+) can be further reduced by vitamin C or 


other cellular reductants, regenerating the “active” transition metal and forming a redox 


cycling [for review, Moreira et al., 2005].  


 


c) Singlet oxygen 


Singlet oxygen (1O2) is formed when oxygen radicals are excited and their electrons 


remain unpaired and in separate orbitals but develop opposite spins, i.e., they possess 


two electrons with opposite spins in a same π* orbital [for review, Rego, 1998].  


 


d) Nitric oxide 


NO• is a short-lived, rapidly diffusible free radical, with low reactivity and toxicity 


that also serves as intra and intercellular messenger in several biological systems 


[Maccioni et al., 2001; Bolaños et al., 2004; Valko et al., 2007]. In neurons, NO• is 


produced from L-arginine, which is converted to L-citrulline in the presence of oxygen, 


NADPH and tetrahydrobiopterin, through the activation of a constitutive 


Ca2+/calmodulin-dependent neuronal nitric oxide synthase (nNOS) [Bolaños et al., 


2004; Moncada and Bolaños, 2006]. According to these authors, formation of high 


levels of NO• can also be promoted by the endotoxin lipopolysaccharide or by certain 


cytokines, such as tumor necrosis factor-α (TNF-α) or interleukin-1β (IL-1β) in glial 


cells (astrocytes and microglia). This reaction may occur in glial cells (astrocytes and 


microglia) through a Ca2+-independent manner, following transcriptional expression of 
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the inducible NOS isoform (iNOS). Another NOS isoform that can influence neuronal 


NO• levels is the Ca2+-dependent endothelial NOS (eNOS), which can generate and 


release NO• from the brain microvessels [Moncada and Bolaños, 2006]. Some authors 


also described mitochondrial NO• synthesis in prenatal neurons, catalysed by an inner 


mitochondrial membrane NOS (mtNOS), which is very similar to nNOS [Riobó et al., 


2002; Marks et al., 2005].  


At physiological levels, NO• plays an essential role in the modulation of intracellular 


signalling and neurotransmission. It reversibly binds to the Cu+ center of cytochrome c 


oxidase (mitochondrial complex IV), thus competing with (and partially inhibiting) 


electron transfer to O2. This sets up complex IV activity and maintains radical matrix 


steady-state, i.e., NO• and O2
•- [Bolaños et al., 2004; Mastrocola et al., 2005; Moncada 


and Bolaños, 2006]. However, excessive NO• completely inhibits mitochondrial 


function in neurons and astrocytes [Bolaños et al., 2004]. NO• can also bind to soluble 


guanylyl cyclase, increasing cyclic GMP (cGMP) levels and activating cGMP-


dependent responses. Furthermore, NO• has been involved, at least partially, in N-


methyl-D-aspartate (NMDA) receptor-associated excitotoxicity [for review, Moncada 


and Bolaños, 2006]. Neuronal exposure to excessive NO• leads to apoptotic death in less 


than 1 hour, probably due to glutathione oxidation [Almeida and Bolaños, 2001; 


Almeida et al., 2001]. 


 


e) Peroxynitrite 


Under neuropathological circumstances, overproduction of NO• (also termed 


nitrosative stress), and its spontaneous reaction with O2
•- results in ONOO-, a more toxic 


oxidant that probably also accounts for much of in vivo NO• cytotoxicity [Maccioni et 


al., 2001; Bolaños et al., 2004; Chong et al., 2005; Valko et al., 2007]. Due to its  


pKa=6.8, ONOO- can be protonated at physiological pH to form peroxynitrous acid 


(ONOOH). This unstable molecule yields a chemical species with HO•-like reactivity 


and nitrogen dioxide (NO2), which can be spontaneously degraded into the more stable 


nitrate (NO3) [for review, Moncada and Bolaños, 2006]. Similarly to NO•, physiological 


levels of ONOO- may initiate protective mechanisms against oxidative stress, due to the 


activation of neuronal glucose-6-phosphate (G6P) dehydrogenase (pentose-phosphate 


pathway), allowing NADPH accumulation and protection against GSH oxidation (see 


section 1.1.1.2.b) [for review, García-Nogales et al., 2003; Bolaños et al., 2004; 


Moncada and Bolaños, 2006]. However, high levels of ONOO- result in the oxidation of 
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protein thiol groups, iron-sulfur centers, zinc (Zn+) fingers and tyrosine (Tyr) residues 


(yielding nitrotyrosine, a biomarker for ONOO- production), and DNA [Maccioni et al., 


2001; Andersen, 2004; Langley and Ratan, 2004; Pérez-de la Cruz et al., 2005]. Hence, 


a reduction of antioxidant defences and an increase in protein, lipid and DNA oxidation 


occur, affecting energy conservation mechanisms and oxidative post-translational 


protein modification. This may culminate in cell death [Murray et al., 2003; Pérez-de la 


Cruz et al., 2005]. Interestingly, low levels of ONOO- were correlated with apoptosis, 


whereas high levels were associated with necrosis [Virág et al., 2003].  


 


1.1.1.2. Cellular defences against oxidative and nitrosative stress 


The redox state of the cell corresponds to the balance between ROS or RNS 


production and endogenous antioxidants. In cells that use aerobic metabolism, if cellular 


antioxidant defences are inadequate, detoxification of free radicals does not occur and 


oxidative stress prevails [Maccioni et al., 2001; Evans et al., 2002; Piconi et al., 2003]. 


Antioxidant defences can be divided into enzymatic and non-enzymatic (low molecular 


weight antioxidants). 


 


a) Enzymatic defences 


Enzymatic antioxidant defences are quite relevant in the cellular protection against 


oxidative stress. These include superoxide dismutase (SOD), catalase, glutathione 


peroxidase (GPx) and glutathione reductase (GRed). Interestingly, glial cells display 


more efficient antioxidant defences than neurons [for review, Moncada and Bolaños, 


2006]. 


 


i) Superoxide dismutase 


The metalloenzyme SOD is the primary defence against a substantial buildup of 


ROS. It is responsible for the dismutation of O2
•-, yielding H2O2 and O2, and for the 


maintenance of transition metal homeostasis [for review, Chen et al., 2000; Crack and 


Taylor, 2005; Moreira et al., 2005]. There are three unique and highly 


compartmentalized mammalian SOD: 1) cytosolic Cu,ZnSOD (or SOD1), which is 


encoded by the sod1 gene and contains Cu+ and Zn2+ at its active site; 2) mitochondrial 


MnSOD (or SOD2), a tetramer that is encoded by the sod2 gene and contains 


manganese at its active site; and 3) extracellular SOD (ECSOD or SOD3), which is 
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encoded by the sod3 gene and exists as a Cu2+- and Zn2+-containing tetramer [Chen et 


al., 2000; Herrera et al., 2004]. 


Cu,ZnSOD may also catalyse the production of HO• from H2O2 [Cabelli et al., 


1989; Sankarapandi and Zweier, 1999], prevent O2
•--induced release of metal ions 


normally sequestered in proteins (thereby abolishing HO• formation via the Fenton 


reaction) [Liochev and Fridovich, 1994] or reduce the formation of ONOO- in settings 


where NO• production is significant [Chen et al., 2000]. Interestingly, MnSOD appears 


to be essential for survival, since homozygous mutant mice lacking the MnSOD gene 


(sod2) exhibit neonatal lethality [Kokoszka et al., 2001], whereas heterozygous mutant 


mice suffer a 50% drop in MnSOD activity and increased oxidative damage to 


mitochondrial proteins and DNA [Williams et al., 1998]. In contrast, mice lacking 


Cu,ZnSOD survive only with motor neuron loss [Reaume et al., 1996].  


 


ii) Catalase 


Catalase converts H2O2 into H2O [for review, Chen et al., 2000; Moreira et al., 


2005]. Although catalase immunoreactivity and activity is higher in neonatal rat than in 


the adult [Baud et al., 2004], it is localized in peroxisomes, the major sites for 


production of H2O2 under physiological conditions [Valko et al., 2004]. However, its 


brain activity is lower than in other tissues (e.g. brain catalase activity is only 10% of 


liver catalase activity) [Floyd and Carney, 1992]. Hence, neurons primarily rely on GPx 


to eliminate H2O2 [Crack and Taylor, 2005]. 


 


iii) Glutathione peroxidase 


GPx occurs mainly in the cytosol and only less than 10% in mitochondrial matrix 


[Halliwell and Gutteridge, 1999]. GPx activity was shown to increase by 70% between 


birth and adulthood in rat whole brain [Brannan et al., 1981]. The distinct subcellular 


localization and affinity of GPx and catalase are important to limit H2O2 availability to 


Fenton reaction. Indeed, GPx may operate at low H2O2 levels, whereas catalase is 


recruited at higher levels [Halliwell and Gutteridge, 1999]. Baud et al. (2004) described 


that GPx-catalase cooperativity (i.e. upregulation of GPx maintaining catalase activity 


in the presence of high levels of H2O2) is essential for the resistance of mature 


oligodendrocytes to H2O2-induced cell death. Thus, it is not surprising that H2O2 


increases brain damage after hypoxia-ischemia in neonatal transgenic mice 
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overexpressing Cu,ZnSOD, whereas in transgenic adult neuroprotection occurs 


[Ditelberg et al., 1996; Fullerton et al., 1998]. 


The GPx superfamily consists of at least four types of selenium-containing 


peroxidases that are coded by separate genes: GPx-1, a nearly ubiquitous enzyme found 


in most cells; an extracellular GPx found in plasma (pGPx); a phospholipid 


hydroperoxide GPx (PHGPx); and a GPx found in cells limiting the gastrointestinal 


tract (giGPx) [for review, Halliwell and Gutteridge, 1999]. GPx-1, pGPx and piGPx are 


tetrameric enzymes, whereas PHGPx is a monomeric protein [Baud et al., 2004].  


 


b) Non-enzymatic defences 


The antioxidants glutathione (GSH), vitamin E, ascorbic acid and uric acid are some 


of the non-enzymatic defence mechanisms against oxidative stress. 


 


i) Glutathione 


GSH is considered the major intracellular antioxidant [Masella et al., 2005], being 


twice as high in astrocytes than in neurons [Raps et al., 1989; Makar et al., 1994; 


Bolaños et al., 1995]. Furthermore, astrocytes can supply neurons with precursors for 


GSH biosynthesis [Moncada and Bolaños, 2006]. GSH is a ubiquitous tripeptide, highly 


abundant in cytosol (1-11 mM), nuclei (3-15 mM) and mitochondria (5-11 mM), 


formed by the amino acids glutamate, glycine and cysteine [for review, Gilgun-Sherki et 


al., 2001; Valko et al., 2007]. Cytosolic GSH synthesis is ATP-dependent and catalysed 


by γ-glutamylcysteine ligase, which promotes glutamate and cysteine condensation (the 


rate-limiting step of GSH synthesis), and by γ-glutathione synthase, with the subsequent 


addition of glycine (Fig. 1.1) [for review, Shih et al., 2006; Valko et al., 2007]. GSH 


synthesis is limited by the availability of cysteine, which is readily oxidized to cystine 


in the extracellular milieu of the brain, and by the high-affinity cystine uptake through 


the Na+-independent cystine-glutamate exchange transporter [for review, Shih et al., 


2006]. This system is highly expressed in the cerebrospinal fluid (CSF), blood-brain 


barrier (BBB) and in neurons and astrocytes of the cerebral cortex [Sato et al., 2002; 


Melendez et al., 2005; Burdo et al., 2006]. Astrocytes use this exchange transport 


system to uptake cyst(e)ine for GSH synthesis and then export GSH, which is then 


reconverted into cysteine in the extracellular space for neuronal uptake and subsequent 


resynthesis, by following the astrocyte-neuron GSH coupling pathway [for review, Shih 


et al., 2006]. In addition, the thiol group of reduced glutathione (GSH) determines its 
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antioxidant capacity and is maintained by the NADPH-dependent glutathione disulfide 


reductase (GRed), which uses oxidized glutathione (GSSG) [for review, Gilgun-Sherki 


et al., 2001]. Thus, the glutathione redox cycle is formed by GSH, GSSG and the 


enzymes GPx and GRed. GPx activity represents the limiting factor in this redox cycle. 


Reduction of GSSG to GSH requires glucose to ensure the continuous generation of 


NADPH by G6P dehydrogenase, through the pentose-phosphate pathway [Delgado-


Esteban et al., 2000; Almeida et al., 2002] (Fig. 1.1). Thus, stimulation of the pentose-


phosphate pathway in neurons and astrocytes can protect brain against H2O2 toxicity, 


through the regeneration of NADPH [for review, Bolaños et al., 2004]. 


 


 


 


 


 


 


 


 


 


 


 


 


 


    
 
Fig. 1.1. Glutathione synthesis and redox cycle. The first step in cytosolic GSH synthesis involves γ-
glutamylcysteine ligase-catalysed condensation of glutamate and cysteine, followed by the addition of 
glycine, catalysed by γ-glutathione synthase. GSH synthesis is an ATP-dependent process. Glutathione 
redox cycle is formed by GSH, GSSG and the enzymes GPx and GRed. GRed-mediated reduction of 
GSSG to GSH requires glucose to ensure the continuous generation of NADPH by glucose-6-phosphate 
dehydrogenase, through the pentose-phosphate pathway. GPx-catalysed oxidation of GSH into GSSH is 
accompanied by detoxyfication of H2O2. GPx, glutathione peroxidase; GRed, glutathione reductase; 
GSSG, oxidized glutathione; GSH, reduced glutathione. 
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The main protective roles of GSH involve: 1) detoxification of H2O2, HO•, 1O2, NO•, 


ONOO- and electrophilic toxins as a substrate for GPx and glutathione-S-transferase, 


and for the maintenance of reduced thiol groups of proteins; 2) participation in amino 


acid transport through the plasma membrane; 3) regeneration of vitamins E (tocopherol) 


and C (ascorbate) back to their active form, by reducing the α-tocopheroxyl radical to 


α-tocopherol, or via reduction of semidehydroascorbate to ascorbate [for review, 


Gilgun-Sherki et al., 2001; Moreira et al., 2005; Valko et al., 2007].  


GSH depletion was shown to exacerbate NO•- and ONOO--dependent neurotoxicity 


and death, mediated by the brain inability to withstand increased protein nitration and 


mitochondrial damage [Bolaños et al., 1996; Abramov et al., 2004; Bharath and 


Andersen, 2005; Hsu et al., 2005]. Thus, the mitochondrial content of GSH is relevant 


for protecting the brain against ONOO--mediated cell damage [Sims et al., 2004]. 


Additionally, GSH depletion and inhibition of its regenerating enzyme, GRed, may 


result in Cu+ toxicity in primary neuronal cultures [White et al., 1999]. 


GSH depletion may result from: 1) a decrement in NADPH availability or in GRed 


activity; 2) higher oxidation rate of GSH compared to GSSG reduction; or 3) from the 


elimination of GSH from the cells through the transport of GSSG to the extracellular 


medium [Baud et al., 2004], via the family of ATP-driven multidrug resistance protein 


transporters [Hirrlinger et al., 2001; Hirrlinger and Dringen, 2005; Minich et al., 2006].  


Interestingly, administration of plasma membrane permeable GSH precursors (e.g. 


GSH monoethyl ester or γ-glutamylcysteinyl ethyl ester) or overexpression of γ-


glutamylcysteine synthase reestablished cellular and mitochondrial GSH levels and 


prevented brain nitrosative damage either in vivo or in cultured neurons and astrocytes 


[for review, Moncada and Bolaños, 2006]. γ-Glutamyl cysteine treatment also protected 


neurons against amyloid-β peptide (Aβ)-induced free radical generation [Abramov et 


al., 2004]. However, intermediates of the GSH redox cycle are themselves susceptible 


to oxidation [Pigeolet et al., 1990], which may underlie neuronal mitochondrial damage 


and neurotoxicity associated with nitrosative stress [for review, Bolaños et al., 2004].  


 


ii) Vitamin E 


Vitamin E (α-tocopherol) is the major lipid soluble, chain-breaking antioxidant in 


biological systems, protecting cell membranes against lipid oxidation [Halliwell, 2000]. 


Vitamin E allows the transfer of one hydrogen atom to a lipid peroxyl radical, yielding a 
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lipid hydroperoxide and an α-tocopheroxyl radical, which is relatively stable; indeed, 


the kinetic constant of the reaction between α-tocopherol and peroxyl is higher than the 


peroxyl reaction with another lipid molecule, thus stopping lipid peroxidation chain 


reaction [Maiorino and Ursini, 1992; Azzi et al., 2000; Packer, 2000]. Vitamin E may 


also play a role as a plasma membrane stabilizer, by directly establishing bonds with 


unsaturated fatty acid residues and the phosphate groups of the lipids. As a 


consequence, vitamin E increases membrane fluidity and regulates the associated 


physicochemical activity of membrane-associated proteins [LeBel and Bondy, 1992; 


Kamat and Devasagayam, 1999; Banks, 2000]. Interestingly, a highly significant 


correlation was described between brain vitamin E and (n-6) PUFA levels during aging 


in rat sciatic nerve [Clement and Bourre, 1990]. 


 


iii) Vitamin C 


Another naturally occurring hydrophilic antioxidant is vitamin C (ascorbate), which 


has well established antioxidant properties under physiological levels and in the absence 


of metal ions. Importantly, vitamin C can regenerate vitamin E, yielding an ascorbyl 


radical (vitamin C radical), which can be regenerated enzymatically by GSH or non-


enzymatically by lipoic acid or flavonoids. Thus, vitamin C may have an indirect 


antioxidant action in the membrane [for review, Packer, 2000].  


However, under pathological conditions, vitamin C may help to generate free 


radicals in the presence of Fe2+ or Cu+, since it maintains these ions in a reduced form 


[Beyer, 1994]. Ascorbate release and oxidation in the plasma results in 


dehydroascorbate, which is carried into the neurons by a specific transporter 


(“dehydroascorbate transporter”) and subsequently reduced to ascorbate in the cytosol, 


culminating in oxidative stress and apoptosis in brain cortical slices [Song et al., 2001]. 


This may be further prevented by GSH [Song et al., 2001].  


Interestingly, astrocytes have robust antioxidant mechanisms and also contribute for 


neuronal protection against oxidative and nitrosative stress, by supplying neurons with 


vitamin E or ascorbate [for review, Moncada and Bolaños, 2006].    


 


iv) Uric acid 


In mammals, xanthine oxidoreductase exists in two interconvertible forms: xanthine 


dehydrogenase, which predominates in vivo, and xanthine oxidase [Ichimori et al., 


1999]. The main physiological function of xanthine oxidoreductase is in purine (adenine
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and guanine) catabolism, where it catalyses the oxidation of hypoxanthine to xanthine, 


which then yields uric acid, at the expense of NAD+ [for review, Valko et al., 2007]. 


Although both the dehydrogenase and oxidase forms of the enzyme can reduce O2 to 


O2
•- and H2O2, only xanthine oxidase can reduce NAD+ to NADH [Aliciguzel et al., 


2003]. 


Uric acid is the most potent and abundant antioxidant in plasma [Chamorro et al., 


2004]. Uric acid blocks the reaction between O2
•- and NO•, preventing cell injury 


associated with protein nitrosylation. Furthermore, uric acid scavenges HO•, chelates 


transition metals and prevents the degradation of ECSOD [for review, Becker, 1993; 


Chamorro et al., 2004]. Uric acid synthesis occurs in the brain [Mueller et al., 1985 ; 


Kanemitsu et al., 1988; Deliconstantinos and Villiotou, 1996] and it has revealed 


neuroprotective effects [Chamorro et al., 2004]. Indeed, uric acid increased after 


transient focal ischemia in rat brain, in contrast with the decrement in GSH, cysteine 


and ascorbate, consistent with oxidative stress [Uemura et al., 1991]. This is confirmed 


by suppression of ROS accumulation and lipid peroxidation after cerebral ischemia or 


glutamate exposure [Yu et al., 1998]. Moreover, administration of uric acid reduced 


ischemic damage in rat cerebral cortex and striarum and improved behavioural outcome 


[Yu et al., 1998]. Hence, uric acid may have an important role in excitotoxicity- and 


ischemia-associated ROS scavenging [Chamorro et al., 2004].   


Due to the absence of uricase or urate oxidase, uric acid can not be converted into 


alantoine, being excreted as such in humans [for review, Becker, 1993].  
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Oxidative stress management can be summarized in Fig. 1.2: 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 
Fig. 1.2. Cellular ROS formation, lipid peroxidation and antioxidant defences in the management of 
oxidative stress (equations are not balanced). O2


•- results from the reduction of O2, mediated by NAD(P)H 
oxidases and xanthine oxidase or non-enzymatically by redox-reactive compounds (e.g. semi-ubiquinone) 
in the mitochondrial electron transport chain. Then, O2


•- is dismutated by SOD to H2O2, being most 
efficiently scavenged by the GPx, which requires GSH as the electron donor. This yields GSSG that is 
reduced back to GSH by GRed, using NADPH as the electron donor. Transition metals (e.g. Fe2+, Cu+) 
can cause the breakdown of H2O2 to the reactive HO• (Fenton reaction), which removes an electron from 
PUFA (LH),  yielding carbon-centred lipid radicals that can further interact with O2 to give a lipid peroxyl 
radical. This radical can be reduced within the membrane by vitamin E resulting in the formation of a 
lipid hydroperoxide and the vitamin E radical. Regeneration of vitamin E depends on ascorbic acid 
(vitamin C), leaving behind the ascorbyl radical. However, the regeneration of vitamin E may also depend 
on GSH. GSSG and the ascorbyl radical are reduced back to GSH and ascorbate, respectively, by 
dihydrolipoic acid, which is itself converted to α-lipoic acid at the expense of NADPH. Alternatively, if 
lipid peroxyl radical is not reduced by antioxidants, the lipid peroxidation progresses, culminating in the 
formation of 4-HNE and MDA, which can further react with lipids, proteins and DNA, exacerbating 
oxidative damage. GPx, glutathione peroxidase; GRed, glutathione reductase; GSSG, oxidized 
glutathione; GSH, reduced glutathione; HO•, hydroxyl radical; 4-HNE, 4-hydroxynonenal; MDA, 
malondialdehyde; O2


•-, superoxide anion; PUFA, polyunsaturated fatty acids; SOD, superoxide dismutase 
[Adapted from Valko et al., 2007].  
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1.1.2. Susceptibility of the central nervous system to oxidative stress 


The CNS (and particularly the brain) is continuously exposed to free radicals, which 


may underlie the pathophysiology of aging and both acute and chronic 


neurodegenerative diseases [e.g. stroke, Alzheimer’s disease (AD), Parkinson’s disease 


(PD), Huntington’s disease (HD)] and diabetic complications affecting the CNS, either 


as a primary cause or as a consequence of disease progression [for review, Kokoszka et 


al., 2001; Chong et al., 2005; Aschner et al., 2007; Valko et al., 2007]. 


The brain is one of the most important targets for ROS because [for review, Leutner 


et al., 2001; Floyd and Hensley, 2002; Valko et al., 2007]: 


• it contains high levels of substrates susceptible to free radical attack, namely the 


easily oxidizable membrane PUFA arachidonic (20:4) and docosahexaenoic (22:6) 


acids.  


• it is enriched in transition metals (e.g. Fe2+, Cu+) and ascorbate. Fe2+ is the most 


abundant metal in the brain, being essential for brain viability, as a co-factor in 


DNA, RNA and protein synthesis, for heme and non-heme enzymes involved in 


mitochondrial respiration and neurotransmitter synthesis, myelin formation and 


brain development [for review, Andersen, 2004]. However, Fe2+ is also a major 


generator of oxidative stress in cultured neurons, being involved in the formation 


of HO• radicals [Halliwell and Gutteridge, 1986a,b; Chong et al., 2005]. Indeed, 


disturbances in free Fe2+ and its homeostasis, resulting from  abnormal expression 


or activity of several proteins (e.g. transferrin receptor, ferritin and divalent cation 


transporter), have been implicated in several neurodegenerative disorders, such as 


AD [for review, Moreira et al., 2005].  


• it has the highest oxygen metabolic rate in the body [Maiese, 2002; Langley and 


Ratan, 2004], consuming approximately 20% of the total amount of oxygen in the 


body [Chong et al., 2005]. 


• it is deficient in antioxidant defences, namely catalase and GPx, that are further 


decreased in neurodegenerative disorders [for review, Moreira et al., 2005, 2006]. 


Perturbations of GSH metabolism are well documented in neurodegenerative 


disorders associated with abnormalities in redox balance [for review, Chong et al., 


2005; Moreira et al., 2005]. 
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1.1.3. Oxidative stress and neurotransmission 


1.1.3.1. Amino acid neurotransmitters 


a) Glutamate 


Glutamate is the major excitatory amino acid (EAA) neurotransmitter in the 


mammalian CNS [Shen et al., 2006; Beart and O’Shea, 2007]. Its transmission terminus 


depends upon the rapid removal of released glutamate from the synaptic cleft, thus 


protecting the neurons against glutamate receptor overstimulation and excitotoxicity 


[Chen et al., 2000; Guo et al., 2000; Maccioni et al., 2001; Beart and O’Shea, 2007]. 


Glutamate clearance is highly regulated by a family of high-affinity Na+-dependent 


glutamate transporters, excitatory amino acid transporters (EAATs), thus maintaining its 


low extracellular levels (~1-3 µM) [Galvan et al., 2006; Estrada-Sánchez et al., 2007]. 


EAATs comprise: 1) glutamate-aspartate transporter (GLAST or EAAT1) and 2) 


glutamate transporter-1 (GLT-1 or EAAT2), both located in glia; 3) neuronal EAAC1 


(EAAT3); 4) EAAT4, occurring in cerebellum Purkinje cells; and 5) retina EAAT5 


[Danbolt, 2001; Aoyama et al., 2006; Galvan et al., 2006; Beart and O’Shea, 2007; 


Estrada-Sánchez et al., 2007]. The reversibility of these transporters also allows Ca2+-


independent, non-vesicular glutamate release [Phillis and O’Regan, 2003]. 


 In physiologically activated mammalian brain synapses, glutamate is predominantly 


co-transported with three Na+ and one H+ into astrocytes and counter transported with 


one K+, mainly via EAAT1 [Chen et al., 2000; Phillis and O’Regan, 2003; García-


Espinosa et al., 2004; Beart and O’Shea, 2007] (Fig. 1.3). Additionally, one glucose 


molecule enters astrocytes and is metabolized through glycolysis, yielding two lactate 


and two ATP molecules [for review, Squire et al., 2003]. Then, glutamate is converted 


to glutamine by glutamine synthase, in a process requiring one ATP molecule. The Na+ 


ions co-transported with glutamate are extruded by the Na+,K+ATPase to the synaptic 


cleft, thus restoring membrane potential at the expense of another ATP molecule [for 


review, Dienel and Hertz, 2001; Squire et al., 2003; García-Espinosa et al., 2004]. Thus, 


glutamine synthesis is coupled to the metabolism of one glucose molecule in the 


astrocyte by using the two ATP molecules generated during anaerobic glycolysis [for 


review, García-Espinosa et al., 2004]. Then, astrocytes release glutamine, which is 


transported into neurons to regenerate glutamate by the phosphate-dependent 


mitochondrial glutaminase. This metabolic pathway is often referred to as the 


glutamate-glutamine shuttle [for review, Chih et al., 2001; García-Espinosa et al., 2004;  


McCall, 2004] (Fig. 1.3). Indeed, glutamine is the precursor of about 50% of brain
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glutamate and the remaining results from de novo synthesis via neuronal glucose or 


lactate oxidation, essential to maintain the neuronal glutamate pool [for review, Squire 


et al., 2003; García-Espinosa et al., 2004]. 


 


 


 


 


 


 


 


 


 


 


 
Fig. 1.3. Neuroglial metabolic coupling involved in glutamatergic and GABAergic transmission. In 
mammalian brain synapses, astrocytic glutamine synthesis requires two ATP molecules generated by 
glycolysis and the co-transport of released glutamate into astrocytes, together with three Na+ and one H+ 
and the counter transport of one K+, mainly via EAAT1. Glutamate is converted to glutamine in 
astrocytes by glutamine synthase, at the expense of one ATP. The three Na+ ions co-transported with 
glutamate are extruded by Na+,K+ATPase to the synaptic cleft, thus restoring membrane potential at the 
expense of another ATP molecule. Astrocytic glutamine then regenerates glutamate in neurons, which can 
be further converted into GABA. Additionally, the two lactate molecules produced in astrocytes during 
glycolysis can be completely oxidized to CO2 and H2O, yielding thirty-four ATP molecules. GABA, γ-
aminobutyric acid; GS, glutamine synthase [Adapted from García-Espinosa et al., 2004].   
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transporters has been associated with neurodegenerative diseases, namely ischemia, AD 


and HD, probably due to long-term excitotoxic neuronal death or metabolic stress 


[Beart and O’Shea, 2007; Estrada-Sánchez et al., 2007].   


 


b) GABA 


γ-Aminobutyric acid (GABA) is an ubiquitous amino acid neurotransmitter, 


occurring in most organisms [Waagepetersen et al., 1999]. GABA is the main inhibitory 


neurotransmitter in CNS, being responsible for neuronal hyperpolarization, thus 


controlling glutamate toxicity, and for information processing, neuronal plasticity and 


network synchronization [for review, Conti et al., 2004].  


Neurons do not synthesize GABA de novo from glucose, due to the absence of 


pyruvate carboxylase, the enzyme that catalyses the synthesis of the tricarboxylic acid 


(TCA) cycle precursor oxaloacetate from pyruvate, thus relying on metabolites supplied 


by astrocytes [for review, Waagepetersen et al., 1999]. Glutamate uptake by EAAT3 


may provide a substrate for GABA formation in GABAergic neurons [Sepkuty et al., 


2002] (Fig. 1.3). Indeed, L-glutamate is the main precursor of GABA [García-Espinosa 


et al., 2004], being decarboxylated by glutamate decarboxylase. GABA is metabolised 


into succinic semialdehyde by GABA aminotransferase and further oxidized to 


succinate, constituting the GABA shunt [Waagepetersen et al., 1999]. Hence, four of 


the five carbon atoms “lost” in TCA cycle as α-ketoglutarate reenter as succinate 


[Waagepetersen et al., 1999].  


GABA shunt occurs mainly in neuronal cell bodies and nerve terminals, and the 


neurotransmitter is continously released to the synaptic cleft, being removed by high-


affinity Na+- and Cl--dependent membrane transporters mainly from neurons 


[McMahon and Nicholls, 1991; Lesch and Bengel, 1995]. The reversibility of these 


transporters also allows Ca2+-independent, non-vesicular GABA release [Richerson and 


Wu, 2003; Conti et al., 2004]. Four types of GABA transporters (GATs) have been 


described: GAT-1, -2, -3 and betaine/GABA transporter-1 (BGT-1). GAT-1 and -3 are 


widely expressed in the brain, with GAT-1 immunoreactivity occurring in preterminal 


axons and glia, whereas GAT-3 is restricted to glial processes; GAT-2 is restricted to 


the meninges and ependymal cells lining the ventricles, and low levels of BGT-1 are 


expressed in the brain [Conti et al., 2004; Galvan et al., 2006]. 


Similarly to glutamate, GABA transport can be affected by oxidative stress. Indeed, 


Palmeira et al. (1993) showed that ascorbate/Fe2+-induced lipid peroxidation was 
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correlated with a decrease in synaptosomal GABA uptake, probably due to the 


inhibition of the GABA transporter. Additionally, oxidative stress was shown to induce 


the release of GABA in retina cells, in a Ca2+-independent mechanism, mediated by the 


reversal of the GABA transporter, suggesting a protective mechanism against oxidative 


stress-related neuronal death [Agostinho et al., 1994; Rego et al., 1996]. 


 


1.1.3.2. Adenosine  


Adenosine (ADO) is an endogenous purine that exists and is released from virtually 


all cells, including neurons and glia. ADO has a neuromodulatory role (it is not 


considered as a neurotransmitter, since it is not stored in synaptic vesicles or released in 


quanta) and is released to the synaptic cleft through a nucleoside transporter, acting as 


an extracellular signalling molecule [for review, Ribeiro et al., 2003]. Presynaptically, 


ADO regulates neurotransmitter release, including acetylcholine, noradrenaline, 


dopamine and EAAs; postsynaptically, it hyperpolarizes or depolarizes neurons, acting 


as a neuromodulator [Rebola et al., 2003, 2005; Ribeiro et al., 2003]. ADO can also 


protect against neuronal damage associated with oxidative stress, ischemia [Latini and 


Pedata, 2001] or excitotoxicity [Rudolphi et al., 1992; von Lubitz et al., 1995]. Indeed, 


the neuromodulatory role of ADO results from a balance between inhibitory A1 and 


facilitatory A2A receptors, two G protein-coupled receptors with opposite modulatory 


effects on neurotransmitter release [for review, Cunha, 2001].  


Extracellular ADO accumulation can result from either: 1) intracellularly formed 


ADO (from AMP degradation), which can be released as such through the bidirectional 


ADO transporter, and 2) its formation from the rapid extracellular catabolism of 


released adenine nucleotides through a series of ectoenzymes [Cunha et al., 1996a;  


Rego et al., 1997; Latini and Pedata, 2001]. The last ectoenzyme and the rate-limit step 


for extracellular ADO formation is ecto-5’-nucleotidase, which catalyses AMP 


degradation into ADO [for review, Latini and Pedata, 2001; Ribeiro et al., 2003] (Fig. 


1.4). Depending on the extracellular source, ADO can preferentially activate inhibitory 


or facilitatory ADO receptors [Cunha et al., 1996b]. Since intracellular ATP levels are 


fifty times higher than AMP, a small change in ATP catabolism may induce a large 


increase in AMP concentration. This suggests that intracellular formation of ADO 


resulting from the catabolism of cytosolic ATP may represent a very sensitive signal of 


increased metabolic rate or metabolic stress [for review, Latini and Pedata, 2001]. 
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Inactivation of extracellular ADO is mainly mediated by its reuptake, followed by 


either phosphorylation to AMP by ADO kinase, or deamination into its inactive 


metabolite inosine by ADO deaminase [for review, Latini and Pedata, 2001] (Fig. 1.4). 


Facilitated transport of ADO is equilibrative and bidirectional, i.e., the net transport of 


ADO either into or out of the cell depends on ADO gradient in both sides of the 


membrane [Gu et al., 1995]. In this process, extracellular ADO levels also depend on 


the control of cytosolic ADO, mostly regulated by cytosolic 5’-nucleotidase and ADO 


kinase [Pak et al., 1994].  


 


 


 


 


 


 


 


 


 


 


 


 


 


 
Fig. 1.4. Pathways of adenosine production, metabolism and transport. Intracellular ADO (resulting 
from AMP degradation) can be released through the bidirectional ADO transporter. This leads to 
extracellular ADO accumulation, which may also result from ADO formation from the rapid extracellular 
catabolism of released adenine nucleotides through a series of ectoenzymes, including ecto-5’-
nucleotidase. Depending on the extracellular source, ADO can preferentially activate inhibitory or 
facilitatory ADO receptors. Inactivation of extracellular ADO is mainly mediated by its reuptake, 
followed by either phosphorylation to AMP by AK, or deamination into its inactive metabolite INO by 
ADOD. ADO, adenosine; ADOD, adenosine deaminase; AK, adenosine kinase; INO, inosine; PDE, 
cAMP phosphodiesterase; Pi, inorganic phosphate. [Adapted from Latini and Pedata, 2001]. 
 


ADO release occurs after neuronal activation or impairment between energy 


demand and ATP resynthesis (e.g. under hypoxia or ischemia conditions) [for review, 


Latini and Pedata, 2001; O’Regan, 2005]. Increased free radical-mediated neuronal 


membrane damage may stimulate extracellular ADO accumulation [Masino et al., 1999; 


Agostinho et al., 2000; Almeida et al., 2003]. The main source of extracellular ADO 


upon oxidative stress appears to be the extracellular catabolism of ATP [Cunha et al., 
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1996a]. Indeed, Magistretti et al. (1999) observed that Na+-dependent glutamate uptake 


activates Na+,K+ATPase in cortical neuronal terminals and astrocytes, leading to Na+ 


efflux and ATP degradation, which may induce ADO formation and release. Under 


these conditions, ADO preferentially activates facilitatory A2A receptors [Cunha et al., 


1996a]. However, Alfaro et al. (2004) observed that oxidative stress impaired A2A 


receptor density and binding in striatal membranes. On the other hand, previous studies 


reported a decrease in A1 receptor density and binding after peroxidation of brain 


membranes, suggesting that oxidative damage modifies ADO-mediated 


neuromodulation and neuroprotection [Oliveira et al., 1995].  


 


1.1.4. Oxidative stress, metabolic dysfunction and neuronal death 


1.1.4.1. Brain glucose transport and metabolism 


a) Glucose transporters 


The brain is one of the most metabolically active tissues. It consumes 20% of the 


body’s oxygen and relies on 15% of the cardiac output, despite occupying only 2% of 


adult body weight. Hence, the brain depends on a continuous transport of glucose across 


the membranes of microvascular endothelial cells that form the BBB to reach neurons 


and glial cells [Pellerin and Magistretti, 1994; Vannucci et al., 1997; Gibson, 2002; 


McCall, 2004]. This brain glucose supply is mainly used to maintain and restore ion 


gradients associated with synaptic transmission, but it is also essential for adequate 


cerebral metabolism (e.g. synthesis of neurotransmitters), dendritic and axonal 


trafficking, exocytosis [Pellerin and Magistretti, 1994; Vannucci et al., 1997; Dienel 


and Hertz, 2001; Seaquist et al., 2001; McCall, 2004; Chen et al., 2005], and to regulate 


the mitochondrial-dependent apoptotic death cascade [Singh et al., 2004]. Indeed, 


Magistretti et al. (1999) suggested that 80-90% of total brain cortical glucose 


consumption is used to meet the demands of glutamatergic transmission, especially in 


the glutamate-glutamine neurotransmitter cycle. This cycle is responsible for providing 


the energy for Na+-driven glutamate uptake and its subsequent convertion to glutamine 


in astrocytes [Magistretti et al. 1999; García-Espinosa et al., 2004]. Neuronal glucose 


metabolism also restores cytosolic NADPH levels through the pentose-phosphate 


pathway, thus promoting GSH regeneration and protecting against glutamate-induced 


excitotoxic mitochondrial dysfunction and necrotic death [Delgado-Esteban et al., 


2000].  







Chapter 1   


54 


Glucose maintains cerebral energy metabolism due to the combination of relatively 


high plasma glucose concentration and the presence of powerful transporters, 


responsible for facilitated diffusion of glucose across the BBB and the plasma 


membrane of neurons and glial cells [for review, Dienel and Hertz, 2001]. 


A family of seven facilitative glucose transporters (GLUT1-5, 7 and 8) mediates the 


cellular uptake of glucose. In brain, the most abundant isoforms are GLUT1, 3 and 4, 


whereas GLUT2, 5 and 8 are residual [Choeiri et al., 2002]. There are also some 


recently cloned glucose transporter isoforms, the GLUT9, 10, 11 and 12 [for review, 


Joost and Thorens, 2001]. In contrast to astrocytes, which are thought to express only 


GLUT1, neurons express both low- (GLUT1) and high-affinity (GLUT3) glucose 


transporters [Bolaños et al., 2004]. A high molecular weight isoform (55 kDa) of 


GLUT1, which is heavily glycosylated, accounts for glucose entry at the BBB. 


Astroglial cells appear to be rich in a less glycosylated GLUT1 isoform (45 kDa), which 


may be also widely distributed in other cells within the brain [for review, McCall, 


2004]. GLUT3 is a 45 kDa integral membrane protein, mainly expressed in anterior 


CNS regions with high synaptic density and metabolic activity (e.g. frontal and motor 


cortex and the hippocampus) [Vannucci et al., 1997; Choeiri et al., 2002]. GLUT3 


localization at the neuropil suggests that it may transport most of the glucose used by 


neurons [Choeiri et al., 2002], especially in the adult brain [Vannucci and Simpson, 


2003]. GLUT4 and also GLUT2 have a selective, discrete distribution in neurons and 


appear to be specialized in insulin growth factor-1- and glucose-sensing [for review, 


McCall, 2004]. Furthermore, GLUT4 expression in the brain may be regulated by 


combined high insulin and glucose levels in some rodents [Vannucci et al., 1998]. 


Oxidative stress has been found to impair glucose transport either by direct 


oxidation and/or by the oxidation of membrane lipids, thus affecting membrane 


structure and transporter activity. Interestingly, GLUT3 expression was decreased in the 


hippocampus of vitamin E-deficient rats [Fattoretti et al., 2002]. Alternatively, glucose 


transport inhibition can result from a decrease in GSH levels under oxidative stress, as 


occurred in rat L6 muscle cells [Maddux et al., 2001]. Furthermore, impairment of 


glucose transport in synaptic terminals from brain cortex of Cu,ZnSOD mutant mice 


increased membrane lipid oxidation [Guo et al., 2000]. 
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b) Glucose metabolism 


During neuronal activity, depolarization induces glutamate release from neurons and 


its subsequent uptake by astrocytes, accompanied by a massive Na+ entry. Then, the 


astrocytic Na+,K+ATPase is activated, providing the signal for the increase in the 


energy-independent GLUT1 activity and the subsequent glucose uptake from blood to 


astrocytes. This signal consists in a depletion in ATP levels (associated with 


Na+,K+ATPase activation), which further stimulates the hexokinase (Hxk) activity (the 


rate-limiting enzyme of glycolysis), thus enhancing glucose phosphorylation to G6P, 


and lactate and ATP formation via the astrocyte glycolytic pathway [Maher et al., 1994; 


Pellerin and Magistretti, 1994; Loaiza et al., 2003; Squire et al., 2003]. Within the 


astrocyte, one ATP fuels Na+,K+ATPase whereas the other provides the energy for 


glutamate-glutamine shuttle to occur (see section 1.1.3.1.a).  


Under resting conditions, intra and extracellular brain lactate levels are similar 


(about 1.0 µmol/g wet weight). However, neuronal stimulation dramatically increases 


extracellular lactate provided by astrocytes, which can be taken up by neurons to 


become the dominant energy substrate [for review, Magistretti et al., 1999; Dienel and 


Hertz, 2001; Squire et al., 2003; García-Espinosa et al., 2004]. Continuous lactate 


uptake and metabolization into pyruvate, catalysed by neuronal lactate dehydrogenase-1 


(LDH-1), is accompanied by the reduction of NAD+ to NADH, which continuously 


transfers reducing equivalents to mitochondria. Subsequent pyruvate oxidation provides 


the net transfer of electrons to oxygen, yielding ATP via oxidative phosphorylation 


[Squire et al., 2003].  


Pyruvate can also enter the astrocyte tricarboxylic acid (TCA)/Krebs cycle either 


after pyruvate dehydrogenase-mediated irreversible formation of acetyl coenzyme A 


(ACoA), or after pyruvate carboxylase-mediated carboxylation to oxaloacetate, an 


enzyme exclusively expressed in astrocytes [for review, Dienel and Hertz, 2001]. 


Complete oxidation of pyruvate in the TCA cycle yields CO2 and H2O. While 


glycolysis produces two ATP molecules, the TCA cycle and the mitochondrial 


respiratory chain generate up to thirty-four ATP molecules. Therefore, a total of thirty-


six ATP molecules are provided by glucose catabolism in the brain [Chen et al., 2005].  


Besides lactate, neurons can also take up glucose directly, mainly via GLUT3, and 


metabolise it through glycolysis. Hxk-dependent phosphorylation of glucose to G6P, 


constitutes the major rate-limiting step in glycolysis [Wilson, 2003; Huang et al., 2005]. 


Hence, increased expression and/or activity of Hxk stimulates glycolysis, enhancing 
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NAD(P)H redox state and ATP synthesis [Wilson, 2003; Huang et al., 2005]. Moreover, 


mitochondrially-bound Hxk has been suggested to directly couple the glycolytic and 


oxidative phases of glucose metabolism in rat brain, thus providing intramitochondrial 


ATP during active oxidative phosphorylation [BeltrandelRio and Wilson, 1992a,b; 


Hashimoto and Wilson, 2000]. This may be critical in brain, where flux through the 


glycolysis must account for by variable energy demands and be coordinated with the 


terminal oxidative metabolism of pyruvate to avoid formation of neurotoxic lactate 


[Hashimoto and Wilson, 2000]. Additionally, binding of both Hxk-I and -II to voltage-


dependent anion channel (VDAC) at the mitochondria outer membrane and its 


subsequent closure have been suggested to protect HeLa and HEK cells against 


apoptosis [Bryson et al., 2002; Pastorino et al., 2002]. This may be due to Hxk-induced 


prevention of the Ca2+-dependent opening of the mitochondrial permeability transition 


pore (MPTP) and subsequent release of the pro-apoptotic protein cytochrome c 


[Azoulay-Zohar et al., 2004] (see section 1.1.4.4.a). 


Non-oxidative brain glucose metabolism may also be important for rapid responses 


to synaptic activity. In contrast to muscle and liver, brain has relatively low levels of 


glycogen (between 3.3 - 12 µmol/g tissue, stored in astrocytes). Therefore, glycogen 


may not constitute an alternative source of glucose in extreme situations (e.g. 


hypoglycemia), which may explain the human brain intolerance to acute hypoglycemia 


[for review, McCall].  


Classically, it was believed that long chain fatty acids do not contribute to brain 


energy metabolism. However, a recent hypothesis proposed that up to 20% of brain 


metabolism involves fatty acids, albeit in a compartmentalized manner [Ebert et al., 


2003]. Ketone bodies (β-hydroxybutyrate and acetoacetate) metabolism can provide 


energy to the brain under starvation, high-fat and ketogenic diets or severely 


uncontrolled diabetes (diabetic ketoacidosis) [for review, McCall, 2004]. 


Furthermore, chemical energy within the brain exists primarily as high-energy 


phosphate bonds contained in creatine phosphate (P~Cr) and ATP. Since P~Cr levels in 


brain are higher than ATP and creatine kinase is also very active in neurons and glia, 


P~Cr constitutes a rapid source of inorganic phosphate (Pi) to help phosphorylate ADP, 


thus increasing ATP levels [Ramirez and Gimenez, 2000; McCall, 2004]. 


 







General Introduction 
 


57 


1.1.4.2. Brain mitochondrial dysfunction 


Mitochondria are the “power house of the cell”. Within neurons, mitochondria are 


distributed to regions of high metabolic demand, including synapses, nodes of Ranvier 


and myelination/demyelination interfaces, wherein they are involved in supplying ATP 


through oxidative phosphorylation. Furthermore, mitochondria help to maintain 


intracellular Ca2+ homeostasis when its cytosolic concentration rises above a certain 


threshold (0.3-1 µM) [Guo et al., 2000; Nicholls and Bud, 2000; Chang and Reynolds, 


2006; Moreira et al., 2006]. Mitochondria are also major physiological sources of ROS, 


generated during mitochondrial respiration (revised in section 1.1.1.1.), amino acid 


biosynthesis, fatty acid oxidation and steroid metabolism [for review, Chong et al., 


2005]. Indeed, impairment of mitochondrial electron transfer chain at the flavin 


mononucleotide (FMN) group of complex I (NADPH ubiquinone oxidoreductase) or at 


the ubiquinone site of complex III (ubiquinone-cytochrome c reductase) was shown to 


generate ROS, further impairing mitochondrial electron transport and decreasing 


mitochondrial membrane potential (∆Ψm) [Smeitink et al., 2004]. Moreover, inhibiton 


of cytochrome oxidase, the final step that couples electron transport to O2 consumption, 


increases ROS formation in AD patients [Guo et al., 2000; Lin and Beal, 2006].  


However, neuronal mitochondrial function is also highly susceptible to oxidative 


damage, since lipid and protein oxidation may impair neuronal membrane glucose and 


glutamate transporters (see also sections 1.1.3.1.a and 1.1.4.1a), decreasing glucose 


uptake and metabolism [Guo and Mattson, 2000]. Oxidative stress-mediated impairment 


of mitochondrial electron transport chain causes a decrease in the activity of complex 


IV (cytochrome c oxidase), cytochrome c alterations and an inhibition of complexes II 


(succinate dehydrogenase) and I (NADH-cytochrome c reductase) [Benzi et al., 1991]. 


As a result, ATP synthesis and Ca2+ homeostasis are impaired and the MPTP may be 


induced, culminating in apoptotic or necrotic death [for review, Bolaños et al., 2004; 


Green et al., 2004; Singh et al., 2004; Aschner et al., 2007; Orrenius et al., 2007].   


Neuronal GSH oxidation may contribute for mitochondrial damage and 


neurotoxicity associated with nitrosative stress [Bolaños et al., 2004]. In contrast to 


neurons, NO•-mediated impairment of mitochondrial function stimulates glycolysis in 


astrocytes, probably as the result of Hxk activation, thus preventing major ATP 


depletion [for review, Moncada and Bolaños, 2006]. ROS-associated mitochondrial 


dysfunction culminates in both nuclear and mitochondrial DNA (mtDNA) damage in 


aging brain and in several neurodegenerative disorders, including AD [Guo et al., 2000; 
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Nicholls and Ward, 2000; Lin and Beal, 2006]. Although the cells can repair much of 


the nuclear DNA lesion, mtDNA injury cannot be readily fixed, resulting in extensive 


accumulation of mtDNA damage and further mitochondrial dysfunction [for review, 


Valko et al., 2007]. Therefore, mitochondria are key regulators of cell survival and 


death (section 1.1.4.4.), having a central role in the aging process [for review, Lin and 


Beal, 2006].  


 


1.1.4.3. Excitotoxicity 


Excitotoxicity, defined as the excessive stimulation of glutamate receptors by 


endogenous EAAs [Albin and Greenamyre, 1992], can result from an excessive release 


or impaired reuptake of glutamate (in particular) from the synapse. Excitotoxicity plays 


a major role in the pathophysiology of several neurodegenerative conditions, such as 


ischemia and AD [Chen et al., 2000; Cheung et al., 2005]. Under ischemia, glutamate 


can be released in a Ca2+-dependent, vesicular manner (exocytosis), which accounts for 


by its initial extracellular accumulation. However, energy failure may cause a rapid 


failure of the Na+,K+ATPase, leading to intracellular Na+ accumulation, cell swelling 


and non-vesicular, Ca2+-independent extrusion of osmotically active solutes, including 


glutamate [for review, Phillis and O’Regan, 2003; Nicholls, 2004]. 


Excessive extracellular glutamate can competitively inhibit the cystine-glutamate 


exchange transporter, releasing intracellular cystine and, thus, cysteine, which 


culminates in GSH depletion, oxidative stress and apoptotic neuronal death [Ratan et 


al., 1994; Shih et al., 2006]. Nevertheless, the interaction between cystine-glutamate 


exchange transporter and high-affinity Na+-dependent glutamate transporter expression 


may minimize the extracellular glutamate accumulation, with the additional advantage 


of maintaining the adequate glutamate driving force for cystine-glutamate exchange 


transporter activity [Lewerenz et al., 2006].  


Impairment of extracellular glutamate removal leads to postsynaptic glutamate 


receptor activation, mainly the NMDA receptors, resulting in an excessive influx of 


Ca2+ through their ion channels. This initiates signalling transduction pathways that 


involve Ca2+- and diacylglycerol-dependent activation of protein kinases that may 


hyperphosphorylate tau or ubiquitin [for review, Shen et al., 2006]. Furthermore, 


glutamate receptor overactivation enhances mitochondrial Ca2+ levels, decreasing ∆Ψm 


and ATP synthesis. Overactivation of glutamate receptors may generate ROS in the
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cytosol through the activation of Ca2+-dependent xanthine oxidase, NOS and 


phospholipase A2, leading to arachidonic acid release [Zeevalk et al., 2000; Aschner et 


al., 2007]. In addition, mitochondrial ROS formation and MPTP opening, with 


subsequent mitochondrial swelling and rupture, and the release of proapoptotic factors 


[Zeevalk et al., 2000; Garg et al., 2006; Moncada and Bolaños, 2006; Shen et al., 2006], 


and massive single-strand breaks of nuclear DNA [Didier et al., 1996] are due to 


excessive glutamate receptor activation and have been implicated in the pathogenesis of 


several neurodegenerative diseases [for review, Mattson et al., 1993]. Postsynaptic 


glutamate receptor overstimulation also promotes Ca2+ release from intracellular stores 


and initiates a cytotoxic vicious cycle, with the influx of more extracellular Ca2+, 


enhancing neuronal excitation and the release of more glutamate [Hynd et al., 2004].  


 


1.1.4.4. Neuronal death 


During brain development, programmed cell death is a normal biological process 


that allows the elimination of excessive neurons formed during embryogenesis 


[Mattson, 2000; D’Mello and Chin, 2005]. In mature brain affected by injury or disease, 


neuronal death becomes harmful and underlies several clinical symptoms. As the 


neurons die, the connections with neighboring neurons are lost and cannot be replaced, 


since these are terminally-differentiated cells. Fortunately, brain plasticity allows the 


formation of new synapses and connections to maintain circuitry. This is even more 


important since generation of new neurons occurs only in two small neurogenic areas in 


the brain: the subventricular zone and the subgranular zone in the hippocampus [de 


Chevigny and Lledo, 2006]. Nevertheless, when entire populations of neurons are lost 


or synaptic plasticity is perturbed, cognitive function can be affected [for review, Shen 


et al., 2006]. 


Based on histological and biochemical criteria, cell death can be classified as 


apoptosis, autophagy and necrosis [for review, Mattson, 2000; D’Mello and Chin, 2005; 


Golstein and Kroemer, 2007; Orrenius et al., 2007]. Oxidative stress has been 


implicated in all types of neuronal death [for review, Duchen, 2004; Herrera et al., 


2004], underlying several pathological conditions, such as aging [Kokoszka et al., 2001; 


Butterfield, 2003; Piconi et al., 2003], long-term complications of diabetes, stroke and 


neurodegenerative disorders, namely AD, PD, HD and amyotrophic lateral sclerosis 


[Levinthal and DeFranco, 2004; Schäfer et al., 2004; Chong et al., 2005; Onyango et 


al., 2005a; Culmsee and Plesnila, 2006; Lin and Beal, 2006]. 
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Autophagy is characterized by the appearance of large numbers of two-membrane 


cytoplasmic vacuoles of lysosomal origin and is associated with increased lysosomal 


activity [for review, Santosh and D’Mello, 2005; Golstein and Kroemer, 2007]. This 


type of death is frequent in both neuronal development and neurodegenerative diseases 


[Yuan et al., 2003].  


 


a) Apoptotic cell death  


Apoptosis consists of two independent processes: 1) early collapse of nuclear 


membrane, plasma membrane phosphatidylserine externalization and formation of 


membrane-packaged apoptotic bodies containing nuclear and cytoplasmic material 


(membrane blebbing), and 2) a later phase, characterized by cellular and nuclear 


shrinkage (pyknosis), chromatin condensation and nuclear fragmentation (karyorrhexis) 


and phagocytosis [for review, Maiese et al., 2004; Santosh and D’Mello, 2005; 


Gogvadze and Orrenius, 2006; Golstein and Kroemer, 2007]. Under both physiological 


and pathological contexts, apoptosis is the “preferred” way to die [Langley and Ratan, 


2004]. This “suicidal” decision is based on the balance between the withdrawal of 


positive signals to continue surviving (e.g. growth factors) and the negative signals (e.g. 


oxidative stress) [Valko et al., 2007]. In fact, oxidative stress has been widely described 


to mediate MPTP opening, a multi-protein complex composed of VDAC at the outer 


mitochondrial membrane and the adenine nucleotide translocator (ANT) at the inner 


mitochondrial membrane, responsible the free passage of ions and compounds with a 


molecular weight of 1.5 kDa or less [for review, Chong et al., 2005; Aschner et al., 


2007; Orrenius et al., 2007]. Hence, oxidative stress-induced MPTP opening results in 


osmotic swelling of mitochondrial matrix, depletion of oxidative phosphorylation and 


ATP synthesis, cytochrome c release from mitochondria and further increase in ROS 


formation [Maciel et al., 2001; D’Mello and Chin, 2005; Aschner et al., 2007]. 


Oxidative stress-induced apoptosis also involves the loss of membrane phospholipid 


asymmetry and externalization of phosphatidylserine, which serves to identify cells for 


phagocytosis [for review, Chong et al., 2005]. 


Generally, two mechanism of apoptotic death can occur, depending on the proteins 


that are released from the mitochondrial intermembrane space: caspase (from cysteine-


aspartic acid proteases)-dependent and -independent apoptosis [for review, Kroemer and 


Martin, 2005; Orrenius et al., 2007].  







General Introduction 
 


61 


i) Caspase-independent apoptosis 


Caspase-independent apoptosis involves mitochondrial release and nuclear 


translocation of several proteins: apoptosis-inducing factor (AIF), endonuclease G (in  


Caenorhabditis elegans, but not in humans) and HtrA2/Omi [for review, Chong et al., 


2005; D’Mello and Chin, 2005; Kroemer and Martin, 2005; Orrenius et al., 2007] (Fig. 


1.5). 


In healthy cells, mitochondrial AIF may protect against oxidative stress [Klein et al., 


2002], probably due to its structural similarity with mammalian GPx [Mate et al., 2002]. 


AIF is a 67 kDa NADH oxidase flavoprotein occurring in the mitochondrial 


intermembrane space. Although it is not a part of mitochondrial complex I, reduced AIF 


expression in brain and retina from Harlequin mice resulted in impairment of oxidative 


phosphorylation, which correlates with reduced expression of complex I subunits 


observed in AIF-deficient cells [Vahsen et al., 2004]. Once cell death is initiated, AIF is 


released from the mitochondria before cytochrome c release [Plesnila et al., 2004], and 


translocates to the nucleus, where it interacts with DNA, stimulating the formation of a 


“degradosome”, containing the cofactor cyclophilin A. Hence, chromatin condensation 


and large-scale DNA fragmentation occur, yielding high-molecular-weight DNA 


fragments. This process may occur either in a Bcl-2-associated-X-protein (Bax)-


dependent or -independent neuronal death induced by NMDA receptor-mediated 


excitotoxicity or ischemia [Cheung et al., 2005; Chong et al., 2005; D’Mello and Chin, 


2005; Kroemer and Martin, 2005; Li et al., 2005; Culmsee and Plesnila, 2006; Orrenius 


et al., 2007]. AIF-mediated neuronal apoptosis is also a major feature downstream 


poly(ADP-ribose) polymerase-1 (PARP-1) overactivation, a nuclear protein normally 


involved in DNA repair [Yu et al., 2002; Culmsee et al., 2005; D’Mello and Chin, 


2005]. Moreover, calpains and the proapoptotic proteins Bcl-2-interacting mediator of 


cell death (Bim) and truncated BH3-interacting domain death agonist (tBid) may also be 


involved in mitochondrial AIF release and nuclear translocation after oxygen-glucose 


deprivation or excitotoxic neuronal death [Culmsee and Plesnila, 2006]. According to 


this hypothesis, tBid and Bax form a membrane pore, allowing the entry of activated 


calpain into the mitochondrial intermembrane space. Then, AIF is cleaved and the 


resulting products exit through the membrane pore and translocate to the nucleus 


[Polster et al., 2005].  


Finally, HtrA2/Omi is a mitochondrial serine (Ser) protease that, once released from 


the mitochondria accumulates in the cytosol and cleaves the anti-apoptotic protein 
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HAX-1 (bearing Bcl-2–homology BH1 and BH2 domains), which probably resides in 


the mitochondria outer membrane. Two other substrates of HtrA2/Omi are Ped/Pea-15 


(an inhibitor of the death-inducible signalling complex – DISC - and of stress kinase) 


and the inhibitor of apoptosis proteins (IAPs), which are inhibited by HtrA2/Omi, thus 


promoting caspase activity [for review, D’Mello and Chin, 2005; Kroemer and Martin, 


2005; Orrenius et al., 2007].  


Alternatively, calpains constitute a family of cysteine (Cys) proteases that are 


independent from caspases. Of the fifteen mammalian calpains identified to date, 


calpain-1 (µ-calpain) and -2 (m-calpain) are heterodimeric proteins with a large 


catalytic and a regulated subunit. Both calpains are expressed primarily in the CNS, 


with calpain-1 predominantly distributed in dendrites and neuron body, whereas 


calpain-2 occurs in axons and glia [Chong et al., 2005]. Calpain-1 is activated by 


micromolar Ca2+ levels and calpain-2 by millimolar concentrations. Besides inducing 


apoptosis under oxidative stress or Aβ, these proteins are also known to interfere with 


microtubule-associated proteins tau, neurofilament and actin, thus affecting cell 


structure [for review, Chong et al., 2005]. Calpains may also cleave caspase-3 into a 29 


kDa fragment, further facilitating its activation [Blomgren et al., 2001], and activate 


caspases-7 and -12 [Nakagawa et al., 2000]. Additionally, calpains can generate a pro-


apoptotic 18 kDa fragment of Bax, thereby inducing cytochrome c release [Gao and 


Dou, 2000]. 


 


ii) Caspase-dependent apoptosis 


The human genome encodes twelve distinct caspases, some of them functioning in 


cytokine processing and inflammation and, at least seven (caspases-2, -3, -6, -7, -8, -9 


and -10), contributing to cell death [D’Mello and Chin, 2005; Kroemer and Martin, 


2005]. In healthy cells, caspases occur as zymogens (procaspases) with very low 


intrinsic activity. At the onset of apoptosis, procaspases must be activated either by 


proteolytic maturation and cleavage (with the subsequent formation of heterodimers 


composed of two small and two large subunits) or by interaction with an allosteric 


activator [Chong et al., 2005; D’Mello and Chin, 2005; Kroemer and Martin, 2005; 


Orrenius et al., 2007]. According to their activation sequence, apoptotic caspases can be 


classified as: 1) initiators (caspases-2, -8, -9 and -10), which have long prodomains, and 


cleave and subsequently activate themselves or downstream 2) effectors (caspases-3, -6 


and -7), which are composed of short prodomains and amplify apoptotic cascade and
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cell destruction [for review, Shi, 2004; Chong et al., 2005; D’Mello and Chin, 2005; 


Kroemer and Martin, 2005; Orrenius et al., 2007].  


Caspase activation occurs via two major mechanisms, the intrinsic and extrinsic 


pathways: 


• Extrinsic pathway, also called death receptor-mediated pathway, initiated by the 


binding of extracellular ligands (e.g. TNFα and Fas) to their receptors. These 


receptors are characterized by an intracellular motif - the death domain (DD) – 


that, once activated, bind to specific death effector domain (DED)-containing 


adaptor proteins, such as the Fas-associated cell death domain (FADD). The DED 


within FADD then binds to a DED in caspase-8 (or caspase-10), generating a 


DISC complex, which brings the procaspases in close proximity to each other 


allowing caspase-8 self-cleavage [Chong et al., 2005; D’Mello and Chin, 2005; 


Shen et al., 2006]. Caspase-8 can be also activated by a mutiprotein complex 


composed of mutant huntingtin and huntingtin-interacting protein (Hip) [Gervais 


et al., 2002]. Active caspase-8 subsequently activates caspase-3 or cleaves Bid, 


allowing tBid to translocate to the mitochondria and release cytochrome c [for 


review, Chong et al., 2005] (Fig. 1.5). 


• Intrinsic pathway, also termed mitochondrial apoptotic pathway, is initiated by the 


release of cytochrome c from the mitochondrial intramembrane space into the 


cytosol. Then, cytochrome c binds to apoptotic protease-activating factor-1 (Apaf-


1) through WD-40 domains localized at the C-terminus of Apaf-1, rich in 


tryptophan and aspartate residues. Hence, dATP binding to Apaf-1 is facilitated 


and an N-terminal caspase-recruitment domain (CARD) is exposed, which can 


then oligomerize into an heptamer and constitute a platform for caspase-9 


recruitment. This cytochrome c – Apaf-1 – caspase-9 – dATP complex is referred 


to as the apoptosome, which allows oligomerization of caspase-9 through CARD-


CARD interactions, its subsequent self-cleavage and activation [for review, Chong 


et al., 2005; D’Mello and Chin, 2005; Kroemer and Martin, 2005; Risk et al., 


2005; Orrenius et al., 2007]. Active caspase-9 then cleaves and activates caspases-


3 and -7, leading to cell death [D’Mello and Chin, 2005], as occurs in several 


pathological conditions associated with excitotoxicity, oxidative stress, trophic 


factor withdrawal or exposure to Aβ [Guo et al., 2001; Hallak et al., 2001; Dykens 


et al., 2003; Koriyama et al., 2003; Chong et al., 2005] (Fig. 1.5). 
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Caspase-dependent apoptosis can be regulated by three major families of proteins 


(Fig. 1.5): 


• Bcl-2 family proteins - these are critical regulators of apoptosis, modulating 


mitochondrial homeostasis and cytochrome c release, and suppressing oxidative 


damage. These proteins possess at least one of four conserved Bcl-2-homology 


(BH) domains (BH1-4). Bcl-2 proteins are functionally classified into:  


- anti-apoptotic-members (e.g. Bcl-2, Bcl-XL, Bcl-W, Mcl-1 and Al), which 


generally possess all four BH domains and a transmembrane domain [for review, 


Guo et al., 2001; Chong et al., 2005; D’Mello and Chin, 2005]. Overexpression of 


these proteins inhibit neuronal and non-neuronal apoptosis by blocking 


cytochrome c release [Adams and Cory, 2002; Scorrano and Korsmeyer, 2003]. 


Bcl-2 was also suggested to play a role on post-mitotic neuronal survival, since 


transgenic mice overexpressing Bcl-2 have more than the normal number of 


neurons in many brain regions [Michaelidis et al., 1996]. Moreover, Bcl-XL 


appears to be involved in neuronal development, because Bcl-XL knockout mice 


display massive death of immature neurons that die embryonically [Motoyama et 


al., 1995]. 


- pro-apoptotic-members, which are subdivided into the BH3-only members (e.g. 


Bad, Bid, Bim, NOXA, and PUMA), containing only the BH3 domain, and the 


multi-domain members (e.g. Bax and Bak), generally lacking the BH4 domain 


[D’Mello and Chin, 2005]. 


Upon a death signal, namely oxidative stress, Bcl-2 homologous antagonist killer 


(Bak) and Bax translocate to the mitochondria, forming pores through which 


cytochrome c is released [Wei et al., 2001]. Anti-apoptotic Bcl-2 and Bcl-XL can 


heterodimerize with Bak and Bax, preventing their translocation to mitochondria and 


neuronal apoptosis [for review, Hallak et al., 2001; Chong et al., 2005]. Thus, the 


balance between anti- and pro-apoptotic Bcl-2 proteins may determine whether a cell 


lives or dies [D’Mello and Chin, 2005]. An increase in Bax and a decrease in Bcl-2 


expression has been described in both rat and human brain cortex upon Aβ exposure 


[Paradis et al., 1996; Wang et al., 2001]. Another pro-apoptotic protein of the Bcl-2 


family is Bad (Bcl-2-associated death promoter), which in the absence of survival 


factors, promotes apoptosis by complexing with Bcl-XL. However, in the presence of 


pro-survival factors, Bad is phosphorylated on Ser136 and is sequestered by the
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cytosolic protein 14-3-3, thus releasing Bcl-XL, which then blocks apoptosis [Chong et 


al., 2005; D’Mello and Chin, 2005; Yu et al., 2005].  


 


• IAPs – Eight mammalian IAP proteins have been identified to date: X 


chromosome-linked IAP (XIAP), cIAP-1, cIAP-2, neural apoptosis-inhibitory 


protein (NAIP), Livin, inhibitor of apoptosis-like protein-2 (ILP-2), Survivin, and 


Bruce. Of these, NAIP, XIAP, and cIAP-2 are implicated in the regulation of 


neuronal death in several disease models [Prunell and Troy, 2004; Christie et al., 


2007]. These proteins bind to caspases via baculovirus IAP repeat (BIR) domains 


at the N-terminus, thus specifically inhibiting caspases-3, -7 and -9 [Reed, 2001; 


D’Mello and Chin, 2005]. In a recent study, Christie et al. (2007) suggested that 


the expression of at least NAIP may protect against tangle pathology and cognitive 


decline in AD patients. According to these authors, this may be due to the fact that 


decreased NAIP levels stimulate caspase-3- and -7-mediated tau cleavage, 


subsequent assembly of neurofibrillary tangles and apoptosis activation. 


• Smac/Diablo and HtrA2/Omi – Smac/Diablo is a pro-apoptotic protein located at 


the intramembrane mitochondria space, being expressed only in vertebrates. Upon 


release from the mitochondria, this protein binds to the BIR domains of XIAP, 


allowing caspase-9, -3 and -7 activation and subsequent apoptosis [Chong et al., 


2005; D’Mello and Chin, 2005]. As previously described, HtrA2/Omi also 


competes for binding to XIAP, cIAP-1 and -2, cleaving and inactivating these 


IAPs and thereby promoting caspases activation [D’Mello and Chin, 2005]. 
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Fig. 1.5. Major pathways to caspase-dependent and caspase-independent cell death. Caspase-dependent 
apoptosis comprises two distinct pathways: the extrinsic pathway, which involves the stimulation of 
‘death receptors’, and the intrinsic pathway, in which MOMP occurs, resulting in the assembly of a 
caspase-activating complex formed by caspase-9, cytochrome c and Apaf-1 (‘the apoptosome’). Death 
receptor stimulation typically results in the recruitment and activation of caspase-8 by the adaptor protein 
FADD to form a DISC, which can propagate death signals in two ways: by proteolysis of the BH3-only 
protein Bid, which provokes translocation of the latter to mitochondria, inducing MOMP, or by direct 
proteolysis and activation of the downstream effector caspase-3. In the intrinsic pathway, BH3-only 
proteins act as sentinels for cell stress or damage, being mobilized to initiate MOMP, probably due to 
oligomerization of Bax and/or Bak in the mitochondrial outer membrane, forming channels that permit 
the release of proteins from the mitochondrial intermembrane space. Once activated, caspase-3 may 
interact with nuclear PARP-1, leading to DNA damage and cell death. Caspase-independent death may 
occur after the MOMP-induced release of the mitochondrial proteins AIF, HtrA2/Omi and endonuclease 
G, which are translocated to nucleus, and Smac/Diablo, which (together with HtrA2/Omi) inhibit IAPs 
(these proteins bind specifically to caspases, blocking caspase-dependent apoptosis). AIF, apoptosis-
inducing factor; FADD, Fas-associated cell death domain; IAPs, inhibitor of apoptosis proteins; MOMP, 
mitochondrial outer membrane permeability [Adapted from Orrenius et al., 2007; Kroemer and Martin, 
2005]. 
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b) Necrotic cell death  


Necrosis, by contrast to apoptosis, is a passive process of cell death occurring due to 


early mitochondrial dysfunction associated with ROS formation, energy depletion, 


swelling of mitochondria and other intracellular organelles, ATP depletion, loss of Ca2+ 


homeostasis, perinuclear clustering of organelles, activation of calpains and cathepsins, 


lysosomal rupture and, ultimately, plasma membrane rupture [Hamabe et al., 2003; 


Gogvadze and Orrenius, 2006; Golstein and Kroemer, 2007]. As a result, necrosis-


mediated release of cellular contents activates inflammatory processes, culminating in 


macropinocytotic internalization and eventually in phagocytosis of cell debris [for 


review, Langley and Ratan, 2004; Santosh and D’Mello, 2005; Golstein and Kroemer, 


2007]. 


High levels of NO• and ONOO- were proposed to induce necrosis, probably as a 


result of complex IV inhibition and subsequent O2
•- production, which irreversibly 


impairs mitochondrial complexes I and III, culminating in mitochondrial dysfunction 


and ATP depletion. Furthermore, RNS can impair glucose uptake and metabolism, 


namely by inhibiting GLUT1 and aconitase, and inhibit DNA synthesis [Fujita and 


Ueda, 2003; Nicotera and Melino, 2004]. Additionally, Almeida and Bolaños (2001) 


described that transient inhibition of mitochondrial ATP synthesis upon glutamate 


receptor stimulation results in early necrosis and delayed apoptosis. This may be related 


with the requirement of ATP for optimal caspase activation [Golstein and Kroemer, 


2007]. Hence, a continuum between apoptosis and necrosis may exist, with some 


common features [for review, Nicotera et al., 1999].  
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1.2. Diabetes in the Central Nervous System 
1.2.1. Definition, etiopathogenesis and epidemiology  


Diabetes mellitus is a heterogenous metabolic disease with increasing incidence and 


prevalence in the last years, currently reaching epidemic proportions in western 


countries [Ristow, 2004]. World Health Organization (WHO) estimates that there will 


be 300 million diabetics worldwide in 2025 (about 5.4% of the population), a 35% 


increase in the number of patients [King et al., 1998; Groop et al., 2005]. In Portugal, 


according to the Portuguese Society of Diabetology, it is estimated that diabetes affects 


about 500 000 patients and will double until 2025. However, these numbers are 


currently underestimated, due to the high number of undiagnosed patients [Saydah et 


al., 2001; Norhammar et al., 2002; Taubert et al., 2003], either using previous [WHO, 


1999] or new diagnosis criteria established by the American Diabetes Association 


(ADA) [ADA, 2006].  


Concomitant increase in risk factors for glucose intolerance, namely increased life 


expectancy, obesity, sedentary life, hypertension, hyperlipidemia and genetic factors, in 


developed and under development countries, suggests that diabetes constitutes an 


important public health problem [Tuomi, 2005]. Taking this into account, understanding 


diabetes complications will allow the development of strategies to overcome the poor 


prognosis of this high-risk population.  


 


1.2.2. From classification and pathogenesis to therapeutics 


Diabetes mellitus is characterized by hyperglycemia, resulting from a failure of β-


cells within the islets of Langerhans at the pancreas to produce insulin in sufficient 


amounts to maintain normal blood glucose levels and/or from a resistance to insulin 


action [Biessels et al., 2002; Ristow, 2004]. Insulin mediates the clearance of glucose 


from blood by inducing glucose transport into the cells. Therefore, absolute or relative 


lack of insulin and/or impaired insulin action at its receptor decreases the metabolism of 


circulating glucose [for review, Ristow, 2004]. 


 


1.2.2.1. Classification of diabetes 


In 1936, Himsworth described an insulin-sensitive and an insulin-resistant form of 


diabetes. However, diabetes mellitus criteria were reviewed by ADA in 1997 [ADA, 


1997] and 2006 [ADA, 2006]. According to WHO, the most common forms of diabetes 
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mellitus are: 1) type 1 diabetes (also known as insulin-dependent or juvenile diabetes), 


caused by an autoimmune-mediated destruction of pancreatic β-cells, leading to insulin 


deficiency, and 2) type 2 diabetes, an heterogenous disease characterized by insulin 


resistance and relative insulin deficiency (insulinopenia), although in some patients 


insulin deficit predominates [for review, Biessels et al., 2002; McCall, 2004; Rees and 


Alcolado, 2005; van der Heide et al., 2006]. These major types of diabetes are 


considered multifactorial diseases, with several predisposing genetic and environmental 


factors, some of which can be common to both type 1 and type 2 diabetes [Tuomi, 


2005]. Furthermore, these types of diabetes may include different stages of the disease, 


ranging from non-insulin-requiring to insulin-requiring and, according to WHO, both 


processes may occur in a single patient [Tuomi, 2005].   


 


a) Type 1 diabetes 


Type 1 diabetes mellitus constitutes only 5-10% of the total number of diabetic 


patients and appears to have a genetic predisposition, mainly in children under 5 years 


old [Gillespie et al., 2004; Valko et al., 2007]. The majority of cases of type 1 diabetes 


are detected in patients between 12-16 years old and depend on several daily doses of 


insulin administration. For these reasons, type 1 diabetes is also known (although 


erroneously) as juvenile diabetes or insulin-dependent diabetes [Beisswenger, 2000].   


Type 1 diabetes only occurs when 90% of β-cells are destroyed and these patients 


frequently have a transient remission phase (the honeymoon phase), in which some 


insulin is produced, thus maintaining normal glycemia. However, the disease progresses 


to a state of insulin-dependency [for review, Monteiro, 2007]. Diagnosis of type 1 


diabetes is made when patients display typical symptoms, such as polyuria, polydipsia, 


polyphagy, weight loss, metabolic failure and, occasionally, glycemia higher than 200 


mg/dl [for review, Monteiro, 2007].    


 


b) Type 2 diabetes 


Type 2 diabetes affects 90-95% of diabetic patients, mainly middle-aged and elderly 


individuals, constituting a heterogenous metabolic disorder, characterized by insulin 


resistance and hyperinsulinemia, despite normal hepatic glucose production, with 


fasting euglycemia and mild postprandial hyperglycemia. In the later stages of the 


disease, insulin resistance persists, hepatic glucose production rises and postprandial 


hyperglycemia occurs, culminating in the impairment of insulin secretion in some 
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patients [Ristow, 2004; Watson and Craft, 2004; Porte et al., 2005; Wada et al., 2005; 


Cole and Frautschy, 2007]. In the majority of type 2 diabetic patients, there are no 


changes in β-cell mass [Sempoux et al., 2001], but a progressive dysfunction of β-cells 


occurs, thus contributing to a gradual decline in the control of glycemia [Turner et al., 


1999]. 


Type 2 diabetes develops in the context of a cluster of risk factors that include 


obesity, insulin resistance, atherogenic dyslipidemia (increased levels of triglycerides 


and low-density lipoproteins and low levels of high-density lipoproteins), hypertension 


and prothrombotic and proinflammatory conditions. Together, these factors constitute 


the metabolic syndrome or insulin resistance syndrome [Biessels et al., 2006], which is 


believed to affect approximately 50% of all adults over 60 years old [Craft, 2005]. This 


syndrome is characterized by persistent high levels of insulin at the periphery and an 


inefficient role of insulin on target tissues, mainly skeletal muscle and adipose tissue 


[Porte and Kahn, 2001; Craft, 2005; Groop et al., 2005], i.e., hyperinsulinemia is 


accompanied by impairment of glucose metabolism [Rasgon and Jarvik, 2004].  


Insulin resistance may not cause diabetes per se, since several pathologies, namely 


obesity and hypertension, that are associated with this abnormality do not involve 


glucose intolerance. Hence, this cluster of cardiovascular-metabolic abnormalities has 


been commonly referred to as the “insulin resistance syndrome” and may culminate in 


type 2 diabetes [for review, Marrero and Stern, 2004; Ristow, 2004]. Clinically, insulin 


resistance is defined as the inability of a known quantity of endogenous or exogenous 


insulin to increase glucose uptake and utilization in an individual as much as it does in a 


normal population [for review, Marrero and Stern, 2004]. Several mechanisms have 


been proposed to underlie insulin resistance syndrome, including genetic abnormalities 


in one or more proteins of the insulin signaling cascade (e.g. the insulin receptor (IR)), 


and increased visceral adiposity (obesity) [for review, Groeneveld et al., 2002; Marrero 


and Stern, 2004; Rasgon and Jarvik, 2004; Groop et al., 2005]. Indeed, increased free 


fatty acids (FFA) lead to an increase in triglycerides within muscle cells, interfering 


with normal insulin action. Insulin resistance may arise from the modification of fatty 


acid composition of plasma membrane and subsequent impairment of membrane 


fluidity [for review, Hsueh et al., 2004]. Furthermore, increased levels of 


diacylglycerol, which activate protein kinase C (PKC), may phosphorylate and inhibit 


IR or insulin receptor substrates (IRS). Insulin resistance may also result from 


prolonged cytokine (e.g. TNF-α) production due to the inflammatory immune response 
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[for review, Hsueh et al., 2004]. A consequence of insulin resistance and chronic 


peripheral hyperinsulinemia is the downregulation of insulin transport into the brain, 


leading to brain insulin deficits and deprivation of this tissue from many insulin 


beneficial effects [for review, Craft, 2005], as described in section 1.3.4. 


Interestingly, type 2 diabetes may not be genetically defined, rather a polygenic 


disease, presumably caused by multiple combinations of gene mutations that affect both 


nuclear and mitochondrial genomes [for review, Ristow, 2004; Qiu and Folstein, 2006]. 


Another risk factor for type 2 diabetes is the sedentary lifestyle [Ristow, 2004]. Natural 


evolution of type 2 diabetes frequently progresses to mild insulinopenia and these 


patients depend on insulin treatment to survive. Hence, the former classification of type 


1 and type 2 diabetes into insulin-dependent and non-insulin-dependent, respectively, 


was not correct [for review, Monteiro, 2007]. 


 


c) Other types of diabetes 


According to the criteria of WHO, other types of diabetes include: 1) gestational 


diabetes, which corresponds to any degree of glucose intolerance that appears during 


pregnancy, and it usually disappears after birth; and 2) a group of “other specific types 


of diabetes”, which includes diabetes associated with Down syndrome or HD [for 


review, Ristow, 2004].  


 


1.2.3. Long-term complications of diabetes affecting the central nervous system 


Improvement of glycemic control remains the only therapeutic strategy to prevent or 


delay the onset or progression of severe long-term complications associated with 


diabetes [Vincent et al., 2005], namely cardiovascular disease, renal failure, retinopathy 


and peripheral and autonomic neuropathy [for review, Biessels et al., 2002; Jonhson-


Farley et al., 2006]. Additionally, diabetes increases the risk for stroke and stroke 


outcome is worse in diabetic patients [for review, Biessels et al., 2002]. According to 


the Diabetes Control and Complications Study Group (1993), although metabolic 


control reduces the development of these complications, it is not sufficient to 


completely prevent them. Moreover, diabetes mellitus (chronic hyperglycemia) and 


repeated episodes of severe hypoglycemia (the most common treatment side-effect) 


adversely affect the CNS [Biessels et al., 2002; Jonhson-Farley et al., 2006]. 


Pancreatic β-cells of endodermal origin share many common features with neurons 


of ectodermal origin, namely: 1) the production and storage of extracellular signalling 
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molecules, which are released by Ca2+-mediated exocytosis; 2) the presence of ion 


channels and glucose transporters in both cell types; 3) and the expression of 


neurotransmitter biosynthetic enzymes (e.g. tyrosine hydroxylase, DOPA decarboxylase 


and glutamate decarboxylase). Furthermore, neurons express many of the transcription 


factors involved in β-cell development [for review, Burns et al., 2005]. Finally, neurons 


and β-cells have a high metabolic activity and a low regeneration rate, thus making 


these tissues extremely vulnerable to genetic and environmental effects [for review, 


Ristow, 2004]. Therefore, it is plausible that typical neurodegenerative disorders and 


type 2 diabetes share common genetic and/or biochemical features. 


Approximately 20% of neurodegenerative disorders are associated with diabetes 


mellitus [Ristow, 2004]. The most frequent complication of diabetes mellitus and 


probably one of the most common diseases of nervous system is diabetic neuropathy, 


which, together with chronic hyperglycemia and dyslipidemia, constitute the major risk 


factors for cognitive dysfunction [Biessels et al., 2002; Ristow, 2004; Li et al., 2005]. 


Diabetic neuropathy is characterized by impairment of cognitive functions and 


electrophysiological changes, accompanied by neurochemical, structural and 


degenerative abnormalities in the brain [Mastrocola et al., 2005]. The severity of 


diabetic neuropathy depends on the duration of diabetes and the quality of blood 


glucose control, increasing progressively with aging. Although the pathogenesis of 


diabetic neuropathy remains largely unknown, it is hypothesized that a combination of 


cumulative damage to neurons and decreased cerebral blood flow may be involved [for 


review, Ristow, 2004; Groop et al., 2005]. 


 


1.2.4. Brain metabolic changes in diabetes 


Healthy humans and animals tightly control insulin synthesis and secretion and 


glucose metabolism, resulting in relatively small changes in plasma glucose levels 


during periods of fasting and carbohydrate ingestion [for review, Watson and Craft, 


2004]. However, despite the hyperglycemia, diabetes is associated with a decrease in 


cerebral blood flow and oxidative glucose metabolism, probably due to disruption 


between insulin activity and glucose metabolism [for review, Ristow, 2004; Watson and 


Craft, 2004; van der Heide et al., 2006]. Blood-brain glucose transport may also account 
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for the decrease in glucose metabolism in diabetes, since brain GLUT8 appears to be 


downregulated in uncontrolled diabetes [Piroli et al., 2004]. Nevertheless, Seaquist et 


al. (2001) showed that short-term hyperglycemia does not affect glucose transport. 


Hyperglycemia in animal and in vitro models of diabetes activates several 


enzymatic and non-enzymatic pathways of glucose metabolism that culminate in the 


development of diabetic neuropathy [Singh et al., 2004; Rizk et al., 2005; Vincent et 


al., 2005]. Several hypothesis have been suggested to explain the origin of this long-


term complication of diabetes, with a special emphasis on aldose reductase activity, 


formation of advanced glycation endproducts (AGEs), oxidative stress, activation of 


PKC and increased hexosamine pathway flux [Brownlee, 2001; Singh et al., 2004; 


Groop et al., 2005; Rizk et al., 2005; Vincent et al., 2005; Gispen et al., 2006].  


Hyperglycemia promotes the polyol pathway, in which glucose is reduced to 


sorbitol by aldose reductase. Then, sorbitol is oxidized to fructose by sorbitol 


dehydrogenase. Hence, accumulation of sorbitol and fructose occurs, and NADPH 


levels also decrease, thus blocking reduction of GSSG to GSH and promoting oxidative 


stress. Polyol pathway also increases NADH levels, which prevent glycolysis and 


favour glycerol-3-phosphate formation from dihydroxyacetone phosphate [Singh et al., 


2004; Groop et al., 2005; Rizk et al., 2005; Vincent et al., 2005]. 


Non-enzymatic glycation of proteins, yielding AGEs, constitutes another cytotoxic 


mechanism related with hyperglycemia. AGEs are a heterogenous group of irreversible 


adducts generated by non-enzymatic glycosylation and oxidation of proteins, lipids and 


nucleic acids [Singh et al., 2004; Rizk et al., 2005; Vincent et al., 2005]. These products 


tend to accumulate with aging and may affect neuronal function, either by modifying 


functionally important proteins, such as Na+,K+ATPase, or inducing ROS formation 


[Biessels et al., 2002].  


Diabetes has been also shown to affect mitochondrial electron transfer chain in rat 


brain mitochondria. By increasing mitochondrial NOS activity and NO• production, 


diabetes causes the inhibition of complexes III and IV and ATP synthase by 


nitrosylation or protein thiol oxidation. This leads to impairment of ATP production, 


decreased ∆Ψm, opening of MPTP and cell death [Mastrocola et al., 2005]. Diabetes 


also impairs Ca2+ storage by inhibiting its uptake to the endoplasmic reticulum (ER) 


and/or mitochondria [for review, Biessels et al., 2002].  


Recurrent hypoglycemic episodes, that occur due to non-physiological doses of 


exogenous insulin, may affect the endogenous levels of other metabolites indirectly 
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linked with brain glucose metabolism, namely glutamate. As a result, glutamate 


excitotoxicity may occur after recurrent hypoglycemia. On the other hand, lipolysis 


accelerates, resulting in the formation of highly-oxidizable PUFA, particularly 


arachidonic acid and culminating in neuronal dysfunction [for review, McCall, 2004; 


Singh et al., 2004] (Fig. 1.6). Under this perspective, brain requires robust 


neuroendocrine counterregulatory mechanisms to maintain blood glucose within a 


narrow, non-deleterious range. 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 
Fig. 1.6. Overview of brain metabolism. Under physiological conditions, glucose is essentially 
metabolised to pyruvate through the glycolysis pathway. The initial step of neuronal glycolysis involves 
the hexokinase-dependent phosphorylation of glucose to glucose-6-phosphate, the rate-limiting step of 
glycolysis. Then, pyruvate is oxidized to CO2 and H2O in the TCA/Krebs cycle, after pyruvate 
dehydrogenase-mediated formation of ACoA. However, under neuronal stimulation, extracellular lactate 
increases dramatically and a large flux of lactate may occur from astrocytes to neurons, where it becomes 
the dominant substrate oxidized. Continuous lactate uptake and metabolization into pyruvate is 
accompanied by the reduction of NAD+ to NADH, which continuously transfers reducing equivalents to 
mitochondria. Subsequent pyruvate oxidation provides the net transfer of electrons to oxygen. TCA cycle 
also provides α-ketoglutarate, the precursor for glutamate and GABA synthesis. ACoA, acetyl coenzyme 
A; GABA, γ-aminobutyric acid; TCA, tricarboxylic acid cycle. [Adapted from McCall, 2004].
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1.2.5. Effect of diabetes on neurotransmission 


The effect of diabetes on neurotransmission remains controversial. Glutamate 


affinity for α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), but not 


NMDA receptors, was shown to be reduced in rat streptozotocin (STZ)-mediated 


diabetes [Biessels et al., 2002]. Moreover, Vilchis and Salceda (1996) reported an 


increase in taurine and GABA transport in diabetic rat retina and retinal pigment 


epithelium, whereas glycine and glutamate uptake remained unchanged. Additionally, 


elevated glucose levels were described to reduce glutamate release upon 


ischemia/reperfusion in both non-diabetic [Guyot et al., 2000a] and diabetic animals 


[Phillis et al., 1999; Guyot et al., 2000c]. Conversely, insulin administration increased 


extracellular glutamate in chronic STZ diabetic rats submitted to ischemia. Such effect 


of insulin may be accounted for by its ability to stimulate astrocytic glucose uptake, 


leaving less glucose available to fuel neuronal metabolism and maintain ionic pumps, 


thus decreasing energy availability for neuronal amino acid uptake [Guyot et al., 


2000b]. This effect was even more pronounced for acutely diabetic STZ rats given a 


high dose of insulin, which induced a prolonged release of aspartate, glutamate, taurine 


and GABA [Guyot et al., 2000b]. According to these authors, insulin-induced increase 


in extracellular inhibitory GABA and in the number of GABAA receptors may help to 


counteract the cytotoxic effects of EAAs released during insulin treatment in diabetes or 


even to reduce their release during ischemia/reperfusion, evidencing a neuroprotective 


role of insulin against ischemia/reperfusion under diabetes.  


 


1.2.6. Oxidative stress and apoptosis in diabetic brain 


Oxidative stress is a hallmark of neurodegenerative diseases and long-term diabetic 


complications. Several mechanisms may underlie oxidative stress in diabetes, including 


mitochondrial dysfunction, ER stress that directly activates caspase-12, lipid oxidation, 


production of AGEs and impaired antioxidant defences [Li et al., 2005].  


Direct glucose toxicity occurs in neurons upon diabetes, as observed in both diabetic 


humans and rats. This toxicity results mainly from increased glucose autooxidation 


(glucose is oxidized in the presence of free metal ions, yielding mitochondrial O2
•- and 


H2O2), leading to protein oxidation and brain damage [Biessels et al., 2002; Mastrocola 


et al., 2005; Muranyi et al., 2006]. A massive free radical generation also overwhelms 


the antioxidant defences GSH, GPx and MnSOD [Singh et al., 2004; Mastrocola et al., 


2005; Vincent et al., 2005]. GSH loss in brain mitochondria from type 1 diabetic 
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streptozotocin rats appears to result from cytochrome c release and opening of MPTP 


[Moreira et al., 2004]. Moreover, decreased GSH may result from increased polyol 


pathway and depletion of NADPH, or from increased generation of H2O2 and 


concomitant consumption of scavenging molecules [for review, Biessels et al., 2002]. In 


addition, ROS-mediated amino acid modification or abnormal gene suppression may 


contribute to decreased MnSOD and GPx activities in diabetes [Singh et al., 2004]. 


Interestingly, dorsal root ganglion neurons respond to high glucose-mediated oxidative 


stress by maintaining GSH levels and increasing SOD and catalase activities [Vincent et 


al., 2005]. Diabetes is also associated with an increase in mtNOS and iNOS expression, 


leading to increased levels of NO• and ONOO- [Zhao et al., 2003; Mastrocola et al., 


2005; Obrosova et al., 2005]. As a consequence, a rise in lipid oxidation and in single 


DNA strand breaks occur in different diabetic brain regions, namely the hippocampus 


and the hypothalamus [Folmer et al., 2002; Reagan et al., 2002; Singh et al., 2004]. 


Nevertheless, Li et al. (2005) did not observe significant changes in 8-OHdG in 


hippocampal CA1 neurons from type 2 diabetic rats. One of the main consequences of 


diabetes is the deficit in the detoxification of compounds containing carbonyl groups, 


leading to carbonyl stress and subsequent modification of proteins, culminating in 


oxidative stress and tissue damage [Baynes and Thorpe, 1999]. Thus, protein carbonyls 


are another marker of cumulative oxidative stress observed due to increased insulin 


resistance [Houstis et al., 2006].  


Antioxidant supplementation studies also revealed the involvement of oxidative 


stress in diabetes. In fact, exogenous co-administration of α-lipoic acid and catalase was 


shown to prevent hyperglycemia-induced oxidative stress and cell death in dorsal root 


ganglion neurons [Vincent et al., 2005], whereas α-lipoic acid per se counteracted 


changes in antioxidant defences associated with diabetes [Nickander et al., 1996; Dinçer 


et al., 2002; Maritim et al., 2003]. 


Apoptosis is common in diabetes and degenerative disorders affecting the CNS [Li 


et al., 2005; Rizk et al., 2005]. The brain regions most affected by diabetes- and 


hypoglycemia-mediated DNA fragmentation are the dentate gyrus and hippocampal 


CA1 region, followed by the thalamus and cortex [Singh et al., 2004].  


Hyperglycemia-associated oxidative stress may culminate in caspase-dependent 


neuronal death [Li et al., 2005; Vincent et al., 2005]. In approximately 30% of dorsal 


root ganglion neurons from diabetic rats, several apoptotic markers were observed, 
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namely cleaved caspase-3 and positive TUNEL staining [Vincent et al., 2005]. 


Previously, Li et al. (2005) observed that hippocampal CA1 and CA2 neuronal density 


was lower and specific markers of apoptosis (e.g. TUNEL staining, Fas and Bax 


expression, cytosolic AIF, expression and activity of caspases-3 and -12, and nuclear 


labeling of 8-OHdG) were higher in type 1 than in type 2 diabetic rats, suggesting that a 


greater oxidative stress was linked to apoptotic activity in type 1 diabetes.  


Another evidence of apoptotic neuronal death is increased PARP-1 activation in 


dorsal root ganglion neurons [Obrosova et al., 2005] and hippocampus from diabetic 


rats [Li et al., 2005]. Interestingly, other authors observed that PARP-1 activation was 


not accompanied by DNA single-strand breaks in type 1 STZ diabetic rats, suggesting 


that other intracellular mechanisms rather than oxidative stress may account for PARP-1 


activation in these models [Obrosova et al., 2005]. PARP-1 activation may also affect 


glucose metabolism, due to mitochondrial and cytosolic NAD+ depletion which, in turn, 


inhibit the glyceraldehyde 3-phosphate dehydrogenase (GAPDH)-catalysed step of 


glycolysis. Hence, glycolytic flux is redirected towards the upregulation of 


extramitochondrial NAD(P)H oxidase and mitochondrial NADH oxidase, leading to 


O2
•- formation [Garcia-Soriano et al., 2001; Du et al., 2003; Obrosova et al., 2004].  


 


In summary, oxidative-nitrosative stress contributes to metabolic changes, impaired 


neurotrophic support, BBB dysfunction and neurological abnormalities characteristic of 


diabetic neuropathy [Obrosova et al., 2005]. Therefore, a tight control of blood glucose 


levels appears to be the most effective preventive approach to avoid diabetic 


complications. Additionally, antioxidant therapy may help in the treatment of type 2 


diabetes and insulin resistance syndrome, by preventing hyperglycemia-induced 


metabolic dysfunction, oxidative stress and neuronal death [Watanabe et al., 2000; 


Brownlee, 2001; Feldman et al., 2002; Kowluru and Koppolu, 2002]. 


 


1.2.7. Diabetes therapy 


Treatment of diabetes may contribute for elimination of hyperglycemia and 


prevention of long-term micro and macrovascular complications. Diabetes treatment 


may also avoid recurrent hypoglycemic episodes or undesirable side-effects, allowing 


the patient to control the disease.  


The role of glycemic control in diabetes was controversial for many years. 


Conventional therapeutics consisted in one or two daily insulin administrations and 
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occasional self-monitorization of capilar glycemia that did not influence insulin therapy. 


Intensive therapy included three or more daily insulin administrations or the use of 


continuous insulin infusion pumps, frequent blood glucose determination and eventual 


adjustement of insulin therapy.  


Despite the increased frequency of hypoglycemic episodes in type 1 diabetes 


patients, in 1993, the Diabetes Control and Complications Trial showed that intensive 


insulin therapy could prevent or delay microvascular complications [The Diabetes 


Control and Complications Trial Research Group, 1993]. 


Type 2 diabetes treatment comprises tight control of glycemia, blood pressure, lipid 


profile, frequent monitorization of diabetic complications, diet and lifestyle changes 


(e.g. moderate exercise) and pharmacotherapy [ADA, 2002; Biessels et al., 2002]. 


Patients should also avoid recurrent hypoglycemia. Therefore, more intense insulin 


therapy requires more frequent self-monitorization of glycemia to prevent 


microvascular (but not macrovascular) complications [United Kingdom Prospective 


Diabetes Study Group, 1998; Hsueh et al., 2004].  


 


1.2.7.1. Pharmacological treatment of type 2 diabetes 


a) Insulin 


Insulin is the best studied and more efficient pharmacological compound used in the 


treatment of type 1 diabetes and in type 2 diabetes non-controlled by diet, exercise or 


oral anti-diabetic agents, and it also decreases microvascular complications [Buse, 2000; 


Hsueh et al., 2004]. Most of the type 2 diabetic patients initially treated with oral anti-


diabetic agents are also treated with insulin, due to failure in controlling increasing 


hyperglycemia in later stages of the disease. This therapy consists in the administration 


of both daily long- and short-action insulin in the initial phases, when patients still have 


some insulin synthesis, and culminate in intensive insulin therapy at later stages. The 


notable reduction in mortality induced by insulin treatment further increased its 


importance in type 2 diabetes treatment [for review, Monteiro, 2007].  


Interestingly, it has been suggested that all diabetic patients can be insulin-treated, 


independently of disease progression [Buse, 2000]. Hence, insulin has been used for the 


treatment of diabetes in particular situations, namely in gestational diabetes, patients 


with sepsis, heart failure, hepatic failure or renal failure and in pre-surgical patients 


[Monteiro, 2007].  
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The main secondary effect of insulin therapy is hypoglycemia, which may result in 


incapacity, seizures or cognitive damage, mainly in aged patients [Turner et al., 1996]. 


Insulin may also induce an increase in body weight [Yki-Jarvinen et al., 1999; 


Biesenbach et al., 2006]. Although the etiology of this weight gain may be multifaceted, 


insulin has anabolic effects on adipose tissue, promoting glucose utilization instead of 


β-oxidation of fatty acids. Adiposity is further exacerbated in patients due to an increase 


in caloric intake to prevent hypoglycemia [for review, Purnell and Weyer, 2003]. 


 


b) Oral anti-diabetic drugs  


Type 2 diabetes treatment, especially in its early and low-risk patients, usually 


involves oral therapeutic agents (such as sulphonylureas, meglitinides, biguanides, 


peroxisome proliferator-activated receptor γ (PPARγ) agonists and α-glucosidase 


inhibitors), instead of insulin.  


Sulphonylureas are hypoglycemic drugs that promote insulin secretion after binding 


and closure of ATP-dependent K+ (K+
ATP) channels [Lebovitz, 2001; Kecskemeti et al., 


2002] (Fig. 1.7). 


Meglitinides depend on glucose levels to induce insulin production and release, after 


transient binding of the meglitinide to the sulphonylurea receptor [Culy and Jarvis, 


2001; Levien et al., 2001] (Fig. 1.7). 


Biguanides relie on the presence of insulin to inhibit hepatic glucose production 


[Inzucchi, 2002] (Fig. 1.7). Similarly to biguanides, PPARγ agonists require the 


presence of insulin to exert their effects and decrease peripheral insulin resistance [for 


review, Lebovitz, 2001] (Fig. 1.7). Finally, α-glucosidase inhibitors impair intestinal 


cleavage of sucrose and other complex carbohydrates, allowing a prolonged 


carbohydrate absorption, without affecting fasting blood glucose levels [Mooradian and 


Thurman, 1999] (Fig. 1.7). 
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Fig. 1.7. Mechanisms of action of the main classes of oral anti-diabetic agents [Adapted from 
Monteiro, 2007]. 
 


1.2.7.2. The future of diabetes therapy 


New developments in diabetic treatment are currently under investigation. One of 


the main efforts reside in the development of non-injectable insulin therapy, namely 


inhalant insulin [Ceglia et al., 2006; Norwood et al., 2006], which can enter the brain 


without affecting peripheral glucose levels. However, there are some concerns relative 


with a possible lung toxicity. Other novel therapy under investigation is oral insulin, 


which can be absorved at buccal mucosa or gastrointestinal tract [Cefalu, 2001]. 


Some type 1 diabetic patients have been transplanted with total pancreas or only β-


cells [Bertuzzi et al., 2006]. However, so far, this has limited applicability due to 


insufficient organ availability and immunosuppression problems [Bertuzzi et al., 2006]. 


A promising alternative approach could be the use of stem cells to regenerate pancreatic 


β-cells. 


Concerning the treatment of type 2 diabetes, special attention has been given to the 


improvement of already existing insulin sensitizing agents and development of better 


drugs, namely of PPARγ agonists, and double (PPARγ/PPARα) or triple 


(PPARγ/PPARα/PPARδ) agonists [Brand et al., 2003]. 


Finally, glucagon-like peptide-1 analogs and compounds that inhibit its cleavage 


constitute promising new therapeutic approaches for the treatment of type 1 and 2 
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diabetes, since they were shown to restore β-cell activity and improve glycemia control 


[Drucker, 2003]. 


 
1.2.8. Animal models of diabetes mellitus 


Studies involving diabetic patients are frequently inconclusive concerning the 


pathological mechanisms of the disease and its long-term complications, due to the 


complexity of this syndrome and high variability of glycemia control between patients.  


Moreover, studies in humans pose several ethical and practical limitations that can be 


circumvented by using animal models, which have provided important information 


towards the molecular and cellular mechanisms underlying the pathophysiology of 


diabetes. An additional advantage of using animal models of diabetes is the ability to 


select ethiological factors and/or genetically manipulate and select particular features of 


the disease [for review, Surwit and Williams, 1996; Rodrigues et al., 1999].  


The first experimental model of diabetes mellitus was induced by von Mering and 


Minkowski in 1880s by surgically removing the pancreas of a dog, which developed 


polyuria and polydipsia [for review, Rees and Alcolado, 2005]. Animal models of 


diabetes can be divided into two groups: experimentally-induced diabetes (e.g. total or 


partial pancreatectomy or administration of diabetogenic drugs, such as STZ or alloxan, 


and spontaneously-developed diabetes, which may involve some genetic predisposition 


(e.g. BioBreeding (BB)/Wor rats or Goto-Kakizaki (GK) rats) [Gispen and Biessels, 


2000; Biessels et al., 2002].    


 


1.2.8.1. Animal models of type 1 diabetes 


a) Chemically-induced type 1 diabetes 


Chemical-induced type 1 diabetes is the mostly used experimental strategy to obtain 


animal models. Diabetes-inducing drugs belong to three categories: 1) compounds that 


destroy pancreatic β-cells, 2) agents that transiently inhibit insulin synthesis/secretion, 


3) drugs that decrease insulin effect on target tissues.  


Type 1 diabetes-inducing agents generally belong to the first group, since their 


effects closely resemble β-cell damage occurring at the onset of the disease and lead to 


a permanent type 1 diabetic phenotype. This allows the study of long-term pathological 


effects [Rodrigues et al., 1999]. However, if insulin therapy is not applied, these 


animals develop extremely high glycemia (>400 mg glucose/dl blood) and their lifespan 
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barely exceeds 12 weeks post-diabetes induction. Additionally, the severity of the 


disease depends on the dose of chemical agent used [Ferreira, 2006]. 


The most utilised type 1 diabetogenic compounds are alloxan and STZ ([2-deoxi-2-


(3-nitrosurea)1-D-glycopyranose]). Alloxan is a highly reactive cyclic analog of urea 


that is rapidly reduced to dialuric acid and reoxidised to alloxan, with the concomitant 


formation of ROS and single stranded DNA chains. As a consequence, PARP is 


activated, NAD+ levels and energy metabolism decrease, resulting in β-cell death when 


administered in high doses [Battell et al., 1999; Szkudelski, 2001]. Alloxan may also 


induce β-cell necrosis due to the reaction with protein sulphydryl groups [Battell et al., 


1999]. 


Alloxan was replaced by STZ, a nitrosurea isolated from Streptomyces 


achromogenes with broad-spectrum antibiotic and anti-neoplastic activity. The 


nitrosurea moiety of STZ is responsible for its cellular toxicity, which is probably 


mediated by a decrease in NAD+ levels and the formation of free radicals in β-cells, 


culminating in multiple DNA strand breaks. The deoxyglucose moiety of STZ 


facilitates its transport across the β-cell membrane, namely through the GLUT-2 [for 


review, Schnedl et al., 1994; Biessels et al., 2002; Biessels and Gispen, 2005; Rees and 


Alcolado, 2005]. A single large dose of STZ can produce diabetes in rodents, probably 


as a result of direct toxic effects. Alternatively, multiple small doses of STZ can be used 


(e.g. 40 mg/kg on five consecutive days), resulting in an insulinopenic diabetes 


involving an immune response and subsequent β-cell destruction, as in human type 1 


diabetes. Although hypoinsulinemic, these animals do not require insulin therapy for 


survival [Biessels and Gispen, 2005]. 


STZ can also have direct toxic effects on the brain after intracerebroventricular 


injection. With this experimental approach, the local brain STZ concentration is much 


higher than after systemic injection, due to 1) the dose, and 2) the absence of GLUT-2 at 


the BBB, which limits STZ access to the brain if systemically injected [Biessels and 


Gispen, 2005].  


 


b) Genetic models of type 1 diabetes 


The non-obese diabetic (NOD) mouse and the BB rat are the two most commonly 


used animals that spontaneously develop a syndrome similar to human type 1 diabetes 


[for review, Polychronakos, 2004]. These animals have been inbred in laboratories for 
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many generations, using hyperglycemia as selection index, resulting in gene and 


phenotype enrichment, and require insulin for survival [for review, Biessels and Gispen, 


2005; Rees and Alcorado, 2005].  


The NOD mouse was developed by selectively breeding offspring from JcI-ICR 


mouse (a cataract animal model), presenting insulitis at 4-5 weeks old, followed by 


subclinical β-cell destruction and decreased circulating insulin levels. Although these 


mice are diabetic between 12-30 weeks of age, unlike human type 1 diabetes, 


ketoacidosis is relatively mild and the animals can survive for weeks without insulin 


therapy [for review, Rees and Alcorado, 2005]. 


The BB rat was generated in the BioBreeding Laboratories, a commercial breeding 


company based in Ottawa, in 1974. Diabetes-prone strains present weight loss, polyuria, 


polydipsia, hyperglycemia and insulinopenia at around 12 weeks of age. Similarly to 


human disease, these rats have severe and fatal ketoacidosis in the absence of insulin 


therapy. As with NOD mouse, pancreatic islets of BB are subjected to an immune 


attack, resulting in total insulinopenia [Li et al., 2005; Rees and Alcorado, 2005]. 


 


1.2.8.2. Animal models of type 2 diabetes 


Animal models of type 2 diabetes are likely to be as complex and heterogenous as 


the human condition. In some animals, insulin resistance predominates, whilst in others 


β-cell failure is proeminent. Since obesity and subsequent insulin resistance is involved 


in type 2 diabetes in humans, animal models of obesity may provide further insight into 


the human condition [for review, Rees and Alcorado, 2005].  


 


a) Monogenic animal models of type 2 diabetes 


Some strains of type 2 diabetes models (e.g. ob/ob mouse and fa/fa rats) maintain 


euglycemia via a robust and persistent compensatory β-cell response, matching insulin 


resistance with hyperinsulinemia, while others (e.g. db/db mouse) rapidly develop 


hyperglycemia as their β-cells are unable to maintain high insulin secretion throughout 


life [for review, Rees and Alcorado, 2005].  


 


b) Polygenic animal models of type 2 diabetes 


This group of animal models of type 2 diabetes includes the KK mouse, originally 


bred for large body size. KK adult animals become obese and insulin resistant, with 
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compensatory hyperinsulinemia, islet cell hyperplasia and eventually hyperglycemia 


[for review, Rees and Alcorado, 2005].  


Another example of polygenic type 2 diabetic mouse is the Nagoya-Shibata-Yasuda 


(NSY), developed by selective inbreeding of Jc1-ICR mice and characterized by 


spontaneously development of diabetes in an age-dependent manner and impaired 


insulin secretion in face of mild insulin resistance [for review, Rees and Alcorado, 


2005]. 


The most experimentally used rat models of type 2 diabetes are Otsuka Long-Evans 


Tokushima Fatty (OLETF) and Goto-Kakizaki (GK) rats. Both strains possess 


polydipsia, polyuria, hyperinsulinemia, persistent hyperglycemia, hypertriglyceridemia 


and moderate obesity [Biessels and Gispen, 2005; Ferreira, 2006]. 


OLETF rats result from an outbred colony of Long-Evans rats selectively bred for 


glucose intolerance, presenting mild obesity and a null allele for the cholecystokinin A 


receptor that appears to be involved in the regulation of food intake [for review, Rees 


and Alcorado, 2005]. 


GK rats are a commonly used non-obese type 2 diabetes model characterized by 


spontaneous moderate, but stable, fasting hyperglycemia in adult life that culminates in 


glucose intolerance after a glucose challenge, peripheral and hepatic insulin resistance, 


fasting hyperinsulinemia and decreased glucose-induced insulin secretion both in vivo 


and in vitro [for review, Biessels and Gispen, 2005; Rees and Alcorado, 2005]. GK rat 


strain resulted from an initial colony with eighteen mildly glucose intolerant Wistar rats, 


which were selectively breeding by Goto and Kakizaki, using the offspring with the 


highest blood glucose to further breedings, until the development of a stable diabetic 


phenotype at the thirtieth generation [Goto et al., 1976]. At the beginning of the disease, 


GK rats do not present severe complications, and thus may constitute a valuable model 


to study the changes occurring at the onset of type 2 diabetes mellitus when compared 


to chemical models of type 1 diabetes or genetically obese animals, which present 


elevated blood glucose levels [Duhault and Koening-Bernard, 1997]. Nevertheless, as 


disease progresses, GK rats develop some features that can be compared with the 


diabetes complications seen in humans, namely renal lesions [Janssen et al., 1999], 


structural changes in peripheral nerves [Murakawa et al., 2002] and retina abnormalities 


[Sone et al., 1997]. 
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c) Transgenic and knockout animal models of type 2 diabetes 


Recently, several specific mutations resulting in different subtypes of diabetes were 


identified in human genes. Experimental approaches to identify and characterize those 


genes involve 1) comparative analysis of secretion and activation of insulin under 


normal and diabetes conditions, and 2) genetic analysis of diabetic-prone families 


[Ferreira, 2006]. Some of these studies involve genetic manipulation of animals, with 


the inclusion of mutated genes (e.g. genes that encode for the IR, insulin receptor 


substrate-2, GLUT or Hxk-II), resulting in transgenic models that overexpress or that 


are knockout (by gene deletion) for these proteins [for review, McIntosh and Pederson, 


1999; Rees and Alcorado, 2005]. For example, homozygous knockout of the IR gene 


results in severe diabetic ketoacidosis that develops during the early postnatal period 


and culminates in death. Conversely, hemizygous knockout of the IR produces diabetes 


in 10% of the affected mice adults [de la Monte and Wands, 2005]. 
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1.3. The Role of Insulin in the Central Nervous System  
1.3.1. Insulin, insulin receptor and insulin-like growth factor-1 in the brain 


Insulin is the most important anabolic hormone identified to date. Almost all cell 


types are responsive to insulin. However, the liver, muscle and adipose tissue are more 


sensitive to the hormone [for review, Fulop et al., 2003]. 


In vertebrates, insulin belongs to a superfamily of structurally related proteins, the 


insulin-related family of substances, that includes insulin-like growth factors-1 (IGF-1) 


and -2 (IGF-2) and relaxin [for review, Schulingkamp et al., 2000]. 


Insulin is normally present in the brain and, despite no consensus about its levels in 


vivo [LeRoith et al., 1983; Schechter et al., 1992], it has been suggested that the 


hormone may reach high levels, thus exerting long-term trophic effects on central 


neurons [for review, Schulingkamp et al., 2000]. The first attempts to measure brain 


insulin levels used radioimmunoassay, bioassays and chromatography analysis. Insulin 


concentration in whole brain extracts was found to be, in average, 25-fold greater than 


in plasma, with values ranging from 10- to 100-fold. Insulin was found to be highly 


enriched in the cortex, olfactory bulb, hippocampus, hypothalamus and amygdala 


[Havrankova et al., 1978]. Data on brain insulin levels are still controversial due to the 


different antibodies and insulin standards used in the experiments [LeRoith et al., 1983; 


Schechter et al., 1992]. Bakin et al. (1983) previously reported insulin levels of less 


than 1 ng/g, whereas LeRoith et al. (1983) published values of 3–9 ng/g in rat brain. 


Additionally, Craft et al. (1998) and Koevary et al. (2002) refer to values of 0.09 and 


0.017-0.023 ng insulin/ml in rat CSF, respectively. Furthermore, insulin concentration 


appears to vary during brain development, being higher in late gestational fetal and 


early neonatal rabbit brain (about 80–90 and 195 ng/g, respectively) and then decreasing 


in the adult brain (about 32 ng/g) [Schechter et al., 1992].  


Brain insulin derives primarily from its synthesis in pancreatic β-cells, being 


transported by CSF into the brain [for review, Schulingkamp et al., 2000; de la Monte 


and Wands, 2005; Wada et al., 2005]. At the level of the BBB, the rate-limiting step of 


insulin transport across endothelial cells is usually regulated by the barrier system 


formed by intercellular tight junctions [for review, Schulingkamp et al., 2000]. 


Nevertheless, insulin internalization occurs mainly via a carrier-mediated, saturable, 


regulatable and temperature-sensitive active process [for review, Baura et al., 1993; 


Schulingkamp et al., 2000; Niswender and Schwartz, 2003; Wada et al., 2005]. 
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Additionally, peripheral insulin can enter the CNS directly through the area postrema, a 


circumventricular region supplied by a vascular system with a “leaky” BBB, so that 


plasma solubles can freely diffuse into this area [Porte et al., 1998; Sankar et al., 2002]. 


Interestingly, Freude et al. (2005) observed that circulating insulin rapidly affects the 


brain activity of healthy individuals submitted to an hyperinsulinemic-euglycemic 


clamp, independently from its systemic effects. 


Banks and Kastin (1998) measured insulin transport across the BBB into several 


brain areas (Table I) and hypothesized that the differences in insulin flow between brain 


areas may result from variations in transporter density or function. 


 


Table I    Insulin transport across the BBB 


Brain region Ki (µl/g min) 


Pons-medulla 0.764 


Hypothalamus 0.731 


Hippocampus 0.614 


Striatum 0.520 


Cerebellum 0.519 


Whole brain 0.346 


Frontal cortex 0.288 


Parietal cortex 0.251 


Midbrain Not significant 


Thalamus Not significant 


Occipital cortex Not significant 


Ki is the unidirectional influx constant for insulin transport rate. To measure Ki, rats were injected with 
[125I]insulin, the brain was dissected and the radioactivity levels counted in each region. Pons-medulla and 
hypothalamus are the brain regions with the highest insulin uptake, whereas in midbrain, thalamus and 
occipital cortex Ki was not measurable [Adapted from Banks and Kastin, 1998]. 


 


In contrast, other authors proposed that insulin can be synthesized de novo in the 


brain. This hypothesis is supported by the detection of preproinsulin I and II mRNA 


within rat fetal brain and in cultured neurons, and insulin immunoreactivity in the ER, 


Golgi apparatus, cytoplasm, axon, dendrites and synapses of neuronal cells, using 


polymerase chain reaction, in situ hybridization and Northern blot techniques 


[Schechter et al., 1988, 1990, 1996, 1998; Adamo et al., 1989; Craft et al., 1996; Zhao 


et al., 1999]. The high levels of insulin detected in brain extracts [Havrankova et al., 


1979], the presence of insulin in immature nerve cell bodies [Schechter et al., 1992, 


1996], the observation that, despite peripherally injected, insulin can enter the CSF 


rapidly [Freude et al., 2005] and that less than 1% of the hormone crosses the BBB in 
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dogs and rodents [Banks and Kastin, 1998], further support the idea of locally 


synthesized insulin in the brain. Under this perspective, Clark et al. (1986) observed 


that cultured rat brain neurons synthesized insulin, which could be released upon K+- 


and Ca2+-induced membrane depolarization. Brain insulin synthesis seems to occur in 


pyramidal neurons, such as those from the hippocampus, prefrontal cortex, enthorhinal 


cortex, and olfactory bulb, but not in glial cells [Hoyer, 2003]. Additionally, some 


insulin-synthesizing neurons may be also involved in the regulation of emotion and 


feeding behaviour [Sankar et al., 2002].  


The presence of insulin receptor (IR) and insulin-like growth factor-1 (IGF-1R) in 


the brain has long been established [for review, Gerozissis, 2003; Watson and Craft, 


2003]. These receptors are widely distributed in the CNS [Havrankova et al., 1978; 


Werther et al., 1987; Adamo et al., 1989; Hunger et al., 1991], as evaluated by in situ 


hybridization and histochemistry in rat brain [Zhao et al., 1999]. Insulin is known to 


bind to the IR with higher affinity (<1 nM) than IGF-1 (100-500-fold lower affinity), 


whereas IGF-1R preferentially binds IGF-1 (<1 nM), compared to insulin (100-500-fold 


lower affinity) [Conejo and Lorenzo, 2001].  


IR mRNA is largely localized in neuronal somata, with abundant protein expression 


in cell bodies and synapses and lower in glia [Marks et al., 1991, 1998; Unger et al., 


1991; Schwartz et al., 1992; Baskin et al., 1993], mainly in cerebral cortex, olfactory 


bulb, hypothalamus, cerebellum, hippocampus and striatum [for review, Hopkins and 


Williams, 1987; Zhao et al., 1999; Schulingkamp et al., 2000; de la Monte and Wands, 


2005] (Table II). Concerning IGF-1R, it was detected throughout neurons and in glia 


[Garcia-Segura et al., 1997], particularly in hippocampus, amygdala, parahippocampal 


gyrus, cerebellum, cerebral cortex and caudate nucleus, being less abundant in 


substantia nigra, red nucleus, white matter and cerebral peduncles [Zhao et al., 1999]. 


 


Table II Relative insulin and IR content in the brain 


Insulin levels (highest to lowest) IR levels (highest to lowest) 


Hypothalamus Olfactory bulb 


Olfactory bulb Cerebral cortex 


Cerebellum Hypothalamus 


Cerebral cortex Cerebellum 


Brainstem Brainstem 


Specific [125I]insulin binding to IR and insulin levels were measured in several brain regions by 
radioreceptor assay. Insulin levels were higher in hypothalamus and lower in brainstem, whereas IR is 
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localized mainly in olfactory bulb, being less abundant in brainstem [Adapted from Havrankova et al., 
1978]. 


 


1.3.2. Role of insulin and IGF-1 in the brain 


Several studies described that insulin-mediated neuronal IR and/or IGF-1R 


activation [Kahn et al., 1993; Noh et al., 1999] underlies a complex, but important, role 


in the regulation of brain metabolism [Yang et al., 1981; Shah and Hausman, 1993; 


Santos et al., 1999; Gasparini and Xu, 2003], neuronal growth and differentiation 


[Schechter et al., 1998; Plitzko et al., 2001; Gasparini and Xu, 2003] or 


neuromodulation [Shuaib et al., 1995; Vilchis and Salceda, 1996; Kremerskothen et al., 


2002; Gasparini and Xu, 2003]. 


 


1.3.2.1. Role of insulin and IGF-1 in brain glucose transport and metabolism 


Insulin can regulate tissue and cellular homeostasis in multicellular organisms [Raff, 


1992]. This regulation is so important that growth factor restriction results in cellular 


atrophy and increased cell death occurring through apoptosis [Huang et al., 2005].  


Insulin is largely known to have a regulatory effect on peripheral glucose transport 


and metabolism [Schulingkamp et al., 2000; Sievenpiper et al., 2002; Levin, 2005]. The 


medial hypothalamus has been described as a major integrator of nutritional and 


hormonal signals, regulating food intake, energy consumption and nutrient metabolism, 


which are essential for maintaining the energy supply [Porte et al., 2005]. In fact, brain 


has evolved specialized groups of neurons - the glucosensing neurons - that respond to 


peripheral signals required for the regulation of ingestive behaviour and energy 


homeostasis at the arcuate nucleus of the hypothalamus. Besides insulin, these neurons 


also express and respond to the anorexigenic (appetite-suppressing) neuropeptides, such 


as proopiomelanocortin (POMC), the precursor of α-melanocyte-stimulating hormone, 


and cocaine- and amphetamine-regulated transcript, as well as the orexigenic 


neuropeptide Y (NPY) and agouti-related peptide (AgRP), that inform the brain 


regarding the metabolic status and adiposity of the body [for review, Levin, 2006].  


Concerning the ingestive behaviour, at high, supraphysiological glucose levels, 


brain insulin signalling may have an anorexigenic effect in the hypothalamus via 


hyperpolarization of the glucosensing neuronal membrane. This activates the K+
ATP 


channel and reduces neuronal firing, probably due to the inactivation of POMC neurons, 


culminating in the reduction of body weight [for review, Wada et al., 2005; Levin, 
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2006; Plum et al., 2006]. This effect is decreased as ambient glucose levels approach 


physiological levels and, during hypoglycemia, insulin activates glucosensing neurons 


by a mechanism not involving the K+
ATP channel [for review, Levin, 2006]. 


Alternatively, impairment of brain insulin signalling associated with energy deficit 


results in an orexigenic effect, mediated by the activation of arcuate neurons containing 


NPY, AgRP and GABA, thus increasing body weight associated with peripheral insulin 


resistance [for review, Wada et al., 2005; Morton et al., 2006; Plum et al., 2006]. 


Insulin involvement in the regulation of food intake is also supported by the abundance 


of IR in the olfactory bulb and thalamic nuclei [Zhao et al., 1999]. 


 Hypothalamic insulin signalling has been also involved in the modulation of liver 


glucose output [Pocai et al., 2005; Girard, 2006], independently of systemic insulin or 


other counteregulatory hormone (e.g. glucagon) levels [Girard, 2006]. Indeed, activation 


of hypothalamic K+
ATP channel was shown to decrease blood glucose levels through 


inhibition of hepatic gluconeogenesis in rats, whereas K+
ATP channel blockade or the 


surgical resection of the hepatic branch of the vagus nerve impaired both CNS and 


peripheral insulin-mediated decrease in hepatic glucose production. Conversely, mice 


lacking functional K+
ATP channel were resistant to the inhibitory action of insulin on 


gluconeogenesis [Pocai et al., 2005]. Interestingly, impairment of hypothalamic insulin 


signalling (e.g. intrahypothalamic infusion of IR-specific antibodies or antisense 


oligonucleotides, or inhibition of phosphatidylinositol 3-kinase, PI-3K) was shown to 


decrease hepatic sensitivity to circulating insulin, stimulating hepatic glucose 


production [Obici et al., 2002; Wada et al., 2005; Girard, 2006]. Hence, these results 


suggest the existence of a CNS (hypothalamus)-liver axis regulating hepatic glucose 


production in response to insulin, with descending fibers within the hepatic branch of 


the vagus nerve constituting the autonomic neural imput to the liver [Girard, 2006]. 


Although brain glucose metabolism is of pivotal significance for the maintenance of 


CNS structure and function [Grünblatt et al., 2006], its regulation by insulin remains 


controversial. Traditionally, brain glucose uptake and oxidative energy metabolism 


were considered to be essentially insulin-insensitive [for review, McCall, 2004]. Then, 


it was postulated that insulin regulated glucose metabolism only in glia [Clarke et al., 


1984; Heidenreich and Brandenburg, 1986; Schwartz et al., 1992]. More recently, 


cerebral glucose metabolism was suggested to be controlled by neuronal insulin/IR 


signalling pathways [Schulingkamp et al., 2000; Park, 2001; Huang et al., 2005; Hoyer 


and Frölich, 2006]. Thus, brain can be regarded as both an insulin- and glucose-







General Introduction 
 


91 


sensitive tissue [Stockhorst et al., 2004]. This hypothesis is supported by the 


overlapping distributions of insulin, IR and GLUT1 and GLUT4 transporters in 


selective brain regions, namely the hippocampus and choroid plexus [Zhao et al., 1999].  


Although changes in circulating insulin levels modulated GLUT4 expression in the 


cerebellum [Vannucci et al., 1998], hypoinsulinemia did not affect GLUT1 or GLUT3 


expression [Badr et al., 2000]. Several authors also reported that hyperinsulinemia 


induced regional changes in rodent brain glucose utilization [for review, Craft and 


Watson, 2004]. Moreover, Bingham et al. (2002) found that fasting insulin levels 


stimulated maximally global glucose metabolism in human brain cortex, either directly, 


as in peripheral tissues, or indirectly, via insulin-stimulated neuronal activation with 


secondary increment in glucose metabolism. These authors also suggested that if the 


recruitment of glucose transporters to the plasma membrane (responsible for increased 


glucose uptake in the brain) is a direct effect of insulin, this could be accounted for by 


the partially insulin-sensitive glial GLUT1, since the main neuronal glucose transporter 


(GLUT3) is insulin-insensitive. Under this perspective, Russell et al. (2002) observed 


that insulin stimulates glial glucose accumulation and metabolization into lactate for 


neurons, suggesting that glucose uptake may be secondary to neuronal activation by 


insulin.  


Insulin was also described to indirectly regulate glucose availability to neurons. 


Insulin can inhibit norepinephrine uptake, increasing its levels in the synaptic cleft. 


Subsequent activation of glial norepinephrine β-adrenoreceptors results in glucose 


extrusion from glial glycogen stores [for review, Schulingkamp et al., 2000; McCall, 


2004]. Indeed, brain astrocytes were shown to store glycogen and express significant 


levels of both G6P transporter (which transports cytoplasmic G6P into the ER) and 


glucose-6-phosphatase-β, responsible for G6P hydrolysis to glucose in ER [Ghosh et 


al., 2005]. Thus, astrocyte glycogen can be converted to glucose, which is then 


transported to the extracellular fluid via insulin-stimulated GLUT-1, constituting an 


additional energy source for neurons [Ghosh et al., 2005; Schulingkamp et al., 2000]. 


Under this perspective, any deleterious interference in the cross-talk between insulin 


and neuronal glucose metabolism may impair ATP synthesis and culminate in neuronal 


apoptosis [Russell et al., 2002]. Moreover, Chi et al. (2000) reported that stress-induced 


changes in brain IR-mediated signalling cascade, with the subsequent impairment of 


glucose/energy metabolism, may result in death signals that underlie apoptotic death. 


Indeed, insulin prevented serum-deprivation-induced apoptosis in R28 rat retinal 
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neurons [Wu et al., 2004]. Koo and Vaziri (2003) also hypothesized that insulin could 


prevent oxidation of glucose transporters or stimulate antioxidant defence mechanisms 


in STZ rats, thus stimulating intracellular metabolism. In contrast, other studies failed to 


show acute insulin effects on glucose transport into the brain [Fanelli et al., 1998; 


Hasselbalch et al., 1999; Seaquist et al., 2001].  


 


1.3.2.2. Other roles for insulin and IGF-1 in brain 


Brain IR has been suggested to play other roles apart from glucose metabolism. 


Evidences come from the observation of a heterogenous distribution of IR across 


several brain regions [Zhao et al., 1999], a poor correlation of IR location and neuronal 


energy utilization, an insulin-independent neuronal glucose uptake, a neuromodulatory 


role of insulin in invertebrates, the action of insulin on norepinephrine and serotonin 


neuronal uptake and its relation to NPY [for review, Schulingkamp et al., 2000].  


Besides the regulation of glucose metabolism, brain insulin also increases neurite 


outgrowth [Dickson et al., 2003; Song et al., 2003] and the regeneration of small 


myelinated fibers [Schulingkamp et al., 2000; Sugimoto et al., 2003], maintains the 


survival of cortical, sympathetic and sensory neurons during the development of 


nervous system [Recio-Pinto et al., 1986; Ishii et al., 1994; Torres-Aleman, 1999], 


stimulates neuronal protein synthesis [Schulingkamp et al., 2000], controls synaptic 


activity and plasticity, memory formation and storage [Kremerskothen et al., 2002] and 


has a neuroprotective role [Takadera et al., 1993; Tanaka et al., 1995; Dudek et al., 


1997].  


Epidemiological studies indicate that long-term hyperinsulinemia is a risk factor for 


dementia [Ott et al., 1999; Biessels et al., 2006]. However, insulin administration has 


been widely shown to improve memory/learning in rat models [for review, Wada et al., 


2005]. Indeed, intranasal administration of insulin in healthy humans can directly entry 


into the CSF, regulating food intake, energy homeostasis and improving memory 


function, without changes in peripheral glycemia [Benedict et al., 2004; Freude et al., 


2005]. Systemic insulin infusion under similar conditions also improved verbal memory 


and attention [Kern et al., 2001]. The influence of insulin in emotion, learning and 


memory correlates with high IR expression in the hypothalamus and limbic system, 


including hippocampus, pyriform cortex and amygdala [Zhao et al., 1999; Freude et al., 


2005; Porte et al., 2005].  
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In addition, insulin regulates synaptic transmission, namely of monoamines 


[Barbaccia et al., 1982; Boyd et al., 1986; Zhao et al., 1999], further controlling 


memory and learning [Craft et al., 1999, 2000; Zhao et al., 1999, 2002, 2003, 2004; 


Park et al., 2000; Gasparini et al., 2002; Messier, 2004], feeding behaviour and body 


weight [Woods et al., 1996; Air et al., 2002]. In adrenergic terminals, insulin/IR also 


promotes the release of both epinephrine and norepinephrine [Sauter et al., 1983], 


inhibits synaptic reuptake of norepinephrine, modifying catecholamine kinetics, and 


stimulates neuronal serotonin uptake [Boyd and Raizada, 1983; Boyd et al., 1985; 


Masters et al., 1987; Richards et al., 1987; Raizada et al., 1988]. In glutamatergic 


neurons, insulin also modulates the expression of NMDA receptors [Skeberdis et al., 


2001] and increases the influx of Ca2+, activating α-Ca2+/calmodulin-dependent kinase 


II and other Ca2+-dependent enzymes, thus leading to stronger synaptic associations 


between neurons. In addition, insulin may modulate long-term potentiation, a molecular 


model of learning [Craft and Watson, 2004; van der Heide et al., 2005]. This is further 


supported by insulin-mediated control of cell surface density of glutamate and GABA 


receptors (occurring through the modulation of receptor targeting to the membrane and 


endocytic internalization), thus affecting synaptic plasticity [Zhao et al., 2004].  


In previous studies, insulin and IGF-1 were shown to render cortical neurons more 


susceptible to excitotoxicity or oxidative stress [Schafer et al., 1992; Gwag et al., 1995]. 


Conversely, in more recent studies, insulin and IGF-1 attenuated both retinal and brain 


neuronal apoptosis, induced by deleterious conditions associated with oxidative stress, 


namely H2O2, serum deprivation or cyclosporine [D’Mello et al., 1993; Gwag et al., 


1997; Ryu et al., 1999; Hong et al., 2001; Hamabe et al., 2003; Wu et al., 2004]. This 


led to the hypothesis that deleterious conditions affecting neuronal insulin/IR/IGF-1R 


signalling, such as oxidative stress, may impair glucose metabolism [for review, Fulop 


et al., 2003; Gerozissis, 2003; Hoyer, 2003; Watson and Craft, 2003], resulting in 


neuronal apoptosis [for review, Fulop et al., 2003] and abnormal brain function. This is 


further supported by the observation that insulin treatment circumvents apoptosis in an 


IR-dependent manner in cultured neurons from neuronal IR knockout (NIRKO) mice, 


which exhibit lower Akt phosphorylation [Schubert et al., 2004]. Indeed, insulin/IGF-1 


signalling has been widely shown to be neuroprotective [Tang, 2006]. Insulin was 


shown to reduce cerebral brain damage during ischemia, whereas IGF-1 and -2 


maintained intracellular Ca2+ levels and prevented oxidative stress in neurons, 
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protecting against hypoglycemia-, Fe2+- or Aβ-induced injury [Cheng and Mattson, 


1992; Zhang et al., 1993; Dore et al., 1997].  


 


1.3.3. Neuronal IR- or IGF-1R-mediated signalling  


1.3.3.1. IR and IGF-1R in the brain 


Immunohistochemical analysis of phosphatidylinositol-3,4,5-trisphosphate 


formation revealed that insulin signalling in mice brain occurs predominantly in neurons 


and not in other brain cells, such as glia or endothelial cells [Freude et al., 2005]. 


IR and IGF-1R are glycoprotein receptors that belong to the receptor Tyr kinase 


superfamily [for review, Schlessinger, 2000; Schulingkamp et al., 2000; Wada et al., 


2005], consisting of IR, IGF-1R, human insulin receptor-related protein, Drosophila 


homolog of IR and mollusc IR-related protein [Schulingkamp et al., 2000]. These 


receptors result from a single gene, located on human chromosomes 19 (IR) or 15 (IGF-


1R) [for review, Schulingkamp et al., 2000], which is translated into a precursor protein 


that is proteolytically cleaved in the Golgi apparatus into α (120-135 kDa) and β (95 


kDa) subunits [Schulingkamp et al., 2000; Wada et al., 2005]. These subunits undergo 


post-translational processing, resulting in membrane-spanning tetrameric IR composed 


of two predominantly hydrophilic, ligand-binding disulphide-linked extracellular α 


subunits, which lack membrane anchor regions, contain 15 potential N-glycosylation 


sites and 37 cysteine residues. Disulphide bonds link the α subunits to two membrane-


spanning β subunits, composed of an extracellular, a transmembrane and intracellular 


portions [for review, Schulingkamp et al., 2000; Wada et al., 2005; van der Heide et al., 


2006]. IR ectodomain resembles an U-shaped prism with a cleft to accommodate the 


ligand [Tulloch et al., 1999].  


Unlike peripheral IR, brain IR does not undergo downregulation after exposure to 


high insulin levels [Boyd and Raizada, 1983; Zahniser et al., 1984]. Binding of insulin 


or IGF-1 to the extracellular α subunits of neuronal IR or IGF-1R results in β subunit 


autophosphorylation at Tyr residues 1158, 1162 and 1163, stimulating the intrinsic Tyr 


kinase activity of the receptor [for review, Wada et al., 2005; Plum et al., 2006; van der 


Heide et al., 2006; Cole and Frautschy, 2007]. Subsequent phosphorylation of Tyr 


residues in insulin receptor substrate (IRS) docking proteins (IRS1-4) [Fulop et al., 


2003] culminates in the recruitment of Src homology-2 (SH2) domain-containing 


signalling molecules, namely the p85 regulatory subunit of PI-3K, thus activating the 
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catalytic subunit of this enzyme, and growth factor receptor-bound protein 2 (Grb-2) 


[for review, Fulop et al., 2003; Niswender and Schwartz, 2003; Wada et al., 2005; Kim 


et al., 2006; van der Heide et al., 2006; Cole and Frautschy, 2007]. As a result, the 


cascades of the two major signalling pathways described in this Thesis, the PI-


3K/Akt/glycogen synthase kinase-3β and Ras/Raf-1/extracellular signal-regulated 


kinase (ERK), are activated [for review, Wada et al., 2005; van der Heide et al., 2006] 


(Fig. 1.8). 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


  


 


 
Fig. 1.8. Insulin/IGF-1 signalling transduction cascades. Insulin/IGF-1 act on IR, inducing cytoplasmic 
domain tyrosine phosphorylation (P) that allows the coupling of the adaptor proteins IRS-1 and shc. 
Active IRS-1 leads to recruitment and activation of the p85 subunit of PI-3K, subsequently activating 
Akt. As a result, several proapoptotic proteins are inactivated, namely caspase-9, Bad, GSK-3β and the 
FKHR, thus restricting caspase activation and increasing neuronal survival. IDE activity can be also 
induced by Akt, promoting Aβ clearance, whereas GSK-3β inhibition may impair tau phosphorylation. 
On the other hand, shc recruits Grb2 and SOS, a Ras guanine exchange factor. Active Ras subsequently 
activates MEK and the ERK1/2. Grb2 can be also recruited by IRS, promoting the crosstalk between PI-
3K/Akt and ERK1/2 pathways. Insulin-induced PI-3K/Akt pathway may also phosphorylate CREB, 
allowing its translocation to nucleus and inducing the Nrf-2/ARE-mediated upregulation of neuronal and 
glial antioxidant defences. ARE, antioxidant responsive element; CREB, cAMP-responsive element 
binding; ERK1/2, extracellular-regulated kinase 1/2; FKHR, forkhead transcription factors; Grb2, growth 
factor receptor binding protein 2; GSK-3β, glycogen synthase kinase-3β; IDE, insulin degrading enzyme; 


 


      IRS 


PIP3 


   P 


Insulin/IGF-1 


     IR


   P 


PI-3K 


Akt 


GSK-3β 


  P-Ser9 


pTau Aβ 


    IDE 


    Aβ 


Inactivation 
of Bad 


Caspases 


    Bad
      P-Ser136 


      P-Ser112 


Survival 


Mitochondria


p85 shc


Ras PH 


ERK1/2 


Grb2/SOS 


Raf 


MEK 


FKHR    P-Ser256


        P-Ser196      Caspase-9 


Nucleus 


P-CREB 
Elk1 


P-CREB 







Chapter 1   


96 


IR, insulin receptor; IRS-1, insulin receptor substrate-1; MEK, mitogen-activated protein kinase; PI-3K, 
phosphatidylinositol 3-kinase; SOS, son of sevenless. [Adapted from Cole and Frautschy, 2007; van der 
Heide et al., 2006]. 


 


1.3.3.2. IRS/PI-3K/Akt signalling pathway 


Depending on the inducer of serine/threonine (Ser/Thr) phosphorylation, the signal 


transmission via IRS proteins is either positive or negative. For example, insulin 


resistance causes an increase in Ser/Thr phosphorylation of IRS-1 via the activation of 


other protein kinases (e.g., c-Jun N-terminal kinase, JNK), initiating a feedback 


inhibition of IR signalling under pathological conditions [Fulop et al., 2003; Wada et 


al., 2005]. IRS-1 has been suggested to confer protection against serum deprivation- 


induced apoptosis in pre-adipocyte cell lines from IRS-1 knockout animals [Tseng et 


al., 2002], whereas IRS-2 plays a dominant role in brain growth during development 


and photoreceptor survival after birth [Schubert et al., 2003; Nagle et al., 2004; Yi et 


al., 2005]. Rapid Tyr phosphorylation of IRS-2 has been also involved in the regulation 


of hypothalamic energy homeostasis by insulin [Niswender and Schwartz, 2003], since 


IRS-2-depleted mice show increased food intake and body fat deposition and impaired 


reproduction [Burks et al., 2000; Kubota et al., 2004; Lin et al., 2004]. Importantly, free 


radical-mediated inhibition of IRS1/2 Tyr phosphorylation impairs PI-3K activation, 


thus interfering with IR functioning and signal transduction [for review, Fulop et al., 


2003].  


IRS-2 is a stronger activator of p110α subunit of PI-3K than IRS-1 [Guo et al., 


2006]. PI-3K is a heterodimer composed of a 100 kDa catalytic subunit (p110) with four 


isoforms (α, β, γ and δ) and a 85 kDa regulatory subunit (p85) [Niswender and 


Schwartz, 2003; van der Heide et al., 2006]. PI-3K is activated upon binding of the p85 


SH2 domain to the phosphorylated Tyr of active IRS, thus relieving p110 inhibition and  


relocating PI-3K to plasma membrane, where the phosphorylation of PI-4,5-


bisphosphate on 3’-OH group of the inositol ring occurs. Thus, PI-3K induces the 


formation of PI-3,4,5-trisphosphate and PI-3,4-bisphosphate, which then bind and 


recruit downstream signalling proteins containing PI-3,4,5-trisphosphate binding 


domains (or pleckstrin homology domains, PH), such as Ser/Thr kinase Akt, to the 


plasma membrane [Niswender and Schwartz, 2003; Bruss et al., 2005; de la Monte and 


Wands, 2005; van der Heide et al., 2006]. PI-3K pathway has been involved in both 


neurotrophic and neuroprotective actions of insulin [Huang et al., 2005], particularly in 


its survival-promoting effects [for review, Hetman et al., 1999; Ryu et al., 1999; Barber
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et al., 2001; Watson and Pessin, 2001; Brywe et al., 2005; Wada et al., 2005]. In line 


with this, insulin-mediated PI-3K activation was shown to protect neurons against 


serum deprivation-induced apoptosis, despite no effect on NMDA- or kainate-mediated 


necrosis [Ryu et al., 1999]. 


Akt belongs to the cAMP-dependent kinase/protein kinase G/protein kinase C 


(AGC) superfamily of protein kinases and consists of an N-terminal PH domain, a 


catalytic domain and a C-terminal hydrophobic motif [Scheid and Woodgett, 2003]. 


Although ubiquitously expressed in mammals, this kinase is initially present at low 


levels in adult brain [Owada et al., 1997]. The critical step for Akt activation is its 


recruitment to the plasma membrane upon binding of PH domain to PI-3,4,5-


trisphosphate and PI-3,4-bisphosphate and subsequent phosphorylation at Thr308 and 


Ser473 by kinases, like protein kinase 3-phosphoinositide-dependent protein kinase-1 


[for review, Chong et al., 2005; van der Heide et al., 2006; Cole and Frautschy, 2007]. 


Active Akt then detaches from the plasma membrane and translocates to the cytosol 


and nucleus [van der Heide et al., 2006], where it phosphorylates target proteins on Ser 


and Thr residues, namely the proapoptotic proteins Bad (inactivated when 


phosphorylated at Ser136), caspase-9 (phosphorylation at Ser196 inhibits its protease 


activity) and glycogen synthase kinase-3 (GSK-3, which is inactivated upon 


phosphorylation at Ser9) (Fig. 1.8).  


 


a) GSK-3β 


Neuronal Akt-mediated prosurvival may involve GSK-3β, a Ser/Thr protein kinase 


inactivated upon Akt-mediated phosphorylation at the N-terminal Ser9, initiating 


multiple physiologic effects [Ibrahim et al., 2003; Ogata et al., 2004; Wada et al., 2005; 


Brywe et al., 2005; Srinivasan et al., 2005]. Besides Akt, GSK-3β is negatively 


regulated by PKC and c-AMP-dependent protein kinase (PKA), which are activated by 


insulin or IFG-1 [Goode et al., 1992; Fang et al., 2000]. Depending on the cellular 


context and stimulation conditions, GSK-3β can be targeted to different intracellular 


locations, such as the cytosol, mitochondria and nucleus, thus facilitating its access to 


the substrates and its target signalling pathways [Jope and Johnson, 2004]. Nuclei and 


mitochondria appear to contain the active forms of GSK-3β (Ser9 dephosphorylated), 


whereas the majority of inactive GSK-3β is in cytosol [Sui et al., 2006]. In addition, 


neuronal membrane lipid rafts (detergent-resistant plasma membrane microdomains rich 
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in cholesterol, sphingolipids and proteins, mainly involved in receptor signal 


transduction) also contain active GSK-3β due, at least partially, to the low levels of Ser9 


phosphorylation, thus regulating the activity of transcription factors and contributing to 


neuronal apoptosis [Sui et al., 2006]. 


Overexpression of a constitutively active GSK3β resulted in PC12 cell death [Pap 


and Cooper, 1998; Sanchez et al., 2003], while its inhibition prevented apoptosis 


associated with the impairment of PI-3K [Crowder and Freeman, 2000] (Fig. 1.8). In 


addition, transient activation of PI-3K/Akt signalling and subsequent maintenance of 


phospho-GSK-3β levels delayed H2O2-induced apoptosis in neural stem cells [Lin et al., 


2004]. Although the mechanisms underlying GSK-3β-induced apoptosis are not fully 


clarified, a decrease in CREB-mediated expression of Bcl-2 has been postulated 


[Pugazhenthi et al., 2000; Grimes and Jope, 2001]. Furthermore, mitochondrial 


cytochrome c release and caspase activation, either via the intrinsic pathway [Cheng et 


al., 1998; Wang et al., 2001; McLaughlin et al., 2003] or through the translocation of 


AIF [Zhu et al., 2003], as well as the phosphorylation and downregulation of heat shock 


proteins [McLaughlin et al., 2003], namely heat shock factor-1 [Kuiang and Tsokos, 


1998; Morimoto and Santoro, 1998; Bijur et al., 2000] have been described. In addition, 


active GSK-3β causes degradation of its substrate β-catenin in the nucleus [Grimes and 


Jope, 2001]. Independently of its phosphorylation status, GSK-3β can also interact with 


nuclear and mitochondrial p53 [Watcharasit et al., 2002, 2003]. GSK-3β activity is also 


facilitated by phosphorylation of Tyr216 and, despite of the scarce information on the  


possible kinases involved in this process [Shaw et al., 1997; Jope, 2001], evidence 


suggest the involvement of intracellular Ca2+ changes or Fyn, a member of the Src Tyr 


kinase family [Hartigan and Johnson, 1999; Lesort et al., 1999]. 


6-hydroxydopamine was shown to inhibit phosphorylation of GSK3β at Ser9 and to 


stimulate phosphorylation at Tyr216 in SH-SY5Y cells [Chen et al., 2004]. 


Interestingly, a recent study showed that GSK-3β inhibitors increase Ser9 


phosphorylation and decrease Tyr216 phosphorylation [Liang and Chuang, 2007]. ER 


stress was also associated with increased GSK-3β activity and impairment of neuronal 


insulin/IGF-1 signalling, resulting in caspase-dependent apoptosis [Chin et al., 2005; 


Srinivasan et al., 2005]. In contrast, IGF-1-induced activation of IGF-1R/PI-3K/Akt 


signalling prevented caspase activation through the phosphorylation of the survival 


transcription factor CREB (activated) and the proapoptotic proteins GSK-3β and 
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transcription factor of the Forkhead box 1 (FoxO1, inactivated) [Leinninger et al., 2004; 


Chin et al., 2005].   


 


b) Other molecular targets for PI-3K/Akt signalling 


During oxidative stress an inhibitory phosphorylation of FoxO3 at the regulatory 


Thr32 and Ser253 occurs, resulting in proteolytic cleavage of FoxO3 by caspase-3. This 


yields an active N-terminal fragment that is translocated into the nucleus, where it binds 


to a core consensus DNA sequence, the FoxO response element, eliciting a pro-


apoptotic effect in the CNS [Gilley et al., 2003; Jacobs et al., 2003; van der Heide et al., 


2004, 2006; Chong et al., 2005; Hoekman et al., 2006]. Non-phosphorylated FoxO3 has 


been also involved in the disruption of mitochondrial membrane potential and 


subsequent release of cytochrome c [Dijkers et al., 2002], and in the activation of a 


death receptor Fas ligand, leading to apoptosis in cerebellar granule neurons, fibroblasts 


and Jurkat cells [Brunet et al., 1999].  


By activating Akt, IGF-1 induces phosphorylation and inhibition of FoxO3, 


retaining it in the cytoplasm by 14-3-3 protein and thus blocking its nuclear 


translocation and the deleterious targeting of nuclear genes that control neuronal 


survival. As a result, hippocampal and cerebellar granule neuronal survival is promoted 


[Zheng et al., 2002; Beier et al., 2005; Chong et al., 2005]. The anti-apoptotic role of 


IGF-1 similarly involves inhibited FoxO3a-induced impairment of Bim transcription in 


cerebellar granular neurons [Linseman et al., 2002; Zheng et al., 2002]. 


Dephosphorylation and activation of FoxO1 is accompanied by increased binding of 


FoxO1-responsive element of Fas ligand promoter to DNA and increased levels of Bim 


[Kawano et al., 2002], which was shown to precede apoptosis in gerbil and mouse 


hippocampal neurons after ischemia [Fukunaga et al., 2005].  


Akt may also phosphorylate nuclear factor-κB (NF-κB), a heterodimer comprising a 


50 kDa (p50) and a 65 kDa (p65) subunit [Verma et al., 1995; Baldwin, 1996]. Under 


non-stimulated conditions, p65-NF-κB is sequestered in the cytoplasm through the 


association with an inhibitory protein of κB (IκB) [Rojo et al., 2004]. However, after 


activation of PI-3K/Akt signalling, IKK may promote IκB phosphorylation at Ser32, 


providing a mechanism for the disintegration of the complex and p65-NF-κB 


translocation to the nucleus and heterodimerization with other NF-κB members for 


transcriptional regulation [Rojo et al., 2004; Chen et al., 2006]. Under these 
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circumstances, IκB is subsequently degraded by the ubiquitin-proteasome pathway 


[Rojo et al., 2004].  


NF-κB activation was shown to upregulate Cu,ZnSOD expression under H2O2 


treatment, due to the presence of a p65-NF-κB binding site in the sod1 promoter, thus 


exerting an antioxidant role and protecting PC12 cells against ROS formation and 


subsequent apoptosis [Rojo et al., 2004]. Moreover, Cardoso et al. (2003) showed that 


NF-κB activation also increases the levels MnSOD in NT2 cells treated with Aβ 


peptide. In addition, constitutively increased transcriptional activity may mediate IGF-1 


neuroprotection against oxidative stress [Lezoualc’h et al., 1998] through the 


degradation of the cytosolic IκBα, nuclear translocation of p65-NF-κB and its 


subsequent binding to DNA [Heck et al., 1999].  


Insulin-induced PI-3K/Akt pathway may also phosphorylate CREB on Ser133, 


enhancing ∆Ψm, intracellular ATP levels, NAD(P)H redox state and Hxk activity, thus 


favoring axonal outgrowth in adult post-mitotic neurons [Huang et al., 2005]. 


Furthermore, PI-3K/Akt may induce the Nrf-2/antioxidant responsive element (ARE), 


which upregulates neuronal and glial antioxidant defences [Li et al., 2004]. This, 


together with Akt-induced phosphorylation of FoxO, may improve survival [Brywe et 


al., 2005; Plum et al., 2005; Yu et al., 2005; van der Heide et al., 2006; Cole and 


Frautschy, 2007]. Furthermore, upregulated MnSOD or overexpressed Cu,ZnSOD 


protects cells from oxidative stress by stimulating Akt activity [for review, Yu et al., 


2005]. Alternatively, insulin can improve intracellular antioxidant status through Akt-


mediated stimulation of Bcl-2 and inhibition of Bax expression [for review, 


Orzechowski, 2003].  


Phospho-Akt may also act on p53 [Brunet et al., 2001] or even activate nuclear 


proteins, either directly after translocation into the nucleus or indirectly after interaction 


with cytosolic proteins [Leinninger et al., 2004]. However, continuous application of 


insulin (to potentiate neuronal survival) was previously shown to decrease PI-3K/Akt 


pathway sensitivity [van der Heide et al., 2003], probably due to a negative feedback 


mechanism to protect against prolonged activation of Akt that may include ubiquitin-


dependent proteasomal degradation of Akt or its targets [Adachi et al., 2003; Plas and 


Thompson, 2003].  


Although the mechanisms remain unclear, insulin-induced modulation of neuronal 


glucose metabolism may involve the upregulation of Hxk expression, localization or 
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activity [Wilson, 2003]. Insulin-induced increase in Hxk activity may be related with 


the existence of a conserved consensus phosphorylation site for Akt in Hxk-II [Gottlob 


et al., 2001]. Nevertheless, other studies suggested that Akt may impact on enzyme 


activities downstream from Hxk to change G6P levels, which is known to directly 


control Hxk activity through feedback inhibition [Wilson, 2003]. 


Finally, neuronal Akt activation may protect against apoptosis by: 1) modulating 


Bcl-2 protein expression and interaction with Bad, 2) controlling metabolic nutrient 


delivery, namely glucose uptake by varying GLUT1 expression, and 3) the subsequent 


modulation of mitochondrial function and caspase regulation, which is partially 


dependent on the first step of glycolysis and Hxk-mediated prevention of MPTP 


opening and subsequent release of cytochrome c (see section 1.1.4.1.b) [Chong et al., 


2005; Huang et al., 2005]. Akt also modulates cerebral blood flow and vasomotor tone 


[Luo et al., 2000]. Thus, loss of neurotrophic support and subsequent deficit in Akt 


signalling may induce translocation of proapoptotic members of the Bcl-2 family of 


proteins, such as Bax, to the mitochondrial outer membrane, leading to mitochondrial 


membrane depolarization and cytochrome c release [Huang et al., 2005]. 


 


1.3.3.3. SHC/ERK1/2 signalling pathway 


ERK1/2 forms a parallel branch to PI-3K signalling (Fig. 1.8). ERK1/2 activation 


was originally implicated in neuronal cell protection against apoptosis [for review, 


Hetman et al., 1999; Johnson-Farley et al., 2006], namely through phosphorylation of 


Bad at Ser112. This, together with PI-3K-induced phosphorylation of Bad at Ser136, 


suggested that MEK and PI-3K pathways might converge at Bad phosphorylation to 


suppress apoptosis [for review, Maier et al., 2005]. However, recent evidences point 


towards the involvement of active ERK1/2 in multiple forms of synaptic plasticity and 


cell death [Sweatt, 2001, 2004; Haddad, 2005; Subramanian et al., 2005], namely upon 


oxidative stress [Purves et al., 2001] and NMDA receptor-mediated excitotoxic cell 


death [Haddad, 2005]. 


ERK1/2 signalling pathway is activated when the adapter protein SHC (Src 


homology and collagen) binds to the phosphorylated Tyr C-terminal tail of the IR and 


then Grb2 binds to SHC via its SH2 domains. Grb2 also contain SH3 domains, which 


associate with the guanine nucleotide exchange Son of sevenless (SOS) protein, 


stimulating the exchange of GDP for GTP at Ras. This results in Ras activation and 


additional recruitment of the Ser/Thr kinase Raf. Subsequent activation of MEK (or 
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MAPK, mitogen-activated protein kinase) leads to phosphorylation (and activation) of 


ERK1/2 on Thr and Tyr residues [for review, Levinthal and DeFranco, 2004; Mattson et 


al., 2004; Ogata et al., 2004; Onyango et al., 2005a]. ERK1/2 activates several 


transcription factors, including Ets-like protein-1 (Elk-1) and c-Myc, controlling gene 


expression [for review, van der Heide et al., 2006]. 


Besides ERK1/2, ROS can also activate other MEK subfamilies: JNK and 


p38MAPK [for review, Onyango et al., 2005a], also known as stress-activated protein 


kinases (SAPK). SAPK are often associated with ROS-induced apoptosis, even though 


their downstream effectors can lead to either neurodegeneration or neuroprotection [for 


review, Hong et al., 2001; Purves et al., 2001; Onyango et al., 2005a]. Interestingly, 


some authors described that oxidative stress can activate p38MAPK in insulin-sensitive 


cells [Clerk et al., 1998; Blair et al., 1999; Maddux et al., 2001]. Conversely, Hong et 


al. (2001) observed that p38MAPK activation was not involved in H2O2-induced 


apoptosis, whereas JNK inhibition protected against H9c2 cell death.  


Insulin-mediated MAPK signalling has been described to protect against neuronal 


and non-neuronal apoptosis [Barber et al., 2001; Watson and Pessin, 2001]. Under this 


perspective, insulin/IGF-1-induced activation of p38MAPK in non-neuronal cells 


submitted to oxidative stress was shown to stimulate glucose transport [Sweeney et al., 


1999; Konrad et al., 2001; Sonwar et al., 2000, 2002; Geiger et al., 2005], ARE and 


antioxidant gene induction, thus increasing glutathione-S-transferase activity and 


decreasing ROS production [Kim et al., 2003]. Furthermore, p38MAPK activated via 


IR/IGF-1R suppressed caspase-3 activity [Kang et al., 2003], whilst downregulation of 


JNK promoted cell survival [Okubo et al., 1998; Barthwal et al., 2003]. Conversely, 


studies involving embryonic dorsal root ganglion or adult sensory neurons showed that 


insulin/IGF-1 has little or no effect on MAPK activation [Leinninger et al., 2004; 


Huang et al., 2005]. 


Recent studies suggest that insulin signalling through PI-3K-dependent pathway 


might be functionally separated from ERK- or MAPK-dependent signals, with insulin  


metabolic function related with PI-3K and mitogenic pathways with ERK1/2 [Groop et 


al., 2005]. Moreover, some cross-talk between PI-3K and MAPK signalling pathways 


has been described in immature primary cortical neurons upon glutamate-induced 


oxidative stress, with Raf probably constituting the link between them [Levinthal et al., 


2004]. PI-3K also contributed to ERK1/2 activation in cortical neurons submitted to 


H2O2-induced oxidative stress [York et al., 2000]. A cross-talk between PI-3K and 
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MAPK was also promoted by IGF-1, which inhibited ERK1/2 through a PI-3K-


dependent phosphorylation of Raf on Ser259, protecting cerebellar granule neurons 


from cell death [Subramaniam et al., 2005]. Similarly, insulin may utilize the cross-talk 


between PI-3K/Akt and Raf to inhibit ERK1/2, thus constituting an alternative pathway 


to promote neuronal survival, together with the activation of PI-3K/Akt pathway and the 


subsequent phosphorylation of Bad, caspases and FoxO [van der Heide et al., 2006]. 


 


In summary, neuronal survival and synaptic plasticity, two insulin-dependent 


processes, may be in equilibrium, centrally controlled by the PI-3K pathway. Hence, 


deficits in synaptic activity and decreased neuroprotection may be compensated with 


growth factors, such as insulin [van der Heide et al., 2006]. 


 


1.3.4. Neuroprotective role of insulin in oxidative stress-associated pathologies 


Neurodegenerative disorders are a heterogenous group of disorders, characterized by 


progressive and selective loss of anatomically- or physiologically-related neuronal 


areas. Neurodegenerative disorders affect a wide number of persons, mainly elderly [for 


review, Lin and Beal, 2006]. These disorders are accompanied by symptoms of 


generalized aging, including diabetes mellitus, obesity and metabolic syndrome [for 


review, Ristow, 2004]. Furthermore, oxidative stress has been widely implicated in both 


neuronal apoptotic and necrotic death [Hamabe et al., 2003] underlying aging, long-


term complications of diabetes, stroke and neurodegenerative disorders, including AD, 


PD and HD [Schäfer et al., 2004; Huang et al., 2005; Levinthal et al., 2005; Onyango et 


al., 2005a; Srinivasan et al., 2005]. 


Oxidative stress-mediated dysfunction in neuronal insulin/IR signalling cascade has 


been also associated with normal aging, ischemia, diabetes or neurodegenerative 


disorders [for review, Gerozissis, 2003; Hoyer, 2003; Watson and Craft, 2003], and may 


underlie the cognitive impairment associated with these pathologies. Indeed, abnormal 


insulin and IGF-1 levels in plasma and CSF, defective IR/IGF-1R signalling and insulin 


resistance [for review, Wada et al., 2005] have been observed. Under this perspective, 


insulin can constitute a neuroprotective/therapeutical agent against neurodegenerative 


conditions closely linked to oxidative damage. 


Conflicting results have been reported on the effect of insulin/IGF-1 on oxidative 


damage. In one study, IGF-1 attenuated neuronal apoptosis, despite no protection 


against excitotoxic or oxidative stress-induced necrosis [Ryu et al., 1999], whereas 
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another study showed that IGF-1 may protect against oxidative damage, by attenuating 


glutathione depletion [Bender et al., 2006]. Recently, Kim and Han (2005) proposed 


that insulin per se or its signalling cascade(s) protected neurons against apoptosis 


induced by stress conditions, namely hypoglycemia and oxidative stress, through Akt 


activation and/or SAPK inhibition. Others also showed that insulin may induce free 


radical generation and lipid oxidation, leading to neuronal necrosis, in a PKC-dependent 


process [Noh et al., 1999; Ryu et al. 1999]. 


In this section, we analyse the neuroprotective role of insulin on several pathologies 


involving changes in glucose metabolism and/or oxidative stress, namely diabetes, 


stroke, aging, and two neurodegenerative diseases, including AD, the most predominant 


idiopatic disorder, and HD, frequently described as the most common inherited 


neurodegenerative disorder. 


 


1.3.4.1. Diabetes 


Insulin resistance in diabetes may reflect the contribution of free fatty acids, 


inflammation and oxidative and ER stress, which may hyperactivate JNK, thus 


inactivating IRS [Groop et al., 2005]. Defective insulin secretion or transport across 


BBB or even reduced neuronal responsiveness to the hormone may also underlie 


decreased insulin action in the brain of diabetic individuals [Porte et al., 2005]. 


Nevertheless, Banks (2004) observed recently an increase in insulin transport across 


BBB in STZ and alloxan diabetic rats. Previous studies also reported that 


intracerebroventricular injection of STZ to adult rats decreased neuronal insulin signal 


transduction cascade and brain glycolytic enzymes [Hoyer, 2003]. This was probably 


due to the inhibition of IR Tyr phosphorylation and may contribute to a decrement in 


brain glucose consumption and cellular energy pools, culminating in long-term and 


progressive deficits in learning, memory and cognitive behaviour [Lannert and Hoyer, 


1998; Hoyer, 2003].  


Mechanisms underlying the association of neurodegeneration and diabetes mellitus 


appear to involve mitochondrial dysfunction, apoptosis, altered nutrient metabolism and 


phosphorylation, and aberrant protein precipitation. Although such changes are only 


observed in a few neurodegenerative disorders, these can account for the vast majority 


of affected individuals, since they include AD, Down’s syndrome, HD and PD [for 


review, Ristow, 2004].  
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Acute, though moderate, hypoglycemia negatively affects emotion, cognition and 


motor function. In contrast, profound hypoglycemia impairs brain protein synthesis and 


ionic homeostasis (e.g. a rise in extracellular K+ and intracellular Ca2+), activation of 


proteases, nucleases and lipases, mitochondrial damage and swelling, and a loss of high-


energy adenine nucleotides [for review, McCall, 2004].  


In addition, acute and chronic hyperglycemia have been described to produce 


opposite effects on memory. Acute hyperglycemia can facilitate memory, which may be 


explained by a rise in plasma or cerebral glucose, whereas chronic hyperglycemia 


associated with type 2 diabetes may impair memory, at least in aged patients. Moreover, 


insulin treatment has been hypothesized to prevent biochemical and pathological indices 


of peripheral sensory neuropathy in animal models of type 1 diabetes at doses that do 


not impact on hyperglycemia [for review, Huang et al., 2005]. Under this perspective, 


treatment with insulin not only may ameliorate peripheral diabetic complications, but 


also improve brain function in diabetic patients [Gispen and Biessels, 2000; Gasparini et 


al., 2002; Brussee et al., 2004]. 


 


1.3.4.2. Brain ischemia/stroke 


Brain is more vulnerable to ischemic events than any other tissue. Ischemic insults 


affecting the CNS impair cognitive abilities and sensorimotor function, mainly due to 


the neuronal loss within the region of the insult [Memezawa et al., 1992]. Indeed, 


interruption of cerebral blood flow for 5 minutes results in neuronal death [Schaller and 


Graf, 2002]. This may be due to an accelerated energy failure, leading to the generation 


of free radicals, activation of catabolic enzymes, membrane failure and release of 


EAAs, culminating in apoptosis and inflammation [for review, Calabresi et al., 2000; 


Gupta et al., 2002].  


Oxidative brain damage may play an important role in ischemic/reperfusion brain 


injury [Chong et al., 2004b]. Indeed, the initially low O2 tension during ischemia has 


been associated with a moderate increase in ROS formation, whereas the reperfusion-


mediated increase in cerebral blood flow and the subsequent rise in partial O2 pressure 


results in a massive burst of ROS, further aggravating tissue damage [for review, Valko 


et al., 2007]. Increased ROS formation in brain ischemia occurs through 


cyclooxygenase-2 or impaired mitochondrial function [for review, Chong et al., 2005] 


and may further precipitate into ER damage, in a process attenuated by Cu,ZnSOD 


overexpression [Hayashi et al., 2003]. Ischemic neuronal death also results from an 
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enhanced excitatory synaptic activity (the excitotoxic hypothesis), leading to a massive 


release of glutamate and the concomitant influx of Ca2+. This mainly occurs through 


NMDA receptor-operated channels, resulting in increased metabolic rate, energy 


demand [Sweeney, 1997; Kristian and Siesjö, 1998] and in Ca2+-mediated activation of 


phospholipase A2, which then cleaves membrane phospholipids, releasing arachidonic 


acid [Mrsic-Pelcic et al., 2002]. Metabolization of arachidonic acid by activated 


cyclooxygenase or lipooxygenase generates O2
•-. ONOO- is also one of the main 


contributors to ischemia-reperfusion-associated brain injury [for review, Chong et al., 


2005]. Nevertheless, ATP degradation and increased extracellular ADO that follow 


ischemia-hypoxia-induced metabolic stress [Karl et al., 1992] may protect against acute 


brain ischemic stroke, due to the inhibition of released EAAs and scavenging of free 


radicals [for review, Sweeney, 1997; Gupta et al., 2002]. Indeed, ADO was shown to 


improve neurological function in an ischemic rat model, probably due to decreased size 


of infarction [Gupta et al., 2002]. Conversely, a long-term downregulation of A1 and 


upregulation of A2A ADO receptors was reported under ischemia and/or hypoxia [for 


review, Duarte et al., 2006b]. 


Ischemic core is associated with inflammation and usually impacts large groups of 


adjacent cells that die by necrosis, whereas at the penumbra apoptosis predominates 


[Memezawa et al., 2002; Hamabe et al., 2003]. Decreased blood flow and metabolism 


enhance the accumulation of lactic acid and consequent mitochondrial dysfunction, 


underlying glucose-sensitive acidosis in brain ischemic penumbra [for review, Zhu and 


Auer, 2004; Garg et al., 2006]. The involvement of caspase activation in apoptotic 


ischemic death is still controversial. Indeed, in some studies caspase inhibitors 


attenuated hypoxia/ischemia-induced injury in immature brain, suggesting the 


involvement of caspase-3 activation [Brywe et al., 2005], whilst in others inhibition of 


caspases or Bax did not completely rescue ischemic brain injury [Hamabe et al., 2003]. 


Interestingly, ischemia was shown to initially induce an increase in Akt 


phosphorylation, which was decreased in a later phase [Ouyang et al., 1999; Noshita et 


al., 2001; Shibata et al., 2002; Brywe et al., 2005; Yu et al., 2005]. The initial increase 


in phospho-Akt may constitute a protective mechanism in brain that is lost with damage 


progression, since inhibition of PI-3K and subsequent prevention of Akt 


phosphorylation exacerbated ischemic neuronal death [Noshita et al., 2001]. 


Insulin, and to a lesser extent IGF-1, was shown to prevent ischemic damage [Zhu 


and Auer, 1994] and necrosis in brain cortex, hippocampus and striatum [for review, 
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Auer, 1998], thus having a neuroprotective effect against brain ischemic damage 


[Hamilton et al., 1995; Garg et al., 2006]. This is highly important in face of the strong 


negative prognostic of association between hyperglycemia and acute stroke/focal 


ischemia [for review, Hamilton et al., 1995; Van de Berghe et al., 2005; Garg et al., 


2006], regardless of whether diabetes is present or not [for review, Zhu and Auer, 


2004]. Insulin can further exert a beneficial effect against ischemia through the 


stimulation of pyruvate dehydrogenase, preventing the fall in high-energy phosphates 


and lowering the lactate production, as occurs in cardiomyocytes [Groeneveld et al., 


2002]. Increased NMDA receptor-mediated Ca2+ entry to the neurons, increased local 


edema and glucose-mediated increase in oxidative stress and inflammation may also 


account to the deleterious effects of hyperglycemia in stroke [for review, Zhu and Auer, 


2004]. Again, the anti-inflammatory role of insulin may contribute to its neuroprotective 


effect against ischemic lesions [Aljada et al., 2001; Dandona et al., 2001] due to the 


suppression of several proinflammatory transcription factors (including NF-κB) and 


related genes [Dandona et al., 2001; Aljada et al., 2002]. Additionally, insulin was 


shown to suppress ROS generation [Dandona et al., 2001] and to reduce plasma levels 


of vascular endothelial growth factor (VEGF), a cytokine that induces the expression of 


mediators of ischemic damage [Dandona et al., 2003]. Moreover, insulin inhibits 


lipolysis, decreasing plasma free-fatty acids and promoting prostacyclin generation and 


stability, with subsequent antiplatelet aggregation and anticoagulant effect [Mikhailidis 


et al., 1983; Chaudhuri et al., 2004]. This can be further achieved by a direct inhibitory 


effect of insulin on the NO•-guanylate cyclase-cGMP platelet aggregation pathway 


[Dandona, 2002]. 


When considering the clinical use of insulin in the treatment of ischemia, attention 


must be paid to 1) the type of ischemia: in transient global ischemia, reperfusion occurs 


after much shorter ischemia periods than focal ischemia and is accompanied by delayed 


neuronal death; in transient global ischemia, insulin can act particularly during the 


reperfusion period to rescue neurons, whereas in transient focal ischemia arterial 


occlusion attenuates insulin access to the ischemia core; 2) the developmental stage, 


since insulin is detrimental in neonatal hypoxia-ischemia; and 3) special attention 


should be given to obviate the biochemical and neuropathological consequences of 


profound hypoglycemia in the brain [for review, Hamilton et al., 1995; Auer, 1998]. 
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1.3.4.3. Aging 


Brain aging is accompanied by increased oxidative stress and decreased ability to 


counteract its deleterious effects, contributing to the accumulation of abnormal proteins 


[for review, Andersen, 2004]. Moreover, physiological aging has been associated with a 


decrease in brain IR number and binding capacity, namely in the hippocampus, cortex 


and choroid plexus [Potau et al., 1991; Frolich et al., 1998; Zhao et al., 2004], and 


impaired IR signalling pathways [Fulop et al., 2003], probably mediated by AGEs and 


oxidative stress [Facchini et al., 2000]. Indeed, AGEs highly accumulate in aging, 


diabetes and AD [Kimura et al., 1996]. Age-related impairment of insulin action may 


result from defects on downstream IR-mediated signalling pathways, including 


oxidative stress or hyperglycemia-induced decreased IR Tyr kinase activity, which may 


culminate in insulin resistance and decreased glucose metabolism [for review, Fulop et 


al., 2003]. Age-associated changes in IR signalling may also result from increased 


cholesterol and decreased membrane fluidity, which impair lateral movements of lipid 


rafts [Fulop et al., 2001], or from modification of IR internalization, re-expression or 


degradation by the proteasome, leading to chronic insulin resistance associated with 


aging [Fulop et al., 2003]. Hyperglycemia accompanying insulin resistance may in turn 


increase the formation and the deleterious effects of AGEs, thus placing an increased 


burden on aging brain [for review, Plum et al., 2005]. 


Studies in centenarians and caloric restriction in rodents and non-human primates 


suggest that prerequisites for longevity include increased insulin sensitivity and 


subsequent normal IR signal transduction, decreased fasting glucose levels and 


oxidative stress [Barbieri et al., 2003; Fulop et al., 2003]. Thus, type 2 diabetes can be 


considered a model of partial premature aging and this is further confirmed by a 


decrease of cellular replicative senescence in diabetic subjects [Fulop et al., 2003].  


Normal elderly people have a slight age-related increase in fasting glucose levels 


and a delay in return to normal glucose levels after an oral glucose tolerance test, which 


may result from a decline in insulin sensitivity [Halter, 1999]. However, the elucidation 


of whether its origin relies on aging per se or on external, lifestyle factors remains a 


matter of debate. With population aging worldwide, the prevalence of diabetes and its 


combination with advanced age are expected to increase. Thus, one of the main 


challenges for the next decades will be to unravel the complex interactions between the 


mechanisms of aging and diabetes that result in insulin resistance. This will allow the







General Introduction 
 


109 


development of more efficient preventive measures and treatment strategies against age-


related disorders [Fulop et al., 2003]. 


 


1.3.4.4. Alzheimer’s disease 


AD was first described in 1907 and is the most common cause of cognitive decline 


in aged population [for review, Grünblatt et al., 2006; Moreira et al., 2006; van der 


Heide et al., 2006], representing the fourth most common cause of death in Western 


countries [Forsyth and Ritzline, 1998]. The majority of AD cases have a sporadic origin 


and only 5–10% of patients show familial forms of AD [for review, Maccioni et al., 


2001]. Therefore, elucidation of the exact pathophysiologic mechanisms underlying 


signal transduction abnormalities and neurodegeneration in AD brain is of outmost 


relevance. However, increasing epidemiologic, immunohistochemical and molecular 


genetic evidences suggest a heterogenous etiology for AD [for review, Grünblatt et al., 


2006], limiting the development of preventive or therapeutical approaches. This is 


further strengthened by the impossiblity of an unquestionable diagnosis during the 


patient’s life, since the confirmation of AD diagnostic is only possible after post mortem 


morphological and histological brain analysis [for review, Moreira et al., 2005]. 


Clinically, AD is characterized by an insidious onset with cognitive alterations, 


particularly a progressive loss of memory [for review, Maccioni et al., 2001]. 


Neuropathologically, AD involves the accumulation of extracellular senile plaques and 


intracellular neurofibrillary tangles [Schulingkamp et al., 2000; Fulop et al., 2003; 


Moreira et al., 2006], primarily composed of aggregates of fibrillar insoluble Aβ40-42 


and hyperphosphorylated tau protein, respectively [Heck et al., 1999; Chong et al., 


2005; Freude et al., 2005; Cole and Frautschy, 2007]. Recent hypothesis suggest that 


intracellular accumulation of Aβ, rather than extracellular, constitutes the initiating 


factor of AD pathogenesis [Wada et al., 2005]. This may lead to neurite dystrophy and 


degeneration, post-synaptic protein loss and eventual death of neocortical, hippocampal 


and subcortical neurons [Moreira et al., 2005; Wada et al., 2005; Cole and Frautschy, 


2007]. Although Aβ accumulation also occurs in normal aged humans, its massive 


deposition in AD [Carro and Torres-Aleman, 2004] may result from either an 


overproduction of Aβ precursor protein (APP), impaired APP proteolytic processing 


and/or mutations in the genes encoding for APP or presenilins [Moreira et al., 2005].  
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a) Oxidative stress in AD 


 Oxidative stress and metabolic dysfunction have been suggested to constitute early 


pathogenic factors for AD [Eckert et al., 2003; Perry et al., 2003; Zhu et al., 2003]. 


Indeed, Aβ1-42 induces directly an overproduction of ROS and RNS and neurotoxicity, 


probably due to the oxidation of its methionine 35 (Met35) residue. Met35 can be 


oxidized to Met sulfuranyl radical, which in turn can abstract a hydrogen atom from a 


neighbouring unsaturated lipid, yielding a lipid radical that reacts with O2 and forms a 


peroxyl radical, potentiating free radical generation [for review, Butterfield and Boyd-


Kimball, 2005].  


Free radical formation associated with Aβ may be further exacerbated by decreased 


plasma antioxidant defences, namely uric acid, GSH, catalase, SOD, GPx, GRed and 


Met sulfoxide reductase, the enzyme that reverses the oxidation of Met residues [for 


review, Smith et al., 1998; Gilgun-Sherki et al., 2001; Rinaldi et al., 2003; Andersen, 


2004]. Although some studies failed to show any protection induced by antioxidant 


treatment in AD [Luchsinger et al., 2003; Zandi et al., 2004], others showed beneficial 


effects of antioxidant supplementation in AD (e.g. vitamin E plus vitamin C, and 


donezepil, an acetylcholinesterase inhibitor, plus vitamin E) [Klatte et al., 2003; Zandi 


et al., 2004]. Vitamin E, idebenone, uric acid or GSH also prevented Aβ neurotoxicity 


in human and rat cortical and hippocampal neurons and delayed AD progression in 


patients [for review, Maccioni et al., 2001]. These data further demonstrated the 


involvement of oxidative stress in AD and suggested a potential therapeutic role of 


antioxidant supplementation [for review, Moosmann and Behl, 2002; Andersen, 2004]. 


AD neuropil is also enriched in AGEs and metal ions, such as zinc, copper and Fe2+, 


mainly in the core and peripheral areas of senile plaques [for review, Maccioni et al., 


2001; Moreira et al., 2005], which together with depleted endogenous antioxidant 


defences promote neuronal oxidative injury and death [Mark et al., 1996]. Moreover, 


Fe2+ is highly accumulated in the cerebral cortex, hippocampus and basal nucleus of 


Meynert of AD patients [Pinero et al., 2000]. Redox-active Fe2+ was also found in 


association with tau protein from AD neurofibrillary tangles [Perez et al., 1998; Sayre et 


al., 2000; Egana et al., 2003; Honda et al., 2004]. Increased risk for oxidative stress in 


AD [Thompson et al., 2003] may be also related with insufficient ferritin to chelate the 


excess Fe2+ [Connor et al., 1992]. Although indirectly, selective metal chelation may 


constitute a potential therapeutic strategy in AD, since it was shown to prevent plaque 
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formation in mouse models overexpressing the Swedish human APP mutation [for 


review, Andersen, 2004].  


Mitochondrial dysfunction in AD (involving decreased activity of complex IV and 


decreased ATP/ADP) also increases mitochondrial ROS, as described in section 


1.3.4.4.b [Aliev et al., 2002, 2003; Castellani et al., 2002]. Additionally, fibrillar 


components of the neuritic plaques can activate surrounding microglia, which induce 


the complement pathway cascade [Yasojima et al. 1999], immunologic and 


inflammatory cytokines and chemokines (e.g. IL-1β and 6 and TNF-α), and the 


production of large amounts of NO• and O2
•-, following expression of iNOS and 


activation of NADPH oxidase. Moreover, activated microglia represent a potential 


source of low molecular weight excitotoxins that may further aggravate excitotoxicity. 


Hence, Aβ-associated activation of microglia may aggravate its neurotoxicity, 


culminating in synapse loss associated with AD [for review, Maccioni et al., 2001].  


One of the most deleterious lipid oxidation products formed early in AD brain is 4-


HNE, which reacts with plasma proteins, impairing their activity [Ando et al., 1998; 


Perry et al., 2002] and leads to caspase activation and apoptosis [Liu et al., 2000]. 4-


HNE also impairs glucose and glutamate transport in AD brain [Masliah et al., 1996; 


Keller et al., 1997], probably through the conjugation to neuronal glucose transporters 


[Mark et al., 1997] and oxidation of glutamate transporter sulphydryl groups [Volterra 


et al., 1994; Trotti et al., 1996]. Subsequent blockade of glutamate uptake and 


overstimulation of glutamate receptors increases neuronal activity and may culminate in 


death [Trotti et al., 1996].  


Aβ can be itself oxidatively modified by free radicals, namely carbonyl adduct 


formation, histidine (His) loss and di-Tyr cross-linking, rendering it less susceptible to 


degradation by proteases, and thus toxic soluble protofibrils or insoluble aggregates 


accumulate in AD brain [for review, Atwood et al., 1999; Andersen, 2004]. 


Surprisingly, a correlation was recently found between Aβ deposition and protein 


nitration in the hippocampus of AD patients [Sultana et al., 2006], suggesting that 


ONOO- formation may underlie cytochrome c oxidase deficiency and disruption of 


energy metabolism observed in AD [Mattson, 2004]. 


In addition, the CSF of AD patients was shown to accumulate 8-OHdG [Lovell et 


al., 1999]. Thus, increased levels of oxidized lipids, proteins and DNA may account for 


the extensive synaptic loss, white matter rarefaction and dysmorphic membranes in 
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brains of AD patients [for review, Maccioni et al., 2001; Chong et al., 2005]. 


Neuropathological studies show increased neuronal apoptosis in AD brain, probably 


mediated by caspase or calpain activation [Kusiak et al., 1996; Yang et al., 1998; Coyle 


and Frautschy, 2007]. Indeed, increased expression of caspases-1, -3, -5 and -9 was 


described in post-mortem brains from AD patients [Pompl et al., 2003]. This is 


consistent with the hypothesis that caspase activation underlies cell death due to 


increased Aβ production and neurofibrillary tangle formation [for review, Chong et al., 


2005]. Nevertheless, other authors point towards a necrotic cell death, resulting from 


cell swelling and loss of plasma membrane integrity associated with Aβ-induced free 


radical damage and altered intracellular Ca2+ homeostasis [for review, Kusiak et al., 


1996; Maccioni et al., 2001]. 


Oxidative stress associated with AD may be also counteracted by the prevention of 


NMDA receptor activity during memory loss [Chong et al., 2005], thus constituting 


another potential therapy against the disorder. Although memantine, a NMDA receptor 


antagonist, can improve cognitive function in AD patients [Reisberg et al., 2003], it is 


still unclear if this effect involves a decrease in ROS formation [Religa and Winblad, 


2003].  


 


b) Metabolic dysfunction in AD 


One fundamental component of AD is a defect in energy metabolism [Blass and 


Gibson, 1999; Hoyer, 2003] and increased oxygen consumption, despite decreased 


glucose utilization [Fukuyama et al., 1994; Hoyer, 1998], which worsens in parallel 


with AD symptoms [Hoyer, 2003]. AD patients have higher plasma glucose levels 


resulting from decreased glucose uptake, but it remains unclear whether this is due to 


lowered metabolic demand in response to pathology, decreased ability of the injured 


vasculature to uptake glucose [for review, de la Monte and Wands, 2005; Moreira et al., 


2006] or even a disturbance in insulin signal transduction [for review, Fulop et al., 


2003; Hoyer, 2003].  


Low insulin levels in CNS, decreased expression of IR or impaired signalling were 


proposed to underlie the abnormalities in neuronal glucose uptake and metabolism in 


AD. The subsequent decrease in acetylcholine and ATP levels impair cerebral blood 


flow [for review, Messier and Gagnon, 1996; Schulingkamp et al., 2000; Hoyer, 2002; 


Hoyer et al., 2004; Watson and Craft, 2004], culminating in Aβ accumulation and tau 
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hyperphosphorylation [for review, Craft and Watson, 2004]. Interestingly, Patel and 


Brewer (2003) reported that the inhibition of glucose uptake was due to a decrease in 


GLUT3 levels and/or its conjugation with 4-HNE, thus impairing AD brain glucose 


metabolism. Decreased glucose uptake was further shown to be counteracted by 


downstream pyruvate mitochondrial energy substrates, but not by lactate [Martin et al., 


2005]. AD has been also associated with decreased activity of several enzymes involved 


in intermediary metabolism, including glutamine synthase, creatine kinase, aconitase, 


pyruvate dehydrogenase and α-ketoglutarate dehydrogenase [Sorbi et al., 1983; Kish, 


1997; Gibson et al., 2000], which are highly susceptible to oxidation [Tretter and 


Adam-Vizi, 2000].  


One of the most common defects in mitochondrial electron transport underlying 


mitochondrial dysfunction in AD [Hirai et al., 2001; Onyango et al., 2005a] is a 


decrease of cytochrome oxidase activity, as observed in platelets and in post mortem 


human brain tissue [for review, Onyango et al., 2005a; Moreira et al., 2006]. Indeed, 


deficits in cytochrome oxidase from AD platelets can be transferred into Rho0 cells 


(cells depleted of mtDNA, thus lacking functional mitochondria) [Cardoso et al., 2004]. 


The resulting AD cybrids display a marked increase in free radical production, elevated 


basal cytosolic Ca2+ levels, enhanced sensitivity to inositol-1,4,5-trisphosphate-


mediated ER Ca2+ release [Davis and Sharma, 1997; Swerdlow et al., 1997], elevated 


intra- and extracellular levels of Aβ (normalized upon antioxidant treatment or caspase-


3 inhibition) [Khan et al., 2000], decreased mitochondrial bioenergetics [Trimmer et al., 


2004] and decreased viability [Onyango et al., 2005b]. Indeed, Cardoso et al. (2004) 


showed that, in addition to reduced cytochrome c oxidase activity, increased ROS and 


decreased ATP formation, AD cybrids suffer mitochondrial membrane depolarization, 


increased cytoplasmic cytochrome c and caspase-3 activity when exposed to Aβ1-40. 


These results suggested that mtDNA-associated mitochondrial dysfunction may play a 


role in AD neurodegeneration.  


 


c) Signalling dysfunction in AD 


Tauopathies, presenilin gene mutations and excessive Aβ deposition have been 


suggested to precipitate or propagate neurodegeneration by promoting oxidative stress 


and/or inhibiting insulin action in the CNS [de la Monte and Wands, 2005]. This is 


supported by age- and AD-related decrease in insulin mRNA and protein levels [Craft et 
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al., 1998; Rivera et al., 2005; Steen et al., 2005], IR expression [Frolich et al., 1999, 


1998] and markers of Tyr kinase activity, namely PI-3K and ERK1/2 activities [Watson 


and Craft, 2004] or a reduced association of Shc with Grb2 [de la Monte and Wands, 


2005]. Moreover, failure of IRS-2-mediated signalling cascade impairs developmental 


neuronal proliferation and increases hyperphosphorylated tau accumulation [Schubert et 


al., 2003]. As a consequence, a decrement in glucose utilization, ATP production and 


neuronal survival, and an increase in GSK-3β activity, oxidative stress and AGEs occur 


in AD [Takashima et al., 1996; Fulop et al., 2003; Hoyer, 2004; de la Monte and 


Wands, 2005]. Indeed, AD has been associated with early and striking increases in the 


molecular indices of oxidative stress and mitochondrial dysfunction that often progress 


with severity of the pathology [de la Monte and Wands, 2006]. However, other authors 


described higher plasma insulin levels and reduced insulin-mediated brain glucose 


disposal and metabolism in AD patients [Craft et al., 1998, 2003], a pattern 


characteristic of insulin resistance [for review, Craft and Watson, 2004]. Fulop et al. 


(2003) hypothesized that an increase in IR density also observed in AD brain may 


constitute an adaptive mechanism against insulin resistance in AD. Thus, 


hyperinsulinemia and insulin resistance may constitute new risk factors for late-onset 


AD [for review, Craft and Watson, 2004; Cole and Frautschy, 2007].  


Increased oxidative stress in AD was shown to activate the pro-apoptotic SAPK 


signalling pathways (namely p38MAPK and JNK) [Zhu et al., 2002; Onyango et al., 


2005a]. Indeed, JNK2 and JNK3 activation and redistribution from the nuclei to the 


cytoplasm have been involved in neurofibrillary pathology [Zhu et al., 2001] and appear 


to correlate with AD severity [for review, Moreira et al., 2006]. JNK activation in AD 


also induced the antioxidant enzymes heme oxygenase-1 and Cu,ZnSOD, suggesting an 


adaptive mechanism against acute oxidative stress [Zhu et al., 2004]. However, in 


chronic oxidative injury associated with AD, neurons are no longer able to activate 


antioxidant enzymes and may thus initiate JNK-mediated tau phosphorylation and 


formation of neurofibrillary tangles to function as an antioxidant mechanism to protect 


crucial cellular components from ROS attack [Nunomura et al., 2001; Lee et al., 2005]. 


Indeed, the high content of lysine-serine-proline residues at tau surface facilitates the 


extensive phosphorylation of Ser, thus acting as an oxidative sponge of surface-


modifiable Lys residues [for review, Lee et al., 2005]. Moreover, phosphorylated tau 


polymerization is facilitated by oxidative modification. Thus, embryonic neurons that 


survive after oxidative stress exposure possess increased levels of phospho-tau than 
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dead neurons. Interestingly, tau phosphorylation and paired helical filament formation 


also occur during hibernation, a neuroprotective phenomenon [for review, Lee et al., 


2005]. 


Recently, disturbance of IGF-1 signalling in AD was shown to affect AMP-


activated protein kinase (AMPK) signalling pathway [Rivera et al., 2005], a major 


energy sensor of the cell [Carling, 2004], thus dysregulating brain vascular homeostasis 


and metabolic and growth needs, favouring oxidative stress in AD patients and in 


APP/PS2 transgenic mice [Lopez-Lopez et al., 2007]. IGF-1 was described to prevent 


Aβ-induced hippocampal neuronal death, probably due to increased PI-3K/Akt 


signalling and suppression of GSK-3β activity [de la Monte and Wands, 2005]. 


Furthermore, treatment of mutant mice with IGF-1 normalized both vessel density and 


cognitive function [Carro et al., 2006]. 


Other studies revealed that ERK1/2, Akt and cyclin-dependent kinase-5 (Cdk-5, 


responsible for physiological tau phosphorylation) activities were higher in both AD 


and oxidative stress. This apparently paradoxical observations were explained as the 


result of chronic oxidative injury associated with AD [for review, de la Monte and 


Wands, 2005]. 


 


d) AD, type 2 diabetes mellitus and neuroprotection by insulin  


Diabetes, a major disorder of insulin regulation, has been increasingly associated 


with AD [Rasgon and Jarvik, 2004]. Epidemiological studies (Honolulu-Asia Aging 


Study, and the Rotterdam and Mayo studies) reported that type 2 diabetes increases the 


risk for AD, dependently of vascular dementia [Ott et al., 1999; Peila et al., 2002; 


Watson and Craft, 2004]. Intracerebroventricular insulin administration was shown to 


improve memory performance, without changes in blood insulin or glucose 


concentrations [for review, Watson and Craft, 2004]. Similar results were obtained after 


peripheral insulin infusion in both healthy and AD adults [Craft et al., 1996; Craft et al., 


1999; Kern et al., 2001; Rasgon and Jarvik, 2004]. However, other studies showed that 


acute hyperglycemia improves memory performance in AD patients, whereas systemic 


insulin administration resulted in memory deficits in animal studies [for review, Watson 


and Craft, 2004].  


Type 2 diabetes and AD share several common aspects, including peripheral and 


CNS insulin resistance, dysfunctional IR and IR-mediated signalling pathways, 


decreased glucose transport and metabolism, despite the higher non-metabolised 
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glucose levels in cerebral blood [Hoyer, 1998, 2002, 2003; Schulingkamp et al., 2000; 


Rasgon and Jarvik, 2004; Watson and Craft, 2004]. As a result of recurrent 


hyperinsulinemia/hypoglycemia in type 2 diabetes, long-term brain vascular changes, 


neurodegeneration and cognitive impairment occur, facilitating AD onset [for review, 


Craft and Watson, 2004; Rasgon and Jarvik, 2004; de la Monte and Wands, 2005] (Fig. 


1.9). Coexistence of type 2 diabetes and apolipoprotein ε4 (APOε4) allele are also 


correlated with the severity of neuritic plaques, neurofibrillary tangles and cerebral 


amyloid angiopathy [for review, Hoyer, 2003]. Interestingly, patients with AD exhibit a 


higher risk for developing type 2 diabetes [Janson et al., 2004]. This led to the proposal 


that brain IR signalling might be the missing link [Liolitsa et al., 2002] between the loss 


of brain neurons and pancreatic β-cells in both diseases [Janson et al., 2004]. 


Additionally, AD was assigned as a “type 3 diabetes”, due to the loss of CNS insulin 


and IGF signalling mechanisms [Freude et al., 2005; Rivera et al., 2005; Steen et al., 


2005; de la Monte et al., 2006; Lester-Coll et al., 2006].  


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 
Fig. 1.9. Pathophysiological mechanisms linking diabetes to brain modifications and dementia. 
Diabetes is associated with an increased risk of atherosclerosis and stroke, leading to brain vascular 
pathology. Glucose-mediated toxicity can lead to microvascular abnormalities and more widespread 
changes in cognition and brain structure, referred to as accelerated brain aging. Additionally, diabetes and 
its treatment may interfere with amyloid metabolism, culminating in Alzheimer’s type pathology and 
dementia. AGEs, advanced glycation endproducts. [Adapted from Biessels et al., 2006]. 
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Insulin was found to modulate amyloid processing both in vivo and in vitro. Insulin 


and IGF-1 inhibit Aβ production through Akt-mediated phosphorylation/inactivation of 


GSK-3β [Phiel et al., 2003] and prevent abnormal intracellular accumulation of Aβ, by 


increasing its extracellular secretion in brain [for review, Wada et al., 2005]. This does 


not occur under chronic peripheral hyperinsulinemia associated with insulin resistance, 


because initially high brain insulin levels tend to decrease, due to a downregulation of 


its brain synthesis and/or transport [for review, Plum et al., 2005]. Thus, it is not 


surprising that insulin resistance increases Aβ levels in the AD transgenic mice Tg2576 


[Ho et al., 2004]. Additionally, insulin and IGF-1 prevent Aβ accumulation by 


promoting the transport of Aβ-binding carrier proteins, including transthyretin and 


albumin, into the brain [Gasparini et al., 2002; Carro and Torres-Aleman, 2004; Trejo et 


al., 2004a,b; Carro et al., 2005].  


Excessive Aβ can be cleared through low-density lipoprotein receptor-mediated 


endocytosis or through direct extracellular proteolytic degradation by insulin-degrading 


enzyme (IDE), a metalloprotease that also catabolizes insulin and IGF-1 [for review, 


Gasparini et al., 2002; Carro and Torres-Aleman, 2004; Craft and Watson, 2004; de la 


Monte and Wands, 2005; Plum et al., 2005; Gispen et al., 2006; van der Heide et al., 


2006]. Under this perspective, insulin resistance may competitively inhibit IDE [for 


review, Gasparini et al., 2002; Carro and Torres-Aleman, 2004; Craft and Watson, 


2004; de la Monte and Wands, 2005; Plum et al., 2005; Gispen et al., 2006; Qiu and 


Folstein, 2006], thus impairing Aβ degradation, increasing its neurotoxicity and 


promoting AD [van der Heide et al., 2006]. This is supported by 1) a decrease in IDE 


activity and mRNA and protein levels in AD brain, 2) impaired brain Aβ and insulin 


degradation in knockout mice lacking IDE [Hong and Lee, 1997; Frolich et al., 1999; 


Lucas et al., 2001], 3) increased IDE immunoreactivity around senile plaques [Gispen et 


al., 2006] and 4) enhanced IDE activity in IDE and APP double transgenic mice 


associated with a decrease in Aβ and prevention of AD [Leissring et al., 2003]. 


However, since brain IR does not desensitize, IDE may constitute a negative feedback 


loop that controls insulin action [Zhao et al., 2004; van der Heide et al., 2006]. Indeed, 


insulin exposure promotes PI-3K/Akt-dependent upregulation of IDE, thus stopping 


insulin signalling and promoting Aβ clearance in hippocampal neurons [Zhao et al., 


2004]. Taken together, these evidences support the existence of a therapeutic window 


allowing insulin treatment to adjust the levels of IDE in AD, without causing direct 
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competitive inhibition of Aβ breakdown [Zhao et al., 2004; van der Heide et al., 2006]. 


Ideally, this therapeutic approach would be initiated by the measurement of cerebral 


insulin in both healthy and AD patients to clarify the competition between insulin and 


Aβ [van der Heide et al., 2006].  


Surprisingly, Aβ also competitively inhibits insulin binding to IR and attenuates 


subsequent IR phosphorylation [Xie et al., 2002; de la Monte and Wands, 2005]. 


The major kinases responsible for physiological tau phosphorylation include GSK-


3β, ERK1/2 and Cdk-5, which are activated by insulin or IGF-1 [de la Monte and 


Wands, 2005; van der Heide et al., 2006]. However, these growth factors also inhibit 


abnormal tau hyperphosphorylation by stimulating Akt-induced 


phosphorylation/inactivation of GSK-3β in both human and animal neurons [for review, 


Hong and Lee, 1997; Hoyer, 2003; de la Monte and Wands, 2005; Freude et al., 2005; 


Wada et al., 2005; Cole and Frautschy, 2007]. Similarly, Sui et al. (2006) observed that 


GSK-3β inhibition blocks specific phosphorylation of tau in PC12 cells. Additionally, 


in both transgenic NIRKO mice (mice lacking brain/neuronal IR) [Lesort et al., 1999] 


and IRS-2-deficient mice (in which brain IR is dysregulated) [Schubert et al., 2003], an 


age-related tau hyperphosphorylation and deposition occur in CNS, probably due to 


decreased phosphorylation (and increased activity) of GSK-3β. Nevertheless, 


hyperinsulinemia in NIRKO mice [Schubert et al., 2004; Freude et al., 2005] and 


insulin treatment in human NT2 neurons [Hong and Lee, 1997] were described to 


decrease tau phosphorylation, whereas in human SH-SY5Y neuroblastoma cells [Lesort 


et al., 1999; Jamsa et al., 2004] and rat primary cortical neurons [Lesort and Johnson, 


2000], insulin exposure increased tau hyperphosphorylation. Hyperphosphorylated tau 


fails to be transported into axons, accumulating and aggregating into neurofibrillary 


tangles in neuronal perikarya, thereby promoting oxidative stress, apoptotic or necrotic 


death and mitochondrial dysfunction [de la Monte and Wands, 2005]. 


Insulin treatment can be considered a valuable therapeutical agent against AD. 


Under these conditions, an inadequate trophic support due to the absence or decreased 


levels of insulin leads to desensitization of NMDA-dependent processes, learning 


impairment and neuronal death. Furthermore, inadequate inhibition of GSK-3β by PI-


3K/Akt signalling stimulates tau hyperphosphorylation, thus accelerating AD 


progression [van der Heide et al., 2006]. Under this perspective, raising insulin levels 


may alleviate the symptoms observed. This could be accomplished by exogenous 
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insulin plus glucose administration, to maintain euglycemia, thus avoiding the 


deleterious effects of hypoglycemia on memory and cognition in AD patients [Watson 


and Craft, 2003, 2004; de la Monte and Wands, 2005]. Alternatively, intranasal insulin 


administration has the advantage of penetrating the CNS [Kern et al., 1999; Born et al., 


2002; Strachan, 2005; Wada et al., 2005] and improve memory without affecting 


plasma glucose or insulin levels [Benedict et al., 2004; Reger et al., 2006]. 


Interestingly, the use of stem cells to deliver insulin or IGF-1 may be beneficial by 


increasing neuronal survival and decreasing oxidative stress in the CNS, although safety 


and efficacy issues must first be resolved [de la Monte and Wands, 2005]. 


However, insulin can be deleterious to brain when chronically present in high levels 


[van der Heiden et al., 2006]. This is due to: 1) desensitization of PI-3K pathway, 


resulting in inadequate responses to other trophic factors; 2) potentiation of NMDA 


receptors, facilitating excitotoxicity; and/or 3) competition with Aβ for IDE, increasing 


extracellular Aβ accumulation. This renders attenuation of neuronal overstimulation 


more difficult, since insulin has to be removed to alleviate the competitive blockade of 


IDE for Aβ [van der Heide et al., 2006; Cole and Frautschy, 2007]. Alternatively, the 


use of anti-diabetic insulin sensitizers (e.g. tiazolidinediones) under hyperinsulinemia 


would result in decreased availability of insulin to the brain without affecting glycemia 


[van der Heide et al., 2006]. Unfortunately, recent clinical trials showed that 


rosiglitazone, a tiazolidinedione, decreased cognitive performance in AD patients 


[Watson et al., 2005; Risner et al., 2006]. Another therapeutical approach could be the 


small molecule insulin mimetic demethylasterriquinone B1 (DAQB1) that does not 


competitively inhibit IDE and modulates IR [Salituri et al., 2001], or the delivery of 


insulin antibodies or insulin-inhibiting peptides into the brain [van der Heide et al., 


2006]. Although less practical, increased IDE levels in the CNS (via gene therapy or 


IDE infusion) would be of therapeutical interest.  


Finally, improvement of insulin signalling could be of therapeutical interest, since 


activated PI-3K/Akt inhibits GSK-3β and subsequent Aβ production and tau 


hyperphosphorylation, also increasing Aβ clearance via stimulation of transthyretin and 


IDE [Plum et al., 2005; van der Heide et al., 2006; Cole and Frautschy, 2007]. The use 


of GSK-3β inhibitors would be attractive. However, it may also impair the function of 


vital physiological targets of the kinase or have no impact on other critical components 


of the neurodegenerative cascade [de la Monte and Wands, 2005; Plum et al., 2005]. 
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1.3.4.5. Huntington’s disease 


HD is an autosomal dominantly inherited movement disorder, characterized by 


chorea-like movements (irregular, unpredictable, and involuntary muscle jerks), rigidity, 


seizures, progressive dementia, emotional impairment, cachexia and early death 


[Harper, 1991; The Huntington’s Disease Collaborative Research Group, 1993; 


Schulingkamp et al., 2000; Ristow, 2004; Colin et al., 2005]. Neuropathologically, HD 


is characterized by typical and selective neuronal atrophy of medium spiny neurons of 


the striatum and, at later stages, of the caudate nucleus, cerebral cortex and 


hypothalamus [Vonsattel and DiFiglia, 1998; Chong and Maiese, 2005], with lipofuscin 


accumulation preceded by impaired glucose metabolism in the caudate nucleus 


[Mazziotta et al., 1987; Schulingkamp et al., 2000].  


HD is caused by the abnormal expansion (beyond 39 repeats) of polyglutamine 


(polyQ) repeats, encoded by the trinucleotide CAG within the exon 1 of the IT-15 


huntingtin (Htt) gene. The age of onset and the severity of the disease are correlated 


with the repeat length of the expanded allele [The Huntington’s Disease Collaborative 


Research Group, 1993; Young, 1998; Martin, 1999; Djousse et al., 2003]. Htt is an 


ubiquitously expressed 350 kDa protein that bears no similarity with other known 


proteins, being essential for embryonic development, hematopoiesis and neurogenesis 


[Zeitlin et al., 1995; White et al., 1997; Metzler et al., 2000; Colin et al., 2005]. This 


protein has also been described to interact with specific transcriptional regulators, 


positively modulating the transcription of brain-derived neurotrophic factor (BDNF) 


[Zuccato et al., 2001]. Wild-type Htt was also reported to have anti-apoptotic properties 


in mouse and cellular models of HD [Zeitlin et al., 1995; Rigamonti et al., 2001; 


Gervais et al., 2002]. 


Toxicity of mutant Htt has been suggested to arise after cleavage and accumulation 


of N-terminal fragments containing an expanded polyQ region [Dyer and McMurray, 


2001]. Long polyQ tracts promote cell injury, formation of intranuclear, cytoplasmic 


and neuritic aggregates and the sequestration of glutamine-rich proteins [for review, 


Andreassen et al., 2002; Colin et al., 2005]. Although the molecular mechanisms 


underlying mutant Htt-induced neuronal dysfunction and death remain unknown, 


several hypothesis have been proposed, namely a defect in axonal transport of BDNF-


containing vesicles in the presence of mutant Htt, reducing the trophic support to striatal 


neurons, a dysregulation of BDNF transcription by a loss of function mechanism, and/or 


the inhibition of transcription due to nuclei translocation of toxic N-terminal fragments 
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that contain the polyQ expansion. Additional mechanisms may involve aggregate-


induced changes in the ubiquitin-proteasome system and post-translational 


modifications of Htt, namely ubiquitination, sumoylation and phosphorylation [for 


review, Colin et al., 2005]. These polyQ expansions in mutant Htt can mediate direct 


interaction with nuclear proteins, including co-activators and co-repressors, altering 


gene expression in cellular and animal models of CAG repeat disorders [for review, 


Andreassen et al., 2002]. 


Excitotoxic mechanisms, impaired mitochondrial function, increased oxidative 


stress and apoptosis have been also implicated in the pathogenesis of HD, both in 


humans and in animal models [for review, Browne et al., 1999; Beal, 2000; Ristow, 


2004]. Although (still) controversial, evidences for the involvement of oxidative stress 


in HD pathology include increased levels of 8-OHdG in basal ganglia of HD patients 


and in urine, plasma and striatum of transgenic HD mice, and decreased catalase levels 


in a HD mice model [for review, Chong et al., 2005]. 


Clinical studies suggest that neuronal dysfunction occurs long before 


neurodegeneration [Myers et al., 1988; Lawrence et al., 1998; Smith et al., 2000]. This 


is supported by the occurrence of behavioural alterations, including motor or cognitive 


defects, prior to any neuropathological hallmarks in transgenic mouse models of HD 


[Lione et al., 1999; Shelbourne et al., 1999; Turmaine et al., 2000; Lin et al., 2001]. 


Interestingly, increased frequency of comorbid diabetes mellitus in HD patients, 


probably due to a deficit in insulin secretion [for review, Andreassen et al., 2002; Miller 


et al., 2003; Ristow, 2004], was described about 30 years ago [Podolsky et al., 1972]. 


This is consistent with the observation of progressive alterations in glucose tolerance 


that culminate in a pronounced diabetes, in the majority of studies using animal models 


of HD, namely the R6/2 mice [for review, Andreassen et al., 2002; Ristow, 2004]. 


Diabetes in HD may result from an age-dependent accumulation of intranuclear 


inclusions in the endocrine pancreas that resemble those seen in neurons, and the 


subsequent reduction in the expression of insulin mRNA and key regulators of insulin 


gene transcription in β-cells [Andreassen et al., 2002]. According to several authors, 


hyperglycemia is secondary to insulin deficiency and results from decreased insulin 


secretion from pancreatic β-cells in HD transgenic mice [Andreassen et al. 2002; Miller 


et al., 2003]. Additionally, insulin was shown to inhibit choreaform movements 


[Schulingkamp et al., 2000]. However, analysis of cerebral glucose utilization produced 


conflicting results. Kuhl et al. (1982, 1984) failed to observe changes in glucose 
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metabolism in HD patients or at-risk patients, whereas others showed a decrease in 


glucose utilization in the caudate and putamen even in the absence of caudate atrophy 


[Mazziotta et al., 1987; Gamberino et al., 1994]. Recently, Powers et al. (2007) 


suggested that neuronal death occurring in early HD does not involve a decrease in 


energy production resulting from impaired electron transport chain. Instead, a selective 


impairment of striatal astrocytic glycolysis may play an important role in HD pathology. 


In addition, HD patients experience a dramatic weight loss – cachexia or wasting – 


despite normal food intake [Pratley et al., 2000].  


Colin et al. (2005) observed a progressive alteration in Akt signalling during HD, 


characterized by a decrease in both Akt levels and activity before neuronal loss, in 


animal models or human brain tissues of HD. This was accompanied by a large 


accumulation of a 49 kDa inactive fragment of Akt resulting from caspase-3 cleavage. 


Moreover, Akt phosphorylation of Htt on Ser421 induces less aggregation [Humbert et 


al., 2002; Rangone et al., 2005]. Therefore, alterations in Akt may contribute to 


dysfunction of neuronal circuits in HD [Colin et al., 2005]. Under this perspective, the 


observation that IGF-1-induced Akt activation inhibits mutant Htt-induced striatal 


neuronal death and formation of intranuclear inclusions of mutant Htt suggest that IGF-


1/Akt pathway may mediate neuroprotection against HD [Humbert et al., 2002; 


Rangone et al., 2004, 2005]. Accordingly, the protective effect of IGF-1 may require the 


direct activation of PI-3K/Akt signalling pathway, leading to the phosphorylation of 


mutant Htt at Ser421, or indirect phosphorylation of other Akt substrates that increase 


neuronal survival, namely Bad, FoxOs and caspase-9.  


Mutant Htt was also shown to impair mammalian target of rapamycin (mTOR) 


[Ravikumar et al., 2004], thus reducing phosphorylation of S6 kinase (a key regulator of 


cell volume) [Schmelzle and Hall, 2000], and mTOR-dependent protein synthesis at 


synapses [Tang et al., 2002]. Hence, chronically impaired mTOR activity may help to 


explain neuronal shrinkage and decreased synaptic activity that underlie brain atrophy, 


and loss of memory and synaptic plasticity occurring in HD [Usdin et al., 1999; Murphy 


et al., 2000; Rubinsztein, 2002; Tang et al., 2002]. Interestingly, IRS-2 activation may 


protect against mutant Htt aggregation by inducing macroautophagic clearance of 


excessive mutant Htt [Ravikumar et al., 2002, 2004; Iwata et al., 2005; Yamamoto et 


al., 2006]. Despite the requirement for PI-3K activation, this process was independent 


of Akt, mTOR or p70 S6 kinase activity, probably because mTOR was previously 


sequestered by mutant Htt aggregates and could not exert its beneficial effects 
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[Yamamoto et al., 2006]. Hence, insulin- and IGF-1 may constitute potential 


therapeutical strategies in HD.  
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1.4. Aim of this Thesis 
In General Introduction we focused on some of the most important aspects of 


oxidative stress-associated loss of neuronal function and survival underlying the 


pathophysiology of aging, stroke and neurodegenerative diseases (e.g. AD and HD). 


Deleterious effects of diabetes in the brain, with a special emphasis on metabolic 


dysfunction, oxidative stress and neuronal death, were also outlined and correlated with 


the development of diabetic neuropathy. Peripherally or brain synthesized insulin has 


been increasingly suggested to play a protective role against several deleterious 


conditions. Furthermore, insulin is known to have a neuromodulatory role and to 


regulate brain metabolism and neuronal growth and differentiaton. Although growing 


evidence appear to support Hoyer’s hypothesis that dysfunction of neuronal glucose 


utilization and metabolism and/or in IR signal transduction cascade is involved in AD 


pathogenesis, the role of insulin on oxidative stress- and diabetes-induced neuronal 


dysfunction and death has been less investigated. Therefore, experimental approaches 


that reveal the cascade of events underlying the putative neuroprotective effect of 


insulin may be valuable tools to establish insulin as a promising therapeutic agent, 


particularly if blood glucose levels are maintained in the normal range. 


In in vitro models of neuronal oxidative stress and diabetes, we studied the 


neuromodulatory/neuroprotective effect of insulin on neurotransmission, neuronal 


metabolism, antioxidant mechanism and neuronal death after exposure to oxidizing 


agents. We aimed to find answers for the following questions:  


1) Does insulin interact with the accumulation of synaptosomal GABA and 


glutamate under oxidative stress and/or type 2 diabetic conditions? (Chapters 3 


and 4) 


2) Does insulin affect neuronal viability and antioxidant defences upon oxidative 


stress? (Chapter 5) 


3) Does insulin neuroprotection involve the modulation of neuronal glucose 


transport and metabolism after oxidative stress? (Chapter 6) 


4) What is (are) the intracellular signalling mechanism(s) activated by IR and/or 


IGF-1R that underlie insulin neuroprotection against oxidative stress? (Chapter 


7)
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Analysis of insulin neuromodulation/neuroprotection against oxidative stress 


induced by the oxidant pair ascorbate/iron was performed by using adult non-diabetic 


Wistar and type 2 diabetic GK adult rat brain synaptosomes (Chapters 3 and 4) and 


primary cultures of neurons obtained from normal Wistar rat embryos (Chapters 5, 6 


and 7). 
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2.1. Materials 
Phenol red, penicillin/streptomycin, trypsin, DNase, soybean trypsin inhibitor 


(SBTI), insulin from porcine pancreas, ascorbic acid, ferrous sulfate (FeSO4), 3-(4,5-


dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), propidium iodide (PI), 


thiobarbituric acid (TBA), 1,4-dithiotreitol (DTT), phenylmethanesulfonyl fluoride 


(PMSF), chymostatin, pepstatin A, leupeptin, antipain, Tween-20, reduced and oxidized 


glutathione (GSH and GSSG, respectively), N-ethylmaleimide (NEM), ortho-


phthaldialdehyde (OPT), glutathione reductase (GRed), β-nicotinamide adenine 


dinucleotide reduced form (β-NADH), β-nicotinamide adenine dinucleotide phosphate 


reduced form (β-NADPH), tert-butylhydroperoxide (t-BHP), α,β-methyleneadenosine-


5’-diphosphate sodium salt (AMPCP), 2-deoxyglucose, S-(4-nitrobenzyl)-6-thioinosine 


(NBTI), triethanolamine hydrochloride, β-NADP sodium salt, adenosine-5’-diphosphate 


(ADP) disodium salt, glucose-6-phosphate dehydrogenase from baker’s yeast (S. 


cerevisæ), type VII, ammonium sulphate suspension, hexokinase from baker’s yeast (S. 


cerevisæ), type F-300, sulfate-free, creatine phosphokinase, sodium fluoride, sodium o-


vanadate, okadaic acid, rabbit anti-IR (β-subunit) antibody, 3-[(3-cholamidopropyl) 


dimethylammonio]-1-propane-sulfonate (CHAPS) and the monoclonal mouse anti-


microtubule-associated protein-2 (MAP2) antibody were purchased from Sigma-


Chemical Co. (St. Louis, MO, USA). Neurobasal Medium and B-27 supplement were 


obtained from Gibco (Paisley, Scotland, UK). Hoechst 33342, Alexa Fluor 594 goat 


anti-rabbit IgG conjugate and Alexa Fluor 488 goat anti-mouse IgG conjugate 


antibodies were purchased from Molecular Probes (Leiden, The Netherlands). 


[3H]GABA (65 Ci/mmol), L-[G-3H]glutamate (49 Ci/mmol), polyvinylidene difluoride 


(PVDF) Hybond-P membranes, goat anti-mouse and anti-rabbit IgG antibodies 


conjugated to alkaline phosphatase, enhanced chemifluorescence reagent (ECF), protein 


A sepharose CL-4B and 2-deoxy-D-[1-3H]glucose (12.0 Ci/mmol) were purchased from 


Amersham Biosciences (Little Chalfont, UK). Mouse anti-α-tubulin monoclonal 


antibody was obtained from Zymed (San Francisco, CA, USA). Rabbit anti-GLUT3 


polyclonal antibody, rabbit anti-Hxk (type II) and mouse monoclonal anti-GAPDH were 


purchased from Chemicon International (Temecula, CA, USA). Rabbit polyclonal anti-


HNE-Michael adducts (reduced) antibody, trichloroacetic acid (TCA), PD98059 and N-


acetyl-Asp-Glu-Val-Asp-p-nitroanilide (Ac-DEVD-pNA) were from Calbiochem 


(Darmstadt, Germany). Rabbit polyclonal anti-IGF-1Rβ (H-60), Bcl-2 (C-2) mouse
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monoclonal antibodies were purchased to Santa Cruz Biotechnology, Inc. (Santa Cruz, 


CA, USA). Mouse anti-P-Tyr (Tyr100) monoclonal, mouse anti-P-Akt (Ser473) 


monoclonal, rabbit monoclonal anti-P-p44/42 ERK (Thr202/Tyr204) (197G2), anti-


GSK-3β (Ser9), rabbit polyclonal p44/42 ERK and rabbit polyclonal caspase-3 


antibodies were supplied by Cell Signalling Technology (Beverly, MA, USA). Rabbit 


polyclonal anti-Akt, anti-GSK-3β (Tyr216) and mouse anti-GSK-3β antibodies were 


from BD Biosciences (San Diego, CA, USA). Rabbit polyclonal anti-GPx-1 antibody 


was purchased to Abcam (Cambridge, UK), BioRad reagent and polyacrylamide were 


from BioRad (Hercules, CA, USA). Spin-X® centrifuge tube filter used in 


immunoprecipitation were from Costar (New York, USA). The enzymatic kit PAP 150 


was purchased from BioMérieux (Lyon, France). Scintillation UniverSol cocktail was 


from ICN (Irvine, CA, USA). Glass fiber filters were purchased from Whatman GF/B 


(Middlesex, UK). β-hydroxytoluene, β-mercaptoethanol, tetraphenylphosphonium 


(TPP+) and HPLC column Lichrospher 100 RP-18 (5 µm) was from Merck (Darmstadt, 


Germany). The lactate kit was obtained from Randox Laboratories Ltd (Antrim, UK). 


The pyruvate kit was purchased from Ben SRL (Milan, Italy). The DakoCytomation 


Fluorescent mounting medium was purchased from DakoCytomation (Carpinteria, 


California, USA). RNeasy Mini Kit, QIAshredder spin columns, RNase-Free DNase 


Set, Rn_Bcl2_1_SG QuantiTect Primer Assay, Rn_Casp3_1_SG QuantiTect Primer 


Assay, Rn_Gpx1_1_SG QuantiTect Primer Assay, Rn_Hk2_1_SG QuantiTect Primer 


Assay, Rn_Actb_1_SG QuantiTect Primer Assay, Rn_B2m_1_SG QuantiTect Primer 


Assay 2x QuantiTect® SYBR Green PCR Master Mix were supplied by Qiagen (Hilden, 


Germany). SuperScriptTM III reverse transcription reagents were purchased to 


Invitrogen (Carlsbad, CA, USA). 96-well optical reaction plate with barcode (code 128) 


and optical adhesive covers PCR compatible, and DNA/RNA/RNase-free were from 


Applied Biosystems (Foster City, CA, USA). DNA 1000 LabChip Kit was from Agilent 


Technologies (Santa Clara, CA, USA). Wortmannin and LY294002 were kindly offered 


by Alomone Labs (Jerusalem, Israel). Diet C.R.F. 20 was purchased from Charles 


Rivers (L’Arbilesle, France). Glucometer Elite was from Bayer SA (Carnaxide, 


Portugal). All other reagents were of the highest grade of purity commercially available.
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2.2. Animals 
In studies using synaptosomal preparations, control animals were non-diabetic male 


Wistar rats of about 29.5±1.2 weeks of age, obtained from our local breeding colony 


(Animal Research Center Laboratory, University Hospitals, Coimbra, Portugal). Male 


spontaneously diabetic GK rats (31.9±0.7 weeks of age) were obtained from our local 


colony, established in 1995 with breeding couples from the colony at the Tohoku 


University School of Medicine (Sendai, Japan; courtesy of Dr. K.I. Susuki). Animals 


were kept under controlled light and humidity conditions, and with free access to 


powdered rodent diet (Diet C.R.F. 20) and water. Glucose tolerance tests were used as a 


selection index. Blood glucose levels of non-diabetic Wistar and GK rats were 


determined immediately after the sacrifice of the animals by the glucose oxidase 


reaction, using a glucose analyzer (Glucometer Elite) and compatible reactive tests. 


For the studies performed with primary cultures of cortical neurons, pregnant rat 


females were obtained from our local colony (Animal Facilities, Faculty of Medicine 


and Center for Neuroscience and Cell Biology, University of Coimbra, Coimbra) and 


kept under controlled light and humidity conditions.  


Animals used throughout this study were handled according with the EU guidelines 


for the use of experimental animals (86/609/EEC). 


 


2.3. Preparation of Synaptosomes 
Adhering to principles and procedures outlined in the EU guidelines and approved 


by the local Animal Care Committee of the Institute, all efforts were made to reduce the 


number of animals used and to minimize animal suffering. Therefore, crude 


synaptosomal fractions were prepared from brain of male Wistar and GK rats, according 


to a preestablished method [Hajós, 1975], with some modifications. After animal 


decapitation, the whole cerebral cortices were rapidly removed and homogenized in 10 


vol of homogenization medium containing (in mM): 320 sucrose, 10 HEPES, and 0.5 


EGTA-K+, buffered with Tris at pH 7.4. The homogenate was centrifuged at 4500 rpm 


for 5 min in a Sorvall RC-5B Refrigerated Superspeed centrifuge and the synaptosomal 


fraction was isolated from the supernatant by centrifugation at 10 000 rpm for 10 min 


and then centrifuged again at 12 000 rpm for 10 min, in 10 ml of washing medium (320 


mM sucrose and 10 mM HEPES, buffered at pH 7.4 with Tris). The white and fluffy 


synaptosome layer without contaminant mitochondria (mitochondria-free) was then 
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resuspended, respun, and resuspended in the sucrose medium at a protein concentration 


of 15–20 mg/ml, as determined by the biuret method [Layne, 1957]. Experiments were 


carried out within 3 h after synaptosomal fraction preparation. 


 


2.4. Primary Culture of Cortical Neurons 


Cortical neurons were isolated from brains of 15-16 day-old Wistar rat embryos, 


using a previously described procedure [Almeida et al., 2004; Duarte et al., 2005]. 


Pregnant rat females were anesthesized under halothane atmosphere before being 


sacrificed by cervical displacement and decapitation. The brain cortices were removed 


from embryos and placed in 20 ml of sterile Krebs medium containing (in mM): 120.9 


NaCl, 4.8 KCl, 1.22 KH2PO4, 25.5 NaHCO3, 13.0 glucose, 10.0 HEPES and 1 ml 


phenol red 0.5%, pH 7.4, supplemented with 0.3% bovine serum albumine (BSA). After 


a rapid centrifugation at 1000 rpm in a Sigma 3K10 centrifuge, the supernatant was 


removed and the pellet resuspended in 20 ml of BSA-supplemented isolation medium 


containing 0.05% trypsin and 40 µg/ml DNase, and trypsinized for 10 min at 37ºC. The 


reaction was stopped by addition of Krebs medium (1:1) containing 0.075% SBTI and 


40 µg/ml DNase. The mixture was centrifuged for 5 min at 1000 rpm, and the resulting 


supernatant was discarded. The pellet was resuspended and the cells were mechanically 


dissociated in a solution containing 16.8 ml of the isolation medium supplemented with 


BSA and 3.2 ml of the solution used in the previous step, and then centrifuged for 5 min 


at 1000 rpm. After dissociation, the cells were resuspended in Neurobasal Medium 


supplemented with 2% B-27, 0.2 mM glutamine, 100 units/ml penicillin, and 100 


mg/ml streptomycin and cultured for 6 days in 95% air and 5% CO2, at 37ºC. Cortical 


neurons were plated at different densities on poly-L-lysine (0.1 mg/ml)-covered plates, 


according to the experimental procedure: 0.25x106 cells/cm2 onto 48-well plates for 


MTT experiments, 2.5x106 cells/cm2 onto 16 mm diameter coverslips for DNA 


condensation/fragmentation analysis, 2.6x105 cells/cm2 onto 12-well plates for 


quantification of lactate dehydrogenase, TBARS, carbonyls, uric acid and GPx/GRed 


activities, 3.3x105 cells/cm2 onto 12-well plates for GSH/GSSG, pyruvate, lactate, 


adenine nucleotides, P~Cr and ADO, 4.2x105 cells/cm2 onto 12-well plates for 


immunoprecipitation, Western blotting analysis and caspase-3 activity, 0.16 x 106 


cells/cm2 for measurement of 2-deoxy-D-[1-3H]-glucose uptake, 1.0x106 cells/cm2 onto 


16 mm diameter coverslips for immunocytofluorescence analysis, 3.1x105
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cells/cm2 onto 6-well plates for real-time reverse transcriptase-polymerase chain 


reaction (RT-PCR). Previous studies in our laboratory showed that cortical cultures 


contained few glial cells (less than 10%), as assessed by immunofluorescence using 


anti-MAP2 (microtubule-associated protein) and anti-GFAP (glial fibrillary acidic 


protein) [Almeida and Rego, unpublished data].   


 


2.5. Incubation with Insulin and Induction of Oxidative Stress 
The oxidizing agents ascorbic acid and iron (Fe2+, ferrous sulfate) were used to 


induce oxidative stress [Wills, 1969]. Synaptosomes (1 mg/ml) were peroxidized by 


incubation for 15 min at 30°C in a standard medium that contained (in mM): 132 NaCl, 


3 KCl, 1 MgCl2, 1 NaH2PO4, 1.2 CaCl2, 10 glucose, and 20 HEPES, adjusted to pH 7.4 


with Tris, supplemented with 0.8 mM ascorbic acid and 2.5 µM Fe2+. Similar 


experiments were carried out in the presence of 1 µM insulin, with synaptosomes 


preincubated for 15 min before the addition of ascorbate/Fe2+. 


In the studies with cultured cortical neurons, at 4 days in culture, insulin (0.1-10 


µM) was added to the Neurobasal medium, 48 h (at 4 days in vitro, renewed every 24 h) 


before the induction of oxidative stress. Insulin (0.1-10 µM) was also added 


immediately before (2 min, at 6 days in vitro) the induction of oxidative stress. To 


induce oxidative stress, Neurobasal medium was removed and the cells were incubated 


with 1.5 mM ascorbic acid and 7.5 µM FeSO4, for 15 min at 37ºC, in sodium saline 


solution, containing (in mM): 132.0 NaCl, 4.0 KCl, 1.2 Na2HPO4, 1.4 MgCl2, 1.0 


CaCl2, 6.0 glucose and 10.0 HEPES, at pH 7.4. Similar concentrations of ascorbate/Fe2+ 


were previously demonstrated in our lab to induce a mild oxidative stress, accompanied 


by a slight decrease in MTT reduction in cultured chick retinal cells [Agostinho, 1997]. 


The cells were further incubated for 5 h or 24 h (for the analysis of apoptotic/necrotic 


cells) in Neurobasal medium (postincubation) in the absence of the oxidizing agents. 


Insulin was present during the induction of oxidative stress and the postincubation 


period. Ascorbic acid and Fe2+ solutions were prepared immediately before use and 


maintained at 0-4ºC, protected from light. In order to analyse the involvement of insulin 


receptor-mediated signalling pathways, the neurons were incubated with 50 nM 


wortmannin, 5 µM LY294002 (inhibitors of PI-3K/Akt pathway) or 30 µM PD98059 


(an inhibitor of ERK pathway) for 30 min before insulin incubation and maintained 


throughout the experiments. When present, 1 µM NBTI (an inhibitor of ADO 







Chapter 2   


134 


transporter) or 50 µM AMPCP (an inhibitor of ecto-5’-nucleotidase) were incubated 5 


min prior to insulin and maintained throughout the experiments. 


 


2.6. Analysis of Neuronal Death 


2.6.1. MTT reduction assay 


Neuronal viability was measured by determining the cellular reducing capacity, 


through the extent of MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 


bromide] reduction to the insoluble intracellular formazan [Mosmann, 1983], which 


depends on the activity of intracellular dehydrogenases and is independent of changes in 


the integrity of the plasma membrane. After postincubation for 5 h, the Neurobasal 


medium was removed and the cortical neurons were incubated with MTT (0.5 mg/ml, 


prepared in sodium solution, in the dark) for 2 h at 37ºC. At the end of the incubation 


with MTT, an equal volume of acid-isopropanol (0.04 M HCl in isopropanol) was 


added and mixed thoroughly to dissolve the crystals of formazan. Then, the mixture was 


collected from the wells and the extent of MTT reduction was measured 


spectrophotometrically at 570 nm. The results were expressed as a % of control cells, 


incubated in the absence of insulin and ascorbate/Fe2+.  


 


2.6.2. Measurement of LDH release 


Neuronal viability was also assessed by monitoring the leakage of the cytosolic 


LDH to the extracellular medium, which evaluates plasma membrane integrity. LDH 


activity was measured spectrophotometrically according to a previously described 


procedure [Bergmeyer and Bernt, 1974], by following the rate of conversion of NADH 


to NAD+, at 340 nm. After the 5 h postincubation, Neurobasal medium was collected to 


determine extracellular LDH. The neurons attached to the culture dishes were lysed and 


scraped with 1 ml ice-cold Tris 15 mM (pH 7.4) plus 0.01% Triton X-100, submitted to 


3 cycles of freezing/thawing in liquid N2 and gently homogenized (0-4ºC). All the 


samples were centrifuged at 14 000 rpm for 6 min at 4º C, in an Eppendorf Centrifuge 


5415C, at 4ºC. The resulting supernatant was used to determine the activity of LDH. 


The cuvettes contained 0.5 ml of 9.76 mM
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pyruvate, 100 µl of the sample, and 2.5 ml of 0.24 mM NADH, which was used to 


initiate the reaction. Pyruvate and NADH solutions were prepared in Tris/NaCl buffer 


(81.3 mM Tris, 203.3 mM NaCl, pH 7.2, at 30ºC) and the absorbance was measured 


against blanks prepared in the absence of pyruvate. The rate of absorbance decrease, 


due to NADH oxidation, was monitored at 30 s intervals for 2 min, at 30ºC, in a 


thermostatized Jasco V560 UV/VIS Spectrophotometer. The results were expressed as 


catalytic activity concentration (c), following the equation 


c = ∆A x V/1000 x ε x d x ∆t x v (mol x s-1 x liter-1), 


where ∆A/∆t refers to the rate of absorbance change, ε refers to the linear millimolar 


absorption coefficient of NADH (0.63 x mmol-1 x mm-1), d is the light path (10 mm), V 


is the assay volume (3.1 ml), and ν is the sample volume (0.1 ml). LDH leakage to the 


extracellular medium was presented as a % of total LDH activity (intracellular plus 


extracellular). 


 


2.6.3. Assessment of apoptotic versus necrotic neurons  


Apoptotic or necrotic cells were characterized using the flourescent probes Hoechst 


33342 and propidium iodide (PI)-double staining, according to Sun et al. (1992), with 


some modifications. Briefly, 24 h after the induction of oxidative stress, the cells were 


loaded with 15 µg/ml Hoechst 33342 and 4 µg/ml PI in phosphate-buffered saline 


(PBS), for 15 min at 37ºC. The cells (viable, apoptotic or necrotic) were counted by 


using an epifluorescence Axiovert 200 microscope (Zeiss, Germany). Nuclei stained 


with Hoechst 33342 that were markedly bright and small or divided into several 


chromatin clumps were defined as condensed/fragmented [Hamabe et al., 2003]. The 


neurons showing such Hoechst 33342 staining and lacking red PI staining were defined 


as apoptotic. Neurons showing PI labeling due to the rupture of the plasma membrane 


and selective entry of hydrophilic PI were defined as necrotic [Bal-Price and Brown, 


2000; Hamabe et al., 2003; Levinthal and DeFranco, 2004]. Viable cells showed no 


signs of red PI staining, with diffuse Hoechst labeling. The results were expressed as the 


% of total neurons. For each coverslip, 100-500 cells were counted in six distinct fields. 
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2.6.4. Colorimetric evaluation of caspase-3-like activity 


After incubation, the neurons were washed twice with lysis buffer containing (in 


mM): 1 EDTA, 1 EGTA, 2 MgCl2.6H2O, 25 HEPES, pH 7.5, and then scraped and 


homogenized with 40 strokes, at 0-4ºC, in lysis buffer supplemented with 100 µM 


PMSF, 2 mM DTT, and 1:1000 of a broad spectrum protease inhibitor cocktail, 


containing chymostatin, pepstatin A, leupeptin, and antipain (1 mg/ml). The cell 


extracts were centrifuged at 14000 rpm for 10 min, in an Eppendorf 5415C centrifuge at 


0-4ºC, to remove the nuclei. The resulting supernatant was collected and assayed for 


protein content by the BioRad reagent, according to manufacturer’s instructions.  


Conversion of procaspase-3 into active caspase-3 is generally accepted as one of the 


most reliable indicators of apoptosis [Green and Reed, 1998]. Caspase-3-like activity 


was determined by following the procedure previously described by us [Gil et al., 


2003]. Twenty five µg of protein were added to a reaction buffer containing 25 mM 


HEPES, 10% (m/v) sucrose, 0.1% (m/v) 3-[(3-cholamidopropyl) dimethylammonio]-1-


propane-sulfonate (CHAPS), pH 7.5, supplemented with 10 mM DTT and the 


colorimetric substrate (100 µM) for caspase-3 (N-acetyl-Asp-Glu-Val-Asp-P-


nitroanilide, Ac-DEVD-pNA)-like activity. The reaction mixtures were incubated at 


37ºC for 2 h, and the formation of pNA was measured at 405 nm in a Synergy™-HT 


Multidetection Microplate Reader (Bio-Tek®Instruments, Inc, Winooski, VT, USA). 


Caspase-3-like activity was calculated as the increase above the control for equal 


protein loaded and the results expressed in % of control.  


 


2.7. Analysis of Oxidative Stress 


2.7.1. Measurement of lipid peroxidation 


The extent of lipid peroxidation was determined by measuring thiobarbituric acid 


reactive substances (TBARS), using the thiobarbituric acid (TBA) assay [Ernster and 


Nerdenbrand, 1967]. This colorimetric assay detects, at 530 nm, the formation of a pink 


complex resulting from the reaction, in acidic medium, between TBA and MDA, a 


product of lipid oxidation.  


Cultured cortical neurons were scraped in 1.2 ml 15 mM Tris (pH 7.4) plus 0.01% 


Triton X-100, submitted to 3 cycles of freezing with liquid N2 and gently homogenized
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(0-4ºC). Then, 40 µl of each sample were used to determine the protein concentration, 


using the Sedmak method [Sedmak and Grossberg, 1977]. 


Briefly, 0.5 mg of the synaptosomal fraction or 1 ml of cortical neuron extracts were 


boiled in 2 ml of a peroxidation reagent containing 0.375 % TBA, 15% TCA, 6.8 mM 


β-hydroxytoluene, for 10 min. Then, the samples were cold on ice and centrifuged for 


10 min at 3000 rpm in a Sorvall RT6000 refrigerated centrifuge. The supernatant was 


collected and the absorbance was measured at 530 nm in a Bausch & Lomb Spectronic 


21 spectrophotometer, against a blank prepared in similar conditions, but in the absence 


of protein. The amount of TBARS formed was calculated using a molar extinction 


coefficient of 1.56x105 M-1cm-1 and expressed as nmol TBARS/mg protein. 


 


2.7.2 Analysis of carbonyl groups 


The carbonyl content was determined as a measurement of protein oxidation by the 


reaction with 2,4-dinitrophenylhydrazine (DNPH), according to Fagan et al. (1999). 


After incubation, the neurons were scraped with 15 mM Tris, pH 7.4, frozen/thawed in 


liquid N2, gently homogenized, and then centrifuged at 14 000 rpm, for 6 min at 0-4ºC 


in an Eppendorf 5415C centrifuge. Part of total fraction (40 µl) was used to determine 


protein content, according to the Sedmak procedure [Sedmak and Grossberg, 1977]. 


The resulting pellet was dissolved in 1 ml 20% TCA and centrifuged at 10 000 rpm for 


3 min. The pellet obtained was incubated for 1 h, at room temperature, in 500 µl 10 mM 


DNPH (freshly prepared in 2 M HCl, in the dark), with vortex agitation every 10 min. 


Then, 500 µl of 20% TCA were added and the mixture was centrifuged at 11 000 rpm 


for 3 min. The resulting pellet was mixed with 1 ml ethanol:ethyl acetate (1:1, v/v) and 


centrifuged again at 10 000 rpm for 3 min. Then, the pellet was incubated with 900 µl of 


6 M guanidine (prepared in PBS, pH 6.5) for 15 min at 37ºC and centrifuged at 10 000 


rpm for 3 min. For all the samples a blank was prepared, which was incubated with HCl 


(2 M) instead of DNPH. The carbonyl content was calculated from the maximum 


absorbance, at 360 nm, measured in a Bausch & Lomb Spectronic 21 


spectrophotometer, and the molar absorption coefficient of 22x103 M-1 cm-1. The results 


were expressed in nmol/mg protein. 
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2.8. Determination of [3H]GABA and [3H]Glutamate Uptake 
The uptake of [3H]GABA and [3H]glutamate was determined as previously 


described [Santos et al., 1990; Volterra et al., 1992]. Synaptosomes (0.5 mg of 


protein/ml) were equilibrated at 30°C in a Na+ medium containing (in mM): 125 NaCl, 


3 KCl, 1.2 MgSO4, 1.2 CaCl2, 3 glucose, and 10 HEPES-Tris, at pH 7.4, in the absence 


or presence of ascorbic acid (0.8 mM) plus Fe2+ (2.5 µM). The same experimental 


procedure was carried out in the presence or absence of 1 µM insulin, with 


synaptosomes preincubated for 15 min before the addition of ascorbate/Fe2+. Amino-


oxyacetic acid (10 µM) was included in all media when studying the uptake of 


[3H]GABA to prevent GABA metabolism. After 15 min of incubation, the uptake 


reaction was started by adding [3H]GABA (final concentration 0.5 µM, 0.25 µCi/ml) or 


[3H]glutamate (final concentration 10 µM, 49 Ci/mmol). Uptake was stopped at 10 min 


by rapid filtration of the samples (0.2 ml) under vacuum, through glass fiber filters 


(Whatman GF/B), followed by a wash with 10 ml of the Na+-containing glucose-free 


medium (washing medium). The filters were placed in scintillation vials with 3 ml of 


scintillation UniverSol cocktail, and radioactivity was counted in a liquid scintillation 


analyzer Packard Tri-Carb 2500 TR. The quenching of radioactivity in the samples was 


corrected automatically by using an efficiency correlation curve obtained for 3H-


quenched standards by the external standardization method. The results were presented 


as % of the control, considering the mean of Wistar rat synaptosomes not treated with 


ascorbate/Fe2+ as 100%. 


 


2.9. Fluorimetric Determination of Extrasynaptosomal Levels of Amino 


Acids  
The determination of extrasynaptosomal levels of the amino acids GABA and 


glutamate was made in 0.4 ml of sample, collected after the induction of oxidative 


stress, in the presence or absence of 1 µM insulin, and centrifuged at 14 000 rpm in an 


Eppendorf Centrifuge 5415C. The supernatant was collected and frozen at -80ºC until 


the analysis was performed. Extrasynaptosomal GABA and glutamate were measured 


fluorimetrically after o-phthaldialdehyde (OPT)/2-mercaptoethanol derivatization and 


high-performance liquid chromatography (HPLC) separation, as described by Sitges et 


al. (2000), with some modifications. The amino acids were separated by reverse-phase 


Gilson-ASTED HPLC system, composed of a Spherisorb ODS column (particle size, 5 
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µm; 150 mm long; 4.6 mm i.d.) at 25°C and a Gilson model 121 fluorescence detector 


set, at 340 nm (excitation wavelength) and at 410 nm (emission wavelength). A linear 


gradient elution program carried out over 30 min was applied for amino acid elution: 


eluent A (30 mM sodium acetate buffer, pH 6.8) from 100 to 50%, and eluent B 


(methanol) from 0 to 50%, with a flow rate of 2.5 ml/min. Amino acids were detected as 


fluorescence derivatives after precolumn derivatization with OPT/2-mercaptoethanol. 


The integration of the amino acid peak area and further calculations were carried out by 


Gilson system software, and quantification was allowed by running standard amino 


acids solutions under the same conditions. The results were expressed in nmol/mg 


protein. 


 


2.10. Synaptosomal Membrane Potential Measurements 


The synaptosomal transmembrane potential (∆Ψ) was monitored by evaluating the 


transmembrane distribution of tetraphenylphosphonium (TPP+) with a TPP+-sensitive 


electrode prepared according to Kamo et al. (1979), using a calomel electrode as 


reference. Reactions were carried out in a chamber with magnetic stirring in 1 ml of Na+ 


medium that contained (in mM): 125 NaCl, 3 KCl, 1.2 MgSO4, 1.2 CaCl2, 3 glucose, 


and 10 HEPES-Tris, at pH 7.4. Synaptosomes (0.5 mg/ml) were equilibrated in Na+ 


medium for 15 min at 30°C in the absence or presence of 1 µM insulin and then 


incubated for the same time with or without ascorbate/Fe2+. The experiments were 


started by adding 3 µM TPP+, and the ∆Ψ was estimated from the relative decrease in 


TPP+ concentration in the reaction medium, rather than absolute values, from the 


following equation, as indicated by Kamo et al. (1979): 


∆Ψ = 59 log (ν/V) – 59 log (10∆Ε/59 – 1), 


where ν, V and ∆Ε are the neuronal volume, the volume of incubation medium and the 


deflection of 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. 
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2.11. Analysis of Neuronal Glucose Transporter GLUT3 and IR and 


IGF-1R Signalling Pathways 


2.11.1. IR and IGF-1R immunocytofluorescence 


The neurons were washed twice with saline buffer (PBS, in mM: 137 NaCl, 2.7 


KCl, 1.4 K2HPO4, 4.3 KH2PO4, pH 7.4) for 10 min, and fixed in 4% paraformaldehyde 


containing 4% sucrose in PBS for 15 min. Then, the cells were washed with PBS for 10 


min and permeabilized in the presence of 0.2% Triton X-100 in PBS for 2 min. The 


neurons were washed in PBS for 5 min and blocked in 3% BSA, prepared in PBS, for 


90 min. After washing with PBS for 5 min, the cells were co-incubated with 20 µl of a 


specific rabbit antibody against β-subunit of IR (10 µg/ml in 3% BSA) or rabbit β-


subunit of IGF-1R (1:200 in 3% BSA) and the mouse anti-MAP2 antibody (1:500, in 


3% BSA), for 60 min at room temperature. After washing with PBS for 5 min, IR or 


IGF-1R and MAP2 were detected by using Alexa Fluor 594 anti-rabbit IgG (1:100, in 


3% BSA) and Alexa Fluor 488 anti-mouse IgG (1:200, in 3% BSA), as secondary 


antibodies, respectively, which were incubated for 60 min. Then, the neurons were 


washed with PBS for 5 min and the nuclei were stained with Hoechst 33342 (2 µg/ml, 


in PBS) for 5 min, protected from light. Finally, fixed cells were treated with 


DakoCytomation Fluorescent mounting solution on a microscope slide, and neurons 


were visualized in an epifluorescence Axiovert 200 fluorescence microscope (Zeiss 


Axioscope). 


 


2.11.2. Immunoprecipitation of neuronal GLUT3, IR and IGF-1R  


Analysis of HNE-mediated GLUT3 oxidation and of active IR and IGF-1R were 


followed after immunoprecipitation of GLUT3, and of IR and IGF-1R, respectively. 


After incubation, the neurons were washed twice in immunoprecipitation buffer (IPB) 


containing (in mM): 20 Tris-HCl, 100 NaCl, 2 EDTA and 2 EGTA, pH 7.0, and scraped 


with 200 µl solution supplemented with 1 mM DTT, 100 µM PMSF and 1:1000 of a 


broad spectrum protease inhibitor cocktail containing chymostatin (Ser and cysteine 


(Cys) protease inhibitor), pepstatin A (inhibitor of acid proteases), leupeptin (Ser and 


Cys protease inhibitor), and antipain (reversible inhibitor of Ser and Cys proteases) (1 


mg/ml). For the immunoprecipitation of IR and IGF-1R, the supplemented solution also 


contained 1% SDS, 50 mM NaF (inhibitor of Ser/Thr phosphatases), 1 mM sodium o-
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vanadate (inhibitor of Tyr phosphatases), 0.1 µM okadaic acid (specific inhibitor of 


protein phosphatases 1 and 2A). The mixture was homogenized in 1:5 IPB, containing 


1% Triton X-100, with 40 strokes, at 0-4ºC, and then centrifuged at 2500 rpm for 12 


min, at 0-4ºC in an Eppendorf 5415C centrifuge, to remove the nuclei. The resulting 


supernatant was collected and the pellet was resuspended in IPB, and centrifuged again 


at 2500 rpm for 12 min. The supernatant was added to the previous one and the protein 


content was determined using the BioRad reagent, according to manufacturer’s 


instructions. 


Then, cytosolic extracts (100 µg) obtained from cortical neurons were mixed (gentle 


shaking) with 200 µl of a slurry of protein A sepharose beads, prepared in 1:1 IPB, for 1 


h at 4ºC, with gentle shaking. Simultaneously, 200 µl of a slurry of protein A sepharose 


beads were mixed with 5 µl of rabbit polyclonal anti-GLUT3 antibody, rabbit anti-IR 


(β-subunit) or rabbit polyclonal anti-IGF-1Rβ (H-60) antibody in 500 µl IPB plus 1% 


Triton X-100, with gentle shaking, for 2 h, at 4ºC. Then, the mixtures were centrifuged 


in an Eppendorf 5415C centrifuge, at 14000 rpm, 0-4ºC, for 10 min. The supernatant 


from the first mixture was recovered and incubated with anti-GLUT3, -IR or -IGF-1R 


antibodies covalently cross-linked to protein sepharose A (pellet) for 4 h, at 4ºC with 


gentle shaking. Immune complexes were then centrifuged at 14000 rpm, 10 min, at 0-


4ºC and the pellet was washed 4 times with IPB. Finally, the immune complexes were 


denatured with SDS sample buffer, containing 0.5 M Tris-HCl, 0.4% SDS, pH 6.8, 


supplemented with 30% glycerol, 10% SDS, 0.6 M DTT and 0.012% bromophenol 


blue, at 100ºC, for 5 min. The samples were centrifuged at 14000 rpm, 10 min, 0-4ºC, 


using Spin-X® centrifuge tube filter (0.45 µm cellulose acetate in 2.0 ml polypropylene 


tube) to separate the protein A sepharose beads. The samples containing 


immunoprecipitated denatured proteins were immediately subjected to SDS/PAGE 


(10%) analysis, as described in section 2.11.3. 


 


2.11.3. Western blotting analysis of neuronal GLUT3, 4-HNE and IR and IGF-1R 


signalling pathways 


After incubation, the neurons were washed twice in buffered solution containing (in 


mM): 250 sucrose, 20 Hepes, 10 KCl, 1.5 MgCl2, 1 EDTA, and 1 EGTA, pH 7.4, and 


scraped with 200 µl solution supplemented with 1 mM DTT, 100 µM PMSF and 1:1000 
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of a broad spectrum protease inhibitor cocktail containing chymostatin, pepstatin A, 


leupeptin, and antipain (1 mg/ml). As mentioned previously in section 2.11.2., for the 


analysis of IR and IGF-1R signalling involving phosphorylated proteins, the 


supplemented solution also included 1% SDS, 50 mM NaF, 1 mM sodium o-vanadate, 


0.1 µM okadaic acid. The mixture was homogenized with 40 strokes, at 0-4ºC, and then 


centrifuged at 2500 rpm for 12 min, at 0-4ºC in an Eppendorf 5415C centrifuge, to 


remove the nuclei. The resulting supernatant was collected and the pellet was 


resuspended in supplemented buffered solution, and centrifuged again at 2500 rpm for 


12 min. The supernatant was added to the previously obtained supernatant and the 


protein was measured using the Sedmak method [Sedmak and Grossberg, 1977]. The 


subcellular suspension was denatured with SDS sample buffer, at 100ºC, for 5 min.  


The samples containing the subcellular suspension or immunoprecipitated denatured 


proteins were subjected to SDS/PAGE (10%) analysis and transferred onto 


polyvinylidene difluoride (PVDF) Hybond-P membranes. The membranes were blocked 


for 2 h at room temperature in Tris-buffered saline (TBS; pH 7.4) plus 5% nonfat dry 


milk and 0.1% Tween 20. 


Membranes containing subcellular proteins were incubated similarly with rabbit 


polyclonal anti-GLUT3 (1:1000 in TBS/0.5% nonfat dry milk), mouse anti-P-Akt 


(Ser473) monoclonal (1:1000 in TBS/5% nonfat dry milk), rabbit monoclonal anti-P-


p44/42 ERK (Thr202/Tyr204) (197G2) (1:1000 in TBS/5% BSA), mouse anti-P-GSK-


3β (Tyr216) (1:1000 in TBS/1% nonfat dry milk), anti-Bcl-2 (C-2) mouse monoclonal 


(1:200 in TBS/1% nonfat dry milk), rabbit polyclonal anti-caspase-3 (1:1000 in 


TBS/5% nonfat dry milk), rabbit polyclonal anti-GPx-1 (1:200 in TBS/1% nonfat dry 


milk), and rabbit anti-Hxk type II antibodies (1:5000 in TBS/1% nonfat dry milk). The 


membranes were also labelled with mouse monoclonal anti-GAPDH (1:2000) or with 


mouse monoclonal anti-α-tubulin (1:2500) antibodies, when labeling GLUT3 and 


caspase-3, due to the proximity of molecular weight. The membranes containing 


immunoprecipitated GLUT3, and IR and IGF-1R were incubated with rabbit antibody 


against 4-HNE-Michael adducts (reduced) (1:1000 in TBS/0.5% nonfat dry milk) and 


mouse monoclonal anti-P-Tyr (1:1000 in TBS/5% BSA) primary antibody, respectively, 


overnight at 4ºC with gentle shaking, and then washed three times (15 min) in TBS-


Tween 20 plus 0.5% BSA. The analysis of IR- and IGF-1R-mediated signalling, the 


membranes were further reprobed with rabbit polyclonal anti-Akt (0.40
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µg/ml in TBS/1% nonfat dry milk), rabbit polyclonal p44/42 ERK (1:1000 in TBS/5% 


BSA), rabbit polyclonal anti-P-GSK3β (Ser9) (1:1000 in TBS/5% BSA) and mouse 


GSK-3β antibodies (1:2500 in TBS/1% nonfat dry milk). All the above antibodies were 


incubated in TBS/1% nonfat dry milk. Then, the membranes were incubated with anti-


rabbit and anti-mouse IgG secondary antibodies (1:25000), for 2 h at room temperature 


with gentle shaking, and developed using ECF fluorescence reagent. Immunoreactive 


bands were visualized by the VersaDoc Imaging System (BioRad, Hercules, CA, USA). 


The fluorescence signal analysed using the QuantityOne software and the results were 


given as fluorescence intensity (INT)/mm2.   


Phosphorylated protein/total protein and protein expression levels, corresponding to 


the ratio of each protein versus GAPDH or α-tubulin, were expressed as a % of control. 


 


2.12. Evaluation of Intracellular Antioxidant Defences 


2.12.1. Determination of uric acid 


After the 5 h postincubation, the neurons attached to the culture dishes were lysed 


and scraped with 1.2 ml ice-cold Tris 15 mM (pH 7.4) plus 0.01% Triton X-100, 


submitted to 3 cycles of freezing/thawing in liquid N2 and gently homogenized (0-4ºC). 


All the samples were centrifuged at 14 000 rpm for 6 min at 4º C, in an Eppendorf 


Centrifuge 5415C, at 4ºC. The resulting supernatant was used to determine intracellular 


uric acid content by using the enzymatic kit PAP 150, according to the manufacturer’s 


instructions. Briefly, 20 µl of cell lysate in Tris solution (15 mM, pH 7.4) were mixed 


with 1 ml working solution (uricase ≥ 100 U/l, peroxidase ≥ 200 U/l, ascorbate oxidase 


≥ 1000 U/l and 0.25 mM 4-aminoantipyrine, plus 25 ml 50 mM Tris buffer, 2 mM 3,5-


dichloro-2-hydroxybenzene sulfonic acid, and surface-active agent, pH 8.0), and 


incubated for 5 min at 37ºC. The absorbance of the samples was measured 


spectrophotometrically in a Bausch & Lomb Spectronic 21 spectrophotometer, at 520 


nm, and compared to a standard (476 µM uric acid). The results, normalized for the 


amount of protein/sample (determined by the Sedmak method [Sedmak and Grossberg, 


1977]), were expressed as a % of the control, in the absence of insulin and 


ascorbate/Fe2+. 
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2.12.2. Analysis of glutathione redox cycle 


2.12.2.1. Measurement of glutathione levels 


Intracellular levels of reduced and oxidized glutathione (GSH and GSSG, 


respectively) were determined using a fluorimetric assay, according to a previously 


described method [Hissin and Hilf, 2000]. After the 5 h postincubation, the neurons 


attached to the culture dishes were scraped with 1.5 ml ice-cold PBS (in mM): 137 


NaCl, 2.7 KCl, 1.4 K2HPO4, 4.3 KH2PO4, pH 7.4). Then, 1 ml of the cell suspension 


was lysed in 1 ml 0.6 M perchloric acid, supplemented with 25 mM EDTA-Na+ at 4ºC 


and centrifuged at 14 000 rpm for 2 min, in an Eppendorf Centrifuge 5415C, at 4ºC. 


The resulting supernatant was used to determine both GSH and GSSG levels. 


GSH levels were measured after the addition of 100 µl of OPT (1 mg/ml in 


methanol) to 100 µl of cell lysate and 1.8 ml of 100 mM NaH2PO4. After 15 min of 


incubation, the fluorescence was measured using an excitation wavelength of 350 nm 


and an emission wavelength of 420 nm. The experimental procedure for GSSG levels 


was similar, although this incubation was preceded by a 30 min preincubation of 250 µl 


of sample with 100 µl N-ethylmaleimide (NEM, 5 mg/ml in methanol). Then, 140 µl of 


this solution were incubated for 15 min in 1.76 ml 100 mM NaOH plus 100 µl OPT, 


and the fluorescence was measured (λexc=350 nm; λem=420 nm). The measurements 


were performed in a Perkin Elmer Luminescence Spectrometer LS 50B and compared 


to the respective standard curves, containing known concentrations of GSH and GSSG 


(0-1 µg). The results, normalized for the amount of protein/sample, were expressed as a 


% of control, in the absence of insulin and ascorbate/Fe2+. 


 


2.12.2.2. Measurement of GPx and GRed activities 


The cells were lysed with 1.2 ml Tris 15 mM, pH 7.4, at 0-4ºC, scraped into 


Eppendorf tubes, frozen/thawed in liquid N2 and homogenized. Then, the mixture was 


centrifuged at 14 000 rpm for 6 min, at 0-4ºC in an Eppendorf 5415C centrifuge and an 


aliquot was used to the quantification of protein by the Sedmak method [Sedmak and 


Grossberg, 1977]. The supernatant was used to measure GRed and GPx activities, 


spectrophotometrically at 340 nm, through the analysis of NADPH oxidation [Paglia 


and Valentine, 1967; Goldberg and Richard, 1983]. Briefly, the activity of GPx was 
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measured upon a 5 min incubation, at 25ºC, in the dark, of 10 µl of each sample with 


100 µl phosphate buffer (containing 0.25 M KH2PO4, 0.25 M K2HPO4 and 0.5 mM 


EDTA, pH 7.0), 100 µl 10 mM GSH (freshly made and protected from light), 100 µl 


GRed (1 unit) and 480 µl H2O. The quantification occurred after the addition of 100 µl 


2.5 mM NADPH and 100 µl 12 mM tert-butylhydroperoxide (t-BHP), at 340 nm, and 


continuous magnetic stirring, for 5 min, in a Jasco V560 UV/VIS Spectrophotometer. 


The measurements were made against blanks prepared in the absence of NADPH.  


For the activity of GRed, 200 µl of each sample were incubated for 30 s with 1 ml 


phosphate buffer (containing 0.2 M K2HPO4 and 2 mM EDTA, pH 7.0), 100 µl 2 mM 


NADPH and 700 µl H2O. The measurements were initiated with the addition of 50 µl 


20 mM GSSG, at 340 nm (30ºC, with continuous magnetic stirring) for 3 min, against 


blanks prepared in the absence of GSSG, using a Jasco V560 UV/VIS 


Spectrophotometer. The results of GSH/GSSG ratio were expressed as a % of the 


control, in the absence of insulin and ascorbate/Fe2+. 


 


2.13. Measurement of Glucose Accumulation and Metabolism 


2.13.1. Analysis of 2-deoxy-D-[1-3H]glucose uptake 


Glucose accumulation by cortical neurons was analysed by measuring the uptake of 


1 µCi/ml (12.0 Ci/mmol) of 2-deoxy-D-[1-3H]glucose (2-[3H]DG), a non-metabolizable 


analog of glucose, according to the method described elsewhere [Pellerin and 


Magistretti, 1994]. After incubation, Neurobasal medium was removed and the neurons 


were washed twice for 5 min with 1 ml Krebs buffer containing (in mM): 132 NaCl, 4 


KCl, 1.2 Na2HPO4, 1.4 MgCl2, 6 glucose, 10 HEPES and 1 CaCl2, pH 7.4, and washed 


again twice for 5 min with 1 ml glucose-free Krebs buffer, at 37ºC. Then, the neurons 


were incubated with 700 µl glucose-free Krebs buffer containing 2-[3H]DG (final 


concentration: 1 µCi/ml) and non-tritiated 2-deoxyglucose (2-DG) (1 mM) at 37ºC. 2-


[3H]DG uptake was stopped at 10 min by rinsing the cells twice with 700 µl ice-cold 


Krebs buffer, for 2 min. All the experiments were performed in the absence of glucose. 


After neuronal solubilization with 700 µl 1 M NaOH for 8 min, at 4ºC, the samples 


were collected into scintillation vials with 3 ml of scintillation UniverSol cocktail and 


radioactivity was counted in a liquid scintillation analyzer Packard Tri-Carb 2500 TR. 
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The quenching of radioactivity in the samples was corrected automatically by using an 


efficiency correlation curve obtained for 3H-quenched standards by the external 


standardization method. The results were expressed as nmol 2-[3H]DG uptake/106 cells. 


 


2.13.2. Assessment of intracellular pyruvate and lactate 


Neurons were washed and scraped with 1 ml PBS at 4ºC. For lactate determination, 


0.6 ml of cell extracts were further diluted in 0.4 ml PBS and stored at -80ºC. The 


preparation of neuronal extracts for pyruvate analysis involved the extraction of 0.6 ml 


of sample with 0.6 ml 0.6 M perchloric acid supplemented with 25 mM EDTA-Na+ and 


centrifugation at 14 000 rpm for 2 min in an Eppendorf Centrifuge 5415C, at 4ºC, to 


remove cell debris. Lactate was measured by using a kit from Randox Laboratories, Ltd, 


whilst pyruvate was determined in the supernatant by using a kit from Ben SRL. Results 


were expressed in % of control (considering 0.14 as 100%), in the absence of insulin 


and ascorbate/Fe2+. 


 


2.14. Analysis of Adenine Nucleotides and its Metabolites 


2.14.1. Determination of intra and extracellular accumulation of adenine 


nucleotides 


Intracellular adenine nucleotides, ATP, ADP and AMP, were determined from 


synaptosomal suspensions and neuronal extracts. At the end of the measurements, each 


synaptosomal suspension was rapidly centrifuged at 14 000 rpm for 2 min with 0.3 M 


perchloric acid. The supernatants were neutralized with 10 M KOH in 5 M Tris and 


centrifuged at 14 000 rpm for 2 min.  


In neuronal cultures, intracellular adenine nucleotides were determined after cell 


extraction with 0.6 M perchloric acid, supplemented with 25 mM EDTA-Na+, according 


to a previously described method, with some modifications [Rego et al., 1997]. The 


neurons were centrifuged at 14 000 rpm for 2 min at 4ºC, in an Eppendorf Centrifuge 


5415C, and the pellet was solubilized with 1 M NaOH for total protein analysis by the 


Sedmak method [Sedmak and Grossberg, 1977]. The supernatants were neutralized with 


3 M KOH in 1.5 M Tris, and centrifuged at 14 000 rpm for 2 min. To determine the 
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extracellular accumulation of adenine nucleotides in cultured neurons, Neurobasal 


medium (0.3 ml) was recovered and prepared using a similar procedure. Supernatants 


resulting from precipitation of KClO4 salt, from both synaptosomal and neuronal 


preparations were stored at –80ºC, were further assayed for ATP, ADP and AMP, by 


separation in a reverse-phase HPLC, as described by Stocchi et al. (1985).  


The chromatographic apparatus used was a Beckman-System Gold, consisting of a 


126 Binary Pump Model and 166 Variable UV detector, controlled by a computer. The 


detection wavelength was 254 nm, and the column used was a Lichrospher 100 RP-18 


(5 µm). An isocratic elution with 100 mM phosphate buffer (KH2PO4), pH 6.5 and 1% 


methanol was performed with a flow rate of 1 ml/min. The required time for each 


analysis was 6 min. Peak identity was determined by following the retention time of 


standards.  


The results were expressed as a % of control, considering 2.9 as 100% for 


intracellular ATP/ADP in Wistar rat synaptosomes not treated with ascorbate/Fe2+; and 


2.1, 0.3, 0.9 nmol/mg protein as 100%, respectively for intracellular ATP, ADP, AMP 


in cortical neurons, respectively; and 2.6, 2.3 and 7.4 pmol/mg protein as 100% for 


extracellular ATP, ADP and AMP in cultured neurons, respectively), in the absence of 


insulin and ascorbate/Fe2+. 


 


2.14.2. Determination of intra and extracellular adenosine levels 


Intracellular and extracellular ADO accumulation in neuronal cultures was 


determined after cell extraction with 0.6 M perchloric acid, supplemented with 25 mM 


EDTA-Na+, according to the procedure described for adenine nucleotides (section 


2.14.1.). Because measurable levels of extracellular ADO were detected, the 


experiments were performed in the absence of ADO deaminase inhibitor. HPLC 


measurements of ADO were made using a reverse-phase column with a mobile phase of 


10 mM NaH2PO4, at pH 6.0, and 16% methanol, at a flow rate of 1.5 ml/min [Stocchi et 


al., 1985], in a Beckman System Gold HPLC apparatus. Peak identity was determined 


by following the retention time of standards. The peak height was used to determine the 


amount of ADO, by eluting 1 nmol of standards at the beginning and end of each HPLC 


determination. Peak height was linearly related to the amount of ADO. The results were 
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expressed as a % of control (considering 6.3 and 1.8 nmol/mg protein as 100% for intra 


and extracellular ADO, respectively), in the absence of insulin and ascorbate/Fe2+. 


 


2.15. Measurement of Phosphocreatine Levels 


P~Cr levels in neuronal cultures were determined after cell extraction with 0.6 M 


perchloric acid, supplemented with 25 mM EDTA-Na+, according to the procedure 


described for adenine nucleotides (section 2.14.1.). The P~Cr levels in the resulting 


supernatants, stored at -80ºC, were assayed at 340 nm, according to a previously 


described method with some modifications [Heinz and Weiβer, 1985]. This assay is 


based on changes in NADP levels resulting from the phosphorylation of ADP into ATP 


by P~Cr in the presence of creatine kinase. Then, Hxk-mediated ATP phosphorylation 


of D-glucose leads to the formation of G6P, which is dehydrogenated to D-glucono-δ-


lactone 6-phosphate in the presence of NADP, and the increase in NAPDH levels is 


proportional to the amount of P~Cr [Heinz and Weiβer, 1985]. 


Briefly, 33.3 µl of the sample were incubated in a 96-well plate with 133.3 µl 


triethanolamine (TEA) buffer, containing (in mM): 50 TEA hydrochloride and 22 


NaOH, pH 7.5. After the addition of a mixture containing 3.3 µl 12.7 mM β-NADP 


sodium salt, 16.7 µl 0.1 M MgCl2, 16.7 µl 0.5 M glucose, 1.7 µl 21.1 mM ADP 


disodium salt, 1.7 µl 87.5 kU/l G6P dehydrogenase from baker’s yeast (S. cerevisæ), 


type VII, ammonium sulphate suspension, and 1.7 µl 70 kU/l Hxk from baker’s yeast 


(S. cerevisæ), type F-300, sulfate-free, the changes in absorbance (A1) were measured at 


340 nm, in a Synergy™-HT Multidetection Microplate Reader. The reaction was started 


with the addition of 3.3 µl of freshly prepared 1900 kU/l creatine phosphokinase, from 


rabbit muscle, and the absorbance read in 2 min intervals for a total time of 15 min 


(final absorbance: Af), against a blank prepared in the absence of protein. The levels of 


phosphocreatine were calculated by using a molar extinction coefficient of 1 mol-1mm-1. 


The results were expressed as pmol P~Cr/mg protein. 
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2.16. Analysis of Relative mRNA Expression 
2.16.1. Total RNA extraction and reverse transcription 


Total RNA was extracted from cortical neuronal cultures using the RNeasy Mini 


Kit, according to the manufacturer’s protocol. After incubation, neurons were rapidly 


washed twice in PBS and scrapped with diluted RLT buffer, containing β-


mercaptoethanol (10 µl/ml). Then, neurons were collected into RNase- and DNase-free 


Eppendorf tubes and stored immediately at -80ºC. Neuronal lysates (700 µl) were 


homogenized in QIAshredder spin columns, at 16 100 xg for 2 min, in an Eppendorf 


5415D centrifuge. Then, 600 µl ethanol 70% were added to homogenized lysates, and 


700 µl of this mixture were transferred to an RNeasy mini column and centrifuged at 


9300 xg for 15 s. The pellets were dissolved with 350 µl RW1 buffer and centrifuged 


again at 9300 xg for 15 s.  


RNase-Free DNase Set was used according to manufacturer’s instructions to treat 


RNA samples to remove any residual genomic DNA. Briefly, previously obtained 


pellets were incubated for 15 min, at room temperature, with 80 µl DNase I incubation 


mix, containing 10 µl DNase I stock solution and 70 µl RDD buffer. Then, 350 µl RW1 


buffer were added and the mixture centrifuged at 9300 xg for 15 s. The supernatants 


were discarded, and the RNeasy columns were washed by centrifugation at 9300 xg for 


15 s with 500 µl RPE buffer. To completely remove ethanol, this step was repeated with 


a centrifugation at 9300 xg for 2 min. The supernatants were discarded and the RNeasy 


columns were centrifuged again at 9300 xg for 1 min. To elute the RNA sample, 40 µl 


of RNase-free water were pipetted into the RNeasy column and centrifuged at 9300 xg 


for 1 min. The elution step was repeated with an equal volume of RNase-free water and 


the samples were stored at -80ºC. 


To assess RNA integrity, randomly chosen samples were analyzed in an Agilent 


2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) using a RNA 


NanoLabChip (RNA 6000 Nano Assay). RNA integrity numbers (RIN) were greater 


than 7 in all analyzed samples. Single-stranded cDNA was synthesized using 


SuperScriptTM III reverse transcription reagents, by incubating total RNA (50 ng/µl of 


DNase-treated RNA) with 2.5 ng/µl random hexamers, 0.5 mM dNTP mix and RNase-


free water to a final volume of 26 µl, for 5 min at 65ºC. Then, RNA/primer mix was 


incubated in a Gene Amp PCR System 9600 thermocycler (Perkin-Elmer, Wellesley, 


MA, USA) for 10 min at 25ºC with 14 µl of cDNA synthesis mix containing 10 mM 
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DTT, 2 U/µl RNase OUT, 10 U/µl SuperScriptTM III reverse transcriptase and 1x FS 


buffer. cDNA synthesis occurred at 50ºC for 50 min and the reaction was stopped by 


inactivation of the reverse transcriptase at 85ºC for 5 min. Samples were incubated for 


20 min at 37ºC with 2 µl RNase H. All cDNA samples were stored at -20ºC until 


analysis. 


 


2.16.2. Real-time RT-PCR 


Real-time RT-PCR was performed to monitor the expression of Bcl-2, Caspase-3 


(Casp3), GPx-1 and Hxk-II, and of the endogenous control genes β-Actin (Actb) and β-


2 Microglobulin (B2m). The HotStarTaq DNA Polymerase technology was used and the 


results were analyzed in a 7900 HT sequence detector system (Applied Biosystems, 


Foster City, CA, USA). Primers and SYBR Green kits were from Qiagen: Bcl-2 


(Rn_Bcl2_1_SG QuantiTect Primer Assay), Casp3 (Rn_Casp3_1_SG QuantiTect 


Primer Assay), Gpx1 (Rn_Gpx1_1_SG QuantiTect Primer Assay), Hxk-II 


(Rn_Hk2_1_SG QuantiTect Primer Assay), and of the housekeeping genes Actb 


(Rn_Actb_1_SG QuantiTect Primer Assay) and B2m (Rn_B2m_1_SG QuantiTect 


Primer Assay). 


The amplification reaction mixture (20 µl) contained 5 µl of the cDNA sample, 10 


µl of 2x QuantiTect® SYBR Green PCR Master Mix, 2 µl QuantiTect® Primer Assay 


and 3 µl RNase-free water. For real-time PCR, each mix (15 µl) was added to 96-well 


optical reaction plate with barcode, covered with optical adhesive covers PCR 


compatible, DNA/RNA/RNase-free. For control purposes, nontemplate samples were 


subjected to PCR amplification. The thermal cycling conditions included 10 min at 


95ºC, proceeding with 40 cycles of 95ºC for 15 s and 60ºC for 1 min. The size of the 


PCR product was determined in an Agilent 2100 bioanalyzer (Agilent Technologies, 


Santa Clara, CA, USA) using a DNA 1000 LabChip Kit. The mRNA levels of the target 


genes were normalized to that of the geometric mean of endogenous control genes Actb 


and B2m, and expressed in % relative to control in the absence of insulin using the ∆∆Ct 


method. 
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2.17. Data Analysis and Statistics 


Results are the mean±SEM of the indicated number of independent experiments, run 


in duplicates or triplicates. Statistical significance was analyzed using the t test for 


single comparisons or the one-way-ANOVA for multiple comparisons, with the 


Bonferroni post-test. P<0.05 was considered significant. 
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INSULIN-MEDIATED CHANGES IN GLUTAMATE AND 


GABA UNDER OXIDATIVE STRESS CONDITIONS AND 


TYPE 2 DIABETES IN RAT BRAIN SYNAPTOSOMES 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 







  


 


 
 







  


 


 
 


 


 


 
 


 


CHAPTER 3 
 


Insulin Affects Synaptosomal GABA and Glutamate Transport 


Under Oxidative Stress Conditions1 
 


 
 
 
 


Abstract 
 


In this study, we investigated the in vitro effect of exogenously administered insulin 
on the susceptibility to oxidative stress and on the accumulation of the amino acid 
neurotransmitters GABA and glutamate in a synaptosomal fraction isolated from male 
Wistar rat brain cortex. Insulin (1 µM) did not affect synaptosomal lipid peroxidation 
induced by the oxidant pair ascorbate/Fe2+, although under these conditions an increase 
in TBARS levels was observed. Under control conditions, the presence of insulin did 
not change the uptake of [3H]GABA or [3H]glutamate. In contrast, under oxidizing 
conditions, we observed a decrease in [3H]GABA and [3H]glutamate accumulation, and 
insulin reverted the lower levels of both [3H]GABA and [3H]glutamate accumulation. 
Insulin also increased the extrasynaptosomal levels of GABA and glutamate, 
determined both in control and oxidizing conditions. From this study, we can conclude 
that insulin is a modulator of amino acid neurotransmitter transport, either directly, as 
seems to occur under normal conditions, or via the recovery in ATP levels and the 
subsequent reversion of the amino acid transporters, as seems to occur under oxidative 
stress conditions. The modulation of both GABA and glutamate transport might be 
implicated in the neuroprotective role of insulin. 
 
 
 
 
 
 
 
 


                                                           
1Based on: Duarte AI, Santos MS, Seiça R, Oliveira CR (2003). Brain Res. 977: 23-30.   
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3.1. Introduction 
Oxidative stress has been associated with the impairment of cellular function and 


ultimately with cell death [Rego et al., 1996], occurring in chronic neurodegenerative 


and age-related diseases, stroke, and chronic complications of diabetes involving the 


CNS [Halliwell and Gutteridge, 1986; Bohr, 2002]. One of the main characteristics of 


oxidative stress is lipid peroxidation [Pocernich et al., 2001], which may induce 


changes in the structure and function of biological membranes, leading to the alteration 


of the structural order of membrane lipids [Palmeira and Oliveira, 1998], membrane 


permeability to ions [Marshansky et al., 1983] and activity of membrane-bound 


enzymes [Pereira et al., 1996]. The brain is especially vulnerable to ROS, due to its 


enrichment in PUFA, its high oxygen consumption, its high content in transition metals 


(such as Fe2+) and poor antioxidant defences [Leutner et al., 2001].  


Recent evidences suggest that insulin can be synthesized de novo by neurons. 


Schechter et al. (1996, 1998) and Zhao et al. (1999) observed the presence of 


preproinsulin I and II mRNA or IR mRNA in cultured neurons and in vivo, using PCR, 


in situ hybridization and Northern blot techniques, and insulin immunoreactivity in the 


ER and Golgi apparatus, suggesting that it can be synthesized in the brain. In the CNS, 


insulin is thought to play a complex, but important role, which may involve the 


regulation of brain metabolism [Shah et al., 1993; Santos et al., 1999], neuronal growth 


and differentiation [Schechter et al., 1998; Plitzko et al., 2001] or neuromodulation 


[Shuaib et al., 1995; Vilchis and Salceda, 1996]. Insulin may also have a 


neuroprotective effect per se, since it was reported that it reduces cerebral brain damage 


during stress conditions, like ischemia and traumatic brain injury [Auer, 1998; Santos et 


al., 1999].  


Excitotoxicity, defined as the excessive stimulation of EAA neurotransmitter 


receptors by endogenous glutamate [Albin and Greenamyre, 1979], and oxidative stress 


are two related phenomena that have been shown to be involved in neuronal 


degeneration. In contrast, the release of the main inhibitory neurotransmitter in the 


brain, GABA, seems to prevent major excitotoxic stimuli and thus neuronal death. 


Thus, the aim of the present work was to evaluate the interactions between exogenously 


administered insulin and the accumulation of the amino acid neurotransmitters 


glutamate and GABA in synaptosomes isolated from the cerebral cortex of Wistar rats, 


under control and oxidative stress conditions.  
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3.2. Results 
3.2.1. Synaptosomal susceptibility to oxidative stress induced by ascorbate/Fe2+ 


In the present study, oxidative stress was induced with 0.8 mM ascorbate and 2.5 


µM Fe2+. Under these conditions, an increase in lipid peroxidation of synaptosomes, as 


determined by the formation of TBARS, has been reported [Duarte et al., 2000; Santos 


et al., 2000]. Fig. 3.1. shows that, under control conditions, the synaptosomal levels of 


TBARS were similar in the absence and in the presence of insulin (1 µM) (2.59±0.32 


and 2.28±0.27 nmol/mg protein, respectively). The incubation of synaptosomes with 


ascorbate/Fe2+ for 15 min (oxidized synaptosomes) resulted in a significant increase in 


the production of TBARS to 23.42±2.28 nmol/mg protein. Under these conditions, the 


presence of insulin did not significantly change the synaptosomal levels of TBARS 


(20.57±2.33 nmol/mg protein). 
 
 


 
 
 
 
 


 
 
 
 
 
 


     
 


 
 


Fig. 3.1. Effect of oxidative stress induced by ascorbate/Fe2+ on the extent of lipid peroxidation on 
synaptosomes isolated from rat brain. Synaptosomes were preincubated in Na+ medium in the absence or 
presence of insulin 1 µM for 15 min at 30ºC, and then incubated in the presence (Asc/Fe2+) or in the 
absence (Control) of ascorbate (0.8 mM) and Fe2+ (2.5 µM) for 15 min. The extent of lipid peroxidation 
was evaluated by determining the production of TBARS and expressed as nmol/mg protein. Data are the 
mean±SEM of five to seven independent experiments. Statistical significance: ***P<0.001 compared to 
the control not treated with ascorbate/Fe2+; xxxP<0.001 compared to the control treated with 1 µM insulin 
in the absence of ascorbate/Fe2+. 
 


3.2.2. Effect of insulin on the uptake of [3H]GABA and [3H] glutamate under 


oxidative stress conditions 


Fig. 3.2.A shows that the synaptosomal uptake of [3H]GABA, under control 


conditions, was not significantly altered in the presence of 1 µM insulin (100.0±0.0 and 


114.97±11.28% of control, in the absence and presence of insulin, respectively). 


Ascorbate/Fe2+ treatment decreased significantly the synaptosomal accumulation of 
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[3H]GABA (to 56.14±8.06% of control), which was significantly increased in the 


presence of insulin (to 86.74±6.26% of control). In Fig. 3.2.B, we can observe that the 


synaptosomal accumulation of [3H]glutamate in the presence of insulin was not 


significantly affected (113.96±10.53% of control). After the incubation of synaptosomes 


with ascorbate/Fe2+, a significant decrease in the accumulation of [3H]glutamate was 


observed (to 46.01±3.19% of control). Under oxidative conditions, this uptake value 


was significantly increased by the incubation of the synaptosomal preparation with 


insulin (to 67.01±6.65% of control). 


  


3.2.3. Effect of oxidative stress and/or insulin on the extrasynaptosomal levels of 


GABA and glutamate 


Under control conditions, the amount of extrasynaptosomal GABA was 9.18±0.59 


nmol GABA/mg protein and the synaptosomal incubation with insulin 1 µM 


significantly increased the extracellular content of this amino acid to 12.43±1.80 nmol 


GABA/mg protein (Fig. 3.3.A). Under oxidizing conditions, the extrasynaptosomal 


levels of GABA remained unaffected (10.40±0.76 nmol/mg protein), whereas insulin 


induced a significant increase in the content of this amino acid (to 14.68±1.62 nmol/mg 


protein). Under control conditions, extrasynaptosomal levels of glutamate were about 


17.76 ± 0.4 nmol/mg protein. In the presence of insulin, a significantly higher 


extracellular amount of glutamate could be determined (27.04±1.30 nmol/mg protein). 


Oxidizing conditions induced an increase in the extrasynaptosomal content of 


glutamate, to a value of 22.01±1.46 nmol/mg protein, and incubation with insulin under 


such conditions further increased those values (to 31.83±1.17 nmol/mg protein) (Fig. 


3.3.B). 
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Fig. 3.2. Effect of insulin on the uptake of [3H]GABA (A) and [3H]glutamate (B) by synaptosomes 
submitted (Asc/Fe2+) or not (Control) to oxidative stress induced by ascorbate/Fe2+. Synaptosomes were 
equilibrated in Na+-medium for 15 min at 30ºC in the absence or presence of insulin (1 µM), and then 
incubated with or without ascorbate/Fe2+ for 15 min. The [3H]GABA or [3H]glutamate uptake reaction 
was started by the addition of [3H]GABA or [3H]glutamate and was carried out for 10 min. Data, 
expressed as a percentage of [3H]GABA uptake or [3H]glutamate uptake in control synaptosomes 
(considering 118.69 pmol [3H]GABA/mg protein and 0.79 nmol [3H]glutamate/mg protein as 100%), are 
the mean±SEM of four to five and of four to seven different experiments, respectively. Statistical 
significance: *P<0.05; **P<0.01 compared to the control not treated with ascorbate/Fe2+; xP<0.05; 
xxP<0.01; xxxP<0.001 compared to the control treated with 1 µM insulin in the absence of ascorbate/Fe2+; 
+P<0.05 compared to the control treated with ascorbate/Fe2+. 
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Fig. 3.3. Effect of insulin on the release of the endogenous amino acids GABA (A) and glutamate (B) 
by synaptosomes submitted (Asc/Fe2+) or not (Control) to oxidative stress induced by ascorbate/Fe2+. 
Synaptosomes were exposed to ascorbate (0.8 mM) and iron (2.5 µM) for 15 min at 30ºC. Control 
synaptosomes were preincubated for 15 min in the absence of the oxidizing agents, but in the absence or 
in the presence of insulin 1 µM. Amino acids were analyzed fluorimetrically by HPLC with OPA/2-
mercaptoethanol derivatization. The values, expressed in nmol/mg protein, are the mean±SEM of three to 
five independent experiments. Statistical significance: *P<0.05; **P<0.01; ***P<0.001 compared to the 
respective control not treated with ascorbate/Fe2+; xP<0.05 compared to the control incubated in the 
presence of insulin; +P<0.05; ++P<0.01 compared to the control in the presence of ascorbate/Fe2+. 
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3.2.4. Effect of oxidative stress and/or insulin on synaptosomal transmembrane 


potential (∆Ψ) 


Fig. 3.4. shows that the ∆Ψ is not altered in the presence of 1 µM insulin under 


control conditions (-96.72±6.06 and -99.41±8.99 mV, in the absence and presence of 


insulin, respectively). Ascorbate/Fe2+ treatment significantly decreased ∆Ψ values (to -


83.20±7.75 mV), which were not affected in the presence of insulin (-84.52±6.55 mV). 


 


     
 


 
Fig. 3.4. Effect of insulin on the transmembrane potential (∆Ψ) in synaptosomes submitted (Asc/Fe2+) 
or not (Control) to oxidative stress induced by ascorbate/Fe2+. Synaptosomes (0.5 mg/ml) were 
equilibrated in 1 ml of Na+-medium for 15 min at 30ºC, in the absence or presence of insulin (1 µM), and 
then incubated for 15 min with or without ascorbate/Fe2+. The experiments were started by adding 3 µM 
TPP+ and the membrane potential was estimated from the decrease in TPP+ concentration in the reaction 
medium. Data, expressed as –mV, are the mean±SEM of nine to thirteen different experiments. Statistical 
significance: **P<0.01 compared to the control not treated with ascorbate/Fe2+; xxP<0.01 compared to the 
control treated with 1 µM insulin in the absence of ascorbate/Fe2+. 
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3.2.5. Effect of oxidative stress and/or insulin on synaptosomal ATP/ADP ratio 


The effects of insulin and/or ascorbate/Fe2+ treatment on Wistar rat synaptosomal 


ATP/ADP ratio are represented in Fig. 3.5. Synaptosomal incubation with 1 µM insulin 


did not significantly change ATP/ADP ratio in the absence of oxidizing conditions. 


Under ascorbate/Fe2+ treatment, a 1.8-fold increase in the ATP/ADP ratio occurred, 


which was prevented by insulin treatment (to 132.2±12.4).  


 


         
 


    
Fig. 3.5. Effect of insulin in the ATP/ADP ratio in Wistar rat synaptosomes submitted (Asc/Fe2+) or not 
(Control) to oxidative stress induced by ascorbate/Fe2+. After the ∆Ψ measurements, each synaptosomal 
suspension was treated with 0.3 M perchloric acid and the supernatants were neutralized with 10 M KOH 
in 5 M Tris. Data, expressed as a percentage of the ATP/ADP ratio in Wistar control rat synaptosomes 
(considering 2.9±0.9 as 100%), are the mean±SEM of nine to thirteen different experiments. Statistical 
significance: ***P<0.001 compared to the control not treated with ascorbate/Fe2+; xP<0.05 compared to 
the control incubated in the presence of insulin; ++P<0.01 compared to the control in the presence of 
ascorbate/Fe2+. 
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3.3. Discussion 
In the present study, we evaluated the effects of insulin on the uptake of the amino 


acid neurotransmitters, GABA and glutamate, by synaptosomes submitted to oxidative 


stress conditions. Ascorbate/Fe2+-induced increase in TBARS was not reverted by 


insulin, suggesting that other mechanisms, rather than a direct action of insulin on 


membrane lipid peroxidation may mediate its possible neuroprotective role. Although 


there are no published data on Fe2+ chelation by insulin, we cannot rule out an eventual 


chelation effect of Fe2+ by insulin, similar to that of Zn2+ [Eppand et al., 1985; Kim et 


al., 2000], as a potential protective role of insulin against oxidative stress. Despite the 


criticisms to the TBARS assay [Janero, 1990; West, 2000], it was recently demonstrated 


that it may provide a simple, rapid and sensitive method to evaluate the extent of lipid 


peroxidation in brain preparations [Sayre et al., 2001], showing well-correlated results 


with the determination of conjugated dienes, PUFA or carbonyl groups [Pompella et al., 


1987].  


Anomalous synaptic signalling has been implicated in some neurodegenerative 


disorders, such as AD and HD, stroke and epilepsy [Butterfield et al., 2001; Behl and 


Moosmann, 2002]. Oxidative stress seems to be involved in neuronal cell death [Smith 


et al., 1998] and in synaptic degeneration [Mattson et al., 1998] associated with 


neurodegenerative diseases. Membrane lipid peroxidation seems to play a major role in 


the increased synaptic vulnerability to excitotoxicity, since it impairs the function of 


membrane ATPases, and of glucose and glutamate transporters [Guo and Mattson, 


2000; Guo et al., 2001].  


The decrease in synaptosomal GABA and glutamate accumulation, observed under 


ascorbate/Fe2+- induced oxidizing conditions, is consistent with a previous study carried 


out in our laboratory [Duarte et al., 2000], suggesting an excitotoxic role for oxidative 


stress, since the main functional role of glutamate transporters, especially in glial cells, 


is to maintain low glutamate concentration in the extraneuronal space [Rothstein et al., 


1992; Napper et al., 1999].  


The oxidative stress-induced decrease in synaptosomal GABA uptake might result 


from a partial inhibition of the GABA carrier, caused by a change in membrane order or 


by the dissipation of the Na+ gradient after ascorbate/Fe2+-induced lipid peroxidation 


[Palmeira et al., 1993]. A decrease in inhibitory neurotransmission might promote 


neuronal damage in oxidative stress-related diseases and aging [Sah and Schwartz-
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Bloom, 1999]. Despite our observation of decreased GABA accumulation, we did not 


report significant changes in extrasynaptosomal GABA levels. However, other authors 


described an oxidative stress-induced release of the inhibitory amino acids GABA, 


glycine and taurine, suggesting a protective mechanism against neuronal death [Rego et 


al., 1996; Liu and Mori, 1999]. Our observation of decreased glutamate accumulation 


and increased extrasynaptosomal glutamate levels under ascorbate/Fe2+-induced 


oxidation further support this hypothesis, since oxidative stress-induced damage to 


nerve cell membrane, leads to the release and extracellular accumulation of the EAAs, 


aspartate and glutamate, contributing to excitotoxicity [Saransaari and Oja, 1999], 


which further promotes ROS generation [Atlante, 2001].  


ROS-induced decrease in glutamate uptake may result from a decrement in both 


glutamate uptake affinity and velocity [Rothstein et al., 1992], as a result of the 


oxidation of glutamate transporter sulphydryl groups [Trotti et al., 1998; Agostinho et 


al., 2000], membrane lipid peroxidation-induced changes in the transporter function, or 


the impairment of Na+,K+ATPase activity [Harris et al., 1996]. Progressive weakening 


of ionic gradients with the concomitant impairment on the uptake of glutamate and the 


subsequent reversion of the glutamate transporter, leads to the release of toxic amounts 


of this neurotransmitter [Trotti et al., 1998]. Our study also showed an oxidative stress-


induced decrease in synaptosomal ∆Ψ, despite an increase in ATP levels, suggesting 


that the oxidative stress-induced impairment of Na+,K+ATPase activity could contribute 


to the intrasynaptosomal increase in ATP and to the observed membrane depolarization, 


accompanied by an increment in intracellular Na+ and Ca2+ levels (the latter due to 


activation of voltage-sensitive Ca2+ channels), thus favouring the release of 


neurotransmitters [Tretter and Adam-Vizi, 1996]. 


Insulin-induced rapid translocation of GABAA receptors to the postsynaptic domain 


might enhance inhibitory synaptic transmission after an increase in GABA release, thus 


supporting the idea of a neuroprotective role of insulin [Wan et al., 1997]. However, 


some controversy exists on the modulatory effect of insulin on amino acid accumulation 


in brain [Rhoads et al., 1984; Bouhaddi et al., 1988; Shuaib et al., 1995]. Insulin 


stimulated rat brain synaptosomal uptake of amino acid neurotransmitters with a dose-


dependent effect [Rhoads et al., 1984], with 3 µM increasing GABA and glutamate 


accumulation [Heidenreich et al., 1983, Rhoads et al., 1984]. Insulin could also 


participate in GABA clearance through the regulation of its synthesis and transporter 


activity.  
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Rhoads et al. (1984) demonstrated that 1 µM was the lowest insulin concentration 


that increased glutamate uptake by cortical synaptosomes, an effect maintained from 1 


to 20 min in vitro incubation. In this study, we used an insulin concentration of 1 µM, 


incubated for 15 min with the synaptosomal fraction, in the absence or presence of the 


oxidizing pair ascorbate/Fe2+. Our observation that insulin 1 µM did not affect per se 


the uptake of GABA is consistent with the observations of Lajtha and Sershen (1979). 


The increase in both GABA and glutamate extrasynaptosomal levels might be due to the 


capacity of insulin to stimulate protein synthesis and expression [O’Brien and Granner, 


1996; Proud and Denton, 1997] or, in the case of GABA, to the stimulation of ornithine 


decarboxylase, responsible for the conversion of ornithine to putrescine, a precursor of 


GABA, thus increasing its synthesis [Shah and Hausman, 1993]. Insulin’s hypothetical 


neuroprotective role against oxidative stress-mediated glutamate neurotoxicity may be 


exerted directly on membrane transporters, or indirectly through the increase in 


Na+,K+ATPase activity or in the number of its α1-subunits [Sweeney et al., 2001], thus 


decreasing the intracellular Na+ [Rhoads et al., 1984; Shah and Hausman, 1993]. 


However, we also observed that insulin apparently did not revert the decrease in 


synaptosomal membrane potential induced by ascorbate/Fe2+ (Fig. 3.4). These data 


suggest that the increased extrasynaptosomal levels of GABA and glutamate could 


result from the decrease in ATP/ADP levels and the subsequent inhibition of 


synaptosomal membrane Na+,K+ATPase activity, thus reverting GABA and glutamate 


transporters.  


In the presence of ascorbate/Fe2+, the insulin-induced increase in both GABA and 


glutamate uptake and extrasynaptosomal levels, suggest that insulin may exert a 


modulatory role in amino acid neurotransmitter transport system. The increase in the 


uptake of GABA may constitute a protective mechanism against oxidative stress-


induced increase in extrasynaptosomal glutamate levels. Furthermore, the increase in 


extrasynaptosomal GABA levels that we observed, also supports this hypothesis. Guyot 


et al. (2000b) hypothesized that insulin could stimulate glycolysis and pyruvate 


dehydrogenase activity, leading to the increment in ATP and lactate, allowing the ion 


pumps to function properly and thus contributing to the synaptosomal amino acid 


transport. However, this seems not to be the case in this study, since we did not observe 


insulin-induced changes in ATP/ADP ratio under control conditions. Another 


hypothesis could be the insulin-induced activation of IR kinase activity, and the 
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subsequent Tyr phosphorylation of substrates, like the IRS-1, which may activate the 


uptake of amino acids [Solano et al., 2000].  


The different results obtained in the present work using normal Wistar rats (insulin-


induced increase in both GABA and glutamate transport) and a previous study using 


type 2 diabetic GK rats (an ascorbate/Fe2+-induced decrease in GABA uptake), might be 


explained by the defects in insulin action in GK rats, since these animals are 


characterized by insulin resistance, fasting hyperinsulinemia and inhibition of glucose-


induced insulin secretion [Wada et al., 1999; Portha et al., 2001].  


From these results, we can hypothesize that the modulatory effect of insulin could 


be one of the mechanisms responsible for its neuroprotective role in neurodegenerative 


disorders, namely in AD, in which oxidative stress-associated synaptic dysfunction has 


been shown to occur [Deschamps et al., 2001]. Recently, it has been suggested that a 


dysfunction on the neuronal IR signal transduction cascade might be central to the 


ethiopathogenesis of AD [Hoyer, 2002], further supporting the hypothesis of a 


neuroprotective role of insulin under stress conditions. 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 







   


 


 







        


 


 


 


 


 


 


 


 


 


CHAPTER 4 


 


Oxidative Stress Affects Synaptosomal GABA and Glutamate 
Transport in Diabetic Rats - The Role of Insulin1 


 
 
 
 
 
 


Abstract 
 


Evidence suggests that oxidative stress is involved in the pathophysiology of 
diabetic complications and that insulin has a neuroprotective role in oxidative stress 
conditions. In this study we evaluated the in vitro effect of insulin in the susceptibility 
to oxidative stress and in the transport of the amino acid neurotransmitters GABA and 
glutamate in a synaptosomal fraction isolated from male type 2 diabetic GK rat brain 
cortex. The ascorbate/Fe2+-induced increase in TBARS was similar in Wistar and GK 
rats and was not reverted by insulin (1 µM), suggesting that other mechanisms, rather 
than a direct effect in membrane lipid peroxidation, may mediate insulin 
neuroprotection. Diabetes did not affect GABA and glutamate transport, despite the 
significant decrease in ∆Ψ and ATP/ADP ratio, and insulin increased the uptake of both 
GABA and glutamate in GK rats. Upon oxidation, there was a decrease in the uptake of 
both neurotransmitters and an increase in extrasynaptosomal glutamate levels and in 
ATP/ADP ratio in GK rats. Insulin treatment reverted the ascorbate/Fe2+-induced 
decrease in GABA accumulation, with a decrease in extrasynaptosomal GABA. These 
results suggest that insulin modulates synaptosomal GABA and/or glutamate transport, 
thus having a neuroprotective role under oxidizing and/or diabetic conditions. 


 
 
 
 


                                                           
1 Based on: Duarte AI, Santos MS, Seiça R, Oliveira CR (2004). Diabetes 53: 2110-2116 
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4.1. Introduction 
In humans and experimentally diabetic rats, oxidative stress-mediated damage 


seems to be involved in the cause of diabetic complications [Davidson et al., 2002]. 


This hypothesis is based on reports of increased generation of ROS, decreased 


antioxidant levels, and/or impaired generation of the reduced forms of the antioxidants 


[Singh et al., 1997; Duarte et al., 2000; Santos et al., 2000], leading to lipid, protein, 


and DNA oxidation [Rösen et al., 2001].  


Several authors have shown that diabetes modifies the levels of free amino acids 


[Fernstrom et al., 1986; Vilchis and Salceda, 1996] and the accumulation of amino acid 


neurotransmitters. Vilchis and Salceda (1996) reported an increase in taurine and 


GABA uptake, whereas glycine and glutamate uptake remained unaffected in diabetic 


rat retina and retinal pigment epithelium. In a previous study performed in 6-month-old 


diabetic GK rat synaptosomes, we demonstrated a diabetes-induced decrease in 


glutamate accumulation, leading to the hypothesis that diabetes modifies glutamate 


transport and increases neuronal injury occurring under pathological conditions [Duarte 


et al., 2000]. 


Although it has been widely accepted that peripherally synthesized insulin can be 


transported into the brain, recent molecular biology data suggest that insulin is also 


synthesized de novo by neurons [Schechter et al., 1996, 1998; Zhao et al., 1999]. In the 


CNS, insulin seems to play an important role, particularly in the complications caused 


by diabetes. Insulin may also protect against brain damage induced by stress conditions, 


such as oxidative stress or ischemia [Santos et al., 1999; Duarte et al., 2003]. Brain 


glucose utilization and metabolism are essential to cognitive functions, and a 


disturbance in both or in the desensitization of brain IR may be involved in the 


intellectual decline in AD and related neurodegenerative disorders [Biessels et al., 2002; 


Hoyer, 2002], in which excitotoxicity and oxidative stress have been shown to occur 


[Bohr, 2002]. 


GK rats are a non-obese animal model of type 2 diabetes, produced by repeated 


selective breeding of Wistar nondiabetic rats, using glucose intolerance as a selective 


index [Portha et al., 1994]. In the present study, we evaluated the interactions between 


abnormal glucose metabolism, preincubation with insulin, and the accumulation of the 


amino acid neurotransmitters GABA and glutamate in synaptosomes isolated from the 


cerebral cortex of GK diabetic rats under oxidative stress conditions. 
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4.2. Results 
4.2.1. Glycemic characterization of GK rats 


Blood glucose levels were significantly higher in the diabetic GK group (241.8±26.5 


mg/dl) as compared with control Wistar rats (93.5±5.1 mg/dl). 


 


4.2.2. Synaptosomal susceptibility to oxidative stress induced by ascorbate/Fe2+ 


Oxidative stress was induced after 15 min of synaptosomal incubation with 0.8 mM 


ascorbate and 2.5 µM Fe2+. Under these conditions, an increase in lipid peroxidation, as 


determined by the formation of TBARS, has been reported [Rhoads et al., 1984; Duarte 


et al., 2000; Duarte et al., 2003]. In the absence of ascorbate/Fe2+, synaptosomal levels 


of TBARS were similar in both Wistar and GK rats (2.6±0.3 and 2.7±0.2 nmol/mg 


protein, respectively) (Fig. 4.1.). In GK rat synaptosomes, insulin did not significantly 


change TBARS levels (2.6±0.3 nmol/mg protein in the presence of insulin).  


Moreover, an 8.7-fold increase in TBARS formation induced by ascorbate/Fe2+ was 


observed and was not reverted by preincubation with insulin (24.2±2.3 nmol/mg 


protein). 


        
        


 
Fig. 4.1. Effect of oxidative stress induced by ascorbate/Fe2+ on the extent of lipid peroxidation on 
synaptosomes isolated from GK rat brain. Synaptosomes were preincubated in Na+-medium for 15 min 
at 30°C in the absence or in the presence of 1 µM insulin and then incubated in the absence (Control) or 
in the presence (Asc/Fe2+) of 0.8 mM ascorbate and 2.5 µM Fe2+ for 15 min. The extent of lipid 
peroxidation was evaluated by determining the production of TBARS and expressed as nmol/mg protein. 
Results obtained for Wistar rat synaptosomes submitted or not to oxidative stress are also represented. 
Data are the mean±SEM of five to seven independent experiments. ***P<0.001 vs. the respective control 
(Wistar or GK rat synaptosomes) not treated with ascorbate/Fe2+; ###P<0.001 vs. GK rat synaptosomes 
treated with 1 µM insulin in the absence of oxidizing conditions. 
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4.2.3. Effect of insulin on the uptake of [3H]GABA and [3H]glutamate under 


oxidative stress conditions 


Under nonoxidant conditions, [3H]GABA uptake was similar in Wistar and GK rats, 


and preincubation with insulin increased [3H]GABA uptake in GK rat synaptosomes, to 


136.0±13.7% of Wistar controls under nonoxidant conditions (Fig. 4.2.A). The presence 


of ascorbate/Fe2+ induced a 90% decrease in [3H]GABA uptake in GK rat 


synaptosomes, which was almost completely prevented by preincubation with insulin. 


Under nonoxidizing conditions, there were no significant differences in 


synaptosomal [3H]glutamate accumulation between Wistar and GK rats. Insulin 


incubation increased [3H]glutamate uptake in diabetic rats by ~23% (Fig. 4.2.B). 


Ascorbate/Fe2+ treatment decreased [3H]glutamate uptake to 48.0±9.8% of Wistar rat 


synaptosomes. However, no protective effect of insulin was observed, when compared 


with that seen in [3H]GABA.  


 


4.2.4. Effect of oxidative stress and/or insulin on the extrasynaptosomal levels of 


GABA and glutamate 


In the absence of ascorbate/Fe2+, extrasynaptosomal GABA levels were similar in 


both normal and diabetic rats (9.2±0.6 and 8.9±1.2 nmol GABA/mg protein, 


respectively) (Fig. 4.3.A), and insulin (1 µM) treatment did not affect its levels in GK 


rat synaptosomes. In these animals, ascorbate/Fe2+-induced oxidation apparently 


increased by 1.2-fold the extrasynaptosomal levels of GABA, which was then decreased 


by insulin treatment (5.3±0.6 nmol GABA/mg protein).  


Under control conditions, extrasynaptosomal levels of glutamate were similar in 


Wistar and GK rats (17.8±0.4 and 16.4±1.2 nmol glutamate/mg protein, respectively), 


and incubation with insulin did not affect the extrasynaptosomal content of glutamate in 


diabetic rats (Fig. 4.3.B). Upon oxidizing conditions, a 1.8-fold increase in extracellular 


glutamate levels was observed, which was not prevented by insulin. 
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Fig. 4.2. Effect of insulin on the uptake of [3H]GABA (A) and [3H]glutamate (B) by GK rat 
synaptosomes submitted (Asc/Fe2+) or not (Control) to oxidative stress induced by ascorbate/Fe2+. 
Synaptosomes were equilibrated in Na+-medium for 15 min at 30°C in the absence or in the presence of 1 
µM insulin and then incubated for 15 min with or without ascorbate/Fe2+. Results obtained for Wistar rat 
synaptosomes submitted or not to oxidative stress are also presented. Data, expressed as a percentage of 
[3H]GABA uptake or [3H]glutamate uptake in Wistar control rat synaptosomes (considering 137.9 pmol 
[3H]GABA/mg protein and 0.7 nmol [3H]glutamate/mg protein as 100%), are the mean±SEM of three to 
six and of three to seven different experiments, respectively. *P<0.05; **P<0.01; ***P<0.001 vs. the 
respective control (normal or diabetic rat synaptosomes) not treated with ascorbate/Fe2+; #P<0.05; 
###P<0.001 vs. GK rat synaptosomes treated with 1 µm insulin in the absence of ascorbate/Fe2+; ££P<0.01 
vs. synaptosomes from GK rats submitted to oxidizing conditions. 
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A.              


         
 


 


B. 


       
 


 
Fig. 4.3. Effect of insulin on the release of the endogenous amino acids GABA (A) and glutamate (B) 
by GK rat synaptosomes submitted (Asc/Fe2+) or not (Control) to oxidative stress induced by 
ascorbate/Fe2+. Results obtained for Wistar rat synaptosomes submitted or not to oxidative stress are also 
presented. The values, expressed in nmol/mg protein, are the mean±SEM of three to five independent 
experiments. *P<0.05 vs. the respective control (Wistar or GK rat synaptosomes) not treated with 
ascorbate/Fe2+; #P<0.05 vs. GK rat synaptosomes treated with 1 µM insulin in the absence of oxidizing 
conditions. £P<0.05 vs. GK rat synaptosomes upon oxidative stress conditions. 
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4.2.5. Effect of oxidative stress and/or insulin on synaptosomal ∆Ψ 


Synaptosomal ∆Ψ was significantly lower in diabetic rats relative to normal Wistar 


rat synaptosomes (-101.8±4.7 and -80.4±7.7 mV in Wistar and GK rat synaptosomal 


membranes, respectively). Insulin (1 µM) incubation did not significantly affect GK rat 


synaptosomal ∆Ψ. In these rats, neither ascorbate/Fe2+ nor insulin treatment under 


oxidizing conditions significantly altered ∆Ψ values (Fig. 4.4.). 


 


         
 


 
Fig. 4.4. Effect of insulin on the ∆Ψ in GK rat synaptosomes submitted (Asc/Fe2+) or not (Control) to 
oxidative stress induced by ascorbate/Fe2+. Synaptosomes were equilibrated in Na+-medium for 15 min 
at 30°C in the absence or in the presence of insulin and then incubated for 15 min with or without 
ascorbate/Fe2+. Membrane potential was determined by following the decrease of TPP+ in the medium. 
Results obtained for Wistar rat synaptosomes submitted or not to oxidative stress are also presented. Data, 
expressed as -mV, are the mean±SEM of nine to thirteen different experiments. *P<0.05 vs. the respective 
control (Wistar or GK rat synaptosomes) not treated with ascorbate/Fe2+; #P<0.05 vs. the GK rat 
synaptosomes preincubated with 1 µM insulin in the absence of oxidizing conditions. 
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4.2.6. Effect of oxidative stress and/or insulin on synaptosomal ATP/ADP ratio 


The effects of insulin and/or ascorbate/Fe2+ treatment on the synaptosomal 


ATP/ADP ratio are represented in Fig. 4.5. In the absence of oxidizing conditions, the 


ATP/ADP ratio was significantly lower in diabetic rats relative to normal Wistar rats, 


and synaptosomal incubation with 1 µM insulin did not significantly change this value. 


Under oxidizing conditions, diabetic rats showed a 1.7-fold increase in the 


ATP/ADP ratio, which was not altered upon insulin incubation.  
 


      
 


 
Fig. 4.5. Effect of insulin in the ATP/ADP ratio in GK rat synaptosomes submitted (Asc/Fe2+) or not 
(Control) to oxidative stress induced by ascorbate/Fe2+. After the ∆Ψ measurements, each synaptosomal 
suspension was treated with 0.3 M perchloric acid and the supernatants were neutralized with 10 M KOH 
in 5 M Tris. Results obtained for Wistar rat synaptosomes submitted or not to oxidative stress are also 
presented. Data, expressed as a percentage of the ATP/ADP ratio in Wistar control rat synaptosomes 
(considering 2.9 ± 0.9 as 100%), are the mean±SEM of nine to thirteen different experiments. ***P<0.001 
vs. the respective control (Wistar or GK rat synaptosomes) not treated with ascorbate/Fe2+; ###P<0.001 vs. 
the GK rat synaptosomes preincubated with 1 µM insulin in the absence of oxidizing conditions. 


 
 
 
 
 
 
 
 
 
 
 
 


 


0 


20 


40 


60 


80 


100 


120 


140 


160 


180 


200 


*** 
### 


*** 


***


*** 
### 


A
T


P/
A


D
P 


ra
tio


 
(%


 o
f c


on
tro


l) 


- Insulin 


+ Insulin 


  Control  Asc/Fe2+ 


  Wistar    GK   Wistar    GK 







Chapter 4   


178 


4.3. Discussion 
Nonenzymatic glycation and irreversible protein crosslinking that occur under 


hyperglycemia may result in the formation of AGEs and ROS [Kossenjans et al., 2000; 


Gökkusu et al., 2001], supporting the idea that the increase in blood glucose levels 


[Duarte et al., 2000; Serradas et al., 2002] may render diabetic rats exposed to oxidative 


stress [Kossenjans et al., 2000; Rösen et al., 2001].  


Aberrant synaptic signalling has been implicated in neurodegenerative disorders, 


such as AD [Guo and Mattson, 2000]. Synaptosomes isolated from mammalian brain 


constitute a useful in vitro model to study several nerve functions, because they are 


metabolically active and retain many properties of nerve endings, namely 


neurotransmitter uptake [Weinberger and Cohen, 1982; Nicholls, 1989].  


In previous studies [Duarte et al., 2000; Santos et al., 2000], we observed that GK 


rat brain synaptosomes were less susceptible to ascorbate/Fe2+-induced oxidative stress 


than Wistar rats, suggesting a protective mechanism against ROS-induced damage. In 


the present study, we found that basal levels of TBARS were similar in both animal 


models, as previously reported [Kowluru et al., 1999]. Our recent observation that 


insulin did not reverse the ascorbate/Fe2+-induced increase in TBARS levels in Wistar 


rats suggests that other mechanisms, rather than a direct action of insulin on lipid 


peroxidation, may mediate its neuroprotective role under stress conditions [Duarte et 


al., 2003].  


The controversial observations reported by some authors on alterations in brain 


amino acid transport using diabetic rats may be related to the diabetic model or to the 


experimental approach used. Morrison et al. (1992) reported that STZ-induced diabetes 


(a model of type 1 diabetes) does not change the transport mechanism or the receptor 


sensitivity to GABA. Li et al. (2000) reported an increased accumulation of 


extracellular glutamate in the neocortex submitted to hyperglycemic ischemia, which 


was correlated with the cell damage observed. In this study, we reported that diabetes 


had no effect on both synaptosomal GABA and glutamate transport, which is partially 


in accordance with the observations of Vilchis and Salceda (1996). These authors 


demonstrated an increment in GABA uptake, without changes in glutamate uptake in 


diabetic rat retina and retinal pigment epithelium. These observations suggest that the 


modification of transmembrane electrical gradient may affect the accumulation of 


amino acid neurotransmitters. Despite our observation of a diabetes-related decrease in 
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both synaptosomal ∆Ψ and ATP/ADP ratio, no significant changes in neurotransmitter 


uptake were observed. The decrease in ATP production is a hallmark of a disturbance in 


glucose metabolism, which could be partially balanced by the use of endogenous brain 


substrates, such as glutamate and fatty acids [Hoyer, 2002]. Synaptosomal uptake of 


neurotransmitters is generally accepted to be an energy-dependent process that requires 


the integrity of membrane systems [Weinberger and Cohen, 1982] and functional 


mitochondria.  


Our observation of an oxidative stress-induced decrease in synaptosomal GABA 


uptake, accompanied by a slight increase in its extrasynaptosomal accumulation, 


suggested that GK rats may have developed a protective mechanism against oxidative 


stress-related neuronal death [Rego et al., 1996; Saransaari and Oja, 1999]. The 


decrease in glutamate uptake and increased extrasynaptosomal levels induced by 


ascorbate/Fe2+ in GK rats further support this hypothesis, because oxidative stress-


induced damage to neuronal cell membrane leads to the release and subsequent 


extracellular accumulation of glutamate, contributing to excitotoxicity [Saransaari and 


Oja, 1999] and further promoting ROS generation [Atlante et al., 2001]. Sah and 


Schwartz-Bloom (1999) reported that ROS-decreased inhibitory neurotransmission also 


promotes neuronal damage in oxidative stress-related diseases and aging. These effects 


of oxidative stress on amino acid accumulation may be due to membrane 


lipoperoxidation, which may impair the GABA transporter, leading to a decrease of 


GABA accumulation [Palmeira et al., 1993], and/or it may increase the release and 


extracellular accumulation of aspartate and glutamate [Saransaari and Oja, 1999; 


Atlante et al., 2001]. Other mechanisms that could be involved in the inhibition of 


glutamate uptake by ROS may be the direct oxidation of the transporter sulfhydryl 


groups [Rothstein et al., 1992; Trotti et al., 1998] or the impairment of Na+,K+ATPase 


activity [Harris et al., 1996].  


The modulatory effect of insulin on amino acid accumulation in the brain remains 


controversial [Rhoads et al., 1984; Shuaib et al., 1995]. In some studies, 3 µM insulin 


stimulated glutamate and GABA accumulation in rat brain synaptosomes [Rhoads et al., 


1984], whereas in others, the same concentration was shown to inhibit GABA uptake in 


embryonic chick retina and newborn mouse cerebral cortex astroglial cells [Bouhaddi et 


al., 1988; Shah et al., 1993]. According to Rhoads et al. (1984), insulin dose-


dependently stimulates synaptosomal amino acid uptake, and 1 µM was the lowest 


insulin concentration that increased glutamate uptake by cortical synaptosomes, by an 
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effect maintained during 1-20 min in vitro incubation. In the present study, the 


synaptosomal fractions were subjected to 1 µM insulin treatment (15 min), in the 


absence or presence of ascorbate/Fe2+. In a recent paper, we reported that, in Wistar rat 


synaptosomes, insulin reverted the oxidative stress-related inhibition in the uptake of 


GABA and glutamate and increased their extrasynaptosomal accumulation [Duarte et 


al., 2003].  


In this study, we observed that 1 µM insulin per se stimulated intrasynaptosomal 


GABA accumulation in diabetic rat brain synaptosomes, suggesting that the 


neuromodulatory role of insulin may be exerted directly on membrane GABA 


transporters. Some authors [Rhoads et al., 1984; Shah et al., 1993] hypothesized that 


insulin-induced changes in GABA transport can be exerted indirectly through the 


stimulation of Na+,K+ATPase activity, thus increasing the transmembrane Na+ gradient 


and the ∆Ψ. However, and as described in Chapter 3 (section 3.3.), Guyot et al. (2000b) 


postulated that these changes could be related to stimulation of glycolysis and pyruvate 


dehydrogenase, increasing lactate and ATP levels, which stimulate ion pumps and, 


ultimately, the synaptosomal amino acid transport. Nevertheless, our results did not 


show insulin-induced changes in ∆Ψ or ATP/ADP ratio, suggesting that the increase in 


the uptake of GABA in GK rat oxidized synaptosomes might be related to a direct effect 


of insulin in amino acid transporters. However, the activation of IR signalling cascade 


via its Tyr kinase activity, which activates the uptake of amino acids [Solano et al., 


2000], cannot be ruled out. We also observed that insulin reverted the effect of 


ascorbate/Fe2+, increasing GABA uptake and decreasing its extrasynaptosomal levels, 


further supporting a specific neuromodulatory role for insulin. This hypothesis is also 


supported by a nonsignificant decrease in extrasynaptosomal glutamate levels observed 


under these conditions.  


Recent evidence suggests that a dysfunction of the neuronal IR signalling cascade, 


with the subsequent abnormalities in glucose/energy metabolism, may affect APP 


metabolism and induce tau hyperphosphorylation. These results suggest that insulin 


dysfunction could be involved in the cause of AD [Santos et al., 1999; Hoyer, 2002] 


and supports the hypothesis of a neuroprotective role of insulin under stress conditions. 


The data obtained in the present study support the idea that a direct effect on amino acid 


neurotransmitter transport system (mainly GABA) could be 
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one of the mechanisms responsible for the neuromodulatory role of insulin in oxidative 


stress conditions, suggested to occur in diabetes and neurodegenerative diseases. 
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INSULIN SIGNALLING PATHWAYS AND 


NEUROPROTECTION AGAINST OXIDATIVE STRESS IN 


CULTURED CORTICAL NEURONS 
 


 


 


 


 


 


 







       


 







   


 


 
 
 
 
 
 
 
 
 
 
 


CHAPTER 5 
 


Insulin Neuroprotection Against Oxidative Stress in Cortical 
Neurons - Involvement of Uric Acid and Glutathione Antioxidant 


Defences1 
 


 
 
 
 
 


Abstract 
 


In this study we investigated the effect of insulin on neuronal viability and antioxidant 
defence mechanisms upon ascorbate/Fe2+-induced oxidative stress, using cultured 
cortical neurons. Insulin (0.1 and 10 µM) prevented the decrease in neuronal viability 
mediated by oxidative stress, decreasing both necrotic and apoptotic cell death. 
Moreover, insulin inhibited ascorbate/Fe2+-mediated lipid and protein oxidation, thus 
decreasing neuronal oxidative stress. Increased 4-HNE adducts on GLUT3 glucose 
transporters upon exposure to ascorbate/Fe2+ were also prevented by insulin, suggesting 
that this peptide can interfere with glucose metabolism. We further analyzed the 
influence of insulin on antioxidant defence mechanisms in the cortical neurons. 
Oxidative stress-induced decreases in intracellular uric acid and GSH/GSSG levels were 
largely prevented upon treatment with insulin. Inhibition of PI-3K or MEK reversed the 
effect of insulin on uric acid and GSH/GSSG, suggesting the activation of insulin-
mediated signalling pathways. Moreover, insulin stimulated GRed and inhibited GPx 
activities under oxidative stress conditions, further supporting that insulin 
neuroprotection was related to the modulation of the glutathione redox cycle. Thus, 
insulin may be useful in preventing oxidative stress-mediated injury that occurs in 
several neurodegenerative disorders. 
 
 
 


                                                           
1Based on: Duarte AI, Santos MS, Oliveira CR, Rego AC (2005). Free Radic. Biol. Med. 39: 876-889.   
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5.1. Introduction 


In the CNS, insulin was reported to be involved in the regulation of brain 


metabolism [Shah and Hausman, 1993; Santos et al., 1999], neuronal growth and 


differentiation [Schechter et al., 1998; Plitzko et al., 2001] or neuromodulation [Shuaib 


et al., 1995; Vilchis and Salceda, 1996]. Insulin synthesized in pancreatic β-cells can be 


transported into the brain either through the BBB via a receptor-mediated process or by 


direct entry at the area postrema, a circumventricular region that lacks the BBB [Sankar 


et al., 2002]. However, other evidences suggest that insulin can be synthesized in 


pyramidal neurons, such as those from the hippocampus, prefrontal cortex, enthorhinal 


cortex, and olfactory bulb, but not in glial cells [Hoyer et al., 2003]. The observation of 


preproinsulin I and II mRNA within rat fetal brain and in cultured neurons, and also 


insulin immunoreactivity in the ER, Golgi apparatus, cytoplasm, axon, dendrites and 


synapses of neuronal cells, further suggested that insulin can be synthesized in the brain 


[Schechter et al., 1996, 1998; Zhao et al., 1999]. Moreover, IR expression appears to be 


widely detected in brain, mainly in the olfactory bulb, hypothalamus, cerebral cortex 


and hippocampus [for review, Hopkins and Williams, 1997; Hoyer et al., 2003].  


Insulin has been also suggested to have a neuroprotective role. Insulin was reported 


to protect against serum deprivation-induced neuronal death [Ryu et al., 1999; Hamabe 


et al., 2003] and cerebral brain damage during ischemia [Auer, 1998]. Both conditions 


are related with neuronal death and oxidative stress, which results from the imbalance 


between production of ROS and antioxidant protection. Indeed, neurons are quite 


vulnerable to ROS, which cause the oxidation of lipids, proteins and DNA [Leutner et 


al., 2001; Floyd and Hensley, 2002]. Thus, neuronal oxidative damage has been 


implicated in cell death by necrosis and apoptosis [for review, Green et al., 2004], 


occurring in several neurodegenerative disorders, namely AD [Kokoszka et al., 2001; 


Butterfield et al., 2003].  


Previous studies performed in our laboratory showed that immunoreactive insulin is 


present in rat brain synaptosomes and that glucose metabolism may provide a signal, 


through glycolysis, for insulin release in the brain [Santos et al., 1999]. More recently, 


we found that insulin prevented ascorbate/Fe2+-induced decrease in [3H]glutamate 


and/or [3H]GABA synaptosomal uptake under oxidative stress in normal and diabetic 


rats, suggesting a fundamental role for insulin in regulating neurotransmission under
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stress conditions, with a particular emphasis for GABA [Duarte et al., 2003; Duarte et 


al., 2004]. 


Although previous studies described the protection by insulin against serum-


deprivation-induced neuronal apoptosis [Ryu et al., 1999; Hamabe et al., 2003] and 


serum-free-induced necrosis [Hamabe et al., 2003], little is known about the role of 


insulin against oxidative stress-mediated neuronal injury. Thus, the aim of the present 


work was to investigate the neuroprotective effect of insulin in cortical neurons 


submitted to ascorbate/Fe2+-induced oxidative stress. We found that insulin decreased 


lipid and protein oxidation, thus preventing neuronal death. Furthermore, insulin 


induced changes in uric acid and GSH, which involved the activation of PI-3K/Akt and 


ERK signalling pathways.   
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5.2. Results 
5.2.1. Insulin prevents ascorbate/Fe2+-mediated decrease in neuronal viability 


In order to determine the protective effect of insulin against oxidative stress, we 


analysed the viability of cultured cortical neurons upon exposure to ascorbate/Fe2+, as 


determined by MTT reduction (Fig. 5.1.A,B), LDH leakage (Fig. 5.1.C) and the 


analysis of DNA markers to discriminate apoptotic or necrotic neurons (Table I). 


Cortical neurons treated with ascorbate (1.5 mM)/Fe2+ (7.5 µM) showed a significant 


decrease in MTT reduction (to 77.2±5.3%), compared to the control, in the absence of 


ascorbate/Fe2+ (Fig. 5.1.A,B). Incubation with insulin (0.1 µM) for 48 h before 


oxidative stress significantly increased MTT reduction to 90.1±0.9% (Fig. 5.1.A). 


Under these conditions, insulin (0.1 µM) alone did not affect MTT reduction. 


Furthermore, incubation of insulin (1 and 10 µM) immediately before ascorbate/Fe2+ 


increased cell viability (to 90.3±7.4 and 92.8±6.7%, respectively), compared to 


ascorbate/Fe2+ alone (Fig. 5.1.B). These results were observed only if insulin was 


present throughout the experiments, i.e., during and after exposure to ascorbate/Fe2+ 


(data not shown). Therefore, in subsequent studies the effect of insulin was analysed 


after incubation for 48 h (0.1 µM insulin) or immediately before (10 µM insulin), during 


and after (5 h postincubation) exposure to ascorbate/Fe2+, under experimental conditions 


shown to significantly prevent the decrease in MTT reduction induced by oxidative 


stress and characterized by no significant changes induced by insulin alone (Fig. 


5.1.A,B). 


The integrity of the plasma membrane, a feature of necrotic cell death, was 


measured by following the release of LDH. As shown in Fig. 5.1.C, incubation of 


cortical neurons with ascorbate/Fe2+ induced a significant increase in LDH leakage 


(from 5.1±1.1% in control to 13.6±3.1% in oxidized neurons), demonstrating that 


oxidizing conditions induce necrotic features of cell death. This result was prevented by 


0.1 µM insulin (7.6±1.8% LDH release). Although not statistically different, 10 µM 


insulin decreased LDH leakage to a similar extent induced by 0.1 µM insulin 


(10.0±1.8%). Insulin, per se, did not affect the release of LDH (Fig. 5.1.C), in 


accordance with the MTT data using the same experimental conditions (Fig. 5.1.A,B). 
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A.       


                     
   B.  


        
C. 


                 
     


Fig. 5.1. Insulin protects cortical neurons against oxidative stress-induced decrease in cell viability. 
Cultured cortical neurons were incubated in the absence or in the presence of increasing concentrations of 
insulin (0.1-10 µM) for 48 h before (A), or immediately before (B), during and after induction of 
oxidative stress with ascorbate (1.5 mM) and Fe2+ (7.5 µM). Insulin was present throughout the 
experiments. A, B - Neuronal viability was measured by determining the cellular reducing capacity, by 
following the extent of MTT reduction. The results were expressed as a percentage of control. C - 
Cortical neurons were incubated in the absence or in the presence of 0.1 or 10 µM insulin, incubated, 
respectively, 48 h or immediately before induction of oxidative stress. The extent of membrane integrity 
was evaluated by determining the leakage of LDH. Data are the mean±SEM of five to seven independent 
experiments, run in duplicate or triplicate. Statistical significance: *P<0.05, **P<0.01 and ***P<0.001 as 
compared to the control, in the absence of insulin and ascorbate/Fe2+; £P<0.05 as compared to 
ascorbate/Fe2+, in the absence of insulin.
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Since previous studies showed that insulin may prevent serum-deprived-induced 


apoptotic [Ryu et al., 1999; Hamabe et al., 2003] and serum-free-induced necrotic 


neuronal death [Hamabe et al., 2003], the effect of insulin was also assessed by the 


analysis of DNA fluorescent markers (Table III). Despite no significant differences in 


the number of viable, apoptotic and necrotic cells upon incubation with insulin (0.1 or 


10 µM) alone, ascorbate/Fe2+ induced a decrease by about 1.3-fold in the number of 


viable cells and an increase in apoptotic and necrotic neuronal death by 1.7- and 3.7-


fold, respectively. Under oxidative stress conditions, 0.1 µM insulin inhibited both 


apoptosis and necrosis by 1.5- and 2.4-fold, respectively, and increased the number of 


viable neurons by about 1.2-fold. In addition, 10 µM insulin increased the number of 


viable cells (1.2-fold) and prevented by 1.7- and 2.7-fold, respectively, oxidative stress-


mediated neuronal apoptotic and necrotic death. 


 


 
 
 
 
 
 
 
 
 
 
 
 
 
               
 
 


              
 
 


          
 
Analysis of neuronal death by apoptosis or necrosis was assessed using the fluorescent probes Hoechst 
33342 and PI. Cells were loaded for 15 min with PBS, containing 15 µg/ml Hoechst and 4 µg/ml PI. 
Then, the cells (viable, apoptotic, and necrotic) were counted by using an epifluorescence Axiovert 200 
Zeiss microscope. Data, expressed as the percentage of the total number of neurons, are the mean±SEM 
of five to seven independent experiments. Statistical significance: *P<0.05 vs. control; £P<0.05 vs. 
Asc/Fe2+ alone. 
 
 


Table III  
Insulin protects rat cortical neurons from ascorbate/Fe2+-induced apoptotic and necrotic cell death. 
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5.2.2. Insulin inhibits ascorbate/Fe2+-induced lipid and protein oxidation  


The protective effect of insulin against ascorbate/Fe2+-induced cell death was further 


explored in terms of oxidative stress parameters, lipid and protein oxidation, since their 


modification may underlie neuronal apoptosis and necrosis [for review, Green et al., 


2004]. In Fig. 5.2.A, ascorbate/Fe2+ was shown to stimulate the formation of TBARS by 


about 4.8-fold, compared to control conditions. Insulin completely prevented the 


increase in TBARS observed upon oxidative stress (0.6±0.2 and 0.3±0.1 nmol 


TBARS/mg protein, respectively, in the presence of 0.1 and 10 µM insulin) (Fig. 


5.2.A). No significant changes in TBARS levels were observed in the presence of 


insulin alone (Fig. 5.2.A). 


As shown in Fig. 5.2.B, ascorbate/Fe2+ increased the formation of carbonyl groups 


by about 2.4-fold. Under such conditions, 0.1 and 10 µM insulin completely inhibited 


protein oxidation. Although not statistically different, insulin (10 µM) enhanced the 


levels of carbonyl groups in the absence of ascorbate/Fe2+ (Fig. 5.2.B). 


Because insulin can interfere with glucose metabolism, we have also analysed the 


effect of insulin on the extent of ascorbate/Fe2+-mediated GLUT3 oxidation (Fig. 5.3.), 


one of the most abundant glucose transporters in the brain [Choeiri et al., 2002]. Despite 


no significant changes in GLUT3 protein expression levels under any experimental 


condition tested (Fig. 5.3.A,B), exposure to ascorbate/Fe2+ induced GLUT3 oxidation 


by 4-HNE, as detected by western blotting with anti-4-HNE after immunoprecipitation 


for GLUT3 (Fig. 5.3.C). Insulin (0.1 µM) highly prevented GLUT3 oxidation by 4- 


HNE under oxidized conditions (Fig. 5.3.C). Thus, insulin neuroprotective effects 


appear to be related to the decrease in lipid and protein oxidation. 


 


5.2.3. Insulin stimulates uric acid and glutathione antioxidant defences upon 


oxidative stress  


Endogenous antioxidants constitute pivotal intracellular defence mechanisms and 


their failure may lead to oxidative stress and subsequent cell damage [Evans et al., 


2002]. Uric acid is an important antioxidant deriving from the catabolism of purines 


[Miele et al., 1995], whereas GSH is important in the detoxification of intracellular 


peroxides [Gilgun-Sherki et al., 2001].  


Figure 5.4. shows the effect of insulin on intracellular uric acid levels upon 


oxidative stress. Under control conditions, no significant changes in uric acid levels
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Fig. 5.2. Insulin protects against lipid and protein oxidation in cultured cortical neurons. Cortical 
neurons were incubated in the absence or in the presence of 0.1 or 10 µM insulin, incubated, respectively, 
for 48 h or immediately before induction of oxidative stress. Insulin was present throughout the 
experiments. The extent of lipid and protein oxidation was evaluated by determining the production of 
TBARS (A) and the extent of the reaction between carbonyl groups and DNPH (B). Data, expressed as 
nmol/mg protein, are the mean±SEM of seven (A) or five (B) independent experiments, run in duplicate 
or triplicate. Statistical significance: *P<0.05 as compared to the control, not treated with insulin and 
ascorbate/Fe2+; £P<0.05, ££P< 0.01, and £££P< 0.001 as compared to ascorbate/Fe2+, in the absence of 
insulin. 
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Fig. 5.3. Insulin prevents ascorbate/Fe2+-mediated neuronal GLUT3 oxidation. Cultured cortical 
neurons were incubated in the absence or in the presence of 0.1 (Ins0.1) and 10 µM insulin (Ins10), 
incubated, respectively, for 48 h or immediately before, and also during and after the induction of 
oxidative stress (Asc/Fe2+). (A,B) The expression levels of GLUT3 (43 kDa) were analyzed by Western 
blotting. The blot illustrates six to nine independent experiments represented in the graph, which show the 
data (mean±SEM) normalized to α-tubulin and expressed as a percentage of control. (C) Representative 
blot showing insulin protection against ascorbate/Fe2+-induced GLUT3 oxidation by 4-HNE. 4-HNE-
directed antibody, which recognizes protein 4-HNE adducts, immunodetects a single protein of 43 kDa 
following immunoprecipitation using GLUT3 antibody. 
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were observed in the absence or in the presence of insulin (0.1 and 10 µM). However, 


upon oxidation, a significant decrement in uric acid levels (to 57.1±7.9% of control) 


was observed, which was highly prevented and even stimulated after insulin treatment 


(113.5±23.2 and 207.4±23.9% of control, respectively, in the presence of 0.1 and 10 


µM insulin). Pretreatment with PI-3K inhibitors, wortmannin (50 nM, Fig. 5.4.A) or 


LY294002 (5 µM, Fig. 5.4.B), and the MEK inhibitor PD98059 (30 µM, Fig. 5.4.C), 


per se, significantly decreased intracellular uric acid. Therefore, a proportional decrease 


of uric acid in the presence of the inhibitors plus ascorbate/Fe2+ was observed. 


Nevertheless, insulin (0.1 or 10 µM) was not able to rescue oxidative stress-mediated 


decrease in intracellular uric acid when the inhibitors of PI-3K (Fig. 5.4.A,B) or MEK 


(Fig. 5.4.C) were present. 


The effect of insulin on GSH and GSSG was further analysed (Fig. 5.5.). In the 


absence of ascorbate/Fe2+, the GSH/GSSG ratio was about 2-fold higher upon treatment 


with 10 µM insulin, due to an increase in GSH levels (data not shown). Upon exposure 


to ascorbate/Fe2+, a significant decrease in endogenous GSH/GSSG ratio was observed 


(63.5±4.4% of control) (Fig. 5.5.), mainly resulting from a decrease in GSH levels (data 


not shown). This result was significantly prevented by 0.1 and 10 µM insulin (1.6- and 


2-fold increased, respectively) (Fig. 5.5.). Insulin increased GSH levels and decreased 


GSSG levels (data not shown). Similarly to intracellular uric acid, wortmannin (50 nM), 


LY294002 (5 µM), or PD98059 (30 µM) alone significantly decreased intracellular 


GSH/GSSG (Fig. 5.5.A-C). However, the stimulatory effect of insulin (0.1 or 10 µM) 


on GSH/GSSG under oxidizing conditions was abolished in the presence of the 


inhibitors (Fig. 5.5.A-C), as a result of decreased GSH and increased GSSG levels (data 


not shown).  


These data suggested that insulin-induced stimulation of endogenous uric acid and 


GSH/GSSG in cortical neurons subjected to oxidative stress is largely mediated by 


activation of intracellular signalling pathways involving both PI-3K and MEK. In order 


to explain the changes in GSH/GSSG observed upon oxidation and exposure to insulin, 


we also examined the activity of the antioxidant enzymes involved in the glutathione 


redox cycle, GPx and GRed. These enzymes catalyse, respectively, the convertion of 


GSH into GSSG with the concomitant formation of H2O from H2O2, and the recycling 


of GSH through the oxidation of NADPH [Cai et al., 2003]. GPx activity was
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A.  


          
B.  


           
C. 


           
 
Fig. 5.4. Involvement of PI-3K/Akt and ERK signalling pathways on insulin-mediated changes in 
intracellular uric acid under oxidative stress. Cultured cortical neurons were preincubated with 
wortmannin (50 nM) (A), LY294002 (5 µM) (B), or PD98059 (30 µM) (C) for 30 min before the 
incubation with 0.1 or 10 µM insulin, and also during and after the induction of oxidative stress. 
Intracellular uric acid was assessed by using an enzymatic kit PAP 150, as described under Materials and 
Methods. Data, expressed as the percentage of control (considering 2.02 µmol/l/mg protein as 100%), are 
the mean±SEM of five to seven independent experiments, run in duplicate or triplicate. Statistical 
significance: *P<0.05, **P<0.01, and ***P<0.001 as compared to the respective control, in the absence of 
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insulin; £P<0.05, ££P<0.01 and £££P<0.001 as compared to ascorbate/Fe2+, in the absence of insulin; 
++P<0.01 and +++P<0.001 as compared to ascorbate/Fe2+, in the presence of insulin. 
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B. 


         
C. 


 


               
 
Fig. 5.5. PI-3K/Akt and ERK signalling pathways are involved in insulin-induced stimulation of 
GSH/GSSG under oxidizing conditions. Neurons were preincubated with wortmannin (50 nM) (A), 
LY294002 (5 µM) (B), or PD98059 (30 µM) (C) for 30 min before the incubation with 0.1 or 10 µM 
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insulin, and also during and after the induction of oxidative stress. The levels of GSH and GSSG were 
determined using a fluorimetric assay. GSH was measured after protein incubation with OPT, whereas for 
GSSG this incubation was preceded by preincubation with NEM. Data, expressed as the percentage of 
control (considering the ratio of 0.45 for GSH/GSSG as 100%), are the mean±SEM of five to six 
independent experiments, run in duplicate or triplicate. Statistical significance: *P<0.05, **P<0.01 and 
***P<0.001 as compared to the control, in the absence of insulin; ££P<0.01 as compared to ascorbate/Fe2+, 
in the absence of insulin; +P<0.05 as compared to ascorbate/Fe2+, in the presence of insulin. 
 


significantly stimulated under oxidized conditions (158.5±13.7% of control) (Fig. 


5.6.A). In contrast, a significant decrease in GRed activity was observed (42±6.5% of 


control) in cortical neurons treated with ascorbate/Fe2+ (Fig. 5.6.B). Interestingly, 


insulin (0.1 and 10 µM) prevented both the increase in GPx activity and the decrement 


in GRed activity (Fig. 5.6.A,B), which appears to explain the recovering of GSH/GSSG 


levels in the presence of ascorbate/Fe2+ plus insulin (Fig. 5.5.). 


We further determined the involvement of MnSOD on insulin-mediated protective 


effects against neuronal oxidative stress. However, no significant differences in 


MnSOD activity were observed in the absence or in the presence of ascorbate/Fe2+ 


and/or insulin (data not shown). 


Thus, insulin-mediated increase in uric acid and GSH appears to explain the effect 


of insulin in decreasing cellular oxidation and neuronal death in oxidative stress 


conditions induced by ascorbate/Fe2+. 
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Fig. 5.6. Insulin-induced changes in enzymes of the glutathione redox cycle upon oxidative stress. 
Neurons were incubated in the absence or in the presence of 0.1 or 10 µM insulin, incubated, respectively, 
for 48 h or immediately before, and also during and after the induction of oxidative stress. The activities 
of the antioxidant enzymes GPx (A) and GRed (B) were determined spectrophotometrically, through the 
analysis of NADPH oxidation, using reduced or oxidized glutathione as substrates, respectively. Data, 
expressed as the percentage of control (considering 0.44 U/mg protein for GPx and and 0.004 U/mg 
protein for GRed activity as 100%), are the mean±SEM of five to eight independent experiments, run in 
duplicate or triplicate. Statistical significance: *P<0.05 as compared to the control, in the absence of 
insulin or ascorbate/Fe2+; £P<0.05 as compared to ascorbate/Fe2+, in the absence of insulin. 
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5.3. Discussion 
In the present study, we demonstrate that insulin protects against ascorbate/Fe2+-


mediated neuronal death, occurring either by apoptosis or necrosis. Insulin-mediated 


increase in cell survival was associated with the protection against lipid and protein 


oxidation, namely the decrease in GLUT3 oxidation by 4-HNE, which appears to result 


from the stimulation of uric acid and the glutathione redox cycle. Furthermore, 


activation of PI-3K/Akt and/or ERK signalling pathways may be pivotal in the 


neuroprotective role of insulin against oxidative stress.   


Continuous exposure of brain to ROS contributes to the pathophysiology of 


neurodegenerative diseases and diabetic complications affecting the CNS, either as a 


primary cause or as a consequence of disease progression. Several mechanisms have 


been proposed to explain oxidative stress-induced cell death. Oxidative stress may lead 


to an increased permeability of mitochondrial outer membrane with subsequent release 


of cytochrome c and activation of caspases-9 and -3. This culminates in nuclear 


chromatin condensation and fragmentation, known features of apoptotic cell death. As a 


late consequence of oxidative stress, along with the massive oxidation of several 


biomolecules, irreversible opening of the MPTP collapses the ∆Ψm and ATP generation, 


resulting in necrotic cell death [for review, Dykens et al., 2003; Pei et al., 2003; 


Duchen, 2004; Herrera et al., 2004]. Our observation that ascorbate/Fe2+ increases 


neuronal apoptosis and necrosis is in agreement with the results of Ferruzza et al. 


(2003), who observed that oxidative stress induced by ascorbate and concentrations of 


Fe2+ higher than 10 µM led to both apoptosis and necrosis 24 h following Fe2+ removal. 


A recent study demonstrated that exposure to O2
•- or 1O2 induced apoptosis, whereas 


H2O2 led to necrosis of cerebellar granule neurons [Valencia and Morán, 2004]. 


Moreover, the involvement of oxidative stress in apoptotic cell death was previously 


demonstrated by us in retinal cells in culture [Gil et al., 2003]. 


In this study we show that insulin protects against apoptosis and necrosis induced by 


oxidative stress. Some controversy exists regarding the role of insulin against oxidative 


stress-mediated cell death. In co-cultures of cortical neurons and glia, Ryu et al. (1999) 


observed that insulin and IGF-1 (50 ng/ml) aggravated Fe2+ (10 µM)-mediated necrosis 


upon 24 h exposure. In contrast, Zhang et al. (1993) demonstrated previously that IGF-1 


and -2, which have similar effects to insulin, protect cortical and hippocampal neurons 


against Fe2+-induced neurotoxicity. Insulin neuroprotection against oxidative stress is 
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also in agreement with Heck et al. (1999), who observed that preincubation with IGF-1 


promoted cell viability upon H2O2 treatment for 24 h, in rat cerebellar neurons and 


immortalized hypothalamic GT1-7 cells, through the activation of NFκB, in a PI-3K-


dependent pathway. Moreover, Hamabe et al. (2003) showed that insulin dose-


dependently increased the survival of rat cortical neurons submitted to serum starvation, 


namely through PKC activation. The protective effect of insulin against serum 


deprivation-induced apoptosis was also demonstrated in cultured cortical [Ryu et al., 


1999] and retinal neurons [Wu et al., 2004].  


Our data support that ascorbate/Fe2+-induced increase in TBARS and carbonyl 


groups results from a decrease in antioxidant defences. We showed that insulin (0.1 and 


10 µM) completely counteracted the harmful effects of ascorbate/Fe2+ in terms of lipid 


and protein oxidation, a similar observation to Koo and Vaziri (2003), who described a 


decrease in plasma MDA, carboxymethyllysine and nitrotyrosine levels of STZ diabetic 


rats fed an insulin-supplemented diet. Accordingly, in our study, this peptide was shown 


to prevent oxidation of glucose GLUT3 transporter by 4-HNE, most probably 


contributing to an increase in neuronal glucose metabolism through the stimulation of 


glucose uptake. In a previous study, Fattoretti et al. (2002) showed a decrease in 


GLUT3 expression in the hippocampus of vitamin E-deficient rats. Nevertheless, in our 


study, neither oxidative stress nor insulin alone have significantly affected the levels of 


GLUT3.  


We further demonstrated that insulin stimulates endogenous antioxidant defence 


mechanisms under oxidative stress conditions in cortical neurons, namely by increasing 


intracellular uric acid and the levels of GSH, in a process dependent on PI-3K/Akt and 


ERK signalling pathways. 


Although xanthine oxidation to uric acid by xanthine oxidase induces ROS 


formation, uric acid is a well-known antioxidant, and one of its scavenging functions is 


to maintain ascorbic acid in its reduced form in biological fluids [Sevanian et al., 1991], 


thus suggesting that, in neurons, uric acid may not be a mere end-product of purine 


catabolism, but may have a physiological role as an active component of the neuronal 


antioxidant pool, together with GSH, ascorbic acid and vitamin E [Miele et al., 1995]. 


The observation of a decrease in intracellular uric acid upon ascorbate/Fe2+ treatment 


and its prevention by insulin supports that uric acid is an important antioxidant in 


cortical neurons and that insulin (10 µM) may even stimulate this defence mechanism. 
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Glutathione constitutes an important protective mechanism against oxidative stress. 


A decrease in glutathione levels upon oxidation was previously linked to apoptotic cell 


death [Guaiquil et al., 2001]. In this study, incubation with ascorbate/Fe2+ decreased 


GSH/GSSG through a decrease in the activity of GRed and an increase in GPx activity. 


Previously, Cardoso et al. (2003) demonstrated that oxidative stress induced by Aβ25-35 


peptide was associated with an impairment of the glutathione cycle in NT2 cells, shown 


as a decrease in GRed activity and GSH levels and an increase in GPx activity. Insulin 


counterbalanced the deleterious effect of ascorbate/Fe2+ by enhancing the activity of 


GRed and decreasing the activity of GPx, leading to the regeneration of GSH/GSSG 


under oxidizing conditions. Nevertheless, we cannot exclude the possibility that insulin-


mediated increase in GSH/GSSG results from the stimulation of GSH synthesis. 


Interestingly, insulin (10 µM) alone appeared to increase protein oxidation, analysed by 


the levels of carbonyl groups, but largely enhanced the endogenous levels of 


GSH/GSSG, thus not affecting overall neuronal viability. In the present study, we 


showed that insulin’s stimulatory effect on antioxidant defences upon oxidative stress 


was blocked by PI-3K and MEK inhibitors, which are known to abolish insulin-induced 


signalling related to anti-apoptotic activity [Gauthier et al., 2001; Johnson et al., 2003]. 


The intracellular mechanisms underlying the protective role of insulin under some stress 


conditions were also reported to involve the activation of PI-3K by phosphorylated IR, 


which further activates Akt and leads to phosphorylation and inactivation of caspases-9 


and -3 in cultured R28 retinal neurons [Barber et al., 2001]. This is in agreement with 


the observation that such anti-apoptotic effects are prevented upon treatment of cultured 


cortical neurons with the PI-3K inhibitors, wortmannin and LY294002 [Ryu et al., 


1999]. Similarly, Xu et al. (2003) proposed that insulin-induced Akt activation 


phosphorylates and consequently inactivates the proapoptotic factors Bad and GSK-3β, 


protecting the cerebellum against ethanol-induced apoptosis. Recently, Schubert et al. 


(2004) demonstrated that abolishing neuronal insulin signalling in brain/neuron-specific 


IR knockout mice impairs Akt and GSK-3β phosphorylation, leading to an increase in 


tau hyperphosphorylation and subsequent neuronal apoptosis, revealing the importance 


of insulin in the inhibition of AD pathological features. Importantly, oxidative stress has 


been largely reported in brain of AD patients [for review, Perry et al., 2002]. 


Alternative mechanisms for the anti-apoptotic role of insulin have been also 


proposed in non-neuronal cells. In human embryonic kidney 293 cells, Okubo et al. 
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(1998) and Park et al. (2002) suggested that the downregulation of the JNK pathway 


could be involved in the anti-apoptotic effect of insulin. Moreover, the activation of NF-


κB-dependent survival genes coding for TRAF2 (tumor necrosis factor receptor-


associated factor 2) and MnSOD appears to mediate the protective effect of insulin in 


CHO cells [Bertrand et al., 1999]. Insulin was shown to prevent oxidative stress-


induced apoptosis in several muscle cell types, either by activating PI-3K/Akt signalling 


cascade or by improving the intracellular antioxidant status through Akt-stimulated Bcl-


2 and -inhibited Bax expression [for review, Orzechowski, 2003]. Previously, Kim et al. 


(2003) showed that insulin protected hepatocytes through the activation of insulin-


dependent signalling pathways, which resulted in an increased expression of α-


glutathione S-transferase. Under this perspective, we may also consider that insulin can 


mediate the expression of enzymes involved in GSH cycle and/or synthesis in the 


cortical neurons.  


A dysfunction in neuronal insulin/IR signalling cascade due to oxidative stress 


associated with normal aging, diabetes or neurodegenerative disorders has been 


suggested to underlie abnormalities in glucose metabolism [for review, Gerozissis et al., 


2003; Hoyer, 2003; Watson and Craft, 2003], leading to apoptotic cell death [for 


review, Fulop et al., 2003]. Thus, insulin, which can activate both IR and IGF-IR, could 


constitute a neuroprotective/therapeutical agent against neurodegenerative conditions 


closely linked to oxidative damage. 


In AD patients, chronic peripheral hyperinsulinemia has been associated with 


initially high brain insulin concentrations, which then decrease as its transport into the 


brain is downregulated or its synthesis in the brain is inhibited [for review, Craft and 


Watson, 2004; Plum et al., 2005]. Additionally, these patients appear to have reduced 


expression of brain IR and IR-induced signalling events, resulting in a decrease in 


cerebral blood flow, impairment of brain oxidative metabolism [for review, Craft and 


Watson, 2004; Plum et al., 2005], culminating in long-term vascular changes, 


neurodegeneration and cognitive deficits associated to AD [for review, Rasgon and 


Jarvik, 2004]. Recently, it has been hypothesized that insulin resistance-associated 


hyperinsulinemia may constitute a novel risk factor for AD [for review, Craft and 


Watson, 2004]. Under this perspective, some authors suggested that medication that 


increases CNS insulin sensitivity, without affecting glucose levels, could be effective 


for the treatment of memory loss in AD patients [Watson and Craft, 2004]. Moreover, if 


not accompanied by glucose supplementation, systemic insulin administration leads to 
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hypoglycemia, contributing to cognitive and memory deficits in AD [Zhao et al., 2004]. 


Nevertheless, Zhao et al. (2004) suggested that insulin per se could not be the ideal 


molecule for AD therapy, due to its competition with IDE for Aβ peptide accumulation. 


Alternatively, IR modulators that do not interfere with IDE and that act on CNS could 


be powerful therapeutic tools for AD treatment [for review, Watson and Craft, 2004].  


 


 


 


 


 


 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 


 
 







   


 


 
 
 
 
 
 
 
 
 
 
 
 


CHAPTER 6 
 


Insulin Restores Metabolic Function in Cultured Cortical Neurons 


Subjected to Oxidative Stress1 


 
 
 
 
 
 


Abstract 
 


We previously demonstrated that insulin has a neuroprotective role against oxidative 
stress, a deleterious condition associated with diabetes, ischemia, and age-related 
neurodegenerative diseases. In this study, we investigated the effect of insulin on 
neuronal glucose uptake and metabolism after oxidative stress in rat primary cortical 
neurons. On oxidative stress, insulin stimulates neuronal glucose uptake and subsequent 
metabolism into pyruvate, restoring intracellular ATP and P~Cr. Insulin also increases 
intracellular and decreases extracellular ADO, counteracting the effect of oxidative 
stress. Insulin effects are apparently mediated by PI3-K and ERK signalling pathways. 
Extracellular ADO under oxidative stress is largely inhibited after blockade of ecto-5’-
nucleotidase, suggesting that extracellular ADO results preferentially from ATP release 
and catabolism. Moreover, insulin appears to interfere with the ATP release induced by 
oxidative stress, regulating extracellular ADO levels. In conclusion, insulin 
neuroprotection against oxidative stress–mediated damage involves: 1) stimulation of 
glucose uptake and metabolism, increasing energy levels and intracellular ADO and, 
ultimately, uric acid formation and 2) a decrease in extracellular ADO, which may 
reduce the facilitatory activity of ADO receptors. 


                                                           
1Based on: Duarte AI, Proença T, Oliveira CR, Santos MS, Rego AC (2006). Diabetes 55: 2863-2870.  
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6.1. Introduction 


Insulin is known to stimulate glucose uptake and intracellular metabolism in 


peripheral tissues. Although the role of insulin in the brain is less defined, it has been 


described to have neurotrophic, neuromodulator and neuroendocrine effects [Gerozissis, 


2004].  


The brain is one of the most metabolically active tissues, relying on continuous 


glucose supply for synaptic transmission and dendritic and axonal trafficking, thus 


helping to maintain brain cognitive function [Pellerin and Magistretti, 1994; Vannucci 


et al., 1997]. The main neuronal glucose transporter, GLUT3, is highly expressed at the 


neuropil in regions of the CNS with high synaptic density and metabolic activity, at the 


hippocampus and frontal and motor cortex [Choeiri et al., 2002]. Interestingly, several 


evidences suggest that insulin influences cerebral glucose metabolism at the entorhinal 


cortex and the hippocampus [Stockhorst et al., 2004].  


The brain is continuously exposed to free radicals, which may underlie the 


pathophysiology of neurodegenerative diseases, stroke and diabetic complications 


affecting the CNS [Kokoszka et al., 2001; Chong et al., 2005]. Lipid and protein 


oxidation alter the conformation and structure of membrane proteins, including GLUT3, 


thus decreasing neuronal glucose uptake and intracellular ATP [Butterfield et al., 2002]. 


In plasma from diabetic subjects [Rabini et al., 1999] and in brains of diabetic mice 


[Makar et al., 1995], high glucose levels also produce permanent chemical alterations in 


proteins and increase lipid peroxidation. Hyperglycemia associated with stroke 


exacerbates ischemic brain damage in both humans and animals [Yip et al., 1991; de 


Courten-Myers et al., 1999]. Under such conditions, brain metabolism is affected [Voll 


and Auer, 1988], leading to lactate accumulation and tissue acidosis [Garg et al., 2006], 


as well as mitochondrial dysfunction and subsequent decrease in high-energy 


phosphates, ultimately resulting in oxidative stress and neuronal death [Garg et al., 


2006]. Thus, the brain requires neuroendocrine counterregulatory mechanisms to 


maintain blood glucose within a narrow range. 


We have previously demonstrated that oxidative stress induces neuronal apoptosis 


and necrosis, as well as lipid and protein oxidation, increasing the oxidation of GLUT3 


by 4-HNE [Duarte et al., 2005]. Treatment with insulin prevented oxidative stress and 


neuronal death by stimulating uric acid levels and the glutathione redox cycle, in a 


process mediated by PI-3K/Akt and ERK signalling pathways [Duarte et al., 2005]. 
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The aim of the current work was to investigate whether insulin neuroprotection 


during oxidative stress involved the restoration of neuronal glucose energy metabolism. 


We demonstrate that insulin prevents oxidative stress-induced impairment of glucose 


uptake and subsequent decrease in energy metabolism, thereby regulating endogenous 


ATP and its hydrolysis to ADO.  
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6.2. Results 


6.2.1. Insulin stimulates glucose uptake and pyruvate/lactate formation on 


oxidizing conditions 


Previously, we showed that insulin prevents ascorbate/Fe2+-induced neuronal death 


[Duarte et al., 2005]. Neuroprotective effects of insulin were analysed after incubation 


for 48 h (0.1 µM insulin) or immediately before (10 µM insulin) exposure to 


ascorbate/Fe2+, under experimental conditions characterized by no significant changes 


induced by insulin alone [Duarte et al., 2005]. Insulin also prevented oxidation of 


GLUT3 by 4-HNE [Duarte et al., 2005], strongly suggesting changes in neuronal 


glucose accumulation, the main brain metabolic substrate. Under physiological 


conditions, glucose is metabolised to pyruvate via glycolysis. A minor proportion of 


lactate can also result from the reduction of pyruvate. 


In this study, we analysed the effect of insulin on glucose transport, by measuring 2-


[3H]DG uptake. 2-DG is a synthetic glucose analogue phosphorylated to 2-deoxy-D-


glucose-6-phosphate by Hxk. Ascorbate/Fe2+-induced oxidative stress (1.9±0.6 nmol 


TBARS/mg protein) [Duarte et al., 2005] caused a decrease in neuronal 2-[3H]-DG 


uptake by about 57% (Fig. 6.1.A). This decrease was completely prevented by 0.1 and 


10 µM insulin. Insulin per se did not significantly affect 2-[3H]-DG uptake (Fig. 6.1.A).  


Since these results suggested that glycolysis was stimulated by insulin, we 


determined the endogenous levels of pyruvate and lactate, two end-products of 


glycolysis (Fig. 6.1.B). Although insulin per se did not affect pyruvate/lactate levels, it 


completely prevented the decrease in pyruvate/lactate induced by oxidative stress (Fig. 


6.1.B), by increasing pyruvate formation (data not shown). Insulin-mediated recovery of 


neuronal 2-[3H]-DG uptake and pyruvate/lactate after oxidative stress highly suggest the 


stimulation of the glycolytic pathway. 


 


6.2.2. Insulin restores intra- and extracellular adenine nucleotides on oxidative 


stress 


One of the main consequences of insulin-mediated metabolic stimulation observed 


in Fig. 6.1. is the increase in high-energy compounds, namely ATP and P~Cr; the latter 


constitutes a reservoir for rapid ATP regeneration. Thus, we determined the effect of 


insulin and IR-mediated signalling pathways on intracellular ATP, ADP, AMP and 
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Fig. 6.1. Insulin prevents impairment of glucose metabolism under oxidative stress. Glucose 
metabolism was evaluated by determining glucose accumulation, using 2-[3H]-deoxyglucose uptake (A) 
and intracellular pyruvate/lactate (B). Data are the mean±SEM of five (A) or eight (B) experiments. 
*P<0.05 vs. control; £P<0.05, ££P<0.01, £££P<0.001 vs. ascorbate/Fe2+ without insulin. 
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P~Cr levels (Tables IV-V). Oxidative stress significantly decreased intracellular ATP 


by about 44%, which was completely prevented by 0.1 or 10 µM insulin (Table IV). 


Insulin per se did not significantly affect these parameters. Although oxidative 


stress did not modify intracellular ADP, ascorbate/Fe2+ plus insulin decreased ADP 


levels by 41%, following the rise in intracellular ATP (Table IV). Thus, under oxidized 


conditions ATP/ADP ratio was largely restored by insulin. Additionally, insulin (0.1 


and 10 µM) almost completely regenerated the ascorbate/Fe2+-induced decrease in 


intracellular P~Cr (Table V). A decrease in P~Cr/creatine and an increase in 


lactate/pyruvate may constitute early signs of mitochondrial defect [Erecinska and 


Nelson, 1994]. Moreover, uncoupling of oxidative phosphorylation was associated with 


a decrease in ATP and P~Cr upon kainate injection in rat brain [Gupta and Dettbarn, 


2003]. 


Pretreatment with PI-3K inhibitors wortmannin (50 nM) or LY294002 (5 µM), and 


the MEK inhibitor PD98059 (30 µM) significantly decreased intracellular ATP and 


ATP/ADP under control and oxidized conditions, and it increased intracellular ADP 


under control conditions (Table IV). Nevertheless, insulin was unable to rescue 


oxidative stress-mediated changes in intracellular ATP or ADP in the presence of the 


inhibitors of PI-3K or MEK (Table IV), suggesting that insulin-induced recovery of 


intraneuronal ATP from ADP under oxidative stress may involve both PI-3K and MEK 


signalling pathways.  


The effect of insulin on intracellular AMP was also analysed (Table IV). Insulin 


restored the decrease in intracellular AMP upon oxidation. Treatment with wortmannin, 


LY294002 or PD98059 increased intracellular AMP per se (Table IV). However, 


neither ascorbate/Fe2+ nor insulin significantly affected intracellular AMP in the 


presence of PI-3K and MEK inhibitors (Table IV).  


To further explain insulin-induced changes in intracellular adenine nucleotides, 


namely ATP, in oxidized neurons, we examined the levels of extracellular ATP, ADP 


and AMP. Ascorbate/Fe2+-induced increase in extracellular ATP was completely 


abolished by insulin (Table VI). Conversely, insulin prevented the decrease (by about 


26%) in extracellular ADP induced by oxidative stress (Table VI). Neither 


ascorbate/Fe2+ nor insulin significantly affected extracellular accumulation of AMP 


(Table VI). 







    


 


 
 
 
 
 


TABLE IV Involvement of PI-3K/Akt and ERK signalling in insulin-induced changes in intracellular adenine nucleotides under oxidative stress 
No insulin 0.1 µM insulin 10 µM insulin  


 ATP ADP AMP ATP ADP AMP ATP ADP AMP 


Control 100.0 ± 10.3 100.0 ± 11.2 100.0 ± 10.4 101.0 ± 10.8 107.8 ± 10.6 102.6 ± 12.4 91.3 ± 8.1 96.3 ± 9.9 100.1 ± 11.7  


No inhibitor Asc/Fe2+ 56.5 ± 8.8* 101.3 ± 6.5 60.8 ± 8.0* 103.5 ± 10.7£ 60.5 ± 6.1* ££ 100.2 ± 7.6£ 115.4 ± 11.2££ 60.4 ± 6.0* ££ 107.7 ± 9.3£ 


Control 61.5 ± 11.1* 146.7 ± 15.8* 144.4 ± 16.7* 71.6 ± 9.0* 157.8 ± 17.1* 129.8 ± 9.9 74.3 ± 8.6 151.6 ± 10.6* 138.1 ± 11.3*  


Wortmannin Asc/Fe2+ 57.0 ± 10.9* 154.9 ± 7.6* 177.0 ± 13.8*** 64.1 ± 4.1* 154.9 ± 12.5* 159.9 ± 13.7* 74.1 ± 9.8 156.6 ± 8.2* 162.0 ± 19** 


Control 61.4 ± 8.2* 154.4 ± 8.5* 138.9 ± 13.7* 53.3 ± 8.7* 158.7 ± 10.3* 132.2 ± 13.8* 66.1 ± 10.2 145.7 ± 14.7* 140.5 ± 16.9*  


LY294002 Asc/Fe2+ 52.3 ± 8.6* 152.7 ± 8.6** 158.7 ± 15.5* 62.7 ± 10.0* 144.3 ± 19.9* 156.8 ± 17.3* 55.2 ± 9.9* 149.3 ± 17* 161.4 ± 18.0* 


Control 50.7 ± 8.2** 134.4 ± 10.9* 143.6 ± 11.8* 52.0 ± 6.9* 148.6 ± 14.6* 156.2 ± 16.8* 32.6 ± 7.7** 153.0 ± 9.1* 159.2 ± 10.0*  


PD98059 Asc/Fe2+ 50.3 ± 9.4* 151.7 ± 16.3* 148.2 ± 11.0* 67.8 ± 9.7* 165.2 ± 17.1* 176.5 ± 22.9** 54.4 ± 6.4* 153.4 ± 10.7* 185.5 ± 17.8** 


Data are the mean±SEM of six experiments. Neurons were preincubated with 50 nM wortmannin, 5 µM LY294002, or 30 µM PD98059. Adenine nucleotides were 
determined by reverse-phase HPLC. *P<0.05, **P<0.01, ***P<0.001 compared with the control in the absence of inhibitors; £P<0.05, ££P<0.01 vs. ascorbate/Fe2+ without 
insulin
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TABLE V Insulin restores intracellular P~Cr on oxidative stress 
 No insulin 0.1 µM insulin 10 µM insulin 


Control 9.19 ± 0.88 7.97 ± 0.75 8.65 ± 0,76 


Asc/Fe2+ 5.27 ± 0.47** 7.56 ± 0.6£ 8.07 ± 0.74£ 


Data are mean±SEM of six experiments. Neurons were incubated with insulin before ascorbate/Fe2+ 
treatment. Intracellular P~Cr was determined as described in Materials and Methods. **P<0.01 vs. 
control; £P<0.05 vs. ascorbate/Fe2+ without insulin. 
 
 


TABLE VI Insulin affects extracellular adenine nucleotides under oxidative stress 
 


 
Control Asc/Fe2+ 


ATPext 100.0 ± 5 135.3 ± 10.2* 


ADPext 100.0 ± 1.1 73.6 ± 5.1* 
 


No insulin 
AMPext 100.0 ± 8.7 105.7 ± 8.1 


ATPext 90.7 ± 6.7 90.8 ± 8.5£ 


ADPext 103.6 ± 8.8 104.4 ± 6.1£ 


 


0.1 µM 


insulin AMPext 100.3 ± 14.0 102.5 ± 8.6 


ATPext 92.6 ± 8.8 88.6 ± 5.3££ 


ADPext 96.9 ± 9.3 110.8 ± 8.3££ 
 


10 µM insulin 
AMPext 102.5 ± 8.1 97.6 ± 9.6 


Data are mean±SEM of six experiments. Neurons were incubated with insulin before ascorbate/Fe2+ 
treatment. Intracellular ATP, ADP, and AMP were determined by reverse-phase HPLC. *P<0.05 vs. 
control; £P<0.05, ££P<0.01 vs. ascorbate/Fe2+ without insulin. 
 


These data suggest that decreased intracellular ATP following oxidative stress was 


caused by inhibition of glucose metabolism and increased extracellular ATP. 


Furthermore, insulin-induced recovery of intracellular ATP from ADP upon oxidative 


stress resulted from: 1) stimulation of glucose accumulation and metabolism through 


glycolysis and possibly oxidative phosphorylation and/or at the expense of P~Cr for 


rapid ATP regeneration; and/or 2) blockade of ATP release. 
 


6.2.3. Insulin modifies intra- and extracellular levels of ADO upon oxidative stress  


Upon oxidative stress, reduction of intracellular ATP was followed by a decrement 


in AMP, both of which were prevented by insulin. ADO resulting from the catabolism 


of purines may constitute a very sensitive signal of increased metabolic rate or 
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metabolic stress. Moreover, subsequent ADO catabolism results in uric acid, an 


important neuronal antioxidant. Extracellularly, ADO modulates the activity of 


inhibitory A1 and A3 receptors, or facilitatory A2A and A2B receptors [Schulte and 


Fredholm, 2003], which mediate cell survival or cell death, respectively. Taking into 


account the dual role of ADO in neuronal degeneration, we further explored the effect 


of insulin on intra- and extracellular ADO in neurons subjected to oxidative stress. To 


our knowledge, this is the first report that evaluates the effect of insulin on ADO levels. 


Similarly to ATP and AMP (Table IV), ascorbate/Fe2+-induced decrease in 


intracellular ADO (about 51%) was significantly prevented by insulin (Fig. 6.2.A). 


Pretreatment with PI-3K inhibitors, wortmannin (Fig. 6.2.B) or LY294002 (Fig. 6.2.C), 


and the MEK inhibitor PD98059 (Fig. 6.2.D), per se, significantly decreased 


intracellular ADO. Nevertheless, insulin did not rescue the decrease in intracellular 


ADO induced by oxidative stress in the presence of inhibitors of PI-3K (Fig. 6.2.B,C) or 


MEK (Fig. 6.2.D).  


Moreover, insulin differently affected the extracellular accumulation of ADO (Fig. 


6.3.A,B). Ascorbate/Fe2+-induced increase in extracellular ADO (about 51%) was only 


significantly attenuated by 10 µM insulin, whereas 0.1 µM insulin completely decreased 


extracellular ADO (data not shown). 


Since extracellular ADO can result either from intracellular AMP degradation and 


subsequent release via bidirectional ADO transporters or from extracellular catabolism 


of released nucleotides, catalysed by ectonucleotidases [Cunha, 2001], we also analysed 


the origin of extracellular ADO. Cortical neurons were pretreated with inhibitors of 


ADO transporter (NBTI) and ecto-5‘-nucleotidase (AMPCP), which were previously 


shown to prevent the increase in extracellular ADO induced by oxidative stress [Rego et 


al., 1997; Agostinho et al., 2000]. 


NBTI (1 µM) per se did not significantly affect intracellular ADO (Fig. 6.2.E, 


compared to Fig. 6.2.A), but it increased extracellular ADO by about 29% (Fig. 6.3.A), 


evidencing the role of this transporter under control conditions. Upon oxidative stress in 


the presence of NBTI, intracellular ADO increased by about 26% (Fig. 6.2.E, compared 


to Fig. 6.2.A), whereas extracellular ADO decreased by about 13% (Fig. 6.3.A), 


compared to ascorbate/Fe2+ alone. These data suggest that the nucleoside transporter 


partially contributed for the increase in extracellular ADO under oxidative stress.  
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A.        B. 


                
 


C.        D. 


              
  


D. 


          
 
Fig. 6.2. Insulin-mediated changes in intracellular ADO on oxidative stress. Neurons were preincubated 
in the absence (A) or in the presence of 50 nM wortmannin (B), 5 µM LY294002 (C), 30 µM PD98059 
(D), or 1 µM NBTI (E). ADO was determined by reverse-phase HPLC. Data are the mean±SEM of six 
experiments. ***P<0.001 vs. control without insulin; £P<0.05, ££P<0.01, £££P<0.001 vs. ascorbate/Fe2+ 
without insulin. 
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Treatment of oxidized neurons with NBTI plus insulin (10 µM) completely restored 


intra- and extracellular ADO (Fig. 6.2.E and 6.3.A). 


To analyse the contribution of the catabolism of released ATP to extracellular ADO, 


cortical neurons were pretreated with AMPCP, which blocks the hydrolysis of 5’-AMP 


into ADO [Cunha et al., 1992]. AMPCP (50 µM) per se reduced extracellular ADO by 


about 25% (Fig. 6.3.B). Incubation with AMPCP under oxidative stress conditions 


largely decreased extracellular ADO (about 91%) compared to ascorbate/Fe2+ alone, 


suggesting that this pathway highly contributes for the increase in extracellular ADO. 


Upon oxidative stress, insulin (10 µM) plus AMPCP decreased (by about 19%, 


compared to ascorbate/Fe2+ plus insulin) extracellular ADO accumulation to the same 


extent as the decrease observed in the presence of NBTI. 


Thus, similarly to intracellular adenine nucleotides, PI-3K and ERK signalling 


pathways appear to be involved in the regulation of intracellular ADO by insulin. 


Furthermore, blockade of ectonucleotidases largely inhibited extracellular ADO 


accumulation under oxidized conditions, suggesting that extracellular ADO occurs 


mainly through the release of adenine nucleotides to the extracellular space and their 


rapid degradation into ADO, as described previously [Rego et al., 1997; Agostinho et 


al., 2000]. However, we can not exclude a contribution of the reversal of ADO transport 


under these conditions.  


Insulin partially prevented extracellular ADO accumulation in oxidized neurons 


mainly by interfering with the release of ATP, limiting its subsequent metabolization 


into ADO. This can be explained by two observations: 1) insulin plus NBTI produced 


an additive effect, suggesting the occurrence of two independent mechanisms; and 2) 


AMPCP slightly influenced the decrease in extracellular ADO caused by insulin under 


oxidative stress, suggesting that it occurred, at least partially, independently of ecto-5‘-


nucleotidase inhibition. Thus, reduction of extracellular ADO most probably occurred 


because of the inhibition of adenine nucleotide (ATP) release, preceding ecto-5‘-


nucleotidase. 
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Fig. 6.3. Regulation of extracellular ADO induced by insulin on oxidative stress. Neurons were 
preincubated with 1 µM NBTI (A) or 50 µM AMPCP (B). Data are the mean±SEM of six experiments. 
*P<0.05, **P<0.01 vs. control (not treated with inhibitors or insulin); £P<0.05 vs. ascorbate/Fe2+ without 
insulin; +P<0.05 vs. ascorbate/Fe2+ in the presence of insulin. 
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6.3. Discussion 
In the current study, we demonstrate that insulin protects cortical neurons against 


oxidative stress-induced impairment of glucose accumulation and metabolism through 


the stimulation of glycolysis and high-phosphate metabolism, including P~Cr and ATP 


generation. This supports the replenishment of intracellular ADO, which can be 


metabolised to uric acid, as we previously observed [Duarte et al., 2005]. Moreover, the 


neuroprotective role of insulin in oxidative stress may involve the inhibition of ATP 


release and its subsequent extracellular metabolization, restoring the levels of 


extracellular ADO. Furthermore, activation of PI-3K/Akt and ERK signalling pathways 


appears to mediate the neuroprotective role of insulin against metabolic impairment 


under oxidative stress. Thus, the current results are complementary to those previously 


observed in primary cortical neurons regarding insulin neuroprotection against oxidative 


stress [Duarte et al., 2005]. 


It has been widely demonstrated that neuronal and synaptosomal treatment with 


FeSO4 inhibits the glucose transporter either directly, by 4-HNE- or acrolein-induced 


oxidation of GLUT3, or indirectly via lipid peroxidation [Mark et al., 1997; Lovell et 


al., 2000]. Glucose transport inhibition can also result from oxidative stress-mediated 


decrease in endogenous glutathione [Maddux et al., 2001; Duarte et al., 2005]. We 


previously observed the formation of 4-HNE adducts on GLUT3 in ascorbate/Fe2+-


treated cortical neurons [Duarte et al., 2005], supporting GLUT3 inhibition and the 


subsequent impairment of neuronal glucose uptake and metabolism.  


Changes in P~Cr and pyruvate/lactate levels may constitute one of the early signs of 


mitochondrial respiratory chain dysfunction [Erecinska and Nelson, 1994]. In this 


regard, the observed decrease in pyruvate/lactate and P~Cr suggest that oxidative stress 


affects both glycolysis and oxidative metabolism. ATP depletion may exacerbate free 


radical generation, culminating in neuronal death [Matthews et al., 1998; Duarte et al., 


2005]. A decrease in intracellular ATP under oxidative stress may also result from its 


release and subsequent extracellular metabolization to ADO by ectonucleotidases. 


These results are in agreement with our previous data obtained in cultured retinal 


neurons exposed to ascorbate/Fe2+ [Rego et al., 1997; Agostinho et al., 2000] and with 


an increase in ecto-5'-nucleotidase activity observed after oxidation of brain membranes 


[Mishra et al., 1990]. However, we can not exclude the contribution of reversal of the 


nucleoside transporter.  
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Despite some controversy regarding the role of extracellular ADO, the type of 


receptor activated after oxidation appears to be determined by its origin: ADO resulting 


from extracellular degradation of AMP preferentially activates facilitatory A2A receptors 


[Cunha, 2001], whereas ADO resulting from the reversal of nucleoside transporter 


activates both inhibitory A1 [Agostinho et al., 2000; Almeida et al., 2003] and 


facilitatory A2A receptors [Agostinho et al., 2000]. Under our experimental conditions, 


neuronal oxidation causes ATP release and its subsequent catabolism into extracellular 


ADO, which can activate facilitatory ADO receptors, leading to neuronal death. 


Nevertheless, oxidative stress was previously shown to decrease ligand binding to 


synaptosomal A1 [Oliveira et al., 1995] and striatal membrane A2A receptors [Alfaro et 


al., 2004], emphasizing the dual role of ADO upon oxidation. We also show that 


oxidative stress decreases intracellular ATP production, which is metabolised into 


ADO, ultimately decreasing the levels of uric acid [Duarte et al., 2005], an important 


endogenous antioxidant. These data suggest that increased extracellular ADO and 


decreased intracellular ADO contribute to neurodegeneration upon oxidative stress. 


There is some controversy regarding the role of insulin in brain glucose transport. 


Seaquist et al. (2001) hypothesized that glucose uptake and metabolism in human brain 


was insulin independent. However, Prasannan (1972) and Bingham et al. (2002) 


showed that insulin stimulated glucose uptake and metabolism in rat brain cortical slices 


and in human brain cortex. These authors hypothesized that GLUT3 mediated glucose 


uptake evoked by insulin. Accordingly, insulin resistance may also affect GLUT3 


activity [Watson and Craft, 2004]. In this regard, insulin-mediated stimulation of 


glucose uptake upon oxidative stress correlates with the observation of decreased 


GLUT3 oxidation by 4-HNE, most likely resulting from the stimulation of endogenous 


antioxidant defences [Duarte et al., 2005]. Alternatively, insulin-induced regulation of 


glucose uptake may involve the activation of phospholipase C-γ and PKC, leading to 


phosphorylation of glucose transporters [Mattson et al., 2004]. Nevertheless, insulin 


could not rescue serum-free treated cultured neurons from decreased glucose uptake 


[Hamabe et al., 2003], suggesting that insulin neuroprotection may involve mechanisms 


other than the regulation of glucose transport/metabolism. 


It is widely accepted that the major rate-limiting step in neuronal glucose 


metabolism is its phosphorylation by Hxk, the first ATP-driven reaction of glycolysis 


[Whitesell et al., 1995]. Insulin appears to upregulate Hxk activity, localization and 


expression, thus modulating glucose metabolism to meet the energy demands of sensory 
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neurons [Huang et al., 2005]. Under this perspective, insulin-induced increases in 


intracellular pyruvate/lactate, P~Cr and ATP/ADP upon oxidative stress support the 


hypothesis that, similar to non-neuronal tissues [Hoyer et al., 2004], the peptide 


stimulates neuronal glycolysis and oxidative metabolism and/or the rapid 


phosphorylation of ADP into ATP at the expense of P~Cr, implicating creatine kinase 


activation. Brain insulin infusion was previously shown to have an anabolic effect on 


energy metabolism in the hippocampus, increasing P~Cr [Henneberg and Hoyer, 1994], 


whereas neuronal IR inhibition led to severe abnormalities in energy metabolism [Hoyer 


et al., 2004]. Metabolic effects of insulin appear to depend on the activation of PI-3K 


and/or ERK signalling pathways. In agreement, insulin stimulation of mitochondrial 


function involved the activation of PI-3K signalling pathways in cultured adult sensory 


neurons [Huang et al., 2005]. Furthermore, insulin can modulate hippocampal synaptic 


plasticity through the activation of NMDA receptors, a subtype of glutamate receptors, 


and the PI-3K pathway [van der Heide et al., 2005]. 


In this study, we clearly show that insulin prevents a decrease in intracellular ADO 


and an increase in extracellular ADO evoked by oxidative stress. Concordant with 


changes in adenine nucleotides, alterations in intracellular ADO evoked by insulin 


seemed to depend on the activation of PI-3K and ERK signalling pathways. Hence, the 


insulin signalling cascade may protect neurons against oxidative stress either by 


stimulating intracellular ATP metabolism to ADO and uric acid [Duarte et al., 2005], 


thus contributing to the replenishment of intracellular antioxidant defences, and/or by 


interfering with ATP release and extracellular degradation into ADO, decreasing 


extracellular ADO pool. Insulin protection, determined by a decrease in apoptotic and 


necrotic neuronal death [Duarte et al., 2005], appears to involve a decrease in 


extracellular ADO, possibly protecting against facilitatory ADO receptor activation.  


After transient global ischemia in CNS parenchyma, insulin administration was 


shown to prevent neuronal damage and necrosis via activation of IR and IGF-1R but 


independently of its effect on glucose levels [Voll and Auer, 1991]. However, in focal 


ischemia, insulin protection depended on the regulation of blood glucose levels 


[Hamilton et al., 1995]. Under such conditions, insulin infusion combined with glucose 


may stimulate glucose uptake and glycolysis, producing anaerobic ATP. This would 


limit the decrease in tissue high-energy phosphates and the increase in free radicals 


occurring in ischemia [Johan-Groeneveld et al., 2002; Garg et al., 2006]. By showing 


that insulin prevents neuronal apoptosis and necrosis [Duarte et al., 2005] and restores 
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neuronal glucose metabolism, modulating extracellular ADO pool through the 


activation of intracellular signalling pathways, we provide important evidence toward 


the potential therapeutic use of insulin against neuronal dysfunction in stroke. However, 


when considering insulin therapy for the treatment of stroke, blood glucose levels 


should be maintained in the normal range to avoid biochemical and neuropathological 


consequences of hyperinsulinemia-induced severe hypoglycemia in the brain [Hamilton 


et al., 1995]. 


 


 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 







      
        
  


 


 
 







      
        
  


 


 
 
 
 
 


CHAPTER 7 
 


Insulin Neuroprotection Against Oxidative Stress is Mediated by Akt 


and GSK-3β Signalling Pathways and Changes in Protein Expression1 


 
 
 
 
 
 


Abstract 
 


Previously we demonstrated that insulin increases antioxidant levels and restores 
energy metabolism in cortical neurons, thus protecting against oxidative stress. In this 
study, we analysed how insulin affects neuronal IR and IGF-1R intracellular signalling 
pathways after oxidative stress in rat primary cortical neurons. Both IR and IGF-1R 
were immunolabelled in cortical neurons. Treatment with insulin prevented oxidative 
stress-induced decrease in Tyr phosphorylation of IR and IGF-1R. Furthermore, insulin 
prevented the inactivation of Akt and decreased the active form of GSK-3β upon 
oxidative stress. No significant changes in ERK signalling were observed. Inhibition of 
GSK-3β by PI-3K/Akt has been reported to stimulate protein synthesis and decrease 
apoptosis. Thus, we analysed the changes in mRNA and protein expression levels of 
“candidate” proteins involved in antioxidant defence, glucose metabolism and 
apoptosis. We observed that insulin prevented the increase in GPx-1 and the decrease in 
Hxk-II expression, caused by oxidative stress, supporting previous findings of 
increased antioxidant activity of glutathione redox cycling and glycolysis stimulation. 
Moreover, insulin precluded the decrease in expression of Bcl-2 and the increase in 
caspase-3 expression. Concordantly, insulin abolished caspase-3 activity induced by 
oxidative stress, protecting against DNA fragmentation. These data suggest that insulin-
mediated activation of IR and IGF-1R stimulate PI-3K/Akt and inhibit GSK-3β 
signalling pathways, modifying the synthesis of proteins involved in neuronal 
antioxidant defence, glucose metabolism and prevention against apoptosis, and thus 
protecting against deleterious effects induced by oxidative stress in neurons. 
 


 


                                                           
1Based on: Duarte AI, Santos P, Oliveira CR, Santos MS, Rego AC (2007). (Submitted). 
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7.1. Introduction 
In the CNS, insulin binding and activation of IR and/or the IGF-1R [Kahn et al., 


1993; Noh et al., 1999] initiate a cascade of intracellular signalling pathways that 


regulate brain activity [Craft and Watson, 2004].  


IR and IGF-1R expression have been detected in the brain, mainly in the cerebral 


cortex, cerebellum, hippocampus, hypothalamus and olfactory bulb [Zhao et al., 1999]. 


IR and IGF-1R are glycoprotein receptors that belong to the Tyr kinase receptor 


superfamily [for review, Schulingkamp et al., 2000; Fulop et al., 2003], resulting from a 


single gene (IR located on chromosome 19 and IGF-1R on chromosome 15 in humans), 


that is translated into a precursor protein and then proteolytically cleaved into α and β 


subunits [Schulingkamp et al., 2000, for review]. Insulin is known to bind to the IR with 


higher affinity (<1 nM) than IGF-1 (100-500-fold lower affinity), whilst IGF-1R 


preferentially binds IGF-1 (<1 nM), compared to insulin (100-500-fold lower affinity) 


[Conejo and Lorenzo, 2001]. Binding of insulin to the α subunits of IR or IGF-1R 


results in autophosphorylation of β subunits, stimulating its Tyr kinase activity [Kahn et 


al., 1993; Noh et al., 1999]. This then causes the activation of PI-3K and the Ser/Thr 


kinase Akt [Bruss et al., 2005]. Phosphorylated (active) Akt appears to have a 


prosurvival role against neuronal apoptosis [Datta et al., 1999] due to the 


phosphorylation and subsequent inactivation of proapoptotic proteins, such as Bad and 


caspase-9 and members of the Forkhead transcription factor family [for review, 


Levinthal and DeFranco, 2004]. Akt can also promote GSK-3β phosphorylation at Ser9, 


inhibiting its activity [for review, Frame and Cohen, 2001]. CREB-induced expression 


of the anti-apoptotic protein Bcl-2 can be inhibited [Pugazhenthi et al., 2000]. IR/IGF-


1R-induced signalling may also lead to the sequential activation of Ras, Raf, MEK and 


ERK1/2, which control gene expression [for review, Levinthal and DeFranco, 2004].  


Neuronal oxidation leads to apoptosis and, if persistent, to necrosis [for review, 


Duchen, 2004; Herrera et al., 2004], which may underlie the pathophysiology of 


neurodegenerative diseases, stroke, and diabetes complications affecting the CNS 


[Kokoszka et al., 2001; Chong et al., 2005]. Insulin was previously reported to protect 


against H2O2- [for review, Ryu et al., 1999] and serum deprivation-induced neuronal 


apoptosis [Ryu et al., 1999; Hamabe et al., 2003], both related to oxidative stress. Thus, 


deleterious effects induced by oxidative stress on neuronal insulin/IR/IGF-1R signalling 


influence normal brain function, impairing glucose metabolism and thus resulting in 
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neuronal apoptosis [for review, Hoyer, 2003]. A correlation has been hypothesized 


between brain insulin levels and oxidative stress, type 2 diabetes mellitus and AD [for 


review, Schulingkamp et al., 2000].  


We have previously demonstrated that insulin protects against oxidative stress-


mediated neuronal damage and subsequent apoptotic and necrotic death [Duarte et al., 


2005]. Insulin stimulated glucose uptake and metabolism upon ascorbate/Fe2+, namely 


by increasing intracellular energy and ADO levels [Duarte et al., 2006a], which may be 


further metabolised to uric acid, an endogenous antioxidant defence [Duarte et al., 


2005]. Increased synthesis of GSH (due to the stimulation of GRed and inhibition of 


GPx activity) induced by insulin also contributed to the replenishment of antioxidant 


defences [Duarte et al., 2005]. Additionally, insulin neuroprotecion against oxidative 


stress involved a decrease in extracellular ADO [Duarte et al., 2006a]. Based on the 


effect of selective inhibitors, protective effects of insulin under oxidative stress 


appeared to be mediated by PI-3K and ERK signalling pathways [Duarte et al., 2005, 


2006a]. Thus, the aim of the current work was to investigate the effect of insulin on IR- 


and IGF-1R-mediated intracellular signalling pathways and the changes in the 


expression of “candidate” proteins involved in the regulation of antioxidant defences, 


energy metabolism and apoptosis following oxidative stress in rat primary cortical 


neurons. We demonstrate that IR- and/or IGF-1R-induced activation of PI-3K/Akt 


signalling pathway mediate insulin neuroprotection against oxidative stress, through the 


inhibition of the active form of GSK-3β and the regulation of protein expression and 


cell survival. 
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7.2. Results 


7.2.1. Insulin prevents the inhibition of neuronal IR and IGF-1R activity upon 


exposure to ascorbate/Fe2+ 


The presence of IR and IGF-1R in cortical neurons was determined by 


immunocytofluorescence (Fig. 7.1.A,B). Co-localization of both IR and IGF-1R with 


anti-MAP2 labeling, suggests that both receptors are widely spread throughout cultured 


cortical neurons. Exposure to ascorbate/Fe2+ did not affect the distribution of both 


receptors (Fig. 7.1.A,B). 


Insulin can activate both IR and IGF-1R, stimulating their Tyr kinase activity and 


initiating a cascade of intracellular signalling pathways [for review, Schulingkamp et 


al., 2000]. Although, at the time-point of these experiments, insulin (0.1 and 10 µM)-


mediated activation of IR or IGF-1R was not observed, the peptide was shown to 


prevent oxidative stress-induced decrease in Tyr phosphorylation of both IR (from 


72.8±5.2% upon ascorbate/Fe2+ exposure, to 93.3±3.2 and 103.1±10.5%, in the presence 


of 0.1 and 10 µM insulin, respectively) and IGF-1R (from 78.1±7.5% upon oxidative 


stress, to 115.7±9.9 and 110.6±6.5%, in the presence of 0.1 and 10 µM insulin, 


respectively) (Fig. 7.1.C,D), suggesting the restoration of IR and IGF-1R activities. 


 


7.2.2. Insulin modulates intracellular PI-3K/Akt and GSK-3β signalling pathways 


upon oxidative stress 


IR and IGF-1R activation may initiate the sequential phosphorylation of several 


kinases that belong to either the PI-3K/Akt or ERK signalling cascades [for review, Ryu 


et al., 1999]. By using specific inhibitors of PI-3K and ERK signalling, we showed 


previously that both pathways contributed to the replenishment of intracellular uric acid 


and glutathione antioxidant defences induced by insulin upon exposure to 


ascorbate/Fe2+ [Duarte et al., 2005]. Insulin-induced activation of PI-3K and ERK 


signalling cascade was also involved in the regulation of intracellular adenine 


nucleotides and ADO upon oxidation [Duarte et al., 2006a]. Thus, in this study, we 


further analysed the role of insulin on the phosphorylation of Akt, ERK and GSK-3β 


(Fig. 7.2.A-E). Although insulin per se had no significant effect on P-Akt, concordantly 
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Fig. 7.1. Analysis of immunocytofluorescence and tyrosine phosphorylation activity of IR (A,C) and 
IGF-1R (B,D) in cultured cortical neurons. The cells were incubated in the absence or presence of 0.1 
and 10 µM insulin and submitted to oxidative stress with ascorbate plus Fe2+ (Asc/Fe2+). 
Immunocytofluorescence was performed using antibodies against the β-subunits of IR (A) or IGF-1R (B) 
and anti-MAP2 to label differentiated neurons. IR and IGF-1R activities were measured after 
immunoprecipitation of cytosolic extracts with rabbit anti-IR, β-subunit (C) or rabbit polyclonal anti-IGF-
1Rβ (D) antibodies, followed by SDS/PAGE (10%) with mouse monoclonal anti-P-Tyr. Results are the 
mean±SEM of three independent experiments performed in duplicate (considering 139523.3 and 
125190.6 INT/mm2 as 100% for IR and IGF-1R, respectively). Statistical significance: *P<0.05, **P<0.01 
vs Control; £P<0.05 vs Asc/Fe2+ without insulin. 
 


with no changes in receptor activity (Fig. 7.1.C,D), the peptide prevented oxidative 


stress-induced decrease in P-Akt (from 65.1±6.1% upon exposure to ascorbate/Fe2+ to 


115.7±14.5 and 136.6±10.2%, in the presence of 0.1 and 10 µM insulin, respectively) 


(Fig. 7.2.A). These results suggest that PI-3K/Akt signalling plays an important role on 


insulin-mediated effects on cortical neurons.  


The ERK signalling pathway was also analysed by determining the phosphorylation 


levels of ERK1 (p44, 44 kDa) and ERK2 (p42, 42 kDa) (Fig. 7.2.B,C). Ras activates 


Raf-1, which phosphorylates and activates MEK. This then phosphorylates and 


activates ERK1/2 [Abe and Saito, 2000]. However, neither P-ERK p44 nor P-ERK p42 


were significantly affected by insulin (0.1 and 10 µM) or ascorbate/Fe2+ (Fig. 7.2.B,C).  


One major PI-3K/Akt downstream effector protein is GSK-3β. Phosphorylation at 


Ser9 inhibits its activity, whereas phosphorylation at Tyr216 activates the enzyme [for 


review, Frame and Cohen, 2001]. Thus, we evaluated the involvement of GSK-3β on 


insulin neuroprotection (Fig. 7.2.D,E). Neither insulin nor ascorbate/Fe2+ changed 


significantly the levels of GSK-3β phosphorylated on Ser9 (Fig. 7.2.D). No significant 


changes were observed in the phosphorylation of Tyr216 upon oxidative stress either 


(Fig. 7.2.E). Interestingly, insulin (0.1 and 10 µM) decreased GSK-3βTyr216 


phosphorylation, the active form of GSK-3β, by about 26%, particularly in the presence 


of ascorbate/Fe2+ (Fig. 7.2.E).  
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Fig. 7.2. Insulin-mediated activation of Akt (A), ERK1/2 (B,C) and GSK-3β (D,E) signalling pathways. 
Intracellular activation of PI-3K/Akt/GSK-3β or ERK signalling pathways were analysed by western 
blotting with mouse anti-P-Akt (Ser473), rabbit anti-P-p44/42 ERK (Thr202/Tyr204), rabbit anti-P-
GSK3β (Ser9) and mouse anti-P-GSK-3β (Tyr216) antibodies. Then, the membranes were reprobed with 
rabbit anti-Akt, rabbit p44/42 ERK and mouse GSK-3β antibodies, respectively. Results are the 
mean±SEM of three-seven independent experiments performed in duplicate (considering 0.52, 0.92, 0.62, 
0.69 and 0.92 as 100% for P-Akt/total Akt, P-p44 ERK/total p44 ERK, P-p42 ERK/total p42 ERK, P-
GSK-3β (Ser9)/total GSK-3β and P-GSK-3β (Tyr216)/total GSK-3β, respectively). Statistical 
significance: *P<0.05 vs Control; £P<0.05, ££P<0.01 vs Asc/Fe2+ in the absence of insulin. 
 


7.2.3. Insulin regulates mRNA and protein expression levels of “candidate” 


proteins upon oxidative stress 


Insulin modulates cell growth, metabolism and survival through the regulation of 


gene expression and enzyme activity [White, 2003]. Because we previously showed that 


insulin (0.1 and 10 µM) stimulates glutathione redox cycle and glucose metabolism and 


protects against oxidative stress-induced neuronal apoptosis [Duarte et al., 2005, 


2006a], we analysed the role of this peptide on the expression of “candidate” proteins 


involved in these pathways, namely GPx-1, Hxk-II, Bcl-2 and caspase-3 (Figs. 7.3. and 


7.4.).  


Upon ascorbate/Fe2+ exposure, both 0.1 and 10 µM insulin prevented the increase in 


GPx-1 and caspase-3 mRNA levels (Fig. 7.3.A,D). Additionally, insulin rescued 


oxidative stress-induced decrease in Hxk-II and Bcl-2 mRNA expression levels (Fig. 


7.3.B,C). These results suggested that insulin-mediated activation of intracellular 


signalling pathways under oxidative stress conditions culminated in the regulation of 


gene transcription, thus affecting subsequent protein expression. To further test this 


hypothesis, we measured the expression levels of the “candidate” proteins, GPx-1, Hxk-


II, Bcl-2 and procaspase-3 by western blotting (Fig. 7.4.A-D). Similarly to the results 


shown in Fig. 7.3, insulin (0.1 and 10 µM) completely prevented the increase in GPx-1 


(Fig. 7.4.A) and procaspase-3 (Fig. 7.4.D) and the decrease in Hxk-II (Fig. 7.4.B) and 


Bcl-2 (Fig. 7.4.C) protein expression induced by ascorbate/Fe2+. Insulin per se did not 


significantly affect the mRNA or protein expression levels of GPx-1, Hxk-II, Bcl-2 or 


caspase-3.  


Hence, insulin (0.1 and 10 µM) neuroprotection against oxidative stress may involve 


the regulation of the expression of proteins involved in glutathione redox cycle and thus 


antioxidant defence, glycolytic energy metabolism and anti-apoptotic processes.
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Fig. 7.3. Relative gene expression of GPx-1 (A), Hxk-II (B), Bcl-2 (C) and caspase-3 (D) upon 
treatment with insulin. Total RNA was extracted from cortical neuronal cultures using the Qiagen 
RNeasy Mini Kit. Single-stranded cDNA was synthesized by incubating 50 ng/µl of RNA with 
SuperScript™III reverse transcription reagents. The mRNA was analysed by real-time RT-PCR. The 
mRNA levels of the target genes were normalized to the housekeeping genes actinomycin B and β-2-
microglobulin. Results are the mean±SEM of five independent experiments performed in duplicate. 
Statistical significance: *P<0.05 vs Control; £P<0.05, ££P<0.01 vs Asc/Fe2+ in the absence of insulin. 


 


 


 


 


 


 


 


 


 


 


 


 


 


 







       
        
  


 


A.          B. 


                        
C.          D. 


                      
0


20


40


60


80


100


120


140


0 0.1 10


* 


* 


££
££


0 


25 


50 


75 


100 


125 


150 


0 0.1 10


 * 


  £ £


0


25 


50 


75 


100 


0 0.1 10


  * 


   ££
£££


0 


25 


50 


75 


100 


125 


150 


175 


0 0.1 10


* 


£ ££


G
Px


-1
/G


A
PD


H
 


(%
 o


f c
on


tro
l) 


H
xk


-I
I/


G
A


PD
H


 
(%


 o
f c


on
tro


l) 


B
cl


-2
/G


A
PD


H
 


(%
 o


f c
on


tro
l) 


150 


  125 


Pr
oc


as
pa


se
-3


/α
-t


ub
ul


in
 


(%
 o


f c
on


tro
l) 


[Insulin] (µM) [Insulin] (µM)


Control 


Asc/Fe2+ 







  Insulin and IGF-1 signalling and protein expression 


235 


Fig. 7.4. GPx-1 (A), Hxk-II (B), Bcl-2 (C) and procaspase-3 (D) protein expression levels in cortical 
neurons subjected to insulin treatment. Cell extracts were analysed by western blotting with rabbit GPx-
1, rabbit type II Hxk, mouse Bcl-2 (C-2), rabbit caspase-3, mouse GAPDH and mouse α-tubulin 
antibodies. Results are the mean±SEM of three-seven independent experiments performed in duplicate 
(considering 0.72, 0.91, 1.29 and 1.82 as 100% for GPx-1/GAPDH, Hxk-II/GAPDH, Bcl-2/GAPDH and 
procaspase-3/α-tubulin, respectively). Statistical significance: *P<0.05 vs Control; £P<0.05, ££P<0.01, 
£££P<0.001 vs Asc/Fe2+ without insulin. 
 


7.2.4. Insulin protects against apoptosis under oxidative stress  


Since insulin stimulates Bcl-2 expression (Fig. 7.3.C, 7.4.C) and inhibits caspase-3 


expression (Fig. 7.3.D, 7.4.D), we further investigated its effects on caspase-mediated 


apoptosis, by determining caspase-3 activity and DNA fragmentation (Fig. 7.5.). 


Exposure to ascorbate/Fe2+ induced a significant increase in caspase-3 activity (to 


152.1±16.8% of control), which was completely prevented by 0.1 and 10 µM insulin. 


No changes were induced by insulin per se (Fig. 7.5.A). These results were further 


corroborated by the observation that oxidative stress-mediated DNA fragmentation was 


prevented by insulin (Fig. 7.5.B). 


Data suggest that by activating IR and IGF-1R and their intracellular signalling 


pathways, insulin rescues cortical neurons from caspase-3-mediated apoptotic cell 


death.  
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Fig. 7.5. Apoptotic neuronal death in cortical neurons treated with insulin. Apoptosis was analysed by 
the activation of the effector caspase-3 (A), and by assessing DNA condensation/fragmentation (B). 
Caspase-3-like activity was determined by following the extent of cleavage of Ac-DEVD-pNa, at 405 nm, 
whereas DNA was analysed with the fluorescent probe Hoechst 33342. Results are the mean±SEM of 
five-ten independent experiments performed in duplicate (considering 0.015 as 100%). Statistical 
significance: **P<0.01 vs Control; ££P<0.01, £££P< 0.001 vs Asc/Fe2+ in the absence of insulin. In (B) are 
representative images of viable and apoptotic (arrows) neurons upon treatment with 0.1 and 10 µM 
insulin (Ins0.1 and Ins10, respectively), visualized in an epifluorescence Axiovert 200 Zeiss microscope.  
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7.3. Discussion 


Increasing attention has been recently given to the role of insulin and IGF-1 as the 


missing link between diabetes and AD, both of which involve oxidative stress 


[Kokoszka et al., 2001; Craft and Watson, 2004; Chong et al., 2005]. Thus, deleterious 


effects induced by oxidative stress on neuronal insulin/IR/IGF-1R signalling are related 


with altered brain function.  


In the present study we analysed the involvement of IR and IGF-1R-associated 


intracellular signalling pathways on insulin neuroprotection against oxidative stress 


[Duarte et al., 2005, 2006a]. Immunocytochemical analysis revealed the presence of 


both IR and IGF-1R in cortical neurons, in agreement to the demonstration of IR in 


neuronal cell bodies and synapses [Heidenreich, 1993; Zhao et al., 1999]. Rat brain IR 


mRNA seems to be most abundant at embryonic day 20 and at birth, then declining to 


adult levels, paralleling the changes observed in insulin binding and IR density [for 


review, Schulingkamp et al., 2000]. However, the duration of IR activation remains 


uncertain. Recent reports described that insulin-mediated neuronal IR activation results 


in IRS-2 Tyr phosphorylation within 2-5 min, with a peak at 20-30 min [Niswender et 


al., 2003; Freude et al., 2005], further inducing the phosphorylation of PI-3K. Neuronal 


Akt, GSK-3β, ERK1/2 and FoxO1 were also maximally phosphorylated in response to 


IR activation 10 min after peripheral insulin injection [Freude et al., 2005]. This was not 


observed in NIRKO mice, a neuronal/brain-specific IR knockout mice [Freude et al., 


2005], or upon wortmannin exposure [Bruss et al., 2005]. Taking into account previous 


data, it is not surprising that insulin per se did not affect IR or IGF-1R Tyr 


phosphorylation in our experimental conditions, since the shortest time-interval for 


insulin exposure of cortical neurons exceeded 5 h (10 µM insulin). Nevertheless, Huang 


et al. (2005) showed that insulin can induce a long-lasting (30 h, 1 nM) PI-3K-


dependent phosphorylation of Akt, in cultured adult sensory neurons. We can exclude 


IR downregulation under our conditions since, unlike peripheral IR, brain IR does not 


seem to undergo downregulation upon exposure to high insulin levels [Boyd and 


Raizada, 1983; Zahniser et al., 1984]. Indeed, if the IR was downregulated, we would 


not have observed insulin-mediated effects upon ascorbate/Fe2+ exposure. 


The link between oxidative stress and apoptosis has been largely documented. We 


showed previously that apoptosis induced by staurosporine involved the formation of 


both mitochondrial and cytosolic ROS and the subsequent rise in intracellular Ca2+
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levels in cultured chick retina neurons [Gil et al., 2003]. In the present study, 


ascorbate/Fe2+-induced stimulation of caspase-3 expression was accompanied by an 


increase in caspase-3 activity and a decrease in Bcl-2 expression, suggesting that 


caspase-3-dependent apoptosis mediates neuronal death under oxidative stress, further 


supporting our previous observations [Duarte et al., 2005]. This is in accordance with 


the observation that ROS-induced mitochondrial dysfunction may result in cytochrome 


c release into the cytosol, activation of the apoptosome, caspase-3 cleavage and 


apoptosis [Russel et al., 2002; Leinninger et al., 2004].  


Neurons possess mechanisms to regulate the survival response against oxidative 


stress-associated apoptosis. One of such protective mechanisms involves PI-3K/Akt 


[Datta et al., 1999; Hallak et al., 2001]. In the present study, ascorbate/Fe2+ 


neurotoxicity occurred via inhibition of both IR and IGF-1R, leading to impairment of 


Akt phosphorylation. Insulin neuroprotection against oxidative stress involved the 


stimulation of IR and IGF-1R activity and the restoration of PI-3K/Akt signalling 


pathway. Neuroprotection can be further afforded by phosphorylation of GSK-3β at 


Ser9, which becomes inactive, as determined in primary cultured neurons and in the 


hippocampal neuronal cell line HT22 [Schäfer et al., 2004]. As a consequence, GSK-


3β-induced inhibition of heat shock factor-1 [Bijur et al., 2000] and CREB activity is 


abolished, thus impairing Bcl-2 expression [Pugazhenthi et al., 2000] and protecting 


against neuronal caspase-3-dependent and -independent apoptosis [Martin et al., 2002]. 


Conversely, stimulation of GSK-3β activity due to chronic inhibition of insulin 


signalling caused ER stress apoptosis associated with oxidative stress [Hayashi et al., 


2005], as described in human neuroblastoma [Song et al., 2002] and mouse insulinoma 


cells [Srinivasan et al., 2005]. Despite no changes in phosphorylation of GSK-3βSer9 


(inactive), in the present study insulin decreased GSK-3βTyr216 (active) 


phosphorylation. The observation that oxidative stress did not interfere with GSK-3β 


phosphorylated on Ser9 or Tyr216 suggests that the deleterious effects of oxidative 


stress may have involved other mechanisms than GSK-3β activation, namely decreased 


phosphorylation of Bad [for review, Chong et al., 2005]. Moreover, although less 


investigated, inhibition of GSK-3βTyr216 phosphorylation in neurons can be involved 


in insulin-mediated stimulation of Bcl-2 expression upon oxidative stress. Indeed, 


insulin prevented oxidative stress-mediated changes in expression of genes linked to 


cell survival, namely Bcl-2 and caspase-3. 
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PI-3K/Akt has been also involved in the regulation of neuronal glucose metabolism 


[for review, Fulop et al., 2003; Rojo et al., 2004]. Changes in peripheral and CNS 


glucose metabolism caused by oxidative stress may implicate the inhibition of IRS-1/2 


Tyr phosphorylation, impairing recruitment of p58α PI-3K subunit and decreasing Akt 


activity [for review, Fulop et al., 2003]. S-nitrosoglutathione, a NO• donor, was 


previously shown to induce S-nitrosylation of IR, decreasing its phosphorylation and 


the levels of P-Akt and P-GSK-3β (Ser9) in muscle cells, culminating in the inhibition 


of glucose uptake [Carvalho-Filho et al., 2005]. We previously showed that 


ascorbate/Fe2+ caused an impairment of neuronal glucose uptake and metabolism 


[Duarte et al., 2006a], which was accounted for by an increased oxidation of GLUT3 


transporter by 4-HNE [Duarte et al., 2005]. Decreased Hxk-II levels induced by 


oxidative stress, as observed in the present study, may further contribute to glycolysis 


inhibition, explaining the lower levels of intracellular ATP [Duarte et al., 2006a]. Hxk-


II represents the rate-limiting step in neuronal glycolysis - the formation of G6P 


[Whitesell et al., 1995; Wilson, 2003], being also a downstream effector of Akt-


mediated cell survival in rat fibroblasts [Gottlob et al., 2001]. Thus, stimulation of Hxk-


II expression by insulin correlates with the increase in glucose metabolism and 


intracellular ATP and ADO levels upon oxidation [Duarte et al., 2006a]. 


Inhibition of PI-3K/Akt signalling pathway with wortmannin and LY294002 was 


previously shown to decrease intracellular uric acid levels under oxidized conditions 


[Duarte et al., 2005]. Here we show that exposure to ascorbate/Fe2+ increased GPx-1 


mRNA and protein expression, which correlates with increased GPx activity and the 


impairment of glutathione redox cycle [Duarte et al., 2005]. Since GPx-1 is the main 


neuronal antioxidant enzyme in the cytosol and mitochondria, catalysing the oxidation 


of GSH to GSSG and the reduction of H2O2 to H2O [de Haan et al., 1998; Cai et al., 


2003], insulin-induced decreased expression and activity of GPx-1 may contribute to 


the replenishment of antioxidant defences under oxidative stress [Duarte et al., 2005].  


Neuronal IR and IGF-1R can also activate ERK1/2 signalling, either directly or via 


activation of PI-3K [Perkinton et al., 1999; Lin et al., 2001; Crossthwaite et al., 2002], 


thus modulating gene expression [Lin et al., 2001]. ERK activation has been implicated 


in neuronal cell survival or in cell death [for review, Levinthal and DeFranco, 2004]. 


H2O2 may activate MEK-ERK1/2 signalling, stimulating neuronal gene expression 


[Guyton et al., 1996; Hallak et al., 2001] or protecting against acute neuronal apoptosis 


[Lin et al., 2004]. Although ERK1/2 signalling cascade was unmodified in our 
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experimental conditions, we can not exclude its involvement in insulin effects against 


oxidation-mediated injury. Indeed, we previously observed that insulin-mediated 


protective effects under oxidative stress were precluded in the presence of the MEK 


inhibitor PD98059. This inhibitor altered the levels of intracellular uric acid, ATP and 


ADO, highly suggesting the involvement of the ERK1/2 pathway [Duarte et al., 2005, 


2006a]. The apparent discrepancy may be explained by the fact that ERK1/2 signalling 


was determined at the end of the experiments, whereas PD98059 was incubated prior to 


insulin exposure.  


In summary, we demonstrate that insulin neuroprotection against oxidative stress is 


mediated by IR- and/or IGF-1R-induced activation of PI-3K/Akt and inhibition of GSK-


3β signalling pathways, which appear to modulate the expression of proteins involved 


in glucose metabolism (Hxk-II), antioxidant defences (GPx-1) and anti-apoptotic 


mechanisms (Bcl-2 and caspase-3) under ascorbate/Fe2+ treatment, thus protecting 


cortical neurons against caspase-3-dependent apoptosis. These results are in agreement 


with insulin stimulation of neuronal glucose uptake and metabolism, the increase in 


intracellular ATP, ADO, uric acid and glutathione redox cycle and the decrease in lipid 


and protein oxidation occurring upon oxidative stress [Duarte et al., 2005, 2006a].  


These data is quite relevant in the context that oxidative stress has been proposed as 


a missing link between the loss of  pancreatic β-cells and neurons, affecting both type 2 


diabetes and AD [for review, Hoyer, 2003; Craft and Watson, 2004; Janson et al., 


2004]. Moreover, AD has been considered as a “brain-type diabetes” [Hoyer, 2003; 


Steen et al., 2005], based on decreased number or binding capacity of brain IR in both 


patients and mouse models of AD [Blum-Degen et al., 1995; Zaia and Piantanelli, 


2000], increased risk for type 2 diabetes in AD patients [Janson et al., 2004] and the 


accumulation of hyperphosphorylated tau in the CNS of IRS-2-disrupted mice, a model 


of type 2 diabetes [Schubert et al., 2003]. Thus, insulin may constitute a therapeutic 


agent against AD via the activation of both neuronal IR and IGF-1R signalling 


pathways. Nevertheless, a therapeutic systemic insulin administration has to involve the 


maintenance of normoglycemia, avoiding hyperglycemia-associated cognitive and 


memory deficits in AD [Zhao et al., 2004]. According to Reger et al. (2006), this 


limitation can be circumvented by intranasal insulin administration, which allows its 


direct entry into brain without affecting peripheral glucose or insulin levels. 
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The answers to the questions raised in this Thesis (Chapter 1) can be summarized as 


follows: 


1) In normal Wistar rat synaptosomes, insulin may modulate GABA and glutamate 


transport, either directly, as occurs under non-oxidizing conditions, or via the 


reversal of amino acid transporters and restoration of ATP/ADP ratio, as occurs 


in oxidative stress (Chapter 3; Fig. 8.1.A). Although type 2 diabetes per se does 


not affect GABA or glutamate transport (Chapter 4; Fig. 8.1.B), insulin 


increases the uptake of both amino acids under these conditions (Chapter 4; Fig. 


8.1.C). Furthermore, insulin prevents ascorbate/Fe2+-induced decreased uptake 


and increased extrasynaptosomal levels of GABA, thus modulating its transport 


in GK rat synaptosomes (Chapter 4; Fig. 8.1.D, E).   


2) Insulin protects cultured cortical neurons against oxidative stress-induced 


apoptosis and necrosis. Increased neuronal survival may be correlated with the 


stimulation of uric acid and glutathione redox cycle, with the subsequent 


protection against lipid and protein oxidation, namely GLUT3 oxidation by 4-


HNE (Chapter 5; Fig. 8.2.). 


3) Insulin neuroprotection against ascorbate/Fe2+-mediated damage involves both 


the stimulation of glucose uptake and metabolism, restoring the energy levels. 


Subsequent rise in intracellular ADO leads to uric acid formation, increasing the 


levels of endogenous antioxidants (Chapter 5). Possible inhibition of ATP 


release and its extracellular metabolization restores the levels of extracellular 


ADO (Chapter 6; Fig. 8.2.). 


4) Insulin-mediated neuroprotection against oxidative damage involves the IR and 


IGF-1R-induced stimulation of PI-3K/Akt and inhibition of GSK-3β signalling 


pathways, regulating the synthesis of proteins involved in neuronal antioxidant 


defences (GPx-1), glucose metabolism (Hxk-II) and prevention of caspase-3-


dependent apoptosis (Bcl-2, Caspase-3) (Chapter 7; Fig. 8.2.). 
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E.   


 


 


 


 


 


 


 


  


 


 
Fig. 8.1. Modulation of synaptosomal GABA and/or glutamate transport by insulin in oxidative stress 
conditions and/or diabetes. Treatment with insulin under oxidative stress conditions modulates both 
GABA and glutamate transport in non-diabetic rat synaptosomes, promoting inhibitory neurotransmission 
and thus protecting against excitotoxicity (A). Despite no effects on GABA or glutamate transport, type 2 
diabetes per se decreases synaptosomal ∆Ψ and ATP/ADP (B), and insulin treatment stimulates both 
GABA and glutamate uptake (C). Ascorbate/Fe2+-induced lipid oxidation in GK rat synaptosomes is 
accompanied by decreased ∆Ψ and increased extracellular glutamate, which can be counteracted by 
decreased GABA transport and its extrasynaptosomal accumulation (D). Under these conditions, insulin 
increases GABA uptake (E). 
 


         
Fig. 8.2. Stimulation of IR/IGF-1R-induced PI-3K/Akt signalling pathway mediates insulin 
neuroprotection against oxidative stress. Treatment with insulin under oxidative stress conditions 
induces the phosphorylation of IR and/or IGF-1R, which maintains the activation of the PI-3K/Akt 
signalling pathway. This appears to regulate the expression of “candidate” proteins, namely GPx-1, Hxk-
II, Bcl-2 and caspase-3, thus helping to counterbalance oxidative stress, impaired glucose metabolism and 
neuronal apoptosis. Insulin also interferes with GSK-3β signalling, decreasing its activated form and 
inhibiting apoptotic neuronal death under oxidized conditions.  
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Despite the present knowledge of some of the cellular mechanisms that lead to CNS 


injury, complete therapeutic prevention or reversal of acute or chronic neuronal injury 


involving oxidative stress or resulting from diabetic complications has not been 


achieved. In the last decade, increasing evidence demonstrated that brain IR signalling 


pathways play pivotal roles in regulating brain function, which is exquisitely linked to 


peripheral tissue functions regulated by circulating insulin. Presently, the precise 


molecular mechanisms underlying such insulin functions, with a special relevance to its 


neuroprotective role is still fragmental and circumstantial. Nevertheless, insulin has 


been increasingly faced as a promise in the treatment of several pathological states (e.g., 


obesity, stroke and neurodegenerative diseases), with a special emphasis on intranasal 


administration. Hence, identification of novel therapeutic targets associated with 


neuronal IR signalling is highly beneficial to reduce and/or eliminate human disabilities 


caused by disorders of the CNS. 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 







 


 


 


 


 


 


 


 


 


 


 


 
 
 
 
 


 
 


“Levantar novas questões, novas possibilidades e olhar para 


problemas antigos sob uma nova perspectiva, requer 


imaginação e marca um avanço real na ciência”   


 


Albert Einstein  


(Prémio Nobel da Física, Alemanha/Suíça/E.U.A., 1879-1955)  
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List of Abbreviations 
1O2 - singlet oxygen 
2-DG - 2-deoxyglucose 
2-[3H]DG - 2-deoxy-D-[1-3H]glucose 
4-HNE - 4-hydroxynonenal 
8-OHdG - 8-hydroxy-2-deoxy-guanosine 
Aβ - amyloid-β peptide 
Ac-DEVD-pNA - N-acetyl-Asp-Glu-Val-Asp-p-nitroanilide 
ACoA - acetyl coenzyme A 
Actb - β-actin 
AD - Alzheimer’s disease 
ADA - American Diabetes Association 
ADO - adenosine 
ADOD - adenosine deaminase 
ADP - adenosine-5’-diphosphate 
AGC - cAMP-dependent kinase/protein kinase G/protein kinase C superfamily 
AGEs - advanced glycation endproducts 
AIF - apoptosis-inducing factor 
AK - adenosine kinase 
AMP - adenosine-5’-monophosphate  
AMPA - α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
AMPCP - α,β-methyleneadenosine-5’-diphosphate sodium salt 
AMPK - AMP-activated protein kinase  
ANT - adenine nucleotide translocator 
Apaf-1 - apoptotic protease-activating factor-1 
APOε - apolipoprotein ε 
APP - amyloid-β precursor protein 
Asc - ascorbate 
ARE - antioxidant responsive element 
ATP - adenosine-5’-trisphosphate  
B2m - β-2 microglobulin 
Bad - Bcl-2-associated death promoter 
Bak - Bcl-2 homologous antagonist killer 
Bax - Bcl-2-associated-X-protein 
BB - BioBreeding 
BBB - blood-brain barrier 
Bcl-2 - B-cell lymphoma-2 
BDNF - brain-derived neurotrophic factor 
BGT-1 - betaine/GABA transporter-1 
BH - Bcl-2-homology domain 
Bim - Bcl-2-interacting mediator of cell death 
BIR - baculovirus inhibitor of apoptosis protein repeat domain 
BSA - bovine serum albumine 
cAMP - cyclic adenosine-monophosphate  
Ca2+ - calcium 
CARD - caspase-recruitment domain 
Casp3 - Caspase-3  
Cdk-5 - cyclin-dependent kinase-5 
CHAPS - 3-[(3-cholamidopropyl) dimethylammonio]-1-propane-sulfonate 
Cl- - chloride 
cGMP - cyclic guanosine monophosphate 
CNS - central nervous system 
CO2 - carbon dioxide 
CREB - cAMP-responsive element binding 
CSF - cerebrospinal fluid 
Cu+ - copper(I), reduced 
Cu2+ - copper(II), oxidized 
Cu,ZnSOD - copper,zinc superoxide dismutase 
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Cys - cysteine 
DD - death domain  
DED - death effector domain 
DISC - death-inducible signalling complex 
DNA - deoxyribonucleic acid 
DNase - deoxyribonuclease 
DNPH - 2,4-dinitrophenylhydrazine  
DTT - 1,4-dithiotreitol  
EAA - excitatory aminoacid 
EAAT - excitatory amino acid transporter 
ECF - enhanced chemifluorescence reagent  
ECSOD - extracellular superoxide dismutase 
EGTA - ethylene glycol tetraacetic acid 
Elk-1 - Ets-like protein-1 
eNOS - endothelial nitric oxide synthase 
ER - endoplasmic reticulum 
ERK - extracellular signal-related kinase 
FADD - Fas-associated cell death domain 
Fe2+ - iron(II), reduced 
Fe3+ - iron(III), oxidized 
FeSO4 - ferrous sulfate 
FKHR - forkhead transcription factors 
FMN - flavin mononucleotide 
FoxO - Forkhead box factor 
G6P - glucose-6-phosphate 
GABA - γ-aminobutyric acid 
GAPDH - glyceraldehyde 3-phosphate dehydrogenase 
GAT - γ-aminobutyric acid transporter 
GDP - guanosine diphosphate 
GFAP - glial fibrillary acidic protein 
giGPx - gastrointestinal glutathione peroxidase 
GK - Goto-Kakizaki 
GLUT - glucose transporter 
GPx - glutathione peroxidase 
Grb-2 - growth factor receptor-bound protein-2 
GRed - glutathione reductase 
GS - glutamine synthase 
GSH - reduced glutathione 
GSK-3β - glycogen synthase kinase-3β 
GSSG - oxidized glutathione 
GST - glutathione-S-transferase 
GTP - guanosine trisphosphate  
H2O - water 
H2O2 - hydrogen peroxide 
HD - Huntington’s disease 
HEPES - 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
His - histidine residue 
Hip - huntingtin-interacting protein 
HO• - hydroxyl radical 
HPLC - high-performance liquid chromatography 
Htt - huntingtin protein 
Hxk - hexokinase 
IAPs - inhibitor of apoptosis proteins 
IDE - insulin degrading enzyme 
IGF - insulin-like growth factor 
IGF-1R - insulin-like growth factor-1 receptor 
IκB - inhibitory protein of κB 
IL-1β - interleukin-1β 
ILP-2 - inhibitor of apoptosis-like protein-2 
iNOS - inducible nitric oxide synthase  
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Ins - insulin 
INT - fluorescence intensity 
IPB - immunoprecipitation buffer 
IR - insulin receptor 
IRS - insulin receptor substrate  
JNK - c-Jun N-terminal kinase 
K+ - potassium 
K+


ATP - ATP-dependent potassium channel 
Ki - unidirectional influx constant 
LDH - lactate dehydrogenase 
Lys - lysine residue 
MAP2 - microtubule-associated protein-2 
MAPK - mitogen-activated protein kinase 
MDA - malondialdehyde 
MEK - mitogen-induced extracellular kinase 
Met - methionine residue 
MnSOD - manganese superoxide dismutase 
MOMP - mitochondrial outer membrane permeability 
MPTP - mitochondrial permeability transition pore 
mRNA - messenger ribonucleic acid 
mtDNA - mitochondrial deoxyribonucleic acid 
mtNOS - mitochondrial nitric oxide synthase 
mTOR - mammalian target of rapamycin  
MTT - 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide 
Na+ - sodium  
NAD+ - nicotinamide adenine dinucleotide, oxidized form 
NADH - nicotinamide adenine dinucleotide, reduced form 
NADP+ - Nicotinamide adenine dinucleotide phosphate, oxidized form   
NADPH - nicotinamide adenine dinucleotide phosphate, reduced form 
NAIP - neural apoptosis-inhibitory protein 
NBTI - S-(4-nitrobenzyl)-6-thioinosine 
NEM - N-ethylmaleimide  
NF-κB - nuclear factor-κB 
NIRKO - neuronal insulin receptor knockout 
NMDA - N-methyl-D-aspartate 
NO• - nitric oxide 
NO2 - nitrogen dioxide 
NO3 - nitrate 
NOD - non-obese diabetic 
nNOS - neuronal nitric oxide synthase 
NSY - Nagoya-Shibata-Yasuda 
O2 - molecular oxygen 
O2


•- - superoxide anion 
OLETF - Otsuka Long-Evans Tokushima Fatty 
ONOO- - peroxynitrite 
ONOOH - peroxynitrous acid 
OPT - ortho-phthaldialdehyde  
PARP - poly(ADP-ribose) polymerase 
PBS - phosphate-buffered saline 
P~Cr - phosphocreatine 
PD - Parkinson’s disease 
PDE - phosphodiesterase 
pGPx - plasma glutathione peroxidase 
PH - pleckstrin homology domains 
PHGPx - phospholipids hydroperoxide glutathione peroxidase 
Pi - inorganic phosphate 
PI - propidium iodide 
PI-3K - phosphatidylinositol 3-kinase 
PI-3,4-bisphosphate - phosphatidylinositol-3,4-bisphosphate 
PI-3,4,5-trisphosphate - phosphatidylinositol-3,4,5-trisphosphate
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PKA - c-AMP-dependent protein kinase 
PKC - protein kinase C 
PMSF - phenylmethanesulfonyl fluoride  
PolyQ - polyglutamine  
PPAR - peroxisome proliferator-activated receptor  
PUFA - polyunsaturated fatty acids 
PVDF - polyvinylidene difluoride  
RNA - ribonucleic acid 
RNase - ribonuclease  
RNS - reactive nitrogen species 
ROS - reactive oxygen species 
RT-PCR - reverse transcriptase-polymerase chain reaction 
SAPK - stress-activated protein kinases 
SBTI - soybean trypsin inhibitor 
SEM - standard error media 
Ser - serine residue 
SH2 - Src homology-2 
SHC - Src homology and collagen 
SOD - superoxide dismutase 
SOS - son of sevenless 
STZ - streptozotocin 
TBA - thiobarbituric acid 
TBARS - thiobarbituric acid reactive substances 
t-BHP - tert-butylhydroperoxide  
tBid - truncated BH3-interacting domain death agonist 
TBS - Tris-buffered saline 
TCA - tricarboxylic acid 
TEA - triethanolamine  
Thr - threonine residue 
TNF-α - tumor necrosis factor-α 
TPP+ - tetraphenylphosphonium  
TRAF2 - tumor necrosis factor receptor-associated factor 2 
Tyr - tyrosine residue 
VDAC - voltage-dependent anion channel 
VEGF - vascular endothelial growth factor 
WHO - World Health Organization 
XIAP - X chromosome-linked IAP  
Zn - zinc 
∆Ψ - plasma membrane potential  
∆Ψm - mitochondrial membrane potential 
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