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APRESENTAÇÃO 

 

 Esta tese está organizada em seções dispostas da seguinte maneira: Introdução, 

Objetivos, Capítulos (I, II, III, IV, V e VI – referentes a artigos científicos), Discussão, 

Conclusões, Perspectivas e Referências Bibliográficas. 

 A seção Introdução apresenta o embasamento teórico que levou à formulação 

das propostas da Tese, as quais estão descritas na seção Objetivos. 

 A seção Capítulos contém os artigos científicos publicadas, submetidos ou em 

fase de preparação para submissão, os quais estão apresentados de acordo com os 

objetivos específicos. Esta seção também apresenta os materiais e métodos e as 

referências bibliográficas específicas de cada artigo e está dividida em Capítulos I, II, 

III, IV, V e VI. Os Capítulos I a VI foram realizados no Laboratório de Neuroproteção e 

Sinalização Celular – Departamento de Bioquímica (UFRGS), coordenado pela Profa. 

Dra. Christianne Gazzana Salbego; nos Capítulos I, II e III houve colaboração com o 

Departamento de Química Biológica da Universidade de Buenos Aires (UBA, 

Argentina), através da Profa. Dra. Patricia Setton-Avruj; no Capítulo II houve 

colaboração com o grupo do Prof. Dr. Carlos Alberto Saraiva Gonçalves do 

Departamento de Bioquímica da UFRGS; no Capítulo III houve colaboração com a 

Profa. Dra. Cristiane Matté do Departamento de Bioquímica da UFRGS; no Capítulo IV 

houve colaboração com a Dra. Ana Carolina Zeri do Laboratório Nacional de 

Biociências (CNPEM, Campinas, SP), com a Profa. Dra. Leandra Franciscato Campo 

do Departamento de Química da UFRGS e com a Profa. Dra. Fátima Guma do 

Departamento de Bioquímica da UFRGS; no Capítulo V houve colaboração com o Prof. 

Dr. David Dreiemeier do Setor de Patologia Veterinária da UFRGS, com a Profa. Dra. 

Denise Zancan do Departamento de Fisiologia da UFRGS e com a Profa. Dra. Ana O. 

Battastini do Departamento de Bioquímica da UFRGS. 

 A seção Discussão contém uma interpretação geral dos resultados obtidos nos 

diferentes artigos científicos. A seção Conclusões aborda as conclusões gerais obtidas 

na Tese. A seção Perspectivas aborda as possibilidades de desenvolvimento de projetos 

a partir dos resultados obtidos, dando continuidade a essa linha de pesquisa. 

 A seção Referências Bibliográficas lista as referências citadas na Introdução e 

Discussão da Tese. 
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LISTA DE ABREVIATURAS 

 

ADM-1 – Adenomodulina-1 

ADP - Adenosina difosfato 

Akt/PKB - Proteína Cinase B (Protein Kinase B) 

AMP - Adenosina monofosfato 

ATP - Adenosina tri-fosfato 

BHE - Barreira hemato-encefálica 

CREB – Proteína de Ligação ao Elemento de Resposta ao AMP cíclico (cAMP 

Response Element Binding Protein) 

CTT - Células tronco tumorais 

DOX – Doxazosina 

DOX-NC – Doxazosina nanoencapsulada 

DR4/DR5 – Receptor de Morte 4/5 (Death Receptor 4/5) 

EGF – Fator de Crescimento Endotelial (Endothelial Growth Factor) 

EGFR - Receptor de Fator de Crescimento Endotelial (Endothelial Growth Factor 

Receptor) 

ERBB – Oncogene de leucemia eritroblástica viral (erythroblastic leukemia viral 

oncogene) 

EROs – Espécies reativas do Oxigênio 

ERK – Cinase Regulada por Sinal Extracelular (Extracellular Signal-Regulated Kinase) 

FAS – Receptor 6 da Superfamília de TNF (TNF superfamily receptor 6) 

FDA – Administração de Alimentos e Medicamentos (Food and Drug Administration) 

FOXO1 – Fator de Transcrição “forkhead homeobox O1” (Forkhead Homeobox Type 

O1) 

GB - Glioblastoma  

GB - Glioblastoma 

GLUT-1 - Transportador tipo I de glicose 
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GSK-3β - Glicogênio Sintase Cinase-3 (Glycogen Synthase Kinase-3β) 

HER – Receptor do Fator de Crescimento Epidermal Humano (Human Epidermal 

Growth Factor Receptor) 

HIF - Fator induzível de hipóxia (Hypoxia Inducible Factor) 

IDH – Isocitrato desidrogenase (isocitrate dehydrogenase) 

IL – Interleucina 

mAB – Anticorpo Monoclonal (Monoclonal Antibody) 

MAPK - Proteína Cinase Ativada por Mitógenos (Mitogen-Activated Protein Kinase)  

MDM2 – Double Minute murino 2 (Murine double minute 2) 

MTIC - 5-(3-metiltriazeno-1-il)imidazol-4-carboxamida 

mTORC – Complexo da Proteína Alvo da Rapamicina em Mamíferos (Mammalian 

Target of Rapamycin Complex)  

OMS - Organização Mundial da Saúde  

PDK1 - Cinase Dependente de Fosfoinositol (Phosphoinositide-dependent Kinase-1)  

PGC-1α - Co-ativador-1 alfa do Receptor Ativado por Proliferador do Peroxissoma 

(Peroxisome proliferator-activated receptor gamma coactivator 1-alpha) 

PI3K - Fosfatidilinositol 3-cinase (Phosphoinositide 3-kinase)  

PIP2 - fosfatidilinositol-4,5-bifosfato 

PIP3 - phosphatidilinositol-3,4,5-trisfosfato 

PO – Privação de Oxigênio 

PTEN - Homólogo Fosfatase e Tensina Deletado do Cromossomo 10 (Phosphatase and 

Tensin Homologue Deleted from Chromossome 10)  

Raf – Proteína de Fibrossarcoma de Aceleração Rápida (Rapidly Accelerated 

Fibrosarcoma protein)  

Ras – Vírus do Sarcoma de Rato (Rat sarcoma vírus)  

Rb – Retinoblastoma 

RTK – Receptores de tirosina cinases (Receptor Tyrosine Kinase) 

TNFR - Receptor de Fator de Necrose Tumoral (Tumoral Necrosis Factor Receptor) 
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SF – Sem soro (Serum Free) 

SNC - Sistema Nervoso Central  

TCGA - The Cancer Genome Atlas 

TERT: transcriptase reversa da telomerase (Telomerase Reverse Transcriptase) 

TFAM – Fator de transcrição mitocondrial A (Mitochondrial transcription factor A) 

TGF-α – Fator de Crescimento Tumoral alfa (Tumor Growth Factor alfa) 

TKI – Inibidor de tirosina cinase (Tyrosine Kinase Inhibitor) 

TMZ - Temozolomida 

TNFα - Fator de necrose tumoral alfa (Tumoral Necrosis Factor alpha) 

TRAIL - Ligante indutor de apoptose relacionado ao TNF (Tumor Necrosis Factor-

Related Apoptosis-Inducing Ligand) 

VEGF - Fator de Crescimento Endotelial Vascular (Vascular Endothelial Growth 

Factor) 

wtEGFR - Receptor de Fator de Crescimento Endotelial “wild type” (wild type 

Endothelial Growth Factor Receptor) 
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RESUMO 

 

Glioblastoma (GB) é o tumor cerebral humano mais frequente e maligno. O prognóstico 

dos pacientes com GB permanece alarmante, principalmente devido à baixa eficácia das 

estratégias terapêuticas atuais além da natureza invasiva desse tipo de câncer. Uma 

característica de tumores sólidos é apresentar áreas hipóxicas. Microambientes 

hipóxicos contribuem para a progressão do câncer, resistência ao tratamento e ao 

prognóstico ruim da doença. Dessa forma, neste trabalho, desenvolvemos um modelo in 

vitro que se aproxima ao microambiente hipóxico tumoral in vivo. Nossos resultados 

sugerem que a privação de oxigênio (PO) em combinação com ausência de soro 

forneceu um ambiente favorável à desdiferenciação das células C6 em células tronco 

tumorais (CTT). A doxazosina (DOX), um antihipertensivo utilizado na clínica, 

apresenta efeitos antitumorais em diversos tipos de câncer. Assim, avaliamos o efeito 

antitumoral da doxazosina em linhagens de glioma de rato (C6) e humano (U138-MG) e 

a toxicidade do fármaco em culturas primárias de astrócitos e culturas organotípicas de 

hipocampo. A doxazosina induziu morte celular nas linhagens de glioma e apresentou 

baixa neurotoxicidade. Além disso, o fármaco inibiu a via da PI3K/Akt e ativou GSK-

3β e p53, resultando em indução de apoptose e parada no ciclo celular na fase G0/G1. 

Considerando a importância da mitocôndria na plasticidade de células tumorais e a 

resistência ao tratamento apresentada pelos GB, nós analisamos os efeitos da DOX nas 

interações entre núcleo e mitocôndrias. A DOX induziu biogênese mitocondrial e 

apoptose nas células C6 e  diminuiu secreção de TNF-α. Ao analisar a estrutura química 

da DOX, encontramos diversas características que indicam que ela possui 

autofluorescência. Dessa forma, caracterizamos a autofluorescência da DOX em 

diversos meios. Observamos que há um padrão de distribuição do fármaco nas células 

C6: ele se encontra ao redor do núcleo e parece estar vesiculado. A superexpressão do 

receptor do fator de crescimento epidermal (EGFR) está relacionada às formas mais 

malignas e resistentes de GBs. Portanto, analisamos se a ação antiglioma da DOX está 

envolvida com EGFR. O tratamento com DOX foi capaz de diminuir os níveis de p-

EGFR. O co-tratamento de DOX e AG1478 (inibidor de receptores de tirosina cinase) 

diminuiu a fosforilação de EGFR e causou necrose. Em vista disso, nossos resultados 

sugerem que o mecanismo de ação da DOX envolve sinalização de EGFR. Por fim, nós 

avaliamos os efeitos da DOX livre e nanoencapsulada (DOX-NC) em modelos in vitro e 

in vivo de glioma. Demonstramos que a DOX-NC induziu morte celular em linhagem de 

glioma em concentrações 100 vezes menores do que as que utilizamos para a DOX na 

sua forma livre. Além disso, analisamos o efeito da DOX-NC em culturas organotípicas 

de hipocampo e, da mesma maneira que o observado com a DOX, a DOX-NC 

demonstrou baixa toxicidade e diminuiu a área tumoral in vivo, sendo seletiva para 

células cancerosas. Nesta tese, alteramos o microambiente in vitro de células de glioma, 

avaliamos os efeitos antitumorais da doxazosina em sua forma livre e nanoencapsulada. 

Além disso, utilizamos modelos de glioma in vitro e in vivo e em diversos parâmetros 

celulares, descrevemos a autofluorescência do fármaco e também utilizamos essa 

característica para avaliar a captação e a distribuição da doxazosina em células de 

glioma. Nossos resultados contribuíram para aproximar os modelos de estudo com o 

que ocorre em gliomas in vivo e para evidenciar o potencial terapêutico da doxazosina 

como um agente antiglioma com baixa toxicidade neural e sistêmica.  
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ABSTRACT 

 

Glioblastoma (GB) is the most frequent and malignant human brain tumor. The 

prognosis of patients with GB remains dismal, mainly due to the low effectiveness of 

current therapeutic strategies and the invasive nature of this type of cancer. A 

characteristic of solid tumors is the presence of hypoxic areas. Hypoxic 

microenvironments contribute to cancer progression, resistance to treatment, and poor 

prognosis of the disease. Thus, we developed an in vitro model that approximates the 

hypoxic tumor microenvironment found in vivo. Our results suggest that OD in 

combination with absence of serum provided an environment favorable to the 

dedifferentiation of C6 cells in cancer stem cells. Doxazosin (DOX), an 

antihypertensive used in the clinic, has antitumor effects in several types of cancer. 

Thus, we evaluated the antitumor effect of DOX on rat (C6) and human (U138-MG) 

glioma cell lines and drug toxicity in primary astrocyte cultures and organotypic 

hippocampal cultures. DOX induced cell death in glioma lines and showed low 

neurotoxicity. In addition, the drug inhibited the PI3K/Akt pathway and activated GSK-

3β and p53, resulting in induction of apoptosis and cell cycle arrest in the G0/G1 phase. 

Considering the importance of mitochondria in the plasticity of tumor cells and the 

resistance to treatment presented by glioblastomas, we analyzed the effects of DOX the 

interactions between nucleus and mitochondria. DOX induced mitochondrial biogenesis 

and apoptosis in C6 cells, and decreased TNF-α secretion. When analyzing the chemical 

structure doxazosin, we find several characteristics that indicate that it has 

autofluorescence. Thus, we characterized the autofluorescence of DOX in several 

media. We observed that there is a pattern of distribution of the drug in the cell: it is 

around the nucleus and appears to be vesiculated. Overexpression of the Epidermal 

Growth Factor Receptor (EGFR) is related to the more malignant and resistant forms of 

GBs. Therefore, we analyzed whether the antiglioma action of DOX is involved with 

EGFR. DOX treatment was able to decrease p-EGFR levels. Co-treatment of DOX and 

AG1478 (a receptor tyrosine kinase inhibitor) decreased EGFR phosphorylation and 

caused necrosis. Thus, our results suggest that the mechanism of action of doxazosin 

involves EGFR signaling. We evaluated the effects of free and nanoencapsulated 

doxazosin (DOX-NC) in in vitro and in vivo models of glioma. We demonstrated that 

nanoencapsulated doxazosin (DOX-NC) induced cell death in a glioma line at 

concentrations 100 times lower than those used for doxazosin in its free form. In 

addition, we analyzed the effect of DOX-NC on organotypic hippocampal cultures and, 

in the same way as observed with DOX, DOX-NC demonstrated low toxicity and 

decreased tumor area in vivo, being selective for cancer cells. In this dissertation, we 

altered the in vitro microenvironment of glioma cells, we evaluated the antitumor 

effects of doxazosin in its free and nanoencapsulated form. In addition, we used glioma 

models in vitro and in vivo and analyzed several cellular parameters, we described the 

autofluorescence of the drug and also used this characteristic to evaluate the uptake and 

distribution of doxazosin in glioma cells. Our results have contributed to approximate 

the study models with what occurs in gliomas in vivo and to evidence the therapeutic 

potential of doxazosin as an antiglioma agent with low neural and systemic toxicity. 

 

 

 



 

7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. INTRODUÇÃO 

 

 

 

 



 

8 

 

1.1. Gliomas 

 

 A incidência de todos os tumores primários é estimada em 18,71 por 100.000 

indivíduos por ano (Dolecek et al., 2012). Cerca de 60% deles ocorrem nos quatro lobos 

cerebrais (Huse et al., 2013). 

 Gliomas são os mais comuns dentre os tumores malignos do Sistema Nervoso 

Central (SNC).  Representam mais de 30% de todos os tumores primários e 80% dos 

tumores malignos do SNC.  

 Os gliomas classificados, de acordo com a Organização Mundial da Saúde 

(OMS), de 2007, conforme três critérios principais: histopatológicos, grau de 

malignidade (variando de I à IV – quanto maior o grau mais maligno, tabela 1) e 

conforme a localização do tumor no cérebro (se são infra ou supra-tentoriais) (Huse et 

al., 2011; Dolecek et al., 2012; Lima et al., 2012; Huse et al., 2013). 

 

Tabela 1: Classificação dos gliomas segundo os graus de malignidade. 

Sistema de Estadiamento de Gliomas 

Grau Comentários 

Tumor Grau I (astrocitoma pilocítico, 

astrocitoma de célula gigante 

subependimal, subependimoma, 

ependimoma mixopapilar) 

Tumor benigno, de crescimento lento; 

normalmente associado com 

sobrevivência a longo prazo; recorrência 

menos provável. 

Tumor Grau II (astrocitoma, 

oligoastrocitoma, oligodendroglioma) 

Hipercelularidade aumentada; sem mitose; 

sem proliferação vascular; sem necrose; 

pode recorrer como tumor de grau mais 

elevado. 

Tumor Grau III (astrocitoma, 

oligoastrocitoma, oligodendroglioma) 

Alta taxa de hipercelularidade; alta taxa de 

mitose; sem proliferação vascular; sem 

necrose; alta taxa de recorrência tumoral. 

Tumor Grau IV (glioblastoma) Taxa elevada de hipercelularidade; taxa 

elevada de mitose; presença de 

proliferação vascular; presença de 

necrose. 

Adaptado de Eckley e Wargo, 2010 e de Louis et al., 2016. 
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Recentemente houve uma alteração na classificação dos gliomas de acordo com 

a OMS (Louis et al., 2016) na qual foram adicionados parâmetros moleculares 

juntamente com a histologia para definir muitos dos tumores do SNC. A distribuição 

por histopatologia utilizada antes dessa atualização da OMS na classificação dos 

gliomas está ilustrada na Figura 1. Conforme Louis e colaboradores (2016), essa nova 

classificação com adição dos parâmetros moleculares é um estágio intermediário para a 

futura incorporação de dados moleculares objetivos na classificação de tumores do SNC 

(ainda encontra-se em estudo). Além disso, a nova classificação divide gliomas difusos 

em dois grandes grupos: os que possuem isocitrato desidrogenase (IDH) mutada ou 

selvagem (Fig. 2). 

 

 

 

Figura 1: Classificação histológica dos tumores primários do SNC- Gliomas 

(N= 90,828). Adaptado de Dolecek et al., 2012. 
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Figura 2: Algoritmo de classificação de gliomas difusos de acordo com características 

histológicas e moleculares. NOS: não especificado (not otherwise specified). 

Adaptado de Louis et al., 2016. 

 

 

1.2. Glioblastoma 

 

 Como visto anteriormente, o glioblastoma é um subtipo de glioma. Esse tipo de 

câncer foi identificado primeiramente em 1863 pelo Dr. Rudolf Wirshow sendo 

classificado microscopicamente como um tumor de células com origem glial 

(Mackenzie, 1926). Dr. Walter Dandy removeu um hemisfério inteiro de dois pacientes 

em coma que tinham GB, e mesmo assim, eles vieram a falecer devido à doença, 

demonstrando o quão invasivo é esse tipo tumoral (Dandy, 1928). 

 O GB foi originalmente chamado de espongioblastoma multiforme, mas em 

1926 o neuropatologista Dr. Percival Bailey e o neurocirurgião Dr. Harvey 

Cushingchamaram de glioblastoma multiforme (Mackenzie, 1926). O termo 

“multiforme”, designado por alguns pesquisadores, foi assim descrito pela primeira vez, 

pois observando esse tipo tumoral a partir de uma análise microscópica, eles 

apresentavam uma grande variabilidade histológica, bem como heterogeneidade 
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molecular, o que acarretava, muitas vezes, em prognóstico ruim da doença (Bao et al., 

2006). 

 Estes tumores apresentam características de glioma de grau IV, como necrose 

endotelial, alta taxa proliferativa e elevada densidade de células atípicas (glioblastoma 

primário), podendo evoluir para um tumor de grau inferior (glioblastoma secundário). 

Essa classificação em primários ou secundários depende do processo gliomagênico e 

das vias de sinalização celular que se encontram alteradas nessas células tumorais 

(Wirsching e Weller, 2016). 

Os GBs são os tumores cerebrais mais malignos e agressivos, compreendendo 

mais da metade de todos os gliomas. Constituem a segunda neoplasia maligna mais 

comum, representando 16% de todos os tumores primários cerebrais. Compreendem 

cerca de 3% de todos os tumores do SNC, diagnosticados na faixa de 0-19 anos de 

idade. São mais comuns em adultos e idosos. São 1,6 vezes mais comuns nos homens e 

a incidência é de duas a três vezes maior entre os brancos em comparação com negros 

ou outros grupos raciais (Dolecek et al., 2012). 

 Os percentuais de sobrevivência dos indivíduos afetados por glioblastoma são 

baixos: menos de 5% dos pacientes sobrevivem cinco anos após o diagnóstico. Porém, 

tais estimativas são um pouco mais elevadas para um pequeno número de pacientes, que 

quando diagnosticados possuem idade inferior a 20 anos (Dolecek et al., 2012). 

Embora os glioblastomas possam ocorrer em todas as idades, inclusive na 

infância, normalmente é diagnosticado aos 55-64 anos (idade média do paciente). A 

faixa etária dos pacientes, o estadiamento do tumor, a ocorrência de déficits 

neurológicos, bem como a natureza infiltrativa deste tipo de câncer dificulta a remoção 

cirúrgica completa. 

 Os pacientes com GB exibem uma sobrevida média de apenas 14,6 meses após 

ressecção cirúrgica e tratamentos de rádio e quimioterapia adjuvantes (Ostrom et al., 

2015). A quimioterapia com temozolomida (TMZ), fármaco utilizado como terapia 

padrão para esse tipo tumoral, aumenta a sobrevivência dos pacientes em cerca de seis 

meses a um ano (Stupp et al., 2005), dependendo do estadiamento do tumor. 

Mecanismos como desregulação de enzimas e proteínas transportadoras de membrana, 

aberrações genômicas e alterações da susceptibilidade a apoptose podem ser 

responsáveis pela alta incidência de quimio-resistência em pacientes com GB (Thakkar 

et al., 2014; Ostrom et al., 2015). 
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 Alterações genéticas que são frequentes nos GBs incluem as mutações de perda 

de função ou silenciamento das proteínas p53, p16, Rb e PTEN e mutações de ganho de 

função como a amplificação do gene EGFR. Isso resulta em uma desregulação de vias 

de sinalização intracelulares que acabam levando a um aumento da proliferação, 

sobrevivência, invasão e angiogênese tecidual (Wechsler-Reya e Scott, 2001; Ghosh et 

al., 2005; Huse et al., 2013; Wirsching e Weller, 2016). 

 Não há causas subjacentes identificadas para a maioria dos gliomas malignos. 

Fatores epidemiológicos específicos, incluindo exposições ocupacionais, carcinógenos 

ambientais, alimentos que contenham compostos N-nitrosos, campos eletromagnéticos, 

têm sido associados a uma pequena proporção dos gliomas. Os dois únicos fatores 

estabelecidos em relação à causa de tumores cerebrais primários são a exposição a doses 

elevadas de radiação ionizante e mutações herdadas de genes, associados com 

síndromes raras. Podem ocorrer ainda, no desenvolvimento dos gliomas, polimorfismos 

em genes que afetam a desintoxicação, o reparo do DNA e a regulação do ciclo celular 

(Institute, 2016). 

 Aproximadamente 5% dos pacientes com glioblastoma maligno apresenta 

histórico familiar. Alguns desses casos estão associados com síndromes genéticas raras, 

como neurofibromatose tipo 1 e 2, e síndrome de Li-Fraumeni (Farrell e Plotkin, 2007).  

 

1.2.1. Classificação (Glioblastomas – Análise Molecular) 

  

Em relação à caracterização patogênica dos GB, durante anos não haviam sido 

divulgados grandes avanços. Com o desenvolvimento da genômica, alguns 

pesquisadores conseguiram comprovar através de análises moleculares a 

heterogeneidade vista não só na morfologia desse tipo tumoral, mas na expressão de 

proteínas desses tipos de câncer. Essa classificação dos GBs, através da catalogação dos 

perfis e a integralização de todo o espectro de anormalidades moleculares comuns, 

facilitou a identificação de subclasses moleculares em doenças aparentemente 

“uniformes”, graças ao uso da tecnologia de microarranjos de DNA (Parsons et al., 

2008; Huse et al., 2011; Thakkar et al., 2014). 

Como descrito acima, segundo a OMS (Louis et al., 2016), os GBs são 

classificados em IDH mutados e IDH selvagens. A nova classificação, que ainda está 
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em implementação, tmabém define as características principais desses dois grupos, 

conforme a Tabela 2. 

 

 

Tabela 2. Principais características de glioblastomas IDH-selvagem e IDH-mutado 

 

Adaptado de Louis et al., 2016. 

 

Já os estudos iniciais em gliomas malignos demonstraram que as assinaturas 

transcricionais conseguem distinguir de maneira eficaz as subpopulações de GB, além 

de identificar vários tipos de genes cujos níveis de expressão podem estar 

correlacionados com o prognóstico (Fuller et al., 1999; Sallinen et al., 2000; Fuller et 

al., 2002; Huse et al., 2013). 

 O “Cancer Genome Atlas” (TCGA) é o instrumento de integração de dados de 

expressão e de perfis genéticos, que cataloga os padrões moleculares e integra todo o 
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espectro de anormalidades vistas em GBs (Parsons et al., 2008; Weinstein et al., 2013). 

Esta avaliação explora as bases moleculares das distintas subclasses de GB, além de 

considerar a sua importância na patogênese da doença e no desenvolvimento 

terapêutico, os quais poderiam ser melhor avaliados por testes pré-clínicos e 

adequadamente concebidos nos ensaios clínicos. 

 De acordo com essas análises de expressão e de perfis genéticos, os 

glioblastomas são classificados em 4 subclasses moleculares: proneural, neural, clássica 

e mesenquimais (figura 3). Essas subclasses exibem correlações genômicas e de 

anormalidades epigenômicas definidas. 

 

 

 

Figura 3: Demonstra esquematicamente as alterações genéticas observadas na 

patogênese de diferentes subtipos de glioblastoma. Adaptado de Van Meir 

et al., 2010. 

 

 

 A finalidade principal da subclassificação molecular dos GBs é delinear a 

biologia da tumorigênese e determinar os caminhos que levam a oncogênese e ao 

crescimento contínuo do tumor. A segunda meta é identificar as vulnerabilidades 

moleculares que podem servir de alvos terapêuticos, a fim de melhorar o controle dessa 

patologia e produzir melhores resultados aos pacientes. 
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 A partir desses dados, três vias de controle de proliferação e de morte celular 

mostraram-se alteradas (McLendon et al., 2008): 

 (1) Via dos receptores Receptores de tirosina cinases/ Vírus do Sarcoma de 

Rato/Fosfatidilinositol 3-cinase (RTK/Ras/PI3K) alterada em 88% dos GB; 

 (2) Via da proteína p53 alterada em 87%; 

 (3) Via da proteína do retinoblastoma (Rb) alterada em 77% dos GB. 

As vias 1 e 2 serão abordadas no item 1.6. 

 

1.2.2 Origens do glioblastoma 

 

 As origens do GB versam por três hipóteses. A primeira e mais antiga confirma 

que são originados de células maduras (astrócito e/ou oligodendrócito) que sofreram 

diversas mutações em genes supressores tumorais e oncogenes, levando a 

desdiferenciação e ao desenvolvimento do tumor.   

 A segunda hipótese sustenta que tais tumores têm origem a partir de células 

progenitoras. As células progenitoras neurais adquirem mutações resultando em células 

com propriedades de tronco (Bao et al., 2006; Eramo et al., 2006; Visvader e Lindeman, 

2008; Van Meir et al., 2010). 

A hipótese afirma que as células tronco neurais adultas (com um alto potencial 

proliferativo e de diferenciação) adquirem mutações transformando-se em 

tumorigênicas (figura 3, à esquera) (Dirks, 2006; Stiles e Rowitch, 2008). Esse último 

conceito de os glioblastomas apresentarem um 'pool' de células tumorais com 

propriedades tronco, responsáveis pela formação do tumor, originou o termo ‘células 

tronco tumorais’ (CTT).  

 A supressão espontânea da apoptose e desregulação da divisão celular 

constituem as propriedades mais críticas que uma célula somática adquire no decurso da 

sua transformação em neoplásica. 

 Existem pelo menos três razões que contribuem para a resistência dos 

glioblastomas à terapia:  

 (1) a massa tumoral muitas vezes pode estar localizada e invadir áreas cerebrais 

funcionais inacessíveis, impossibilitando a ressecção cirúrgica (tumores infiltrativos) 

sem que sejam afetadas as atividades motoras e/ou os processos cognitivos, 
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comprometendo de forma inequívoca a qualidade de vida do paciente (Sanai e Berger, 

2008; Sanai et al., 2008); 

 (2) os glioblastomas são caracterizados por apresentarem uma variedade de 

anormalidades genéticas. Esta heterogeneidade pode constituir um desafio 

terapêutico, porque as células que carregam anormalidades diferentes podem responder 

de forma diferente à terapia; 

 (3) a barreira hematoencefálica (BHE) protege o sistema nervoso central e evita 

que muitos quimioterápicos administrados sistemicamente tenham acesso ao local do 

tumor. 

 No intuito de compreender os mecanismos envolvidos na progressão dos 

glioblastomas, alguns pesquisadores identificaram uma população de CTTs com 

propriedades especiais, sendo denominadas de células tronco tumorais (CTTs) (Eramo 

et al., 2006). Estas células possuem um papel crucial na iniciação e proliferação do 

tumor. Apesar de terem propriedades distintas das células tumorais, possuem a 

habilidade de se auto-renovar, diferenciar em vários tipos de células tumorais e 

sustentar o crescimento do tumor in vivo (Eramo et al., 2006). São importantes, do 

ponto de vista clínico, devido a sua elevada resistência a rádio e quimioterapia. Essa 

descoberta explica a ineficácia da terapêutica atual (convencional), que está limitada às 

abordagens convencionais que visam eliminar a população de células neoplásicas em 

massa, não considerando as células remanecentes como as CTTs que conseguem 

regenerar o tumor (Smalley e Ashworth, 2003; Eramo et al., 2006; Jordan et al., 2006). 

 

1.3. Gliomas e Hipóxia 

 

 Conforme exposto acima, glioblastomas são tumores que possuem uma alta taxa 

proliferativa, são muito infiltrativos e são capazes de promover angiogênse tecidual. 

Porém esse mecanismo de formação de novos vasos não supre totalmente a massa de 

células neoplásicas com nutrientes e aporte de oxigênio, o que favorece muitas vezes a 

formação de áreas hipóxicas (Joseph et al., 2015). Esse fenômeno é comum em tumores 

sólidos (figura 4), onde a concentração de O2 na massa tumoral varia de 2,5 a 5,3%, e 

pode chegar até abaixo de 0,1% em regiões necróticas, caracterizando um 

microambiente hipóxico (Keith e Simon, 2007; Persano et al., 2013). As condições de 

normóxia para células humanas embrionárias ou adultas é em média 8% (57,6 mmHg) 
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de Oxigênio molecular (O2), geralmente variando entre 2,5 a 12% (14,4–64,8 mmHg) 

em tecidos cerebrais (Keith e Simon, 2007; Persano et al., 2013). 

 

 

 

Figura 4: Características do microambiente hipóxico em glioblastoma. Adaptado de Persano et al., 

2011. 

 

 

 Microambientes hipóxicos contribuem para a progressão dos tumores através da 

ativação de programas transcricionais adaptativos que promovem a sobrevivência 

celular, motilidade e angiogênese (Keith e Simon, 2007). Além disso, evidências 

sugerem que a hipóxia induz a desdiferenciação de células tumorais maduras para CTT, 

responsáveis pelo crescimento tumoral e pela resistência a radio e quimioterapia (Soeda 

et al., 2009; Persano et al., 2011; Joseph et al., 2015). 

 Os fatores induzíveis de hipóxia (HIFs) ativam a via apoptótica por meio da p53 

em células tumorais e não-tumorais. GBs apresentam mutações de perda de função da 

p53; nestes, a apoptose induzida pela falta de O2 é mediada por outras formas, sendo 

uma delas através da abertura do poro de transição de permeabilidade mitocondrial em 

uma via independente da p53 (Jakubovicz et al., 1987; Lemasters et al., 1997; 

Lemasters et al., 1999). 
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 Os HIFs não só sinalizam para a via apoptótica, mas principalmente são 

responsáveis pelas adaptações celulares frente à privação de O2, através da transcrição 

de genes alvo. HIF-1α e HIF-2α compartilham alguns genes alvo, incluindo genes que 

codificam o fator de crescimento endotelial (VEGF), o transportador tipo I de glicose 

(GLUT-1) e a adrenomedulina-1 (ADM-1). 

 O VEGF pode estar associado com o aumento da massa e da progressão tumoral 

através da atuação em células endoteliais e também através de uma via de sinalização 

autócrina. Foi demonstrado que VEGF em tumores é responsável pela manutenção de 

um fenótipo característico de CTT (morfologia característica de células indiferenciadas) 

(Hamerlik et al., 2012), pela proliferação celular (Knizetova et al., 2008), pela invasão 

de células tumorais (Bachelder et al., 2002) e por aumento de resistência a radio e 

quimioterapia (Eramo et al., 2006). 

 Embora a secreção de VEGF e de outros fatores pró-angiogênicos em GBs leve 

a uma forte resposta angiogênica, a vasculatura tumoral resultante é anormal, exibindo 

vazamentos devido a uma elevada permeabilidade vascular, espessamentos focais de 

paredes vasculares e formação de glomerulóides originados de proliferação 

microvascular excessiva (Brat e Van Meir, 2001; Kaur et al., 2005). 

 

1.4. Gliomas e Mitocôndria 

 

 Alterações mitocondriais contribuem para a patogênese dos gliomas. As 

mitocôndrias apresentam alta mobilidade e plasticidade, constantemente alterando a sua 

forma. A distribuição e organização dessas organelas variam entre os diferentes tipos 

celulares. Cada mitocôndria é envolta por duas membranas altamente especializadas, 

com diferentes funções. Juntas, elas criam dois compartimentos mitocondriais distintos: 

a matriz e o espaço intermembrana (Alberts et al., 2014). 

A principal função da mitocondria é a geração de ATP por meio da oxidação do 

piruvato, proveniente principalmente da glicólise no citoplasma da célula. Os elétrons 

obtidos da oxidação do piruvato são carreados por NADH.H
+
 e FADH2 e combinados 

com O2 pela cadeia respiratória presente na membrana mitocondrial interna. A grande 

quantidade de energia liberada é utilizada para encaminhar prótons contra seu gradiente 

de concentração através da membrana mitocondrial interna (para fora da matriz 

mitocondrial). Isso resulta em acúmulo de H
+
 no espaço intermembrana, o qual então 
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volta para a matriz por meio do complexo V da cadeia respiratória, gerando ATP 

(Nelson e Cox, 2012). A força que move os prótons para a mitocôndria (Δp) é uma 

combinação do potencial de membrana mitocondrial (Δψm) e o gradiente de pH 

mitocondrial (ΔpHm). Juntos, esses fatores ajudam a regular o controle mitocondrial 

sobre o metabolismo energético, homeostasia iônica na célula e morte celular. 

Em relação aos glioblastomas, estes apresentam metabolismo dinâmico e o 

tumor passa por muitas adaptações para manter sua alta taxa proliferativa, o crescimento 

celular e garantir a sua sobrevivência frente a insultos ou em ambientes hostis (Ordys et 

al., 2010). Essa plasticidade provém da heterogeneidade genética que as células 

apresentam (tipos de mutações e superexpressões) somada aos estímulos ambientais. Os 

quimioterápicos também podem induzir alterações metabólicas profundas nas células 

cancerosas, gerando resistência intrínseca à morte celular por apoptose (Yadava Phd, 

2015). 

As mitocôndrias têm um papel fundamental na regulação de todos esses 

processos, pois estão envolvidas na morte celular por apoptose (via intrínseca), na 

proliferação celular, no metabolismo energético e no equilíbrio de espécies reativas de 

oxigênio (EROs). Essa organela é responsável pelo metabolismo oxidativo na maioria 

das células, porém em gliomas a cadeia respiratória está comprometida e a produção de 

energia na sua maioria dá-se por via não oxidativa (via glicólise) (Ordys et al., 2010). 

Essa disfunção metabólica pode estar associada à estrutura tridimensional da 

cardiolipina, um fosfolipídio de membrana presente nas mitocôndrias (Schlame et al., 

2000). A cardiolipina em glioblastomas é sintetizada de forma errônea. Portanto, o 

complexo das proteínas da cadeia respiratória que se situam ancoradas na membrana 

também é afetado, gerando uma produção de ATP ineficiente (Kiebish et al., 2008). 

Muitos trabalhos citam que a resistência intrínseca a apoptose nos gliomas pode estar 

associada à estrutura química alterada da cardiolipina, pois essas alterações 

comprometem a formação do poro de transição mitocondrial. Além disso, a inibição de 

apoptose, indução de angiogênese, invasão e metástase em células tumorais atualmente 

se atribui a mutações associadas ao DNA mitocondrial (Kiebish et al., 2008; Ordys et 

al., 2010). 

No entanto, Yadava et al. (2015) avaliaram os mecanismos de diversos agentes 

terapêuticos em células cancerosas em relação a parâmetros mitocondriais e à morte 

apoptótica. Esse afirma que, após tratamento com quimioterápicos, ocorre biogênese 
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mitocondrial independentemente da ativação das caspases 3 e 7 e que cada fármaco age 

de maneira diferente nesse contexto. 

A biogênese mitocondrial e muitas funções da organela são reguladas por fatores 

de transcrição nucleares e coativadores, por exemplo, o fator de transcrição 

mitocondrial A (TFAM) e o co-ativador 1 alfa de receptor ativado por proliferadores de 

peroxissoma 1 gama (PGC-1α) (Scarpulla, 2008; Hock e Kralli, 2009). O PGC-1α serve 

como um elo entre eventos regulatórios nucleares e a maquinaria de transcrição da 

mitocôndria e o mesmo tem sido descrito como tendo um papel neuroprotetor por meio 

da indução da biogênese e função mitocondrial (Ventura-Clapier et al., 2008). 

 

1.5. EGFR 

 

 Alterações genéticas de RTKs, incluindo as do EGFR, têm um papel importante 

na resistência ao tratamento, no desenvolvimento e na progressão dos GB. A mutação 

mais comum associada ao glioma maligno é a amplificação do EGFR (também referido 

como ERBB1 ou HER1) com frequência de cerca de 50%. EGFR é um membro da 

superfamília HER de receptor tirosina cinases juntamente com ERBB2, ERBB3 e 

ERBB4 (Furnari et al., 2015).  

 A estrutura de cada um dos membros compreende: um ectodomínio ligante-

ligante com 2 regiões ricas em cisteína; uma única região transmembrana; e um domínio 

citoplasmático com ação enzimática tirosina cinase. Os ligantes responsáveis pela sua 

ativação incluem: EGF, TGF-α (Fator de Crescimento Transformador alfa), 

anfiregulina, betacelulina, dentre outros (Yewale et al., 2013). 

 Enquanto inativo, o EGFR ocorre na membrana plasmática como um 

monômero. A ligação de uma molécula EGF ou outro ligante compatível (TGF-α, 

anfiregulina, betacelulina) em um monômero do receptor, induz mudanças 

conformacionais que permitem a interação entre dois monômeros de EGFR. A homo ou 

heterodimerização do receptor resulta em mais alterações conformacionais que ativam o 

domínio tirosina cinase intracelular. Isto resulta na autofosforilação da porção 

citoplasmática do receptor e indução da sinalização "downstream". A fosforilação das 

porções intracelulares desses receptores ativam rotas de sinalização como Ras-Cinase 

Regulada por Sinal Extracelular (ERK, Proteína Cinase Ativada por Mitógenos, MAPK) 

e PI3K/Akt, entre outras (Tebbutt et al., 2013). 
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 A dimerização, além de ativar a atividade das cinases na porção intracelular leva 

à formação de invaginações cobertas por clatrina na membrana. Essas invaginações 

formam vesículas endocíticas que se fusionam com endossomos iniciais. Moléculas de 

EGFR que estão presentes nesses compartimentos retornam à membrana plasmática 

(recicladas) ou são destinadas à degradação (Yewale et al., 2013). Na ausência de 

ligante, EGFR está internalizado e possui meia-vida de 30 minutos sendo rapidamente 

reciclado e devolvido à membrana plasmática. A meia-vida metabólica de EGFR em 

linhagens celulares tumorais é de 20 h, isso significa que o mesmo receptor irá ciclar na 

via endocítica diversas vezes durante esse tempo (Hatanpaa et al., 2010). 

 Em aproximadamente 50% dos tumores com amplificação de EGFR, pode ser 

detectado um mutante específico de EGFR (EGFRvIII, também conhecido como EGFR 

tipo III, de 2-7, ΔEGFR). A maioria dos GBs (54%) superexpressa a proteína EGFR 

“wild type” (wtEGFR) e 31% superexpressam tanto o wtEGFR como o EGFRvIII. O 

EGFRvIII é uma mutação deleção de wtEGFR, que remove os exons 2-7, resultando em 

uma deleção de 267 aminoácidos do domínio extracelular do receptor (Hatanpaa et al., 

2010). Desse modo, o EGFRvIII não possui a porção extracelular na qual o ligante se 

liga e esse receptor está constantemente ativo. 

 Em células saudáveis há cerca de 4x10
4
 a 1x10

5
 moléculas de EGFR presentes 

na membrana, enquanto células tumorais expressam mais de 2x10
6
 receptores por célula 

(Yewale et al., 2013). Por essa razão, diversas alternativas terapêuticas para o câncer 

tem sido desenvolvidas visando o receptor EGFR como alvo. 

 Os agentes mais promissores são os anticorpos monoclonais (mAb) e as 

moléculas inibidoras de tirosina cinase (TKI), que apresentam mecanismos de ação e 

especificidade distintos para o mesmo alvo. Os mAbs se ligam à porção extracelular do 

receptor e competem com as moléculas ligantes, impedindo a ativação das cascatas de 

sinalização (Garrett et al., 2002; Ogiso et al., 2002; Yewale et al., 2013); TKIs inibem a 

autofosforilação da porção citoplasmática de EGFR e competem com ATP endógeno 

pelo domínio catalítico da molécula (Yewale et al., 2013). 

 

1.6. Vias de sinalização alteradas em glioblastomas 
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As alterações genéticas em glioblastoma ocorrem com frequência em três vias de 

sinalização celular: (a) via RTK, RAS, e PI3K, (b) via da p53, e (c) via Rb 

(retinoblastoma-supressor tumoral), conforme ilustrado na Figura 5. 

 

 

 

Figura 5. As alterações no DNA e as mudanças no número de cópias nas seguintes vias de sinalização 

estão indicadas em (a) RTK, RAS, e PI3K, (b) supressor tumoral p53, e (c) Rb. As 

alterações genéticas são mostradas em vermelho (upregulation) e as que conduzem a uma 

perda de função são indicadas em azul. Podemos observar que os componentes alterados, o 

tipo de alteração e a percentagem de tumores que transportam cada alteração nessas vias. 

As caixas azuis contêm as percentagens totais de glioblastomas com alterações em pelo 

menos um gene conhecido da via designada. Adaptado de McLendon et al., 2008. 

 

 

1.6.1. Via RTK/RAS e PI3K 

EGFR torna-se ativado por meio da ligação de fatores de crescimento em seu 

domínio extracelular, através de homo ou heterodimerização com outros receptores 

levando a eventos de fosforilação. Sua ativação estimula principalmente duas vias de 

sinalização: via da Ras e via da PI3K/Akt (PKB) (Krakstad e Chekenya, 2010). 
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1.6.1.1. Via da RAS 

 

 A Ras é uma proteína G monomérica, pertencente à família das Proteínas 

Cinases ativadas por mitógenos (MAPK), cujas respostas desencadeadas pela via estão 

relacionadas com a progressão do ciclo celular, a transcrição de genes, a sobrevivência 

tumoral, a proliferação celular e a reorganização do citoesqueleto (Malumbres e 

Barbacid, 2003). A ativação via fosforilação da Ras inicia uma cascata de sinalização 

através de MAPKs e ERK-1 e 2, cinases que irão ativar alvos citoplasmáticos como 

p90RSK. Esta serina/treonina cinase transloca para o núcleo onde ativa fatores de 

transcrição, como o CREB, que regulam a sobrevivência e proliferação de células de 

glioma (Sturgill et al., 1988; Sözeri et al., 1992; Moodie et al., 1993; Krakstad e 

Chekenya, 2010). 

 

1.6.1.2. Via PI3K 

 

A PI3K é translocada para a membrana plasmática por meio da ligação de 

fosfotirosina a resíduos dos RTKS. A PI3K fosforila o PIP2 (fosfatidilinositol-4,5-

bifosfato) à PIP3 (fosfatidilinositol-3,4,5-trifosfato), este, por sua vez, funciona como 

um importante sinalizador intracelular coordenando processos de crescimento celular, 

migração, metabolismo e regulação do ciclo celular (Feldkamp et al., 1999; Krakstad e 

Chekenya, 2010). O acúmulo de PIP3 recruta a PDK1 (Phosphoinositide-Dependent 

Kinase 1) e Akt/PKB à membrana plasmática. Akt é ativa quando fosforilada em dois 

resíduos, ao mesmo tempo: Thr308 (por PDK1) e Ser473 (por mTORC2-mTOR-Rictor 

Kinase Complex 2). PDK1 e o complexo mTORC2 são ambos ativados por PI3K (Guha 

et al., 1997; Feldkamp et al., 1999; Krakstad e Chekenya, 2010). A Akt é responsável 

pela fosforilação de vários substratos citosólicos e nucleares que regulam o 

metabolismo e o crescimento celular. A Akt está relacionada com a fosforilação de 

proteínas que regulam a apoptose (Bad, caspase-9, Double Minute murino 2 (MDM2), 

p21Waf1/Cip1, Fator de Transcrição “forkhead homeobox O1” (FOXO1) e GSK3β), 

proliferação e sobrevivência celular (Gesbert et al., 2000). A GSK3β é um dos 

substratos da Akt, está envolvida na regulação de várias funções celulares, incluindo 

diferenciação, crescimento, motilidade, proliferação, progressão do ciclo celular, 
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apoptose e resposta à insulina. A desregulação da expressão da GSK3β conduz a muitos 

estados patológicos: diabetes, doença de Alzeimer, Parkinson, distúrbios bipolares e 

câncer. A ativação da GSK3β (quando defosforilada – Ser-9) promove parada no ciclo 

celular e encaminhamento para apoptose (Gesbert et al., 2000). 

A sobrevida média de pacientes com GB que possuem mais ativa a via da PI3K 

(n = 42/56) e Akt (37/56) é de 11 meses em comparação com pacientes com níveis mais 

baixos de ativação, que foi de 40 meses. Este fato é significativamente mais frequente 

em pacientes com GB do que outros tipos de câncer (Chakravarti et al., 2004; Krakstad 

e Chekenya, 2010). 

 

1.6.1.3 Via da p53 

 

O gene TP53 codifica uma proteína de 53kD, que desempenha um papel em 

vários processos celulares, incluindo regulação do ciclo celular, respostas à danos no 

DNA, morte celular, diferenciação celular e neovascularização. A proteína supressora 

tumoral, p53 apresenta-se mutada em 87% dos glioblastomas. A p53 induz parada no 

ciclo celular, podendo recrutar as proteínas de reparo do DNA ou encaminhar à morte 

celular após uma injúria (dano ao DNA). Esse mecanismo é responsável pelo turnover 

das células presentes nos tecidos e órgãos do nosso corpo, ao passo que animais que 

perdem p53 desenvolvem tumores ao longo da vida (Brenner e Mak, 2009; Guicciardi e 

Gores, 2009; Krakstad e Chekenya, 2010). 

 

1.7. Apoptose 

 

Apoptose é um processo essencial para a manutenção do desenvolvimento dos 

seres vivos, sendo importante para eliminar células em desuso ou defeituosas. Durante a 

apoptose, a célula sofre alterações morfológicas que incluem: a retração da célula, perda 

de aderência com a matriz extracelular e células vizinhas, condensação da cromatina, 

fragmentação internucleossômica do DNA e formação dos corpos apoptóticos. As 

alterações morfológicas observadas são consequência de uma cascata de eventos 

moleculares e bioquímicos específicos e geneticamente regulados (Koff et al., 2015). 

A apoptose pode ser iniciada de forma extrínseca e intrínseca (Koff et al., 2015). 

A via extrínseca ocorre por ativação de receptores de morte celular chamados de fatores 
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de necrose tumoral (TNFR) (Krakstad e Chekenya, 2010). As proteínas que formam o 

receptor estão organizadas em homotrímeros e são ativadas por ligação de diversos 

ligantes ao respectivo receptor. A ligação ao receptor pode resultar em várias respostas, 

incluindo a inflamação, proliferação e apoptose, dependendo das proteínas adaptadoras 

associadas com o tipo do receptor ativado. Os receptores que medeiam a apoptose são 

TNF-R1, Receptor 6 da Superfamília de TNF (FAS) e Receptor de Morte 4/5 

(DR4/DR5), e os ligantes sinalizadores de morte são: TNFα (fator de necrose tumoral), 

FasL (ligante de Fas), TRAIL (ligante indutor de apoptose relacionado ao TNF), CD95 

estão relacionados com a indução de apoptose (Chen et al., 1997; Krakstad e Chekenya, 

2010). A trimerização do receptor resulta no recrutamento de vários domínios de morte 

e eventualmente recrutamento e ativação de caspase-8 e caspase-10, que induzem a 

clivagem e ativação de caspases efetoras do processo apoptótico. 

A via intrínseca é ativada por sinais intracelulares, tais como dano ao DNA, 

danos oxidativos, privação de oxigênio ou de fatores de crescimento. Essa via é 

modulada pela família de proteínas Bcl-2. A sinalização desencadeada por estas 

proteínas tem como finalidade modular a permeabilidade da membrana mitocondrial. 

Após a ativação de sinais de morte, as proteínas pró-apoptóticas BAX e BAK 

principalmente, sofrem mudanças conformacionais e se inserem na membrana 

mitocondrial externa. Isto aumenta a permeabilidade da membrana através da formação 

e/ou regulação de canais da membrana que permitem a libertação de diversas moléculas 

do interior da mitocôndria para o citoplasma da célula, sendo o citocromo C o mais 

estudado (Brenner e Mak, 2009; Krakstad e Chekenya, 2010; Koff et al., 2015). A 

liberação dos componentes mitocondriais leva a ativação da proteína citosólica Apaf-1, 

responsável pela formação do apoptossomo juntamente com ATP, facilitando o 

recrutamento e a clivagem da caspase-9, que ativa as caspases 3, 6 e 7 executoras do 

processo apoptótico. 

 

1.8. Diagnóstico e Terapêutica 

 

 A avaliação inicial do paciente com tumor cerebral compreende exames clínico e 

neurológico detalhados além de exames de neuroimagem. O estadiamento tumoral é 

diagnosticado minimamente por tomografia axial computadorizada contrastada, seguida 

por ressonância magnética e espectroscopia (Eckley e Wargo, 2010).O diagnóstico 
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definitivo é confirmado pelo estudo histopatológico de espécimes tumorais, obtido por 

biópsia estereotáxica ou a céu aberto, sendo essencial para o planejamento terapêutico 

(Eckley e Wargo, 2010). 

 Os sintomas clínicos podem incluir dores de cabeça progressivas, déficits 

neurológicos focais e convulsões (Tanwar et al., 2002; Shai et al., 2003; Davis, 2016). 

Os tratamentos utilizados na clínica para glioblastomas e tumores primários cerebrais 

incluem: ressecção cirúrgica, radiação ionizante e quimioterapia (Davis, 2016). 

Os gliomas malignos são tumores heterogêneos, tanto na aparência como na 

expressão gênica. A necessidade de uso concomitante de medicamentos 

anticonvulsivantes muitas vezes limita a segurança da terapia antineoplásica. 

 Regimes terapêuticos contendo nitrosuréias (carmustina ou lomustina), 

alquilantes do DNA (procarbazina, dacarbazina ou temozolomida), derivados da platina 

(cisplatina ou carboplatina), vincristina, teniposídeo, hidroxiuréia, cloroquina, 

bevacizumabe (anti-VEGF) e irinotecano mostraram-se úteis no tratamento paliativo de 

gliomas cerebrais nos graus III ou IV, que, em geral, são administrados 

concomitantemente à radioterapia (Davis, 2016). 

 A TMZ pertence à classe dos quimioterápicos alquilantes do DNA, sendo um 

derivado da imidazotetrazina. Mesmo sendo um medicamento clássico para o 

tratamento de glioblastomas (TMZ, 75 mg/m
2
), a sua ação terapêutica depende da 

habilidade de alquilar o DNA (Wick, A. et al., 2011). Administrado por via oral, trata-se 

de um pró-fármaco, ou seja, apresenta atividade farmacológica quando hidrolisado in 

vivo para MTIC (5-(3-metiltriazeno-1-il)imidazol-4-carboxamida). O MTIC é quem 

possui a atividade citotóxica, agindo como agente alquilante. 

 Os pacientes, que utilizam o quimioterápico, apresentam uma sobrevida média 

de aproximadamente 15 meses. O fármaco apresenta uma meia vida muito baixa, cerca 

de 1,8 horas no plasma, o que aumenta a citotoxicidade do mesmo pois é administrado 

em doses altas (Zhang e Gao, 2007; Wen et al., 2011).  

 Devido à variedade de padrões moleculares dos GBs e a alta taxa de recorrência 

desses tumores malignos, os desafios terapêuticos atuais estão centrados na promessa do 

diagnóstico personalizado, bem como a própria terapia que podem conduzir a diferentes 

regimes de tratamento.  

 

1.9. Doxazosina 
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 A DOX [4 - (4-amino-6,7-dimetoxiquinazolina-2-il)-piperazina] 1-il - (2,3-

diidro-1,4-benzodioxina-3-il) metanona, é um derivado quinazolínico que compreende a 

classe terapêutica dos alfa-bloqueadores adrenérgicos. São fármacos que bloqueiam 

seletivamente os receptores alfa-1 adrenérgicos (Figura 6). 

 

 

Figura 6: Estrutura química da doxazosina. 

 

 

 É utilizada na clínica como mesilato de doxazosina (Carduran®) para o 

tratamento de hipertensão, insuficiência cardíaca congestiva e hiperplasia benigna de 

próstata. Esses fármacos reduzem a resistência arteriolar e provocam aumento da 

capacitância venosa, o que resulta em reflexo simpático mediado pelo aumento da 

frequência cardíaca e da atividade do sistema renina-angiotensina plasmáticos. Durante 

a terapia crônica, a vasodilatação persiste, mas o débito cardíaco, a frequência cardíaca 

e a atividade da renina no plasma retornam à normalidade e o fluxo sanguíneo renal é 

inalterado (Wykretowicz et al., 2008). 

 A principal via de eliminação da DOX, após a administração oral e intravenosa, 

é através das fezes para homens, ratos, camundongos e cães. Ademais, estudos 

mostraram que a DOX é completamente absorvida no homem, camundongo e rato, mas 

é moderadamente absorvida no cão (Kaye et al., 1986). 

 Devido as suas características físico-químicas, a DOX consegue atingir o SNC, 

além de possuir uma meia vida longa, cerca de 12h. O fármaco é responsável por 

induzir a apoptose nas células prostáticas malignas através de um mecanismo 

alternativo ao relacionado com o adrenoceptor alfa-1 (Rasheed et al., 1999; Holland, 

2000). A DOX exerce efeitos pró-apoptóticos em células de câncer de mama e câncer 

de bexiga (Maher et al., 2001; Wechsler-Reya e Scott, 2001). Sua ação anti-hipertensiva 

é devido à sua capacidade de se ligar a receptores alfa-1 adrenérgicos, mas os 
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mecanismos de suas ações anti-proliferativas e pró-apoptóticas em células cancerosas 

ainda não são bem compreendidos. 

Por apresentar em sua estrutura química o anel quinazolínico, a DOX pode ser 

útil como ponto de partida para a síntese de compostos que tenham atividade biológica 

como inibidores de RTKs. Quinazolinas possuem estrutura química semelhante aos 

derivados purínicos: ATP, AMP e ADP. Inclusive, a ação inibidora do receptor de 

tirosina cinase baseia-se na ocupação de sítios de acoplamento do ATP por esses 

compostos, provocando a inibição da RTKs (Goldstein et al., 2008). Os derivados de 

quinazolinas têm efeitos pleiotrópicos com a capacidade de afetar as funções e 

atividades dos receptores alfa1-adrenérgicos, fosfodiesterases, tirosina cinases e a 

descoberta mais recente adenosina cinases. Nos últimos anos, estes compostos tiveram 

grande progresso no combate de doenças proliferativas como câncer, baseados 

principalmente na atividade inibidora de RTKs. São alvos de estudos do metabolismo 

da glicose e sinalização da insulina, porém ainda são pouco explorados. 

 Os RTKs desempenham um papel vital nos processos de controle da proliferação 

celular, diferenciação e evasão da apoptose. Até esta data, três ligantes reversíveis 

(anilinoquinazolinas) do EGFR (Gefitinib®, Erlotinib® e Lapatinib®) foram aprovadas 

pelo Administração de Alimentos e Medicamentos (FDA) para uso clínico no 

tratamento do câncer (Goldstein et al., 2008; Chilin et al., 2010). Devido as suas 

características químicas e farmacológicas, avaliamos o potencial efeito antitumoral da 

doxazosina em modelos de gliomas. 

 

1.10. Fluorescência  

 

 O fenômeno da luminescência é dividido em duas categorias: a fluorescência e a 

fosforescência. A fluorescência é a emissão da luz a partir de um estado excitado 

singleto, no qual o elétron excitado não muda a orientação do spin, continuando 

desemparelhado (Valeur e Berberan-Santos, 2012). Consequentemente, o retorno ao 

estado fundamental é permitido e ocorre rapidamente via emissão de um fóton. A 

fluorescência é considerada uma emissão de luz que desaparece simultaneamente com o 

fim da excitação. Os fluoróforos emitem luz na faixa de comprimentos de onda do 

espectro visível, ou seja, entre infravermelho e ultravioleta. Em compostos orgânicos, o 

fenômeno da fluorescência ocorre tipicamente em estruturas aromáticas com ligações 
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ressonantes (π) (Valeur e Berberan-Santos, 2012). Uma das vantagens dessa 

característica da molécula é a alta sensibilidade de detecção. Esse fenômeno permite 

estudar a dinâmica dos sistemas promovendo a informação espacial e temporal da 

amostra analisada. Alguns parâmetros físicos e químicos do microambiente podem 

influenciar na emissão da fluorescência de uma molécula, como por exemplo: pH, 

viscosidade, polaridade, pressão, temperatura, potencial elétrico e interações 

eletrostáticas com biomoléculas. Como consequencia dessa influência do meio na 

emissão da fluorescencia, algumas moléculas são geralmente usadas como probes para 

investigações fisico-químicas, bioquímicas e em sistemas biológicos (Valeur e 

Berberan-Santos, 2012; Chung e Eaton, 2013). 

 Na farmacologia essa característica é muito importante, principalmente quando 

se estuda tumores cerebrais infiltrativos. Desenvolver fármacos antitumorais que sejam 

fluorescentes significa ter a possibilidade de selecionar o alvo, quantificar, visualizar as 

células infiltrativas, facilitar a ressecção cirúrgica e monitorar a resposta terapêutica 

(Etrych et al., 2016). 

 

1.11. Nanotecnologia aplicada à farmacologia 

 

 Nanotecnologia significa, de maneira geral, a habilidade de manipulação dos 

átomos na escala de 0,1 e 100 nm, visando criar estruturas maiores diferindo das 

propriedas da matéria da que lhe deu origem, ou seja, criando fundamentalmente uma 

nova organização estrutural (Illia, 2015). Neste trabalho abordaremos a forma 

farmacêutica estruturada em nanocápsulas. Na figura 7 é apresentado um desenho 

esquemático de uma nanocápsula carregada com mesilato de doxazosina. 
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Figura 7. Desenho esquemático da composição de uma nanocápsula 

com mesilato de doxazosina. 

 

 

 Muitos fármacos atualmente utilizados na terapia antitumoral não diferenciam 

entre a célula sadia e a neoplásica, gerando grande toxicidade. Problemas 

farmacodinâmicos, como por exemplo, a rápida eliminação e ampla distribuição do 

fármaco, requerem administração de grandes quantidades dos agentes antitumorais. Isso 

resulta muitas vezes em aumento de toxicidade, posologia inadequada e diminuição da 

adesão ao tratamento. A ampla distribuição é um problema, pois geralmente aumentam 

os efeitos adversos. A utilização de nanofármacos na terapia antineoplásica, 

principalmente em se tratando de cancer de SNC, aumenta a vetorização do fármaco no 

local de ação. As nanocápsulas atravessam a BHE com mais facilidade que o fármaco 

livre. Essa tecnologia aplicada a famarmacologia muitas vezes é capaz de aumentar a 

eficiência e eficácia do fármaco (Heath e Davis, 2008; Kang et al., 2016). 

 Uma das características do tecido canceroso é a alta taxa proliferativa e a 

presença de neovascularizações. A angiogênese tecidual das células cancerosas resulta 

muitas vezes em uma arquitetura tecidual defeituosa. Nessas situações, o nanofármaco 

consegue maior acessibilidade ao local do tumor. Os poros presentes na vasculatura 

tumoral acumulam nanofármacos de 10 a 100 vezes mais quando comparado com o 

fármaco livre (Heath e Davis, 2008). Além disso, a entrada das nanopartículas nas 

células é via endocitose, portanto são capazes de passar pelos múltiplos mecanismos de 

resistência presentes na superfície celular, como glicoproteína P e bombas protéicas. 

Visando diminuir a dose terapêutica e aumentar a eficiência e eficácia da DOX, este 
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fármaco foi utilizado na sua forma livre e nanoencapsulada nessa tese (Heath e Davis, 

2008; Kang et al., 2016). 
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Objetivo geral 

Investigação do potencial terapêutico da DOX em modelos de gliomas in vitro 

e in vivo. 

 

Objetivo Específico 1: Analisar o efeito da hipóxia em modelo in vitro de gliomas 

(Capítulo I) 

1) Desenvolver um modelo in vitro que se aproxime ao microambiente hipóxico tumoral 

utilizando células C6;  

2) Observar as adaptações celulares (morfologia, marcadores proteicos, atividade 

mitocondrial)  nas células (C6) expostas a hipóxia  na presença e ausência de soro;  

3) Analisar as adaptações celulares após a reoxigenação; 

4) Estudar o tipo de morte celular e caracterizar o microambiente hipóxico. 

 

Objetivo Específico 2: Avaliar o potencial antitumoral da DOX em modelo in vitro 

de gliomas com foco em vias de sinalização celular alteradas pelo fármaco 

(Capítulo II, III, e V) 

1) Analisar o efeito antitumoral da DOX em linhagens de glioma humano (U138-MG) e 

de rato (C6), por meio da análise da densidade celular, proliferação e morte celular após 

tratamento em ambas as linhagens; 

2) Verificar o envolvimento de algumas proteínas da via de sinalização PI3K/Akt e p53 

após o tratamento (24 e 48 h);  

3) Avaliar a citotoxicidade da DOX frente a modelos não tumorais: em células (cultura 

primária de astrócitos) e de fatias de hipocampo de ratos (cultura organotípica). 

4) Analisar algumas proteínas envolvidas na sinalização entre a mitocôndria e o núcleo 

após tratamento com DOX durante 48 h; 
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5) Avaliar a possível molulação da neuro-inflamação, pela quantificaçãoda secreção de 

citocinas pró-inflamatórias no meio de cultivo após tratamento com doxazosina (TNF-

alfa, IL-1β e IL-6). 

6) Induzir superexpressão de EGFR em linhagem de células C6 tratadas com o ligante 

endógeno (EGF); 

7) Analisar o efeito da DOX nas células que receberam pré-tratamento com EGF; 

8) Analisar o envolvimento da DOX com a fosforilação do receptor EGFR utilizando o 

AG1478 (inibidor de RTK); 

9) Analisar o efeito do pré-tratamento com EGF, seguido de tratamento com AG1478 e 

DOX sobre a linhagem celular C6 e propor um possível mecanismo de ação para o 

fármaco em estudo. 

 

Objetivo Específico 3: Caracterizar a autofluorescência da DOX (Capítulo IV) 

1) Analisar a fluorescência da doxazosina no ambiente celular; 

2) Investigar a distribuição do fármaco nas células e a captação celular do fármaco; 

3) Relacionar (se possível) a distribuição do fármaco nas células com o efeito 

fisiopatológico. 

 

Objetivo Específico 4: Avaliar o efeito da DOX na sua forma livre e 

nanoencapsulada nas células de glioma de rato (C6) in vitro e in vivo (Capítulo VI) 

1) Caracterizar, em modelo in vivo de implante de glioma, por análise patológica e 

histológica os grupos tratados com DOX livre, nanoencapsulada e sem tratamento; 

2) Estudar o envolvimento da DOX com proteínas-alvo como CD133 e EGFR, in vitro e 

in vivo; 
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3) Avaliar a citotoxicidade do fámaco nanoencapsulado in vitro (cultura organotípica de 

hipocampo de ratos) e in vivo através de análise patológica e histológica dos órgãos e 

parâmetros bioquímicos. 
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3. CAPÍTULO I 

Artigo: Hypoxic and Reoxygenated Microenvironment: Stemness and 

Differentiation State in Glioblastoma 

Status: Publicado no periódico Molecular Neurobiology 
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4. CAPÍTULO II 

Artigo: Phosphatidylinositol 3-Kinase/AKT Pathway Inhibition by Doxazosin Promotes 

Glioblastoma Cells Death, Upregulation of p53 and Triggers Low Neurotoxicity 

Status: Publicado no periódico PLoS ONE 
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Artigo: Mitochondrial biogenesis and apoptosis: doxazosin’s targets in glioma 

Status: em preparação 

 

 

 



 

69 

 

Mitochondrial biogenesis and apoptosis: doxazosin's targets in glioma 

Mariana Maier Gaelzer
1
, Bárbara Paranhos Coelho

1
, Alice Hoffman de Quadros

1
, Vanina 

Usach
2
, Elisa Nicoloso Simões Pires

3
, Fátima Costa Rodrigues Guma

1
, Patrícia Setton-

Avruj
2
, Cristiane Matté

1
,Christianne G. Salbego

1
. 

 

1
Programa de Pós-Graduação em Ciências Biológicas-Bioquímica Instituto de Ciências 

Básicas da Saúde, Universidade Federal do Rio Grande do Sul, Porto Alegre, RS, Brasil
-
 

2
Universidad de Buenos Aires Departamento de Química Biologica, Ciudad Autónoma de 

Buenos Aires, Argentina. 

3
Departamento de Ciências Biológicas, Universidade Federal do Rio de Janeiro , Rio de 

Janeiro, RJ, Brasil. 

4
Departamento de Biofísica, Universidade Federal do Rio Grande do Sul, Porto Alegre, RS, 

Brasil. 

 

Corresponding author: 

Mariana Maier Gaelzer 

Departamento de Bioquímica, Instituto de Ciências Básicas da Saúde, UFRGS 

Rua Ramiro Barcelos, 2600 – anexo, CEP 90035-003, Porto Alegre, RS, Brasil 

Telephone: +55 (51) 3308.5547 

Fax: +55 (51) 3308.5535 

E-mail: marianamaierg@gmail.com 

 

mailto:marianamaierg@gmail.com


 

70 

 

Funding: Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq); 

Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (Capes); Fundação de 

Amparo à Pesquisa do Estado do Rio Grande do Sul (FAPERGS). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

71 

 

Abstract 

 

Malignant tumors, including gliomas, are the most common primary intracranial 

brain tumor in adults. This cancer display abnormal energy production and inherent 

resistance to apoptosis, suggesting an underlying involvement of dysfunctional 

mitochondria in glioma pathophysiology. The PI3K/Akt pathway is involved with glioma 

tumorigenesis and resistance to therapy. GSK-3β, a substrate of Akt, is reported as a tumor 

suppressor and is involved with induction of intrinsic apoptosis. Nucleomitochondrial 

interactions depend on the interplay between transcription factors (TFAM) and regulated 

coactivators (PGC-1α). CREB is a transcription factor and a Akt substrate that enhances 

tumor proliferation, chemotherapy resistance, PGC-1α transcription and impairs apoptosis 

induction. Moreover, the cytokines TNF-α, IL-1β and IL-6 are negative regulators of PGC-

1α and increase tumor growth, malignancy and therapy resistance. Here, we analyzed how 

doxazosin (an antihipertensive agent) treatment affected signaling between mitochondria 

and cytoplasm/nucleus. In addition, we analyzed secretion of TNF-α, IL-1β and IL-6 by C6 

cells after doxazosin exposure. Our results provide insight into doxazosin's effect on 

mitochondrial dynamics and cytoplasmatic interaction in glioma. Understanding aberrant 

mitochondrial function in gliomas is essential to provide new directions in the development 

of novel research approaches that translate into therapies. 

 

Keywords: Glioma, mitochondrial biogenesis, doxazosin, TFAM, PGC-1α, apoptosis 
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Introduction 

Glioblastoma (GB), is the most common primary intracranial brain tumor in adults. 

GBs are aggressive, resistant and invasive tumors. This leads to a high recurrence rate of 

about 90% [1]. They constitute the second most common malignant neoplasia, representing 

16% of all primary brain tumors [2]. Diagnosis and management of this type of cancer 

results in extensive individual, social, healthcare and economic burden [3]. Therefore, it is 

important to investigate new therapeutic strategies, due to GBs high recurrence rate (90%) 

and mortality rate close to 100% [4]. 

 The α1-adrenoceptor antagonist doxazosin is a quinazoline-based drug and is the 

most frequently prescribed drug, being approved by the FDA (Food and Drugs 

Administration) for benign prostatic hyperplasia (BPH) and elevated blood pressure [5]. 

BPH or hypertension patients who were treated long-term with α1-adrenoceptor antagonists 

showed a significantly lower incidence of prostate cancer (a drop of 31.7%) [6]. In other 

studies doxazosin induced apoptosis of normal and malignant prostate cells through an 

alternative mechanism unrelated to the α1-adrenoceptor [7]. The drug also exerted pro-

apoptotic effects in breast cancer [8], urothelial cancer [9], human prostatic stromal and in 

prostate cancer LNCaP cells [10-11]. 

 Advantages of repurposing drugs are the well-defined pharmacokinetics and side 

effects, and the drug has passed the required toxicity and safety tests with settled protocols 

and dosing [12]. Regarding doxazosin, it is established the drug’s antitumoral effects are 

not related with its α1-adrenoceptor antagonism [7]. Due to its physicochemical 

characteristics, doxazosin is able to permeate the BBB [13], and we found the drug 

presented low neurotoxicity on non-tumor cells [14]. 
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 Cancer cells can adapt and resist to various environmental changes, e.g. decrease in 

oxygen concentrations and nutrients, as well as drug exposure. GB metabolism is 

dynamical in order to maintain growth, survival and high proliferative rate even within a 

hostile enviroment [15], which can provide resistance to many anticancer drugs [3]. 

Targeted therapies can also induce deep metabolic changes that regulate treatment response 

due to cancer cells metabolic plasticicity [3, 16]. 

 Mitochondria have a fundamental role regulating apoptosis, cell proliferation, 

energy metabolism and reactive oxygen species balance [3]. Those processes are 

deregulated in gliomas, with few studies investigating mitochondrial function and dynamics 

in cancer cells [3]. 

Several studies demonstrate that mitochondrial metabolism greatly influences 

cancer cell survival, proliferation, invasion, apoptosis and indicate a role for this organelle 

in development of resistance to many anticancer drugs [3, 17-18]. Considering the 

importance of mitochondria for cancer cells plasticity and GB’s innate treatment resistance, 

we analyzed doxazosin’s effects on mitochondrial biogenesis and the signaling pathways 

involved with this process on C6 glioma cells. Previously we showed doxazosin induces 

apoptosis in glioma cells via PI3K/Akt pathway inhibition and G0/G1 arrest via p53 

activation [14].  

 Mitochondrial biogenesis and function is regulated by nuclear and mitochondrial 

transcriptional factors and coativators, e.g. mitochondrial transcription factor A (TFAM) 

and peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α), respectively 

[19-22]. It is believed PGC-1α serves as a link between nuclear regulatory events and 

mitochondrial transcription machinery, neuroprotection and therapy resistance [21-24]. 
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 In addition, gliomas are characterized by a deregulated network of cytokines [25]. 

Cytokines are known for their role in immune response, however they have a vital 

participation in other cellular processes, including cell differentiation and proliferation [26].  

 Here, we analyzed how doxazosin's treatment affected signaling between 

mitochondria and cytoplasm/nucleus. Moreover, we analyzed secretion of the cytokines 

tumor necrosis factor α (TNF-α), interleukin-1β (IL-1β) and interleukin-6 (IL-6) by C6 

cells after doxazosin exposure, since these cytokines are negative regulators of PGC-1α 

[27-29]. Our results provide insight into doxazosin's effect on mitochondrial dynamics and 

cytoplasmatic interaction in glioma. 

 

Materials and methods 

 

Chemicals and materials 

Cell culture media and fetal bovine serum (FBS) were obtained from Gibco-

Invitrogen (Grand Island, NY, USA). Doxasozin and Propidium iodide (PI) were obtained 

from Sigma Chemical Co (St. Louis, MO, USA). All other reagents were purchased from 

Sigma Chemical Co. (St. Louis, MO, USA) or Merck (Darmstadt, Germany). All other 

chemicals and solvents used were of analytical or pharmaceutical grade. 

 

Cell culture 

C6 rat glioma cell line was obtained from American Type Culture Collection 

(Rockville, Mariland, Md., USA). C6 cells were grown and maintained in Dulbecco’s 

Modified Eagle’s Medium (DMEM, Gibco-Invitrogen, Grand Island, NY, USA) 
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supplemented with 5% (v/v) FBS (Gibco-Invitrogen, Grand Island, NY, USA), and 

containing 2.5 mg/mL of Fungizone® and 100 U/L of gentamicine (Shering do Brasil, São 

Paulo, SP, Brazil). Cells were kept at 37ºC, in an atmosphere of 5% CO2 and were used 

until the 30
th

 passage. 

 

Doxazosin treatment 

C6 glioma cells were seeded in DMEM/5% FBS in 24 well plates and grown for 24 

hours. Doxazosin was dissolved in 20% ethanol/ milli-Q
TM

 water (vehicle). Cells were 

treated with the drug for 48 hours with concentrations ranging from 50 µM to 180 µM [14]. 

Control groups were processed in parallel without receiving treatment with doxazosin. The 

results of vehicle groups were similar to control groups. 

 

Caspase-3 activity 

Caspase-3 activity was determined by fluorometric measurement of the kinetics of 

7-amino-4-trifluoromethyl coumarin (AFC) release from the fluorogenic substrate Ac-

DEVDAFC (Sigma–Aldrich) in the presence of cell lysates. Cells were washed in PBS and 

lysed on ice-cold PBS and 0.2% Triton X-100 solution. Extracts were clarified by 

centrifugation at 10,000g for 5 min.For assays, 30 μg proteins were mixed with assay 

buffer (g/mL) (Sucrose 0.1, CHAPS 0.001, BSA 0.0001 and HEPES-NaOH 0.024 , pH 7.4) 

plus 10 µL of substrate solution (0.2 mg/ml). Caspase-3-mediated substrate cleavage was 

monitored during 40 min (37°C) in a SpectraMax M5 Microplate Reader (excitation 390 

nm/emission 520 nm). 
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Enzyme-linked immunosorbent assay (ELISA) 

 ELISA was used to determine cytokine levels in the culture medium of C6 cells 

after doxazosin treatment. After 48h of doxazosin exposure (150 and 180 µM), the culture 

medium was collected, rapidly frozen, and stored at -20 ºC for later measurement of IL-1β, 

IL-6 and TNF-α levels using specific ELISA kits (R&D Systems, Minneapolis, MN, USA) 

in accordance with the manufacturer’s recommendations. Standard curves were obtained 

using recombinant rat IL-1β, IL-6 and TNF-α. 

 

Flow Cytometry 

Mitochondrial superoxide was measured using the MitoSOX® Red (Invitrogen®, 

Molecular Probes, Eugene, OR – USA), while mitochondrial mass and membrane potential 

were  evaluated using Mito Tracker® Green and Mito Tracker® Red (Invitrogen®, 

Molecular probes Eugene, OR – USA), respectively (FACS Calibur, BD Bioscience, 

Mountain View, CA, USA). Cells were harvested by tripsinization and incubated in a 

solution of phosphate-buffered saline (PBS) pH 7,4 with 1 µM MitoSOX for 10 min or 100 

nM Mitotracker Green/Red for 45 min at 37°C, in the dark. 

For analysis of TFAM and PGC-1α, C6 cells were trypsinized and centrifuged 

at 400 x g for 5 min. Cells were resuspended in PBS containing 0,1% Triton X-100 and 

incubated with the following antibodies: mouse anti-cleaved caspase 3 (1:100; Cell 

Signaling), for 30 min at room temperature. Then, secondary antibody anti-mouse Alexa 

Fluor 488 (1:100, Invitrogen) was added and, after incubation for 30 min, fluorescence 

intensity was analyzed by flow cytometry. 
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Data acquisition was done by flow cytometry using a FACS Calibur cytometry 

system and Cell Quest software (BD Bioscience, Mountain View, CA, USA). Data 

obtained was analyzed with FlowJo software (FlowJo, LLC, Ashland, Oregon, USA). 

 

Confocal microscopy 

Cells were seeded on coverlips and, 24h later, were treated with 180 µM doxazosin. 

After 48h of treatment, cells were fixed with 4% (w/v) paraformaldehyde and stained with 

10µg/ml Hoechst 33342 (Sigma) in the presence of 0.1% Triton X-100 and processed for 

immunocytochemistry. Cells were incubated with blocking solution (5% albumin in PBS) 

for 2h. Then cells were incubated with primary antibodies p-AktSer473 (1:500; Cell 

Signaling), p-GSK-3βSer9(1:500; Cell Signaling) and p-CREBSer133 (1:500; Cell Signaling) 

for 1h followed by incubation with secondary antibodies Alexa Fluor 488 (1:1000, 

Invitrogen) or Alexa Fluor 555 (1:1000, Invitrogen) for 1h. Confocal images were taken in 

an Olympus FV-1000 confocal microscope. 

 

Statistical analysis 

Data are expressed as means±SE. All results are representative of at least 4 

independent experiments. Analysis of variance (ANOVA) was applied to the means to 

determine statistical differences between experimental groups. Post hoc comparisons were 

performed by Newman-Keuls Multiple Comparison test. Differences between mean values 

were considered significant when p<0.05. 

 

Results 
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Doxazosin increased mitochondrial biogenesis and superoxide production 

 Initially, we analyzed superoxide (SO) production in C6 cells after doxazosin 

treatment. At concentrations of 150 and 180 µM, doxazosin increased SO production (Fig. 

1a). 

 In order to evaluate mitochondrial biogenesis in C6 treated with doxazosin, we used 

MitoTracker Green (MTG) and MitoTracker Red (MTR). We used the fluorescence 

intensity emitted by MTG as an estimate of the overall mitochondrial mass, since it 

accumulates in the mitochondria in a membrane potential independent manner. We used 

MTR to analyze mitochondrial membrane potential (Δψm). MTR stains mitochondria in 

live cells and accumulates in proportion to the membrane 

potential. At concentrations of 150 and 180 µM, doxazosin increased MTG (Fig. 1b) and 

MTR (Fig. 1c) staining. In summary, doxazosin treatment increased SO generation and 

induced mitochondrial biogenesis in C6 cells. 

 

C6 cells decrease secretion of TNF-α after doxazosin exposure 

 Gliomas are characterized by a deregulated network of cytokines [25]. These are a 

large group of secreted peptide molecules that act as paracrine messengers [25]. Secreted 

cytokine levels were assessed in C6 cells after doxazosin treatment. After 48h of treatment, 

doxazosin decreased the release of TNF-α by C6 cells, while levels of IL-1β and IL-6 

remained the same (Fig. 2). 

 

Caspase-3 activation by doxazosin induces apoptosis 
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 Doxazosin increased caspases 3 activity after 48h treatment at 150 and 180 µM 

(Fig. 3a). In Fig. 3b, it is shown, by Hoechst staining, the presence of picnotic nuclei - for 

the concentration of 180 µM doxazosin. 

 

Doxazosin treatment affects signaling between mitochondria and cytoplasm/nucleus 

 Peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α) is a potent 

inducer of mitochondrial biogenesis and also of a diverse range of mitochondrial processes 

[22-23]. Mitochondrial transcription factor A (TFAM) is involved with the control of 

mitochondrial DNA (mtDNA) maintenance and transcriptional expression [19]. Doxazosin 

treatment for 48 h at 180 µM increased both, TFAM and PGC-α protein levels, in C6 (Fig. 

4a). 

 Next, we analyzed activation of proteins involved with glioma cell survival and 

proliferation. As shown in figure 4 (Fig. 4b, c and d), p-AktSer473, p-GSK-3βSer9 and p-

CREBSer133 immunostaining decreased with 180 µM doxazosin treatment. 

 

Discussion 

Malignant tumors, including gliomas, display abnormal energy production and 

inherent resistance to apoptosis, suggesting an underlying involvement of dysfunctional 

mitochondria in glioma pathophysiology [3, 30-32]. In this study, we found doxazosin 

increased MitoSox and MitoTracker staining as well as PGC-1α and TFAM protein levels 

in C6 cells. Therefore, treatment increased mitochondrial superoxide production and 

induced mitochondrial biogenesis. In addition, we showed doxazosin induced apoptosis in 
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C6 cells through increase of caspase-3 activity and picnotic nuclei detection and the drug 

decreased p-AktSer473, p-GSK3βSer9 and p-CREBSer133 immunostaining. 

Akt regulates cell proliferation and survival and, when active (phosphorylated), Akt 

phosphorylates and inhibits GSK-3β at Ser9 [8, 14]. In hepatocellular carcinoma cells and 

in glioma cells, when GSK-3β is phosphorylated by Akt, association of Hexokinase II 

(HKII) to the outer mitochondrial membrane (OMM) is enhanced. This association 

contributes with the Warburg effect and cell proliferation in cancer cells and maintain the 

mitochondrial permeability transition pore (PTP) locked, which contributes to the anti-

apoptotic phenotype in cancer cells. Moreover, activation of GSK-3β by Akt inhibition 

favour mitochondrial detachment of HKII, allows for the opening of the PTP and leads to 

apoptosis activation [33-36]. 

In addition, Akt phosphorylates CREB at Ser133 enhancing CREB’s transcriptional 

activity [37]. In tumors, studies show phosphorylated CREB enhances tumor proliferation, 

chemotherapy resistance and impair apoptosis induction [38]. Therefore, here and 

previously [14] we found doxazosin inhibits a central survival signaling in gliomas: the 

PI3K/Akt pathway. We showed several downstream targets of Akt are influenced by 

doxazosin, ultimately leading to cell cycle arrest and apoptosis induction. 

In regards to mitochondrial function in gliomas, there is lack of study on this topic. 

In this study we showed doxazosin increased mitochondrial SO production and 

mitochondrial biogenesis. Benhar et al. [39] demonstrated anticancer agents can induce 

prolonged increase in ROS levels resulting in potentiation of apoptosis. Thus, ROS 

modulates the ability of stress kinases to stimulate cell growth or death. In accordance with 

this observations, Skildum et. al [40] showed troglitazone (a PPARγ ligand) increased 
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mitochondrial superoxide generation and inhibition of cellular proliferation in breast cancer 

cell lines and co-treatment with troglitazone potentiated the antitumoral effects of 

doxorubicin. This was acomplished by increase in PGC1-α mRNA levels. In our study, 

doxazosin alone was able to induce glioma cell death, while increased mitochondrial SO 

generation, PGC-1a and TFAM protein levels and mitochondrial mass and membrane 

potential (which lead to mitochondrial biogenesis). 

Nonetheless, it may seem contradictory that a drug induces both apoptosis and 

mitochondrial biogenesis, but this was observed in some types of cancer. Yadav et al. [16] 

demonstrated that chemotherapy induce mitochondrial biogenesis independently of 

caspase-activated apoptosis in several cancer cell lines. In addition, Wang and Moraes [41] 

treated three human cancer cell lines (HeLa – cervical carcinoma; 143B – osteosarcoma; 

MDA-MB-231 – breast cancer) with bezafibrate - a PPARs panagonist that also enhances 

PGC-1α expression and induces mitochondrial biogenesis - and found cells had decreased 

glycolytic and growth rates. Furthermore, Wu et al. [42] showed in SH-SY5Y 

neuroblastoma cells that methanphetamine increased mitochondrial mass after 24h 

treatment and, after 48 h, induced apoptosis, decreased mtDNA copy number and decreased 

mitochondrial protein contents per mitochondrion. 

On the other hand, some studies associate mitochondrial biogenesis as a drug 

resistance mechanism by cancer cells. Zhang et al. [43] found BRAF
V600

-mutated 

melanoma cell lines (this mutation results in constitutively activated MAPK signaling) 

increased mitochondrial biogenesis and oxidative phosphorylation (OXPHOS) to survive 

MAPK inhibitors treatment. In adittion, Vellinga et al. [24] showed on liver metastases of 

colon cancer that mitochondrial biogenesis genes had higher expression levels in 
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chemotherapy-treated tumors in comparison with nontreated tumors. Furthermore, the 

authors treated patient-derived colonosphere cultures with chemotherapy and found 

increased mitochondria mass and shifted glycolysis to OXPHOS via sirtuin1/PGC-1α. 

Here, p-CREBSer133 levels decreased with doxazosin treatment. Studies show p-

CREB-mediated increase of PGC-1α transcription relates to changes in the cell metabolism 

in response to alterations in the environment [19]. We found doxazosin increased PGC-1α 

independently from CREB regulation. The increase in mitochondrial biogenesis could be a 

mechanism of doxazosin’s antitumoral effects, instead of a mechanism of C6 cells 

resistance to the treatment. 

Furthermore, we previously found doxazosin induces cell death on glioma cells (C6 

and U138-MG) and at 250µM presents low neurotoxicity on non-tumor cells (primary 

astrocyte and hippocampal organotypic cultures), having a selectivity towards the cancer 

cells [14]. Doxazosin’s increase  in PGC-1α levels found here could provide an explanation 

to the drug’s low toxicity in non-tumor cells. Dabrowska et al. [44] demonstrated PGC-1α 

exerts neuroprotective effects by promoting mitochondrial biogenesis and functioning in 

dopaminergic neurons exposed to lead insult. However, the precise regulatory role of PGC-

1α in the control of mitochondrial dynamics and neurotoxicity is still largely unknown. 

We found doxazosin treatment decreased secretion of TNF-α. This cytokine is 

involved in survival, differentiation and death in non-tumoral cells. Balkwill [45] showed 

TNF-α can act as tumor promotor when produced and secreted by the cancer cells via 

stimulation of growth, proliferation, invasion, metastasis and angiogenesis. The balance 

between cell survival and death in TNF-α signaling is determinant for cellular response. 

Several studies have demosntrated TNF-α plasma levels increase in patients with cancer 
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[46-48]. In addition, the cytokines TNF-α, IL-1β and IL-6 are negative regulators of PGC-

1α [27-29]. Therefore, the increase we found in PGC-1α levels in cells treated with 

doxazosin could be related to the decrease of TNF-α secretion. 

Our findings demonstrate doxazosin alters mitochondrial dynamics in glioma cells. 

Mitochondrial function is aberrant in gliomas and these organelles can influence cancer 

cells therapy resistance. Therefore, understanding the effects of new therapeutic agents on 

tumor cells mitochondria can improve the development of novel antiglioma therapies.  

  

References 

 

1. Jackson, R.J., et al., Limitations of stereotactic biopsy in the initial management of 

gliomas. Neuro-oncology, 2001. 3(3): p. 193-200. 

2. Dolecek, T.A., et al., CBTRUS statistical report: primary brain and central nervous 

system tumors diagnosed in the United States in 2005–2009. Neuro-oncology, 2012. 

14(suppl 5): p. v1-v49. 

3. Ordys, B.B., et al., The role of mitochondria in glioma pathophysiology. Molecular 

neurobiology, 2010. 42(1): p. 64-75. 

4. Scott, J., et al., Long-term glioblastoma multiforme survivors: a population-based 

study. Canadian Journal of Neurological Sciences/Journal Canadien des Sciences 

Neurologiques, 1998. 25(03): p. 197-201. 

5. Antonello, A., et al., Design, synthesis, and biological evaluation of prazosin-

related derivatives as multipotent compounds. Journal of medicinal chemistry, 

2005. 48(1): p. 28-31. 



 

84 

 

6. Sakamoto, S. and N. Kyprianou, Targeting anoikis resistance in prostate cancer 

metastasis. Molecular aspects of medicine, 2010. 31(2): p. 205-214. 

7. González-Juanatey, J.R., et al., Doxazosin induces apoptosis in cardiomyocytes 

cultured in vitro by a mechanism that is independent of α1-adrenergic blockade. 

Circulation, 2003. 107(1): p. 127-131. 

8. Hui, H., M.A. Fernando, and A.P. Heaney, The α 1-adrenergic receptor antagonist 

doxazosin inhibits EGFR and NF-κB signalling to induce breast cancer cell 

apoptosis. European Journal of Cancer, 2008. 44(1): p. 160-166. 

9. SIDDIQUI, E.J., et al., Growth inhibitory effect of doxazosin on prostate and 

bladder cancer cells. Is the serotonin receptor pathway involved? Anticancer 

research, 2005. 25(6B): p. 4281-4286. 

10. Chon, J.K., et al., Alpha 1-adrenoceptor antagonists terazosin and doxazosin induce 

prostate apoptosis without affecting cell proliferation in patients with benign 

prostatic hyperplasia. The Journal of urology, 1999. 161(6): p. 2002-2008. 

11. Yang, G., et al., Transforming growth factor β1 transduced mouse prostate 

reconstitutions: II. Induction of apoptosis by doxazosin. The Prostate, 1997. 33(3): 

p. 157-163. 

12. Pantziarka, P., et al., The repurposing drugs in oncology (ReDO) project. 2014. 

13. Nikolic, K., et al., Partial least square and hierarchical clustering in ADMET 

modeling: Prediction of blood–brain barrier permeation of α-adrenergic and 

imidazoline receptor ligands. Journal of Pharmacy & Pharmaceutical Sciences, 

2013. 16(4): p. 622-647. 



 

85 

 

14. Gaelzer, M.M., et al., Phosphatidylinositol 3-Kinase/AKT pathway inhibition by 

doxazosin promotes glioblastoma cells death, upregulation of p53 and triggers low 

neurotoxicity. PloS one, 2016. 11(4): p. e0154612. 

15. Gaelzer, M.M., et al., Hypoxic and Reoxygenated Microenvironment: Stemness and 

Differentiation State in Glioblastoma. Molecular neurobiology, 2016: p. 1-12. 

16. Yadava PhD, N., Oxidative phosphorylation-dependent regulation of cancer cell 

apoptosis in response to anticancer agents. 2015. 

17. Rasola, A. and F. Chiara, GSK-3 and mitochondria in cancer cells. Frontiers in 

oncology, 2013. 3: p. 16. 

18. Farrand, L., et al., Piceatannol enhances cisplatin sensitivity in ovarian cancer via 

modulation of p53, X-linked inhibitor of apoptosis protein (XIAP), and 

mitochondrial fission. Journal of Biological Chemistry, 2013. 288(33): p. 23740-

23750. 

19. Scarpulla, R.C., Transcriptional paradigms in mammalian mitochondrial biogenesis 

and function. Physiological reviews, 2008. 88(2): p. 611-638. 

20. Hock, M.B. and A. Kralli, Transcriptional control of mitochondrial biogenesis and 

function. Annual review of physiology, 2009. 71: p. 177-203. 

21. Ventura-Clapier, R., A. Garnier, and V. Veksler, Transcriptional control of 

mitochondrial biogenesis: the central role of PGC-1α. Cardiovascular research, 

2008. 79(2): p. 208-217. 

22. Fernandez-Marcos, P.J. and J. Auwerx, Regulation of PGC-1α, a nodal regulator of 

mitochondrial biogenesis. The American journal of clinical nutrition, 2011. 93(4): 

p. 884S-890S. 



 

86 

 

23. O’Donnell, K.C., et al., Axon degeneration and PGC-1α-mediated protection in a 

zebrafish model of α-synuclein toxicity. Disease models & mechanisms, 2014. 7(5): 

p. 571-582. 

24. Vellinga, T.T., et al., SIRT1/PGC1α-dependent increase in oxidative 

phosphorylation supports chemotherapy resistance of colon cancer. Clinical cancer 

research, 2015. 21(12): p. 2870-2879. 

25. Christofides, A., M. Kosmopoulos, and C. Piperi, Pathophysiological mechanisms 

regulated by cytokines in gliomas. Cytokine, 2015. 71(2): p. 377-384. 

26. Rivest, S., Molecular insights on the cerebral innate immune system. Brain, 

behavior, and immunity, 2003. 17(1): p. 13-19. 

27. Palomer, X., et al., TNF-α reduces PGC-1α expression through NF-κB and p38 

MAPK leading to increased glucose oxidation in a human cardiac cell model. 

Cardiovascular research, 2009. 81(4): p. 703-712. 

28. Tang, K., P.D. Wagner, and E.C. Breen, TNF‐α‐mediated reduction in PGC‐1α may 

impair skeletal muscle function after cigarette smoke exposure. Journal of cellular 

physiology, 2010. 222(2): p. 320-327. 

29. Kim, M.S., et al., Tumor necrosis factor and interleukin 1 decrease RXRα, PPARα, 

PPARγ, LXRα, and the coactivators SRC-1, PGC-1α, and PGC-1β in liver cells. 

Metabolism, 2007. 56(2): p. 267-279. 

30. Furnari, F.B., et al., Malignant astrocytic glioma: genetics, biology, and paths to 

treatment. Genes & development, 2007. 21(21): p. 2683-2710. 

31. Ziegler, D.S., A.L. Kung, and M.W. Kieran, Anti-apoptosis mechanisms in 

malignant gliomas. Journal of Clinical Oncology, 2008. 26(3): p. 493-500. 



 

87 

 

32. Seyfried, T.N. and P. Mukherjee, Targeting energy metabolism in brain cancer: 

review and hypothesis. Nutrition & metabolism, 2005. 2(1): p. 30. 

33. Kim, W., et al., Apoptosis-inducing antitumor efficacy of hexokinase II inhibitor in 

hepatocellular carcinoma. Molecular cancer therapeutics, 2007. 6(9): p. 2554-2562. 

34. Machida, K., Y. Ohta, and H. Osada, Suppression of apoptosis by cyclophilin D via 

stabilization of hexokinase II mitochondrial binding in cancer cells. Journal of 

Biological Chemistry, 2006. 281(20): p. 14314-14320. 

35. Mathupala, S., Y.a. Ko, and P. Pedersen, Hexokinase II: cancer's double-edged 

sword acting as both facilitator and gatekeeper of malignancy when bound to 

mitochondria. Oncogene, 2006. 25(34): p. 4777-4786. 

36. Robey, R.a. and N. Hay, Mitochondrial hexokinases, novel mediators of the 

antiapoptotic effects of growth factors and Akt. Oncogene, 2006. 25(34): p. 4683-

4696. 

37. Du, K. and M. Montminy, CREB is a regulatory target for the protein kinase 

Akt/PKB. Journal of Biological Chemistry, 1998. 273(49): p. 32377-32379. 

38. Steven, A. and B. Seliger, Control of CREB expression in tumors: from molecular 

mechanisms and signal transduction pathways to therapeutic target. Oncotarget, 

2016. 7(23): p. 35454. 

39. Benhar, M., D. Engelberg, and A. Levitzki, ROS, stress‐activated kinases and stress 

signaling in cancer. EMBO reports, 2002. 3(5): p. 420-425. 

40. Skildum, A., K. Dornfeld, and K. Wallace, Mitochondrial amplification selectively 

increases doxorubicin sensitivity in breast cancer cells with acquired antiestrogen 

resistance. Breast cancer research and treatment, 2011. 129(3): p. 785-797. 



 

88 

 

41. Wang, X. and C.T. Moraes, Increases in mitochondrial biogenesis impair 

carcinogenesis at multiple levels. Molecular oncology, 2011. 5(5): p. 399-409. 

42. Wu, C.-W., et al., Enhanced oxidative stress and aberrant mitochondrial biogenesis 

in human neuroblastoma SH-SY5Y cells during methamphetamine induced 

apoptosis. Toxicology and applied pharmacology, 2007. 220(3): p. 243-251. 

43. Zhang, G., et al., Targeting mitochondrial biogenesis to overcome drug resistance 

to MAPK inhibitors. The Journal of clinical investigation, 2016. 126(5): p. 1834. 

44. Dabrowska, A., PGC1α controls mitochondrial biogenesis and dynamics in lead-

induced neurotoxicity. 2015, Imperial College London. 

45. Balkwill, F., Tumor necrosis factor or tumor promoting factor? Cytokine and 

Growth Factor Reviews, 2002. 13(2): p. 135-141. 

46. Yoshida, N., et al., Interleukin-6, tumour necrosis factor α and interleukin-1β in 

patients with renal cell carcinoma. British journal of cancer, 2002. 86(9): p. 1396-

1400. 

47. Pfitzenmaier, J., et al., Elevation of cytokine levels in cachectic patients with 

prostate carcinoma. Cancer, 2003. 97(5): p. 1211-1216. 

48. Michalaki, V., et al., Serum levels of IL-6 and TNF-α correlate with 

clinicopathological features and patient survival in patients with prostate cancer. 

British journal of cancer, 2004. 90(12): p. 2312-2316. 

 

Figure Legends: 

 

Figure 1. Analysis of mitochondrial parameters after 48 h treatment with doxazosin in C6 

cells. Cells were stained in a with MitoSox, in b with MitoTracker Green and in c with 
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MitoTracker Red. Data are represented as means ± SEM (n = 6). *p< 0.05, **p< 0.01 and 

***p<0.001 vs. control. 

 

Figure 2. Levels of secreted cytokines by C6 cells after 48 h treatment with doxazosin. In a 

are the IL-1β levels, in b is IL-6 and TNF-α in c. Data are represented as means ± SEM (n 

= 6). *p< 0.05 vs. control. 

 

Figure 3. Analysis of caspase activity and cell death (tem o Hoechst) in C6 cells after 

doxazosin treatment for 48 h. Caspase 3 activity in a. In b, Hoechst staining with arrows 

pointing to picnotic nuclei.Data are represented as means ± SEM (n = 8). ***p<0.001 vs. 

control. 

 

Figure 4. Analysis of proteins involved in signaling between mitochondria and 

cytoplasm/nucleus after doxazosin treatment in C6 cells. Histogram of TFAM and PGC-1α 

protein levels in a. Immunostaining of p-AktSer473 in b, p-GKS-3βSer9 in c and p-CREBSer133 

in d. 

 

Figure 5. Suggested model of the effects of doxazosin on mitochondrial dynamics on C6 

glioma cells. Doxazosin inhibits the PI3K/Akt pathway, which activates GSK-3β. In turn, 

GSK-3β influences induction of mitochondrial apoptosis through mitochondrial 

permeability transition pore (mPTP) opening and caspase 3 activation. Doxazosin also 

decreases TNF-α secretion, which could lead to PGC-1α activation. PGC-1α enhances 

TFAM transcription, which induces mitochondrial biogenesis. HKII: hexokinase II. 
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Figure 5 
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Abstract 

 

Glioblastoma (GB), a malignant primary brain tumor, is a devastating disease with no 

effective cure. Doxazosin is an α-adrenergic blocker that has become a promising 

antiglioma agent. The drug’s chemical structure has several characteristics that indicate 

the molecule is autofluorescent. We characterized doxazosin’s intrinsic fluorescence in 

different solvents and in the presence of biomolecules. Doxazosin’s fluorescence in 

hydro-alcoholic solution is blue and it changes in intensity and color (green and red) in 

different solvents. The drug also interacts with biomolecules in solution. Due to the 

drug’s fluorescence, it was possible to analyze its uptake, distribution and real-time 

monitoring on C6 glioma cells. Doxazosin’s uptake and distribution were 

heterogeneous; the drug localization was perinuclear and appeared to be vesiculated. 

With Proton Nuclear Magnetic Resonance analysis, we show that doxazosin is not 

present in C6 conditioned medium, meaning the drug is arrested intracellularly. The 

greatest challenge of the current pharmacotherapy, especially against GB, is the cells 

heterogeneity, since the cells may respond differently to therapy. Therefore, studies 

should focus on the heterogeneity of this tumor. The fluorescence allows the 

visualization and tracking of molecules and events in living cells and it is a valuable 

tool for the study of cancer biology. 
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Introduction 

 

Glioblastoma (GB) is a central nervous system tumor [1]. GB is often characterized 

by rapid growth and invasiveness into surrounding normal brain tissue [2]. This diffusely 

infiltrative nature of GBs is one of the major obstacles to successful local resection, which 

in turn causes failure of curative treatment, with most recurrences occurring at the site of 

the original tumor [3]. 

There are many reasons for the therapy resistance of glioblastomas: 

(1) The tumor can be located on and often invades inaccessible functional brain 

areas, making it impossible to surgically remove the GB (infiltrative tumors) without motor 

and/or cognitive impairment [4-5]; 

(2) The blood-brain barrier (BBB) protects the central nervous system from 

systemically administered drugs, which prevents many chemotherapeutics from reaching 

the tumor site. For this reason, many drug treatments that have been proven effective 

against other malignancies may not be applicable in the treatment of primary brain tumors 

[6]; 

(3) Glioblastomas are characterized by having a variety of genetic abnormalities. 

This heterogeneity may be a therapeutic challenge because the cells may respond 

differently to therapy [7]. 

This difficult clinical situation has stimulated interest in additional approaches to the 

treatment of glioblastomas. A more specific local therapy is required to eradicate 

unresectable tumor cells invading adjacent normal brain tissue. Fluorescent drugs can be 
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used for fluorescence imaging at cellular and systemic levels for monitoring of drug 

delivery, therapeutic response and even diagnostics [8]. 

Doxazosin is an alpha-adrenergic blocker used in the treatment of hypertension and 

urinary retention [9]. Studies demonstrate its effects as an antitumoral agent in glioblastoma 

[10-11], urothelial cancer [12], pituitary adenoma [13], breast cancer [14] and HeLa cells 

[15]. Sakamoto et al. showed that early administration of doxazosin may prevent prostate 

tumor formation and supress metastasis of human prostate cancer [16]. 

Due to its physicochemical characteristics, doxazosin is able to permeate the BBB 

[17] and its relatively long half-life provides basis for once-daily dosing, which is a 

therapeutic advantage [18]. Our research group [10] showed that 75-180µM doxazosin 

induces cell death on glioblastoma cells (C6 and U138-MG) and at 250µM presents low 

toxicity on neural non-tumor cells (primary astrocyte and hippocampal slice organotypic 

cultures). 

Fluorescence detection in analytical and biomedical techniques has been employed 

to monitor drug release kinetics. It has been considered as a convenient and fundamental 

tool to quantify the amount of drug released in less accessible intracellular environments 

[8]. 

In addition, recent advances in imaging and quantitative analysis of image data have 

led to earlier diagnosis of tumors and tumor response to therapy, providing oncologists with 

a greater time window for therapy management [8]. 

In this study, we report the characterization of doxazosin’s autofluorescence and 

uptake in C6 tumor cells. Fluorescence microscopy, flow cytometry and nuclear magnetic 

resonance were used to investigate drug’s uptake and distribution in glioblastoma cells. 
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Monitoring fluorescence spectral changes permits analysis of three-dimensional imaging, 

cellular uptake, real-time drug release in tumor cells, cellular distribution and accumulation 

of the drug [8]. This could provide more accurate treatment approaches in the future. 

 

Results 

 

Doxazosin’s autofluorescence 

The presence of certain chemical groups in the chemical structure of molecules 

favors the process of fluorescence. These are referred to as chromophoric groups [19-21]. 

These groups are present on the chemical structure of doxazosin, as we can observe on 

figure 1a. 

We first analyzed doxazosin’s autofluorescence in different solutions and in the 

presence of biomolecules. In hydro-alcoholic solution, doxazosin has an absorption peak at 

340 nm, approximately. Based on the results from the absorption spectrum, doxazosin was 

excited at 340 nm in different solvents in order to analyze the autofluorescence. The drug 

emits blue fluorescence with higher intensity in ethanol as compared to the drug in cell 

medium and in H2O. Phenol red from the culture medium does not interfere with the drug's 

fluorescence (figure 1b). 

Next, we sought to analyze doxazosin’s fluorescence in solvents with different 

polarities, pH and presence of proteins, lipids and DNA isolated from C6 cells (figure 1c). 

In the apolar solvent Dimethylsulfoxide (DMSO), doxazosin’s blue fluorescence increased 

and the drug has green and red fluorescence. In acetonitrile, doxazosin’s blue fluorescence 

decreases, while the green and red fluorescence also appear, but less intense than in DMSO. 
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In the polar solvent ethanol, doxazosin’s fluorescence was similar as in DMSO solution. In 

acid and basic pH, the blue fluorescence increased, while the green and red fluorescence 

appeared only in basic pH (figure 1c). 

 In the presence of proteins, doxazosin’s blue fluorescence increases and is also 

intensely red. When incubated with apolar lipids, doxazosin’s blue fluorescence increased; 

and with polar lipids, the blue fluorescence remained unchanged, while the green and red 

increased. In the presence of DNA, the blue fluorescence increased (figure 1c). These 

results show that doxazosin’s fluorescence present blue, green and red colors, that the 

fluorescence can change depending on the solvent and that the drug interacts with 

biomolecules. 

 

Doxazosin’s uptake is heterogeneous 

In order to determine if doxazosin’s uptake occurs, we analyzed the intracellular 

drug fluorescence, using C6 cells. We used flow cytometry and confocal microscopy to 

determine if fluorescent changes occurred after 6h, 24h and 48h of treatment with varying 

drug concentrations. The excitation optics of the flow cytometer used was a 488 nm argon-

ion laser. Therefore, we were able to analyze doxazosin’s green and red fluorescence with 

this system and the blue fluorescence was detected with a fluorescent microscope. At 6h, 

there is a small population of cells with increased green and red doxazosin fluorescence at 

180 µM (figure 2a). At this concentration, doxazosin blue fluorescence was not detected 

(figure 2b). Also, there is an increase in cell granularity (figure 2c). 

 At 24h, the majority of cells show both green and red fluorescence (figure 3a). 

Green fluorescence alone appeared in a small percentage of cells (less than 1%). Blue 
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fluorescence also appears at 24h, at the concentration of 180 µM (figure 3b). From the 

photomicrographs, it is possible to observe that doxazosin is distributed around the nucleus. 

There were three populations of cells with different granularities and the fluorescent cells 

showed higher granularity (figure 3c). 

 At 48h, there were few cells with both fluorescences (figure 4a). A large percentage 

of cells showed green doxazosin fluorescence alone and the percentage of green cells did 

not increase with the drug concentration. Virtually no cells showed red fluorescence alone. 

This occurred with all concentrations used. Blue florescence was present and was detected 

in cells presenting green fluorescence (figure 4b). Again it is possible to observe a 

perinuclear distribution of doxazosin. At this time, only two populations with different 

granularities were observed (figure 4c).  

 We carried out a Proton Nuclear Magnetic Resonance (1H-NMR) analysis of the 

conditioned medium in order to verify if drug remains in the C6 medium, if it enters the cell 

and/or if it is biotransformed. In figure 5a, we show doxazosin’s 1H-NMR spectrum with 

the positions of the characteristic peaks of the molecule (in red). In figure 5b, the dotted red 

lines represent the characteristic positions of doxazosin in the spectrum (the same points 

shown in figure 5a); the full lines represent the samples of C6 conditioned medium. As 

shown in figure 5b, doxazosin is not detectable in the conditioned medium at 6, 24 and 48h, 

meaning the drug is internalized by the cell. As shown in figure 5c, doxazosin’s uptake is 

heterogenous: 24h after treatment, some cells show no doxazosin fluorescence, while others 

show varying degrees of blue fluorescence intensity. Moreover, doxazosin appears to be 

vesiculated and is distributed around the nucleus. At 48h, the majority of cells are dead, as 

we demonstrated previously. In figure 5c doxazosin appears vesiculated and perinuclear. 
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Therefore, the increase in granularity observed with the flow cytometry could be due to 

increase in vesicles and accumulation of doxazosin in the cell.  

 

Intracellular distribution of doxazosin 

In C6 cells, doxazosin presents blue, green and red fluorescence in the cytoplasm, 

nucleus and cellular processes. Upon analysis of the shots after 1h treatment, we chose 3 

cells from the same field for further analysis based on their different morphology and 

response to the drug. Cells numbers 1 and 2 showed little to none morphological changes, 

while cell number 3 showed formation of blebs on the cytoplasm and nucleus. First we 

analyzed the average fluorescence in each cell compartment (cytoplasm, nucleus and 

cellular processes) in order to compare doxazosin’s distribution and fluorescence between 

the cells and through the entire 60 min. 

In the cytoplasm of all the observed cells, the peak in fluorescence average occurs 

until 20 min after treatment for all colors and starts to decrease at this time-point (figures 

6a, 7a and 8a). In the nucleus, doxazosin fluorescence is different between the cells and 

regarding the fluorescence color. Cell #1 showed similar doxazosin distribution for all 

fluorescence colors: a peak in fluorescence average until 20 min and decrease after this 

time-point. Cell #2 blue nuclear fluorescence peaked later, around 35 min and remained 

slightly higher than that of the cytoplasm and constant until the end of the 60 min. The 

green fluorescence was similar to that of the cytoplasm, being slightly higher at the end. 

Cell #2 red fluorescence was constant during the period analyzed and was lower than the 

cytoplasmic red fluorescence. Nuclear fluorescence of cell #3 was similar to the 
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cytoplasmic fluorescence for colors green and red; the nuclear blue color remained constant 

during the time-points.  

In the cellular processes, doxazosin’s fluorescence in cells #1 and #2 were similar to 

that of the cytoplasm for all colors, but less intense.  

Observing these results of fluorescence average, it is clear that doxazosin’s 

distribution and fluorescence color differs between the cells. In order to analyze specifically 

these differences in doxazosin’s distribution, we generated heatmaps using the separation of 

the cells in grids of squares with 3 µm and showed the fluorescence mean of each square 

distributed throughout the cells cytoplasm, nucleus and processes. Based on the results 

above, we chose the time-points of 0, 5, 10, 15, 20, 30, 40, 50 and 60 min for the heatmap 

analysis. 

With this, is possible to observe in cell #1 that the red fluorescence is higher (more 

intense) than the green, which is higher than the blue throughout the cell and the time-

points. The green fluorescence distribution is homogenous through the cell, while the blue 

and red fluorescence accumulate in one side of the cytoplasm, being perinuclear. This 

accumulation occurs between 15 to 30 min for the blue color, and between 10 to 50 min for 

the red. Also, red and green doxazosin appear in both cellular processes, while blue 

doxazosin is evident in only one of them. Interestingly, doxazosin’s fluorescence is weak in 

the nucleus of these cell and the higher intensities observed for the blue color are at 10-30 

min while for the red color they occur earlier and last longer (5-50 min). 

In cell #2, doxazosin’s fluorescence is similar in some aspects to cell #1. However, 

while the blue doxazosin accumulates at one side of the cytoplasm, the red color is 

accumulated in the cytoplasm around the whole nucleus. Moreover, the blue doxazosin 
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starts increasing in fluorescence intensity at 5 min, as well as the red fluorescence. Another 

difference between both cells is that cell #2 red fluorescence in the cellular processes is 

more intense in one of them, while the blue fluorescence is weak in this region of the cell. 

The blue fluorescence is weaker in the nucleus than in the cytoplasm, but the red 

fluorescence is slightly more intense in the nucleus at 20 min. 

As stated above, cell #3 showed morphological changes that included the formation 

of blebs, in contrast to cells #1 and #2. The blebs started forming at 30 min. Cell #3 showed 

weak perinuclear blue fluorescence intensity, with higher intensity on the cytoplasm 

starting at 5 min, until 20 min of treatment. Also, a weak blue fluorescence is present in the 

nucleus. The green fluorescence was homogenous, with slight increases in intensity in parts 

of the cytoplasm and nucleus. The red fluorescence was overall more intense than the 

others, being strong on one side of the cytoplasm, on a small perinuclear portion and inside 

the nucleus. The fluorescence intensities started decreasing earlier than in cells #1 and #2, 

from 30 to 60 min. However, a strong red fluorescence signal was still detected in the 

nucleus and cytoplasm during this period. Therefore, in addition to doxazosin’s uptake 

being heterogeneous, the drug fluorescence distribution varies between the C6 cells. 

 

Discussion 

Doxazosin is clinically used for hypertension and benign prostatic hyperplasia. 

Several studies, however, have been repurposing the drug as an antitumoral agent. This 

effect was demonstrated in glioblastoma [10-11], prostate cancer [22-23], breast cancer 

[14]and bladder cancer [12]. The advantages of drug repurposing is availability of data on 

pharmokinetics, bioavailability, toxicities, established protocols and dosing [24]. 
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As shown in our previous study, doxazosin induces cell cycle arrest and cell death 

in approximately 70% of C6 cells in 48hs, and has low neurotoxicity in organotypic 

hippocampal cultures and primary astrocytes cultures [10]. Here, we describe doxazosin’s 

autofluorescence, the changes in fluorescence caused by different solvents and the drug’s 

interaction with biomolecules, and we also demonstrate the drug’s uptake and distribution 

in glioma C6 cells. 

The presence of certain groups in the chemical structure of molecules, for example, 

the grouping –NH2 present in doxazosin (shown in figure 1a) favors the process of 

radioactive fluorescence. Molecules with rigid aromatic rings and the presence of imines 

groups (N=C), as is the case for doxazosin, also can exhibit fluorescence [19-21]. When a 

fluorescent molecule interacts with other molecules, it can temporarily lose fluorescence or 

shift to another color [25].  

Doxazosin’s autofluorescence in hydro-alcoholic solution is blue and intracellularly 

presents green and red colors and the blue fluorescence intensity varies.  The different pH 

values inside cellular compartments can protonate/deprotonate fluorescent molecules and 

influence its fluorescence (in intensity and color shift) [19]. Here we show that changes in 

pH solutions alter the intensity of doxazosin’s blue fluorescence and basic pH causes a red 

shift. The different polarities of cellular components, e.g. proteins, lipids and DNA, and the 

drug interactions with these biomolecules can also influence fluorescence intensity and 

color. This occurred with doxazosin’s fluorescence: in the presence of proteins and lipids 

the drug’s fluorescence can change and in the presence of DNA the intensity varies. This 

suggests that the drug’s fluorescence is dependent on the environment and on interactions 

with biomolecules. 
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Doxazosin’s uptake in C6 cells was heterogenous, especially at 24h, as shown by 

flow cytometry and microscopy. At 24h, doxazosin showed both green and red 

fluorescence in the majority of cells; in 48h, however, the green fluorescence alone is in the 

majority of cells. This does not mean that doxazosin’s fluorescence shifted from red to 

green. This could be due to a temporarily loss of fluorescence caused by interaction with 

different cellular components. It is important to note, however, that the photomicrographs 

(Figures 3b and 4b) show the occurrence of three or two fluorescence colors at the same 

position in one cell and also cells presenting only the green color. 

The 1H-NMR analysis showed the drug was not detected in the extracellular 

medium. Previously we described that at 48h of treatment (180 µM) doxazosin induces 

apoptosis and necrosis in approximately 55% and 15% of cells, respectively [10]. 

Interestingly, even with cellular death, doxazosin and its biotransformation products are not 

detected in the conditioned medium. This could mean that the drug is arrested inside of the 

cell, possibly interacting with anchored proteins or inside vesicles. 

We showed that doxazosin is internalized by the cells and accumulates around the 

nucleus as early as 1h of treatment; however, doxazosin induces a statistical significant 

physiological response only after 48h of being arrested inside the cell [10]. This raises the 

question of why does it takes so much time for the drug to induce cell death. Due to an 

intrinsic property of doxazosin we were able to demonstrate the heterogeneity in the drug 

uptake, in its distribution and in the different physiological responses of the glioma cells, 

without changes in the cells microenvironment. In a previous study we showed that C6 

cells dedifferentiate to cancer stem cells in a hypoxic environment [26]. Here, we 
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maintained the same culture conditions during all times studied and still found great 

differences between the cells responses to the same molecule. 

Studying mechanisms of cell death induction of antitumoral drugs and analyzing 

total cell death is important. However, the greatest challenge of the current 

pharmacotherapy, especially against glioblastomas, is the cells heterogeneity, since the 

cells may respond differently to therapy.  

In a large retrospective study with patients with glioblastoma, Scott et al. [27-28] 

showed that the final mortality rate was close to 100%. This is an alarming statistic, 

especially due to the advances in cancer therapy accomplished nowadays. Future studieson 

glioblastoma pharmacotherapy should focus on the heterogeneity of this tumor and on the 

understanding of the mechanisms of drug resistance. Moreover, the use of fluorescent drugs 

like doxazosin for the study of this heterogeneity could greatly contribute for this purpose. 

 

Materials and Methods 

 

Chemicals and materials 

Cell culture medium and fetal bovine serum (FBS) were obtained from Gibco-

Invitrogen (Grand Island, NY, USA). Doxazosin was obtained from Sigma Chemical Co 

(St. Louis, MO, USA). All other reagents were purchased from Sigma Chemical Co. (St. 

Louis, MO, USA) or Merck (Darmstadt, Germany). All chemicals and solvents used were 

of analytical or pharmaceutical grade. 

 

Fluorescence analysis 
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 Doxazosin’s absorption and fluorescence spectra were determined with a UV-2450 

UV-Vis Spectrophotometer (Shimadzu Corporation, Kyoto, Japan) and a RF-5301PC 

Spectrofluorphotometer (Shimadzu Corporation, Kyoto, Japan). Doxazosin in the 

concentration of 180 µM was diluted in ethanol, ethanol and water solution, culture 

medium and PBS for determination of the spectra. Spectral shifts were analyzed in solvents 

with different polarities, pH and cellular components.  

 

Cell culture 

C6 rat glioma cell line was obtained from American Type Culture Collection 

(Rockville, Mariland, Md., USA). C6 cells were grown and maintained in Dulbecco’s 

Modified Eagle’s Medium (DMEM, Gibco-Invitrogen, Grand Island, NY, USA) 

supplemented with 5% (v/v) FBS (Gibco-Invitrogen, Grand Island, NY, USA), and 

containing 2.5 mg/mL of Fungizone® and 100 U/L of gentamicine (Shering do Brasil, São 

Paulo, SP, Brazil). Cells were kept at 37ºC, in an atmosphere of 5% CO2. 

 

Treatment 

Doxazosin was dissolved in 20% ethanol/ milli-Q
TM

 water (vehicle) and cells were 

treated with concentrations ranging from 50 µM to 180 µM and at 1, 6, 24 and 48h. 

 

Flow Cytometry 

For uptake assay, C6 cells were seeded in 6-well plates (3x10
4
 cells/well) and 

grown for 24 h. After treatments, cells were washed with PBS, trypsinized and fluorescence 

intensity was analyzed by flow cytometry at different time points. Data was acquired with a 
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FACS Calibur cytometry system (FACS Calibur, BD Bioscience, Mountain View, CA, 

USA) and Cell Quest software (BD Bioscience, Mountain View, CA, USA). Data obtained 

was analyzed with FCS Express 4 Software (De Novo Software, Los Angeles, CA, USA). 

 

Nuclear Magnetic Resonance (1H-NMR) 

C6 conditioned medium after treatment for 48 hours with doxazosin was filtered 

through Amicon Ultra-15 membranes (3 kDa). Fractions with metabolites smaller than 

3kDa were mixed with phosphate buffer, D2O, and 1 mM DSS (4,4-dimethyl-sulfonic acid 

4-silapentano-1-acid) to a final volume of 600 uL. Samples were processed at a 600 MHz, 

Varian Inova, (with triple resonance cryogenic probe system and room temperature probe) 

NMR spectrometer and analyzed with Chenomx NMR Suite 7.0 program. 

 

Confocal Microscopy 

To quantify doxasozin and verify its distribution on C6 cells, confocal microscopy analysis 

was carried out. Cells were seeded in 4-well glass bottom dishes with 10
4
 cells in each well 

and grown for 24 hours. For live cell imaging, cells were kept on a proprietary CO2 

incubator, maintained with 90% humidity and 5% CO2. Cells were treated with doxazosin 

at the time of shooting and shots were made for 1 h. Photomicrographs were also taken 

after treatment for 6, 24 and 48 hours. A Confocal Laser Scanning Biological Microscope 

FV1000 (Olympus Corporation, Tokyo, Japan) was used for live cell shooting and for 

image acquisition. Doxazosin fluorescence was measured after excitation with laser beams 

of 405, 473 and 559 nm. After live cell shooting, 3 cells were chosen for image analysis 

based on their different morphology alterations during the 1h treatment with doxazosin. 
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The image field of each cell was divided by a grid of 3 µm squares and mean fluorescence 

was measured in each square using ImageJ 1.50i software. The average of the fluorescence 

in each time-point was plotted using GraphPad Prism 5.01 software (GraphPad Software, 

La Jolla, CA, USA). The time-points of 0, 5, 10, 15, 20, 30, 40, 50 and 60 min were chosen 

based on the previous graph of time versus average fluorescence. For the selected time-

points, a heatmap plot was generated using the R language for analysis of the fluorescence 

distribution on the cells. 

 

Abbreviations 

1H-NMR: Proton Nuclear Magnetic Resonance 
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Figure Legends 

 

Figure 1. Doxazosin’s autofluorescence in diferrent solutions. (a) Chemical structure of 

doxazosin[4-4-amino-6 ,7-dimethoxyquinazoline-2-yl)-piperazine]yl-1 (2,3-dihydro-1,4-



 

116 

 

benzodioxine-3-yl). In a, 1 and 2 indicate the presence of chromophore groups that could 

contribute for the process of radioactive fluorescence of doxazosin. (b) Doxazosin’s 

fluorescence spectrum in: hydro-alcoholic solution (EtOH), Water (H2O), cell culture 

medium, and we analyzed the culture medium without the drug. The solutions were excited 

at 340 nm. (c) Doxazosin’s (DZ) fluorescence analyzed in solvents with different 

polarities,pHs, and in the presence of proteins, lipids and DNA. 

 

Figure 2. Analysis of doxazosin’s uptake by C6 glioma cells after 6h of treatment. (a) Dot 

plot demonstrating doxazosin’s green (x-axis) and red (y-axis) fluorescence in C6 cells. (b) 

Photomicrographs of doxazosin’s fluorescence blue, green and red fluorescence in C6 

cells.Magnification: 600x. (c) Dot plot analysis of C6 cells granularity after doxazosin’s 

treatment. 

 

Figure 3. Analysis of doxazosin’s uptake by C6 glioma cells after 24h of treatment. (a) Dot 

plot demonstrating doxazosin’s green (x-axis) and red (y-axis) fluorescence in C6 cells. (b) 

Photomicrographs of doxazosin’s fluorescence blue, green and red fluorescence in C6 

cells.Magnification: 1000x. (c) Dot plot analysis of C6 cells granularity after doxazosin’s 

treatment. 

 

Figure 4. Analysis of doxazosin’s uptake by C6 glioma cells after 48h of treatment. (a) Dot 

plot demonstrating doxazosin’s red (x-axis) and green (y-axis) fluorescence in C6 cells. (b) 

Photomicrographs of doxazosin’s fluorescence blue, green and red fluorescence in C6 

cells.Magnification: 600x. (c) Dot plot analysis of C6 cells granularity after doxazosin’s 

treatment. 

 

Figure 5. Doxazosin's NMR spectrum in (a) hydro-alcoholic solution and in (b) 

conditioned medium from C6 cells after treatment for 48h. (a) Characteristic peaks of the 

molecule (in red). Number 1 in a indicates the characteristic peak of water and number 2 

indicates the characteristic peak of ethanol. (b) NMR spectrum of the conditioned medium 

from C6 cells. Red dotted lines indicated by the number 3 represent the positions where 

doxazosin should be found in the spectrum; continue colored lines represent the samples of 
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conditioned medium after treatment with different doxazosin concentrations (as shown in 

the legend). (c) Doxazosin’s uptake after 24h (left) and 48h (right) of treatment is 

heterogenous. Some cells show no doxazosin fluorescence, while others show varying 

degrees of blue, green and red fluorescence intensity. Doxazosin appears to be vesiculated 

and is distributed around the nucleus. 

 

Figure 6. Intracellular distribution of doxazosin. Analysis of the shots for 1h of treatment 

for cell number#1. (a) Doxazosin average fluorescence in each cell compartment 

(cytoplasm, nucleus and cellular processes), during al time-points. (b) Heatmaps using the 

separation of the cells in grids of squares with 3 µm show the fluorescence mean of each 

square distributed throughout the cells cytoplasm, nucleus and processes. 

 

Figure 7. Intracellular distribution of doxazosin. Analysis of the shots for 1h of treatment 

for cell number#2. (a) Doxazosin average fluorescence in each cell compartment 

(cytoplasm, nucleus and cellular processes), during al time-points. (b) Heatmaps using the 

separation of the cells in grids of squares with 3 µm show the fluorescence mean of each 

square distributed throughout the cells cytoplasm, nucleus and processes. 

 

Figure 8. Intracellular distribution of doxazosin. Analysis of the shots for 1h of treatment 

for cell number#3. (a) Doxazosin average fluorescence in each cell compartment 

(cytoplasm and nucleus), during al time-points. (b) Heatmaps using the separation of the 

cells in grids of squares with 3 µm show the fluorescence mean of each square distributed 

throughout the cells cytoplasm and nucleus. 

 

Figure 9. Schematic representation of doxazosin’s autofluorescence in solution and in C6 

glioma cells. (a) In hydro-alcoholic solution, doxazosin shows blue fluorescence (blue 

circles), while in contact with lipids, proteins and DNA, it shows blue/green/red, blue/red 

and blue fluorescence, respectively. (b) In C6 cells, doxazosin’s uptake, distribution and 

cell death induction is heterogeneous.  
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Abstract 

 

Receptor tyrosine kinases (RTKs) are regulators of the growth factor signaling that 

controls cellular proliferation, metabolism and survival in response to environmental 

cues. Glioblastomas are highly resistance to treatment with radiation and chemotherapy 

and aberrant Epidermal Growth Factor Receptor (EGFR) signaling contributes to this 

resistance. Amplifications and/or mutations of RTKs were detected in 66% of primary 

GBs. This deregulated signaling system plays an important role in cancer pathogenesis 

and therefore is an attractive target for therapeutic intervention. Doxazosin is a 

quinazoline with antitumoral effects on glioma and several types of cancer. The 

quinazolinic ring that is present in doxazosin’s molecular structure has been studied as a 

ligand of the ATP binding site of EGFR. Here, we analyzed if the antiglioma action of 

doxazosin is involved with EGFR and we co-treated glioma cells with doxazosin and 

AG1478, an EGFR inhibitor. First, we pretreated glioma cells with Epidermal Growth 

Factor (EGF) and found it increased cell proliferation and EGFR expression and 

phosphorylation. Moreover, doxazosin treatment decreased p-EGFR levels and AG1478 

treatment decreased EGFR phosphorylation and induced necrosis on glioma cells. Co-

treatment of doxazosin and AG1478 decreased EGFR phosphorylation and caused 

necrosis. Upon increase in doxazosin concentration in the presence of AG1478, 

however, cell death by apoptosis occurred. In addition, pretreatment of EGF sensitized 

glioma cells to doxazosin and AG1478, leading to cell death by apoptosis. Previously 

we showed doxazosin’s antiglioma action was due to inhibition of the PI3K/Akt 

pathway. Our findings suggest doxazosin’s mechanism of action involves EGFR 

signaling and we propose doxazosin as a potential antiglioma agent. 

 

Keywords: glioma, doxazosin, EGFR, EGF, AG1478 
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Introduction 

 

Glioblastoma (GB) is the most common primary brain tumor in adults. GBs are 

aggressive, resistant and invasive, presenting a high recurrence rate [1]. They are the 

second most common malignant neoplasia, representing 16% of all primary brain 

tumors [2]. 

 Genetic alterations on receptor tyrosine kinase (RTKs), including the epidermal 

growth factor receptor (EGFR), have an important role on development, progression 

and treatment resistance of GBs. One of the most common mutations associated with 

malignant glioma is amplification of EGFR (also known as ERBB1 or HER1) with a 

frequency of approximately 50% [3]. EGFR is a member of the superfamily HER of 

RTKs, in addition to ERBB2, ERBB3 and ERBB4. Ligands that activate EGFR include 

epidermal growth factor (EGF), transforming growth factor alfa (TGF-α), amphiregulin, 

betacellulin, among others [4]. 

 While inactive, EGFR appears on the plasma membrane as a monomer. 

Interaction with EGF or other ligand (TGF-α, anfiregulina, betacelulina) induces 

conformational changes that allow for the interaction between two monomers. This 

results in autophosphorylation of the cytoplasmic domain and activation of downstream 

signaling pathways, e.g. Ras-ERK (MAPK) and PI3K/Akt [5]. Moreover, upon ligand 

binding, EGFR translocates to the nucleus, where it can modulate gene transcription and 

promote radio and chemoresistance. It is interesting to mention that EGFR can also 

translocate to the mitochondria [6]. 

 In approximately 50% of tumors with EGFR amplification, a mutant form of the 

receptor is detected: EGFRvIII, also known as type III EGFR. Most GBs (54%) 

overexpress EGFR wild-type (wtEGFR) and 31% overexpress wtEGFR and EGFRvIII. 
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EGFRvIII has a deletion of exons 2-7, resulting in deletion of 267 aminoacids from the 

extracellular domain of the receptor [7]. Therefore, EGFRvIII is absent of the 

extracellular domain on which the ligand interacts and this mutation maintains the 

receptor constantly active. 

In non-tumor cells, there are 4x10
4
 to 1x10

5
 EGFR molecules on the plasma 

membrane, while tumor cells express more than 2x10
6
 receptors per cell [4, 8]. For 

these reasons, several therapeutic strategies against cancer are targeting EGFR. 

 RTK inhibitors (TKI) are promising agents for glioma treatment. They compete 

with endogenous ATP for the catalitic domain of EGFR, therefore inhibiting 

autophosphorylation of the cytoplasmic domain [4]. Tyrphostin 4-(3-chloroanilino)-6,7-

dimethoxyquinazoline (AG1478) is one of those competitive inhibitors of EGFR. 

AG1478 has anti-proliferative effects both on in vitro and in vivo glioblastoma models 

[9].    

 Doxazosin is an alfa-adrenergic blocker used for hypertension and urinary 

retention treatment and the drug is being tested against several types of cancer [10-15]. 

The quinazolinic ring that is present in doxazosin’s molecular structure has been studied 

as a ligand of the ATP binding site of EGFR [16]. Staudacher et al. [14] showed 

doxazosin had pro-apoptotic effects on breast cancer through EGFR inhibition and 

NFκB signaling activation. Liao et al. [16] propose a possible interaction of doxazosin 

with EGFR on breast cancer cells. Moreover, doxazosin’s molecular structure is similar 

to AG1478 and to the small molecule EGFR inhibitors Erlotinib and Gefitinib. 

Previously we showed doxazosin induces glioma cell death through inhibition of 

the PI3K/Akt pathway [15]. Here we investigated doxazosin’s effect on EGFR 

activation. We also analyzed the effects of EGF pretreatment on EGFR expression and 
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on the response of glioma cells to doxazosin and AG1478 treatments after EGF 

pretreatment. 

 

Materials and Methods 

 

Chemicals and materials 

Cell culture medium and fetal bovine serum (FBS) were obtained from Gibco-

Invitrogen (Grand Island, NY, USA). Doxazosin, 5-Bromodeoxiuridin (5-BrdU) and 

human recombinant epidermal growth factor (EGF) were obtained from Sigma 

Chemical Co (St. Louis, MO, USA). All other reagents were purchased from Sigma 

Chemical Co. (St. Louis, MO, USA) or Merck (Darmstadt, Germany). All chemicals 

and solvents used were of analytical or pharmaceutical grade. 

 

Cell culture 

C6 rat glioma cell line was obtained from American Type Culture Collection 

(Rockville, Mariland, Md., USA). C6 cells were grown and maintained in Dulbecco’s 

Modified Eagle’s Medium (DMEM, Gibco-Invitrogen, Grand Island, NY, USA) 

supplemented with 5% (v/v) FBS (Gibco-Invitrogen, Grand Island, NY, USA), and 

containing 2.5 mg/mL of Fungizone® and 100 U/L of gentamicine (Shering do Brasil, 

São Paulo, SP, Brazil). Cells were kept at 37ºC, in an atmosphere of 5% CO2. 

 

Treatment 

For EGF concentration curve, C6 cells were seeded on 6-well plates (2x10
4
 

cells/well) and grown for 24h. EGF was used at 2,5 ng/mL, 5 ng/mL and 10 ng/mL, 

during 24h and 48h. The concentrations used were obtained from the literature [17]. 
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Doxazosin was dissolved in 20% ethanol/milli-Q
TM

 water (vehicle) and cells 

were treated with 100, 150 and 180 µM of doxazosin alone for 48h or after treatment 

with EGF 10 ng/mL for 48h. 

 

Flow Cytometry 

C6 cells were seeded in 6-well plates (2x10
4
 cells/well) and grown for 24 h. 

After treatments, cells were washed with PBS, trypsinized and cell counting was 

performed by measuring the volume flow rate. 

For cell cycle analysis, C6 cells were centrifuged at 400 x g for 5 min and 

resuspended (10
6
 cells/mL) in PBS containing 0,1% Nonidet, RNAse (100 µg/mL) and 

PI (5 µg/mL) for 15 min at room temperature. 

Cell death was analyzed by flow cytometry. Both floating and trypsinized 

adherent cells were collected. Annexin-V FITC/propidium iodide (PI) double stain kit 

was used, following the manufacturer’s instructions (Invitrogen, Grand Island, NY, 

USA). Samples were incubated in binding buffer containing Annexin-V FITC and PI 

for 15 min in the dark at room temperature. 

For pEGFR immunoquantification, cells were fixed with phosphate-buffered 

saline (PBS) and 4% paraformaldehyde for 20 min, then were permeabilized with PBS 

and 0.01% Triton X-100 and incubated with the primary antibody anti-pEGFR (1:50; 

Cell Signaling Technology™) for 30 min. The secondary antibody, Alexa Fluor 488 

anti-mouse (1:100; Gibco-Invitrogen), was added, and after a 60 min incubation, cells 

were analyzed by a flow cytometer. 

Data was acquired with a FACS Calibur cytometry system (FACS Calibur, BD 

Bioscience, Mountain View, CA, USA) and Cell Quest software (BD Bioscience, 
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Mountain View, CA, USA). Data obtained was analyzed with FCS Express 4 Software 

(De Novo Software, Los Angeles, CA, USA). 

 

Quantitative PCR 

RNA was isolated using TRIzol Reagent (Invitrogen). RNA was quantified 

using BioPhotometer Plus (Eppendorf, Hamburg, Germany) to measure the absorbance 

at 260 nm relative to that at 280 nm. It was added 300 ng of total RNA to each cDNA 

synthesis reaction, using SuperScript®-III RT First-Strand Synthesis SuperMix 

(Invitrogen). Specific primers for each gene were designed using IDT Design Software 

(Integrated DNA Technologies Inc., USA). Primers used for EGFR were the following: 

5’-CCTGGAAGAGACCTGCATTATC-3’ (forward) and 5’-

CAGAGCTGTCAAACCCACTAC-3’ (reverse). Beta-2 microglobulin gene was used 

as the internal control gene for all relative expression calculations. Primers for β2M 

were: 5’-TCCTGGCTCACACTGAATTC-3’ (forward) and 5’-

CTTTGTGGATAAATTGTATAGCA-3’ (reverse). q-PCR reactions were carried out in 

a Step One Plus real-time cycler (Applied-Biosystem, New York, NY, USA), performed 

in triplicates and containing 0.2 μM of forward and reverse primers, 0.5 ng/μl cDNA 

and Platinum® SYBR® Green qPCR SuperMix-UDG with ROX (Invitrogen Corp., 

USA) in the thermal cycling conditions: 2 min at 50º C, 2 min at 95ºC, followed by 40 

cycles of 95ºC for 15 s, 60ºC for 30 s. Mean Ct values from triplicate measurements 

were used to calculate expression of the target gene using the ΔΔCt formula [18]. 

 

Statistical analysis 

 Data are expressed as means±SEM. All results are representative of at least 3 

independent experiments. Student’s t test or analysis of variance (ANOVA) were 
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applied to the means to determine statistical differences between experimental groups. 

Post hoc comparisons were performed by Tukey test. Differences between mean values 

were considered significant when p<0.05. 

 

Results 

 

EGF increases glioma cells proliferation and induces EGFR expression 

 EGF treatment at 5 and 10 ng/mL for 48h increased the number of C6 cells in 

G2/M cycle phase (Fig. 1). EGF treatment also induced EGFR expression (Fig. 1d). 

 

EGFR phosphorylation is decreased by doxazosin and AG1478 treatment 

 In agreement with what was demonstrated for other glioma cell lines [19], 

AG1478 decreased p-EGFR protein levels on C6 glioma cells (Fig. 2). Doxazosin 

decreased EGFR phosphorylation at 100, 150 and 180 µM. Inhibition of EGFR 

phosphorylation was enhanced with co-treatment of AG1478 and 180 µM doxazosin 

(Fig. 2). 

 

EGF pretreatment and doxazosin on EGFR phosphorylation  

 Next we pretreated C6 cells with EGF for 48h and either exposed cells to 

doxazosin (EGF pretreatment + doxazosin groups) or maintained cells without any 

treatment for another 48h (EGF pretreatment group) (Fig. 3). In the EGF pretreatment 

group, p-EGFR protein levels were increased compared with the control (Fig. 3). 

Doxazosin treatment after EGF pretreatment was able to decrease EGFR 

phosphorylation, but only at 150 and 180 µM (Fig. 3). 
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Co-treatment of doxazosin and AG1478 induces glioma cells death 

Co-treatment of doxazosin and AG1478 induced necrosis on approximately 60% 

of cells at doxazosin’s concentrations of 150 and 180 µM (Fig. 4). Doxazosin’s 

concentration of 180 µM in the presence of AG1478 also increased late apoptosis. 

AG1478 alone caused cell death by necrosis. Previously we showed 100 µM doxazosin 

induces ~40% of glioma cell death, while here co-treatment of inhibitor and 100 µM 

doxazosin did not caused C6 cell death (Fig. 4). 

 

EGF pre-treatment sensitizes glioma cells do doxazosin 

 Previously we showed 180 µM doxazosin treatment for 48h induces glioma cell 

death at approximately 70% of cells. Here, pre-treatment of EGF for 48h followed by 

180 µM doxazosin treatment induced early and late apoptosis on approximately 13% 

and 86%, respectively (Fig. 5). AG1478 induced early and late apoptosis in 

approximately 29% and 67% of cells, respectively (Fig. 5). 

 

Discussion 

 

 Glioblastoma is the most common primary brain tumor in adults. These tumors 

are characterized as highly infiltrative, lethal and resistant to radio and chemotherapy 

[1]. EGFR gene amplification is one of the most common genetic alterations in 

glioblastoma [20]. Thus, therapeutic strategies targeting EGFR are being investigated as 

potential treatments for GBs [4]. 

Response of glioma cells to EGF treatment is influenced by the 

microenvironment, the ligand concentration and the type of cell line [21-22]. Our 

present findings demonstrate EGF treatment induced proliferation and increased EGFR 
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expression on C6 glioma cells. In accordance with our findings, Lund-Johansen et al. 

[23] found that treatment with EGF increased glioma cell growth, migration and 

invasion on D247-MG and D37-MG cells and this was dependent on the expression 

levels of EGFR. Furthermore, Pedersen et al. [24] found EGF-induced cell proliferation 

occurred on invasive glioma cells that contained the highest levels of EGFR mRNA (D-

37MG, D-57MG and GaMG), but not on non-invasive cells with low EGFR expression 

(U-1251MG and D-263MG) (1994). In addition, Korc et al. [25] found EGF and EGFR 

are expressed at higher levels in human pancreatic cancer when compared with normal 

human pancreas.  

In contrast, Högnason et al. [26] demonstrated that expression of a dominant 

negative Ras mutant in EGFR overexpressing cells potentiates EGF-induced apoptosis. 

However, in this study we demonstrated EGF treatment induced C6 glioma proliferation 

instead of cell death with the cells overexpressing EGFR. These results we found could 

be because C6 do not express dominant negative Ras. Supporting our findings, 

Sibenaller et al. [27] showed EGFR and Ras expression are increased in C6 cells 

compared with expression in normal astrocytes.  

Previously we demonstrated doxazosin inhibits PI3K/Akt pathway on glioma 

cells [15]. In order to evaluate if this action could be through EGFR inhibition, in this 

study we analyzed doxazosin’s connection with EGFR phosphorylation. We found that 

doxazosin was able to decrease p-EGFR levels at 100, 150 and 180 µM and, beyond 

that, this effect seems to be similar to AG1478 (an EGFR inhibitor). Furthermore, co-

treatment of C6 cells with 180 µM doxazosin and AG1478 potentiates the decrease of 

EGFR phosphorylation. 

Next we analyzed EGFR phosphorylation status on C6 cells after EGF 

pretreatment. In the EGF pretreatment group, p-EGFR levels increased even in the 
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absence of the ligand, while 150 and 180 µM doxazosin treatment was able to decreased 

EGFR phosphorylation. 

Glioma cells express a truncated form of EGFR that has a deletion of exons 2-7 

(EGFRvIII) and therefore, lacks the extracellular domain and is constitutively active [7]. 

Ligand interaction with wtEGFR results in fast receptor internalization, followed by 

dephosphorylation and receptor degradation or recycling [28]. EGFRvIII expression 

results in constitutive tyrosine phosphorylation of the receptor. Since EGF binding to 

EGFRvIII is hindered, the receptor internalization is delayed, promoting a continued 

state of basal signaling from the mutated receptor on the plasma membrane [28]. 

However, the increase in expression we found in this study could be of both forms of 

the EGFR, since the primers we used do not discriminate between wild type EGFR 

(wtEGFR) and EGFRvIII. Several studies that correlate the increase in EGFR 

expression with increased EGF expression do not discriminate between both forms of 

the receptor [23-25]. Since our objective was to analyze the pharmacodynamics between 

doxazosin and EGFR, we first tested whether the endogenous ligand was able to 

increase the receptor expression, based on evidences from the literature [29]. 

Therefore, the increase in p-EGFR we found in EGF pretreated cells could be 

due to increase of wtEGFR and EGFRvIII on the cell membrane. Furthermore, Luwor et 

al. [30] showed that EGFRvIII can form dimmers with and activate wtEGFR. Wiley et 

al. [31] demonstrated that cells overexpressing EGFR increase ligand-independent 

receptor activation. Moreover, since the recycling of EGFRvIII is delayed and this 

mutated receptor is intrinsically active [28], the pretreatment with EGF could have 

caused increase in the EGFRvIII expression. In this context, higher concentrations of 

doxazosin were necessary to decrease p-EGFR levels after EGF pretreatment. 
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In order to evaluate the mechanism of action of doxazosin on glioma cells, we 

treated C6 cells with AG1478 alone and with doxazosin. Previously we showed 

doxazosin induces apoptosis and necrosis on C6 cells, and that 100 µM doxazosin 

caused ~40% of cell death [15]. In this study, however, co-treatment of 100 µM 

doxazosin with AG1478 did not induced C6 cell death. The EGFR inhibitor AG1478 

could be interfering with doxazosin’s action. Thus, these quinazoline drugs could be 

competing for the same ligand site on the receptor. 

Here we demonstrated AG1478’s mechanism of C6 cell death is via necrosis. 

Previously we showed 150 µM doxazosin induces necrosis on approximately 10% and 

apoptosis on ~45% of cells [15]. In this study, however, we found co-treatment of 150 

µM doxazosin with AG1478 induced ~60% of necrosis on C6 cells. Moreover, the co-

treatment of 180 µM doxazosin and AG1478 caused a more pronounced necrotic death, 

but also induces ~12% of apoptosis. These results could mean doxazosin in higher 

concentrations is able to displace AG1478 and to exert its actions on the cells. 

Furthermore, we showed in the present study that pretreatment of C6 cells with 

EGF increased EGFR expression and sensitized the cells to doxazosin and AG1478. 

Wiley et al. [31] demonstrated EGFRvIII increases the signaling pathways affected by 

EGFR activation in the absence of ligands. The pretreatment with EGF appear to have 

sensitized the resistance cells to doxazosin and AG1478 treatment, since the percentage 

of total cell death increased in this experiment. Moreover, studies show AG1478 

presents higher specificity to EGFRvIII than wtEGFR [32]. EGF pretreatment could be 

increasing EGFRvIII expression and sensitizing the resistant cells to both doxazosin and 

AG1478. 

EGF is present in the blood stream and, therefore, can reach tumoral cells in 

vivo. Here we showed pretreatment with EGF increases EGFR expression and 
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sensitizes C6 cells to treatment. However, more studies are needed to evaluate the 

mechanisms of EFGR expression induction by EGF. 

In glioblastomas, approximately 50% of patients have amplification of EGFR 

and can express EGFRvIII [7]. Moreover, McLendon et al. [20] showed RTK/Ras/PI3K 

signaling is altered in 88% of these tumors. Liao et al. [16] previously showed 

doxazosin inhibits EGFR on breast cancer cells. Petty et al. [33] demonstrated 

doxazosin is an agonist of the RTK EphA2. Eph receptors, unlike other RTKs, use Ras 

and PI3K/Akt signaling to inhibit cell growth [34]. Here we found doxazosin decreases 

EGFR phosphorylation and previously we showed this drug inhibits the PI3K/Akt 

pathway. 

Doxazosin is a quinazoline drug with similar molecular structure as Lapatinib (a 

RTK inhibitor), Erlotinib (an EGFR inhibitor) and AG1478 (an EGFR inhibitor). 

Lapatinib is currently in clinical trials for breast cancer [35] and Erlotinib is approved 

by the FDA for non-small cell lung cancer and pancreatic cancer, and is in clinical trial 

for several types of cancer [36-37]. Here and previously we demonstrated doxazosin’s 

mechanism of action involves EGFR and PI3K/Akt inhibition. Moreover, since 

doxazosin is used in the clinic for treatment of hypertension and benign prostatic 

hyperplasia, the drug’s side effects and safety profiles are well known. Therefore, we 

propose doxazosin is a potential candidate for repourposing as an antitumoral agent. 
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Figure Legends 

 

Figure 1. Effects of pretreatment of EGF on C6 glioma cells. In a, cell cycle 

quantification of cells treated with EGF for 24h and in b for 48h. (c) Histograms of 

DNA content in C6 cells treated with EGF for 48h. (d) mRNA expression of EGFR on 

C6 cells after EGF exposure for 48h. Data are represented as means ± SEM (n = 4). *p< 

0.05 and ***p<0.001 vs. control. 

 

Figure 2. Histogram and graph of p-EGFR protein levels of C6 cells after treatment 

with AG1478 alone or in co-treatment with doxazosin for 48h. Data are represented as 

means ± SEM (n = 4). ***p<0.001 vs. control. 

 

Figure 3. Histogram and graph of p-EGFR protein levels of C6 cells pretreated with 

EGF for 48h followed by treatment with doxazosin 48h. Data are represented as means 

± SEM (n = 4). *p< 0.05 and **p<0.01 vs. control. 

 

Figure 4. Analysis of cell death on C6 cells after treatment with AG1478 alone or co-

treatment of both quinazoline molecules for 48h. Dot plot and graph of cells stained 
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with Annexin V and Propidium Iodide. Data are represented as means ± SEM (n = 4). 

*p<0.05 and ***p<0.001 vs. control. 

 

Figure 5. Analysis of cell death on C6 cells after pretreatment with EGF for 48h 

followed by treatment with AG1478 or doxazosin for 48h. Dot plot and graph of cells 

stained with Annexin V and Propidium Iodide. Data are represented as means ± SEM (n 

= 4). *p<0.05 and ***p<0.001 vs. control. 

 

Figure 6. Suggested model of doxazosin’s mechanism of action on glioma C6 cells. 

EGF treatment for 48h induces C6 cell proliferation, EGFR phosphorylation and 

increases EGFR messenger RNA. AG1478 alone decreases p-EGFRTyr1048 on C6 

cells and induces necrosis. Doxazosin alone decreases p-EGFRTyr1048 and induces cell 

death, mostly by apoptosis. Co-treatment of doxazosin and AG1478 decreases EGFR 

phosphorylation and causes cell death mostly by necrosis. After EGF pretreatment, C6 

cells maintain elevated levels of p-EGFRTyr1048, while treatment with AG1478 or 

doxazosin decreases EGFR phosphorylation and dramatically increases apoptosis. 

 

 

 

 

 

 

 

 

 

 

 

 



 

147 

 

Figure 1 

 

 

 

 



 

148 

 

Figure 2 

 

 

 

 

 

 

 

 

 



 

149 

 

Figure 3 

 

 

 

 

 

 

 



 

150 

 

Figure 4 

 

 

 



 

151 

 

Figure 5 

 

 

 

 

 

 

 

 



 

152 

 

Figure 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

153 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

8. CAPÍTULO VI 

Artigo: Doxazosin-loaded nanocapsules: possible in vivo and in vitro 

antiglioma agent 

Status: em preparação 

 

 



 

154 

 

Doxazosin-loaded nanocapsules:  possible in vivo and in vitro antiglioma agent  

Mariana Maier Gaelzer
1
, Bárbara Paranhos Coelho

1
, Alice Hoffman de Quadros

1
; 

Guilherme Konradt
2
, Jessica Saldanha Krai

3
, Juliana B. Hoppe

1
, Denise Zancan

4
, 

Fátima Costa Rodrigues Guma
1
, Ana M. O. Battastini

1
, Ruy Carlos Ruver Beck

3
, David 

Driemeier
2
, Christianne G. Salbego

1
. 

 

1
Programa de Pós-Graduação em Ciências Biológicas-Bioquímica, Instituto de Ciências 

Básicas da Saúde, Universidade Federal do Rio Grande do Sul, Porto Alegre, RS, 

Brasil. 

2
Departamento de Patologia Veterinária, Universidade Federal do  Rio Grande do Sul, 

Porto Alegre, RS, Brasil. 

3
Programa de Pós-Graduação em Ciências Farmacêuticas, Faculdade de Farmácia, 

Universidade Federal do Rio Grande do Sul, Porto Alegre, RS, Brasil.  

4
Departamento de Fisiologia, Universidade Federal do Rio Grande do Sul, Porto Alegre, 

RS, Brasil 

 

Corresponding author: 

Mariana Maier Gaelzer 

Departamento de Bioquímica, Instituto de Ciências Básicas da Saúde, UFRGS 

Rua Ramiro Barcelos, 2600 – anexo, CEP 90035-003, Porto Alegre, RS, Brasil 

Telephone: +55 (51) 3308.5547 

Fax: +55 (51) 3308.5535 

E-mail: marianamaierg@gmail.com 

 

Funding:Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq); 

Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (Capes); Fundação de 

Amparo à Pesquisa do Estado do Rio Grande do Sul (FAPERGS). 

 

 

 

 

 

mailto:marianamaierg@gmail.com


 

155 

 

Abstract 

 

Glioblastoma, a subtype of glioma (GB-grade IV), is a malignant Central Nervous 

System tumor. This neuropathology is associated with uncontrolled tumor proliferation 

and resistance to apoptosis. GB is often characterized by rapid growth and invasiveness 

into surrounding normal brain tissue. Doxazosin is clinically used for the treatment of 

hypertension and urinary retention, and has become a promising drug in glioblastoma 

treatment. In this study, we evaluated nanoencapsuled doxazosin’s (DOX-NC) 

citotoxicity on in vitro and in vivo models and its neurotoxicity on organotipic 

hippocampal cultures and the drug’s systemic toxicity. We previously described 

doxazosin’s antitumoral effects on glioma cells and here we found DOX-NC caused 

apoptotic and necrotic cell death in concentrations 100x smaller than free doxazosin 

(DOX). Furthermore, DOX-NC and DOX decreased tumor area in a model of glioma 

implantation on rat brains. Previously we showed DOX has low in vitro neurotoxicity 

and in the present study we found this also occurred for DOX-NC. Both treatments 

showed no signs of systemic toxicity on rats. Therefore, doxazosin is more selective 

towards tumor cells in vitro and in vivo. Additionally, we found DOX-NC decreased 

CD133 protein levels in vitro and both DOX-NC and DOX decreased CD133 in vivo. 

We also demonstrate DOX-NC and DOX decreased pEGFR protein levels in vitro and 

pEGFR immunoreactivity in vivo. Both CD133 and EGFR are involved with glioma 

tumorigenesis, proliferation and therapy resistance. Nanotechnology applied to 

antitumoral therapy, especially in the case of CNS cancer can increase drug 

vetorization, evade mechanisms of resistence to drug uptake, and permeate the bood-

brain barrier more easily than free drug. Those characteristics are important 

requirements for the development of novel therapeutic strategies against brain tumours. 

Therefore, our results confirm the potential of doxazosin as an attractive antiglioma 

agent. 

 

Keywords: glioma; in vivo; C6; doxazosin; glioma implantation; nanocapsules 
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INTRODUCTION 

 

 Gliomas are the most common cancer of the Central Nervous System (CNS). 

They represent more than 30% of all primary tumors and 80% of malignant tumors of 

the CNS. Incidence of primary tumors of the CNS is estimated in 18,71 for 100,000 

individuals per year [1]. 

Glioblastoma (GB) is a subtype of glioma, with characteristics of level IV 

gliomas, presenting high rate of mitosis, presence of vascular proliferation and elevated 

density of atypical cells [2]. GBs are characterized as invasive tumors with no clear 

margins, not being possible to perform complete surgical resection [3]. Recurrence 

occurs in 90% of patients with this tumor [4]. 

The ineffectiveness of drugs against GBs highlights the importance of 

appropriate rodent models in the study of new therapies for the treatment of these 

tumors. When implanted in Wistar rats, C6 glioma cells originate tumors with regions 

of focal invasion into brain tissue, similar to the infiltrating pattern found in GBs [5-6]. 

C6 glioma cells show several general histopathological and specific tumor markers 

similar with human GBs [6-7] and C6 tumors display areas of necrosis, nuclear 

polymorphism and high mitotic rates [6]. 

 Due to the variety of molecular patterns and high recurrence rates of GBs, 

present therapeutic studies are focusing in vetorized therapy, which presents less 

adverse effects. Many of the drugs being used in antitumoral therapy are toxic to both 

tumoral and non-tumoral cells [8]. Pharmacodynamic issues as fast drug elimination 

and ample drug distribution require administration of elevated doses of the antitumoral 

drugs. This can lead to increase in toxicity, inappropiate dosage and decrease in 
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treatment compliance. Moreover, ample drug distribution usually increase adverse 

effects [8]. 

 Nanodrugs applied to antitumoral therapy, especially in the case of CNS cancer, 

increases drug vetorization to the tumor site [9]. Nanocapsules permeate the blood-brain 

barrier more easily than the free drug. This technology applied to pharmacology is able 

to increase drug efficiency and efficacy. 

The α1-adrenoceptor antagonist doxazosin is the most frequently prescribed 

drug, being approved by the FDA (Food and Drugs Administration) for benign prostatic 

hyperplasia (BPH) and elevated blood pressure [10]. We previously showed 

doxazosin’s antitumoral effects on glioma cells [11]. Other studies have shown the 

drug’s antitumoral potential on urothelial cancer [12], pituitary adenoma [13] and breast 

cancer [14]. Sakamoto et al. [15] suggested early administration of doxazosin may 

prevent clinical prostate tumor formation and suppress metastasis of human prostate 

cancer. 

Here we evaluated nanoencapsulated and free doxazosin’s citotoxicity in vitro 

and on an in vivo model of glioma implantation. We analyzed nanoencapsulated 

doxazosin’s neuro- and sytemic toxicity on organotypic hippocampal cultures and 

histopathologic exam in vivo, respectively. Moreover, we evaluated protein levels of 

PARP on organotypic cultures, and CD133 and EGFR in vivo and in vitro, after 

treatments with the drug. 

 

MATERIALS AND METHODS 

 

Cell culture 



 

158 

 

 C6 rat glioma cell line was obtained from American Type Culture Collection 

(Rockville, Mariland, Md., USA). C6 cells were grown and maintained in Dulbecco’s 

Modified Eagle’s Medium (DMEM, Gibco-Invitrogen, Grand Island, NY, USA) 

supplemented with 5% (v/v) FBS (Gibco-Invitrogen, Grand Island, NY, USA), and 

containing 2.5 mg/mL of Fungizone® and 100 U/L of gentamicine (Shering do Brasil, 

São Paulo, SP, Brazil). Cells were kept at 37ºC, in an atmosphere of 5% CO2. 

 

Ethics statement 

All animal procedures were approved by the local animal ethics comission 

(Comissão de Ética no uso de Animais/Universidade Federal do Rio Grande do Sul – 

CEUA/UFRGS, under project number 26122) and follows national animal rights 

regulations (Law 11.794/2008), the National Institute of Health Guide for the Care and 

Use of Laboratory Animals (NIH publication No. 80-23, revised 1996) and Directive 

2010/63/EU. We further attest all efforts were made to minimize the number of animals 

used and their suffering. 

 

Organotypic hippocampal slice culture 

Organotypic hippocampal slice cultures were prepared according to the method 

of Stoppini [17] with modifications [18] and as described previously [11]. Briefly, 

Wistar rats (6-8 days-old) were decapitated, their hippocampi were removed and cut as 

400 µm thick slices in ice-cold Hank’s balanced salt solution (HBSS), pH 7.2. Slices 

were placed on Millicell culture membranes and the inserts were transferred to a six-

well culture plate. Each well contained 1mL of tissue culture medium consisting of 

Minimum Essential Media (MEM) with 25% of HBSS and 25% of horse serum 

supplemented with 36 mM glucose, 25 mM HEPES, 4 mM NaHCO3, 1% Fungizone 
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and 0,1 mg/mL gentamicine, pH 7,3. The cultures were kept in an incubator 37°C and 

5% of CO2 for 14 days. 

 

Cultures treatment 

Doxazosin-loaded nanocapsules (DOX-NC) were prepared as previously 

described [19]. Nanocapsules without drug (unloaded nanocapsules – NC) were also 

prepared using the same method. Nanocapsule suspensions were kept at room 

temperature and protected from light until use. Cells and organotypic hippocampal 

cultures were treated with DOX-NC with concentrations ranging from 0,05 µM to 0,18 

µM for 48h. This values were previously tested in a concentration curve. 

 

Fluorescence Microscopy 

To identify cellular death, Annexin-V fluorescein isothiocyanate 

(FITC)/propidium iodide (PI) double stain kit was used (Invitrogen, Grand Island, NY, 

USA). For organotypic cultures, 2 µL of Annexin-V FITC and 1 µL of PI were added to 

6 well plates containing 2 mL per well, and incubated for 15 min in the dark at 37°C. 

Annexin-V FITC and PI fluorescence were analyzed in an inverted microscope (Nikon 

Eclipse TE300). Images were captured using a digital camera connected to the 

microscope and analyzed using MacBiophotonics ImageJ software. 

 

Flow Cytometry 

Cell death was analyzed by flow cytometry. For C6, both floating and 

trypsinized adherent cells were collected. Organotypic hippocampal slices were 

dissociated as previously described [11]. Annexin-V FITC/propidium iodide (PI) double 

stain kit was used, following the manufacturer’s instructions (Invitrogen, Grand Island, 
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NY, USA). Samples were incubated in binding buffer containing Annexin-V FITC and 

PI for 15 min in the dark at room temperature. 

For cleaved PARP, CD133 and pEGFR immunoquantification, cells were fixed 

with phosphate-buffered saline (PBS) and 4%paraformaldehyde for 20 min, then were 

permeabilized with PBS and 0.01% Triton X-100 and incubated with the primary 

antibodies anti-cleaved PARP (1:50; Cell Signaling Technology™), anti-CD133 (1:50; 

Cell SignalingTechnology™) and anti-pEGFR (1:50; Cell Signaling Technology™) for 

30 min. The secondary antibody, Alexa Fluor 488 anti-mouse or Alexa Fluor 555 anti-

mouse (1:100; Gibco-Invitrogen), was added, and aftera 60 min incubation, cells were 

analyzed by a flow cytometer. 

Data acquisition was done by flow cytometry using a FACS Calibur cytometry 

system and Cell Quest software (BD Bioscience, Mountain View, CA, USA). Data 

obtained was analyzed with FCS Express 4 Software (De Novo Software, Los Angeles, 

CA, USA). 

 

Glioma implantation 

Glioma implantation was performed as previously described [16]. Briefly, C6 rat 

glioma cells at around 80% confluency were trypsinized, washed once in DMEM/5% 

FBS, pelleted and ressuspended in the same medium. A total of one million cells in a 

volume of 3 µL were injected at a depth of 0.6 mm in the right striata (coordinates with 

regard to bregma: 0.5 mm posterior and 3.0 mm lateral) of anesthesized male Wistar 

rats (9 weeks-old, 250-270 g). After 20 days, rats were weighted, followed by 

decapitation. Blood was collected for hematocrit and plasma proteins analysis in a 

certified animal laboratory (Bluts, Porto Alegre, RS, Brazil). The entire brain and 
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organs were removed and weighted. After, organs were fixed with 10% formaldehyde 

for pathological analysis. 

 

Animal treatment 

After 10 days of glioma implantation, animals were randomly separated in the 

following groups: non-treated (tumor); treatment with 20% ethanol in 0,9% NaCl 

solution (vehicle); treatment with 25 mg/Kg doxazosin in solution (DOX); treatment 

with unloaded nanocapsules (NC); treatment with 2.5 mg/Kg doxazosin 

nanoencapsulated (DOX-NC). The sham group was submitted to stereotaxic surgery, 

but the animals did not receive C6 cells injection. Animals were treated by oral gavage 

during 10 days, once a day. 

 

Pathological analysis 

Hematoxylin and eosin (H&E) sections (3 µm thick, paraffin embedded) from at 

least three animals of each experimental group were analyzed by the Veterinary 

Pathology Department of Universidade Federal do Rio Grande do Sul. The veterinary 

pathologists also examined other organs of the treated animals, such as lungs, spleen, 

liver, kidneys, intestine, stomach and heart. For tumor area determination, images were 

captured by a CCD camera attached to a Nikon Eclipse E600 microscope. Images of the 

tumors at 40x magnification were used to determine tumor area with Image J software. 

 

Imunohistochemical staining 

Paraffin embedded, 3-µm formalin fixed tissue sections were mounted on 

microscope slides. Tissue sections were heated at 60°C for 40 min, dewaxed in xylene 

and rehydrated with alcohol-destilled water baths. Sections were washed twice with 1% 
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Triton X-100 in phosphate buffered saline (PBS), followed by incubation in blocking 

solution containing 5% Fetal Calf Serum (FCS) in PBS for 2h at room temperature. 

Incubation with the following antibodies was performed overnight at 4°C in a humid 

chamber: anti-CD133 (1:50; Cell Signaling) or anti-phospho-EGFR (1:50; Cell 

Signaling). Following this, sections were washed twice with PBS and incubated with 

secondary antibody Alexa Fluor 594 (Invitrogen) for 2h at room temperature. Slides 

were then washed with PBS, stained with Hoechst 33342 and mounted with mineral oil. 

Slides were maintained at 4°C in the dark until microscopic analysis. Images were 

captured using a Nikon Eclipse E600 Fluorescence Microscope and were analyzed with 

Image J software. 

 

Statistical analysis 

Data are expressed as means±SEM. All results are representative of at least 4 

independent experiments or from at least 10 animals per group. Analysis of variance 

(ANOVA) was applied to the means to determine statistical differences between 

experimental groups. Post hoc comparisons were performed by Tukey test. Differences 

between mean values were considered significant when p<0.05. 

 

RESULTS 

 

Evaluation of nanoencapsulated doxazosin toxicity on organotypic hippocampal 

culture 

In organotypic culture (Fig. 1), nanoencapsuled doxazosin caused necrosis in a 

small percentage of cells at 0,18 µM. Cell death was more pronounced at CA1 region, 

as demonstrated by photomicrographs with Annexin V and PI staining (Fig. 1b). 



 

163 

 

Furthermore, cleaved PARP levels of organotypic hippocampal cultures remained 

unaltered after DOX-NC treatment (Fig. 2). 

 

Nanoencapsuled doxazosin is 100 times more potent than free drug 

Previously we have shown doxazosin induces apoptosis in C6 cells at 180 µM 

[11]. Here, cells were treated with a concentration curve of DOX-NC for 48 (Fig. 3). 

DOX-NC induced necrosis on C6 cells at 0.05, 0.15 and 0.18 µM and late apoptosis at 

0.05-0.15 µM. 

Next we compared the effects of DOX-NC treatment and the free drug (DOX) 

on CD133 and pEGFR protein levels (Fig. 4). DOX-NC decreased CD133 at 0.15 and 

0.18 µM (Fig. 4a), while DOX treatment did not alter CD133 protein levels (Fig. 4b). In 

addition, DOX-NC decreased pEGFR levels at all concentrations tested (Fig. 4c), while 

DOX decreased EGFR phosphorylation at 50, 100 and 180µM (unpublished data). 

 

Nanoencapsuled doxazosin showed no systemic toxicity 

Cytopathological reports of major drug absorption, biotransformation and 

excretion organs showed both DOX and DOX-NC did not cause systemic toxicity (Figs. 

5 and 6). In small intestine, the tumor group showed increase in organ percentage of 

body weight, while both DOX-NC and DOX treatments returned this measure to the 

sham group levels (Fig. 5). In the liver, DOX, NC and DOX-NC decreased percentage 

of body weight (Fig. 5), as compared with the sham group, although no alteration on 

liver histology was detected (Fig. 6). In addition, hematocrit and plasma protein levels 

remained unaltered with the tumor implantation and treatments (Fig. 5). 
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Nanoencapsulated and free doxazosin decrease tumor area on a glioma 

implantation model 

Glioma implantation resulted in tumor formation with intense tumor cell 

proliferation from the corpus callosum to striatum, arranged in a solid form, 

nonencapsulated and infiltrating the adjacent neuropil (Figs. 7b and 8). Tumor cells 

were elongated to oval-shaped, with eosinophilic cytoplasm. Nuclei are oval, with 

granular chromatin and inconspicuous nucleoli. There is moderate anisocytosis and 

anisokaryosis and a mean of three atypical mitose figures per higher magnification field 

(400x). In addition, there is marked inflammatory infiltration composed of macrophages 

and lymphocytes as well as formation of perivascular cuffs adjacent to the neoplasic 

lesion (Fig. 7b). 

Treatment with DOX decreased the tumor area in about half (Fig. 7c). In the 

majority of animals treated with DOX-NC, tumoral cells were not detected, although 

there were signs of inflammatory infiltration. In the DOX-NC-treated animals that 

showed detectable tumors, tumor area decreased to approximately 80% when compared 

with untreated animals (Fig. 7c). 

 

Evaluation of in vivo CD133 and pEGFr levels 

Both treatments decreased the number of CD133-positive cells in the tumor 

tissue (Fig. 9a). With DOX treatment, some CD133-positive cells with high 

immunoreactivity were detected, while with DOX-NC CD133-immunoreactivity was 

faint. pEGFR-immunoreactivity decreased with both treatments, while the number of 

pEGFR-positive cells remained unaltered (Fig. 9b). 

 

DISCUSSION 
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Gliomas are common central nervous system tumors, and glioblastoma (GB- 

grade IV), which is a subtype of glioma, has poor prognosis and is the most lethal of all 

brain tumors [20-21].  

 In vitro culture models allow the evaluation of cell signaling, biochemistry and 

molecular mechanisms, as well as study of new pharmacological targets and of the 

microenvironment with high reproductivity. The microenvironment formed favors 

signal integration that shape the phenotypic behavior of cells [22]. However, cultured 

cells do not represent all interactions between organs and systems, as occurs in vivo. 

The model of C6 glioma cells implantation on rat brains was proposed by Takano et al. 

[5] and is suited for investigation of tumor biology as well as studies on new therapeutic 

approaches for glioma treatment. 

Our results demonstrate nanoencapsulated doxazosin (DOX-NC) caused cell 

death on C6 glioma cells at all concentrations tested (0.05-0.18 µM). We previously 

showed doxazosin (DOX) induced cell death on glioma cells at concentrations ranging 

from 50 to 180 µM [11]. In the present study, DOX-NC induced glioma cell death at 

concentrations 100 times smaller than the free drug. 

DOX treatment decreased tumor area at about half, while DOX-NC caused 

approximately 80% of tumor regression. Furthermore, both treatments decreased tumor 

malignity, as observed by the decrease in angiogenesis and perivascular scuffs as well 

as mitotic figures. 

One of the characteristics of solid tumors is high proliferativerate and the 

presence of neovascularizations. Tumor angiogenesis often results in defective tissue 

architecture [23]. In this context, nanodrugs have more accessibility to the tumor site 

than free drug. Heath and Davis [9] found the pores present in tumoral vasculature 

accumulate 10 to 100 times more nanodrugs than free drugs.  
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Current anticancer drugs have limitations by presenting cytotoxicity, low 

specificity and prolonged use may be lethal to healthy cells [24]. Glioblastoma is a 

radio- and chemio-resistant cancer. This makes it necessary to increase chemotherapy 

dosage or add more drugs for treatment, which increases toxicity on non-tumour cells 

[24]. 

Additionaly, Béduneau et al. found [25] nanoparticles enter cells via 

endocytosis. Therefore, nanodrugs can evade mechanisms of resistance to drug uptake 

as glicoprotein P and other protein pumps. 

 Here we found DOX-NC has low toxicity on organotypic hippocampal cultures 

and both DOX-NC and DOX showed no systemic cytotoxicity on rats. We previously 

showed DOX was also more selective towards tumor cells [11], demonstrating the drug 

shows certain specificity to cancer cells. This selectivity could be due to doxazosin’s 

acting on signaling pathways that are altered in tumor cells but not in non-tumoral cells. 

However, at this time it is not clear why this drug specificity occurs. Nevertheless, it is a 

positive characteristic of doxazosin because the drug could be targeting infiltrative 

tumor cells separated from the tumor bulk. 

In addition, we found DOX-NC did not induced poly(ADP-ribose) polymerase 

(PARP) cleavage on organotypic cultures. PARP is a nuclear protein involved with 

DNA repair and is one of the earliest proteins targeted for cleavage during apoptosis 

[26]. Studies have demonstrated in various cell death models that PARP cleavage of the 

89-kDa signature fragment implies activation of caspase 3-like activity [27-28]. PARP 

cleavage is a very sensitive assay of apoptosis, detecting cell death very early in 

different models and it detects apoptosis even in minor populations of cells [26, 29]. 

GBs are characterized by their infiltrating nature, high proliferation rate and 

resistance to chemotherapy and radiation [2]. This cancer results from accumulation of 
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genetic and epigenetic alterations that drive the transformation of normal cells to 

malignant cells [29-30]. Therefore, chemotherapeutic treatment of tumors in the CNS is 

associated with severe systemic side effects and affects patient’s quality of life. 

In gliomas, CD133 is used to enrich a highly tumorigenic cancer cells 

subpopulation [32]. In addtition, CD133-positive cells influence long-term tumor 

growth [33], and Zeppernick et al. [34] showed CD133 expression correlates with 

patient survival in gliomas. We found treatment with DOX-NC decreased CD133 

protein levels on C6 cells. In agreement with those results, both treatments decreased 

CD133-positive cells in the tissue, with a more pronounced decrease in the DOX-NC 

group. 

The epidermal growth factor receptor (EGFR) pathway is frequently upregulated 

in glioblastomas through gene amplification and by mutations that constitutively 

activates the receptor [35-36]. Preclinical and clinical studies suggest EGFR signaling 

plays an important role in radiation resistance [37-39] in human gliomas and 

Chakravarti [40] demonstrated expression of EGFR increases tumor cell malignancy, 

decreasing patient survival. Furthermore, EGFR and its ligands are associated with 

molecular abnormalities that affect signal transduction, transcription factors, apoptosis, 

angiogenesis and the extracellular matrix [41-42]. Under normal conditions, these 

factors conduct central nervous system growth and development and are expressed from 

embryogenesis, throughout brain development and adulthood. These factors are 

involved in the proliferation, migration, differentiation, and survival of all CNS cell 

types and their precursors [43]. 

Previously we showed doxazosin decreased activation of key kinases in the 

EGFR signaling pathway cascade [11]. Here we found EGFR phosphorylation 

decreased in C6 cells treated with both DOX-NC and DOX, and pEGFR-
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immunoreactivity was also decreased in vivo by the treatments. The EGFR-family of 

tyrosine-kinase receptors are being studied as a target for possible glioma therapeutic 

interventions [44]. Hui et al. [14] showed doxazosin inhibits EGFR signaling and 

induces breast cancer cell apoptosis. However, Petty et al. [45] found doxazosin induced 

EphA2 tyrosine kinase receptor internalization and decreased migration of prostate 

cancer, breast cancer and glioma cells. The authors also showed doxazosin reduced 

distal metastasis and prolonged survival in an in vivo model of prostate cancer. 

The major therapeutic challenges of CNS tumors are accessibility to the brain 

through the blood-brain barrier (BBB) and, in the case of glioblastomas, the highly 

infiltrative nature of the disease. It is important for novel antitumoral agents to display 

tumor selectivity and low toxicity. Doxazosin is able to permeate the BBB [46], has 

long half-life [47] and we showed here and previously [11] the drug is selective to 

tumor cells. Since the drug is already used clinically and is FDA-approved as an 

antihypertensive, its pharmacology and safety profile are well-characterized in humans 

and its adverse-effects are mild and acceptable [48]. 

In this study we showed nanoencapsulated doxazosin induced glioma cell death 

and decreased CD133 and pEGFR protein levels in vitro and demonstrated DOX and 

DOX-NC decreased tumor area and malignancy in vivo, with DOX-NC being more 

potent than DOX in glioma regression. Nanoencapsulation of doxazosin allowed for 

decrease of drug concentrations of 100 times in vitro and 10 times in vivo, with the 

same or better results. Additionally, we found both free doxazosin and 

nanoencapsulated doxazosin are more selective towards tumor cells. 

Application of polymeric nanoparticles for use as carriers for anticancer drugs 

enhance drug vetorization, efficient drug protection, cell internalization, as well as drug 

transport, release and retention at the tumor site [9]. 
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Nanotechnology applied to pharmacology can enhance antitumoral drug 

efficiency and efficacy. Those characteristics are important requirements for the 

development of novel therapeutic strategies against gliomas. 
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FIGURE LEGENDS 

 

Figure 1. Analysis of cell death in organotypic hippocampal cultures after 

nanoencapsulated doxazosin treatment for 48h. (a) Dot plot and graph of cultures 

stained with Annexin V and Propidium Iodide. (b) Photomicrographs of organotypic 

hippocampal slice cultures stained with Annexin V and Propidium Iodide after 

treatment with nanoencapsulated doxazosin. Magification: 40X. (c) Schematic 

representation of a hippocampal slice. Data are represented as means ± SEM (n = 6). 

**p<0.01 vs control. 

 

Figure 2. Histogram and graph of cleaved PARP protein levels of organotypic 

hippocampal cultures after treatment with nanoencapsulated doxazosin. Data are 
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represented as means ± SEM (n = 6). DOX-NC: nanoencapsulated doxazosin; NC: 

unloaded nanocapsule. 

 

Figure 3. Analysis of cell death on C6 cells after nanoencapsulated doxazosin treatment 

for 48h. Dot plot and graph of cells stained with Annexin V and Propidium Iodide. Data 

are represented as means ± SEM (n = 4). *p<0.05, **p<0.01, ***p<0.001 vs. control. 

DOX-NC: nanoencapsulated doxazosin; NC: unloaded nanocapsule. 

 

Figure 4. CD133 and pEGFR protein levels on C6 cells after treatment with 

nanoencapsulated and free doxazosin for 48h. Histogram and graph of CD133 levels 

after treatment with (a) nanoencapsulated and (b) free drug. (c) Histogram and graph of 

pEGFR levels after treatment with nanoencapsulated doxazosin. Data are represented as 

means ± SEM (n = 4). *p<0.05, **p<0.01, ***p<0.001 vs. control.DOX-NC: 

nanoencapsulated doxazosin; NC: unloaded nanocapsule. DOX: free doxazosin. 

 

Figure 5. (a) Systemic toxicity analysis of nanoencapsulated and free doxazosin on 

Wistar rats. Graphs show the percentage of body weight of each organ analyzed and 

photographs demonstrate the result of the necropsies from each organ. (b) Graphs of 

hematocrit and plasma protein levels of animals exposed to treatment. Data are 

represented as means ± SEM (n = 10). *p<0.05, **p<0.01 vs. control.S: sham; T: 

tumor; V: vehicle; DOX: free doxazosin. DOX-NC: nanoencapsulated doxazosin; NC: 

unloaded nanocapsule.  

 

Figure 6. Histopathological analysis (HE staining) of rat organs after tumor 

implantation and/or nanoencapsulated and free doxazosin treatment (n = 10). DOX: free 
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doxazosin. DOX-NC: nanoencapsulated doxazosin; NC: unloaded nanocapsule. 

Magnification: 200X. 

 

Figure 7. Effect of nanoencapsulated and free doxazosin on tumor regression and 

morphology on an in vivo model of C6 glioma cells implantation. (a) Graph of                          

percentage of body weight of the brain. (b) Photographs demonstrate the result of the 

brain necropsies. (c) Histopathological analysis (HE staining) of rat brains from 

experimental animals showing tumor location and morphology. (d) Graph of tumor area 

quantification. Data are represented as means ± SEM (n = 10). ***p<0.001 vs. 

control.S: sham; T: tumor group; V: vehicle; DOX: free doxazosin. DOX-NC: 

nanoencapsulated doxazosin; NC: unloaded nanocapsule; t: indicates tumor location. 

Magification: 2.5X, 40X and 200X. 

 

Figure 8. Histopathological analysis (HE staining) of rat brains from experimental 

animals showing tumor tissue morphology after tumor implantation and/or 

nanoencapsulated and free doxazosin treatment. V: indicates neovascularization; 

dashed lines separate tumor tissue from healthy tissue; arrows indicate mitotic figures. 

Magification: 200X and 400X. 

 

Figure 9. Immunofluorescence of CD133 and pEGFR of rat brains after tumor 

implantation and/or nanoencapsulated and free doxazosin treatment (n = 4). DOX: free 

doxazosin. DOX-NC: nanoencapsulated doxazosin. 

 

Figure 10. Schematic representation of free (DOX) or nanoencapsulated (DOX-NC) 

doxazosin effects on in vitro and in vivo glioma/non-tumoral models. On organotypic 
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hippocampal cultures, DOX-NC showed low neurotoxicity, while on C6 glioma cells it 

induced necrotic and apoptotic death with decrease in pEGFR and CD133 levels. On an 

in vivo model of glioma implantation, both DOX and DOX-NC showed no apparent 

toxicity and decreased tumor area, mitotic figures, vascularization and CD133 levels. 

Moreover, DOX-NC decreased pEGFR immunoreactivity in vivo. 
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O glioblastoma representa o mais comum e maligno tumor primário cerebral. 

Possui alta taxa proliferativa e é muito invasivo, sendo resistente aos tratamentos 

utilizados na clínica (Dolecek et al., 2012; Huse et al., 2013). Pacientes com esse tipo 

de câncer apresentam taxas elevadas de recidiva. Os fármacos utilizados para essa 

malignidade ainda se mostram ineficazes, além de apresentarem muitos efeitos adversos 

(Plotkin e Wen, 2003). Há ainda a dificuldade de ultrapassar a barreira hemato 

encefálica (BHE) e os baixos tempos de meia-vida desses fármacos resultam no uso de 

altas doses terapêuticas, contribuindo para a toxicidade. 

 Glioblastomas são tumores  que possuem áreas hipóxicas (Persano et al., 2011; 

Hardee e Zagzag, 2012). Microambientes hipóxicos contribuem para a progressão do 

câncer, promovem a sobrevivência celular, motilidade e angiogênese (Keith e Simon, 

2007). 

 Além disso, evidências sugerem que a hipóxia induz a desdiferenciação de 

células tumorais maduras para células-tronco tumorais (CTT), responsáveis pelo 

crescimento tumoral, pela resistência a radio e quimioterapia e pela alta taxa de recidiva 

nesses tipos de câncer (Soeda et al., 2009; Persano et al., 2013). 

 Visto que a hipóxia contribui para a malignidade tumoral e resistência aos 

tratamentos e que estudos com linhagens celulares geralmente não abordam esse 

aspecto de tumores sólidos, um de nossos objetivos foi o desenvolvimento de um 

modelo in vitro de ambiente hipóxico que se aproximasse da realidade in vivo, para 

avaliarmos possíveis adaptações desenvolvidas pelas células de glioma de rato C6. Os 

resultados descritos no Capítulo I mostram que a hipóxia aumentou os níveis proteicos 

de nestina e CD133, e a presença desses marcadores, conforme já descrito na literatura, 

ocorre no núcleo de tumores sólidos. Observamos também alterações morfológicas nas 

células que se assemelham às características de CTT. 

Além disso, analisamos o período de reoxigenação. Durante esse processo 

observamos aumento dos níveis protéicos de GFAP, o que se assemelha com a periferia 

de tumores in vivo (Persano et al., 2011).   

 Estudos demonstram que o núcleo tumoral hipóxico de glioblastomas in vivo 

apresenta resistência à temozolomida, que é o principal fármaco utilizado no tratamento 

dessa malignidade (Stupp et al., 2005). Dessa forma, recriar o microambiente hipóxico 

in vitro, tentando aproximar algumas características presentes nos tumores sólidos, 

poderá contribuir para estudos futuros de novos fármacos. Neste trabalho, modificamos 
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as condições no ambiente tumoral e analisamos qual seriam as respostas desse tumor 

heterogêneo frente a essas modificações.  

 A seguir avaliamos o potencial terapêutico e a citotoxicidade da DOX in vitro, 

os resultados são apresentados no Capítulo II. A DOX, apesar de ser um anti-

hipertensivo utilizado na clínica, possui características na sua estrutura química que a 

torna uma molécula semelhante a vários fármacos antitumorais já em uso, bem como a 

outros que ainda estão em desenvolvimento. 

 A DOX apresentou baixa toxicidade em culturas primárias de astrócitos e 

culturas organotípicas de hipocampo, modelos de célula e tecido não tumoral, 

respectivamente. O fármaco induziu morte celular apoptótica e necrótica em células de 

glioma de rato C6 nas concentrações de 150 e 180 µM e morte celular apoptótica nas 

concentrações de 50 e 75 µM em células de glioma humano (U138-MG). Essas 

diferenças de concentrações podem ser explicadas pelas diferentes espécies bem como 

pelas diferenças nas mutações que cada linhagem possui (Vogelbaum et al., 1999). 

Alterações gênicas são frequentes nos glioblastomas e resultam em desregulação 

de vias de sinalização intracelulares levando à resistência a morte celular e aumento de 

proliferação (Rasheed et al., 1999; Maher et al., 2001; Wechsler-Reya e Scott, 2001; 

Ghosh et al., 2005). O mecanismo de ação dadoxazosina in vitro pode estar associado a 

via da PI3K/Akt. A via da Ras/PI3k/Akt encontra-se mutada em 88% dos GB. A 

sobrevida média de pacientes com GB que tem ativa a via da PI3K (n = 42/56) e Akt 

(37/56) é de 11 meses em comparação com pacientes com níveis mais baixos de 

ativação de PI3K e Akt (40 meses). A DOX foi capaz de induzir a diminuição da 

fosforilação da AktSer473 e diminuição da fosforilação da GSK-3βSer-9. Quando tratamos 

as células com o LY294002 (inibidor de PI3K), ocorre um efeito similar ao causado por 

doxazosina em relação à diminuição na fosforilação da GSK-3βSer-9. 

A proteína supressora tumoral p53 apresenta-se mutada em 87% dos 

glioblastomas. Conforme demonstrado ainda no Capítulo II, o tratamento com DOX 

induziu aumento da fosforilação da proteína p53 e promoveu parada no ciclo celular em 

G0/G1 em ambas as linhagens. A DOX também promoveu a diminuição do índice 

mitótico e ativação de caspase-3 clivada. 

 Estes resultados sugerem que o mecanismo da ação da DOX possui certa 

especificidade ao tecido canceroso, viabilizando uma possível avaliação in vivo do 

fármaco. A toxicidade é um problema associado a vários fármacos, principalmente 
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quimioterápicos (Plotkin e Wen, 2003). Além disso, o mecanismo de ação da DOX 

pode estar associado à inibição da via da PI3K/Akt. 

 As mitocôndrias são organelas que possuem papel fundamental na regulação de 

vários processos celulares. Muitos desses processos estão desregulados nos gliomas, 

dentre eles: a morte celular por apoptose (via intrínseca), a proliferação celular, o 

metabolismo energético e o equilíbrio de espécies reativas de oxigênio (Ordys et al., 

2010). A sinalização celular mitocôndria-núcleo muitas vezes encontra-se 

comprometida no câncer. No Capítulo III demonstramos que a DOX induziu aumento 

de PGC-1α e de TFAM, com consequente aumento na biogênese mitocontrial ao mesmo 

tempo em que foi capaz de promover a morte celular apoptótica. O PGC-1α pode estar 

relacionado com neuroproteção, já que no nosso estudo anterior a concentração que 

induziu morte nas células cancerosas não foi tóxica para as células sadias. Por outro 

lado, há estudos que citam a biogênse mitocondrial como sendo um mecanismo de 

resistência da célula cancerosa a exposição a fármacos e agentes tóxicos (Vellinga et al., 

2015).  

 O fator de necrose tumoral alfa (TNF-α), uma das citocinas quantificadas nesse 

estudo, está relacionada com vários eventos celulares como sobrevivência, 

diferenciação e morte (Christofides et al., 2015). O TNF-α é um promotor endógeno 

tumoral pois estimula o crescimento, a proliferação, invasão, metástase e angiogênese. 

A maioria das células do câncer é resistente à citotoxicidade induzida pelo TNF-α o que 

resulta em promoção tumoral (Balkwill, 2002). A ação dessa citocina é dúbia, mas o 

balanço da sinalização do TNF-α em induzir sobrevivência e morte celular é 

determinante na resposta celular. Modular e estudar esse balanço pode ajudar no 

desenvolvimento de fármacos que são capazes de prevenir/tratar o câncer. Várias 

pesquisas têm demonstrado que a concentração de TNF-α no plasma aumenta em 

pacientes com diferentes tipos de câncer (Yoshida et al., 2002; Pfitzenmaier et al., 

2003; Michalaki et al., 2004).  Alguns estudos mostram que o TNF-α é capaz de 

promover a tumorigênese e outros demonstram que ele possui efeitos antitumorais em 

alguns modelos experimentais (Balkwill, 2002). 

 Como observado em nosso estudo, houve diminuição na secreção de TNF-α 

após tratamento com doxazosina por 48 h. Como o TNF-α pode agir como antitumoral 

ou pró-tumoral e sua regulação ainda está em estudo, as diferentes respostas celulares 

podem ser atribuídas às diferenças entre os organismos, o meio no qual a células está e 
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ainda, na exposição à carcinógenos. As citocinas (TNF-α, IL1-β, IL6) exercem um 

papel importante como reguladores negativos do PGC-1α. Portanto, o aumento dos 

níveis do PGC-1α pode estar associado à diminuição na secreção do TNF-α pelas 

células que receberam tratamento. 

 No Capítulo IV, caracterizamos a autofluorescência da doxazosina e a partir 

dessa característica da molécula nós conseguimos mapear a distribuição do fármaco nas 

células de glioma. O monitoramento do fármaco no ambiente celular pode auxiliar na 

descoberta do mecanismo de ação do mesmo e/ou de resistência celular. As diferenças 

de pH dos compartimentos celulares podem protonar e desprotonar a doxazosina e, de 

acordo com essa característica físico-química, influenciar na fluorescência da mesma 

(intensidade e mudança de cor) (Chung e Eaton, 2013). Da mesma forma, as diferentes 

polaridades dos constituintes celulares - tais como lipídeos, proteínas e a molécula do 

DNA - e a interação do fármaco com essas biomoléculas também podem influenciar na 

fluorescência (Chung e Eaton, 2013). O estudo mais aprofundado da fluorescência da 

molécula associado à caracterização fisico-química do ambiente tumoral pode auxiliar 

no desenvolvimento de novos agentes terapêuticos com marcação fluorescente 

específica (Garland et al., 2016). Sabe-se, por exemplo, que as células tumorais criam 

um ambiente mais ácido ao seu redor do que as células não-tumorais (Sinha et al., 

2006). Então, sintetizar uma molécula ou partir de um protótipo que tenha sensibilidade 

a essas mudanças de pH e que induz morte celular em  gliomas seria interessante de ser 

utilizado em estudos farmacológicos in vivo e in vitro.  

 Analisando os resultados obtidos de captação celular em 48 h, o aumento da 

concentração da doxazosina não aumenta proporcionalmente com o aumento da 

fluorescência, ou seja, ocorre uma saturação da fluorescência (citometria/verde), 

podendo ser esta devido a um mecanismo de interação com alguma proteína receptora. 

Como visto no Capítulo II, concentrações crescentes de doxazosina induzem aumento 

proporcional na morte de linhagens de glioma. No entanto, em relação à fluorescência, 

percebemos que o aumento da concentração do fármaco não leva a aumento 

proporcional de células fluorescentes. Dessa forma, as alterações na fluorescência 

intracelular podem estar relacionadas com as mudanças morfológicas ou com os 

mecanismos que levaram à morte celular. 

 Em 24 h podemos observar, também, a presença de vesículas. O fármaco parece 

estar vesiculado, visto que em 48 h de acordo com a ressonância magnética nuclear de 
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hidrogênio (Capítulo IV, figura 5), não observamos o fármaco íntegro nem 

biotransformado no meio de cultivo. Em 48h, por outro lado, observamos morte celular 

por apoptose (cerca de 55% das células) e por necrose (15% das células) na 

concentração de 180 µM (Capítulo II, figura 3) e o fármaco não se encontra no meio 

extracelular (Capítulo IV, figura 5).  

 De acordo com os resultados obtidos no Capítulo I, mantivemos as condições 

ambientais, ou seja, as mesmas condições experimentais, sem mudanças drásticas de 

nutrientes, oxigênio, fatores de crescimento e percebemos que, mesmo assim, o tumor 

se comporta de maneira heterogênea. As células tumorais apresentaram diferenças na 

captação do fármaco, na resposta fisiológica - se está mais estática ou forma 

prolongamentos citoplasmáticos (blebs) - e no tempo em que essa resposta ocorre. 

 No Capítulo V, nós avaliamos se o efeito antiglioma da DOX está relacionado 

com o EGFR. Alterações gênicas em RTKs são comuns em glioblastomas (McLendon 

et al., 2008). Uma das mutações mais comuns é a amplificação de EGFR. Além disso, 

estudos demonstram que o EGFR pode ser expresso em sua forma mutada em 

glioblastomas (EGFRvIII). Por esses motivos, o EGFR e sua forma mutada são 

potenciais alvos terapêuticos em glioblastomas (Hatanpaa et al., 2010). 

 Nós tratamos as células C6 com EGF, o ligante endógeno do EGFR, com o 

intuito de aumentar a expressão de EGFR nas células. Hayat e colaboradores (2005) 

demonstraram que ligantes endógenos podem aumentar a expressão de seus receptores. 

No Capítulo V nós vimos que o tratamento das células C6 com EGF por 48 h aumentou 

a proliferação celular e a expressão do RNA mensageiro de EGFR. Corroborando 

nossos resultados, Lund-Johansen e colaboradores (1990) demonstraram que tratamento 

com EGF induz crescimento, migração e invasão de células de glioma. Além disso, 

Pedersen e colaboradores (1994) descobriram que a indução de proliferação em células 

de glioma ocorreu nas linhagens que apresentavam níveis elevados de expressão de 

EGFR, não em células com baixa expressão do receptor. 

 Por outro lado, Högnason e colaboradores (2001) descreveram que o tratmento 

com EGF induziu apoptose em células tumorais que expressam um mutante negativo 

dominante da Ras e superexpressam EGFR. No entanto, as células de glioma C6 

apresentam aumento de expressão de Ras e de EGFR, o que pode explicar os efeitos de 

indução de proliferação do EGF nessa linhagem. 
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 Em seguida, nós vimos que a DOX diminui a fosforilação de EGFRTyr1068 em 

células C6 e que o co-tratamento com AG1478 (inibidor de EGFR) potencializou este 

efeito, demonstrando que esses dois derivados quinazolidínicos podem estar agindo em 

sinergismo. Além disso, o pré-tratamento com EGF aumentou os níveis de p-EGFR e o 

tratamento com DOX reverteu essa fosforilação, mas apenas nas concentrações mais 

elevadas do fármaco. 

 O EGFRvIII é uma forma truncada do receptor de EGF que está presente em 

glioblastomas, a qual não possui o domínio extracelular e está constitutivamente ativa 

(Hataanpa et al., 2010). A expressão aumentada de EGFR que observamos nesse estudo 

pode ser das duas formas do receptor, visto que os primers utilizados não diferem entre 

eles. Portanto, esse aumento de expressão pode ter ocorrido para ambos wtEGFR e 

EGFRvIII. Luwor e colaboradores (2004) demonstraram que o EGFRvIII pode formar 

heterodímeros com wtEGFR e ativar o receptor. Wiley e colaboradores (1988) 

descobriram que células que superexpressam EGFR aumentam a ativação do receptor 

independente de ligante. Nesse contexto, concentrações maiores de DOX foram 

necessárias para diminuir a fosforilação de EGFR após pré-tratamento com EGF. 

 Nós também avaliamos a indução de morte celular do co-tratamento da DOX 

com o AG1478 e do pré-tratamento de células C6 com EGF, seguido de tratamento com 

DOX ou AG1478. O inibidor de EGFR induziu morte celular por necrose. No Capítulo 

II nós vimos que a DOX induz principalmente morte celular por apoptose nas células 

C6 e isso ocorre nas concentrações de 100, 150 e 180 µM. Quando co-tratamos DOX e 

AG1478, houve morte celular por necrose nas concentrações de DOX de 150 e 180 µM, 

e apoptose em 180 µM. Esses resultados demonstram que as duas moléculas podem 

competir pelo mesmo sítio de ligação no EGFR e que foi necessário aumentar a 

concentração de DOX no co-tratamento para que o fármaco exercesse sua ação. 

 No Capítulo V nós também demonstramos que o pré-tratamento de células C6 

com EGF sensibilizou as células resistentes à indução de morte celular pela DOX e o 

AG1478. Novamente, isso pode estar relacionado a um aumento da expressão de 

EGFRvIII pelo pré-tratamento com EGF, visto que o AG1478 tem maior especificidade 

pela forma mutada do receptor (Sibenaller et al., 2005). 

 A diminuição da fosforilação de EGFR provocada pelo tratamento com a 

doxazosina e a inibição da via da PI3K/Akt pelo fármaco mostrado nesse estudo 

sugerem que o EGFR é um alvo da DOX em células de glioma. Corroborando nossos 
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resultados, Liao e colaboradores (2011) demonstraram que a DOX inibe EGFR em 

células de câncer de mama. 

 No Capítulo VI, utilizamos o fármaco na sua forma nanoencapsulada. As 

vantagens das nanocápsulas são muitas, dentre elas a diminuição da dose, obter efeitos 

mais vetorizados ao órgão-alvo, bem como aumentar a eficácia do mesmo (Heath e 

Davis, 2008). Nesse estudo, demonstramos que a DOX nanoencapsulada (DOX-NC) 

induziu morte celular em linhagem de glioma de rato C6 em concentrações 100 vezes 

menores do que as que utilizamos para a doxazosina em solução (DOX) conforme 

descrito no Capítulo II. Nós também analisamos o efeito da DOX-NC em culturas 

organotípicas de hipocampo e, da mesma maneira que o observado com a DOX, a 

DOX-NC demonstrou baixa toxicidade, sendo seletiva para células tumorais. 

 O modelo de cultura celular in vitro permite avaliar mecanismos de sinalização 

celular, bioquímicos, moleculares, análise de alvos farmacológicos e características 

fisiopatológicas específicas, com alta reprodutibilidade. O microambiente formado 

permite a integração de sinais que modelam o comportamento fenotípico das células 

(Freshney, 1986). Porém as culturas não permitem a integração de todos os sinais entre 

os órgãos e sistemas como ocorre em modelos in vivo. 

 O modelo de implante de células C6 de glioma em cérebro de ratos foi proposto 

por Takano e colaboradores (Takano et al., 2001) e é adequado para estudos que 

investigam a biologia do tumor, bem como para novas abordagens terapêuticas no 

tratamento dos gliomas. Nesse estudo, células C6 foram implantadas no estriado dos 

animais e, após 10 dias do implante do tumor, as nanocápsulas contendo DOX e na sua 

forma livre foram administradas por gavagem durante 10 dias consecutivos. Através de 

análise histopatológica foi possível observar significativa redução do volume tumoral. É 

importante ressaltar que as nanocápsulas de DOX, além de reduzir o volume tumoral, 

foram capazes de reduzir as características histopatológicas de malignidade dos tumores 

(figuras de mitose, neovascularização, hemorragia). 

 Gliomas apresentam alta taxa proliferativa e presença de neovascularizações, o 

que geralmente resulta em arquitetura tecidual defeituosa. Fármacos nanoencapsulados 

demonstram maior acessibilidade ao tecido tumoral do que o fármaco livre, pois os 

poros presentes na vasculatura tumoral acumulam 10 a 100 vezes mais nanofármaco do 

que o fármaco livre. Além disso, Béduneau e colaboradores (Béduneau et al., 2007) 
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demonstraram que nanopartículas são endocitadas pelas células, o que permite que elas 

evitem os mecanismos de resistência à captação de fármacos nos tumores. 

 A fim de confirmar o grau de malignidade das células remanescentes após os 

tratamentos, procedeu-se a análise das proteínas CD133 e pEGFR in vitro e in vivo. Em 

gliomas, CD133 é utilizado como marcador de células-tronco tumorais e para 

enriquecimento dessa subpopulação (Singh et al., 2003). Células tumorais expressando 

CD133 influenciam o crescimento tumoral a longo prazo e o aumento da expressão 

desse antígeno está correlacionado com sobrevivência de pacientes com glioma 

(Zeppernick et al., 2008). Nesse estudo, demonstramos que a DOX-NC diminuiu os 

níveis proteicos de CD133 em células C6 e ambos tratamentos (DOX-NC e DOX) 

diminuíram as células CD133-positivas in vivo. 

 A via de sinalização do EGFR está muito ativa em gliomas e estudos pré-

clínicos e clínicos sugerem que essa via aumentada leva a resistência à radioterapia 

(Wong et al., 1987; Wong et al., 1992; Lammering et al., 2001). Ainda, foi 

demonstrado que a expressão de EGFR aumenta malignidade tumoral e diminui a 

sobrevivência de pacientes (Chakravarti et al., 2004). Além disso, a via do EGFR em 

tumores está associada alterações em fatores de transcrição, apoptose e angiogênese 

(Feldkamp et al., 1999). 

 No Capítulo II, demonstramos que a DOX diminuiu a ativação de cinases 

presentes na cascata de sinalização de EGFR em células de glioma. Por outro lado, no 

Capítulo VI evidenciamos que o tratamento com DOX-NC e DOX diminuiu a 

fosforilação de EGFR e a imunorreatividade ao EGFR in vitro e in vivo, 

respectivamente. Hui e colaboradores (Hui et al., 2008) comprovaram que a DOX inibe 

a sinalização de EGFR e induz apoptose em células de câncer de mama, o que está de 

acordo com nossos achados. Os resultados descritos no Capítulo VI demonstram que a 

DOX apresenta efeito antitumoral in vivo e que sua ação in vitro e in vivo foi 

potencializada pela nanoencapsulação do fármaco. Assim, confirmamos o potencial 

antitumoral da DOX e da nanotecnologia aplicada à farmacologia para o 

desenvolvimento de novas estratégias terapêuticas para o tratamento de gliomas.  

 Os nossos estudos estão baseados na fisiopatologia do tumor frente a mudanças 

de condições experimentais. Primeiramente, avaliamos o tumor em mudanças no 

ambiente (hipóxia, nutrientes e reoxigenação) mimetizando o ambiente hipóxico in vitro 

para que se aproximasse do ambiente in vivo. Estudamos a exposição do tumor a um 
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agente químico, a DOX (Figura 8). Utilizamos diferentes modelos experimentais a fim 

de observar se os efeitos se confirmavam tano in vitro como in vivo. Observamos a 

captação do fármaco in vitro, a fim de utilizar a fluorescência intrínseca da DOX como 

aliada para observação da distribuição do fármaco nas células. 
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Figura 8: Representação esquemática dos efeitos da doxazosina em células de glioma. A doxazosina 

apresenta autofluorescência azul em solução hidroalcóolica e o fármaco é captado de forma heterogênea 

por células de glioma, apresentando fluorescência azul, verde e vermelho no meio intracelular. A 

doxazosina induz morte celular por apoptose e parada do ciclo celular via inibição da via do 

EGFR/PI3K/Akt e ativação de GSK-3β e p53. GSK-3β pode estar agindo na mitocôndria pela indução da 

abertura do poro de transição mitocondrial (mPTP), induzindo morte celular por apoptose. A doxazosina 

também diminui a fosforilação de CREB e a secreção de TNF-α, o que pode ter contribuído para a 

inibição da proliferação e aumento de PGC-1α, respectivamente. PGC-1α induziu a transcrição de TFAM, 

o qual induziu biogênese mitocondrial. 
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Também alteramos as propriedades físico-químicas da molécula, 

nanoencapsulando o fármaco. O objetivo das nanocápsulas é melhorar a distribuição e a 

biodisponibilidade do fármaco, para ter efeitos mais pronunciados, com relação à 

vetorização, diminuição da dose terapêutica e, consequentemente, da toxicidade, além 

de adequação da posologia, melhorando a qualidade de vida do paciente.  

Enfim, conhecer como ocorrem os mecanismos de resistência aos fármacos, 

estudar as características da fisiopatologia da doença, investigar como as células se 

adaptam a determinados ambientes mudando o modelo de estudo, aproximar com mais 

veracidade da patologia, se certificar da neurototoxicidade, e, se for o caso, alterar as 

características físico-químicas do fármaco, tornam possível a investigação de novos 

agentes terapêuticos que se aproximam da realidade in vivo. 
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10. CONCLUSÕES 
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Esta tese apresentou os resultados obtidos no estudo dos efeitos da doxazosina 

em modelos in vitro e in vivo de glioma. Como importantes contribuições para o tema 

de pesquisa desenvolvido nesta tese destacam-se: 

 

 O desenvolvimento de um modelo para mimetizar o microambiente hipóxico in 

vitro e o envolvimento da hipóxia e reoxigenação na 

desdiferenciação/diferenciação de células de glioma (Capítulo I); 

 

 O efeito antitumoral da doxazosina em linhagens de glioma humano e de rato e a 

seletividade que o fármaco demonstrou pelas células tumorais, visto que causou 

baixa neurotoxicidade em cultura primária de astrócitos e em cultura 

organotípica de hipocampo (Capítulo II); 

 

 A capacidade da doxazosina em reduzir a atividade da via da PI3K/Akt, os 

níveis de p-EGFR e p-CREB e de TNF-α secretados pelas células de glioma; 

assim como ativar as proteínas GSK-3β, p53, TFAM e PGC-1α e induzir 

biogênese mitocondrial e apoptose em linhagens de glioma (Capítulos II, III e 

V); 

 

 A sensibilização das células de glioma ao tratamento com doxazosina por meio 

de pré-tratamento com EGF (Capítulo V); 

 

 A caracterização da autofluorescência da doxazosina e a utilização dessa 

característica da molécula para analisar os padrões de captação e distribuição 

celular do fármaco em células de glioma (Capítulo IV), descrito por nós pela 

primeira vez; 

 

 O efeito antitumoral da doxazosina nanoencapsulada e diminuição de CD133 e 

da fosforilação de EGFR em células de glioma; além de sua baixa 

neurotoxicidade em culturas organotípicas de hipocampo (Capítulo V); 
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 A regressão tumoral e diminuição dos marcadores de malignidade CD133 e 

pEGFR em modelo de implantação de glioma in vivo provocada pela doxazosina 

na sua forma livre e nanoencapsulada (Capítulo V). 

 

A sequência de trabalhos apresentados nesta tese permitiu aprofundar o 

conhecimento sobre o potencial antitumoral da doxazosina e sua neurotoxicidade e 

toxicidade sistêmica, sobre a fisiopatologia de gliomas frente a alterações no 

microambiente tumoral, sobre características físico-químicas da doxazosina e o uso de 

propriedades da molécula para estudar os mecanismos de ação desse fármaco em 

gliomas. 
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11. PERSPECTIVAS 
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Como continuação desse trabalho, pretende-se seguir com os seguintes objetivos: 

 

 Mimetizar o microambiente hipóxico e tratar as células com DOX; 

 Analisar morte celular, a marcação com CD133, nestina e GFAP associadas com 

a captação do fármaco; 

 Marcar vesículas e observar se elas se co-localizam com o fármaco (co-

localização/confocal); 

 Sintetizar derivados da DOX e testá-los em gliomas. 
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Figura 1. Classificação histológica dos tumores primários do SNC. 

Figura 2. Algoritmo de classificação de gliomas difusos de acordo com características 

histológicas e moleculares. 

Figura 3. Estrutura química da doxazosina [4-4-amino-6,7-dimetoxiquinazolina-2-il)-

piperazina]1-il-(2,3-diidro-1,4-benzodioxina-3-il). 

Figura 4. Características do microambiente hipóxico em glioblastoma. 

Figura 5. Alterações no DNA e as mudanças no número de cópias nas vias de 

sinalização: (a) receptor tirosina-quinase (RTK), RAS, e fosfoinositol-3-quinase (PI3K), 

(b) supressor de tumoral p53, e (c) supressor de tumores retinoblastoma (Rb). 

Figura 6. Estrutura química da doxazosina [4-4-amino-6,7-dimetoxiquinazolina-2-il)-

piperazina]1-il-(2,3-diidro-1,4-benzodioxina-3-il). 

Figura 7. Desenho esquemático da composição de uma nanocápsula com mesilato de 

doxazosina. 

Figura 8: Representação esquemática dos efeitos da doxazosina em células de glioma. 

Tabela 1. Classificação dos gliomas segundo os graus de malignidade. 

Tabela 2. Principais características de glioblastomas IDH-selvagem e IDH-mutado. 
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1. ANEXO II 

Normas de formatação de artigos da revista Oncotarget 

 



 

223 

 

 

 



 

224 

 

 



 

225 

 

 


