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RESUMO

O presente trabalho aborda a analise de achados cientificos no estudo de lipidoma encefalico, e
modulages radioinduzidas dos lipidios encefalicos, através de técnica DESI-MSI (Desorption
Electrospray lonization Mass Spectrometry Imaging). A espectrometria de massas (MS),
através da ionizacao branda a pressdo atmosférica ambiente, promove a dessor¢do de lipidios
permitindo a realizacdo qualitativa e quantitativa das inimeras classes de lipidios. O Objetivo
principal foi a analise lipidémica de dados produzidos em DESI-MSI em tecido cerebral em
condi¢cdes normais e expostos a radiacdo, em modelo animal. A metodologia envolveu um
modelo animal constituido de 40 ratos Wistar isogénicos higidos masculinos que foram
divididos em dois grupos: um controle (n = 7), denominado GC e outro submetido a irradiacédo
corporal total (TBI), chamado GIR (n = 33) subdividido em 04 subgrupos correspondentes a
cinética de tempo 24, 48, 96 h e 01 semanas. Os animais (grupo GIR) sofreram irradiacédo de
corpo inteiro através da exposicdo a uma fonte Co-60, submetidos & mesmas condicdes de
tempo e dose (5 Gy). Apos a eutandsia, considerando as diversas cinéticas de tempo a serem
analisadas, os 6rgaos foram coletados e armazenados em freezer -80°C para que posteriormente
fossem realizados os procedimentos para obtencdo dos cortes em criostato. As laminas foram
submetidas a uma metodologia conhecida como DESI-MSI que permite o imageamento ponto
a ponto em 2D. Foi realizado uma varredura completa na faixa de 200 a 1000 Da obtendo-se
espectros de massas em modo negativo. Os arquivos de dados de lipideos produzidos por DESI-
MSI foram analisados empregando os softwares BioMap, XCalibur no espectro de baixo e alto
peso molecular, explorando a regionalizacdo cerebral da expresséo de lipideos e a modulacéo
lipidomica radioinduzida. Foi realizado uma identificacdo dos principais lipidios expressos em
condicdes fisioldgicas e em expostos a radiacdo. Os principais achados procederam da anéalise
lipiddmica. As analises permitiram a identificacdo principalmente de glicerofosfolipidios,
devido a diversidade de funcBes celulares que exercem e a possibilidade de serem
biomarcadores de possiveis alteragdes radioinduzidas. A maioria dos ions observados nos
espectros de massa correspondem a acidos graxos livres desprotonados, fosfatidilserinas (PS),
fosfatidilinositéis (PI) e sulfatidas (ST). Varios ions sofrem alteracGes na intensidade e na
regido de origem demonstrando o efeito da radiagdo no metaboloma do tecido cerebral. O ion
m/z 868,529, por exemplo, apresentava distribuicdo espacial presente principalmente em nos
I6bulos cerebelares (culmina, 16bulo central, declive, piramide e Uvula) e apds a irradiacdo
verificou-se uma diminuicdo progressiva da intensidade desse lipidio em todas as regifes em
todas as cinéticas de tempo. Os achados dos dados analiticos e de imageamento por DESI-MSI
permitem afirmar que a radiacéo induz alterac6es metabolémicas no perfil lipidico cerebral, em
regides especificas do encéfalo. Inimeras possibilidades de investigagdo no campo da
metabolémica foram abertas como por exemplo a radiolipidémica do encéfalo. Os
biomarcadores de toxicidade poderdo serem utilizados no tratamento radioterapico para melhor
controle terapéutico das toxicidades.

Palavras-chave: Dessor¢do por ionizacdo (DESI). Espectrometria de massas. Efeitos das
radiacOes. Lipidios. Radiagdo-y. Radiacao ionizante. Metabolomica. Lipidémica.



ABSTRACT

The present work addresses the analysis of scientific findings in the study of brain lipidoma,
and radioinduced modulations of brain lipids, using the DESI-MSI (Desorption Electrospray
lonization Mass Spectrometry Imaging) technique. Mass spectrometry (MS), through mild
ionization at ambient atmospheric pressure, promotes the desorption of lipids allowing the
qualitative and quantitative realization of numerous classes of lipids. The main objective was
the lipidomic analysis of data produced in DESI-MSI in brain tissue under normal conditions
and exposed to radiation, in an animal model. The methodology involved an animal model
consisting of 40 healthy male isogenic Wistar rats that were divided into two groups: a control
(n =7), called GC and another submitted to total body irradiation (TBI), called GIR (n = 33)
subdivided in 04 subgroups corresponding to time kinetics 24, 48, 96 h and 01 weeks. The
animals (GIR group) underwent whole-body irradiation through exposure to a Co-60 source,
submitted to the same conditions of time and dose (5 Gy). After euthanasia, considering the
different kinetics of time to be analyzed, the organs were collected and stored in a freezer at -
80°C so that later the procedures to obtain the cuts in cryostat could be carried out. The slides
were subjected to a methodology known as DESI-MSI that allows point-to-point 2D imaging.
A full scan was performed in the range from 200 to 1000 Da, obtaining mass spectra in negative
mode. The lipid data files produced by DESI-MSI were analyzed using BioMap and XCalibur
software in the low and high molecular weight spectrum, exploring brain regionalization of
lipid expression and radioinduced lipidomic modulation. An identification of the main lipids
expressed under physiological conditions and exposed to radiation was carried out. The main
findings came from the lipidomic analysis. The analyzes allowed the identification mainly of
glycerophospholipids, due to the diversity of cellular functions they exert and the possibility of
being biomarkers of possible radio-induced alterations. Most of the ions observed in the mass
spectra correspond to deprotonated free fatty acids, phosphatidylserines (PS),
phosphatidylinositols (PI) and sulfatides (ST). Several ions undergo changes in intensity and
region of origin demonstrating the effect of radiation on brain tissue metabolome. The ion m/z
868.529, for example, had a spatial distribution present mainly in the cerebellar lobes (culmina,
central lobe, slope, pyramid and uvula) and after irradiation there was a progressive decrease in
the intensity of this lipid in all regions in all time kinetics. The findings of analytical data and
imaging by DESI-MSI allow us to state that radiation induces metabolomic alterations in the
brain lipid profile, in specific regions of the brain. Countless research possibilities in the field
of metabolomics were opened, such as radiolipidomics of the brain. Toxicity biomarkers may
be used in radiotherapy for better therapeutic control of toxicities.

Key words: Ionization desorption (DESI). Mass spectrometry. Radiation effects. Lipids, y-
radiation. lonizing radiation. Metabolic. Lipidic.
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1 INTRODUCAO

1.1 Apresentacéo do tema

A metaboldmica (lipidomica e protedmica) permite o estudo das principais alteracfes
moleculares a fim de se compreender e evitar os efeitos bioldgicos danosos envolvidos nos
tecidos irradiados.

Segundo COOKS, 2006, a utilizacdo de técnicas analiticas como a espectrometria de
massas (Mass Spectrometry - MS) permite a determinacdo de composicdes elementares,
estruturas moleculares e analises quantitativas e qualitativas de misturas complexas. A
ionizacdo ambiente ocorre por dessor¢do por ionizacdo, denominada DESI (Desorption
ElectroSpray lonization) e MALDI (Matrix Assisted Laser Desorption lonization). Assim
compostos orgénicos presentes em tecidos organicos podem ser analisados qualitativamente e
quantitativamente (lipidios e proteinas).

A radioterapia é uma das especialidades oncoldgicas que utiliza a radiacdo ionizante
com objetivo de cura e/ou controle de neoplasias. Contudo, a radiacdo atua
indiscriminadamente tanto sobre as células tumorais como nas células sadias adjacentes,
podendo desencadear uma consequente neurotoxicidade aguda e/ou crénica (DEB, FIELDING,
2009; RUDA, et al., 2013).

A radiacdo gama é uma radiacao ionizante que proporciona danos diretos e/ou indiretos
ao DNA alterando os processos traducionais e transcricionais levando a importantes alteracdes
morfofuncionais. A ruptura de ligacOes estruturais das bases nitrogenadas bem como a
formacdo das espécias reativas ao oxigénio (ROS) sdo a chave para a interrupcdo da alta
clonogenicidade tumoral bem como pela inducdo do processo apoptético (OKUNO, et al.,
2010; MINGOTE, 2018).

A ferramenta DESI-MSI poderd ser empregada como importante técnica de
instrumentacdo, capaz de analisar as principais alteracdes na expressdo lipidica cerebral
proveniente do tratamento radioterapico. A compreensao dos principais fendmenos de resposta
molecular do tecido cerebral frente a exposicdo da radiacdo permitird uma revisdo nos
protocolos de planimetria e de dosagem, a fim de minimizar os indesejaveis efeitos adversos

neurocognitivos que ocorrem a longo prazo e curto prazo.
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1.2 Motivagéo / ineditismo

O tratamento radioterapico acarreta injurias radioinduzidas metaboldmicas responsaveis
por culminar na ativacdo de processos apoptoticos. Os beneficios da radioterapia devem estar
associados a uma baixa toxicidade tecidual alto reparo e maximo processo de regeneracao
celular. A auséncia de estudos das alteragdes metabolomicas radioinduzidas ainda se encontra
incipiente, tanto no imageamento molecular como pela identificacdo molecular de possiveis
radiomarcadores de injaria celular. Assim, a utilizacdo de espectrometria de massa por
imagemamento por DESI-MSI no estudo da metabolémica € inédito e amplia a possibilidade
de elucidar ainda mais as principais alteracdes lipidicas provenientes dos efeitos lesivos da

radiacdo ionizante no DNA.

1.3 Objetivos

1.3.1 Objetivos gerais
S4ao objetivos gerais:
- Analisar a expressao lipidica, em condicdes fisiologicas bem como as principais
alteracdes radioinduzidas em tecido cerebral por meio de espectrometria de massas. Os
lipidios serdo identificados pela sua m/z e localizados nas diversas regides topogréaficas
cerebrais.

1.3.2 Objetivos especificos

S&o objetivos especificos:

- Analisar as alteragdes significativas presentes nos animais irradiados;

- Investigar e avaliar as possiveis alteragcdes no lipidoma induzido por radiacéo;
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1.4 Justificativa

Mesmo com toda preocupacdo em delinear o volume tumoral através de técnicas
conformacionais respeitando a adogéo de protocolos de irradiacdo para minimizacgéo dos danos,
torna-se necessario uma avaliagdo mais criteriosa do metaboloma lipidico para a mensuragéo
da toxicidade do tratamento radioterapico. DESI-MS é uma metodologia essencial para auxiliar
a investigacao dos efeitos da radiacdo no DNA e, consequentemente alteragcdo, no metaboloma
celular. A andlise das modificacBes radioinduzoidas dos lipidios cerebrais permite que
protocolos de planejamento e seguranca sejam revistos e modificados a fim de se evitar uma
consequente toxicidade tecidual. A possibilidade de descobertas de novos marcadores de injuria
celular e tecidual provenientes do tratamento radioterapico pode contribuir ainda mais para que

novas técnicas de planejamento e tratamento sejam otimizadas e/ou desenvolvidas.

1.5 Organizagdo da Tese

Este trabalho serd apresentado sob propostas que procuram desenvolver o pensamento
tedrico-cientifico. Primeiramente serd apresentado o estado da arte, uma revisao cientifica dos
principios tedricos que fundamentam as bases do presente trabalho como a radiobiologia,
radioterapia, lipiddmica e a espectrometria de massas. Os capitulos subsequentes serdo
apresentados na forma de um conjunto de artigos cientificos.

O capitulo 3 possui como referéncia um artigo de revisdo dos principais tratamentos nos
glioblastomas recorrentes e as principais estratégias abordadas para aumentar a sobrevida dos
pacientes. Este artigo complementa a revisao da tese.

O capitulo 4 refere-se ao artigo aceito para publicacdo que aborda algumas metodologias
analiticas empregadas no estudo da lipidomica. Este capitulo detalha e ilustra a metodologia
associada a DESI-MSI bem como os os principais achados cientificos prévios.

O capitulo 5 refere-se ao artigo aceito para publicacdo que aborda as técnicas utilizadas
para demonstrar as alteragdes metabdlicas de resposta aguda consequentes a radia¢do ionizante
no metaboloma celular.

O capitulo 6 refere-se ao artigo que demonstra a possivel correlacdo de painéis de
possiveis biomarcadores locorregionais associados as alteragdes neurologicas correspondentes.

O capitulo 7 refere-se a metodologia cientifica empregada para desenvolvimento do
trabalho.
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O capitulo 8 refere-se ao artigo submetido demonstrando todos os achados analiticos
apos a conclusdo do imageamento molecular utilizando DESI-MSI.

O capitulo 9 refere-se as conclusdes do trabalho desenvolvido e as perspectivas
decorrentes de seus resultados.

Os anexos referem-se aos outros artigos realizados durante a elaboracdo e execucao do

tema proposto.
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2 ESTADO DA ARTE

2.1 Epidemiologia do cancer

O cancer representa a segunda causa de mortalidade mundial (WHO,2017) e
futuramente respondera por mais de 20 milhdes de casos novos; dados estimados para 2025
(World Cancer Report, 2018).

A predisposicdo genética associada a exposicdo e a fatores externos notoriamente
carcinogénicos, desencadeia alteragdes importantes nos mecanismos de reparacdo celular
propiciando assim o surgimento de linhagens celulares com alta clonogenicidade (WHO, 2017)
e consequentemente o surgimento de doencas.

Segundo estimativas do INCA e Ministério da Saude (MS), estdo previstos a ocorréncia
de cerca de 600 mil casos novos de cancer no Brasil em 2018-2019. Precisamente, 0s nimeros
serdo de de 582.590 casos novos de cancer: 282.450 em mulheres e 300.140 em homens. Entre
os tipos de neoplasias mais incidentes, destacam-se para ambos os sexos o de pele ndo
melanoma com 165.580 casos novos, préstata (68.220 casos novos por ano), mama feminina
(59.700), célon e reto (cancer de intestino) (36.360), pulmao (31.270), estdmago (21.290), colo
do Utero (16.370), cavidade oral (14.700), sistema nervoso central (11.320), leucemias (10.800)
e esofago (10.790) (INCA, 2018). As mulheres serdo mais acometidas pelos canceres de mama
(59.700), intestino (18.980), colo do Gtero (16.370), pulméo (12.530), glandula tireoide (8.040),
estdmago (7.740), corpo do Utero (6.600), ovario (6.150), sistema nervoso central (5.510) e
leucemias (4.860). J& entre os homens, 0s canceres mais incidentes serdo prostata (68.220),
pulméo (18.740), intestino (17.380), estdbmago (13.540), cavidade oral (11.200), esodfago
(8.240), bexiga (6.690), laringe (6.390), leucemias (5.940) e sistema nervoso central (5.810)
(INCA, 2018).

2.1.1 Principais dados estatisticos sobre os tumores cerebrais de sistema nervoso central
(SNC)

O relatério “Estimativas de Incidéncia de Cancer, para o biénio 2018-2019 - INCA”,
estima que no Brasil, sejam diagnosticados 11.320 novos casos de tumores no sistema nervoso

central (SNC), sendo 5.810 em homens e 5.510 em mulheres.
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Em geral, a probabilidade de desenvolvimento de neoplasias maligna de SNC ¢ inferior
a 1%. O risco para homens (aproximadamente 1:143) ¢ ligeiramente maior que o das mulheres
(aproximadamente 1:185), embora certos tipos de tumores sejam mais comuns nas mulheres.

A maioria dos tumores do SNC origina-se do cérebro, nervos cranianos e meninges. Os
gliomas sdo o tipo histolégico mais frequente e representam cerca de 40 a 60% de todos 0s
tumores priméarios do SNC, sendo mais comum na faixa etaria adulta. (AMERICAN CANCER
SOCIETY, 2018).

2.1.2 Alteragdes Radioinduzidas no metabolismo celular

As rupturas de dupla cadeia de DNA (Double Strand Breaks - DSBs) induzidas por
radiacdo ionizante (IR) podem acarretar em falhas na regulacdo/reparo da supressdo tumoral,
contribuindo sensivelmente para o aumento da clonogenicidade. Segundo UHRHAMMER et
al., 2002 as sinalizacdes para reparo do DNA (DNA Damage Response -DDR), parada do ciclo
celular para interrupcéo da apoptose e controle de produtos provenientes do estresse oxidativo,
sdo realizadas por proteinas serina-treonina quinase chamadas ATM (“ataxia telangectasia
mutated”), conforme Fig. 1. Foi verificado que uma alta incidéncia de tumores malignos esta
relacionada as quebras diretas/indiretas do DNA pela radiacdo ionizante determinando a perda
de reparo do DNA e de sinalizacdo para o controle do ciclo celular e apoptose.

Figura 1: Resposta a quebra de fita dupla de DNA (DSBS)
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| .Ragla;ao ROS
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Interrupgéo do ciclo celular

Fonte: Adaptado de MINGOTE, 2018.

2.2 Radiacdo gama e mutacg6es por oxidacdo

Radiacdo gama ou raio gama (y) ¢ um tipo de radiacdo eletromagnética (fétons) de alta
frequéncia e com espectro de energia entre 10 keV a 10 MeV emitidas pelo nucleo durante o
decaimento radioativo (ANKER; SHRIEVE,2009). O cobalto 60 (Co-60) decai em emissdo
beta (B) em Ni-60, com uma meia-vida de 5,2714 anos, emitindo raios gama (y) com energias

de 1,17 MeV e 1,33 MeV (KHAN et al., 2014), conforme Fig. 2.

Figura 2: Esquema de decaimento do radionuclideo CO-60-

60
5oCo (5.26y)
B (Emax = 0.32 MeV), 99%

2.50

(Emax = 1.48 MeV),
1% Yl(z 17 MeV)

1.33

——p Energia (MeV)

60, ;:
28Nl

Fonte: Adaptado de KHAN et al., 2014.


https://pt.wikipedia.org/wiki/Radia%C3%A7%C3%A3o_eletromagn%C3%A9tica
https://pt.wikipedia.org/wiki/Frequ%C3%AAncia
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Radiacdo gama € uma radiacdo ionizante de baixa LET (Linear Energy Transfer)
caracterizada pela baixa densidade de ionizagdes em um tecido, devido a reduzida relacéo
carga/massa das particulas beta () o que diminui a probabilidade de colisdes efetivas ionizantes
(MINGOTE,2018). Assim, o menor numero de ionizacGes favorece a agdo dos mecanismos de
reparo do DNA, conferindo a clonogenicidade necessaria para o reparo tecidual. J& radiacoes
de alta LET aumentam exponencialmente o nimero de ionizagdo causando consequentemente
dano bioldgico consideravel. (HALL, 2012). Raios gama (y) propiciam a formagdo de ROS
(Reactive Oxygen Species) proveniente principalmente pela radidlise da agua. Assim, séo
formados radicais livres (He e OH¢) altamente reativos, causando o rompimento de interagdes
intermoleculares do tipo ponte de hidrogénio e alteragdes morfofuncionais das estruturas de
componentes celulares (OKUNO, et al., 2010), conforme Fig.3. O dano ao DNA, causado pelas
espécies reativas de oxigénio (ROS), tem sido implicado no envelhecimento precoce, na
carcinogénese e nos transtornos neurolégicos. (ALSHYKHLYA et al., 2015).

Figura 3: Radidlise da agua e formacao de radicais livres

HO + v — H,0*+ e,

e, + HO — HO

H,0* + HO — HO"+ *OH

H,0* — OH + H°

H,O + ¥ — [H* + *OH]—H,O
H,0* + H,0* — 2H,0 + H*

H* + "OH — H)O

H* + H* — H,

*OH + "OH — H,0,

Fonte: Adaptado de CAMPOS et al., 2004.

As ionizagOes causam diretamente no DNA mudancas e delecdes de bases, rompimento
de ligacdes de hidrogénio, fragmentacdo de fita simples (SSBs - single strand breaks) ou fita
dupla do DNA (DSBs - double strand breaks), e induzem também a formacdo de ligacGes
cruzadas internas ou externas com moléculas de DNA e/ou proteinas. (OKUNO, et al., 2010;
ALSHYKHLYA et al., 2015).

Assim, os danos irreversiveis ao DNA associado ainda a inativa¢do dos mecanismos de

reparo na fita fragmentada, podem favorecer a producdo das ROS. Estima-se que em torno de
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100.000 danos decorrentes da presenca de ROS ocorram diariamente nas células (FRAGA et
al., 1990). Aproximadamente 33% das quebras de fitas é devido a agdo direta no DNA e o
restante devido a acao de radicais livres (hidroxilas OH¢) provenientes da radiolise da agua.
Cerca de 1 a 2 Gy de dose absorvida de radiacdo ionizante produz cerca de 500 a 1000 quebras
em uma fita, de 1000 a 2000 alteractes de bases e 40 quebras de duas fitas em apenas uma
unica célula de mamiferos (OKUNO et al., 2010).

A acdo das ROS desencadeia 0 processo de lipoperoxidacdo em acido graxos
polinsaturados gerando subprodutos altamente reativos, tais como: aldeidos, cetonas, epoxidos
e hidrocarbonetos, podendo inclusive acarretar em mutagdes e danos genéticos (OKUNO et al.,
2010; DAVID et al., 2007; DUXIN; WATER, 2015).

2.3 Consideracdes sobre a radioterapia

O tratamento radioterapico consiste no uso de radiacdo ionizante para controle e
diminuicdo clonogénica de neoplasias (malignas e benignas) tendo como base uma planimetria
adequada associada a prescricdes de doses terapéuticas efetivas (GOLDWEIN et al., 1990;
MIRALBELL et al., 1997). A cinética de reparo tecidual adequada, garante uma minimizagéo
de varios efeitos colaterais desencadeados pelos processos apoptéticos e necréticos
radioinduzidos (GUNDERSON et al., 2015; PEREZ et al., 2013; SALVAJOLI et al., 2013).

2.3.1 Toxicidades da radioterapia

As toxicidades radioinduzidas desencadeiam uma neurotoxicidade que esta associado a
lesdo de substancia branca, devido a radionecrose induzida o que acarreta um declinio
neurocognitivo e consequente queda na qualidade de vida (Quality of Life — QOL) (BROWN
et al., 2003; GUNDERSON, 2015).

Doses elevadas estdo associadas a uma intensa morte celular, 0 que gera uma resposta
aguda precoce além de sintomas como: fadiga, eritema, alopecia, dor de cabeca e nausea
associada a vomitos ou ndo. Pode-se citar ainda as xerostomias, conjutivites, neuropatias e
neurites (ototoxicidade, retinopatias, cegueiras, cataratas), disfuncdes hipotalamico-
hipofisarias e leucoencefalopatias (lesdes em substancia branca extensas com varios infartos

lacunares). Assim, déficits cognitivos podem existeir e acarretar um comprometimento
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significativo no desenvolvimento intelectual (Full-Scale Intelligence Quotient - FSIQ)
(MULHERN et al., 2005; MERCHANT et al., 2009; RIS et al., 2013; NABORS et al., 2013).

2.4 Espectrometria de massas (MS)

A espectrometria de massas (MS) é empregada para anélises quali/quantitativas de
substancias além de possibilitar a identificacdo de diversas moléculas organicas. Apresenta
enormes vantagens tais como: alta sensibilidade e exatidao, baixos limites de deteccdo e curto
tempo de analises. Espectrometria de massas (MS) é uma técnica analitica que permite a
identificacdo, quantificacdo e elucidacdo de propriedades estruturais de uma molécula ou
composto (eletricamente carregados) através da formacdo de ions-molécula e de seus
respectivos ions-fragmento. O principio fundamental da espectrometria de massas consiste na
formacdo de ions a partir de compostos, organicos ou inorganicos, utilizando-se um método de
ionizacdo adequado para posteriormente separa-los atraves de sua relacdo massa-carga (m/z)
em um analisador de massas. Assim, no detector, torna-se possivel a identificacdo e mensuracéo
qualitativa/quantitativa dos compostos a partir da relagdo massa-carga dos ions (m/z). A
caracterizacdo dos analitos pela sua razdo massa /carga (m/z) e abundancia relativa é obtida
através de um gréfico de abundancia de ions. A magnitude do sinal elétrico em funcédo da razdo
m/z é convertida gerando o espectro de massas correspondente (SKOOG, 2014).

2.4.1 Instrumentacao

Segundo FREITAS, 2018, cita que:

“ O espectrometro de massas possui cinco componentes principais: (1)
unidade de insercdo de amostra; (2) fonte de ionizacdo, onde as moléculas da
amostra sdo convertidas em ions na fase gasosa; os ions séo acelerados por
um campo eletromagnético e alcancam o (3) analisador de massas, onde ha
separagdo dos ions de acordo com as respectivas m/z; os ions sdo contados no
(4) detector e o (5) sistema de dados registra o sinal.” A FIG. 4 ilustra as partes
de um MS.
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Figura 4: Representacdo esquematica de um espectrémetro de massas (MS)
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2.4.2 Fontes de lonizacao

Segundo Mingote, 2018, cita:

“A fonte de ions ou camera de ionizagado é onde ocorre a formagao de ions em
fase gasosa, a partir de amostras sélidas, liquidas ou gasosas, dependendo da
forma de insercdo de amostra. A lonizagdo por Elétrons (El) (EI-MS -
Eléctron lonization - Mass Spectrometry) é o método caracterizado pela
ionizagdo e a fragmentagdo de moléculas permitindo a identificacdo estrutural,
qualitativa e quantitativa de moléculas a partir de analises da intensidade do
espectro obtido pela relagdo m/z. No entanto, El necessita de volatilizagdo em
alto vacuo na fonte de ionizacdo impossibilitando realizar anélises de
biomoléculas de baixa massa (< 5 x102 Da) como peptideos, proteinas e
oligonucleotideos. Tais compostos, nao possuem estabilidade térmica
suficiente para serem volatilizadas e, assim, ndo podem ser analisadas por El.
ESI-MS (Electrospray lonization Mass Spectrometry) é uma técnica de
ionizacdo suave em pressdao atmosférica (API- atmospheric pressure
ionization) utilizada para a determinagdo estrutural de lipidios, proteinas e
metabolitos, permitindo a formacéo de ions a partir de macromoléculas. A
partir dessas fontes, em especial ionizagdo por Electrospray (ESI), foram
desenvolvidas as técnicas de ionizacdo ambiente, como a DESI. DESI-MS
(Desorption Electrospray lonization Mass Spectrometry) é uma importante
ferramenta que possibilita a ionizagdo ambiente de biomoléculas intactas
como lipidios, proteinas e peptideos possibilitando a sua analise
quali/quantitativa bem como sua distribui¢do espacial nas amostras”.



32

Assim um spray de nebulizagdo, promove a dessorcao e ionizagdo dos analitos da amostra para
fase gasosa (Fig. 5 e 6) além de sua consequente transferéncia até o capilar de entrada do
analisador de massas (DASS, 2007; HOFFMANN; STROOBANT, 2007).

Figura 5: Fonte de ionizagdo do tipo DESI
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DESI-MS realiza o fingerprint de tecidos biolégicos com base na relagdo m/z das
moléculas constituintes. Ainda assim € possivel utilizar a mesma metodologia para 0 emprego
de obtencéo dos perfis lipidicos de tecidos normais e neoplésicos, identificacdo de metabolitos
em microbiologia, falsificacdo de dinheiro, estudo de neurotransmissores cerebrais e
metabolomica (ANGOLINI et al., 2015; CORREA et al., 2016; FERNANDES et al., 2016).

DESI-MSI permite que seja realizado um imageamento (MSI - mass spectrometry

imaging) quimico da superficie de uma amostra através da varredura realizada por coordenadas
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cartesianas X e Y permitindo avaliar a distribuigcao espacial e temporal de suas moléculas. (FIG
7) (FREITAS,2018).

Figura 7: Obtencéo de imagem por MS em sementes de soja
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Fonte: FREITAS, 2018.

O conjunto de pontos obtidos em cada linha produz um espectro de massas. Assim, ao
final do processo, o conjunto de espectro de massas proporciona uma série de dados de toda a
superficie da amostra, podendo ser exportados para um programa capaz de converter os dados
em imagens bidimensionais de acordo com a distribuicdo espacial e a intensidade relativa de
cada ion nas amostras, conforme a FIG. 8 (FREITAS, 2018).

Figura 8: Espectro com os valores m/z mais abundantes (a) imagem total dos ions (b)
adquirido por DESI-MSI em modo positivo
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2.4.3 Lipidios cerebrais e lipiddmica

Lipidios sdo moléculas presentes nos organismos e apresentam as mais diversas funcdes
como: armazenamento de energia, atuam como cofatores enzimaticos, transportadores de
elétrons, atuam como pigmentos fotossensiveis, ancoras hidrofébicas para proteinas,
chaperonas para auxiliar no enovelamento de proteinas de membrana, sdo agentes
emulsificantes no trato digestivo, e atuam como hormdnios e mensageiros intracelulares. Os
lipidos podem ser divididos em oito categorias: acidos graxos, glicerolipidos, glicerofosfolipidos,
esfingolipidos, policetidos, sacarolipidos, lipidos esterdis (colesterol e derivados) e lipidos prenois,
conforme a TABELA 1 (FAHY et al., 2005).

Tabela 1: Categorias de lipidios e exemplos

Categoria Abreviacéo Exemplo
Acidos Graxos FA Acido Dodecan6ico
Glicerolipidios GL 1-hexadecanil-2-(9Z-octadecenoil )-sn-glicerol
Glicerofosfolipidios GP 1-hexadecaniI-2-(9é—s?cg?odltier(]:§noiI)-sn-glicero-3-
Esfingolipidios SP N-(tetradecanoil)-esfingo-4-enina
Esterdis ST colest-5-en-3p-ol
Prenois PR 2E,6E-farnesol

UDP-3-O-(3R-hidroxi-tetradecanoil)-d-N-
acetilglicosamina
Policetideo PK Aflatoxina B:
Fonte: Adaptado de FAHY, 2005.

Sacarolipidios SL
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A anélise lipidémica do cérebro revela 100 espécies distintas de lipidios. (TAJIMA et
al, 2013; WOODS et al, 2006; ADIBHATLA et al, 2006). O padréo de expressdo lipidica foi
significantemente modificado por experimentos traumaticos com injdrias cerebrais
(ABDULLAH et al,2014); dade, envelhecimento, comorbidades também participam de
mudancas na expressdo lipidica cerebral (ADIBHATLA et al, 2006; RAPPLEY et al,2009). A
espectrometria de massas mostrou-se essencial na identificagdo e quantificagdo molecular
lipidica para a formacgéo de um banco de dados, sendo capaz de identificar os principais grupos

de lipidios que sofreram alteracGes metabolémicas relacionadas a idade, conforme FIG 9 (TU
et al, 2017).

Figura 9: Lipidios quantificados e analisados por fragmentacdo MS/MS para formacéo e
alimentacdo de um banco de dados
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Fonte: Adaptado de TU, 2017.

Recentemente, tém-se demonstrado que a exposicéo a radiacao ionizante pode induzir
a lesdes diretas no DNA e indiretas pela formacdo das ROS causando alteragdes importantes na
lipiddmica cerebral.

Lipidémica permite analisar dinamicamente as alteracfes envolvidas referentes aos
lipidios e os efeitos bioldgicos nos tecidos irradiados. Em células, a integridade da membrana
é imprescindivel para garantir a sinalizacdo do metaboloma protéico e lipidico. As espécies
reativas do oxigénio (Reactive Oxygen Species - ROS) causam a peroxidacdo lipidica
determinando a oxidagdo extensa de acidos graxos insaturados de membranas culminando na
alteracéo no fluxo de substrato idnico e molecular, desencadeando diversos processos tais como
inibicdo da mitose e inducdo de apoptose (ACKERSTAFF et al., 2003; WANG et al., 2009).
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DESI-MS permitiu a identificacdo de lipidios constituintes cerebrais (fosfolipidios,
fosfatidilinositol (PI), fosfatidilserina (PS) e sulfatida (ST)) envolvidos em diversos processos
patoldgicos (MINGOTE, 2018).

As diversas classes de lipidios tais como: acidos graxos (FA- fatty acids),
glicerofosfolipidos (GP), glicerolipidios (GL), esfingolipidios (SP), lipidios esterois (ST),
lipidios de membrana tais como: fosfatidilcolina (PC), fofatidiletanolamina (PE),
esfingomielina (SM) , ceramida (Cer), fosfatidilserina (PS) fofatidilinositol (PI) e sulfatida (ST)
foram identificados e permitem diferenciar a composicdo da substancia branca (ST 24:1) e da
substancia cinzenta (PS 18:0/22:6). A imagem obtida por DESI-MSI permite localizar cada ion
pela sua m/z correspondente a uma determinada distribuicdo espacial (JARMUSCH et al.,
2016).

As TABELAS 2 e 3 identificam os principais picos detectados no cérebro do

camundongo no modo ion negativo.

Tabela 2: classes moleculares de lipidios presentes em tecido cerebral — alta resolucédo

Massa-Carga
(m/z) medido

Fragmentacao

Calculado Classe de Fosfolipidios dos Tons (m/2)

599.3 599.3197 Pl (18:0/0H) 283
716.5 716.5228  PE (16:0/18:1) 281, 255
7225 7225125  PE(16:0p/20:4) 303
7265 726.5438  PE(18:1p/18:1) 281
728.6 728.5594  PE(18:0p/18:1) 281
7425 7425386  PE (18:1/18:1) 281
PE (18:0/18:2) 279, 283
744.6 7445543  PE (18:0/18:1) 283, 281
746.5 7465119  PE (16:0p/22:6) 327
7475 7475161 PG (16:0/18:1) 255, 281
255, 281
750.5 750.5438  PE (18:0p/20:4) 303
PE (16:0p/22:4) 331
762.5 762.5286  PS (18:0/16:0) 255, 283
762.5068  PE (16:0/22:6) 327,255
764.5 764.5229  PE (18:1/20:4) 303, 281
766.5 766.5387  PE (18:0/20:4) 303, 283
303, 283
7705 7705699  PE (20:0/18:2) 279, 508
PE (18:0/20:2) 283, 307
PE (18:1/20:1) 281
7745 7745432 PE(18:0p/22:6) 327
7785 7785138 ST (d18:1/16:0)

786.5 786.5286  PS (18:1/18:1) 281



PS (18:0/18:2)
PS (18:0/18:1)
PE (18:0/22:6)
PE (18:0/22:4)
ST (18:0)

PS (18:0/20:4)
PS (18:0/20:1)
Pl (16:0/18:2)
PS (18:0/22:6)
Pl (18:0/16:0)
Pl (16:0/20:4)
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PI (18:0/18:2)
ST (22:0)

ST (d18:1/h22:0)
PI (18:1/20:4)

PI (18:0/20:4)

788.5 788.5442
790.5 790.5381
794.5 794.5699
806.6 806.5451
810.5 810.5286
816.6 816.5755
833.5 833.5181
834.5 834.5286
837.5 837.5494
857.5 857.5181
861.5 861.5494
862.6 862.6077
878.6 878.6078
883.5 883.5337
885.5 885.5494
888.6 888.639

890.6 890.6395
904.6 904.6188
906.6 906.6345

ST(24:1)
ST(24:0)
ST(d18:1/h24:1)
ST(d18:1/h24:0)

279, 283

281, 283

327, 283

331, 283

283, 303

283, 309

255, 279

283, 327

283

255, 303

255, 303 Fonte: Adaptado

279, 283 BERRY etal.,
2011

281, 303 Tabela 3:

283, 303 Classes

283, 303 moleculares de

283, 303 lipidios

283, 303 presentes em

283, 303 tecido cerebral
— baixa
resolucédo

283, 327

Massa-Carga (m/z)

Classes Moleculares de

Fragmentacdo de ions (m/z)

Lipidios
746,5 PE 16:0/22:6 255,3327,2 418,2 436,3
747,6 PG 16:0/18:1 255,3 281,3 391,2 483,3
760,5 PS 16:0/18:1 255,3281,3391,2673,5
7745 Plasmenil - PE (18:0/22:6) 283,3 327,2 464,2 757,3
788,5 PS 18:0/18:1 281,3283,3419,4701,4
790,5 PE 18:0/22:6 283,4 327,3 480,3 524,3
806,4 PS 16:0/20:4 255,3 391,3 409,2 436,3 719,4
806,7 ST (h18:0) 309,4 331,4 522,3 788,7
834,4 PS 18:0/22:6 283,2 327,3419,3747,4
857,5 Pl 16:0/20:4 255,3 303,3 391,2 553,3
863,0 ST (22:0) 522,2 844,8
878,8 ST (h22:0) 522,3 568,3 860,3
881,5 Pl 16:0/22:6 255,2 327,2 391,3 553,2
885,6 Pl 18:0/20:4 283,2 303,2 419,2 581,2
888,8 ST (24:1) 390,2 522,3 650,2 870,8
906,8 ST (h24:0) 522,3 540,2 568,2 888,8
909,5 Pl 18:0/22:6) 283,2 327,2 419,2 581,2

PE: fofatidiletanolamina

X1:Y1/X2:Y2 indica o nimero de cadeias de acidos graxos e 0 nimero
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PG: fosfatidilglicerol de insaturagdes
PS: fosfatidilserina (hX:Y) representa sulfatida hidroxiladas
ST: sulfatida

PIl: fosfatidilinositol
Fonte: Adaptado EBERLIN, 2012.

Estudos ja sugerem que lipidios podem ser biomarcadores tumorais (acidos graxos
(FA)) se destacarem na regulacdo do gradiente eletroquimico, sinaliza¢do intracelular,
transporte de proteinas, ancoramento de membrana, reserva energética, cofatores enzimaticos
e ainda participarem como precursores de hormonios estereoides e sais biliares (BARTLKE;
HANNUN, 2009; MIRANDA,; OLIVEIRA, 2015; WRIGHT et al., 2004;). Séo constituintes
ainda das membranas celulares (principalmente glicerofosfolipidos) envolvidos na sinalizag&o,
regulacdo, proliferacdo e apoptose celular (FAROOQUI; HORROCKS, 2007). Os lipidios
cerebrais, além de estarem envolvidos na neurotransmissao (neurolipidios como novos
neurotransmissores) e sinalizacdo intracelular, participam também da proliferacdo celular,
crescimento e neuroprotecdo (OSBORNE; MEUNIER, 2001). Os receptores neurolipidicos
podem ser classificados em canabindides (CB), receptores para acido lisofosfatidico (LPA) ou
esfingomielina (SM) e receptores da proteina G (GPCR) (CHAN et al., 2012; GUAN et al.,
2006; LAM et al., 2014; LEE et al., 2009).

A distribuicdo das diferentes espécies de lipidios nas diversas regides cerebrais
(neurénios, glia, oligodendrdcitos, tratos nervosos, vasculares pericitos dentre outras) aponta
para uma especializacdo dessas células em &reas discretas e ndcleos no cérebro (CHAN et al.,
2012; GUAN et al., 2006; LAM et al., 2014; LEE et al., 2009). DAG (diacilglicerol) sdo acidos
gordurosos tais como 16:0, 18:0, 18:1, 18:2, 20:4, 22:5 e 22:6 mais abundantes no SNC humano
sem gue um motivo fisioldgico tenha sido atribuido (WILSON; BELL, 1993).

Essa distribuicho topogréafica permite o mapeamento molecular das diversas regides
neuroanatbmicas nos dando uma maior compreensdo da metabolémica cerebral. As regides

topograficas neuroanatdmicas foram ilustradas conforme FIG 10.

Figura 10: Corte sagital cerebral
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A peroxidacdo de lipidios acarreta indmeras disfungdes celulares e a intensidade da
oxidagdo pode ser mensurada através do monitoramento do malondialdeido (MDA) (NAIR et
al., 1986; DRAPER e HADLEY, 1990; GULER et al., 2015). Os lipidios da membrana sofrem
oxidacdo principalmente nas moléculas de colesterdis e nos grupamentos cadeias alquilicas
poliinsaturadas (grupo 3 do &cido linolénico e grupos m6 do acido linoleico) hidrofobicas dos
fosfolipidios, acarretando alteracfes importantes das propriedades fisico-quimicas da
membrana como a sua fluidez ,por exemplo. (NIKI, et al., 2005; CATALA, 2006)

A oxidacdo dos lipidios da membrana ocorre com o envelhecimento e em doencas
neurodegenerativas, como na doenca de Alzheimer (DA). (SAYRE, et al., 1997,
MARKESBERY, 1998; MONTINE, et al., 2002). O stress oxidativo € importante no
desenvolvimento inicial da DA evidenciando um aumento expressivo da peroxidacéo lipidica
(FENG etal., 2006; CHANG et al., 2008; CHANG et al., 2014; SNALINA et al.,2014). Estudos
recentes sobre diagndsticos e uso de biomarcadores da doenca de Alzheimer (DA) demonstram
que alem dos testes neuropsiquiatricos para avaliagdo da cognicéo, ressonancia magnética (RM)
para imagens estruturais e tomografia por emissdo de pdsitrons (PET) para neuroimagem
funcional (MORETT], 2015) a fim de evidenciar alteracfes estruturais e neurofisiolégicas, a
analise do liquor cefalorraquidiano também permite a analise de biomarcadores o que aumenta
a especificidade do possivel diagnostico. (ALBERT et al., 2011; BERTENS et al., 2015).

A avaliacdo por biomarcadores moleculares permite uma avaliagdo precoce
possibilitando antecipar até mesmo um povével diagnostico (CUMMINGS, 2010). Ja existem
evidéncias de biomarcadores que podem ser utilizados a partir de biofluidos periféricos (sangue,
plasma, urina) com possibilidade de serem incorporados no uso clinico de rotina para o

diagnostico precoce da DA. Pode-se citar, a proteina 3 amiléide que foi encontrada em amostras



40

de urina (TAKATA et al., 2008) e em amostras de sangue foram detectados inimeros e
altamente promissores biomarcadores da DA tais como microRNAs, apolipoproteina E,
microglobulina B2, angiopoietina, ceramida-esfingomielina, alelos APOE ¢4, anticorpos P
amiléides, proteina p amiléide, proteinas tau e biomarcadores de estresse oxidativo. (GARCIA-
BLANCO et al., 2017). Amostras de cortex cerebral e hipocampo ja demonstraram altas
concentracdes de MDA e de proteina carbonila (PC) demonstrando a importancia da formacéo
da peroxidacdo lipidica no desenvolvimento DA. (NIEDZIELSKA et al., 2015).

O aumento das ROS e RNS (epeécicies reativas de oxigénio e nitrogénio,
respectivamente) acarretam danos oxidativos moleculares e estruturais intracelulares (&cidos
nucleicos, proteinas e enzimas, lipidios) (ZABEL et al., 2013). A oxidacdo da catalase, uma
enzima que degrada o perdxido de hidrogénio formado no metabolismo de aminas, acarreta
perda de protecdo do metabolismo cerebral pelo aumento da concentracdo de perdxidos
intraneuronais. (BAGCHI et al., 1995) A peroxidacao lipidica é um dos principais efeitos
induzidos pelo estresse oxidativo e pode ocorrer rapidamente no cérebro devido a presenca de
membranas ricas em acidos graxos poliinsaturados altamente peroxidaveis. (BAGCHI et al.,
1995). A peroxidacdo do acido araquiddnico esterificado, constituinte da membrana celular,
favorece principalmente a formacdo dos isoprostanos (compostos formados durante a
peroxidacdo do &cido araquidbnico e de outros acidos graxos poliinsaturados, como o
linolénico, o eicosapentaendico (EPA) e o doco-sahexaendico (DHA), acarretando em
alteracdes fisico-quimicas importantes na alteracdo da fluidez e inativacdo dos receptores
transmembrana enzimaticos responsaveis pela sinalizacdo intracelular e nuclear. (PENA-
BAUTISTA et al., 2019)

Alguns trabalhos demonstram que um subproduto da peroxidacdo lipidica foi
identificado como a-cetoaldeido isocetais, provenientes do acido araquiddnico (AA) e
neurocetais provenientes do DHA. O cetoaldeido apresenta alta capacidade reativa, sendo
capazes de modificar as demais biomoléculas (proteinas e 4cidos nucleicos) e sua quantificagdo
pode ser utilizado para mensurar o dano oxidativo. (DAVIES et al., 2002). Os subprodutos
oxidados lipidicos bem como DNA/RNA, podem ser mensurados nos fluidos periféricos por
niveis aumentados de malondialdeido (MDA) e 8-hidroxi-2-desoxiganosina (80HdG)/8-
hidroxiguanosina (80OHD) respectivamente (BLANCO et al., 2017). Os niveis aumentados de
malondialdeido (MDA) e 8-hidroxi-2-desoxiganosina (80HdG) também foram mensurados na

urina, LCR e sangue em outras doencas neurodegenerativas como Esclerose Lateral
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Amiotrofica (ELA), Doenca de Parkinson (DP) e doenca de Huntington (DH). (CHANGA et
al., 2018).

Na Esclerose Lateral Amiotréfica (ELA), a peroxidacdo lipidica apresenta um
componente importante no desenvolvimento da doenca e foi detectado um aumento importante
de MDA, isoprostandides (IsoPs) e 8-OHdG s e 8-OHdG nos tecidos cerebrais e no LCR
(BLASCO et al., 2016; SHARVARI LOTANKAR et al., 2016). Na doenca de Parkinson
verificou-se a presenca de MDA, e 8-hidroxi-2-desoxiganosina (80HdG) no LCR e nos
liquidos periféricos e a proteina carbonila (PC) presente em regides especificas cerebrais
(putamen e nucleo caudado) (SHARVARI LOTANKAR et al., 2016).

Na doenga de Huntington, a peroxidacdo lipidica apresenta um componente importante
no desenvolvimento da doenca, principalmente presente pela alta concentracdo de MDA no
plasma e a presenca de isoprostanos no corpo estriado. (BROCARDO et al., 2015; CHANGA
etal., 2018; HATAMI et al., 2018)

Ataxia de Friedreich (FRDA) é um distdrbio neurodegenerativo autossémico recessivo,
afetando os ganglios da raiz dorsal (DRG), nucleos dentados cerebelares e coragdo e € causado
por uma mutacdo no gene da frataxina (FXN) acarretando diminuicdo progressiva da
transcricdo da proteina mitocondrial frataxina. A frataxina e o stress oxidativo pelas ROS/RNS
impactam na sobrevivéncia das dos neurdnios do granulo cerebelar (CGNs) e induzem a
comprometimentos mitocondriais. (ABETI et al., 2018)

Estudos apontam o importante papel que o estresse oxidativo/peroxidacao lipidica
exerce na fisiopatologia tanto da DA com na DP. Na DA foi evidenciado uma associacao direta
de PUFAs Omega-3, principalmente DHA, com a diminuigdo da formacdo peptideos f-
amiloide. A diminui¢do de DHA foi associado a uma maior agregacdo de peptideos -amiloide
principalmente identificado na regido do hipocampo. (LUKIW et al., 2005). Na DP, foi
apontado forte correlacdo entre a taxa de oxidacéo de neurénios dopaminérgicos associado ao
aumento de ferro, niveis diminuidos de glutationa total e producdo de ROS/RNS induzindo a
apoptose celular na regido com alta concetracdo de neurdnios dopaminérgicos. (CHINTA et al.,
2008).

A peroxidagdo lipidica é extremamente danosa ao SNC. A homocisteina (Hcy) pode
contribuir para a neurodegeneracdo atraves da promocdo do estresse oxidativo induzindo a
apoptose dos neurdnios cerebelares de Purkinje. Estudos apontam que a hiper-homocisteinemia
(hHcy) acarreta anormalidades neuroldgicas, como retardo mental, atrofia, deméncia e

convulsdes. A Hcy foi induzida em cerebros de ratos acarretando diminuicdo da enzima
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antioxidante glutationa peroxidase (GPx) no cdrtex motor e aumento dos niveis de
malondialdeido (MDA, biomarcador de peroxidagdo lipidica). O aumento de MDA foi
associado a inducdo do aumento da apoptose das ceélulas de Purkinje cerebelares.
(KOOHPEYMA et al., 2018).

Os marcadores de peroxidacao lipidica foram implicados em estudos referentes ao inicio
do declinio cognitivo em processos neurodegenerativos demenciais. Alteragdes fisico-quimicas
na membrana acarretam modificacdes na fluidez e no potencial de membrana determinando
disfungdes na neurofisiologia das sinapses. As concentracBes séricas de marcadores de
peroxidacdo lipidica (LPH - hidroperdxidos lipidicos, 8-isoprostano, 8-1SO; 4-hidroxi-2-
nonenal, 4-HNE) foram mensurados e foi verificado que 8-1SO se associa a uma melhora no
desempenho da memoria e da fungdo executiva e ja 0 aumento de outras relac@es tais como 8-
ISO / LPH e (8-1SO + 4-HNE)/LPH foram associadas com uma piora no desempenho na
execucdo de determinadas funcées. (SURIDJANA et al., 2017)
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3 THERAPIES AND PERSPECTIVES IN GLIOBLASTOMA MULTIFORME1

ABSTRACT

Glioblastoma multiformes (GBM) are tumors derived from glial cells that correspond to about
54% of all malignant intracranial tumors, configuring the most aggressive type in the group of
gliomas. A systematic review was carried out on databases in the period from 2008 to 2020
about the relevant treatment modalities for GBM, recalling the recent advances that have been
occurring in oncology. The management of the GBM patients is multidisciplinary, and a
suitable treatment varies according to the patient's clinical condition, most cases opting for
partial or total surgical resection followed by adjuvant chemotherapy and / or radiotherapy.
Despite efforts, most patients persist with unfavorable evolution and local recurrence i about
7 months later due to the infiltrative-diffuse growth pattern of the lesion. At the time of
recurrence, the surgical approach should always be considered and discussed together with
chemotherapy treatment with temozolomide associated with re-radiation. Despite adequate
treatment, the median survival of patients with GBM varies from 12 to 15 months. The
management of the patient with GBM presents a challenge when considering the aggressiveness
of the treatments and the considerable low survival. It is observed that there are still therapeutic
possibilities that demand more scientific research and, therefore, are paths of hope for patients.

Keywords: Glioblastoma Multiforme (GBM), radiotherapy, radiosurgery, temozolomide, TTF,
immunotherapy.

3.1 Introduction

Glioblastoma multiforme (GBM) is a diffuse tumor derived from glial cells including
astrocytes, oligodendrocytes and ependymal cells. These lesions, classified as grade 1V gliomas
by the World Health Organization (WHO), correspond to the most common brain tumor in
adults, being one of the most lethal human cancers.!? The grade IV gliomas distinguish from
low grade by the presence of a necrotic foci, typically surrounded by "pseudopalisading™” cells
- acell configuration and microvascular hyperplasia, by the conditions of migration at a distance

from primary tumor and of its high invasive potential.® The prevalence in the general population

1 Artigo aceito e apresentado em novembro de 2018, na IV Semana de Engenharia Nuclear e Ciéncias das
Radia¢des (SENCIR 1V). Autores: Matheus F. Soares Mingote (UFMG), Daniel Moore Freitas Palhares (Hospital
Sirio-Libanés), Tarcisio P. R. Campos (UFMG), Warne Pedro de Andrade (Unesp), Fernanda de Catella Marcello
(Uni-BH), Niara Rodrigues Torquato (Uni-BH).



44

is 3.19 cases for each 100,000 inhabitants per year, affecting about 1.57 times more men than
women and presenting a peak incidence between 45 and 70 years, with an average age of 65

years.*>

3.1.1 Risk factors

Some risk factors have an association with the probability ofdeveloping GBM. The
environmental exposure of ionizing radiation definitely increases the risk of glioma
development, which can be observed mainly after radiotherapy treatment of other tumors in
children®. A large risk can also be observed in some hereditary syndromes such as Cowden,
Turcot, Li-raumeni, neurofibromatosis type 1 and type 2, tuberous sclerosis and familial
schwannomatosis®. Genetic mutations can lead to GBM, related to the activation of the three
main signaling pathways, as described: the tumor protein p53 pathway; tyrosine
kinase/Ras/phosphoioniside 3-kinase signaling pathway, and the retinoblastoma protein
pathway.

The Tumor Protein 53 (TP53) is a protein responsible for regulating the cell cycle, that
is, acting as a tumor suppressor stimulating DNA repair and apoptosis. Through checks for
mutations during cell division, p53 activates repairing proteins or blocking proteins to block
gene alteration. If repair is not possible, the p53 protein prevents mitosis by inducing the
apoptosis process or definitively prevents new cell replication by inducing cell senescence’.

The receptor tyrosine kinase/Ras/phosphoinositide 3-kinase signaling pathway, called
Protein tyrosine kynases (PTK), are responsible for protein phosphorylation They are classified
into two families: Receptor Tirosin Kynasesas (RTKs) and Non-receptor Tirosin Kynases
(NRTKS). Ras protein, encoded by ras proto-oncogenes, is an extracellular signal transducer,
being an important route in the transmission of information from the cell membrane to the
nucleus and shares structural and functional characteristics with the cell membrane G protein.
The phosphoinositide 3-kinase or phosphatidylinositol 3-kinases (Pl 3-kinases or PI3Ks) are a
family of enzymes involved in the activation of the intracellular signaling cascade of Akt, a
specific serine / threonine protein kinase. The three proteins are involved in the processes that
will act in gene expression in the processes of proliferation, growth, differentiation, mobility,
intracellular transport and regulation of cell longevity / apoptosis®.

The retinoblastoma protein pathway addresses the retinoblastoma protein (protein

name abbreviated pRb; gene name abbreviated RB or RB1) that is a tumor suppressor
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protein.The Rb Protein (pRb) is a molecule encoded by the Rb gene that works as a universal
regulator of the cell division cycle, performing the control so that the cells may or may not start
the cell cycle and replicate their DNA. The RB protein controls passage from G1 into S phase
of the cell cycle. The PRb is an inhibitory protein of the regulatory proteins of genes of the E2F
family (activators of the S phase) that prevents the cell from starting to replicate DNA.
Inhibition is carried out by phosphorylation of pRb by several Cyclin Dependent Kinases

(Cdks), which cause pRb to release its inhibitory domain in the E2F protein®.

3.1.2 Clinical presentation, diagnosis and survival

GBM is most commonly located in the subcortical white matter, in the supratentorial
region, which comprises the frontal (23%), temporal (31%), parietal (24%) and occipital lobes
(16%). The main symptoms evidenced in these patients are headache and/or seizure (30.1%),
weakness (20.3%), memory impairment (15%), visual impairment (7.5%), speech impairment
(6%) and loss of consciousness (3.8%). Others can be enumerated as papilledema, cognitive
difficulties, personality changes, gait imbalance, incontinence and focal signs such as
hemiparesis, sensory loss and seizures®10:12,

In view of the clinical suspicion of GBM, the propaedeutic imaging is of great value.
Magnetic resonance imaging (MRI) with gadolinium or computed tomography (CT) can be
used to provide the initial diagnosis before surgical resection. Histopathological analysis of the
tissue is necessary to confirm the diagnosis and is usually obtained by surgical resection or
stereotactic biopsy, when the resection is not viable. MRI is most commonly used to detect
brain tumors and define the desired volume for surgical resection. Meanwhile, CT may allow
GBM to be distinguish from other tumors.*3

GBM s associated with survival of about 12 to 15 months, and the prognosis is even
more reserved for elderly patients.? This unfavorable picture of the disease is associated with
issues such as cell diversity present in the tumor, potential brain damage during treatment, the
limited brain capacity to self-repair and the difficulty of various chemotherapic substances in
penetrating the blood-brain barrier (BBB) to act in the tumor focus, leading to an increase in
the complexity of the treatment.>'* These factors are associated with the high recurrence rate
tumors, which occurs on average at 6.9 months. These patients will need a new individualized
approach to assess the eligibility and feasibility criteria for new surgical resections, new

irradiations and new chemotherapy cycles.*®
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In view of this situation, therapeutic plan capable of providing the best tumor response
for control, holding a lower rate of toxicity and side effects, becomes relevant. The treatment
initially consists of safe surgical resection, followed by chemotherapy (QT) and radiotherapy
(RT) concomitant and / or adjuvant to Temozolomide (TMZ).® The multimodal treatments of
GBM have important healing limitations; however, promising responses that lead to improved
quality of life, decreased disease progression and increased survival. Thus, the present review

aims to address the clinical-surgical approaches that may improve the patients' survival.

3.2 Methodology

For data collection, articles were consulted from 1995 to 2020, in the databases CAPES,
PUBMED (National Library of Medicine and The National Institute of Health), MEDLINE
(US National Library of Medicine), SciELO (Scientific Eletronic Library Online), Science
Direct, Trip Database, Accessss, DynaMED, UpToDate e Cochrane. In the search strategy, the
keywords used were glioblastoma multiforme (GBM), radiotherapy, radiosurgery,

temozolomide, immunotherapy used in each database.

3.3 Revisional approach in the therapies

3.3.1 Surgery

Surgical resection of GBM in different age groups is generally necessary, bringing
benefits as the reduction of the intensity of symptoms and survival improvement. Its
performance, however, has limitations due to the infiltrate tumor property and its presence near
important anatomic structures, making impossible to perform wide surgical margins. Besides,
a radical approach can generate new neurological deficits and contribute to greater morbidity
and worsening of the patient's quality of life.1>1316 Elderly patients have a worse prognosis due
to less tolerance to surgery, with high peri and postoperative morbidity and mortality, and
deterioration of the neurological condition (KPS <70 - Karnofsky Performance Scale).?

Complete macroscopic excision of the lesion is possible when the tumor visibility is
good; however, some viable glioma cells often remain as residues at the tumor site and resume
clonogenicity. Considering this risk, it is understandable that isolated surgery, in general, is
inadequate as a definitive therapy in the treatment of gliomas. Its importance, however, cannot
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be underestimated if performed in conjunction with other modalities for complete eradication
of tumor cells 1316

The surgery goal is to perform the largest possible resection preservating the
neurological function, in order to reduce symptoms, the expansive and compressive effects on
healthy brain tissue, and the dependence on corticosteroids. Subtotal resection can be a
reasonable approach in many cases, further contributing to diagnostic confirmation through
histological and molecular examinations.'*!® In the impossibility of performing a significant
resection due to its anathomical condition, a stereotactic biopsy must be performed to establish
the diagnosis. In this case, the limited amount of tissue extracted may not allow molecular
characterization.!

GBM resection is necessary to reduce the tumor mass and, therefore, the compressive
effect and its associated symptoms. In addition, it is important in defining the histopathological
diagnosis and therapeutic protocols, since RT and QT are guided by tissue biopsy.!® Resections
above 98% increase the effectiveness of the adjuvant therapies, whereas partial resections can
exacerbate tissue edema and increase the risk of bleeding in the postoperative period.™
Therefore, the determination of the extent of resection is an important fact in the treatment
approach, since the performance in its entirety is not a reality in glioblastomas.

Imaging techniques such as intraoperative ultrasound and fluorescence-guided surgery
coupled with a surgical microscope have been used to enlarge the surgical margins and with a
better post-surgical evolution. Neuronavigation, a technique using preoperative radiological
images associated with intraoperative MRI, can provide reliable images during tumor resection,

increasing the resection area by up to 28%.°

3.3.2 Chemotherapy

Due to the infiltrative nature of glial neoplasms, microscopic cancer cells extend beyond
the area of abnormality shown on MRI. Local treatment with surgery and RT is often not
sufficient to prevent tumor recurrence, and, in general, systemic therapy is required. However,
a limited number of drugs have demonstrated effectiveness in the management of these tumors.
Alkylating agents, such as nitrosureas and temozolomide, have been the most successful in this

area and continue to be the basis of current therapy.??

3.3.2.1 Temozolomide (TMZ)
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Temozolomide (TMZ) is an imidazotetracenic oral alkylating agent with antitumor
activity that undergoes rapid chemical transformation at physiological pH, resulting in the
active compound monomethyl-tria-ceno-imidazole-carboxamide (MTIC).!® It has good
penetration into the central nervous system (CNS) due to its lipophilic property, providing great
diffusion capacity in the BBB and optimization of antitumor activity. Holding well-known good
results, it has been considered the drug of choice in the chemotherapy of GBM patients.
Although, the drug has toxic effects, such as myelosuppression, nausea, hematological
complications, fatigue and infections.!® Compared to isolated radiotherapy, the use of TMZ
increased patients' survival in 2 years, with considerable improvement in quality of life;
however, it is still palliative.?

The cytotoxicity presented by TMZ is related to the transport of the methyl group
located at the O7 and N7 positions of guanine and N3 of adenine during DNA replication,
forming O6-methylguanine (O6-MG) and N3-methyladenine (N3-MA). The consequence of
this is the breakdown of DNA, with the arrest of the cell cycle and eventual cell apoptosis.?°
Despite its wide clinical use, an increasing number of cases resistant to this mechanism of action
are described in the literature, contributing to the therapeutic failure in about 55% of patients.?
In these cases, it is difficult to reduce progression or prevent recurrence, generating a worse
prognosis.?

The most accepted justification for this chemoresistance is the action of O6-
methylguanine-DNA methyltransferase (MGMT), which repairs cytotoxic base pairs. Other
mechanisms are also being studied, highlighting the evidence of a population of cancer stem
cells that have a high capacity for differentiation and would be responsible for the initiation and
progression of the cancer process, as well as for resistance to therapy.?%2! The main mechanisms
proposed are described in Table 1.

The definition of the origin of chemo-resistance to TMZ is still a controversial topic and
may even be induced by the use of TMZ. The elucidation of the questions related to this topic
is extremely important to increase the rate of response to treatment, reaching the proposal of
inhibiting MGMT, regulating MMR, multicatalysis and autophagy. The reprogramming of stem
cells is a great goal, but not yet palpable.?°

The use of TMZ combined with RT is associated with increased survival compared to
the use of radiotherapy alone.??2® TMZ is administered at a dose of 75 mg.m daily during
regional RT, followed by six adjuvant cycles at the dose of maintenance of 150 mg.m2 daily
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for 5 days. Depending on the tolerance presented by the patient, the dose is increased to mg.m-
2 administered for 5 days every 28 days.?>?2 Patients favorably to treatment with RT associated
with TMZ have a median survival of 23 months and a survival rate of 5 years of 14% when
compared to RT alone, whose numbers are 15 months and 5%, respectively.* Elderly patients
may be candidates for this treatment modality in a palliative way, with a decrease in the dose
of corticosteroids and improvement in KPS.™

Table 4: Main molecular mechanisms promoting TMZ chemo-resistence.
Possible resistance Description
mechanism

06-methylguanine-DNA
methyltransferase (MGMT)  methyl group of O6-MG, canceling the action of TMZ.

MGMT is a DNA repair enzyme that acts directly on the

The O6-MG is incompatible with a thiamine in a DNA
replication that signalizes to the repair mechanism which
corrects the “daughter” sequence. The “mother” sequence,
however, remains incompatible, generating a futile cycle that
Mismatch Repairs - MMR eventually drives the cell to apoptosis. A mutation in the
genes responsible for this mechanism may be induced by the
TMZ itself, generating path interruption and reducing the
action of the drug. It is a rare condition.
These are multi-analytical reactions generated by DNA
glycosylase, endonuclease, polymerase and DNA ligase,
Base withdrawal repair which repair the changes made by TMZ. Its regulation can
contribute to the treatment of TMZ-resistant patients, despite
having a less important role than MGMT and MMR.
Cell protection mechanism stimulated by DNA damage,
among other reasons. The change generated by TMZ would
Autophagy be considered a signal for the occurrence of autophagy, and
may be related to drug resistance. The studies are still
preliminary and their relationship remains controversial.
GCS are cells capable of self-regulation and differentiation,
generating resistance to chemo and radiotherapy. They are
Glioma cell stem (GCS) able to reprogram the tumor microenvironment and regain
malignancy. It may be the reason for the occurrence of cases
of recurrent GBM.
Source: Modified from Jiaper S, 2018.%°
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3.3.2.2 Nitrosureas

Cytotoxic therapy against GBM also includes drugs such as Carmustine (BCNU),
Lomustine (CCNU) and PCV, used in combination with TMZ and / or other treatment
modalities. Nitrosureas have been shown to increase patient survival at 43 weeks in those under
60 years old and 24 weeks in those over 60 years old, despite myelosuppressive complications

in 35% of older patients.™

3.3.2.2.1 BiCNU: Carmustine

The 1,3-bis (2-chloroethyl) -1-nitrosurea (BCNU; carmustine) acts by forming DNA
bonds in the cell, preventing its replication or transcription.?? The use of this drug has not yet
been adopted worldwide, despite be included as a 2B referral level on the National
Comprehensive Cancer Network guideline. The studies show an increase in the mean survival,
but they also showed adverse events with seizures, intracranial hypertension and neurological
decline in the postoperative period, which reduces the safety of use.?* There is evidence that
these serious side effects were not associated with GBM. Recurrent cases also give favorable
results.?? New studies are under development to elucidate the safety of the use of this drug, as

well as to develop association measures to reduce side effects.?*

3.3.2.2.2 CCNU: Lomustine

The 1- (2-chloroethyl) -3-cyclohexyl-1-nitrosurea (CCNU) is a drug that generates
methylation in the “mother” DNA strand, which prevents its proper transcription and cell
division. It stands out for its liposolubility, which allows it to easily overcome BBB, being
suitable for the treatment of malignant brain lesions.?? Wick et al., 2017 conducted a
randomized study with 437 patients to compare the use of isolated Lomustine and the drug
associated with bevacizumab, with only a slight extension of progression-free survival in the
second group. This study also showed survival of 9.1 months in patients with primary

glioblastoma and 7.5 months in those with recurrence, treated with Lomustine.?

3.3.2.2.3 PCV: Proccarbazine Hydrochloride, Lomustine (CCNU) and Vincristine Sulfate
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PVC is a multidrug QT based on nitrosureas, indicated as a treatment option for cases
of GBM recurrence, with survival, time to progression and side effects similar to TMZ.
Researchers advise caution in its use, given the limited amount of research on PVC.?® Lassman
(2015) points out an important association of toxicity of the standard PCV dose with a higher
rate of treatment interruption when compared with TMZ. Despite this fact, there were evidences
of lack of data analysis of these studies due to differences in response criteria and
histopathological diagnosis. Thus, the author supports the idea of a better efficacy in the GBM
treatment with PCV.2’

3.3.3 Radiotherapy

RT provides ionizing radiation to produce free radicals, generating changes in the DNA
double helix, single and double strand DNA breaks (SS- or DS-breaks), that leads to apoptosis
or stop cell clonogenicity. In general, RT is administered in fractional doses, allowing a suitable
time to repair sublethal lesions in healthy tissue cells. The tolerance of the CNS to radiation is
mainly given by the value of the dose fraction and the total dose applied. Late radiation side
effects in the CNS tend to appear months or years after the end of RT.18

The histological diversity of GBM directly implies malignancy and clinical-therapeutic
prognosis. Surgical and radiotherapy re-approaches are still restricted to selected groups of
patients due to the risks of the radiotoxicity, with cerebral necrosis and cognitive decline.'>°
Improvements in patient positioning associated with the development of image processing
allowed a more precise definition of the target volumes and a greater dose versus volume
conformation in RT, limiting toxicity due to the reduction of volumes of adjacent health tissues.

The following modalities of RT can be cited: external beam radiotherapy (External
Beam Radiotherapy - EBRT), radiosurgery (Stereotactic Radiosurgery - SRS), fractionated
stereotactic radiotherapy (Fractionated Stereotactic Radiotherapy - FSRT) and interstitial
brachytherapy.?

Intensity Modulated Radiation Therapy (IMRT) is a modality of EBRT that offers less
adverse effects and preserves organs at risk. IMRT applies a limited number of modulated
portals with distinct intensities in angular orientations, incorporating more conformationality in
the therapy.?®

SRS uses 3D planning techniques with narrow and collimated beams, known as “pencil

beam”. They produce a high dose gradient bypassing the clinical target volume (CTV)
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employing multiple converging arc fields, typically 9-12, using a stereotaxic frame. SRS allows
to apply an intense prescribed dose in a reduced target volume preserving the adjacent critical
structures, 303132

In turn, FSRT is similar to radiosurgery, the dose-effect relationship has shown that the
prescribed dose of 60 Gy administered in 30 fractions over 6 weeks provides greater survival
when compared to the lower prescribed dose with a higher fractional dose in the low-
fractionated planning, resulting in short duration of treatment.*>?°32 In elderly or debilitated
patients, accelerated low-dose therapy can be recommended, being administered in 3-4 weeks
and reaching the target volume of 40-50 Gy. This modality acts as a palliative treatment for
patients with good neurological performance (KPS greater than 70) and small recurrent
tumors.1>32

In brachytherapy, radioactive sources are placed in direct contact with the tumor areas
by means of implants of needles, seeds or threads. It has been used mainly in cases of recurrence
of the primary brain tumors, also acting on tumor infiltrations and sparing part of the normal
tissue that surrounds the tumor.333* In this field of action, brachytherapy with a Californium
needle associated with boron neutron capture therapy (BNCT) shows superior results due to the
ability of boron to react with neutrons producing high cell in situ dose and the greater capacity
of cancerous cells to absorb borate compounds than normal cells, allowing for selective cell
selection and irradiation.® Studies show increased 8 to 15 month survival without evident
changes in KPS and quality of life, but they also describe radionecrosis as a risk that should be

considered.%®

3.3.4 TTF (Tumor Treatment Fields)

Tumor field treatment (TTF) is a newly approved propaedeutic for the treatment of
newly diagnosed supratentorial GBMs and / or for recurrent ones. TTF therapy involves a
device consisting of transducer arrays capable of generating and providing alternating low
intensity electric fields with intermediate frequency, acting directly on the cytoskeletal
deregulation, decreasing depolymerization / repolymerization of mitotic microtubules resulting
in aneuploid divisions and cell death, with decreased tumor clonogenicity.3®3

Stupp et al. (2015) report a randomized control study in which they evaluated the
efficacy and safety of TTF fields used in combination with maintenance treatment with
temozolomide after chemoradiation therapy in patients with glioblastoma. The study was
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carried out with 695 patients. In the study analysis, the addition of TFF significantly improved
the overall progression-free survival of 315 patients who had completed chemoradiation.®
Another study that corroborates with Stupp and collaborators (2015) was the summary
presented at the American Society of Oncology conference Radiology (ASTRO) 2018. A phase
three study showed that the use of the TTF device and the TMZ improved overall survival by
up to five years in the three classes of recursive partitioning analysis (RPA).®

For treatments of recurrent GBM, TTF fields provided efficacy comparable to systemic
therapy, with better rates of quality of life without serious adverse events. The primary toxicity
associated with TTFs is skin irritation, which can be managed by relocating matrices and topical
treatments with antibiotics and steroids, if necessary. In addition to the absence of systemic side
effects, TFF is a minimally invasive therapy that has a promising role in the management of
GBM, considering that the patient is subjected to strenuous treatments, such as surgery, QT and

RT. As it is a relatively new treatment, further research is still needed.383%40

3.3.5. Immunotherapy

Immunotherapy, in general, is used as a complementary therapy to conventional
treatments (surgery, QT and RT) of glioblastoma multiforme. It is a procedure that, in addition
to protecting the patient from metastasis or disease recurrence, can generate a specific response
and long-term immune vigilance, that is, the immune system is able to identify a tumor antigen
or alteration in the tissue and invest in neoplastic cells.*14

It must be considered that the tumor itself can cause immunological suppression in the
organism.*® In this sense, multiple clinical studies have studied the innumerable possibilities of
immunotherapy in this pathology, since the tumor has a great resilience in treatment. One of
these studies consists of evaluating the efficacy and safety of dendritic cell-based (CD)
vaccination in glioblastoma, based on a meta-analysis of randomized clinical trials.** In this
study, six phase Il randomized controlled trials includes 347 patients with recently glioblastoma
diagnosis or recurrences, undergoing conventional treatments. Such group was compared to the
control group provided by placebo or blank treatment. The findings were that the vaccine was
associated with significantly improved overall survival in patients with glioblastoma.

The combination of the blockade of the antiphagocytosis molecule CD47 with
temozolomide has a significant result in immunotherapy.®® It is known that phagocytosis
performed by antigen presenting cells (APCs) can be suppressed by the tumor cell through
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positive regulation, by the antiphagocytosis molecule CD47.%® The study demonstrated that
blocking the molecule with the drug has a significant effect of profagocytosis as well as
improving the cross presentation of antigens, which leads to more efficient adaptive antimural
responses.

Another strategy is RNA therapy. The growth factor beta 2 (TGFpB2) is ceaselessly
studied as an alternative for the treatment of GBM, since it has already been demonstrated that
the amplification of the TGFB-SMAD signaling pathway contributes to the malignant
phenotype and poor prognosis of GBM.*4849 OT101 is a first-class therapeutic RNA developed
to cancel the immunosuppressive actions of the transformation of growth factor beta 2 (TGF(2)
.50

Uckun et al. (2019) conducted a Phase 2 clinical trial in which OT101 was administered
intramurely to 89 patients with high-grade glioma (HGG), 62 of them with glioblastoma
multiforme. The study demonstrated that OT101 RNA therapy was clinically significant when
used alone, without other anticancer drugs. RNA provided robust reductions in tumor size; early
transient increase in tumor edema and pseudo-progression that preceded tumor reduction.>

A new group of drugs has been gaining ground in studies in patients with glioblastoma,
although little is known about the associated adverse effects: they are immunological
checkpoint inhibitors (ICPIs).°! The main inhibitors are linked to antibodies related to
interaction of programmed death 1 (PD-1) and its programmed ligand, PD-L1, which is
expressed by glioblastoma. When triggered, this process intensifies the inhibition of T
lymphocyte by tumor cells and, therefore, its presence identifies tumors with a worse
prognosis.®> When considering the mortality associated with the tumor, the researchers
emphasize the need for further studies to assess the toxicity of drugs and the effects of use
associated with other treatment modalities.>® The biggest challenge is in identifying the
threshold between the intensity of the immune response required for treatment and the adverse

inflammatory and autoimmune effects.

3.3.5.1. Nivolumab and Ipilimumab

The Checkmate 143 study evaluated, in its first phase, the efficacy of anti-PD-1
(Nivolumab) with and without association with anti-CTLA-4 (Ipilimumab) in 40 patients
diagnosed with GBM. It presents as outcomes the partial response in three patients and lesion

stabilization in eight patients for more than 12 weeks. Treatment with Nivolumab alone appears
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to be better tolerated compared to its association with Ipilimumab, %253 with the dose of this
drug being the most related to treatment tolerability. The researchers emphasize that the safety
of the treatment is promising, but still premature, requiring further research.>

The adverse effects associated with ICPIs are still worth investigating. The importance
of inflammatory and autoimmune events is evidenced, mainly related to the use of Ipilimumab,
with description of severe cases of colitis, pneumonitis and hypophysitis. The association with
Nivalumab was related to a considerable number of treatment discontinuations due to serious
adverse effects (29.4%).%° The Checkmate 143 study presents fatigue and diarrhea as the most
described side effects, being more frequent in the groups in which it was performed association
of drugs.>

3.3.5.2. Pembrolizumab

Pembrolizumab acts by blocking the PD-1 checkpoint and is already approved as the
first option for the management of patients with advanced non-small cell lung cancer expressing
PD-L1.51 The non-randomized study Keynote-028 evaluated the effect of pembrelizumab in
patients with positive PD-L1 solid tumors in 475 patients, including 25 with glioblastoma. Of
these, 12 achieved disease stability and, like Nivolumab, Pembrolizumab appears to have an
acceptable safety profile.>>%

The expression of PD-L1 in cells acts as a determinant of the response to the use of this
drug, being better in tumors with higher levels of inflammatory and mutation biomarkers. The
authors argue that the search for these markers may help to identify patients with better response
to treatment within the spectrum of solid tumors.>®

Cloughesy et al. (2019) conducted a randomized study with 35 patients with recurrent
GBM, with 16 assigned to the group to receive Pembrolizumab and 19 directed to adjuvant
treatment, only. Five patients were excluded over the course of the study. At the time of
publication of this study, nine patients in the first group had death as an outcome, compared
with 12 in the second group. It was evidenced, with statistical relevance, an increase in overall
survival in the first group, but the disease-free survival was not precisely identified, since it can
be influenced by the occurrence of pseudoprogression. The authors classify the results as
satisfactory, emphasizing the need for more clinical studies to prove the effectiveness and safety

of the treatment.®’
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3.3.6 Combined therapies

Several studies present the possibility of associating the various therapies currently
proposed for GBM. As already described in subtitles above, there are protocols that already use
these methods in an attempt to improve survival and quality of life. In this topic, associations
that are still the target of research will be presented, but which aim to facilitate the clinical

management of patients.

3.3.6.1 Surgery associated with chemotherapy

It is proposed to use an implantable chemotherapy device, Gliadel® (Carmustine) as a
local therapy. Its implant is designed in the tumor resection bed and provides a controlled
release of 7mg of carmustine for about 5 days. In theory, this would reduce systemic toxicity
and allow the delivery of a higher dose of the drug. Implantation of the device at the time of
surgery would also simplify subsequent management, logistics, compared to systemic QT,
which is usually administered over a period of about six months. Gliadel® resulted in an
increase in survival compared to placebo in primary disease (HR 0.65, Cl 0.48 to 0.86, P =
0.003). It did not show a significant increase in survival for recurrent disease (HR 0.83, 95%
Cl10.62101.10,P =0.2).%°

3.3.6.2 QT associated with RT

Perry et al. (2017) conducted a randomized study with GBM patients aged between 65
and 90 years, dividing them into groups to be treated with RT and RT associated with TMZ
concomitantly with adjuvant. The median overall survival was higher in the second group (9.3
months vs. 7.6 months), being even higher in those with MGMT (13.5 months vs. 7.7 months).
The quality of life was similar in the two study groups, but in elderly people with GBM, the
addition of TMZ to the treatment resulted in longer survival compared to RT alone.®

3.3.6.3 TFF associated with QT
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Stupp and collaborators (2017) conducted a randomized study to assess the effectiveness
of using TMZ alone or the association of TMZ and TFF. Progression-free survival of the disease
was 6.7 months in the TTF-TMZ group compared to 4.0 months in the TMZ group. Overall
survival was 20.9 months in the TTF-TMZ group and 16.0 months in the TMZ group. The
frequency of systemic adverse events was 48% in the TTF-TMZ group and 44% in the TMZ
group. Mild to moderate skin toxicity occurred in 52% of patients who received TTF-TMZ, an
event not identified in the TMZ group. They therefore concluded that the management of TTF-
TMZ shows a statistically significant improvement in the treatment of GBM, despite the side
effect.3®

3.3.6.4 Associated immunotherapy

A limited study evaluated the effectiveness of using Nivolumab or Pembrolizumab in
combination or not with Bevacizumab as a rescue therapy in patients with recurrent GBM. The
authors highlight that the results are not statistically significant, they identify that the survival
in the group that received Nivolumab seems to be greater than in the group of Pembrelizumab.
The result of the entire study was not satisfactory, with an average survival of 6.6 months after
the first dose of anti-PD-1. Despite the result in agreement with previous studies, they show
that there are groups of patients with GBM who would benefit from the proposed treatment,
requiring studies with a statistically significant sample.®

When considering the association of ICPIs with therapeutic methods already adopted as
a standard for GBM, little is known. Synergism in association with RT for melanoma has been
described, but studies with GBM patients need to be performed. The association with TMZ is
theoretically beneficial, considering its induction of myelosuppression, but there is no evidence
to support this reasoning. It is also possible that the use of corticosteroids has a positive effect
on reversing the toxicity of the adverse effects of therapy without visible impairment of

antitumor activity, but with careful use.*

3.4 Complications and prognostics

The prognosis associated with GBM is not good, with low survival and high recurrence
capacity, despite the treatment ideally employed for the patient. Intradural extramedullary
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spinal metastases (1%) and meningeal infiltration (leptomeningeal gliomatosis) are cited as
known complications of GBM, with a reported presentation of chronic meningitis and
multifocal neurological signs. In surviving patients, cognitive deficits are usually found, such
as memory loss and concentration difficulties, focal neurological deficits, apathy and
personality changes. In addition, adverse effects of treatments are also expected, as already
described.®

3.5 Conclusion

The management of patients with GBM presents a challenge when considering the
aggressiveness of the treatments and the considerable low survival after them. The already
known modalities allow patients to add a few months of life, always considering the quality of
life and the limits of each case. It is observed that there are still therapeutic possibilities that
demand more scientific research and, therefore, are paths of hope for patients.
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4 METODOLOGICAL ISSUES IN PROTEIN AND LIPIDIC EXPRESSIONS IN
BRAIN TISSUE EXPOSED TO CO® BASED ON DESI/MALDI-MSI?

4.1 Introduction

The World Health Organization's International Agency for Research on Cancer
(IARC/WHO) has shown that cancer is a major cause of morbidity and mortality worldwide,
with about 14 million new cases and 8.2 million deaths directly related to neoplasias since 2012
[1]. It is estimated that the number of annual cases will increase approximately 57.14%,
reaching 22 million new cases in the next two decades [1]. Neoplasic malignant lesions are
characterized by intense disordered cell proliferation associated with mechanism failures in cell
repair, apoptosis’s and clonogenic control, which may lead to clinical physiological abnormal
alterations, affecting the organs, tissues and cells which hold the ability of infiltrations and
metastases [2].

The association of an early diagnosis and the prescription of efficient treatments,
including surgery, chemotherapy and radiation therapy (RT) becomes essential. Thus, if the
harmful deterministic effects of ionizing radiation (IR) provide the neoplasic clonogenic control
with acceptable deleterious effects in the adjacent healthy tissues, the RT holds a good
indication and is supported [3]. It is known that IR causes non-selective damage to healthy and
neoplastic tissues and the intensity of its effects are manifested according to the inherent cell
radiosensitivity, tissue Kinetics and the way of the cellular organization of the tissues [4].
However, even with the adoption of strict protocols to minimize deleterious effects in organs
of risk, ensuring adequate kinetics of repair in healthy tissues, effects induced by IR, even in
low doses, have already been identified through changes mainly in the protein metabolite and
intracellular lipids [11,12,13].

The metabolomics allows the analytical study of biomolecules as well as their final
products and the cellular processes involved in their synthesis. Lipidomic analysis allows
dynamically identification of the changes involved in lipid expression induced by tissue’s
irradiation [4]. The most abundant lipids are glycerophospholipids (PLs) present in biological
membranes and involved in signaling, regulation, proliferation and apoptosis [5,6]. The use of
analytical techniques such as Mass Spectrometry (MS) allows the determination of elemental

2 Artigo aceito no Brazilian Journal of Radiation Science, 05 jan. 19, e apresentando no International Nuclear
Atlantic Conference. Autores: Matheus F. S. Mingote, Tarcisio P. R. Campos, Rodinei Augusti, Marcos N. Eberlin.
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compositions, molecular structures and quantitative and qualitative analyzes of complex
molecular mixtures. Through DESI (Desorption Electro Spray lonization) and MALDI (Matrix
Assisted Laser Desorption lonization) two ambient ionization techniques, organic tissues can
be subjected to the analysis of their structural components such as lipids (phospholipids) [7]
and proteins, respectively. The characterization of phospholipid is of extreme importance due
to the diversity of cellular functions besides the possibility of being used as a biomarker in
neoplasms [7]. The use of the DESI-MSI system in the full scan mode in both healthy and tumor
tissues showed a great variation in the content of phospholipids between the tissues, allowing
also decision making for surgical margins enlargement based on molecular information from
the quantitative analysis and qualitative analysis of lipids in the organs affected by neoplasias,
decreasing the chance of relapses and new surgeries to remove lesions [14]. MALDI-MSI is
being used to identify phospholipids, toxins from microorganisms, identification of
microorganism species and proteins in various tissues as transmembrane proteins [15, 16, 17,
18]. DESI-MSI presents numerous applications besides the obtaining of the lipid profiles of
normal and neoplastic tissues such as identification of metabolites in microbiology, falsification
of money and study of cerebral neurotransmitters [19, 20, 21].

Recently, numerous evidences of alterations in the metabolome were verified mainly by
the lipid alterations in the tissues. It seems evident that RT can induce changes in the human
metabolome. To improve this knowledge, the present paper addresses some methodological
issues in brain protein and lipid’s expressions, due to Co®® exposition, based on DESI/MALDI-

MSI, lighting on the visibility of quantifying such molecular changes induced by IR.

4.2 Materials; Methods

4.2.1 Group selection

An amount of 15 healthy Wistar rats was selected, with an age of 11 weeks and body
weight between 300 + 15 g. The animals were divided in two groups: one control (n = 3),
denominated GC, and another one submitted to total body irradiation (TBI), called GIR (n =
12) subdivided into 04 sub-groups containing 03 animals. The animals were submitted to the
same photo period of 12h day/night with free access to food and water. Animals of the same
lineage, family, with the same weight and age, were used to linearize the experiment, provided
by the laboratory of the Federal University of Minas Gerais, Central Bioterium. All experiments
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were previously submitted and approved to CEUA-UFMG, protocol 339/2014, following

standardization for animal care and euthanasia.

4.2.2 Irradiation protocol

The animals of the GIR group (n=12) had their total body irradiated through the
exposition to a Co-60 source, all together placed in 6 boxes, with a 5 Gy absorbed dose, in the
Laboratory of Irradiation Gamma-LIG of the Center of Development of the Nuclear
Technology - CDTN. They were irradiated following a distinct time kinetics. The following
data were set: date of calibration of the Co-60 source on Oct.14™", 2013; activity at the date of
calibration of 43749.21 Ci; activity at the animal irradiation date of 26940.00 Ci; distance from
the chimney of 1.6 m; current dose rate of 87.91 Gy.h't; applied dose of 5 Gy; exposure time
of (hr:mm: ss) 0:03:25.

4.2.3 Cryostat

The organs were transported on dry ice to avoid denaturation and losses of the tissue
components. The cuts were performed on the Leica CM1850 cryostat. Sagittal sections were
preserved preserving a cerebral hemisphere. The chosen hemisphere was sectioned at 12 um
thick and placed on the common foils for analysis by DESI. For MALDI, the cuts were with
the same thickness; however, they were deposited in special blades that conduct electricity,
being necessary the aid of a multimeter to identify the correct surface of analysis. After the cuts,
the slides were stored in the ultra-freezer at -80 ° C.

4.2.4 DESI

Immediately prior to analysis, plates with slide samples were transferred to a vacuum
desiccator until thawed. It was run for 15-20 min with care not to dehydrate excessively so as
not to reduce the effectiveness of the DESI. The best solvents were acetonitrile and N,N-
dimethylformaldehyde ACN:DMF (1:1) since they do not cause morphological changes. The
infusion pump was adjusted with a flow rate of 3.5 uL.min. The nitrogen nebulizer gas was
turned on at 160 psi pressure. The high voltage source was connected to the ion source and a
voltage of 5 kV applied. The mass spectra were acquired in the 200-1000 mass range., with an
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incidence angle of ~ 54° between the source and the sample surface. The analysis was made by
ThermoFisher Scientific Q exactive Orbitrap MS. All process was represented on a picture
below (FIG. 11).

Figure 11: Representation of tﬂg stages to qbtain the images of the ions generated by DESI

|
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Collection
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__— Nebulizer capillary

—————— Freely moving ————
sample stage in air

Source: Prepared by the authors.

4.2.5 MALDI

The matrix was dissolved in 60% can and 40% H>O with 0.2% Trifluoroacetic acid
(TFA). The matrix was sublimated and the slides were placed in the adapter. In order to
optimize the analyzes in the Maldi-TOF instrument from Autoflex 111 Smartbeam Bruker, the
slides were scanned to determine the scanning area limits. Laser shots (500) were applied
(resolution of 150 um) and the mass spectra acquired in a 1000-15000 mass range. The analysis

was performed using the Flexlmaging 3.0 software (FIG. 12).

Figure 12: Representation of the stages to obtain the images of the ions generated by MALDI
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H&E Histology

slides

Source: Prepared by the authors.

4.3 Issues addressed on methodology

The protocols for matrix formation required for ionization in MALDI should be
reviewed and adjusted according to the type of sample. As illustration, the first MALDI
processing is presented in Fig. 1. It is a partial analysis of the images of a brain slice. The
analysis was not completed due to the following reasons: i) long analysis time; ii) the needs for
calibration; and iii) interruption of the cleaning process in order to guarantee the reception of
the signal at an adequate intensity. Preliminary analyzes already showed characteristic spots of

proteins in the spectra that need proteomic protocols to be identified (FIG. 13).

Figure 13: Image of a sagittal brain section from an irradiated animal, recorded on a MALDI-
TOF instrument and the superposition of the high metabolic areas with sagittal
brain section

Senial data of scan (miz)

0.00 1.50E+005 3.01E+005

Source: Prepared by the authors.



69

The images’s production was directly dependent on the rigorous execution of the
methodological procedures. Innumerable interferences could impair the image’s generations
and protein and lipid analysis.

The main interferences in our MS methodology can be addressed, as follows:

I. Sterile material should be used in the organ’s extraction, without being washed
directly with detergent. Organs and instruments should be always watered with
deionized water (Milli-Q water) avoiding direct contact with the hands in order to avoid
contamination with fatty acids of the skin. The organs should be removed and frozen in
the shortest possible time in order to preserve the morphology and prevent enzymatic
degradation. The brain must be withdrawn with extremely careful by removing the
temporal bone part and the meninges. Appropriate instruments must be used to avoid
fractures in the brain tissue, impairing the generation of full cutting sections.

I1. During the preparation of the foils, the direct contact with the skin should be avoided
so that no contamination of fatty acids with the sample occurs. An ideal cutting
temperature for each type of organ’s tissue must be checked. A negative temperature
range from 15-25 °C should be applied to the brain, heart and lungs; 10-15°C to gonads;
25-50 °C to kidney and liver (Leica CM1850 technical reference). The Tissue-Tek OCT
should not be overused to avoid contaminating the tissues and making the samples
unfeasible. The cuts should be adjusted to 12um thickness and the glass plate was not
used to capture the cut as it creates micro grooves that damage the cut.

[11. Immediately before carrying out the analyzes, the slides should be transferred to a
vacuum desiccator for 15-20 min until thawed. It is necessary no excessive dehydration
S0 as not to reduce the effectiveness of the DESI. The defrost period can be used to start
the machine.

IV. The following variables should be optimized, such as solvent type (DMF: ACN as
1:1), solvent volume, solvent flow rates, gas pressure rate, nebulizing gas voltage,
distance and angles of the probe and the MS input capillary. The probe should be at a
distance of 3 mm from the sample surface and 5 mm input from the MS inlet capillary.
The probe should be at an angle of 54° to the surface of the sample and ~15° to the
sample surface for optimal transfer of ions. The speed of the infusion pump should be

adjusted to obtain the optimum pixel for optimization and image.
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V. The solvent with DMF (DMF: ACN) provided an increase in ion signal strength with
a well-defined spray area being ideal for imaging applications. Besides DMF is
histologically compatible with medical procedures allowing H & E histochemistry after
DESI-MSI.

VI. A heating element that surrounds the MS inlet capillary may improve the sensitivity
by desolvation of the charged analyst micro droplets, produced during ionization. A rope
warmer wrapped around the transfer capillary assembly should be maintained at 100 °C.
VII. It should be brought in mind that two factors influence the quality of the MALDI
spectra: the matrix and the technique used for matrix deposition. The choice of the
stratigraphic matrix is related to the analysis of a certain type of protein (intact,
crosslinked, soluble, cleaved by proteolysis). A mixture of two matrices is required to
guarantee the good data acquisition with better resolution (protein peaks more evident).
We should also mention an important factor that should be considered in MALDI that
is the matrix deposition. Such matrix must be made with thin layers without
contaminants. The cleaning of the blade compartment must be carried out carefully. A
high-resolution optical image should be generated to determine scanning locations for

analysis and to verify alignment and positioning with the sample.

4.4 Discussions

The IR provides interactions to the organic molecules that present sufficient energy
capable of provoking electronic excitation and ionization, causing in the breakdown of chemical
bonds in the biological molecules of the tissues [8]. Gamma rays (Ry) are emitted radiations of
radioactive nuclides, through nuclear disintegrations, or of positron annihilation processes in
matter [9]. Gamma rays are low LET (Linear Energy Transfer) radiations usually employed in
RT that produce ionization and consequently free radicals damaging biological tissues. Dose
and dose rate are essential in the analysis of energy absorbed in RT patients. The clinical
response to a deterministic effect is directly related to the frequency and dose rate absorbed
when exceeding a dose threshold relative to the sensitivity of the tissue exposed to its effect
[10].

From literature, data from brain tissue of guinea pigs suggest a cellular response to

oxidative stress. Polyunsaturated fatty acids and cell membrane structural lipids are widely
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susceptible to gamma irradiation damage causing alteration of permeability, cell signaling, and
apoptosis [10,12,13].

In cells, membrane integrity is imperative to ensure signaling of the protein and lipid
metabolome. However, IR induces the oxidation of lipids and proteins by Reactive Oxygen
Species (ROS).

Lipid peroxidation is a cytotoxic event defined by successive biochemical events
triggered by free radicals determining the extensive oxidation of unsaturated fatty acids and
membranes. The by-products formed generate structural and functional alterations in the cell
membrane causing alteration in the ionic and molecular substrate flow, triggering several
processes [11]. Metabolism and serum phospholipid levels (PLs) were altered following

exposure to ionizing radiation [12].

4.5 Conclusions

DESI can generate lipid spectra and MALDI protein spectra in brain tissues. Near future,
it will be possible to detect a change in the distribution and types of lipids and proteins between
the white and gray matter regions.

Thus, lipid-induced changes, especially in phospholipids, and in cortical and spinal
proteins deserve greater detail and deepening in the attempt to elucidate the metabolic pathways
that suggest such expressions. With the possibility of identifying other lipids and proteins and
the metabolic pathways involved, we can contribute in the future to the use of metabolic
markers of cellular injury and to contribute to the review of certain radiotherapeutic protocols.

The experiments are still being adjusted to confer reliability on the large volume of data
generated. The high efficacy and qualitative and quantitative precision will allow a careful
analysis of the possible alterations found in irradiated tissues. To validate the experimental data
will be used statistical methods allowing the fingerprint of lipids and proteins obtained by DESI

and MALDI respectively, are duly compared and discussed with absolute safety and reliability.
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5 ANALYTICAL METHODS FOR ASSESSING CHANGES INDUCED BY GAMMA
EXPOSURE IN ANIMAL MODEL3

5.1 Introduction

The International Cancer Research Agency of the World Health Organization (IARC /
WHO) has shown that cancer is the leading cause of morbidity and mortality worldwide?.

The absence of repair mechanisms and control of the cell cycle allows the emergence of
neoplastic lesions that characterize cancer?. One of the therapeutic modalities in cancer is
radiotherapy in which a large portion or the whole organ infiltrated by the tumor is exposed to
radiation. Gamma radiation is a type of ionizing radiation (IR) that can cause various cellular
damages due to direct and / or indirect structural changes resulting from the rupture of
molecular bonds in the DNA of the neoplastic cells, resulting in losing their clonogenicity?.

In addition, healthy tissues are also affected by radiation exposure, resulting in several
adverse effects of the radiation therapy, such as cerebral edema, radiation necrosis; cerebral
atrophy, neurocognitive deficits4, thickened bronchial wall; dilated alveolar spaceb5,
pneumonitis; pulmonary fibrosis6, cardiomyopathy, reduction of myofibrils with fibrosis7,
hepatocytes with focal necrosis; nephritis with glomerular capillary necrosis; or degeneration
of the proximal cell lineage.

DESI-MSI is an analytical and imaging method used to obtain lipid profiles of normal
and neoplastic tissues, identification of metabolites in microbiology and the study of brain
neurotransmitters8,9,10,11. The radio induced brain changes can cause several adverse effects
such as cognitive losses and radionecrosis12. DESI-MSI allows assessing changes in the tissue
metabolic profile so that it can be used in a review of radiation therapy protocols to minimize
the deleterious effects of the ionizing radiation.

The goal of the present research was finding the early tissue response to the radiation
exposure of total-body-irradiation (TBI) at 5 Gy supported by distinct analytical methods.

3 Artigo publicado na Revista da Associacdo Médica Brasileira em 16 dez. 20 (https://doi.org/10.1590/1806-
9282.66.12.1651). Autores: Matheus F. Soares Mingote (UFMG), Tarcisio P. R. Campos (UFMG), Rodinei
Augusti (UFMG), Geovanni D. Cassali (UFMG).
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5.2 Materials and methods

5.2.1 Group selection and Irradiation Protocol

Statistical analyzes were performed with the body and organ mass weights of 40 male
albino rats, 90 days old, from the Rattus norvegicus, Wistar line, weighing approximately 300
+ 15g. The animals were euthanized, the organs removed, weighed, and stored. The tissues
were prepared and histological and molecular analyzes were performed. The research goals and
protocols were previously submitted; approved by the Ethics Committee on Animal Use
(CEUA-UFMG), protocol 339/2014, after standardization for animal care; euthanasia. The
animals of the IR group had their total body irradiated in the Co-60 Gamma-LIG/CDTN
radiator, all together in 4 boxes, receiving 5 Gy absorbed dose, at the Laboratory of Irradiation
Gamma-LIG of the Center of Development of the Nuclear Technology (CDTN). The irradiated
animals were sacrificed according to a time kinetics corresponding to 12 h, 48 h, 96 h and 01

week after-exposure.

5.2.2 Histological methods

The organs were fixed at 10% buffered formalin and included in paraffin blocks. The 4
um sections were obtained and stained with hematoxylin and eosin (HE). The slides were
evaluated by a pathologist and the images were captured by a camera connected to an optical
microscope (Olympus BX-40; Olympus, Tokyo, Japan). The histological analysis was

performed on the tissue’s images.

5.2.3 DESI-MSI

The solvents were acetonitrile and N, N-dimethylformaldehyde ACN:DMF (1:1) since
these chemical products do not cause morphological changes. The infusion pump was adjusted
with a flow rate of 3.5 pL.min. The nitrogen nebulizer gas was turned on at 160 psi pressure.
The high voltage source was connected to the ion source and a voltage of 5 kV applied. The

mass spectra were acquired in the 200-1000 mass range, with an incidence angle of ~ 54°
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between the source and the sample surface. The analyses were made on a ThermoFisher
Scientific Q exective Orbitrap MS instrument. All process was represented in Figure 14.

Figure 14: Schematic representation of the DESI-MSI apparatus used to obtain each tissue
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Source: MINGOTE, 2019

The ions were selected based on the changes in intensity of the ions in the acquired
images. In order to compare the control and experimental brain tissue with tissue responses in
the respective time kinetics (24 h, 48 h, 96 h and 1 week), the ion intensities were properly

equalized for comparison purposes.

5.3 Results

5.3.1 Histopathological analyses of organs

Histological slides stained with HE was analyzed in magnification (40x) and observed
the major histological characteristics finding in the control group and the irradiated group.
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Figure 15: brain, lung, kidney, liver and heart 400x slides
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The histological brain slides from the irradiated group did not present changes such as
inflammatory lymphomononuclear infiltrates, edemas, vascular degenerations and areas of
necrosis, as depicted in Figure 2. The Lung plaques of the irradiated group do not present
changes such as inflammatory lymphomononuclear infiltrates, exudates, edema and thickening
of the bronchial wall, as shown in Figure 2. The irradiated kidney slides showed no signs of
focal or diffuse glomerulonephritis and no changes were observed such as inflammatory
lymphomononuclear infiltrate, capillary necrosis and cell degeneration in the proximal and
distal tubules. The liver slides of the irradiated group with preserved architecture formed by
hepatocyte cords, sinusoid capillaries, and centrilobular vein. No dilatation of sinusoidal
capillaries, areas of focal necrosis, and cellular degeneration with vacuolated hepatocytes were
observed. Figure 2 also depicted the heart laminations of the irradiated group, demonstrating
the preservation of skeletal striated muscle structure without the presence of myofibrillar

degeneration, without areas of myofibrils necrosis and areas of fibrosis.

5.3.2 DESI images
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Pertinent changes were noticed in lon images of the brain tissue of Wistar rats from
samples of the control group and the irradiated group analyzed in DESI. The generated images
referred to only one ion and were determined by its m/z ratio. Thus, the scan reading of each
pixel allowed the ions present at each point of the sample to be quantified and evaluated by
their tissue distribution. Some ions were selected, which showed substantial differences in
intensity and expressed in each organ area. The Figure 16 depicted the images of two ions
obtained and their profile in the different regions of the Central Nervous System (CNS). The
main changes observed were an abrupt modulation in lipid intensity in various regions for both

samples.

Figure 16: ION A) m/z 794.622 and B) ION m/z 914.693. The Images represent the
intensities of the lipid”s ions, in color levels, taken in a distinct animal brain
section, whose pixels representing a specific area of the rat’s brain, taken at the
after-radiation times of 24,48,96 h and 01 week.

Control 24h 48h 96h 01 week
Source: MINGOTE, 2019
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5.4 Discussion

Our findings showed that the histological method did not show relevant changes in the
levels of microscopic tissue.

lonizing radiation has enough energy to cause electronic excitation; ionization,
producing the breakdown of chemical bonds in biological molecules (DNA, lipids, proteins) of
tissues13, 14. Lipid peroxidation is a cytotoxic process defined by successive biochemical
events triggered by free radicals that determine the extensive oxidation of unsaturated fatty
acids and membranes. The by-products of those processes induce structural and functional
changes in the cell membrane, causing changes in the flow of the ionic and molecular substrate,
triggering several biochemical changes. As an example, Metabolism and serum phospholipid
levels (PLs) were altered after exposure to ionizing radiation.

DESI, however, proved to be extremely effective in detecting important radio induced
molecular changes.15 Polyunsaturated fatty acids, as well as structural lipids of the cell
membrane, are largely susceptible to damage caused by gamma irradiation. The results showed
that the two selected lipids showed significant changes in the CNS. The lipid distribution of
m/z 794,622 and m/z 914,693 from the control group to the irradiated groups was completely
altered. The kinetics of time shows a change in lipid expression spatially in the brain, as well
as an attempt to respond to minimize the damaging effects of radiation on tissues. After
irradiation, an abrupt modulation in the intensity of this lipid was observed in all brain regions
in the 24-h samples, and in the 48-h samples especially. The 96-h sample showed a slight diffuse
increase; however, in the 01-week sample, there was a decrease in lipid intensity in all areas.

Changes in lipid expression lead to changes in signaling mechanisms for cellular and
molecular repair. Molecular changes may be associated with the alteration and degeneration of
the myelin, present in numerous neurodegenerative diseases. It is still necessary to assess
whether oxidative damage can lead to cell membrane dysfunction, causing changes in
metabolism, selective change in cell permeability and signaling, which can lead to apoptosis.16,
17,18, 19

Molecular analyzes in the other organs are still being developed since all research is

maintained through inter-institutional cooperation to obtain data and images.

5.5 Conclusions
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The effects of ionizing radiation shall be better identified and understood in molecular
level. Although macroscopic and microscopic changes in tissue are not yet evident, it is
necessary a further deepening of the techniques applied to the metabolic molecular analysis to
achieve better understanding of the mechanisms that can alter cell structures and function.
DESI-MSI proved to be efficient and relevant, allowing regional molecular analysis of the
entire CNS, expanding a new field of study that is still incipient: radiometaboloma. Our studies
may contribute further to the review of the protocols in dose planimetry to minimize deleterious

effects of ionizing radiation.
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6 PAINEIS DE BIOMARCADORES LIPIDICOS ENCEFALO-REGIONAIS PARA
MONITORAMENTO DE DISFUNCOES COGNITIVAS, SENSORIAIS E
MOTORAS RADIOINDUZIDAS*

6.1 Introducao

A radioterapia oncologica é utilizada para controle neoplasico local utilizando-se da
radiacdo ionizante para interromper o crescimento tumoral. No entanto, a radiacdo ionizante
atua indiscriminadamente tanto nas células tumorais quanto nas células saudaveis adjacentes,
muitas vezes levando a neurotoxicidade e grandes distdrbios neurocognitivos [1, 2]. O
tratamento radioterapico consiste na utilizacdo de radiacGes ionizantes para o controle e reducéo
clonogénica de neoplasias (malignas e benignas) a partir de uma adequada planimetria
associada a prescricOes de doses terapéuticas efetivas [3, 4]. As toxicidades radioinduzidas
desencadeiam leucoencefalopatias (extensas lesGes da substancia branca com varios infartos
lacunares), resultando em declinio neurocognitivo e diminuicdo da qualidade de vida [5, 6].
Doses mais altas levam a efeitos exacerbados como fadiga, eritema, alopecia, cefaleia e
nauseas, vomitos, boca seca, conjuntivite, neuropatias e neurites (ototoxicidade, retinopatias,
cegueira, catarata) e disfuncbes hipotalamico-hipofisarias. Déficits cognitivos levam a um
prejuizo significativo no desenvolvimento intelectual (Quociente de Inteligéncia em Escala
Total - FSIQ) [7-10]. A radiacdo ionizante causa danos diretos ao DNA e danos indiretos ao
favorecer e formar espécies reativas de oxigénio (ROS) e espécies reativas de nitrogénio (RNS).
ROS/RNS representa uma das principais ameagas que causam danos ao genoma. As ionizagdes
causam diretamente alteracdes de bases e delecdes no DNA, ruptura de ligagc6es de hidrogénio,
fragmentacéo de quebras de fita simples (SSBs) ou DNA de fita dupla (DSBs - quebras de fita
dupla) e induzem a formac&o de ligages cruzadas internas ou externas de moléculas com DNA
e proteinas [11, 12]. A a¢do das ROS desencadeia 0 processo de lipoperoxidacdo em acidos
graxos poliinsaturados, gerando subprodutos altamente reativos, como aldeidos, cetonas,
epoxidos e hidrocarbonetos, podendo inclusive levar a mutacdes e danos geneticos. [11, 13-16].
A peroxidagdo lipidica € um evento citotoxico definido por sucessivos eventos bioquimicos
ativados por radicais livres determinando a extensa oxidacao de acidos graxos insaturados e

membranas. Os subprodutos formados geram alteragdes estruturais e funcionais na membrana

4 Autores: Matheus Mingote (UFMG), Tarcisio P. R. Campos (UFMG), Rodiney Augusti (UFMG).
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celular, causando alteragdes no fluxo do substrato i6nico e molecular, iniciando diversos
processos [17]. A peroxidagdo do &cido araquidénico esterificado, constituinte da membrana
celular, favorece principalmente a formacao de isoprostanos (compostos formados durante a
peroxidacdo do &cido araquidénico), resultando em importantes alteracdes fisico-quimicas que
provocam alteracdes na fluidez e inativagdo da enzima receptores transmembrana responsaveis
pela sinalizagéo intracelular e nuclear [18].

A oxidacdo dos lipidios da membrana também ocorre com o envelhecimento e doencas
neurodegenerativas, como a doenca de Alzheimer (DA) [19-21]. O estresse oxidativo é
essencial no desenvolvimento inicial da DA, apresentando um aumento expressivo e
significativo na peroxidacéo lipidica [22-25]. Amostras do cdrtex cerebral e hipocampo ja
demonstraram altas concentracfes de malondialdeido (MDA) e proteina carbonil (CP),
demonstrando a importancia da peroxidacdo lipidica no desenvolvimento da DA [26]. Os
subprodutos lipidicos oxidados, assim como o DNA/RNA, podem ser medidos em fluidos
periféricos pelo aumento dos niveis de MDA e 8-hidroxi-2-desoxianosina (80OHdG) / 8-
hidroxiguanosina (80HD), respectivamente [27]. Niveis aumentados de MDA e 80HdG
também foram medidos na urina, liquido cefalorraquidiano (LCR) e sangue para outras doencas
neurodegenerativas, como esclerose lateral amiotrofica (ELA), doenca de Parkinson (DP),
doenca de Huntington (DH) e ataxia de Friedreich (FRDA) [28-33]. Em outros estudos,
distarbios na sinalizac&o lipidica com niveis reduzidos de endocanabinoides foram relatados
em pacientes com esquizofrenia e depressao. Alteracdes nos niveis de acidos graxos ndo
esterificados (NEFA) e fosfatidilcolinas (PC) na substancia cinzenta/branca e um aumento nos
niveis de ceramida na substancia branca também foram encontrados em pacientes com
esquizofrenia. Em pacientes com depressdo, entretanto, observou-se um aumento de certas
espécies de PCs contendo &cido araquiddnico. O uso de medicagdo antipsicética levou a
alterac6es nos perfis lipidicos séricos mostrando uma forte associagdo com a expressao génica
alterada do metabolismo lipidico [34-40].

Assim, a identificacdo dos lipidios e sua associacdo Locorregional podera ajudar a
monitorar as futuras alteragdes radioinduzidas bem com possiveis alteracbes de doencas

neurodegenerativa ainda incipientes.
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6.2 Materias e métodos

6.2.1 Animais

Foram selecionados 15 ratos Wistar saudaveis, com 11 semanas de idade e peso corporal
entre 300 + 15 g. Os animais foram divididos em dois grupos: um controle (n=3), denominado
GC, e outro submetido a irradiacdo corporal total (TBI), denominado GIR (n=12) subdividido
em 04 subgrupos contendo 03 animais cada. Os animais foram submetidos ao mesmo periodo
fotografico de 12h dia/noite com livre acesso a racdo e dgua. Animais da mesma linhagem,
familia, com o mesmo peso e idade, foram utilizados para linearizar o experimento, cedido pelo
Laboratorio da Universidade Federal de Minas Gerais, Biotério Central. Os experimentos com
animais ocorreram com a aprovacdo do Comité de Etica em Experimentacdo Animal da
Universidade Federal de Minas Gerais (CETEA - UFMG).

6.2.2 Protocolo de irradiacéo

Cada subgrupo de animais GIR foi colocado em caixas apropriadas e submetido a
irradiacdo corporal total por exposicdo a fonte de Co-60 (dose absorvida de 5 Gy) no
Laboratorio de Irradiagdo Gamma-LIG do Centro de Desenvolvimento de Tecnologia Nuclear
da Universidade Federal de Minas Gerais - CDTN - UFMG. Os seguintes parametros de
irradiacdo foram seguidos: a atividade dos animais na data da irradiacao foi de 26.940,00 Ci;
distancia da chaminé de 1,6 m; taxa de dose atual de 87,91 Gy.h-1; dose aplicada de 5 Gy;
tempo de exposicao de (h:min:s) 0:03:25.

6.2.3 Preparacéo do tecido

Os animais pertencentes a cada subgrupo foram sacrificados na mesma data para a
retirada dos cérebros. Portanto, cada subgrupo foi exposto as mesmas condicdes de radiagdo
em momentos diferentes antes da data do sacrificio para realizar o estudo cinético pds-radiagéo.
Assim, cada subgrupo foi submetido ao protocolo de radiacéo 7 dias, 96 h, 48 h e 24 h antes do

sacrificio, respectivamente, totalizando 4 subgrupos.



86

Para retirada dos 6rgéos, os animais foram anestesiados por injecdo intramuscular com
uma combinacéo de cetamina 5% (0,2 mL para cada 100 g de peso corporal) e xilazina 2% (0,1
mL para cada 100 g de peso corporal).

Ap0s sacrificio e retirada do cérebro, os 6rgdos foram pesados, armazenados em sacos
plasticos devidamente identificados e congelados instantaneamente em mistura de gelo seco e
n-heptano a aproximadamente -78°C para evitar a desnaturacdo. Em seguida, os 6rgaos foram
armazenados em freezer (-80°C) até que as laminas fossem preparadas no criostato.

Para a preparacdo das laminas, o micrétomo Leica CM3050-S foi ajustado para a
temperatura de -30°C, e a espessura da lamina foi ajustada para 14 um. Os 6rgaos foram
previamente retirados do freezer para atingir a temperatura do criostato antes do corte. As

laminas foram entdo devolvidas ao freezer a -80 °C para posterior analise pelo DESI.+

6.2.4 Espectrometria de massa de eletrospray de dessor¢éo (DESI)

Antes da andlise, as placas com as amostras das laminas foram transferidas para um
dessecador a vacuo por 15-20 min até o descongelamento. Os solventes escolhidos foram
acetonitrila e N,N-dimetilformaldeido ACN:DMF (1:1) para evitar altera¢cbes morfoldgicas. A
bomba de infusdo foi ajustada com vazao de 3,5 uL.min-1. A pressdo do gas do nebulizador de
nitrogénio era de 160 psi. A alta voltagem aplicada a fonte de ionizacéo foi de 5 kV. O angulo
de incidéncia entre a fonte e a superficie da amostra foi de aproximadamente 54°. Os espectros
de massa foram adquiridos na faixa de 200-1000 massas. A analise foi realizada por um Thermo
Fisher Scientific Q Exactive Orbitrap MS (Thermo Scientific, San Jose, CA, EUA) operando
em modo de ions negativos. Para traducdo de dados para o formato aceitvel para analise
gréafica: FireFly, veja 2.0.1 (Prosolia, Indianapolis, EUA) e para visualizacao e interpretacdo de
dados: BioMap veja. 3x (Instituto Novartis de Pesquisa Biomédica, Basileia, Suica). Todas as

analises foram realizadas no mesmo dia para evitar inconsisténcia nas datas.
6.2.5 Identificacdo de ions
Todos os ions atribuidos a possiveis lipidios observados nos espectros de massa foram

identificados nas bases de dados METLINTM (Metabolite and Chemical Entity Database) e
LIPID MAPS® (Lipid Metabolites and Pathways Strategy).
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Na base de dados do METLINTM, apenas as espécies com erro maximo de 1 ppm entre
as massas tedricas e experimentais dos ions observados nas imagens foram consideradas na
atribuicdo de categorias aos lipidios. Este parametro foi atribuido para dar confiabilidade aos
resultados, uma vez que nao foram utilizados padrdes analiticos para confirmar as espécies
propostas. Além disso, isotopdlogos mais pesados (contendo 13C) com erro méximo de 5 ppm
entre as massas tedricas e experimentais e com imagens bastante semelhantes as dos
isotopologos mais leves nao foram considerados. Todos os lipidios propostos foram
classificados de acordo com sua categoria, utilizando a nomenclatura e abreviaturas
estabelecidas pelo LIPID MAPS®.

6.3 Resultados

Os resultados apresentados referem-se aos lipidios observados no modo de ions
negativos. Devido ao elevado nimero de isdmeros, cada sinal observado nos espectros refere-
se a varios lipidios. Assim, o0s sinais que geraram a imagem foram associados a seguinte classe
de lipidios - acidos graxos (FA), glicerofosfatos (PA), glicerofosfoetanolaminas (PE),
glicerofosfogliceris  (PG),  glicerofosfoserinas  (PS),  esfingolipidios  (SP) e
glicerofosfoinositois (PI). Cada classe de lipidio é caracterizada por sua estrutura molecular e
espacial e ap6s o imageamento de cada lipide, foi identificado e associado a regido
locorregional correspondente. A tabela 5 demonsta o lipidios identificados que sofreram

radiomodulacéo e a tabela 6 j4 demonstra as diferentes regides espaciais presentes no encéfalo.

Tabela 5: Selecdo de lipideos que apresentaram modulacdo no tempo pos-radiacéo, presentes
no controle



lon Formula [M-H](m/z)  Category

Ci1gH3302 281,2484 FA (C18:1)
CisH350; 283,26397 FA (C18:0)
Ca0H3102 303,23277 FA (C20:4)
CaoH30; 309,27966 FA (C20:1)
C2H350: 331,26404 FA (C22:4)
Ca7rH700sP 673,48111 PA (C37:1)
CssH7208P 687,49661 PA (C38:1)
CaHsNOP  700,52836 PE (C39:1)
CsoH7sNOsP 716,52395 PE (C39:1)
CauH7sNO7P 722,51278 PE (C41:5)
CuH7ZNO7P 726,54427 PE (C41:3)
CauH7sNO7P 728,55951 PE (C41:2)
CuH7sNOsP  738,50775 PE (C41:4)
Ca1H7sNOsP 74455444 PE (C41:1)
CusH7sNO7P 746,51323 PE (C43:6)
CasH77NO7P 750,54393 PE (C43:4)
CusHaiNO7P 754,5752 PE (C43:2)
CasH7sNOsgP 762,5077 PE (C43:6)
CusH7sNOsgP 764,52263 PE (C43:5)
CasH77NOsgP 766,5392 PE (C43:4)
CusH7sNO7P 772,52774 PE (C45:7)
CssH77NO7P 774,54419 PE (C45:6)
CasHaaNO7P 778,575 PE (C45:5)
CsH77NOP  786,5291 PS (C42:2)
CusHi7NOsP  790,53924 PE (C45:6)
CssHg1NOsP 794,57206 PE (C45:4)
C44H78010P 797,5333 PG (C44Z4)
CseH77NO P 834,52938 PS (C46:6)
C45H78013P 857,5175 Pl (C45Z4)

CseHesNO11S  862,60691 SF (C46:1)
Ca7HgoO13P 883,53376 P1 (C47:5)

Cs7Hg2013P 885,54956 Pl (C47:4)

CssHooNOuS  888,62368 SF (C48:2)
Ca9Hg2013P 909,5496 Pl (C49:6)

Fonte: Elaborada pelos autores.
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Tabela 6: Regides cerebrais de ratos Wistar identificadas didaticamente por nimeros.
Legenda de cores Imagem do encéfalo — corte sagital

2 - - Cértex Cerebral
- - 8 Cérebro

7 8 Nucleos da Base

- 10 11 12 13 —— Tronco Encefalico

14 15 ——————————— Cerebelo

1 Hipocampo
- Area retroesplenial
. Area somatomotora (3m)

. Area somatossensorial (3s)

- Area orbital
- Area frontal

6 Area olfatéria

. 13 Bulbo
7 Corpo estriado

8 Globo Pélido

[

4 Fibras nervosas

B Hipotalamo 15 Cerebelo
10 Talamo 16 IV Ventriculo
11 Mesencéfalo 17 Il Ventriculo
i Ponte 18 Ventriculo Lateral

Fonte: Elaborada pelos autores.

A obtengéo das imagens por espectroscopia de massas permitiu observar a distribuigédo
espacial de determinados lipidios em algumas regides cerebrais especializadas e responsaveis
por determinadas funcgdes. A tabela 7 demonstra a distribuicdo espacial dos ions m/z 726,544 e
m/z 774,544 e a superposicao das imagens adquiridas do controle e redimensionadas para a
mesma escala de tamanho das imagens neuroanatémicas. Por sua vez, o lipidio m/z 726, 544
identificado como fosfatidiletanoamina PE (18:1p/18:1), encontra-se distribuido espacialmente
nas regides de bulbo, ponte, area motora do mesencéfalo, talamo, isocértex nas areas
somatomotor e sensorial, dispersos na area central do bulbo olfatério e no nucleo do cerebelo e
nas fibras cerebelares. Software utilizado: GIMP, dominio publico.

O lipidio m/z 774,544 identificado como fosfatidiletanoamina PE (18:0p/22:6),
encontra-se distribuido espacialmente na area motora do mesencéfalo, difusamente no isocértex
preponderante na area somatomotora, corpo estriado (ndcleo da base), area retro-hipocampal,
talamo e hipotalamo e também presente no parénquima cerebelares. As imagens demonstram

que ocorre uma alteracdo na expressao de lipidios regionalmente e em sua intensidade.
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Tabela 7: Distribuicao do lipidio M/Z 726,544 e M/Z 774,544

M/Z

726,544 774,544

Mapa do lipideo

Representagao
anatémica

Superposigao
das imagens

Fonte: Elaborada pelos autores.

Assim foi possivel criar painéis de biomarcadores lipidicos locorregionais: Hipocampo
(1); Retroesplenial (2); Somatossensorial (3s) e (3m) (3); Somatomotora (4); Orbital (5);
Frontal (6); Corpo estriado (7); Globo palido (8); Hipotalamo (9); Talamo (10); Mesencéfalo

(11); Ponte (12); Bulbo (13); Fibras Nervosas (14); e Cerebelo (15), cujos nomes conservaram

a regido do encéfalo correspondente. A tabela 8 abaixo ilustra os lipidios identificados de

acordo com sua distribuicdo locorregional.

Tabela 8: Painel com lipidios conforme distribuicdo espacial e estrutura no encéfalo

Painéis

IONS M/z

Hipocampo (1)

Retroesplenial (2)

281,24840 (FA);283,26397 (FA);303,23277 (FA); 687,49661 (PA);
700,52836 (PE); 716,52395 (PE); 72251278 (PE); 738,50775 (PE);
744,55444 (PE); 746,51323 (PE); 750,54393 (PE); 762,5077 (PE); 764,52263
(PE); 766,5392 (PE); 772,52774 (PE); 774,54419 (PE); 790,53924 (PE);
794,57206 (PE); 834,52938 (PS); 857,5175 (PI); 883,53376 (Pl); 885,54956
(P1);

281,24840 (FA);283,26397 (FA);303,23277 (FA); 309.27966 (FA);
687,49661 (PA); 738,50775 (PE); 744,55444 (PE); 74651323 (PE);
750,54393 (PE); 774,54419 (PE); 778,575 (PE); 790,53924 (PE); 794,57206
(PE); 7975333 (PG); 857,5175 (Pl); 883,53376 (Pl); 88554956 (PI);
862,60691 (SF); 888,62368 (SF);
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Painéis

IONS M/z

Somatos
Sensorial
(3s)

Somato-
Motora
(3m)

Orbital(4)

Frontal(5)

Olfatéria(6)

Corpo estriado (7)

Globo palido (8)

Hipo-
Talamo (9)

281,24840 (FA);283,26397 (FA);303,23277 (FA); 309.27966 (FA);
331,26404 (FA); 687,49661 (PA); 700,52836 (PE); 716,52395(PE);
722,51278 (PE); 72654427 (PE); 728,55951 (PE); 738,50775 (PE);
744,55444 (PE); 746,51323 (PE); 750,54393 (PE); 762,5077 (PE); 764,52263
(PE); 766,5392 (PE); 772,52774 (PE); 774,54419 (PE); 778,575 (PE);
790,53924 (PE); 794,57206 (PE); 786,5291 (PS); 797,5333 (PG); 857,5175
(PI); 883,53376 (P1); 885,54956 (PI); 862,60691 (SF); 888,62368 (SF);
281,24840 (FA);283,26397 (FA);303,23277 (FA); 309.27966 (FA);
331,26404 (FA); 687,49661 (PA); 700,52836 (PE); 716,52395(PE);
722,51278 (PE); 72654427 (PE); 728,55951 (PE); 738,50775 (PE);
744,55444 (PE); 746,51323 (PE); 750,54393 (PE); 762,5077 (PE); 764,52263
(PE); 766,5392 (PE); 772,52774 (PE); 774,54419 (PE); 778,575 (PE);
790,53924 (PE); 794,57206 (PE); 786,5291 (PS); 834,52938 (PS); 797,5333
(PG); 857,5175 (P1); 883,53376 (PI); 885,54956 (PI);

283,26397 (FA);303,23277 (FA); 716,52395(PE); 722,51278 (PE); 738,50775
(PE); 744,55444 (PE); 746,51323 (PE); 750,54393 (PE); 762,5077 (PE);
764,52263 (PE); 766,5392 (PE); 772,52774 (PE); 774,54419 (PE); 790,53924
(PE); 794,57206 (PE); 834,52938 (PS); 797,5333 (PG); 857,5175 (PI);
883,53376 (P1); 885,54956 (PI);

283,26397 (FA);303,23277 (FA); 716,52395(PE); 722,51278 (PE); 738,50775
(PE); 744,55444 (PE); 746,51323 (PE); 750,54393 (PE); 762,5077 (PE);
764,52263 (PE); 766,5392 (PE); 772,52774 (PE); 774,54419 (PE); 790,53924
(PE); 794,57206 (PE); 834,52938 (PS); 797,5333 (PG); 857,5175 (PI);
883,53376 (P1); 885,54956 (PI);

283,26397 (FA);303,23277 (FA); 700,52836 (PE); 716,52395(PE); 722,51278
(PE); 726,54427 (PE); 728,55951 (PE); 738,50775 (PE); 744,55444 (PE);
746,51323 (PE); 750,54393 (PE); 762,5077 (PE); 764,52263 (PE); 766,5392
(PE); 772,52774 (PE); 774,54419 (PE); 790,53924 (PE); 794,57206 (PE);
834,52938 (PS); 857,5175 (PI); 883,53376 (PI); 885,54956 (PI); 862,60691
(SF); 888,62368 (SF);

283,26397 (FA);303,23277 (FA); 331,26404 (FA); 700,52836 (PE);
716,52395(PE); 722,51278 (PE); 726,54427 (PE); 728,55951 (PE); 738,50775
(PE); 744,55444 (PE); 746,51323 (PE); 750,54393 (PE); 762,5077 (PE);
764,52263 (PE); 766,5392 (PE); 772,52774 (PE); 774,54419 (PE); 778,575
(PE); 790,53924 (PE); 794,57206 (PE); 834,52938 (PS); 797,5333 (PG);
797,5333 (PG); 857,5175 (PI); 883,53376 (PI); 885,54956 (PI); 888,62368
(SF);

283,26397 (FA);303,23277 (FA); 331,26404 (FA); 700,52836 (PE);
716,52395(PE); 722,51278 (PE); 726,54427 (PE); 728,55951 (PE); 738,50775
(PE); 744,55444 (PE); 746,51323 (PE); 750,54393 (PE); 762,5077 (PE);
764,52263 (PE); 766,5392 (PE); 772,52774 (PE); 774,54419 (PE); 778,575
(PE); 790,53924 (PE); 794,57206 (PE); 834,52938 (PS); 797,5333 (PG);
797,5333 (PG); 857,5175 (P1); 883,53376 (PI); 885,54956 (PI);

281,24840 (FA);283,26397 (FA);303,23277 (FA); 309.27966 (FA);
331,26404 (FA); 687,49661 (PA); 700,52836 (PE); 716,52395(PE);
72251278 (PE); 72654427 (PE); 728,55951 (PE); 738,50775 (PE);
74455444 (PE); 746,51323 (PE); 750,54393 (PE); 762,5077 (PE); 764,52263
(PE); 772,52774 (PE); 774,54419 (PE); 778,575 (PE); 790,53924 (PE);
79457206 (PE); 786,5291 (PS); 797,5333 (PG); 857,5175 (Pl); 883,53376
(PI); 885,54956 (P1); 909,5496 (PI);



92

Painéis IONS M/Z

281,24840 (FA);283,26397 (FA); 30323277 (FA), 309.27966 (FA);
331,26404 (FA); 687,49661 (PA); 700,52836 (PE); 716,52395(PE);
722,51278 (PE); 726,54427 (PE); 728,55951 (PE); 738,50775 (PE);
Talamo (10) 744,55444 (PE); 750,54393 (PE); 762,5077 (PE); 764,52263 (PE); 766,5392
(PE); 772,52774 (PE); 774,54419 (PE):; 778,575 (PE); 790,53924 (PE);
794,57206 (PE); 857,5175 (PI); 883,53376 (PI); 885,54956 (PI); 909,5496
(P1); 862,60691 (SF); 888,62368 (SF);
281,24840 (FA); 28326397 (FA); 30323277 (FA); 309.27966 (FA);
331,26404 (FA); 673,48111 (PA); 687,49661 (PA); 700,52836 (PE);
716,52395(PE); 726,54427 (PE); 728,55951 (PE); 738,50775 (PE); 738,50775
Me- (PE); 744,55444 (PE); 750,54393 (PE); 754,5752(PE); 764,52263 (PE);
Sencéfalo (11)  766,5392 (PE); 772,52774 (PE); 774,54419 (PE); 778,575 (PE); 790,53924
(PE); 794,57206 (PE); 786,5291 (PS); 834,52938 (PS); 797,5333 (PG);
857,5175 (PI); 883,53376 (PI); 885,54956 (PI); 909,5496 (Pl); 862,60691
(SF); 888,62368 (SF);
281,24840 (FA); 309.27966 (FA); 67348111 (PA); 687,49661 (PA);
700,52836 (PE); 716,52395(PE); 726,54427 (PE); 728,55951 (PE); 750,54393

Ponte(12) (PE): 754,5752(PE); 778,575 (PE); 857,5175 (PI); 883,53376 (PI); 885,54956
(PI); 909,5496 (PI): 862,60691 (SF); 888.62368 (SF):
281,24840 (FA); 309.27966 (FA); 67348111 (PA); 700,52836 (PE);
Bulbo(13) 716,52395(PE);  726,54427 (PE); 72855951 (PE); 750,54393 (PE):

754,5752(PE); 778,575 (PE); 786,5291 (PS); 857,5175 (PI); 883,53376 (PI);
885,54956 (P1); 909,5496 (PI); 862,60691 (SF); 888,62368 (SF);

300.27966 (FA); 673,48111 (PA):; 700,52836 (PE); 726,54427 (PE);
Fibras nervosas (14) 728,55951 (PE); 754,5752(PE); 778,575 (PE); 885,54956 (PI); 862,60691
(SF); 888,62368 (SF);

283,26397 (FA); 309.27966 (FA); 331,26404 (FA); 700,52836 (PE);
716,52395(PE); 722,51278 (PE); 726,54427 (PE); 728,55951 (PE):738,50775
(PE); 74455444 (PE); 746,51323 (PE);750,54393 (PE); 762,5077 (PE);
764,52263 (PE); 766,5392 (PE); 772,52774 (PE); 774,54419 (PE); 790,53924
(PE); 794,57206 (PE); 786,5291 (PS); 834,52938 (PS); 797,5333 (PG);
857,5175 (P1); 883,53376 (P1); 885,54956 (P1); 909,5496 (P);

Cerebelo (15)

Fonte: Elaborada pelos autores.

6.4 Discussao

Ao se realizar a identificacdo dos lipidios com as areas de distribuicdo permite a
producdo de um atlas neuroanatomico por espectrometria de massas facilitando o estudo e a
compreensdo de possiveis doencas neurodegenerativas. Os déficits neurocognitivos poderéo ser
melhor compreendidos e avaliados associando o imageamento molecular (DESI-MS) com a
obtencdo de imagens neurofisiologicas (PET-RN). A PET/RM multimodal pode fornecer
informacdo funcional de interesse, facilitando a identificagdo de padrdes degenerativos
especificos de doenga de Parkinson, atrofia multissistémica, paralisia supranuclearprogressiva

e degeneracao corticobasal [41].
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A distribuicdo das diferentes espécies de lipidios nas diversas regides cerebrais
(neurdnios, glia, oligodendrdcitos, tratos nervosos, vasculares pericitos dentre outras) apontam
para uma especializacdo da expressdo, excrecdo, captacdo e metabolizacéo lipidica das células
em areas discretas do encéfalo e cérebro.

As disfuncBes neurologicas listadas estdo relacionadas a cada painel locorregional:
painel hipocampo (1) - alteracdes relacionadas a memorias e emocdes; painel retroesplenial (2)
- alteracdes relacionadas a memdria proprioceptiva espacial; painel somatossensorial (3s) -
alteracdes relacionadas a informacdo tatil do corpo (tato, vibracdo, temperatura, dor) e
integracdo com outras percepgdes sensoriais; painel somatomotora (3m) - alteracdes
relacionadas a producdo de movimentos voluntarios e movimentos complexos; painel orbital
(4) - alteracBes relacionadas a desinibicdo e ao comportamento social; painel frontal (5) -
alteracdes relacionadas a fala e execucao de tarefas cognitivas; painel olfatorio (6) — alteracdes
no olfato; painel corpo estriado (7) - alteragdes relacionadas a movimentos; painel globo palido
(8) - alteracdes relacionadas ao controle e inibicdo de movimentos; painel hipotdlamo (9) -
alteracdes relacionadas a manutencdo da homeostase e da regulacdo entre sistema nervoso e
enddcrino; painel talamo (10) - alteracdes sensitivas e da consciéncia, sono e vigilia; painel
mesencéfalo (11): alteracdes relacionadas & motricidade oculares e alteracbes somestésicas
contra-laterias; painel ponte (12) - alteracfes relacionadas a paralisia facial, xerostomia, perda
da sensibilidade térmica e dolorosa na face e dificuldade de mastigacdo; painel bulbo (13) -
alteracdes relacionadas a alteracdes das fungdes autonémicas bésicas tais como respiragéo,
pressdo sanguinea e frequéncia cardiaca; painel fibras nervosas (14) - alteracdes relacionadas a
percepcdo sensorial e coordenagdo de movimentos; painel cerebelo (15) - alteragOes
relacionadas a manutencdo do equilibrio, tonus muscular, movimentos involuntarios e
aprendizagem motora.

A utilizacdo dos paineis também poderia contribuir na antecipacdo do diagnostico de
doengas neurodegenerativas incipientes com baixo nivel de manifestacdes clinicas

neurologicas, sensoriais, motoras e neurocognitivas.
6.5 Concluséo
ApoOs a investigagdo experimental, a obtencdo dos resultados analiticos e de

imageamento por DESI-MSI, é possivel afirmar que a radiagdo induz alteragdes metabolomicas
no perfil lipidico cerebral, em regides especificas do encéfalo.
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As modificacbes metabdlicas e moleculares podem estar correlacionadas aos principais
efeitos adversos acarretados pela radioterapia no encéfalo. A radioinducdo pode acarretar
alteracbes da expressdo lipidica desencadeando as possiveis alteracdes e distarbios
neuroldgicos.

O uso de moléculas lipidicas como potenciais biomarcadores de resposta terapéutica e
toxicidade pode estimular o uso de radioprotetores de exposicdo a radiacdo como antioxidantes
para neuroprotecdo tanto em tratamentos oncoldgicos como em acidentes radiologicos e

nucleares.
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7 METODOLOGIA DO TRABALHO DE TESE

7.1 Agrupamento

Foram utilizados 40 ratos Wistar saudaveis, com faixa etaria de 11 semanas e peso
corporal entre 300 + 15 g, com livre acesso a agua e a alimento com fotoperiodo de 12 h. Os
animais foram divididos em dois grupos: um controle (n=7), denominado GC, e outro
submetido a irradiacdo de corpo inteiro, denominado GIR (n=33). Para linearizar as variaveis
foram utilizados animais da mesma linhagem, familia, com mesmo peso e idade, providos

pelo biotério da Universidade Federal de Minas Gerais.

7.2 Protocolo de Irradiacdo

Os animais do grupo GIR (n = 33) foram submetidos a TBI (Total Body Irradiation —
TBI ) através da exposicdo a uma fonte Co-60, todos juntos colocados em 6 caixas, com uma
dose absorvida de 5 Gy, no Laboratorio de Irradiacio Gamma-LIG da Centro de
Desenvolvimento da Tecnologia Nuclear - CDTN. Eles foram irradiados apds uma cinética de
tempo distinta. Os seguintes dados foram definidos: data de calibracdo da fonte Co-60 em 14
de outubro de 2013; Atividade na data de calibracdo de 43749,21 Ci; Atividade na data de
irradiacdo do animal de 26940,00 Ci; Distancia da chaminé de 1,6 m; Taxa de dose atual de

87,91 Gy.h-1; Dose aplicada de 5 Gy; Tempo de exposicao de (hr: mm: ss) 0:03:25.

7.3 Procedimento de eutanasia

Alguns cuidados foram tomados durante todo o processo. Os animais foram mantindos
em jejum sem privagédo de 4gua nas caixas. Toda a bancada foi limpa previamente colocando-
se apenas as balancas, caixa de polipropileno para pesagem, os instrumentais cirirgicos, a cuba
de polipropileno para cirurgia e a guilhotina. Todo o material foi lavado em agua Milli-Q a fim
de se retirar residuos de detergente. A caixa de isopor tinha gelo seco (~2kg) juntamente com
02 beckeres com n-heptano (-78°C) para congelamento instantaneo e preservacdo da anatomia
dos orgdos. Os zip-locks foram previamente identificados para cada tipo de 6rgdo. Foi
necessario calibrar e tarar duas balangas diferentes. Para a pesagem dos 6rgaos, foi utilizada
uma balanca analitica (calibrada) e a segunda com maior capacidade, foi separada para registrar
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0 peso dos animais. Os calculos de preparacdo das solucdes anestésicas de Cetamina e Xilazina
foram realizados cuidadosamente tendo por base o peso do animal aferido: foi utilizado uma

dose de 80mg de cetamina + 15mg de xilazina, ambas /kg de animal

7.3.1 Via de Administragdo: Via parenteral, IP (Intraperitoneal) ou IM (Intramuscular)

A cetamina é comercializada a 5% e a 10% e a xilazina a 2% e a 10%. Para efeito de
calculo da dose foi ministrada foi calculada em mg/ml. A dose de cetamina a 5%; (50mg/ml)
utilizada 0,2mL (10mg) para cada 100g de peso corporal e a dose de xilazina a 2% (20mg/ml)
foi de 0,075mL ~0,1mL (2,0mg) para cada 100g de peso corporal. (Ambas em seringas de 1ml).
Foi estabelecido a relacdo em V/V Cetamina/Xilazina: 2:1

Os anestésicos foram retirados do refrigerador 30 min antes do inicio dos experimentos.
Foram utilizadas luvas de protecdo para realizacdo do procedimento anestésico via IP com a
dose ja calculada previamente. Apds a completa hipnose do animal, confirmado através de
estimulos, a cabeca foi posicionada na guilhotina e seccionada com um Unico movimento. A
cabeca foi transferida rapidamente par auma cuba onde se iniciaram as manobras de trepanacédo
da caixa craniana. O processo devera foi realizado com o méaximo de cuidado e evitou-se a as
fraturas no tecido cerebral o que inviabilizaria os cortes no criostato para a confecgdo de
laminas. Foi retirado a pele da cabeca com a tesoura de ponta fina, retirado o excesso da coluna
cervical e iniciado a abertura pela parte posterior e pelas laterais correspondentes a regiao
temporal humana. Com um alicate foi rerirado a calota superior para expor o encéfalo e assim
foi retirado a dura—mater e pia-mater para evitar possiveis fratura no tecido cerebral. Com uma
pinca foi seccinado os nervos da base e retirado delicadamente todo o encéfalo diretamente
sobre a placa de petri. O encéfalo foi colocado em cima do papel aluminio j& com a balanca
previamente ligada, calibrada e tarada, pesado e registrado o peso do 6rgdo na planilha,
colocado imediatamente no becker com n-heptano para realizar o congelamento imediato,
aguardado uns 10s e retirado o 6rgdo para o zip-lock correspondente e deixado dentro do
proprio isopor para manutencgdo até o armazenamento definitivo em freezer -80°C.

O procedimento para 0s demais 6rgdos, foi realizado da mesma forma: a pesagem e
congelamento imediatos, registro na planilha e armazenamento no zip-lock para estocagem
provisoria no isopor contendo gelo seco e posterior transferéncia para 0 armazenamento

definitivo em freezer -80°C.
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Foi evitado o contato direto com as amostras pois inimeros contaminantes como acidos
graxos da pele e detergentes usados para lavar 0os materiais sdo potentes agentes de interferéncia
durante as analises. Foi utilizado luvas para manuseio de todo o material que foi previamente

lavado e abundantemente imerso e enxaguado em agua Milli-Q

7.4 Confeccao das laminas (Criomicrotomia)

Laminas:

a) 2 pinceis extrafino longo (1 sintético e 1 natural) e 1 pincel grosso

b) Laminas para criostato descartavel para corte histolégico perfil alto 818 Leica
c) 1 Tubo Tissue-Tek O.C.T

d) Luvas de procedimento

e) Laminas para histologia

f) Sacos plasticos para descarte de material descartavel e bioldgico

g) Caixa de isopor com gelo seco (~5kg)

h) Porta Laminas 02 caixas de 50 laminas J-Prolab

i) Placas Poliméricas FlexiMass DST para MALDI

As seguintes etapas foram seguidas:

a) Foi congelado rapidamente todo o tecido em um freezer (— 80°C) até a confec¢do das
laminas no criostato. Foi ajustado o micrétomo Leica CM3050-S para a temperatura de
(—30°C) e a espessura desejada para a lamina entre 12-18 um (14 pm em média). Foi
observado a necessidade de colocacédo do tecido no pedestal 30 min antes de se iniciar
0s cortes para que o tecido atingisse a temperatura local (OT: temperatura do cabecote
da amostra; CT: temperatura da cAmara do criostato). Foi ligado o aparelho e verificado
a temperatura da camara criostatica para que o ajuste da temperatura fosse realizado
conforme o tipo de tecido, de acordo com a Tab. 9 abaixo. Teve-se o0 cuidado de ndo se
tocar diretamente na superficie dos 6rgéos e das laminas a fim de evitar contaminacdes
com acidos graxos da pele na composicéo e distribuicdo quimica tecidual. Todos os
orgaos a serem utilizados foram mantidos no isopor com gelo seco e deve ser retirado e

colocado na camara fria do criostato para que atinja a temperatura estabelecida. As
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I&aminas prontas devem ficar na cAmara fria até sua transferéncia definitiva para o porta

laminas e o seu retorno para o freezer -80°C.

As laminas foram montadas de modo que os 6rgdos nao ficassem paralelos ja que o

DESI deve ser otimizado. Durante a otimizagdo um dos cortes seria afetado pelo solvente e 0

gés de arraste sendo que o ideal seria colocar cada corte em posi¢des opostas na lamina

Tabela 9: Temperaturas ideais para cada tipo de 6rgao no criostato

Tecido 10 — 15(°C negativos) 15— 25(°C negativos) 25— 50(°C negativos)

Cérebro %
Coracéo %
Pulméo %
Figado o0
Rins &
Gonadas % *

Fonte: Elaborada pelo autor.

b) Foi aplicado aproximadamente 0,5 mL Tissue-Tek O.C.T na base do pedestal circular

em que serd fixado o tecido para realizacdo das seccOes. Teve-se 0 cuidado de ndo

utilizar Tissue-Tek OCT em excesso pois a contaminacdo da amostra interfere na

formacdo dos ions nas analises para obtencdo das imagens.

¢) Foi calcado luvas de procedimento e separado 02 navalhas: a primeira foi separada e

utilizada para separacdo dos hemisférios cerebrais e a segunda foi colocada no cabecote

lembrando sempre de ter o cuidado para ndo bater o pincel na navalha. As navalhas

foram separadas e identificadas para uso posterior.

d) Os zip-lock com os 6rgdos a serem utilizados foram deixados dentro da camara

criostatica e o restante foi mantido em isopor com gelo seco

e) Foi colocado algumas laminas que seriam utilizadas dentro da cdmara criostatica ja

devidamente higienizadas para que estabelecam um equilibrio térmico com a camara

criostatica.

f) Foi colocado o hemisfério cerebral seccionado desejado em cima do Tissue-Tek OCT

até a sua completa solidificacédo
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g) Foi colocado o disco da amostra no cabecote e iniciado o shaving até se obter cortes
uniforme e sem ranhuras.

h) Né&o foi utilizado a placa de vidro para captura do corte pois as irregularidades nas
bordas poderiam produzir ranhuras danificando a superficie do corte para ionizacgéo.

1) A otimizacdo do corte em relacdo a inclinacgdo frontal e lateral do cabecote, laminas
novas, velocidade do corte e temperatura do cabecgote e da amostra foi fundamental o
que determinou uma 6tima qualidade do corte. A manivela foi girada continuamente
para que ndo houvesse microfraturas ou perda do corte (corte esfarelado).

j) No inicio, foi desenrolado a ponta cuidadosamente, e deixado que se prendesse no
pincel para que a manivela pudesse ser girada manualmente em uma velocidade
constante para se obter um corte uniforme. N&o foi pressionado o corte com o pincel,
ocorreu uma uma aderéncia e o corte foi desenrolafo suavemente.

k) Quando ocorria fraturas, foi colocado o dedo com a luva levemente em cima da
amostra sem pressionar, aumentando um pouco a temperatura e minimizando a
ocorréncia de fraturas

I) O corte foi aberto e deixado em cima da superficie proximo a navalha e virado de
ambos os lados para que congele e adquira consisténcia aberta, sendo colocado
posteriormente com extremo cuidado sob a lamina.

m) Assim que corte foi posicionado sob a lamina, colocou-se a ldamina no pulso para
que ocorresse a adesdo com o choque térmico e em seguida a lamina foi retornada para
a camara criostatica para reestabelecimento da temperatura de congelamento

n) Identificou-se a lamina e foi retornada para a caixa de l[aminas

0) Cuidado, com a contaminacdo do material, os &cidos graxos da pele poderiam ter
contaminado as amostras. Foi evitado qualquer tipo de toque direto nas laminas, para
que os acidos graxos ndo ficassem nas ponstas das luvas e fossem transferidos para as
amostras. Caso haja suspeita de contaminacao trocar luvas e lamina. As laminas do
criostato foram trocadas todas as vezes que as amostras de animais
controlem/experimentais, do mesmo érgdo eram trocadas. As laminas foram limpas com

papel toalha.
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7.5 Protocolos DESI

Imediatamente antes de proceder as analises, as ldminas foram transferidas para um
dessecador a vacuo por 15-20 min até descongelar com o cuidado de ndo desidratar
excessivamente para ndo reduzir a eficacia do DESI. O periodo de descongelamento pode ser
utilizado para iniciar o equipamento. A otimizagdo do aparelho foi fundamental para se obter
imagens com Gtima qualidade e resolucdo preservando-se as estruturas anatbmicas. Testes
foram realizados para se analisar inUmeras variaveis como solvente ideal (DMF:ACN), fluxo
da bomba de infuséo (fluxo continuo garante um bom impacto e um tamanho efetivo do pixel),
volume de solvente na bomba para realizacdo de toda a varredura, pressao do gas nebulizador
de nitrogénio, voltagem aplicada a fonte de ions, angulos de incidéncia/saida. A sonda do
analisador de massas estava a uma distancia de 3mm da superficie da amostra e 5 mm de entrada
do capilar de entrada do MS e também manter um angulo de entrada de 55° em relacdo a
superficie da amostra. Os ions dessorvidos estavam a um angulo de saida de aproximadamente
15° em relacdo a superficie da amostra para transferéncia 6tima de ions. O solvente com
DMF:ACN proporcionou um aumento na intensidade do sinal dos ions com uma area de spray
bem definida sendo ideal para aplicacBes de imagem além de ser histologicamente compativel
com procedimentos médicos permitindo a histoquimica H&E apds DESI-MS Imaging. Foi
calculado as posig¢des “X” e “Y” e com a fonte nebulizador e a bomba de solventes desligados,
observou-se se durante a varredura, se a area medida e selecionada estava compativel sem que
nenhuma regido fosse cortada.

Parametros de otimizagdo DESI final:

a) Solvente: DMF:ACN (1:1)

b) Tenséo aplicada no spray de 5kV

c) Taxa de fluxo de solvente de 3,5ul/min
d) Fluxo: (ul/s): 458,93

e) Resolugéo de 70.000

f) AGC Target: 58

g) Tempo maximo de injecdo: 200 ms

h) Temperatura do capilar: 300°C

i) Pressdo de 175 psi de gas nebulizador N2
j) Full MS, modo ion negativo [M-H-]
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k) Massas na faixa de m/z 200 — 1000
I) Angulo incidéncia de 54° entre a fonte e a superficie do analito
m) S-Lens RF level: 100

7.5.1 Imagem Tecidual

Foi instalado os programas nas seguintes ordens:

a) BIOMAP: o IDL foi instalado primeiro para depois ser instalado o Biomap
b) Xcalibur: foi instalado o Foundation 3.0 primeiro para depois ser instalado o Xcalibur
(o antivirus foi desabilitado para se evitar o travamento da instalagao)

c) Prosolia FireFly: foi realizado a instalacdo direta.

Todo o trabalho foi desenvolvido com os softwares de dominio publico. Os softwares

registrados foram obtidos juntamente com a aquisicdo do espectrometro de massas.

7.6 Analise dos resultados obtidos

As analises dos resultados consistem em algumas etapas a serem especificadas:

a) Os espectros gerados (em média de 80 por lamina) serdo utilizados para gerar as
imagens contendo todos os ions gerados e analisados ponto a ponto da amostra. A fusao
dos espectros e a criagdo de um arquivo imagem e realizada pelo software Prosolia
FireFly;

b) Anélises de todos os espectros obtidos dos grupos controles e formacao de um banco
de dados procurando identificar os principais lipides por seu m/z utilizando o banco de
dados proveniente do LIPID MAPS (LMSD: LIPID MAPS structure database);

c) Analises de todos o0s espectros obtidos dos grupos experimentais nas cinéticas de
tempo de 24h, 48h, 96h e 01 semana procurando identificar os principais lipides por seu
m/z utilizando o banco de dados proveniente do METLINTM (Metabolites and
Pathways Strategy) e LIPID MAPS ® (Lipid Metabolites and Pathways Strategy). Na
base de dados do METLINTM, apenas as espécies com erro maximo de 1 ppm entre as

massas teoricas e experimentais dos ions observados nas imagens foram consideradas
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na atribuicdo de categorias aos lipidios. Este parametro foi atribuido para dar
confiabilidade aos resultados, uma vez que ndo foram utilizados padrdes analiticos para
confirmar as espécies propostas. Além disso, isotopdlogos mais pesados (contendo 13C)
com erro maximo de 5 ppm entre as massas tedricas e experimentais e com imagens
bastante semelhantes as dos isotopdlogos mais leves nao foram considerados. Todos 0s
lipidios propostos foram classificados de acordo com sua categoria, utilizando a
nomenclatura e abreviaturas estabelecidas pelo LIPID MAPS®.

d) Comparar os dados obtidos e selecionar os principais ions que tiveram a sua expressao
alterada quali/quantitativamente;

e) Relacionar os principais lipidios biomarcadores e identificar as principais regides de

ocorréncia fisiologica e principais modifica¢6es locorregionais radioinduzidas.
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8 RADIOINDUCED MODULATORY RESPONSE OF LIPID PROFILES OF
WISTAR RATS BRAIN MONITORED BY DESI-MS IMAGING?®

Abstract
Radiotherapy is one of the possible treatments against brain gliomas. However, numerous side

effects from exposure to ionizing radiation already have been observed and reported in
literature. lonizing radiation employed in radiotherapy treatment can break down bonds in DNA
molecules and promote the formation of ROS/ RNS, i. e. Reactive Oxygen (Nitrogen) Species.
Lipid profile analysis (Lipidomics) through desorption electrospray ionization mass
spectrometry by image (DESI -MSI) of individuals that were submitted to radiotherapy allows
qualitatively evaluation of classes of lipids distributed topographically in the brain. In the
present work, two groups of Wistar rats - a control one and another subjected to total body
irradiation (TBI) - were exposed to a Co-60 radiation source and sacrificed at different times.
To evaluate the effects and response of radiotherapy treatment, some classes of lipids

distributed in their brains were identified and correlated to some neurophysiological functions.

Keywords: Desorption Electrospray lonization (DESI), Mass Spectrometry Imaging, Lipids,
Radiation Effects, Radio-Induced Modulatory Response.

8.1 Introduction

Tumors of the central nervous system (CNS) have a high malignancy with a high
capacity for progression, causing harmful effects that can trigger important neurological
changes. Oncological radiotherapy is a specialty that uses ionizing radiation in order to cure or
control the growth of these neoplasms. However, ionizing radiation acts indiscriminately both
on tumor cells and on adjacent healthy cells, often leading to neurotoxicity and major neuro-
cognitive disorders [1, 2]. The radiotherapy treatment consists of the use of ionizing radiation
for the control and clonogenic reduction of neoplasms (malignant and benign) based on an
adequate planimetry associated with prescriptions of effective therapeutic doses [3, 4]. Radio-
induced toxicities trigger leukoencephalopathies (extensive white matter lesions with several

lacunar infarcts), resulting in a neurocognitive decline and a decrease in life quality [5, 6].

5 Artigo submetido a Revista Analytical and Bioanalytical Chemistry, manuscript no. ABC-00841-2022,
17/05/22). Autores: Matheus Figueiredo Soares Mingote (UFMG), Camila Cristina Almeida de Paula (CEFET-
MG), Tarcisio Passos Ribeiro de Campos (UFMG), Rodinei Augusti (CEFET-MG), Géssica Vasconcelos (UFG),
Boniek Vaz (UFG).
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Higher doses lead to exacerbated effects such as fatigue, erythema, alopecia, headache and
nausea, vomiting, dry mouth, conjunctivitis, neuropathies, and neuritis (ototoxicity,
retinopathies, blindness, cataracts) and hypothalamic-pituitary dysfunctions. Cognitive deficits
lead to a significant impairment in intellectual development (Full-Scale Intelligence Quotient -
FSIQ) [7-10]. lonizing radiation causes direct DNA damage and indirect damage by favoring
and forming reactive oxygen species (ROS) and reactive nitrogen species (RNS). ROS / RNS
represents one of the main threats that cause damage to the genome. lonizations directly cause
base alterations and deletions in DNA, disruption of hydrogen bonds, fragmentation of single-
strand breaks (SSBs), or double-strand DNA (DSBs - double-strand breaks), and induce the
formation of internal or external cross-linking of molecules with DNA and proteins [11, 12].
The action of ROS triggers the lipoperoxidation process in polyunsaturated fatty acids,
generating highly reactive by-products, such as aldehydes, ketones, epoxides, and
hydrocarbons, which can even lead to mutations and genetic damage. [11, 13-16]. Lipid
peroxidation is a cytotoxic event defined by successive biochemical events activated by free
radicals determining the extensive oxidation of unsaturated fatty acids and membranes. The by-
products formed generate structural and functional changes in the cell membrane, causing
changes in the ionic and molecular substrate flow, initiating several processes [17]. The
peroxidation of the esterified arachidonic acid, a constituent of the cell membrane, favors
mainly the formation of isoprostanes (compounds formed during the peroxidation of
arachidonic acid), resulting in important physico-chemical alterations that cause changes in the
fluidity and inactivation of the enzymatic transmembrane receptors responsible for intracellular
and nuclear signaling [18].

Oxidation of membrane lipids also occurs with aging and neurodegenerative diseases,
such as Alzheimer’s disease (AD) [19-21]. Oxidative stress is essential in the initial
development of AD, showing a significant expressive increase in lipid peroxidation [22-25].
Samples of the cerebral cortex and hippocampus have already demonstrated high
concentrations of malondialdehyde (MDA) and carbonyl protein (CP), demonstrating the
importance of lipid peroxidation in the development of AD [26]. Oxidized lipid by-products,
as well as DNA / RNA, can be measured in peripheral fluids by increased levels of MDA and
8-hydroxy-2-deoxyanosine (80HdG) / 8-hydroxyguanosine (80HD), respectively [27].
Increased levels of MDA and 80OHdG were also measured in urine, cerebrospinal fluid (CSF)
and blood for other neurodegenerative diseases such as Amyotrophic Lateral Sclerosis (ALS),
Parkinson’s disease (PD), Huntington’s disease (DH) and Friedreich’s ataxia (FRDA)[28-33].
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In other studies, disorders in lipid signaling with decreased levels of endocannabinoids have
been reported in patients with schizophrenia and depression. Changes in the levels of non-
esterified fatty acids (NEFA) and phosphatidylcholines (PC) in the gray/white matter and an
increase in the ceramide levels in white matter have also been found in patients with
schizophrenia. In patients with depression, however, an increase in certain species of PCs
containing arachidonic acid was observed. The use of antipsychotic medication led to changes
in serum lipid profiles showing a strong association with altered gene expression of lipid
metabolism [34-40].

Lipidomics refers to the investigation of the cellular lipid profile resulting from the
metabolome of biomolecules (DNA / RNA, amino acids, carbohydrates, and lipids) using mass
spectrometry to contribute and add to the recent advances in molecular genomics and
proteomics. Lipidomic investigation involves identification and quantification, evaluates
interactions with other biomolecules and metabolites, and also allows structural assessment as
well as intracellular morphophysiology and its behavior towards the numerous disorders that
occur in the system. Spatial and temporal changes in the content and composition of different
molecular species of lipids (membrane lipidomics and lipid neurotransmission) through
changes in their physiological or pathological state allow broadening the understanding of the
mechanisms that cause changes in cellular functioning. Lipidomics play an essential role in
defining the biochemical mechanisms underlying the pathophysiological processes related to
lipid dysfunction by identifying changes in cell lipid signaling, metabolism, traffic, and
homeostasis. The elucidation of such mechanisms helps to understand specific
pathophysiological mechanisms involved mainly in neurodegenerative diseases. [41-47]

Desorption electrospray ionization mass spectrometry by image (DESI -MSI) can
promote the desorption, in ambient conditions, of biomolecules in animal tissues allowing the
qualitative and quantitative spatial analysis of these molecules. For this reason, this technique
has been used to investigate the lipid profile of different animal tissues in the search for markers
that may be associated with diseases and also to understand the metabolic role of different
classes of lipids in the body. [48 — 55]

Electrospray desorption ambient ionization mass spectrometry (DESI-MS) was first
described in 2004 by Takats and colleagues. [56] In this technique, a high voltage (~ 5 kV) is
applied to a capillary in which a low flow of solvent (0.5 to 10.0 mL.min-1) - such as acetonitrile
and methanol - is percolated. When expelled from the capillary, with the aid of an inert
nebulizer gas, the solvent beam reaches the surface that contains the sample at an appropriate
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angle and transfers charge to the ionizable species. The generated ions readily interact with the
electric field and enter the mass spectrometer. For image generation, spectra are obtained all
over the sample in order to scan the entire tissue. The intensities of the ion signals observed in
the spectra are converted into an image using a software that allows the spatial distribution of
a given ion to be evaluated through a color scale.

The present study describes the spatial distribution of the different lipid molecules
present in the structures of the Wistar rat brain and the radio-induced response of these tissues
before and after the administration of gamma radiation. To the best of our knowledge, the
present study comprises the first investigation of whether radiation exposure can affect the
lipids profile.

8.2 Materials and methods

8.2.1 Animals

Fifteen healthy Wistar rats, aged 11 weeks and body weight between 300 + 15 g were
selected. The animals were divided into two groups: a control (n = 3), called GC, and another
subjected to total body irradiation (TBI), called GIR (n = 12) subdivided into 04 subgroups
containing 03 animals each. The animals were submitted to the same photographic period of
12h day/night with free access to food and water. Animals of the same lineage, family, with the
same weight and age, were used to linearize the experiment, provided by the Laboratory of the
Federal University of Minas Gerais, Biotério Central. Animal experiments took place with the
approval of the Animal Experimentation Ethics Committee of the Federal University of Minas
Gerais (CETEA - UFMG).

8.2.2 Irradiation protocol

Each subgroup of GIR animals was placed in appropriate boxes and subjected to total
body irradiation by exposure to the Co-60 source (absorbed dose of 5 Gy) at the Gamma-LIG
Irradiation Laboratory of the Nuclear Technology Development Center of the Federal
University of Minas Gerais - CDTN - UFMG. The following irradiation parameters were

followed: the animals’ activity on the irradiation date was 26,940.00 Ci; chimney distance of
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1.6 m; current dose rate of 87.91 Gy.h'; applied dose of 5 Gy; exposure time of (h: min: s)
0:03:25.

8.2.3 Preparation of tissue

The animals belonging to each subgroup were sacrificed on the same date to remove the
brains. Therefore, each subgroup was exposed to the same radiation conditions at different
times before the sacrifice date to perform the post-radiation kinetic study. Thus, each subgroup
was submitted to the radiation protocol 7 days, 96 h, 48 h, and 24 h before sacrifice,
respectively, totaling 4 subgroups.

To remove the organs, the animals were anesthetized by intramuscular injection with a
combination of 5% ketamine (0.2 mL for each 100 g of body weight) and 2% xylazine (0.1 mL
for each 100 g of body weight).

After sacrificing and removing the brain, the organs were weighed, stored in duly
identified plastic bags, and instantly frozen in a mixture of dry ice and n-heptane at
approximately -78°C to avoid denaturation. Then, the organs were stored in a freezer (-80 ° C)
until the slides were prepared in the cryostat.

For the preparation of the slides, the Leica CM3050-S microtome was adjusted to a
temperature of -30 ° C, and the thickness of the slide was adjusted to 14 um. The organs were
previously removed from the freezer to reach the cryostat temperature before cutting. The slides

were then returned to the freezer at -80 °C for further analysis by DESI.

8.2.4 Desorption electrospray mass spectrometry (DESI)

Before analysis, the plates with the slide samples were transferred to a vacuum
desiccator for 15-20 min until thawing. The solvents chosen were acetonitrile and N, N-
dimethylformaldehyde ACN: DMF (1: 1) to avoid morphological changes. The infusion pump
was adjusted with a flow rate of 3.5 uL.min%. The nitrogen nebulizer gas pressure was 160 psi.
The high voltage applied to the ionization source was 5 kV. The angle of incidence between the
source and the sample surface was approximately 54 °. Mass spectra were acquired in the 200-
1000 mass range. The analysis was performed by a Thermo Fisher Scientific Q Exactive
Orbitrap MS (Thermo Scientific, San Jose, CA, USA) operating in negative ion mode. For data
translation into the acceptable format for graphical analysis: FireFly, see 2.0.1 (Prosolia,
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Indianapolis, USA) and for data visualization and interpretation: BioMap see. 3x (Novartis
Institute for Biomedical Research, Basel, Switzerland). All analyzes were performed on the

same day to avoid inconsistency in the dates.

8.2.5 lon identification

All ions attributed to possible lipids observed in the mass spectra were identified in the
METLINTM (Metabolite and Chemical Entity Database) and LIPID MAPS® (Lipid
Metabolites and Pathways Strategy) databases.

In the METLINTM database, only those species with a maximum error of 1 ppm
between the theoretical and experimental masses of the ions observed in the images were
considered when assigning categories to lipids. This parameter was assigned to give reliability
to the results since no analytical standards were used to confirm the proposed species. Besides,
heavier isotopologues (containing *C) with a maximum error of 5 ppm between the theoretical
and experimental masses and with quite similar images than those of the lighter isotopologues
were not considered. All proposed lipids were classified according to their category, using the
nomenclature and abbreviations established by LIPID MAPS®. The Figure 17 summarizes the

entire experimental project.
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Figure 17: Graphical representation of the experimental flowchart up to the attainment of the
DESI-MS images.
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8.3 Results

The results presented refer to the lipids observed in negative ion mode. Due to the high
number of isomers, each signal observed in spectra refer to several lipids. Thus, the signals that
generated image were associated in the following classe of lipids - fat acids (FA),
glycerophosphates (PA), glycerophosphoethanolamines (PE), glycerophosphoglycerols (PG),
glycerophosphoserines (PS), sphingolipids (SP) and glycerophosphoinositols (PI).

The Figure 18 shows the brain regions of Wistar rats didactically identified by numbers.
Table 10 presents some of the identified lipids and their different spatial distributions over the
brain in control group. Figure 19 shows the radioinduced modulation of lipid molecules in the

brain of Wistar rats in said time kinetics.



Figure 18: Scheme of regions in the rat brain identified by colors and numbers.
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Adapted from

14

13 Medulla

14 Fiber Tracts

15 Cerebellum
16 Fourth Ventricle
17 Third Ventricle

18 Lateral Ventricle

Table 10: lon images and the distinct brain regions of healthy Wistar rats control group.

m/z (Class) Brain Regions with High Contents (red spots)

303.23277 (FA) High intensity dispersed in the parenchyma in the areas (11), (1), (10), (2), (3), (4),

(), (6). (7). (8) and (9).

High intensity with greater density in the parenchyma in the brainstem areas of the:
309.27966 (FA) (13), (12), (10), (11) and (9) with high density at the base of the hypothalamus.
Present in (2) and (3). Present in (14) and in the fastigial nucleus of the cerebellum.

673.48111 (PA) High intensity with greater density in the parenchyma at: (12) and (11); present (14)
' nerve fibers and tracts in the isocortex, (14) cerebellar tracts and fibers.

687.49661 (PA) High intensity with greater density in the parenchyma in the areas: (1), (10), (11),

(2) and (3); focuses scattered on (9) and (12).

726.54427 (PE) High density in the brainstem (11; 12; 13), (10) and (14) and tracts in the cerebral

parenchyma: (3), (6), (7), (8); punctually at the base of the (9).
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m/z (Class)

Brain Regions with High Contents (red spots)

754.5752 (PE)

774.54419 (PE)

797.5333 (PG)

786.5291 (PS)

834.52938 (PS)

862.60691 (SP)

888.62368 (SP)

857.5175 (PI)

909.5496 (PI)

High intensity mainly in the areas of (14) and isocortex (between the hippocampus
and somatomotor/sensory cortex). high intensity and density of points mainly in the
brain stem: (11), (12), and (13).

High intensity diffusely throughout the cerebellar parenchyma, (1), (9), (10), (7),
(8), (2), (3), (4), (5), (6); present in high density in the upper part of the (11) and
the lower part of the midbrain near the hypothalamus.

High intensity with great density in the parenchyma in the areas (7), (8), (10), (11),
(2), (3), (4), (5), (9) and punctually in the (15).

High intensity diffusely spread throughout the (15), (9), and present in the upper
part of the (11). Punctually in the (13) and (3).

High intensity in the cerebral parenchyma: (1), (10), (3), (4), (5), (6), (7), (8);
Present with great density in the cerebellar leaves. Upper midbrain with greater
density. However, pons, medulla, and lower midbrain have virtually no lipid
intensity and density.

The strong intensity with high density, mainly in the areas of (14) and fibers in the
cerebellum and isocortex (between the hippocampus and somatomotor/sensory
cortex). High intensity and density of points mainly in (10), (11), (12) and (13).
Regions with the highest density in the (2), (3) and (6).

Strong intensity with great density mainly in the areas of (14). Great intensity and
density of points mainly in the Brain Stem: (11), (12) and (13). Regions with the
highest density in the (10), (11), (2) and (3). Punctually in the (6) and (7).

Strong intensity with great density diffusely throughout the (15), (1), (9), (10), (7),
(8), (2), (3), (4), (5) and (6); Present in high density in the upper part of the (11)
and dispersed with areas of greater density in the (12) and (13).

Strong intensity with high density diffusely throughout the (15) cerebellar
parenchyma, and brainstem (11-midbrain; 12-bridge; 13-bulb) and part of the (10)
Thalamus. Great density at the base of (9) Hypothalamus

Source: Prepared by the authors.



Figure 19: Modulation of types of lipids according to topography and time kinetics
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8.4 Discussion

In the present study, DESI-MSI allowed the analysis of the main constituent lipids in
the Wistar rat brain, in addition to demonstrating the main changes in cerebral lipid expression
resulting from radiotherapy treatment. DESI-MS fingerprints biological tissues based on the m
/ z ratio of the constituent molecules in brain tissue. At the same time, it is possible to acquire
images of the distribution of each lipid species, allowing to evaluate the spatial distribution of
the molecules in the structures of the brain. In addition, according to the methodology proposed
in the referred time kinetics, the molecular imaging associated with the lipid profile also allows
to evaluate the radioinduced response and to evaluate the changes in the spatial distribution and
the relative intensity of each ion in the samples.

The ions observed in the DESI-MS images were categorized into classes according to
the molecular structures suggested in the Metlin database. Some structures suggested by the
database, despite having an error of O ppm between the theoretical and experimental masses,
are not likely to be observed by DESI-MS in the negative mode. Thus, lipids with Wax Esters
(WE), Esterol Lipids (ST), Prenol Lipids (PR), and Glycerophosphocholines (PC) were not
considered when assigning the lipid category to the species suggested in this work.

Some of these classes of lipids have already been identified and correlated to some
diseases. For instance, FA is one of the various fatty acids found in the serum and urine of
patients with schizophrenia[57], and is also correlated with colorectal cancer (CRC) [58]. PG
and PS fatty acids have already been observed in ductal fluid panels for breast cancer diagnosis
validation [59], whereas PE has been associated with the diagnosis of myeloid leukemia,
hepatocellular carcinoma, genitourinary cancer and lung carcinoma [60-63].

Table 1 shows the spatial distribution of lipids in the brain. Different types of lipids may
belong to the same region and may be related to the same sensory, motor or cognitive function.



119

The spatial distribution pattern shows that each lipid presents important differences in intensity
between specific and adjacent regions.

The ions m/z 754.5752 (PE) and m/z 862.60691 (SF) are of different classes but have
an important similarity in the spatial distribution with presence in the cerebellar fibers and tracts
and in the brain stem. This is evidence that these ions are constituents of these areas and may
be related to balance, motor skills, gait and fine movements and coordination in the execution
of motor automation. It is known that the reduction of docosahexaenoic acid (DHA) a fatty acid
from the omega-3 group is essential for humans and low levels present are correlated with
depression, tardive dyskinesia and senile dementia [64], visual disturbances including retinitis
pigmentosa [65], macular degeneration, dyslexia [66] and decreased nocturnal visual acuity.
More serious cases can also lead to adrenoleukodystrophy (deficiencies in peroxisomes lead to
accumulation of very long chain fatty acids leading to demyelination, manifesting with loss of
perception, memory, vision, hearing, speech, impaired gait movements and severe dementia)
[67]. Other studies report the importance of DHA in the activity of acetylcholine in the
hippocampus [68], suggesting that it acts as an optimizer in signal transduction, improving
cognitive response [69].

The ions m/z 687.49661 (PA), m/z 774.54419 (PE), m/z 888.62368 (SF) and m/z
857.5175 (PI) are also of different classes with a distribution covering mainly the
somatosensory areas and the hippocampus. So the ions in these areas can be related to sensory
perceptions, emotional modulation and recent memory. Studies have also shown the decrease
in DHA levels may be correlated with the pathophysiology of Alzheimer's Disease (AD). In
AD, a direct association of omega-3 polyunsaturated fatty acids (PUFAs), mainly DHA, was
observed, with a decrease in the formation of 3-amyloid peptides. The decrease in DHA was
associated with a greater aggregation of B-amyloid peptides mainly identified in the
hippocampus region [70].

The ions m/z 774.54419 (PE), m/z 797.5333 (PG), m/z 834.52938 (PS), m/z 857.5175
(PI) in m/z 888.62368 (SF) are also of different classes with a distribution covering mainly the
somatosensory areas, somatomotor, olfactory, frontal, basal ganglia. Practically these groups
of ions are present in an extensive area called the isocortex. In this area there is a large amount
and neuronal diversity resulting in numerous functions such as sensory perceptions, behavior,
olfactory perception, cognition and production and inhibitory control of movements of
voluntary / complex movements. The lipid peroxidation markers (MDA and 80OHdG) have been
implicated in studies referring to the beginning of cognitive decline in dementia
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neurodegenerative processes. Physico-chemical changes in the membrane lead to changes in
membrane fluidity and potential, causing dysfunctions in the neurophysiology of synapses [71].
Thus, the decrease in certain lipids can lead to important neurocognitive disorders and with
important implications in the development of important neurodegenerative diseases such as
AD, ALS and DP.

The ions of m/z 303.23277, m / z 309.27966, m / z 687.49661, m / z 774.54419 and m
/ z 888.62368 are spatially distributed in the hypothalamic region. Recent work has already
shown that lipid metabolism in the brain is tightly regulated to maintain neuronal structure and
function. The hypothalamus is a key region of the brain in modulating eating behavior and
energy expenditure. Through signs peripheral nutritional and through sensors specialized in the
control of the energy balance, the hypothalamus is able to modulate and alter the energy
metabolism of different organs[72, 73]. The presence of fatty acids (FA) or FA metabolites can
signal nutritional sufficiency resulting in decreased glycogenolysis, gluconeogenesis and liver
lipogenesis. Thus, the lipids found in this hypothalamic region may signal the pathophysiology
involved in the development of obesity and the metabolic syndrome (MetS).[74, 75]

Table 2 contains the images obtained from the spatial distribution of each lipid in the
brain in the proposed time kinetics. lonizing radiation provided significant changes in the
metabolome resulting in a modulatory response, significantly altering the spatial distribution
and the intensity of the lipids. The images in the time kinetics show a sharp drop in the first 48
hours in all regions. Thus, each structure in the brain has several lipids in its composition and
the decrease may represent important neurophysiological changes with changes in
neurocognitive functions in the short and / or long term. After 96 h and 1 week, a metabolic
response was observed to minimize changes and restore physiology. However, it is noticed that
even after 01 week, the levels of some lipids such as m/z 303.23277, m/z 687.49661, m/z
726.54427 and m/z 862.60691 remained very different in relation to the distribution and
intensities of the control group. Other lipids such as m/z 673.48111, m/z 754.5752, m/z
797.5333 and m/z 834.52938 demonstrate a satisfactory response to minimize the effects of

ionizing radiation.

8.5 Conclusions
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Through the developed study we obtained irrefutable evidences that the radiation
induced significant alterations in the lipid profile of the animals submitted to the radiotherapy
treatment. This fact lead us to infer that the synthesis of these lipids in the organism was
disturbed after exposure to radiation. It is noted that the individuals probably developed a
regulatory mechanism in order to minimize the changes caused by the action of radiation, but
we cannot say that permanent changes were triggered.

The proposal to investigate brain metabolomic changes resulting from radiotherapy
treatment made it possible the development of an analysis methodology that employ to use a
powerful experimental technique. The data acquired through the DESI-MSI, paved the way the
understanding of radio-induced lipidomic changes. More studies still in development looking
for of possible injury biomarkers in the radiotherapy treatment of brain neoplasms, as well as
their feasibility to be used as quality control in therapy.

The radiation effetcs needs to be betther studies in order to unravel the physiological
and molecular mechanisms induced by radiation. Several possibilities have been pointed out,
such as direct DNA damage, the formation of ROS inducing the rupture of intermolecular DNA
bonds, lipid oxidation, changes in signaling mechanisms for cellular and molecular repair, and
intracellular microstructural changes.

The understanding of the main phenomena of the molecular response of brain tissue to
radiation exposure will allow a review of planimetry and therapeutic protocols in order to

minimize the many undesirable short and long term neurocognitive adverse effects.
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Annexes
Table 11: lon Formula, experimental mass and category of lipids detected in negative mode
lon Formula [M-H] (m/z) Category Error (ppm)
C1gH330: 281,24840 FA (C18:1) 1,225617363
C1gH350: 283,26397 FA (C18:0) 0,93424747
C20H30: 303,23277 FA (C20:4) 1,202927833
C20H370: 309,27966 FA (C20:1) 0,984786713
C22H3s50: 331,26404 FA (C22:4) 1,010187336
Cs7H7008P 673,48111 PA (C37:1) 0,414512911
CagH7208P 687,49661 PA (C38:1) 0,18778627
CaoH7sNO7P 700,52836 PE (C39:1) 0,349194978
C3oH7sNOgP 716,52395 PE (C39:1) 1,283980084
CaH7sNO7P 722,51278 PE (C41:5) 0,435542659
CuH77NO7P 726,54427 PE (C41:3) 0,694461537
C41H79NO7P 728,55951 PE (C41:2) 0,129697864
C41H73NOgP 738,50775 PE (C41:4) 0,501099258
C41H79NOgP 744,55444 PE (C41:1) 0,147568815
C43H73NO7P 746,51323 PE (C43:6) 1,024343244
C43H77NO7P 750,54393 PE (C43:4) 0,219249973
C43Hs1NO7P 754,5752 PE (C43:2) 0,178151262
C43H73NOgP 762,5077 PE (C43:6) 0,41975397
C43H7sNOgP 764,52263 PE (C43:5) -0,523200328
C43H77NOgP 766,5392 PE (C43:4) 0,67829219
CusH7sNO7P 772,52774 PE (C45:7) -0,485909953
CsH77NO7P 774,54419 PE (C45:6) 0,54813778
CasHaiNO7P 778,575 PE (C45:5) -0,084219882
Cs2H77NO1oP 786,5291 PS (C42:2) 0,751019312
CusH77NOgP 790,53924 PE (C45:6) 0,708298296
CaaH75010P 797,5333 PG (C44:4) 0,049741875
Ca6H77NO1oP 834,52938 PS (C46:6) 1,043341348
CasH7s013P 857,5175 Pl (C45:4) -0,587961766
Cu6HgsNO11S 862,60691 SF (C46:1) -1,041775638
C47Hg0013P 883,53376 Pl (C47:5) 0,119687574
C47Hg2013P 885,54956 Pl (C47:4) 0,288729152
Ci8HooNO11S 888,62368 SF (C48:2) 0,249027975
Cu9Hs2013P 909,5496 Pl (C49:6) 0,325088369
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9 CONSIDERACOES FINAIS

Apols a investigacdo experimental, a obtencdo dos resultados analiticos e de
imageamento por DESI-MSI, é possivel afirmar que a radiacao induz alteracdes metabolémicas
no perfil lipidico cerebral, em regides especificas do encéfalo.

A proposta de investigar as alteragbes metabolomicas cerebrais radioinduzidas
provenientes dos tratamentos radioterapicos de tumores cerebrais, permitiu lancar méo de novas
técnicas experimentais diferenciais no estudo dos efeitos bioldgicos adversos. O
desenvolvimento da metodologia e protocolos Unicos tornaram possivel a aquisi¢do de dados
analiticos preciosos e de imageamento por DESI-MSI, facilitando a compreensao das alteraces
lipidomicas radioinduzidas. Os resultados alcancados ndo encerraram definitivamente as
investigacbes. Inimeras possibilidades de investigacdo no campo da metabolémica foram
abertas culminando com o surgimento de uma nova area ainda incipiente: radiometabolémica.
Um melhor detalhamento ainda poderé ser confirmado e avaliado associando as técnicas de
massas sequenciais MS/MS, permitindo ainda um refinamento ainda maior dos resultados. Os
mecanismos de radioinducdo bem como os mecanismos de reparo associados permitirdo utilizar
possiveis biomarcadores de toxicidade do tratamento radioterapico bem como a sua viabilidade
para melhor controle terapéutico.

Os estudos séo de extrema importancia e urgéncia e deverao ser ampliados futuramente
associados a imuno-histoquimica, ativacao/inativacdo génica radioinduzida, protebmica com
digestdo e sequenciamento proteico para identificacdo e rastreamento molecular. Cabe ainda
ressaltar o aumento expressivo de doencas neurodegenerativas podem estar associados as

alteracdes metabolomicas importantes no desenvolvimento de doengas como Alzheimer.
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ANEXO A - Avaliacdes em alteragdes na concentracdo de metais em tecidos

irradiados in vivo®

1 Introducéo

Os metais essenciais desempenham funcdo fundamental na manutencdo da satde do
corpo, por causa de seu papel nas funcdes enzimaticas e horménios. Algumas deficiéncias
nutricionais sdo capazes de suprimirem algumas funcées estruturais e metabolicas das células
e da imunidade humoral. Também tém um grande efeito sobre o desenvolvimento normal do
sistema imune. Por isso, adicionar alguns desses metais como cobre, zinco e selénio na
alimentacdo pode ser necessario para uma imunidade adequada (HAWAS, 2013).

O ferro € elemento essencial para proliferacdo das células imunes e o cobre para a
fosforilagdo oxidativa, atividade antioxidante celular, formacdo dos tecidos conjuntivos,
funcgBes neuroldgicas e o metabolismo do proprio Fe. O zinco atua como cofator de mais de
300 enzimas influenciando a funcionalidade de diversos 6rgaos e tendo efeito secundario no
sistema imune, onde é essencial para sua integridade. Da mesma forma, o Zn é um elemento
critico no crescimento e diferenciacdo celular, necessario para a sintese de DNA, para a
transcricdo do RNA e ativacdo celular (HAWAS, 2013). Pela sua importancia, o interesse dos
cientistas na mensuracdo das concentragfes de metais nos tecidos vivos e o0 entendimento da
forma como a alteracdo desses valores pode ocasionar disfuncdes e doencas tém aumentado
(PARR; TAYLOR, 1964).

As alteracOes bioldgicas em consequéncia a exposi¢cdo a radiacdo ionizante ocorrem
devido a uma série de fatores fisicos, quimicos, bioquimicos e a resposta celular iniciada logo
apos a deposicdo da energia da radiagcdo no meio. Essa energia absorvida é em geral maior do
que as energias de ligagdo de varias moléculas do corpo e pode levar a ionizacdo das moléculas.
O tempo decorrido da deposicao energética, dissociacdo e ionizagdo molecular é da ordem de
1012 segundos. Como a agua é o principal constituinte das células ¢, basicamente, a ionizagio
desta molécula que gera as espécies primarias com alta reatividade e baixa meia vida, como o
radical de hidroxila OHe, que irdo mediar as reagdes quimicas danosas aos componentes

biologicos como a membrana celular, enzimas, proteinas e o proprio DNA (SOULE et al., 2007).

6 Autores: Matheus Figueiredo Soares Mingote, Daniel Coelho, Tarcisio Passos Ribeiro de Campos.
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Como consequéncia, a exposicdo a radiacdo de pacientes pode levar a modificacGes
genéticas e efeitos deterministicos deletérios graves, que dependerdo da tolerancia limiar do
organismo, do tipo de radiacéo e das doses e taxas de doses envolvidas. Os sintomas clinicos
imediatos indicativos da toxidade da radiacdo ionizante em tratamentos radioterapicos incluem:
ndusea, emese, parotidite, xerostomia, dor de cabeca, fadiga, mucosite, diarreia e perda de
apetite. De forma tardia, poderdo aparecer pneumopatias, doenga veno-oclusiva hepaética,
disfuncéo renal, catarata, hipotireoidismo, infertilidade e neoplasias secundarias. Esses efeitos
colaterais de risco de curto e longo prazo demandam um acompanhamento clinico de
oncologistas e radioterapéutas (WOLDEN et al., 2013).

Deste modo, faz-se necessario analisar a fundo as diversas alteracGes nas concentraces
de metais, em termos teciduais, causadas pela radiacdo em tratamentos terapéuticos, de tal modo
a esclarecer essas modificagdes nos tecidos vivos. Para isso, tomam-se como referéncia os
dados existentes em variados estudos feitos em ratos, com exposicao a alta e baixa dosagem de

raios vy.

2 Metodologia

Os dados analisados estdo fundamentados em estudos de alto rigor cientifico, publicados
em artigos, até junho de 2016, nas bases de dados Peridédicos CAPES, SciELO (Scientific
Eletronic Library Online), Elsevier e Science Direct. As informacdes foram divididas em

exposicoes cronicas e agudas.

3 Andlise dos resultados

3.1 Exposicao crbnica

Na exposic¢do cronica a radiagdo de baixa dosagem, a taxa de dose é definida como
aquela em torno de (2 mSv. a 8 Sv.) ano™. Quando comparados com grupos controles, os dados
de pesquisas com ratos demonstram um limiar de 8 Sv.ano™ para nocividade induzida por
radiacdo, considerando quatro parametros: mortalidade por cancer, capacidade reprodutiva,
desenvolvimento precoce e expectativa média de vida (LUCKEY, 2008); entretanto serdo

abordados neste estudo revisional apenas os niveis de concentracdo de metais em 6rg&os.
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Estudos feitos com ratos Wistar albinos, do sexo masculino, entre 120g e 150g,
mantidos sobre condigdes controladas, irradiados em corpo inteiro, através de baixa dose de
radiagdo vy (0,03 Gy durante 12h — taxa de dose de 2,5 mGy.h), demonstraram variagdes
significantes nos niveis de metais nos tecidos. Os animais foram sacrificados 1 hora apés a
irradiacdo e analisados tecidos do figado, rim, coragdo, testiculos, bago, intestino, coracao e
cérebro, medindo-se as concentragdes de Fe, Cu, Ca e Zn (HAWAS, 2013a).

Apesar da baixa dosagem de radiacéo a que foram expostos, observou-se alteracdes nos
niveis dos metais analisados. A andlise estatistica foi feita utilizando o teste t de Student e o0s
resultados encontram-se nas Fig. 20, Fig. 21, Fig. 22 e Fig. 23 (*significativamente diferente
do controle com p < 0,05; **significativamente diferente do controle com p < 0,005;

*#*significativamente diferente do controle com p < 0,0005) (HAWAS, 2013a).

Figura 20: Concentragédo de Fe nos tecidos
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Fonte: Modificado de HAWAS, 2013a.
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Figura 21: Concentracdo de Cu nos tecidos
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Fonte: Modificado de HAWAS, 2013a.
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Figura 22: Concentrag&o de Ca nos tecidos
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Figura 23: Concentracdo de Zn nos tecidos
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Fonte: Modificado de HAWAS, 2013a.

A concentracdo de Fe aumentou significativamente no figado e diminuiu
consideravelmente nos demais Orgdos, exceto no baco, onde ndo ocorreram mudancas
significantes. Os niveis de Cu apresentaram um aumento relevante no figado, nos testiculos e
no baco, enquanto nos rins, intestino e coracdo as concentracbes do metal diminuiram
significativamente. N&o foram observadas alteracbes no cérebro. Na concentracdo de Ca,
observou-se aumento relativamente maior que o grupo controle em quase todos os 6rgaos,
exceto no cérebro, cujos niveis diminuiram substancialmente, e no intestino, onde ndo foi
constatada nenhuma variag&o significativa. A analise dos niveis de zinco demostra um aumento
na sua concentracdo no figado e uma reducdo nos tecidos do bacgo, coracdo e cérebro. Neste
caso, ndo foram encontradas alteragdes nos rins, testiculos e intestino (HAWAS, 2013a).
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3.2 Exposicao aguda

Os estudos de exposicdo aguda envolvem em geral altas doses e altas taxas de dose,
usualmente utilizadas na radioterapia. Esta revisdo avalia dados de uma dose de radiacdo gama
de corpo inteiro de 6,5 Gy (com taxa de dose de 0,88381 cGy.s™), onde foram utilizados ratos
albinos pesando entre 150g e 200g.

Irradiou-se um total de 12 ratos, divididos em 2 grupos com 6 animais cada: o 1° grupo
foi sacrificado um dia ap0s a irradiacdo e 0 2°, 3 dias depois da exposicao a radiacdo. Apos o
sacrificio, foram medidos os niveis de Fe, Cu e Zn nos 6rgdos, analisados através de
espectrometria de absorcdo atdmica (EAA), conforme Tab. 12. A andlise estatistica foi feita
utilizando o teste t de Student. Os resultados apresentados com valores p< 0,05 foram
considerados significantes (*significativamente diferente do controle com p < 0,05) (SHABAN;

HAWAS, 2008).

Tabela 12: Concentracao de Fe, Cu e Zn nos 6rgdos

Grupos Irradiados
Orgéaos N&o Irradiados 1° dia 3°dia
Fe 183,7+ 3,519 228,3+9,924* 230,1 + 6,087*
Figado Cu 3,150+ 0,111 2,382 +0,077* 2,841 + 0,096*
Zn 33,18+1,215 24,99 +0,821* 26,72 +0,978*
Fe 121,9£2,425 110,0 £ 1,642* 131,0 £ 3,017*
Rim Cu 3,645+0,081 3,981+0,077* 4,087 + 0,134*
Zn 34,11+1,094 29,28 + 0,904* 29,61 + 0,986*
Fe 1003 £ 39,02 1385 + 64,23* 1300 £ 29,73*
Baco Cu 1,280 £ 0,060 1,444 +0,035* 1,843 £ 0,057*
Zn 30,55+1,171 38,07 +1,272* 40,22 + 0,670*
Fe 31,21 £1,048 4256 +1,714* 42,10 £ 1,544*
Intestino Cu 1,451 £0,033 1,603 £+ 0,049* 1,467 £+ 0,064
Zn 32,65+1,356 38,81+ 0,899* 35,62 + 0,985

Fonte: Modificado de SHABAN; HAWAS, 2008.

Examinando os resultados obtidos nos ratos sacrificados apds um dia, percebe-se um
expressivo aumento dos niveis de ferro, com queda nas concentracGes de cobre e zinco no
figado. Os rins apresentaram uma queda consideravel nos niveis de Fe e Zn, com um aumento
na quantidade de Cu. Contudo, intestino e baco exibiram um decréscimo vultoso nas
concentragdes dos trés metais (Fe, Cu e Zn) analisados (SHABAN; HAWAS, 2008).
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Nos dados referentes aos ratos sacrificados trés dias posteriormente a radiacao,
encontrou-se um aumento ainda maior nas quantidades de Fe no figado e um valor menor de
Cu e Zn quando comparados ao grupo controle. Apesar da diminuicdo dos niveis de Cu e Zn,
as medidas obtidas desses metais indicou uma recuperacdo, aproximando-se mais a
concentragdo do grupo controle. Nos rins a concentragdio de Fe e Cu aumentou
expressivamente, tornando-se maior até que a existente no grupo controle, enquanto o nivel de
Zn diminuiu. Os valores de todos 0s metais no baco demonstrou um acréscimo se comparado
aos ratos ndo irradiados. J& no intestino apenas o Fe apresentou uma varia¢do negativa
significativa (SHABAN; HAWAS, 2008).

4 Concluséo

As andlises dos resultados dos estudos apresentados permitiram observar que mesmo
em uma baixa dosagem de exposicdo a radiagdo vy, equivalente a uma exposi¢do cronica, 0s
niveis de concentracdo de metais essenciais no organismo foram alterados. Pode-se perceber
a baixa sensibilidade do organismo submetido a irradiacdo ionizante a este efeito
deterministico. Porém, esses elementos ocorrem em baixa concentragdo nos tecidos biologicos
e sua determinacdo através de métodos convencionais torna-se complexa e incerta. Deste modo,
faz-se necessario analisar com profundidade as diversas alteracdes de concentragdes de metais
radioinduzidas no tecido vivo com técnicas acuradas, de tal modo a elucidar seus efeitos
bioldgicos e clinicos. Tal conhecimento podera contribuir para a adocao de protocolos com
maior seguranca para pacientes submetidos a diagnoéstico por imagem ou radioterapia.
Considerando-se as pesquisas de referéncia, torna-se necessario ampliar os tipos de metais
analisados bem como buscar outra metodologia de analise, como a técnica de Analise por
Ativacdo Neutronica (LEITE et al., 2008), que proverd maior sensibilidade nas medidas. Esta
técnica, além de multielementar, ndo exige que as amostras analisadas sejam solubilizadas,
evitando contaminagcdo pelos reagentes, condicdo imprescindivel para a analise por

espectrometria de absorcéo atdmica, utilizada nos artigos desta reviséo.
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ANEXO B - Andlise lipidica através de DESI-MS — uma revisao dos efeitos da radiagédo
gama no perfil lipidico em tecidos biolégicos’

1 Introducéo

A Agéncia Internacional para Pesquisa em Cancer, da Organiza¢do Mundial da Saude
(IARC/WHOQ) demonstrou que o cancer é uma das principais causas de morbidade e
mortalidade em todo o mundo, com cerca de 14 milhdes de novos casos e 8,2 milhGes de mortes
diretamente relacionadas as neoplasias em 2012 (FERLAY; FORMAN, 2014). Estima-se que
0 nimero de casos anuais sofrerd um incremento de aproximadamente 57,14% atingindo 22
milhGes de novos casos nas proximas duas décadas (FERLAY; FORMAN, 2014). Lesdes
neoplasicas sao caracterizadas pela intensa proliferacdo celular desordenada associada a falhas
nos mecanismos de reparo e eliminacdo celular, podendo acarretar danos bioldgicos aos tecidos
acometidos com possibilidade de metastase (HALL; GIACCIA, 2012).

A associacao entre um diagndstico precoce e a indicacdo de tratamentos eficientes como
a Radioterapia (RT), que emprega radiacdes ionizantes no combate as células neopléasicas torna-
se imprescindivel. Assim, se os efeitos nocivos da radiacdo ionizante acarretarem um dano
biolégico as células neoplasicas superior ao dano indireto as células dos tecidos sadios
adjacentes, o tratamento radioterapico tem boa indicacao e esté respaldado (DEB; FIELDING,
2009). Sabe-se que a radiacdo ionizante causa danos aos tecidos sadios e neoplasicos
indiscriminadamente e seus efeitos se manifestam de acordo com a radiosensibilidade inerente
das células, a cinética do tecido e a forma de organizagdo celular (JELONEK et al., 2014).
Contudo, mesmo com a adocao de protocolos rigidos para minimizacdo de danos bioldgicos
nos Orgaos de riscos, garantindo uma cinética de reparo adequado em tecidos sadios, efeitos das
radiacOes ja foram identificados através de alteragfes principalmente no metaboloma protéico
e lipidico intracelular.

A metabolémica permite o estudo analitico de biomoléculas bem como seus produtos
finais e processos celulares envolvidos para sua sintese. Lipiddmica permite analisar
dinamicamente as alteragdes envolvidas referentes aos lipidios e os efeitos bioldgicos nos
tecidos irradiados (JELONEK et al., 2014). A categoria de lipidios mais abundantes séo os

glicerofosfolipidios (PLs) presentes nas membranas bioldgicas e envolvidos na sinalizag&o,

7 Autores: Matheus Figueiredo Soares Mingote, Tarcisio Passos Ribeiro de Campos.
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regulacdo, proliferacdo e apoptose (WRIGHTET et al., 2004; BARTKE; HANNUN, 2009). A
utilizacdo de técnicas analiticas como a espectrometria de massas (Mass Spectrometry- MS)
permite a determinacdo de composicdes elementares, estruturas moleculares e analises
quantitativas e qualitativas de misturas complexas. Através da ionizacdo ambiente por uma
técnica baseada em dessorgdo por ionizacdo, denominada DESI (Desorption ElectroSpray
lonization), tecidos organicos podem ser submetidos a anélise de seus componentes estruturais
tais como lipidios e proteinas, principalmente fosfolipides dos tecidos biologicos (COOKS et
al., 2006).

Recentemente, inimeras evidéncias de alteracdes no metaboloma foram constatadas
principalmente pelas alteracGes lipidicas nos tecidos. Parece evidente que RT pode induzir
alteracdes no metaboloma humano. Para aprofundar este conhecimento, o presente trabalho
revisa as alteracGes lipidicas de tecidos irradiados, em especial atraveés da técnica de

espectrofotometria de massas com o objetivo de trazer uma luz sobre o tema.

2 Metodologia

Para a coleta de dados, foram consultados artigos entre o periodo de 2002 até fevereiro
de 2016, nas bases de dados Periédicos CAPES, PUBMED (National Library of Medicine; The
Nationallnstituteof Health), MEDLINE (US National Library of Medicine), SCIELO (Scientific
Eletronic Library Online) e Science Direct. Na estratégia de busca, os descritores utilizados
foram dessorcédo por ionizacdo (DESI), espectrometria de massas, efeitos das radiaces,
lipidios, radiacdo-y, radiagdo ionizante, metabolomica, lipidomica utilizados em cada base de

dados.

3 Resultados

3.1 Efeitos das Radiacgdes lonizantes no Tecido Bioldgico

A radiacdo ionizante é a radiacdo que apresenta energia suficiente capaz de provocar
excitacdo eletrénica e ionizacdo de moléculas acarretando na quebra de ligagdes quimicas nas
moléculas biologicas dos tecidos (YOSHIMURA, 2009). Raios gama (Ry) sdo radiacdes
emitidas de nuclideos radioativos, através das desintegracdes nucleares, ou de processos de
aniquilacdo de pdsitrons na matéria (MAIA et al., 2013). Raios gama sdo radia¢Oes de baixa
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LET (Linear Energy Transfer) usualmente empregadas em RT que produzem ionizacgdo e
conseqlientemente radicais livres danificando os tecidos bioldgicos.

Dose e taxa de dose sdo essenciais na analise da energia absorvida nos pacientes de RT.
A resposta clinica a um efeito deterministico esta diretamente relacionada a freqiiéncia e a taxa
de dose absorvida quando excedido um limiar de dose referente a sensibilidade do tecido
exposto ao respectivo efeito (KOLOMIYTSEVA et al., 2012)

Em células, a integridade da membrana é imprescindivel para garantir a sinaliza¢éo do
metaboloma protéico e lipidico. No entanto, a radia¢do ionizante induz a oxidacdo de lipidios
e proteinas pelas espécies reativas do oxigénio (Reactive Oxygen Species -ROS).

A peroxidagdo lipidica € um evento citotoxico definido por eventos bioquimicos
sucessivos desencadeados pelos radicais livres determinando a oxidacdo extensa de acidos
graxos insaturados e membranas. Os subprodutos formados geram alteracdes estruturais e
funcionais na membrana celular acarretando alteragdo no fluxo de substrato ibnico e molecular
desencadeando diversos processos (ACKERSTAFF et al., 2003). Assim, radiagdes ionizantes
causam inibicdo da mitose, inducdo de apoptose ou ainda podem desencadear o0 processo de
reparo celular (WANG et al., 2009). Alteracbes radioinduzidas lipidicas e protéicas séo
esperadas.

Estudos ja demonstram que lipidios nucleares estdo implicados nos processos de
inducgéo da tradugdo. A cromatina descondensada apresenta grande atividade sinalizadora sendo
rica em fosfolipides e colesterol em relacdo a cromatina condensada e inativa e pode ser medida
pela incorporacdo de 1,3- **C-glicerol em lipidios nucleares. Fosfolipides da cromatina tém sua
atividade aumentada na fase "S" do ciclo celular (WANG et al., 2009). Neste caso, parametros
como massa do 6rgdo, quantidade total de RNA citoplasmatico, quantidade total da sintese
protéica foram adotados como critérios de mensuragdo da resposta metabdlica e a atividade da
enzima ornitina descarboxilase (ODC) foi utilizada como marcador celular (WANG et al.,
2009). Em modelo in vivo, foi realizado a irradiagdo Ry de ratos na dose de 2Gy em trés fragdes,
em uma semana, totalizando 6 Gy. Apds a terceira dose, a massa do timo foi reduzida a 1/3 de
sua massa original. A atividade da enzima ODC foi diminuida apdsl hora do processo de
irradiacdo se elevando a niveis normais ap6s um periodo de 7dias. Foram observadas também
alteracdes radioinduzidas quantitativas e qualitativas dos lipidios. Houve redug@o nos niveis
séricos de lipidios nucleares: aumento de &cidos graxos e diminuicdo de fosfatidilcolina +

fofatidilserina (PC+PS) e fosfatidiletanamina (PE), de acordo sumario apresentado na Tab. 13.
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O aumento de PE e PC sinalizam para o aumento da condensagdo de cromatina inativando a

RNA polimerase afetando diretamente os mecanismos de reparo celular (WANG et al., 2009).

Tabela 13: Quantitativo e qualitativo de acidos graxos, colesterol e fosfolipidios em timo apos
irradiacdo RI’, em ratos a uma dose de 6 GY (2 GY, 3 fragdes por semana)

Lipidios Homogeneizado Ndcleo Cromatina
Controle 6Gy Controle  6Gy Controle  6Gy
Acidos Graxos 63+ 2 74+ 8 21+2 50+ 6% 18,4+ 1.2 35+ 2%
Colesterol 10.5+0.1 10.8+ 0.2 5.6+0.2 5.3+ 0.3 59+ 05 5.4+ 0.1
Esfingomielina 1.3+0.2 1.4+04 1.2+ 0.3 1.1+ 04 1.1+ 0,5 0.8+ 0.1
Fosfatidilcolina + Fosfatidilserina 20.2+1.7 18.0+1.0 16.2+1.5 101+ 01* 227+1.0 154+ 0,5*
Fosfatidiletanamina 5.9+ 05 46+05 3.7+0.5 25+02*% 49+03 32:01*
Cardiolipina 1.8+ 0.5 1.4+ 04 1.9+ 0.3 1.4+ 05 0.9+ 0.2 1.0+ 0.2

Os valores sdo as médias de desvio padrdo de trés experimentos independentes. Para cada um. foram utilizados de
trés a cinco animais. A significancia estatistica foi calculada pelo teste t-Student.

* Diferenca significativa sob comparacdo pareada em p<0.05

Fonte: Adaptado de KOLOMIYTSEVA et al., 2012.

RT é uma das principais modalidades terapéuticas no controle tumoral sendo necessario
compreender melhor as alteracdes do metabolismo p6s-RT. Através de um estudo analitico
percebeu-se que o metabolismo de fosfatidilcolina (PCs) e PLs esta alterados em células
neoplasicas aumentando o nivel sérico de seus precursores tais como colina e derivados como
lisofosfatidilcolinas (LPCs) (KANG et al., 2009). O metabolismo e o nivel sérico de PLs foi
alterado apds a exposicdo a radiacdo ionizante (WANG et al., 2009). A irradiacdo local na
radioterapia induz a uma reposta do organismo que pode ser evidenciada pela alteracdo nos
componentes séricos sanguineos (COOKS et al., 2006). Como mostrado na Fig. 24. O gréafico
evidencia os picos séricos dos fragmentos lipidicos separados pela sua relacdo m/z
demonstrando que a diferenca entre a intensidade dos picos bem como suas amplitudes reflete
a alteracdo qualitativa e quantitativa desses lipidios. Os efeitos das radiacGes ionizantes
induzem a reducdo nos niveis séricos de lipidios sanguineos, principalmente PC34, PC36,
PC38, LPC16 e LPC18 respaldado (DEB; FIELDING, 2009). Apds a suspenséo do tratamento,
0s niveis séricos retornaram ao normal apos 1 — 2 meses respaldado (DEB; FIELDING, 2009).

Figura 24: Perfil de massa dos lipidios séricos antes (A) e ap6s a radioterapia (B)
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Fonte: Adaptado de JELONEK et al., 2014.

3.2 A técnica de espectrometria de massas - DESI-MS

Espectrometria de massas € uma técnica analitica que permite a completa andlise
qualitativa e quantitativa de moléculas em compostos ou misturas através da determinacao de
suas massas de seus componentes ionizados. A movimentacdo dentro de um campo elétrico ou
magnético apresentara caracteristicas proprias e unicas da molécula devido a sua massa e carga
elétrica. A razdo entre a massa/carga molecular é designada por m/z (mass to charge ratio) e
permite inferir e determinar sua composicdo quimica e estrutural (BRAMER, 2016). DESI é
uma nova tecnologia de ionizacao baseada nos conceitos do ESI (Electrospraylonization). Sua
principal caracteristica € que a amostra pode ser depositada em alguma superficie sem a
necessidade de preparo das amostras sendo chamada de ambient ionization, ou seja, a ionizagao
pode ocorrer fora do espectrdmetro. A superficie onde a amostra esta depositada recebe um jato
de spray, com solvente apropriado, em alta velocidade, provocando a dessor¢ao e ionizac¢do do
analito e consequentemente transferéncia dos ions para fase gasosa. A caracterizacdo de
fosfolipidio é de extrema importancia devido a diversidade de fungdes celulares além da
possibilidade de ser utilizado como biomarcador em neoplasias (COOKS et al., 2006). A
utilizacdo do sistema de analise de massas por DESI em modo fullscan em tecidos saudaveis e
tumorais demonstrou grande variacdo no conteido de fosfolipidios entre os tecidos. Nesta
revisao, varios padrdes de fosfolipidios foram submetidos a analises por injecédo direta na fonte

de ESI-MS, para determinacéo de condi¢des ideais de ionizacdo e fragmentacao.

4 Concluséo
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Os efeitos das radiagdes ionizantes foram observados através das alteragdes dos niveis
séricos de lipidios na literatura revisada. Mesmo com toda preocupagdo em delinear o volume
tumoral através de técnicas conformacionais e a ado¢cdo de protocolos de irradiacdo para
minimizacao dos danos como o hipofracionamento de dose, torna-se necessaria uma avaliacéo
mais criteriosa do metaboloma para mensuracdo da toxicidade do tratamento. DESI-MS

demonstrou ser a técnica essencial para esta analise.
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ANEXO D - Solicitagdo a Comiss&o de Etica no Uso de Animais

DEPARTAMENTO DE ENGENHARIA NUCLEAR PROGRAMA DE POS-
GRADUAGAO EM CIENCIAS E TECNICAS NUCLEARES
Belo Horizonte, 8 de setembro de 2016
Para: CEUA-UFMG , Universidade Federal de Minas Gerais
Avenida Antonio Carlos, 6627 — Campus Pampulha
Unidade Administrativa Il — 2° Andar, Sala 2005, 31270-901 — Belo Horizonte, MG — Brasil
Telefone: (31) 3499-4516 — Fax: (31) 3499-4592 www.ufmg.br/bioetica/cetea/ceua;
cetea@prpg.ufmg.br
De: Prof. Tarcisio Passos Ribeiro de Campos
Departamento de Engenharia Nuclear, Escola de Engenharia, Bloco 4, S.2285
Tel: 55-3134096691 Email: trpcampos@pg.cnpg.br; tprcampos@yahoo.com.br
Assunto: Adendo Protoc. 339/2014 - Investigacdo Proteica pos-Irradiacdo, aprovado no CEUA.
Caro(a) Senhor(a),

Primeiramente gostaria de recordar que ndo houve no site a atualizacdo solicitada no
Protocolo 339/2014, para 0 nimero de cobaias no atendimento aos parametros estatisticos
demonstrados em diligéncia e aprovado para 40 animais, pelo fato do site do CEUA na época
ndo ter permitido edi¢do. Recordo que no protocolo 339/2014 esta sendo prevista a retirada de
fluidos. No presente, o uso de 6rgdos das cobaias ap0s eutanasia em analises complementares
é tema deste adendo que nao alterard o numero de animais, as condi¢des de manuseio e guarda,
e experimentacdo, mantendo-se como descrito no protocolo. Tais informagdes complementaréo
os dados de proteinas plasmaticas radioinduzidas.

ADENDO
Informo nossa intencdo de uso de oOrgdos das cobaias pos-eutanasia para analises

cientificas complementares, a saber: histologicas, composicdo quimica de metais essénciais,
e conteudo lipidico, no intuito de complementar os estudos de alteracbes fisiologicas
induzidas pela radiacdo. Informo também a presenca dos discentes Matheus Soares e Daniel
Coelho na equipe do projeto.

Atenciosamente,

fosrisf f] s

Prof. Tarcisio P.R. Campos
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ANEXO E - Resposta da Comissao de Etica no Uso de Animais

Universidade Federal de Minas Gerais
Comissio de Etica no Uso de Animais - CEUA

OF. CEUA-028/16 Belo Horizonte, 11 de outubro de 2016.

Sr.

Prof. Tarcisio Passos Ribeiro de Campos
Departamento de Engenharia Nuclear
Escola de Engenharia

A Comissdo de Etica no Uso de Animais (CEUA) da UFMG informa que na
reunifio ordinaria do dia 10/10/2016, em face da solicitagdo apresentada por V. Sa.,
aprovou a solicitagdo de pedido de adendo de pesquisa protocolado sob o nimero
339/2014, titulo “Investigacd@o Proteica pos-Irradiacdo” para a retirada de oérgédos de
cobaios cuja eutanasia ja foi aprovada.

Sendo o que nos apresenta no momento, ficamos a sua inteira disposi¢&o para
outros esclarecimentos que se fizerem necesséarios.

Atenciosamente -

3 -

Profa. Cleuza Mﬁfta/ae Faria Rezende
Coordenadora‘da CEUA/UFMG

A CEUA tem novo site: http://www.ufmg.br/bioetica/cetea/ceual.
E-mail : cetea@prpg.ufmg.br
Endereco: Unidade Administrativa Il 2°. andar, sala 2005.




